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Abstract

This study investigated the possibility of enhancing immobilization of heavy metals in hazardous fly ashes by
mineral carbonation. The research initially investigated five different fly ashes for their chemical composition and
carbonation potential. The highest lime content resulted in the highest carbonation potential, but mineral
carbonation occurred also in other fly ashes with very limited free lime. One of the municipal solid waste
incineration (MSWI1) fly ash (FA) with a high heavy metal content and the highest carbonation potential was
selected for further carbonation and immobilization investigations.

The selected MSWI FA was carbonized following the first three out of four possible different routes:
1. Pre-carbonation of fly ash and casting with binder
2. Pre-carbonation of fly ash-binder mixture and casting after carbonation
3. Curing of the sample in the carbonation chamber
4. Carbonation of fresh mixture during mixing

The materials were tested for their crystalline composition before and after curing as well as for effective carbon-
uptake. The second route resulted in the highest effective carbonation for the MSWI FA but also in the lowest
compressive strength. The third route showed an increase in strength compared to the reference sample and
effective reduction of final pH on the leachate and electrical conductivity. A fast shake leaching test was used to
determine the leachability of relevant anions and cations from the mix designs. The results were compared with a
reference sample prepared following a procedure used in industrial-scale applications and with the Dutch Soil
Quality Decree and Regulation (Ministerie van Infrastructuur en Waterstaat, 2022).

The leaching tests resulted in an increased immobilization of lead, copper, and zinc for both a MSWI FA and a
biomass (BM) FA also selected for its high carbonation potential. The highest total immobilization was reached
for the MSWI FA through pre-carbonation of fly ash-binder mixture as the high reduction of pH of the sample
cured in the carbonation chamber increased the solubility of other heavy metals. The immobilized BM FA through
carbon-curing resulted in the optimal immobilization solution, followed by the pre-carbonation of the mixture of
binder and fly ash. For both tested materials, the addition of carbonation outperforms the reference samples.

The comparison with the Dutch soil decree showed promising outcomes for future development of mineral
carbonation for immobilization of hazardous materials. The carbonized specimens met most of the requirements
for construction materials, which were expected to be more stringent than those for landfill use. The materials
were evaluated under a worst-case scenario, showing the effective reduction of lead leachability. The carbonation
of hazardous materials offered potential for application in highly lead-polluting waste streams to reduce carbon
emissions and contribute to a cleaner environment.
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Abbreviations

Abbreviation  Definition

B Binder

BM Biomass

C2s Dicalcium silicate

C3s Tricalcium silicate

CBPS Chemically bonded phosphate ceramics

CCA Decarbonation of calcite

C-S-H Calcium silicate hydrates

Dcr Decarbonation

Dhy Dehydration

DM Dry matter

DTG Differential thermogravimetric analysis

DR Dry matter content ratio

DSC Differential scanning calorimetry

FA Fly ash

HMG Decarbonation of hydromagnesite

K-A-S-H Potassium aluminosilicate
hydrate

L Leachant

L/S Liquid to solid ratio

LOI Loss of ignition

MC Moisture content

MGC Decarbonation of magnesite

MSWI Municipal solid waste incineration

N-A-S-H Sodium aluminosilicate hydrate

S/L Solid to liquid ratio

SSA Specific surface area

TGA Thermogravimetric analysis

XRD X-ray Diffraction
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WILE Waste to energy




Symbols

Symbol Definition Unit
%om Organic Matter content [-]
AMy.yoc Mass difference between TG at x°C and y°C [-]
A Assigned value for immobilization method [-]
Im Immobilization efficiency [-]
L Leachate [ml]
Mass [0]
My Dry mass [0]
m; Initial mass [0]
My Wet mass [9]
P Pressure [bar]
tx Exposure time [days]
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|. Introduction and overview
1. Introduction

In the transition towards a circular economy, the development of technologies to recover materials from waste
streams for the generation of new raw materials is accelerating. As a result, landfill disposal has decreased in
Europe, and non-recoverable materials are increasingly treated in waste-to-energy (WtE) plants where waste is
used as fuel to generate heat and electricity. Similarly, biomass (BM) waste streams, such as wood and agricultural
wastes, are utilized in BM incineration plants to produce energy. However, energy recovery through combustion
also generates residues. These residual materials are often highly concentrated with heavy metals and pollutants.
Although existing technologies enable the use of some of these materials in the construction industry, the
remaining materials are classified as hazardous wastes due to their high pollutant concentrations, necessitating
safe environmental disposal. Since resource recovery from these materials is not yet viable, alternative strategies
are needed to reduce the environmental impact of their storage and disposal. In the context of reducing carbon
emissions, research and applications have increasingly focused on carbon capture in cementitious materials and
the potential for immobilizing heavy metals in waste streams through carbonation. This study aimed to explore
this avenue by investigating the applicability of carbonation in the immobilization and storage of hazardous fly
ashes, thereby making the disposal and storage less environmentally harmful.

This report is divided into 3 major sections: Introduction and overview, Experimental Investigation and Closure.
The Introduction and Overview provides a brief introduction to the relevant aspects of hazardous waste
management in the Netherlands as well as the motivation for the work. The objective of the research is discussed
in Chapter 2, where the research questions and outline of the thesis are described. In Chapter 3 lays the literature
review on immobilization technologies, carbonation mechanisms, and Dutch regulations of hazardous waste
disposal. The Experimental Investigation section is the core of the report and the research. The materials and
experimental methodology are described in Chapter 4. The results of the material characterization are presented
in Chapter 5, after which two fly ashes are selected for further analysis. Chapter 6 presents the results of the
different carbonation and immobilization routes for the selected fly ashes and Chapter 7 shows the results of the
leaching tests. In Chapter 8 the different extra experiments are discussed but it is only in the final section called
Closure that the results from the literature study and the experiments are discussed and the limitations of the study
evaluated. Chapter 9 discusses the results and limitation of the research and Chapter 10 traces the research
guestions to the developments and findings of this thesis to provide conclusions and recommendations for future
work.

1.1 Background

The yearly production of hazardous waste is a threat to human health and the environment (European Court of
Auditors, 2023). In Europe, 95.5 million tonnes of hazardous waste were produced only in 2020. The Netherlands
produced 3.0 million tonnes of hazardous waste with an increase of ~5% compared to 2010. Of all the hazardous
waste produced in Europe in 2020, only 47.5% was recovered and more than 22% ended up in a landfill or in
underground storage (Eurostat, 2023).

One of the hazardous wastes produced as a by-product of several industries is fly ashes. Hazardous fly ash
originates from various sources, including municipal solid waste incineration (MSWI). Fly ash from MSWI
contains hazardous substances like inorganic heavy metals such as Zn, Pb, Hg, Cu, Cr, Cd, and Ni easy to leach
in soil and water. Also, organic dioxins can be present in the ashes, such as polychlorinated dibenzo-p-dioxins,
polychlorinated dibenzofurans and dioxin-like hydrocarbons that are highly toxic, persistent, and bio-accumulative
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organic compounds. The management of hazardous components varies by country. In Europe hazardous fly ash is
either landfilled, stored in underground disposal sites, or solidified and stabilized with binders and stored in a
hazardous waste landfill (Zhang et al., 2020).

Renewi is a Dutch waste management company that works in a vast sector of the waste industry. One of the aspects
they operate on is to process and dispose of un-processable hazardous waste. Mineralz is a fraction of Renewi
operating the Maasvlakte landfill site where Dutch hazardous waste is safely disposed. Here the material is
immobilized according to Dutch regulations (Beschikking 2003/33/EG). The materials arriving at the site are non-
cleanable soil and dredging sludges, asbestos-containing waste, industrial sludges, and fly ashes from municipal
waste incineration and other sources (Mineralz, n.d. a). This study will focus on these last hazardous fly ashes.

The secure storage of hazardous fly ash, schematically represented in Figure 1.1, requires in the Netherlands the
addition of binders to prevent leaching into the environment (Beschikking 2003/33/EG). During immobilization,
the material solidifies and bonds with the solid waste containing hazardous components. The heavy metals are
immobilized in the carbonates by co-precipitation or physical adsorption (Yuan et al., 2022a). As a result, the
volume of the waste increases but the leaching of heavy metals is inhibited by the binding agent (Guo et al., 2017).

Hazardous fly ash!
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Figure 1.1: Schematic representation of the storage procedure of hazardous fly ashes used by Mineralz (*Tomic &
Ducman, 2023; 2Singh & Budarayavalasa, 2021; 3Mineralz, n.d. b).

1.2 Problem statement

The immobilization process is both material-intensive and costly, and the solidified material, with final volume
larger than the initial hazardous waste, cannot be repurposed for other applications. Additionally, the high carbon
dioxide (CO-) emissions during cementation production of 1.6 billion Mt/y are another environmentally stressing
aspect of the technology that is now in use (Global Carbon Project, 2023). Mineralz has already implemented its
immobilization process to a lower environmentally damaging solution by replacing the binding material with a
commercial by-product. One method used in the construction industry to reduce the amount of concrete and
environmental impact is accelerated carbonation curing. During carbon curing, CO;is injected into fresh concrete
to increase the strength of the material and favour mineral carbonation by the formation of CaCO; (El-Hazzan,
2020; Saleh, 2021). An increase in mineral carbonation has already proven to be effective in enhancing the
immobilization of heavy metals. Other studies investigate the increase of mineral carbonation by injection of CO;
into different fly ashes, resulting in higher mineralization and lower heavy metals leachability (Qin et al., 2022;
Jianguo et al., 2009; Ni et al., 2017; Ren et al., 2022; Yuan et al., 2022a). To address the continuous generation of
solid waste and mitigate the environmental impact of treating hazardous fly ash, a promising approach is to
enhance mineral carbonation on the hazardous fly ash by carbonation.

Past research focuses on the immobilization of heavy metals from fly ash by carbonation or binder addition at

different temperatures, pressures and water content (Qin et al., 2022; Jianguo et al., 2009; Ni et al., 2017; Ren et
al., 2022; Yuan et al.,, 2022a; Singh & Budarayavalasa, 2021). However, studies have not investigated the
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immobilization of hazardous fly ashes through carbon dioxide injection; instead, they primarily focus on non-
hazardous fly ashes or, to a limited extent, on MSWI fly ashes. Hazardous fly ashes contain much higher heavy
metals concentrations compared to coal fly ash, as well as their chemical composition is much more diverse than
the other non-hazardous fly ashes (Ji & Yu, 2017). Thus, carbonation and immobilization reactions are more
tedious to predict, as well as it is difficult to extend the results from previous research to the hazardous material
produced in the Netherlands. Additionally, the techniques for immobilization have never been integrated into a
unified process. There has been no research conducted on the carbonation potential of fly ash followed by
immobilization. Furthermore, there is a lack of research on integrating binder addition and carbonation into the
ash-binder mixture.

The motivation of this work is to support the development of a new solution to decrease the carbon emissions and
possibly serve as long-term carbon storage. The solution has also the prospective to implement the efficiency of
the industrial immobilization process of hazardous fly ashes used in the Netherlands. The focus is to bridge the
gap between laboratory research and real-life application by experimenting new carbonation technologies on
settings applicable to industrial applications. Increasing the immobilization efficiency by injection of carbon
dioxide has the potential to reduce the use of binders for the immobilization process. Such reduction not only has
the prospective of lowering the overall waste treatment costs but has also to decrease the volumes of material
stored in the landfill.

1.3 Mineralz

This project is a conducted in collaboration with Mineralz. Throughout this research, the companies provided
professional guidance, visits to the immobilization site, insights on real-life case and access to laboratories,
materials and information. Mineralz is a sub-company of Renewi and specializes in cleaning of contaminated soils
and mineral residual flows. By transforming waste materials such as bottom ashes and other industrial residues
into valuable secondary materials, Mineralz contributes to the circular economy of the Netherlands and Belgium.
Mineralz manages the only location in the Netherlands where hazardous waste streams can be treated in the
Maasvlakte. Such wastes are asbestos-rich materials, non-cleanable sludges and soils, fly ashes from various
sources, blasting agent residues and other industrial wastes.
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2. Objective and scope

This research focused on the feasibility of enhancing the immobilization of heavy metals in hazardous fly ashes in
the current immobilization methodology through carbonation. This work aimed at extending the understanding of
current knowledge on the potential of carbonation for immobilization in industrial-scale applications. Based on an
intensive literature study and consultation with the industry, the carbonization of hazardous fly ashes can occur at
three different stages of the immobilization process. The processes possible are shown in Figure 2.1 below and
are:

Binder mixing with pre-carbonated fly ash;

Post-carbonation of the specimens made of binder and fly ash;
Carbonation during curing;

Carbonation of fresh mixture during mixing;

el NS

Based on the equipment available for this research, this project limited its focus to only the first three possible
processes (1. 2. and 3.) of carbonation timelines.
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Figure 2.1: Possible carbonation routes during immobilization process of fly ashes. (1) Pre-carbonation of fly ash,
(2) carbonation of the mixture fly ash and binder, (3) carbonation during curing, (4) carbonation while mixing.
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2.1 Research questions

The goal of this research was to investigate the potential of mineral carbonation as supplementary immobilization
process to hazardous fly ashes. Building upon the past research, this work seeked to investigate aspects of a new
technology (mineral carbonation) that can be applied to the existing industrial scale immobilization process and
on the real hazardous materials with high heavy metals concentrations. Following in that direction, the central
guestion posed for this research can be broadly stated as follows:

Can the immobilization efficiency of heavy metals in hazardous fly ash improve through mineral carbonation?

This question is further subdivided into more treatable parts, each of which is addressed and tackled during this
research.

RQ-1: Which fly ash is more suitable for mineral carbonation?

a. What is the chemical composition of the available fly ashes?
b. Which fly ashes exhibit the highest potential for carbonization and immobilization?

RQ-2: How does the binder mixing with pre-carbonated fly ash impact the selected material?

Which water content and pressure are optimal for achieving higher mineral carbonation?

How does the composition of the material change after the carbonation process?

How does the mineral carbonation of the pre-carbonated fly ash change compared to the reference sample?
How does the composition of the paste change after curing?

How does the addition of the binder influence the mineral carbonation after curing?

Does the final material meet the physical requirements?

hOo o0 o

RQ-3: How does the pre-carbonation of the specimens made of binder and fly ash impact the selected
material?

How does the composition of the mixture change after carbonation?
How does the addition of the binder influence the mineral carbonation?
How does the composition of the mixture change after curing?

Does the final material meet the physical requirements?

cooe

RQ-4: How does the carbonation during curing impact the selected material?

a. How does the composition of the material change after the addition of the binder?
b. How does the composition of the mixture change after the carbonation process?
c. How does the carbonation during curing influence the mineral carbonation?

d. Does the final material meet the physical requirements?

RQ-5: How is the leachability of heavy metals influenced by carbonation?
a. How does the leachability vary among the different samples?

b. Which procedure exhibits the most favourable performance in terms of avoiding heavy metals
leachability?

17



2.2 Research outline

To answer the main research question, the study was divided into three main phases: literature study, experimental
investigation and closure. An initial literature study was conducted to gain insights on the available knowledge
regarding carbonation technologies for immobilization of heavy metals. Once identified the relevant research, the
experimental setup was defined to answer the research questions of this project. The experimental section was
further split into three main sections: characterization experiments, carbonation experiments and leaching
experiments. A schematic representation of the experimental methodology of the thesis can be seen in Figure 2.2,
indicating the stages at which the main questions and sub-questions are addressed. The results from the
experiments are discussed and evaluated in the analysis to deliver a final outcome of the research, showing its
limitation and further recommendations.

18



Can the immobilization efficiency of heavy metals in Legend
hazardous fly ash improve through carbon mineralization?

[ How is it going to be answered |
3
M h quest
RQ:-1: Which fly ash is more suitable for L L
carbon mineralization?

= .
£ s >
= = = = F
2 a. Wh_a‘t is the chermf.al b. Whucllm fly ash has thel highest
] composition of the available potential for carbonation and
] fly ash? immobilization?
:
S ¥
;3 Particle size ad distribution, [ Carbonation at 1 bar, 20°C for 1 -7 days ]
= XRD, XRF ¥
: | T —

——————

Selection most feasible fly ash based on carbonation Result

potential and amount of hazardous components
immobilization method through Weighted Sum Method

Experimental set 3: Carbonation
Experimental set 1: fly ash pre- r during 28 days of curing
carbonation before casting L
1
X - — Experimental set 2: Pre-carbonation of P’
RQ-2: How does the binder mixing with fly ash-binder paste before casting RQ-4: How does the carbonation during
pre-carbonated fly ash impact the curing impact the selected material?
selected material? v
+ RQ-3: How does the pre-carbonation of ’
Carbonation at 20 and 45°C the specimens made of binder and fly [ Mixing binder and carbonated fly ash J
Water content 0 and 0.3 ml/g, 1 and 2 bar ash impact the selected material? 1
- "
N i ¥ a. How does the composition
2. Which water content and [ Mixing binder and carbonated fly ash ] AT e ey
pressuisiarsioniinalionachieying ) the addition of the binder?
higher carbon mineralization? o e ¥
rbonation at 20 an k - s
RQ-4: H; the leachabill f he:
* [ Water content 0 and 0.2 mifg ] [ KRD'TGA ] 2 | “_""n" :ac - :\f ant a;v
[ XRD, TGA ] . metals influenced by carbonation
l ' e ™
b. How does the composition a‘;{l-::lw d?:: iz :.nmpos:mn Carbonation at 20and 45 °C a. How does the leachability
of the material change after = r:;rbu;:acti::?ge b Water content 0 and 0.2 ml/g vary among the different
5 the carbonation process? \ J - J_- ~ samples?
_:1 + - b. How does the composition T
= B % XRD of the mixture change after .
E [ ca"’““"“‘é’;;::“::yt?;:s* e ] [ + the carbonation process? [ Leaching tests I
: .
E T (" b. How does the addition of Y 2 =
= y ¥ L Analysis leachat
e [ P 'TGIN ] the binder influence the [ XRD ] ':Jn [ 2 \msleac aLe ]
: l et Sepaton ¥ E b. Which procedure exhibits
=2 A - - ~ 5 .
= c. How does the composition - c. How does the carbonation § the most favourable
__§ of the material change after [ TGA 1 duri"fs curing influer?f.e the PEI'fC_"l:ﬂBnC? in terms of
K the addition of the binder? P v mineral carbonation? avoiding heavy metals
c. How does the composition T leachability?
] v T
[ casting of binder and carbonated fly ash | of the mnx‘t:::ien;f;aﬂse e [ = ) (__comparison with control sample ]
# A A (— L = _\
[ QXRD, TGA ] - d. Does the final material e ——
; election best performing
1 [ T ] meet the physical . Hen
F.- 2 s i 3 immobilization method through
e requirements?
d. How.doeslthe addition of T Weighted Sum Methad
the binder influence the s O ] ~ \_ )
mineral carbonation? . :s;l ti;:‘:m":;"a
J
~ T requirements? [ Compressibility test, slake test ]
( QXRD, TGA ] \ 7 J
+
&, Does the final material B Compressibility test, slake test ]
meet the physical
reguirements?
. J
-
[ Compressibility: test, slake test ]

Figure 2.2: Detailed research flow diagram addressing all the questions and sub-questions identified in the
methodology and in the Research Question chapter.
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3. Literature review

In recent years, extensive knowledge and research on the carbonization capacity of coal fly ash (FA) have been
extended to municipal solid waste incineration fly ashes (MSWI FA) (Qin et al., 2022; Jianguo et al., 2009; Ni et
al., 2017; Ren et al., 2022; Yuan et al., 2022a). Previous studies have investigated the effects of time, temperature,
pressure, and moisture content on carbonation processes. These factors influence both the carbonation of lime
(Ca0) and the immobilization efficiency of heavy metals on the tested FA.

This chapter provides a brief literature review on hazardous fly ashes and their characterization, followed by an
examination of current understanding of immobilization mechanisms and existing immobilization methods and
processes of heavy metals in hazardous wastes. The chapter provides an in-depth review of previous research on
the potential of using mineral carbonation as immobilization process, highlighting the possible carbonation
reactions and their dependence on physical and chemical factors. For this study to have a sense for the industrial
practices, this chapter also gives an overview of relevant Dutch regulations concerning the disposal of hazardous
waste.

3.1 Hazardous fly ashes

Hazardous FA is a by-product of industrial processes that involves the high-temperature combustion of waste
materials. Incineration of waste is the ultimate method decided for the Dutch government to treat wastes once all
possible recoverable materials are separated from the waste. If it is not possible to recover with the existing
technologies the materials, the last thing to do accordingly to the Dutch government, is to recover some of the
energy used to produce the material, using the waste as fuel for an incineration plant (Stichting LAP3, n.d.).

The Netherlands has a total of 12 waste incineration plants, spread all over the country, as shown in Figure 3.1.
As from 2019, 7.4 million tonnes of waste were incinerated only in the Netherlands, resulting in a total energy
production of 4010 GWh and total heat supply of 15.7 GJ. Since 2011, the amount of residual waste in Netherlands
has decreased as more materials are recycled, but the total mass of incinerated waste has increased as more than
1500 kilo tonnes of waste are imported every year from other European countries (Rijkswaterstaat, 2021).
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Figure 3.1: Location and names of the 12 incineration plants in the Netherlands (De Leeuw & Koelemeijer, 2022).

Waste is initially collected and dumped into a pit in the incineration plant where the waste stream is sometimes
shredded, and constantly mixed to homogenise the feedstock by an overhead bridge crane. The waste material is
then lifted and disposed into the combustion chamber, where the heat generated turns the water in the boiler into
steam. The initial residues of waste combustion called bottom ash are collected and sent to processing plants for
the recovery of precious metals and conversion into aggregates for the construction industry. This process can
reduce up to 90% of the original waste volume (Setoodeh Jahromy et al., 2019). The hot air generated during
combustion passes through a heat exchanger system to distribute heat to the grid and powers a steam turbine that
converts mechanical power into electricity. As the hot air cools, it undergoes treatment in an air pollution control
system. The gas goes through a spray dryer or electrostatic precipitator and baghouses to precipitate and collect
pollutants before being released into the atmosphere. These pollutants, known as MSW1 fly ash, are collected and
transported to a designated landfill for the further immobilization processes, as shown in Figure 3.2 (Chester,
2016). In 2019, 183 k tonnes of total residues were produced from waste incineration, of which 100 kilo tonnes
were of hazardous materials that need to be safely immobilized before disposal in a landfill (Rijkswaterstaat,
2021).
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Figure 3.2: Schematic drawing of WtE plant with generation of energy, heat and residual fly ash and bottom ash
(Chester, 2016).

3.1.1 Origin of fly ashes

The term of FA is typically associated with coal fly ash, the particulate produced by coal combustion and used
already in the construction industry. However, hazardous fly ashes originate from combustion of waste streams
and contain much higher concentrations of hazardous and toxic components. There are two main categories of fly
ashes exist based on their origin: biomass (BM) FA and MSWI FA.

e BM FA is originated from combustion of organic materials. Depending on the BM plant, the burning
feedstock includes wood derived from trees and forest residues, energy crops (e.g. elephant grass) and
animal-based products such as livestock manure (Mida, 2009; Statista, 2024). BM is an important sector
in the production of renewable energy in Europe. In 2022 electricity from BM was the third largest green
source of energy after wind and hydroelectric (Statista, 2024).

e Mixed municipal solid waste (referred as “restafval” in Dutch) is another source of FA. MSWI is an
alternative management method to deal with wastes from households, small businesses and institutions,
excluding industrial waste. These materials, which are either heavily polluted or non-recyclable, are
incinerated and MSWI FA and other residues are produced. Incineration of hazardous waste, sewage
sludge and clinical wastes also creates hazardous fly ashes (Lecomte et al., 2017).

3.2.2 Composition

The composition of the residual stock in BM FA and MSWI FA is highly variable, as the original waste stream is
a dynamic. Generally, the composition of FA consists of three main phases: crystalline minerals, amorphous phase
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and unburnt carbon-rich particles (Ji & Yu, 2017). However, the original feedstocks for two types of FAs do not
overlap, making distinguishing ashes possible based on their final FA composition.

While most materials in BM FA are organic, some inorganic and heavy metal pollutants can also be present. Wood
wastes does not only consist of wood pallets and construction or demolition wood, but it also includes trees and
plants used in phytoremediation projects to reclaim highly polluted areas (Mida, 2009). These wood wastes can
contain residues of paints, glues, resins, plastic materials, heavy metals used in coatings, and other non-wood
materials. Traces of arsenic, which was widely used in wood treatments, can still be present in demolition wastes
despite its ban. The waste streams are likely to contain high concentrations of essential elements commonly found
in living organisms, including carbon, calcium, and potassium (Krutul et al., 2014). BM FA contains relatively
high concentrations of oxides such as CaO and MgO, but relatively low concentrations of heavy metals, as the
feedstock is mainly organic matter.

The original waste contributing to MSWI FA is much more complex compared to BM FA. The large variety of
different wate streams, often including hazardous wastes, results in a high variety of elements present in the FA.
The principal crystalline phases present are salts like halite (KCI), quartz (SiO) and sulphated compounds such
as anhydrite (CaS0.). Heavy metals are generally present in much higher concentrations compared to BM FA.
MSWI FA has also much lower concentrations of oxides compared to BM FA, calcium and magnesium are found
mainly in the carbonized form or as sulphates (Azam et al., 2019; Shi & Kan, 2009). The carbon content is
significant in MSWI FA as well due to the presence of oils and other anthropogenic organic components are
present in the original feedstock (Zhang et al., 2020).

Among the various hazardous components of FA, the presence of heavy metals in the material has significant
environmental and health risks. Unlike organic pollutants, which degrade over time, heavy metals are persistent
in the environment and can accumulate in soils and biota, leading to long-term contamination. Their toxicity, even
at low concentrations, poses serious threats to human health and ecosystems. Moreover, heavy metals can readily
leach from fly ash into groundwater, further spreading contamination. Therefore, understanding and mitigating the
risks associated with heavy metals in fly ash is crucial for effective waste management and environmental
protection, making them a primary focus of research and remediation efforts (Tchounwou et al., 2012).

3.3 Immobilization of heavy metals

Heavy metals are naturally occurring metallic elements with atomic weight and density at least five times higher
than water (Tchounwou et al., 2012). Examples include arsenic (As), cobalt (Co), chromium (Cr), titanium (Ti),
nickel (Ni), cadmium (Cd), lead (Pb), molybdenum (Mo) and zinc (Zn), all located in the middle section of the
periodic table. Some heavy metals are nutrients for organisms, for example iron functions as oxygen and electron
transporter. Other elements in this category are highly toxic or poisonous even at low concentrations and tend to
bioaccumulate. In recent years, there has been increased awareness and concern regarding heavy metals exposure
due to their extensive use in various industries (European Environmental Agency, 2023). These elements are mined
and produced through various chemical processes for products used in agriculture, such as pesticides and
herbicides, as well as in the steel industry to produce special alloys, among numerous other applications. Elevated
concentrations of heavy metals in the environment are typically caused by industrial discharges, agricultural
runoff, and improper waste disposal (Tchounwou et al., 2012; Guo et al., 2017).

Contaminants are naturally retained in soils and living organisms through different mechanisms, which can limit
their spread into the subsurface. From the study of these natural immobilization mechanisms, further analysis on
novel materials have been investigated to develop immobilization treatments. These treatments are continuously
implemented to prevent and reduce the environmental and health impacts of highly contaminated wastes.
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3.3.1 Immobilization mechanisms

The main immobilization mechanisms for heavy metals are physical encapsulation and chemical stabilization
(Guo et al., 2017).

Physical encapsulation involves surrounding the waste material with another material, preventing exposure to
water and other leachable mediums. Heavy metals are highly leachable under certain conditions such as pH and
temperature, increasing their potential to leach in the environment (Shi & Kan, 2009). By encapsulating the
material in a solid matrix, heavy metals are isolated from the environment. The efficiency of this isolation depends
on the porosity of the matrix; higher porosity allows more water infiltration reducing the immobilization efficiency
(Singh & Budarayavalasa, 2021).

Chemical stabilization refers to changes in the chemistry of the waste material to enhance the stability of heavy
metals. Hydration of calcium-rich materials such as Portland cement produces calcium silicate hydrates (C-S-H)
which absorbs heavy metals in its structure, as illustrated in Figure 3.3. Heavy metals are initially adsorbed on the
surface of these gels. Depending on the atomic structure, some elements can bond at (1) the edges of the silica-
chain, (2) become encapsulated in between layers and, with longer reaction times, (3) substitute calcium ions
within the structure (3) (Vespa et al., 2014; Guo et al., 2017; Feng et al., 2024).

Ca layer

Si chain

Interlayer
Space
(H,0, Ca)

Figure 3.3: Schematic representation of the C-S-H structure and the potential locations of heavy metals. (1)
Substitution on the edges of the chemical structure, (2) physical encapsulation between interlayer space, (3)
substitution of Ca ions into structure (Vespa et al., 2014).

More specifically, chemical stabilization occurs in cement-like materials and through acid-base reactions.

e Heavy metals in contact with cement-like materials can also bound with a secondary hydration product of
ettringite (3Ca0-Al;03-3CaS0.-32H;0), another reaction product of cement hydration. Ettringite can
transform into monosulfate (3CaO-Al;03-CaS04-12H,0), where heavy metals can replace certain
positions in the structure (Segni et al., 2006). Heavy metals such as lead, zinc, chromium and copper can
also react with hydrated species to form precipitates widely described by Guo et al. (2017).

e Acid-base reactions can occur in presence of acid phosphate solutions. The phosphate solution reacts with
heavy metals cations to form stable precipitates. Metal oxides such as hematite (Fe.Os), gibbsite
(Alx03-H>0) react with phosphoric acid (HsPOa.) to generate chemically bonded phosphate ceramics
(CBPS) (Wagh, 2016).
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Another method to stabilize heavy metals is through a phase transformation. At high temperatures, waste materials
can vitrify, incorporating heavy metals into the matrix at the atomic level and forming strong bonds within the
newly formed glass. Heavy metals with similar atomic radii (e.g. Cr® and AI**) can migrate and replace other
atoms in the structure (Li et al., 2019). These strong inter-atomic bonds allow heavy metals to be permanently
immobilized in the matrix. The immobilization efficiency in vitreous material depends significantly on the initial
composition of the waste form, as the presence of other heavy metals can increase the solubility of the glass in
water. Additionally, high temperatures can facilitate the formation of new stable crystal phases. Zinc, aluminium,
and copper can bind with aluminium, iron, and oxygen to form new oxides, resulting in a reliable stabilization
process (Guo et al., 2017).

3.3.2 Immobilization techniques

Several methods are employed to immobilize heavy metals in contaminated soils, sediments, and industrial wastes.
These methods include solidification and stabilization of the waste followed by safe storage, thermal treatments
and other new technologies in development since recent years (Guo et al., 2017; Shang et al., 2020).

3.3.2.a Solidification/stabilization and safe storage

Solidification and stabilization (S/S) of heavy-metal bearing waste is the methodology employed in the
Netherlands and in other European countries to physically encapsulate and chemically stabilize hazardous material
already treated before disposal (Chen et al., 2009). Hazardous wastes such as MSWI FA, contaminated soils and
sludge are mixed with a binding agent like cement to form a monolithic or granular solid material, altering the
leaching properties of the waste (Li et al., 2006). The hazardous components are fixed to the matrix and the final
material is easier to handle and store in a secure landfill. Two major drawbacks of this immobilization technology
are the high costs of the binder material and the increased final volume of disposed material that goes to the landfill
compared to the non-treated hazardous waste (Chen et al., 2009).

Landfill regulations differ by country, but a schematic representation of them can be seen in Figure 3.4.
Immobilized waste (shown as drummed waste in the figure) is arranged in stacked with some soil in between. The
mound is insulated from groundwater sources through impermeable geotextile liners, preventing the leachate to
percolate in the soil and water reservoirs. The leachate is continuously collected through a collection system, and
the waters are further treated in a water treatment plant. Monitoring wells are positioned around the site to
constantly monitor the groundwater levels to avoid flooding of the bottom part of the landfill and prevent a failure
of the mound (Liu et al., 2018; Nathanson, 2020). Other countries like Germany do not use the S/S technique
before storing but instead place the hazardous wastes in underground disposal sites such as old salt mines (Zhang
et al., 2020).
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Figure 3.4: Cross-sectional drawing representing a secured landfill and safe storage site (Liu et al., 2018). In the
case of the Netherlands, the hazardous waste in the image referred as drummed waste is instead a stabilized
monolithic waste.

3.3.2.b Thermal Treatment

Sintering and vitrification are the primary thermal treatments used in waste treatment processes (Guo et al., 2017).
During sintering (Figure 3.5a), the feedstock is deposited onto a sintering bed, where an overhead belt transports
the material through the ignition jet. The heating temperatures can reach between 900°C and 1000°C, the melting
point of some wastes. This process converts the chemical phases into a ceramic material, thereby immobilizing
the heavy metals within the structure. Vitrification of waste streams (Figure 3.5b) is achieved by mixing glass
forming raw materials and heating the mixture until it liquefies. The heating temperatures range between 1000°C
and 1500°C (Guo et al., 2017). Wastes are heathen up by electrodes in a steel cylindrical chamber. The inner core
melts and is collected separately to solidify, while the surface of the material inside the chamber is maintained at
lower temperature to ensure thermal insulation from the surroundings. Wastes rich in silica and alumina do not
require the addition of glass-forming precursors (Bernardo et al., 2012). Through a controlled solidification
temperature and time, the final stabilized product of vitrification can be a glass-ceramic material with potential
industrial applications due to its mechanical properties being comparable to equivalent products made from raw
materials (Park & Heo, 2002). Despite the potential to stabilize waste materials, thermal treatments are not widely
used due to the high operational costs and energy demand. These technologies are currently employed only in
countries such as Sweden and Korea (Li et al., 2006).
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Figure 3.5: (a) Schematic representation of sintering (Gao et al., 2022) and (b) cross-sectional drawing of a
vitrification chamber (Bernardo et al., 2017).

3.3.2.c New technologies

Two new technologies have been at the centre of research in the recent years to immobilize heavy metals:
utilization of geopolymers as substitute to cement and carbonation of the waste stream.

Geopolymers are amorphous inorganic polymers, used as alternatives to cement in the construction industry (Singh
& Budarayavalasa, 2021). The production of geopolymers involves the reuse of by-products such as slag and coal
fly ash generated by industrial activities. Following in that direction, geopolymers have also been investigated as
materials for the immobilization of toxic wastes rich in heavy metals. During the geopolymerisation process, heavy
metals can be trapped inside the complex polymer structures. In environments rich in calcium and silicon, through
alkaline hydrolysis the Si-O, AI-O and Al-O-Si bonds break. The dissolution of aluminosilicate in alkaline
environment originates aluminate and silicate that are then incorporated in the aqueous phase through gelation.
Depending on the pH of the solution, different Al-OH complexes form and precipitate, reorganizing into more
stable gels that also include silicon. These compounds polymerize and harden, eventually precipitating, as shown
schematically in Figure 3.6. Similar reactions occur for low calcium materials that form sodium aluminosilicate
hydrate (N-A-S-H) or potassium aluminosilicate hydrate (K-A-S-H) gels (Vu & Gowripalan, 2018, Guo et al.,
2017).

Immobilization using geopolymers is under investigation. The immobilization efficiency is highly dependent on

the long-term stability of the product as well as factors such as the alkali activator used and the nature of the waste
stream (Vu & Gowripalan, 2018).
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Figure 3.6: Schematic representation of geopolymerisation mechanism (Vu & Gowripalan, 2018).

The other promising technology for enhancing the chemical stabilization and physical encapsulation of hazardous
material is carbonation. Mineral carbonation is already used in the construction industry as an accelerated curing
process to decrease carbon dioxide emissions. CO- is injected into fresh concrete to enhance the carbonation
reactions of components containing calcium (El-Hazzan, 2020). Additionally, carbonation of coal FA has been on
the spotlight of several researchers including Li et al. (2006), Quin et al. (2022) and Yuan et al (2023). The alkali
content and oxides in FA make it suitable for carbonation (Quin et al., 2022). Carbon capture can be achieved
through the mineralization of CO; in the waste stream. Simultaneously, carbonation can trap the heavy metals
through four main mechanisms studied by Yuan et al. (2023) and represented in Figure 3.7:

Physical encapsulation
Chemical reaction
Adsorption precipitation
Speciation transformation

Heavy metals can be equally physically encapsulated by a carbonate layer formed around the fly ash, a process
that is non-selective for the type of element. Lead, zinc, and copper are more likely to be physically adsorbed in
the new carbonate layer, or to chemically react with the carbon dioxide. Pb, Zn, Cd and Ni are likely to create
speciation as a consequence of the newly formed carbonate minerals, forming hydroxides precipitates such as
Zn(OH),. The carbonation of hazardous waste streams has the potential to both reduce global carbon dioxide
emissions and increase the immobilization efficiency of heavy metals, potentially lowering the usage of binders.
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Figure 3.7: Mecahnisms of heavy metal immobilization by carbonation of fly ashes (Yuan et al., 2023).
3.4 Carbonation

Effective carbonation of fly ashes depends on several factors that have been investigated by previous researchers.
Only certain minerals and compounds can carbonize within the fly ashes under hydrated or dehydrated conditions
and providing that the environment is favourable for the reaction to occur. Carbonation reactions are highly
influenced by temperature, time, water content, gas pressure and pH of the FA (Li et al., 2012; Quin et al., 2022;
Mazzellaetal., 2016; Yuan et al., 2022a; Yuan et al., 2023). These factors have been studied and investigate under
different conditions and are evaluated in the following subchapters.

3.4.1 Carbonation reactions

The initial chemical composition of both the amorphous phase and the crystalline phase of fly ashes determines
the carbonation potential of the FA. Generally, the main mineral phases likely to react with carbon dioxide are
lime (Ca0), portlandite (Ca(OH).), brucite (Mg(OH)2) and periclase (MgO) (Ji & Ju, 2018). Mineralogical studies
revealed that carbonation of these phases occur spontaneously at ambient pressure and temperature and the newly
formed carbonates are mainly aragonite or calcite (CaCOs), Mg-Calcite or magnesite (MgCOs) and dolomite
(CaMg(CO3)2) (Ji & Ju, 2018).

In complex environments more mineralogical complex can carbonize. Zhao et al. (2015) investigates the carbon
sequestration of anhydrite (CaS0Q.). In weak basic environment with ~9 pH compounds such as ammonia can react
with water and carbon dioxide worming ammonium carbonate, that then reacts with anhydrite to form calcium
carbonate or calcite as shown in Eq. (1).

CaS04(s) + CO2(g) + H20 (I) + 2NH3 > CaCOs (s) + (NH4)2SO04 (aqg) + H20 (1) (1)

Another carbonation reaction that can occur with a weak basis is the reaction of magnesium sulphate with carbon
dioxide shown in Eq. (2) (Xu et al., 2019).

MgSOs (s) + CO; (g) + H20 (I) + 2NHs (g) = MgCOs (s) + (NH4):S04 (aq) (2

Lime can also be produced from decalcification of calcium-bearing compounds. Wang et al. (2010) investigated
the production of titanium oxide (TiO2) from perovskite (CaTiOs). In sodium-rich aqueous solution sodium ions
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replaces calcium ions in the perovskite. The titanium salts can be dissolved in chloride-rich solutions forming TiO>
and CaO, as shown in Eq. (3), Eg. (4) and Eq. (5).

CaTiO3z + 2NaOH — Ca(OH), + Na,TiO3 3
Ca(OH), — CaO + H,0 4)
Na,TiOs + 2HC1 — TiO;, + 2NaCl + H,0 (5)

In aqueous solutions, hydration products can form, as the fly ash reacts with water. In Figure 3.8 are represented
the different phases formed depending on the pH of the liquid solution as well as the hydromagnesite concentration
(Winnefeld, 2019).
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Figure 3.8: Thermodynamic modelling of the stable hydrate assemblage in MgO-hydromagnesite blends hydrated
at 20°C using a water/solid ratio of 1.20 (Winnefeld, 2019).

The presence of Mg-carbonates in water can originate several different chemical structures including huntite
(CaMgs(COs3)4), Artinite (Mg2(OH).(CO3)(H20)s), hydromagnesite (Mgs(OH)2(CO3)4(H20)4) and nesgquehonite
(MgCOs3(H20)3) (Hollingbery & Hull, 2010; Winnefeld, 2019). All these species are intermediate phases from the
carbonation and hydration and thermogravimetric analysis (TGA) is commonly used to identify exactly which
phase has formed. The non-chemically bound water can also be easily measured from the TGA. In TGA, samples
are heated, and the mass of the specimen is constantly monitored. The mass loss at specific temperature
corresponds to the thermal degradation of a compound. Thanks to extensive research on pure materials, literature
has now a vast database on the decomposition temperature of every species. The carbonized and hydrated products
and their thermal decomposition are reported in Table 3.1.
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Table 3.1: Possible mineral phases present during carbonation and hydration of FA with the corresponding thermal
decomposition temperatures in argon.

Mineral TG - decomposition temperature

Anhydrite (CaSO.) 1300°C

Calcite (CaCOg) 670-900°C (Ji et al., 2017)

Brucite (Mg(OH)2) 400°C (dhy) (Winnefeld et al., 2019)

Magnesite (MgCOs) 617°C (dcr) (Gabrovsek et al., 2006)

Huntite (CaMgs(CO3)4) 570°C (dcr) (Hollingbery & Hull, 2010)

Artinite (Mg2(OH)2(CO3)(H20)s3) 219°C (dhy) — 355°C (dcr) - 429°C (dcr) (Frost et al., 2008)
Hydromagnesite (Mgs(OH)2(CO3)4(H20)s)  270°C (dhy) —400°C (dhy) —520°C (dcr) (Winnefeld et al., 2019)
Nesquehonite (MgCO3(H20)s3) 200°C (dhy) - 380°C (dcr) — 500°C (dcr) (Werner et al., 2013)

3.4.1 Water content

The presence of water is one of the factors that positively influences the speed of reaction and carbonation
efficiency. As shown in Figure 3.9, the water surrounding the solid particles can play an important role, as it allows
the gas to diffuse and react with the solid surface in the ionic state. Carbonation products form on the surface of
the particle while, an increase in heat or humidity makes the surface water evaporate, leaving the fly ash surrounded
by the carbonated layer (Wang et al. 2021).

Gas diffusion Heat diffusion
D L . e &
@ ° =S

Carbonation

. Solid particle . Surface water
product layer

%"” Evaporated water

Figure 3.9: Representation of carbonation dissolution and mineralisation in low-water environment (Wang et al.,
2021).

Previous research investigates the optimal liquid/solid (L/S) ratio for the best carbonation efficiency of fly ash.
The ideal L/S ratio for a medical waste FA is 0.3 ml/g within a range between 0 and 0.6 ml/g, as can be seen in
Figure 3.10(a) (Li et al., 2007; Baciocchi et al., 2009). Carbonation with low water content or no water results in
much slower Kinetics as the dissolution of carbon dioxide is only driven by temperature and pressure. However,
at a higher L/s ratio, carbonation efficiency is also lower as the reaction is blocked by the resistance of CO;
diffusion in the water. Hydration and dissolution of CO; is a faster process than diffusion in a solid surface, as
calcium and magnesium ions dissolve in water and are more prone to react with the carbon oxide in the ionic form
(Lietal., 2007; Ju & Yu, 2018). However, Baciocchi et al. (2009) shows that at higher pressure and temperature
conditions, the carbonation reaction can also occur at a solid/gas interface.

3.4.2 Dependence on temperature and pressure

The efficiency and kinetics of carbonation are highly influenced by the temperature and pressure of the reaction
environment. Higher temperatures typically lead to a higher carbonation rate and faster kinetics in fly ash, as the
reaction activity of calcium-based materials increases (Li et al., 2012; Quin et al., 2022; Mazzella et al., 2016; Ni
et al., 2017; Yuan et al., 2023; Ji & Yu, 2017). Mazzella et al. (2016) demonstrated that carbon uptake in direct
contact between gas and solid is doubled at 45°C compared to a carbonation temperature of 25°C. In the presence
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of water, the dissolution of the solid increases at higher temperatures; however, excessively high temperatures can
limit the dissolution of CO- in water resulting in lower carbon uptake and reduced immobilization efficiency (Ni
et al.,, 2017). As shown in Figure 3.10(b), carbonation is faster at higher temperatures and slower at lower
temperatures (Baciocchi et al., 2009).

The immobilisation of heavy metals is also influenced by the reaction temperature. Rising temperatures enhance
not only the dissolution of calcium, but also the ionization of heavy metals in water, such as Pb?* and Zn?*. These
metal ions react more easily with the carbon to form precipitates or are adsorbed by the newly formed carbonated
minerals, lowering the final leaching concentrations (Vermilyea, 1969; Ni et al., 2017, Yuan et al., 2022a).
According to researchers, the optimal temperatures for both effective carbonation and immobilization of heavy
metals range between 45°C and 100°C (Baciocchi et al., 2009; Ni et al., 2017).
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Figure 3.10: Carbon uptake as a function of S/L (a) and temperature (b) (Baciocchi et al., 2009).

The carbon uptake increases with the increase in pressure within the vessel. Following Henry’s law, the solubility
of a gas in a liquid is proportional to its pressure, higher pressure results in greater gas solubility. As solubility
increases, more CO, molecules are available in the ionic state for carbonation, leading to faster reactions (Ji & Yu,
2017). When the gas reaches its supercritical state, the carbonation efficiency experiences the most significant
increase, as shown in Figure 3.11. In the supercritical state, the diffusion coefficient is much larger than a liquid
or a gas, as no surface tension prevents diffusion through the pores of the solid material. Diffusion of CO, becomes
easier on the surface of the solid particles, resulting in carbonation efficiency up to 8% higher than in low-pressure
conditions (Mazzella et al., 2016; Yuan et al., 2022a, Yuan et al., 2023).
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Figure 3.11: Carbonation efficiency of fly ash under supercritical conditions (80 bar) and low-pressure (40 bar)
conditions (Yuan et al., 2022a).

3.4.3 Time dependency

The hydration and carbonation reactions of calcium-rich materials evolve differently over time due to the different
reaction kinetics.

Hydration, nucleation and crystalline growth times vary depending on the mineral phase, as demonstrated by
several researchers (Mitchell et al., 2010; Li et al., 2012; Ji & Yu, 2017). An example of different kinetics in
hardening reactions is the hydration of cementitious materials. Cementation hydration reactions are divided into
five main stages: dissolution, induction, acceleration stage, deceleration stage and diffusion stage. Dissolution
occurs in the first minutes, during which calcium, silicon oxides and sulphates dissolve in water. In the induction
stage, reaction time slows to a few hours until it accelerates again due to the nucleation and growth of hydration
products. This reaction is exothermic; speeding the reaction time this stage completes after approximately 6 h. As
the availability of free water decreases, the reaction slows again, and the formation of hydrate products continues,
controlled mainly by diffusion, typically lasting 30 h. During the final stage, only diffusion occurs, and the
reactions continue until all water has been consumed for cementation (Guang, 2024).

Carbonation and curing times are important aspects for efficient carbonation and immobilization of heavy metals.
While carbon dissolution is a relatively fast process, mineralization has much slower kinetics (Mitchell et al.,
2010). Altree-Williams et al. (2017) also studied the phase formation during the carbonation of anhydrite at a
constant temperature over time. While anhydrite carbonates, aragonite and calcite are formed. Once all anhydrite
is consumed, the crystalline phases continue to transform until they reach equilibrium only after 10 days, as shown
in Figure 3.12. This extended reaction period highlights the importance of sufficient exposure and curing times to
ensure complete carbonation and hardening of the material.

33



time (days)
0.01 0.1 | 10

b1o
®
-
= 0.6
)
7
“ 04
- anhydrite
02 B - aragonite
B - calcite
0.0
103 104 10 106

time (s)

Figure 3.12: Kinetics of reaction for carbonation of anhydrite at 80°C (readapted from Altree-Williams et al.,
2017).

The leachability of heavy metals is also influenced by the duration of exposure to carbonation. Qin et al. (2022)
analysed coal plant FA revealing that the leachability of heavy metals decreases effectively only during a
carbonation period between 1 and 4 h, as shown in Figure 3.13. Ashes carbonated for periods outside this interval
show an increase in heavy metal leachability. For shorter carbonation times a significant amount of material
remains unreacted, thus heavy metals have not been immobilized in the matrix. On the contrary, longer carbonation
times can trigger more chemical reactions that may lead to the decalcification of calcium silicate hydrate (C-S-H)
minerals (Saleh, 2021), releasing some of the heavy metals back into the environment.
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Figure 3.13: Leachability of lead, zinc and copper for FA carbonized for times in between 0.125 and 128 h (Quin
et al., 2022).
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3.4.5 Dependence on pH

The carbonation capacity of FA is highly dependent on the pH of the reaction environment. In alkaline conditions,
the solubility of carbon dioxide increases, forming carbonate ions (CO3?). As carbon dioxide dissolves in water,
the pH of the solution decreases, facilitating the dissolution of calcium and magnesium ions in the FA, which are
more prone to carbonation (Ji & Yu, 2017). Higher mineral carbonation also results in higher immobilization of
heavy metals, not only because of the physical encapsulation and chemical stabilization but also because the pH
lowers (Bertos et al., 2004). Other dissolved species, such as sulphur and potassium in the form of H.SO, and
HNO3, can react with the heavy metals to form other insoluble minerals, as shown in Figure 3.14. The minerals
that form are lead sulphates, copper sulphates, zinc nitrates and others, which are not immobilizable by the
carbonation of calcium and magnesium (Ni et al., 2017).

S0, Y/ o

dissociation dissociation

Figure 3.14: Mechanisms of reactions of H,SO4 and HNOs with lead, copper and zinc to form insoluble salts (Ni
etal., 2017).

The final pH and solubility of the hardened immobilized material also influence the leachability of the heavy
metals. Heavy metals generally have lower solubility in the pH range between 7 and 10, resulting in minimized
leaching (Mazzella et al., 2016; Quin et al., 2022). However, this range is not the most efficient for some heavy
metal such as cadmium, which shows reduced leachability only at pH levels greater than 10 (Baciocchi et al.,
2009). As shown in Figure 3.15, other heavy metals such as molybdenum, chromium, arsenic, selenium and
antimony, are less soluble at pH lower than 6 (Dijkstra, 2007; Krol et al., 2020). A specific pH environment can
both prevent heavy metals from leaching as well as favouring others. As an example, at pH between 9 and 10,
cadmium, aluminium, copper, and zinc do not leach, whereas the leachability of chromium and molybdenum is at
its highest (Krol et al., 2020). The solubility of heavy metals hydroxides can vary from 1 mg/l to 100 mg/l with
changes of only 0.5 pH and vice-versa, as reported from previous studies also shown in the Appendix (Figure
A.0.2). The decrease in solubility of some heavy metal hydroxides of a factor of 10, can lead to solubilities even
100 times higher for other compounds.
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Figure 3.15: General leaching behaviour of two sets of heavy metals as function of pH (Krdl et al., 2020).
3.4 Dutch regulations on hazardous waste disposal and landfilling

3.4.1 Regulations

Hazardous waste management and disposal is established by European directives that are singularly applied per
country. The Waste Framework Directive (2008/98/EC) is the European directive that specifies criteria to identify
hazardous wastes from other wastes. In Hazardous Waste Directive (2008/98/EC) proper waste management
guidelines are specified to minimize risks to human health and the environment for all European countries. In the
Netherlands, the European directives have been implemented into a series of regulations included in the Wet
Milieubeheer (2024). The law enforces that hazardous materials already deprived of valuable components and
used for energy conversion, must be stabilized through an immobilization method and safely disposed in a
specialized landfill. According to the Dutch legislation for the safe containment of hazardous waste (Beschikking
2003/33/EG), the final product must meet certain physical requirements. These regulations include specific
requirements such as a designated compressive strength (1.0 N/mm?) and maximum allowable leachable
components shown in Figure A.0.1 (Appendix). Besides the maximum allowable leachable components, another
parameter that is necessary for the safe disposal is the stability in water. The stability is determined visually by a
slake test where the material is immersed in water for several days to determine if slaking occurs (Franklin &
Chandra, 1972).

Another regulation that was active until recent years is the Dutch Soil Quality Decree and Regulation (Ministerie
van Infrastructuur en Waterstaat, 2022). The passed regulation states the leachability values of ‘“niet-
vormgegeven” materials. Table 3.2 below reports the limit concentrations of the leachates that were allowed by
the Soil Decree for unshaped building materials.
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Table 3.2: Maximum leachable concentration in mg/kg of dry matter (DM) of anion and cationic species for
unshaped building materials (Ministerie van Infrastructuur en Waterstaat, 2022).
Unformed [mg/kg DM]

Sh 0.32
As 0.9
Ba 22
Cd 0.04
Cr 0.63
Co 0.54
Cu 0.9
Hg 0.02
Pb 2.3
Mo 1
Ni 0.44
Se 0.15
Sn 0.4
\V 1.8
Zn 45
F 20
Br 616
Cl 55
SO42- 2430

3.4.2 Standardized tests

NEN 7375 is the standardized procedure applied in the Netherlands to determine the leachability of inorganic
components applied to immobilization sites for hazardous wastes (Stichting Koninklijk Nederlands Normalisatie
Instituut, 2003). The standard requires 64 days of leaching tests which might be too long given the duration of this
project. However, being a time-consuming procedure, previous publications examine the possibility of comparing
faster leaching tests to slower procedures (Ram et al., 2006).

An example of a standardized faster leaching test is NEN-EN 12457, used for MSWI bottom ash and highly
contaminated soils. The standard includes a shaking test to fasten the leaching procedure of heavy metals for high
solid-content materials and granular wastes. NEN-EN 12457 has four different variations -1, -2, -3, -4 that differ
for the size of the average particle size and the S/L ratio. The first two versions are representative of material with
more than 90% of the total heap with a maximum particle size of 4 mm. Version -3 and -4 are intended for materials
with 90% of the particle size smaller or equal to 10 mm, but it also allows for material with bigger grain size, for
size reduction. The S/L ratio considered in the four standards are of 2 I/kg and 10 I/kg, that simulate respectively
the leaching behaviour of the material after 5 and 50 years (Stichting Koninklijk Nederlands Normalisatie Instituut,
2002; Stichting Koninklijk Nederlands Normalisatie Instituut, 2002b; Eurofins, n.d.). The test is also used to
determine the leachability of unshaped building materials unstable under normal conditions defined in the past
Dutch Soil Decree (Ministerie van Infrastructuur en Waterstaat, 2022).
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[1. Experimental Investigation
4.  Materials and methods

An overview of previous research on mineral carbonation and sequestration is discussed in the Literature Review
and it was used to identify the optimal experimental conditions to answer the research questions. At the beginning
of the study, it was essential to determine the parameters relevant for this research, given that previous research
analysed different fly ashes and binders as well as the immobilization efficiency at specific conditions. It was also
necessary to reassess the experimental parameters selected based on the results of the first experiments. The final
methodology used for this research study is described in this chapter.

This chapter lists the experimental and analysis method used in this study to answer the research questions. To
determine whether carbonation influences the immobilization of heavy metals in hazardous fly ashes, the research
is divided in three main experimental phases: material characterization, carbonation and leaching experiments.
Chapter 4.1 describes how the composition and carbonation potential of the fly ashes are determined, to select the
most appropriate material for further experiments. The selected material is used to prepare different mix designs
for the immobilization process and carbonation, as explained in Chapter 4.2. the materials are also tested for their
relevant physical properties, still described in Chapter 4.2. Finally, Chapter 4.3 contains the methodology to
determine the leachability of the materials to finally select the most optimal immobilization process.

4.1 Material characterization

The initial phase of experiments, defined as 'Fly Ash Characterization' in Figure 2.2, aimed to address RQ-1 and
identify the most appropriate sample out of all fly ashes available for subsequent carbonation and immobilization
experiments. This phase involved analysing the relevant chemical composition of the ashes, assessing the
carbonation potential of each ash, and ultimately selecting the most suitable fly ash through a statistical evaluation
process.

This research investigated six different hazardous fly ashes from various industrial sources. FA1, FA5 and FA6
are originated from a MSWI plant. FA2 is a BM-FA, whereas FA3 comes from another W-t-E plant. The binder
used in industrial applications for the immobilization of the fly ashes is denoted as FA4 or B, and it is a by-product
of paper incineration. A summary with the notation and source of the fly ashes can be seen in Table 4.1.

Table 4.1: List of FA analysed in this research.

Name Origin

FAl MSWI - FA

FA2 BM - FA

FA3 E-Ash from WIE plant

FA4 and B (binder) By-product of paper incineration
FA5 MSWI - FA

FAG MSWI - FA

The six fly ashes not only differed in their origin, but also appear different in their colour and texture. FA1, FAS5,
and FAG6 were of a similar shade of grey, as shown in the pictures in Figure 4.1. The colour of FA2, FA3, and FA4
tended towards brown and was generally lighter under the same light (not visible in the pictures). The grain size
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of the ashes was visually similar; however, FA2, FA5, and FA6 contained light black flakes of unburnt material
in the heap.

(316
20 //2

Figure 4.1: From left to right pictures of FAL, FA2, FA3, FA4, FA5 and FAG used in this research.

4.1.1 Chemical composition

The particle size distribution is an important physical property in characterizing the material as the particle surface
influences the degree of reaction (Mcllvried & Massoth, 1973). Particle size distribution was carried out using a
Malvern Panalytical particle size analyser through a Mie scattering model. All the fly ash samples were previously
dried in an oven at 105°C for 7 h to eliminate the free water in the sample and ensure proper results.

An X-ray fluorescence (XRF) analysis was conducted to determine the elements’ composition in the solid sample
of the amorphous and non-amorphous phases. XRF is a non-destructive analytical technique used to determine the
heavy metal content and provides a broad overview of other heavier elements present in the FA. The sample was
irradiated with an X-ray beam and each element emits secondary X-ray characteristics for specific elements.
Through XRF analysis was not possible to detect light elements such as hydrogen, carbon and lithium (Nakai,
2017); but combining the results with other qualitative and quantitative analysis it was possible to map the
composition of the material. The sample preparation for XRF analysis required drying the material for at least 7 h
at 105°C and griding the FA in a mortar until reaching a homogenous particle size smaller than 5 pm. Following
the indications of the analyser Bruker S2 PUMA A35X1 ED-XRF, 4 g of fine powder were mixed with 1 g of
Cereox wax (CssH7602N2) and pressed into a pellet of 4 cm diameter and 0.25 cm thick. The loss of ignition (LOI)
of the material was also determined to quantify the water and carbon dioxide content not measurable by the XRF.
The LOI was necessary to calibrate and total the oxide analysis to 100% mass fraction total. NEN-EN 196-2:2013
is the standard method to determine the LOI. The sample was heated at 950+£25°C for 1 h (Stichting Koninklijk
Nederlands Normalisatie Instituut, 2013). The final LOI was determined as shown in Eq. (6), where my,¢_ignition
is the mass of the sample before placing it in the furnace, and my,s;—ignition iS the mass after the experiment
(Robertson, 2011). Following recommendations from previous studies at TU Delft, TGA in air is another approach
used to estimate the LOI. However, as the results showed different values, the standardized method was chosen
for this study.

%OM — mpre—ignition[g]_mpost—ignition[g] + 100 (6)
Mpre—ignition[9]

The crystalline structure of the fly ashes was determined through an X-ray diffraction (XRD) scan D8 Advanced
Diffractometer (Bruker AXS) with a Lynxeye detector, shown in Figure 4.2C. The instrument operated at 40 kV
and 40 mA with Cu Ko radiation at room temperature. Phase identification of the fly ashes was determined
combining the results from the XRF and XRD tests. The identification was carried using the Bruker Diffrac-plus
software and the Crystallography Open Database. The fly ashes were prepared by drying for 7 h at 105°C and
grinding the material until reaching maximum particle size of 5 pm in a stone mortar, as shown in Figure 4.2A.
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The material was placed inside the sample holder (Figure 4.2B) and spread as evenly as possible in the available
space with the help of a small opague glass to level the surface of the material. The analyses were executed between
a 2Theta angle of 5° and 85°. The first set of experiments was conducted on a time step of 0.045%s. To detect the
amorphous phase present in the FA, the semi-quantitative analysis QXRD was conducted to quantify the
amorphous content as well as the composition of the crystalline phases. 10% wt. of silicon powder was added to
the samples as internal standard by weighing the material on a Mettler Toledo precision scale with accuracy of
+0.1 mg. To improve the results and reduce the background noise, a longer step size of 0.02°/s. The results were
analysed using Profex and the Crystallography Open Database through the Rietveld refinement process (RQ-1.a).

By combining the results from the XRF and XRD analysis it was also possible to identify the elements in the
amorphous phase. The difference between the XRF [wt.%] and the equivalent sum of the crystalline phases
identified resulted in the amount of non-crystalline phases. An example on how to determine the amorphous
calcium (%cq—amorphous) 18 Shown in Eq. (7), where the equivalent calcium content of the crystalline phases
detected through QXRD (%2‘55’03) are subtracted from the total equivalent calcium determined in wt.% through

XRF( %Z&RE.

40.1 ., XRF 40.1 XRD 40.1 XRD 40.1 XRD

0 = —0 ——0 0 —_ 0
/()Ca—amorphous 561 /OCaO 56.1 /OCaO 100.1 /OCaC03 136.2 /OCaSO4 (7)

Figure 4.2: (A) Sample preparation for QXRD analysis by grinding the FA and mixing it with Si-powder. (B)
sample in the sample holder that was analysed by the (C) D8 Advanced Diffractometer.

4.1.2 Carbonation potential

As discussed in the Literature Review, only some chemical compounds are likely to react with carbon dioxide to
form carbonates. The chemical composition can already give an indication of the materials with the highest
carbonation potential as fly ashes with no lime, portlandite, brucite and periclase are less likely to carbonate.
However, the CO- binding capacity of each fly ashes can vary as the structure of chemical compounds is complex.
The final carbonation potential of each ashes cannot be assessed merely from the amount of the crystalline phases
just mentioned.
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Based on previous experimental studies (Nedeljkovi¢, 2019; Yuan et al., 2022), the effective binding capacity of
the six materials, defined as carbonation potential, was determined by carbonizing the samples at the same
conditions and comparing their final carbon-uptake through a set of analytical methods including XRD/QXRD
and TGA. It is to notice that the quantifications are only an indication of the performance of the experiment. Only
one test per experiment was executed on every sample, thus the results are not representative for a larger batch of
material, but only for the selected small batch tested.

Accelerated carbonation was performed in the carbonation chamber shown in Figure 4.3A. Temperature, pressure,
relative humidity (RH) and CO; concentration were controlled and kept constant for the whole time. The
temperature was fixed at 20°C, the pressure was maintained at 1 bar and the RH at 65%, at 1% by volume CO;
environment. The fly ashes were dried at 105°C and mixed with demineralized water at a L/S ratio of 0.3 ml/g, as
it was proven to be the optimal value for carbonation, as explained in the Literature Review. To ensure that all
material was wetted, the powder was kneaded by hand, wearing gloves, until all powder was equally darkened. As
sown in Figure 4.3B, the material was placed in plastic trays in thin layers to ensure that the maximum available
surface was in direct contact with the reaction gas. Differently from previous research (Nedeljkovi¢, 2019), the
material was kept at its original texture (not grinded) to prevent the liberation of physically trapped materials. The
first batch of samples was carbonized for 24 h (CO_1d), but to ensure that all samples carbonize, the exposure time
of the second batch was extended to 7 days (C0_7d).

Figure 4.3: (A) Carbonation chamber at fixed temperature of 20°C, pressure of 1 bar, RH of 65% and 1% CO..
(B) Sample holder for the fly ashes to ensure maximum contact surface to the environment.

The carbonation reactions and the degree of carbonation were investigated through QXRD and TGA. To ensure
that the carbonation and hydration were at an advanced stage and detectable, only the samples carbonized for 1
week were tested with QXRD. A few grams of each fly ashes were dried, grinded, and mixed with the internal
standard to be analysed for their crystalline composition and the change in mineral phases and amorphous content.
The carbon uptake of each sample was determined through a TG-DTG-DSC measure, where the TGA was
combined with differential scanning calorimetry (DSC) to quantify the carbon uptake. The solid raw and
carbonized materials were dried and grinded and around 30 mg placed in the alumina crucible represented in
Figure 4.4A/B. An initial blank curve was performed by heating an empty crucible from 40°C to 1100°C at a
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heating rate of 5°C/min in the Netzsch STA 449 F3 Jupiter simultaneous thermal analyser shown in Figure 4.4C.
The fly ashes were tested under the same conditions, and the mass weight loss was systematically subtracted from
the measure. The degradation peaks and the weight difference of the carbonized samples were compared to the
TG-DTG-DSC curves, combining the results from the QXRD and previous literature studies to identify and
guantify the mineralized CO; in the fly ashes.

The total mineralized carbon (mc,,) corresponds to all new carbonized phases in the fly ash. The degradation
temperatures differ depending on the phase, as explained in the Literature Review, as well as the start and end
temperature of decomposition. The weight loss between the non-carbonated and carbonated sample in the range
of the decomposition indicates the carbon uptake for each species. Following Ji et al. (2017), the weight loss in
carbonated sample is due to the decomposition of carbonated species in the fresh sample (Am,_,.c) and the

decomposition of the newly formed carbonated species (Am',_,-¢). Thus, the total carbon uptake was calculated
as shown in Eq. (8), where Am,._, is the mass loss of the sample in the temperature range characteristic for each
compound decomposition and determined by the experimental results from the TG-curves.

AMy_yoc  Amiry_y,

) x 100 (8)

Meo, [Wt. %] = X(

Mio5°C m/105°C

Figure 4.4: (A) Alumina crucible with on average 30 mg of grinded and dried sample. (B) Closed picture of the
crucible with the sample placed next to the reference thermocouple. (C) Netzsch STA 449 F3 Jupiter simultaneous
thermal analyser.

4.1.3 Selection process
The objective of the study was to immobilize heavy metals; therefore, it was important to immobilize fly ash that

contains a substantial amount of hazardous components. The selection of the most feasible fly ash for this research
was done by applying a simple Weighted Sum Method (Kolios et al., 2016) to each sample, assigning a value to
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the alternatives (Ag,) as shown in Eq. (9). The total percentage of heavy metals (%pyy) Was given higher
importance than carbonation efficiency, with weights of 0.55 and 0.45 respectively. The highest value of A,
resulted in the optimal fly ash for this research (RQ-1.b).

AFA =0.55 x %HM + 0.45 x mcoz (9)

4.2 Carbonation and immobilization

The second phase of the research study named ‘Carbonation and Immobilization’ consisted of immobilizing the
waste material and assessing its physical stability to answer RQ-2, RQ-3 and RQ-4.

A set of initial experiments was conducted in a small carbonation chamber to determine the ideal carbonation
exposure conditions based on possible industrial applications. Carbonation of larger amount of sample, testable
for physical strength, was only possible in one reaction chamber where pressure, temperature, RH and carbon
dioxide concentration were fixed and not representative of the industrial conditions. The two carbonation chambers
are shown in Figure 4.5; temperature, pressure and gas concentration were controlled in the cylindrical chamber
in Figure 4.5A. The same experimental setup was also used to determine the influence of temperature, pressure
and water content on the carbon uptake. Once selected the carbonation conditions, the three different mix designs
were prepared together with a reference sample to immobilize the waste material. After 28 days at defined curing
conditions, the final specimens were tested for their physical stability, as described further in the chapter.

Figure 4.5: (A) Small carbonation chamber from the Geoscience and Engineering laboratory at TU Delft. P, T and
CO; concentration were controlled in the reaction chamber. (B) Larger carbonation chamber in Stevin | laboratory
at TU Delft where carbonation happened at fixed T, P, RH, and CO, concentration.

4.2.1 Preliminary carbonation

The preliminary carbonation experiments were divided into three main experiments. The notation used is
summarized in Table 4.2

43



Table 4.2: Notations used for the preliminary carbonation experiments.

Notation Experiment Carbonation conditions

FA Cl 1 Selection of carbonation conditions 100% CO, 40°C, 1 bar, 0.3 ml/g FA, 2 h
FA C1 WC Influence of water content of carbon-uptake 100% CO, 40°C, 1 bar, 0-0.3 ml/g FA, 2 h
FA CL P Influence of pressure on carbon-uptake 100% CO, 40°C, 1-2 bar, 0.3 ml/g FA, 2 h

4.2.1.a Selection carbonation conditions

In industrial applications, to ensure that the heap of fly ashes is homogenously distributed, the materials are mixed
in a large industrial mixer. Even if the mixer is exposed to the outside air, the temperatures inside the tank body
easily reach 40°C. Additionally, in case of further industrial applications, the material is preferably treated with
higher carbon dioxide concentrations to maximise the contact and reaction between the gas and the material. The
carbonation chamber at the Stevin | laboratory at TU Delft shown in Figure 4.5B could only operate at fixed
temperature of 20°C and at 1% CO,. As explained in the Literature Review, at these carbonation conditions the
carbonation of the material occurs at much lower rate, thus carbon-uptake was slower than in a possible industrial
condition at 100% CO;and 40°C.

As the equipment in the Stevin | laboratory was the only carbonation chamber at which significant amount of
materials could be carbonized, the small setup at geoscience engineering laboratory was used to estimate an
appropriate exposure time of the material in the other carbonation chamber. Figure 4.6 shows the schematic
representation of the experimental setup in in the Geoscience and Engineering laboratory, and pictures of the real
setup can be found in Appendix B. 10 g of FA were homogeneously mixed with 3 ml of demineralized water in a
cylindrical plastic container and spread on its surfaces. The sample holder was switched to an HDPE plastic bottle
as in an initial experiment a stainless steel was used but the material reacted with the steel sticking to the surface
of the cylinder. Additionally, the contact surface between the gas and the vessel was limited by the diameter of the
cylinder, thus it was important to maximise it by spreading the sample along the walls of the plastic cylinder. The
sample holder was placed inside the cylindrical vessel with 2 cm diameter and 10 cm long, and properly connected
to the system. Before the beginning of the experiment, the exhaust valve was closed, and the system flooded with
N2 gas. All connections were rinsed with the specific Snoop liquid leak detector, a surfactant that, in case of a gas
leak, generates small bubbles. Once the system was properly insulated, the exhaust gas valve was opened, and all
liquid was dried from the equipment. The vessel was placed inside the oven that was turned on to the desired
temperature of 40°C. Through a pressure regulator in between the carbon dioxide cylinder and the reaction
chamber, the gas was de-pressurize to 1 bar. Once the temperature inside the vessel was equal to the one in the
oven, the inlet valve was opened until the absolute pressure gauge reaches 1 bar. The temperature in the closed
cylinder raised in less than one hour to the desired value, whereas the pressure, once the gas valve was opened,
taking less than two second to reach the target. Based on the relevant research discussed in the Literature Review,
the material was exposed for 2 h to carbon dioxide. At the end of the experiment, the inlet gas and oven were
turned off. The carbon uptake of the sample was measured through TGA and compared with the carbon uptake
after 1 day and 7 days (CO_1d, CO_7d).

The optimal exposure time (t,) was determined by interpolation as shown in Eq. (10), where the carbon uptake
after 1 day (mz§ )and 7 day (mz3 ) was compared to the carbon uptake at 40°C (m¢ ¢) (1d and 7d stands for 1
day and 7 days). For simplicity, it was assumed that the carbon-mineralization is linearly proportional to exposure
time in between 1 day and 7 days.

ty—1d 7d - 1d
40°C id d 1d (10)

7
Mco, ~Mco,  Mco,~Mco,
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Figure 4.6: Experimental setup of carbonation chamber from the geoscience and engineering laboratory at TU
Delft. A cylinder containing pressurized CO, was connected through capillary plastic tubes to an insulated
stainless-steel vessel placed inside an oven. Temperature and pressure inside the vessel were monitored, and the
gas was released through a valve outside the oven.

4.2.1.b Carbonation conditions and carbon-uptake

The experimental setup shown in Figure 4.6 was also used to determine the influence of water, pressure and binder
presence on the carbonation reaction (RQ-2.a). Carbon uptake was investigated at water contents of 0 ml/g and
0.3 ml/g, at pressures of 1 bar and 2 bar and with or without the addition of binder to the fly ash. This aimed to
comprehend the influence of these factors on both the mineral carbonation as well as the rate of reaction.

Influence of water-content on carbon-uptake

The binder, FA4 was used as refence to assess the impact of water on the mineral carbonation. Following on the
previous studies presented in the Literature Review, this research investigated the carbonation efficiency in the
absence of water and at a water to FA ratio of 0.3 ml/g. In case sufficient carbonation on the selected fly ash occurs
without the addition of water, the process would become even less material intensive. However, it was important
to compare the mineral carbonation without the addition of water with the optimal L/S ratio of 0.3 ml/g, established
by the previous studies. While carbonation is known to be faster in the presence of water (Tominic & Ducman,
2023), the absence of a stirrer inside the reaction vessel might reduce the contact surface between the gas and the
fly ash, potentially compromising the reaction and preventing the ash from reaching its maximum carbonation
potential. Therefore, the chosen reaction at 100% CO; at 45°C and 15 bar should aim for a maximum carbonation
efficiency, as demonstrated by Mazzella et al. (2016). This procedure also helped mitigating the risk of equipment
damage due to the entrapment of liquid in some vessel cavities. In absence of water, 10 g of dried raw fly ashes
were directly placed in the sample holder. The operational steps were the same as explained before, besides the
exhaust gas valve was closed before the cylinder valve was opened. The temperature of the oven was set to 45°C
and the CO; cylinder was depressurized until 15 bar.
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Influence of pressure on reaction rate and carbon-uptake

The same experimental setup and operational conditions were used to determine the influence of pressure on the
reaction rate and mineral carbonation. For this experiment, a mixture of the selected fly ash and binder was chosen
to ensure that the carbonation rate is detectable. The FA alone had less components that can mineralize compared
to the large amount of lime present in the binder. Additionally, the scope of the experiment was to determine how
both materials together behave to the carbonation, as the larger amount of mineralized carbon was expected from
the carbonation of lime from the binder.

The ratio FA/binder/water was maintained constant for the mixture, where 10 g of FA were mixed in the plastic
sample holder with 3 g of binder and 3 ml of demineralized water. Following Cengel & Boles (2005), carbon
dioxide behaves as an ideal gas at 40°C, 1 bar and 2 bar. Considering isothermal conditions and the fixed volume
inside the vessel, the number of CO, moles reacted (n,,) as function of time could be monitored as shown in Eq.

(11) (see Appendix B for detailed calculations). In the equation, Pr(t) represents the pressure inside the vessel at

a specific time, P; is the initial pressure inside the vessel and n; is the initial amount of CO, moles present in the
vessel.

Pg()
Nco,(t) = ny —;—i X n (11)

The reaction rate (R) was calculated by differentiating the number of moles of CO; reacted (dno,) with respect
to time (dt), as shown in Eq. (12). This gave the rate at which CO, was consumed in the reaction for the different
experiment. The carbonation rates at low and higher pressure were compared to the mineralized carbon of each
process determined by TGA. As explained previously in the Carbonation Potential chapter, the carbon uptake was
this time balanced for the proportions of FA and binder. In Eq. (8) the mass drop of the fresh samples Am,_ ¢
was rescaled as 77% mass of FA was present in the total material, as only 3 g of binder were present in 13 g of
total FA-binder mixture.

_ dncoz
R= =52 (12)

4.2.2 Mix designs

Continuing with the procedure employed at the Maasvlakte site, the hazardous components in the ashes needed to
be immobilized by adding the binder used by the company. Three different fly ash/binder mix designs were
prepared to answer the research questions RQ-2, RQ-3 and RQ-4. In this study, the baseline for the research on
the immobilization process was to maintain the fly ash-binder-water ratio constant.

A reference sample (FA-B_Ref) was initially prepared to define the FA/binder/water ratio for all mix designs. This
was necessary as in industrial applications the ratio varies as the composition of the FA is also variable. Generally,
the FA/binder ratio was maintained constant at 100:30. In the industry, the water content varies based on the
behaviour of the material in the mixer, if the mixture is too dry, water is added until it reaches the earth-moist like
texture desired. In industrial applications, the FA-water varies between 300 and 450 g/kg of FA.

The reference sample of the selected FA was prepared initially mixing it with binder at a ratio of 100:30 and water
at a FA-water ratio of 100:30. For the preparation of the refence sample, 577 g of fly ash were weighted in a
Mettler PM 16 scale shown in Figure 4.7A and poured in the 5 | laboratory bench mixer from Hobart, as shown in
Figure 4.7B. The corresponding amount of binder (173g) was added, and the dry materials mixed for 10-15 seconds
at low mixing settings. A small plastic cylinder was filled with 300 ml of demi-water and added while mixing, still
at low-speed settings. Water was poured until the material reached the ideal consistency and texture shown in

46



Figure 4.7C. After 10-15 seconds, the mixing speed was increased to the medium settings for 1 to 2 minutes, until
all the material was homogeneously mixed. The additional water added to the system was recorded, resulting to a
final FA-water ratio of 100:43.3. The material was casted in polystyrene moulds 40x40x160 mm?3, compressing
the paste by hammering the material inside the mould. As the material was highly porous, it was important to
compress it to consolidate the material. The mould was wrapped in plastic foil and stored for 28 days in standard
curing conditions at 20 £ 2°C, and RH in between 98 and 95%.

The final FA-binder-water ratio was maintained constant for all casting designs, shown in Table 4.3. It is to note
that the mixtures were not optimized for all the cases, as the texture of the material texture and its composition
varied for the pre-carbonated compared to the raw materials. The earth-moist texture of the reference sample was
not obtained in all mix-designs.

Table 4.3: Mixture designs for the casting materials with respect of 1 kg of final product.

FA Binder

Carbonized Carbonized FA [g/kg] I?I?S e]r \[N/akte]r FA:Binder  FA:Water

[okl [gkg] e o9
FA-B_Ref - - 577 173 250 100:30 100:43.3
FA _C2 577 - - 173 250 100:30 100:43.3
FA-B_C2 577 173 - - 250 100:30 100:43.3
FA-B_C3 - - 577 173 250 100:30 100:43.3

Figure 4.7: (A) Measuring scale for preparation of fly ash-binder-water mixture. (B) Hobart industrial mixing
device used for mixing the materials before casting. (C) Ideal earth-moist texture of reference sample after mixing.

4.2.2.a Pre-carbonated fly ash

In the second mix design (FA_C2), carbonation was carried out on the selected hazardous fly ash before the
addition of the binder. The fly ash was weighted in the same Mettler PM 16 scale shown in Figure 4.7A and
0.3£0.01 ml/g of demi-water were added to the FA. The material was mixed by hand until homogeneously wetted.
The FA-water mixture was placed in large plastic trays and spread all over the surface, as shown in Figure 4.8A,
to ensure the highest contact surface in the carbonation chamber. The carbonation time was defined from the
previous experiments and the reaction conditions were maintained constant at 20°C, 65% RH, 1 bar and 1% CO..
Heavy metals immobilization can occur during the mineralization of CaCOs3 and later during the addition of binder.
Pre-carbonation of the ash had less components that could mineralize compared to the calcium and manganese
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present in the binder. However, the pre-treatment of the material had the potential to effectively immobilize part
of the hazardous compounds.

At the end of the exposure time, mineral carbonation and residual water content in the sample were measured
through TGA. To monitor changes in the mineral composition the sample was also analysed under QXRD (RQ-
2.b). Even if 0.3 ml/g of water were already added to the system, during carbonation some water evaporates. The
remaining effective water was determined from the TG mass drop at 105°C. The carbonized material, once
removed from the carbonation chamber, was weighted, and poured in the same bench mixer shown in Figure 4.7B.
The corresponding amount of binder was added, and the dry materials were mixed at the same settings as for the
preparation of the reference sample. The evaporated water was slowly re-added to the system together with the
remaining 76.9 g/kg of liquid. Once the material was properly mixed, the material was casted and cured following
the procedure of the reference sample. Characterization through QXRD and TGA was done also right before curing
(RQ-2.c) and after 28 days of curing (RQ-2.d).

4.2.2.b Pre-carbonated fly ash-binder mixture

The fly ash and the binder were mixed together with the same water-to-fly ash ratio and placed in the carbonation
chamber for the second mix design (FA-B_C2). During this second procedure mineral carbonation was enhanced
as more lime is present due to the binder addition. However, it is to note that to maintain constant the fly ash-to-
water, the total L/S ratio was lower than for the first experiment. Less water was available to dilute the carbon
dioxide and the material remains drier compared to the previous carbonation, as shown in Figure 4.8B. A lower
water content during carbonation might result in a lower carbonation efficiency, at the same time, pre-carbonation
of the binder might result in weakening of the sample. The water retained in the sample was quantified through
TGA and the material was transferred to the Hobart mixer where it was combined with the remaining demi-water
until the mixture reaches the ratio in Table 4.3. Samples were casted and cured following the procedure of the
reference sample. To determine the mineral carbonation at each stage of the immaobilization process as well as the
mineral phases formed, TGA and QXRD were performed right after carbonation (RQ-3.a; RQ-3.b) and after 28
days of curing time (RQ-3.c).
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Figure 4.8: (A) FA and water mixture in large plastic tray before placing in the carbonation chamber. (B) Mixture
of FA, binder and water before carbonation.

4.2.2.c Curing in carbonation chamber

The last mix design consisted of carbonizing the material during casting. The immobilized sample was prepared
as the reference sample, but, after casting, it was placed in the carbonation chamber for 28 days. The evolution of
the crystalline phases was monitored through QXRD and TGA pre-carbonation (RQ-4.a) and after 28 days in the
carbonation chamber (RQ-4.b).

Carbonation on this last mix design might be inhibited by the polystyrene mould. As the mould surrounded the
immobilized fly ash, carbon dioxide could only penetrate from the upmost top surface exposed to the gas. Even if
both the mould material as well as the immobilized FA were highly porous compared to other cementitious
materials, a quick carbonation test was executed to ensure that the gas penetrated the sample. The sample was cut
perpendicular to the exposure plane, as shown in Figure 4.9. The phenolphthalein solution is a pH indicator that
turns purple when in contact with a basic and remains colourless for pH values less than 10. In the concrete industry
the indicator is used to detect the carbonated (pH<9) from non-carbonated area (pH>9). The solution turns purple
in non-carbonated areas whereas it remains colourless where the sample is carbonated (Lo & Lee, 2002). As the
effectiveness of the test was dependent on the pH of the solution and the final material was not concrete, the
reference sample was also rinsed. This is to ensure the validity of the test and to compare the colour change for
the two specimens.
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Figure 4.9: Schematic drawing of cutting plane (red) on FA-B_C3 for carbonation depth test. After 28 days, the
sample was removed from the polystyrene mould and cut perpendicularly to the plane exposed to carbonation.
The new surface was sprayed with phenolphthalein to determine the carbonation depth.

4.2.3 Physical stability

The final materials were tested after 28 days of curing for physical stability through flexural, compressive strength
test and the slake test (RQ-3.; RQ-3.; RQ-3.; RQ-3.e). The final material needs to provide sufficient stability for
the safe storage, also described previously in the Literature Review. The results from these tests were already and
indication for the long-term stability of the immobilized material.

4.2.4.a Physical strength

Initially the flexural strength based on NEN-EN 196-1:2016 (Stichting Koninklijk Nederlands Normalisatie
Instituut, 2016) was performed on the demoulded samples. The specimens with size of 40x40x160 mm?® were
tested after 28 days in a Matest compression and flexural machine shown in Figure 4.10A. The prisms were placed
in the testing equipment with the plane exposed to air facing the operator, as shown in Figure 4.10B. As the
material was weak compared to concrete samples, the starting load point was initially chosen at 0.100 kN, at 0.100
kN/s. It was afterwards lowered to the minimum of the machine at 0.050 kN and the rate set at 0.050 kN/s, with
stop load at 20%. The broken specimens were further testes in the same machine for compression test by switching
the sample holder to the apparatus shown in Figure 4.10C. Following NEN-EN 12390-3 (Stichting Koninklijk
Nederlands Normalisatie Instituut, 2019), at least 40x40 mm? of contact surface had to be smooth and not damaged
by the previous test. The plane exposed to air during curing had to face the operator and not one of the contact
surfaces as it was not evenly smooth, to ensure that the load was evenly distributed on the surface. The starting
load and rate used were of 0.100 kN and 0.100 kN/s, with stop load set at 20%.
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Figure 4.10: (A) Dual flexural and compressional Maset strength test. (B) Material under flexural strength test.
(C) Specimen tested for compression strength test.

4.2.3.b Slake test

The stability in water of the material was another important factor to determine the durability and integrity of the
final immobilized material exposed in the open air. The slake test was a rapid test used widely in soil investigations
to demonstrate the performance of stabilized soils and other construction materials (Hartono et al., 2019). Through
the test it was possible to assess the material’s resistance to water-induced degradation that could enhance the
leachability of pollutants and heavy metals in the water bodies.

The immobilized material was placed as shown in Figure 4.11 A and B on a mesh to hold the sample. The mesh
was located inside a 1 litre glass beaker filled with demineralised water to ensure that all surfaces of the samples
were covered with the liquid. As a proper wire mesh was not available, a perforated alumina tray was used instead
for the experiment to keep the sample suspended in water. It was important to refill the water level after a few days
to ensure that the samples were constantly fully covered with water. Pictures of the evolution of the samples were
taken at the beginning of the experiment, after 1 day, 3 days and 7 days to detect the slake behaviour of each
immobilized material.
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Figure 4.11: (A) Schematic representation of experimental setup used for the slake test. (B) Real equipment used
for the tests.

4.3 Leaching experiments

The purpose of this study was to determine whether the final material was still highly toxic or if the heavy metals
were efficiently immobilized. Therefore, the final experimental step consisted on leaching tests to evaluate the
potential release of contaminants from the immobilized materials.

In industrial application, as mentioned earlier in the Literature Review, the immobilized materials are tested for
leaching following the standardised procedure defined by the Dutch government NEN 7375 (Stichting Koninklijk
Nederlands Normalisatie Instituut, 2004). Even considering the reliability of the method and the fact that is the
real final judge of whether the immobilization process is successful or not, two main limitations do not make the
standard feasible for this study. The first problem is the stability of the material. The procedure requires a
monolithic sample for the leaching column test, stable in water. However, this research focussed on maintaining
the final S/L ratio of FA and water constant. Favouring a constant ratio results for some samples in a non-stable
final product, the structural resistance of some materials might be influenced by the prolonged carbonation before
casting. Another issue is the long testing time required by the norm. The test requires at least 64 days of testing,
which would correspond to half of the Master thesis’ time. As the goals of the research were multiple and defined
in the Objective and Scope, this study considered other normalised leaching procedures also presented in the
Literature Review. The leaching test preferred allowed all the carbonated samples to be tested with the same
procedure and within the times of this project.

NEN-EN 12457 resulted in the most applicable standard leaching tests given the material and time restrictions of
this research (Stichting Koninklijk Nederlands Normalisatie Instituut, 2002). Both monolithic materials as well as
unstable materials could be tested through size reduction in only one day, with some extra time required for the
filtration and analysis on the leachate. This chapter explains the preparation of the leaching material, the leaching
procedure and the final analysis on the leachate.

The variant of the standard used in this research was NEN-EN 12457-4:2002, for materials with grainsize below
10 mm and L/S ratio of 10 I/kg. By using this variant, both structurally stable samples as well as non-stable and
weaker specimens were tested under the same conditions. Additionally, the largest L/S ratio was chosen as it
predicts the leaching behaviour over a longer time period, as explained in the Literature Review. Following the
standard, the leaching tests was divided into three main phases: preparation of leaching material, leaching test,
leachate separation and analysis of the leachate.
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4.3.1 Leaching material

For correctness and reliability of the results, the standard contains a procedure for the preparation and initial
characterization of the sample. The material was weighted on the £0.1 g precision scale from Sartorius shown in
Figure 4.12A. The heap was sieved through the sieve in Figure 4.12B from W.S. Tyler Company and the final
sieved portion weighted again. The sieve used for this study had grid size 0.577 mm smaller than the standard
requires, but it was the closest to the 10 mm available in the laboratories at TU Delft. In case the sieved material
was composed of at least 95% mass with grain size less than 10 mm, the material went directly through the leaching
procedure. If less than 95% of the original heap complied with the particle size requirement, the whole heap was
collected and crushed by hammering. The crushing procedure used for all the samples was the same to reduce
differences in the leaching behaviours. The heap was not fully crushed to powder, but until more than 95% of the
blocks passed through the sieve, as shown in Figure 4.12C. In case the moisture content in the sample was too
high for the material to be sieved and crushed, the material was dried at 40°C for 7 h. To avoid contamination of
the sample during sieving, the sieve had to be always cleaned of the residues from the previous materials.
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Figure 4.12: (A) Sartorius weighing scale with precision of £0.1 g used to measure the material for the leaching
tests. (B) Sieve used to separate the material with particle size larger than 10 mm. (C) Immobilized material after
hammer crushing.

The dry matter content ratio (DR) and moisture content (MC) based on the dry matter are estimated to determine
the amount of leachate necessary for each sample, as well as the solid content. A separate portion of each sample
was dried at 105£5°C overnight and its DR and MC were calculated as follows in Eq. (13) and Eq. (14).

DR [%] = =% 100 (13)
MC [%] = "‘%dmd X 100 (14)

Following the procedure in the standard, three samples of 0.090+0.005 kg of dry mass each from all the
immobilization processes were prepared based on each DR content (Eq. (12)). The split material was placed in 1
I glass bottles, with caps of inert high density polyethylene material. The leachant (L) used in the leaching
experiments was distilled water at 7 pH in 20£2°C. The amount of liquid necessary for each sample was also
dependent on the moisture content, as the L/S ratio had to remain constant at 10+0.2 I/kg. Eq. (15) shows how to
determine the volume in litres of demineralized water necessary for each sample experiment.
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Cc
L= (10— 1) xmg (15)

Water was measured through a 1 | measuring cylinder from Duran® with +5.0 ml accuracy, pictured in Figure
4.13A. The leachant was slowly poured in the glass bottles in Figure 4.13B, properly closed with the non-reactive
lid. For repeatability and a better evaluation of the behaviours of the materials, three different bottles containing
samples for all immobilization procedure were prepared.

Figure 4.13: (A) Measuring cylinder to measure the correct amount of leachant. (B) 1 litre glass bottles used for
the leaching experiments as denoted from the standard NEN-EN 12457-4:2002.

4.3.2 Leaching procedure and extraction of leachate

The standard provides two specific types of shaking devices, as previously explained in the Literature Review. In
this study an end-over-end tumbler was used, schematically represented in Figure 4.14A. The glass bottles were
fixed to the rotating device and, in case, a small volume was added to ensure that the bottle did not slip during
shaking. Before the start of the test, the device was run at 1 rpm for a few rotations to ensure that all bottles
remained in place and no material leaked. Once the safety of the personnel was secured, the end-over-end tumbler
was set at rotation speed of 5 rpm for 24+0.5 h. At the end of the shaking experiment, bottles were retrieved, and
the material was left to settle for 15 minutes.
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Figure 4.14: (A) Schematic representation of end-over-end tumbler and (B) real device used for the shake test.

At the end of the leaching test, the water had a turbid texture as can be seen from Figure 4.14B. To further test the
liquid for the leaching of anions and cations, the eluate was filtered to remove all suspended materials. Membranes
with 0.45 um pore size from Macherey-Nagel were used together with a vacuum filtration device shown in Figure
4.15. The membrane was placed in a filtering funnel of the appropriate diameter and fixed in a glass conical flask
of at least one litre. The funnel with the membrane was rinsed with distilled water and the system sealed with a
rubber rig placed in between the funnel and the flask. The pump was turned on and the material in the leaching
bottle was slowly poured through the funnel. As the membrane available for the filtering were only of 70 mm
diameter, they soon got saturated with the material. Filtration stopped, and the membrane was replaced with a new
one.

Filtering funnel

: |
“' ' Rubber ring

Separated leachate |

Figure 4.15: Filtering equipment used to separate the leachate from the suspended material.

4.3.3 Analysis of the leachate

The temperature, electrical conductivity and pH of the leachate were immediately tested after the solid-liquid
separation as determined by the standard. Two thermometers were used to measure the difference in temperature

between the liquid and air. The leachate was transferred to a smaller glass beaker and the fluid was mixed with a
magnetic stirrer. After prior calibration of the measuring devices following the standard procedures, the pH of the
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leachate was tested with the 827-pH lab from Metrohm, until the pH reading stabilized for at least five seconds.
The electrical conductivity in mS/m was measured through a Philips portable conductivity meter.

The heavy metals composition of the leachates was characterized by an external company (SGS) to assess its
composition and adherence to permissible levels of leachable compounds (RQ-5.b). The waters were analysed for
their anions and cations concentrations. Fluoride, sulphite, and chlorine concentrations were measured following
the standard NEN-EN-ISO 10304-1 (Stichting Koninklijk Nederlands Normalisatie Instituut, 2009) in mg/kg of
dry matter (DM), whereas cations concentrations were determined as stated in NEN-EN-ISO 17294-2 (Stichting
Koninklijk Nederlands Normalisatie Instituut, 2023). The last elements determined were arsenic, antimony,
barium, cadmium, chromium, cobalt, copper, lead, molybdenum, nickel, selenium, tin, vanadium and zinc.

Since the leaching tests in this research study did not follow the Dutch regulation (Beschikking 2003/33/EG), it
was also not possible to compare the results to the limit values. Thus, two control samples were used to determine
the immobilization efficiency of the immobilization processes (1), (2) and (3) in Figure 2.1. The control samples
were the virgin selected fly ash and the fly ash immobilized following the current immobilization procedure used
in the Netherlands. It is important to have an idea of the magnitude of the expected leachability of the raw sample
as well as the leaching behaviour of the procedure used in industrial sites. The results of the control sample (x.)
were compared for each chemical component with the leachability results (x;) of every immobilization process
tested, to determine the immobilization efficiency I; as shown in Eq. (16).

Xi

L= (19)

The immobilization efficiency was only estimated for the elements detected above the detectable limit. The optimal
immobilization procedure was then determined by following the Weighted Sum Method and assigning a value
(A)) to the alternative immobilization processes as shown in Eq. (17). In this case, N corresponds to the number
of chemical components that were analysed. Each chemical component was normalized by (w;) to ensure that ions
present in small quantities did not interfere majorly with the results. All ions were assigned the same weight since
all parameters must conform to the limits stipulated by Dutch regulations governing the criteria and procedures
for the acceptance of waste at landfills (Beschikking 2003/33/EG).

A =3N L xw; (17)

The assigned values of all experiments were ordered and the immobilization process with the smallest A; resulted
in the best procedure (RQ-5.b). An A, value smaller than one resulted in an immobilization procedure better than
the reference sample.

The results from the leaching test were also compared to the Soil Quality Regulation (Ministerie van Infrastructuur
en Waterstaat, 2022) which describes the maximum leachable material allowed in unstable building materials. The
values do not represent the requirements for the acceptance of waste at landfills. However, as the experiments
were conducted with the same leaching standard, the comparison could give an insight on how far the process
deviates from a construction product.

4.4 Extra experiments

One limitation of the tests previously chosen is that the selection of fly ash was primarily based on its the heavy
metal concentration. Although this criterion is the main research scope, it overlooks the potential benefit of a
higher carbonation capacity on the physical stability and possibly immobilization of the material. To validate the
methodology and expand on possible applications of carbonation, it iss interesting to select fly ash with the highest
carbonation potential. Even if it remains out of the scope of this study, the fly ash with the highest carbonation
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potential was immobilized using the same mix designs presented in Table 4.3. After 28 days the samples were
tested for compressional strength to compare the results with those of the initially chosen FA.

The carbonized materials, FA_C2, FA-B_C2, and FA-B_C3 were all tested for leaching and compared to the
reference sample of the same fly ash. The final leaching behaviour of the materials are compared to the
corresponding samples of the chosen fly ash to determine whether carbonation results in better immobilization.
The testing procedure used were the same as previously described in this chapter. Comparing the final results of
the physical stability tests and leaching tests helped selecting guidelines for future research and industrial
applications.
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5. Material characterization

This chapter contains the results of the characterization of the six different materials used for the study. The chapter
is divided into three main sections. In the first part the results of the chemical composition of the materials are
presented, followed by findings from the carbonation potential tests. The chapter ends with the results of the
selection of the fly ash that is used further for the immaobilization process.

5.1 Chemical composition

Table 3.1 and Figure 5.1 show the particle size distribution of the fly ashes analysed as described in the
Methodology. The specific surface area (SSA) of FA4 was the largest at 463 m%kg followed by FA3 with 330
m?/kg, being the materials with the highest surface reactivity. Whereas the SSA of FA2, FA5 and FA6 ranged
between 200 and 300 m?/kg. Table 3.1 presents the particle size distribution D10, D50 and D90 values. The D10
value indicates the particle diameter below which 10% of the sample’s mass is contained. The D50 value indicates
the particle diameter at which 50% of the sample’s mass is fine. The value at D90 expresses that only 10% of the
sample’s mass has particles coarser that this value. Said that, FA1 showed the finest particle size of D50 and D90
of 11.60 pm and 19.22 um respectively. FA3 and FA4 also contained smaller particles, with 50% of the material
having particle sizes smaller than 17.9 pm and 17.1 um. Half of the heap of other fly ashes was composed of larger
particles, with diameter >37.2 um and D90 >223 um. As previously investigated and pointed out by past research,
the smaller particle size results in higher specific surface area, increasing the surface of reactivity and the rate of
reaction of the materials (Nedeljkovié, 2019).

Table 5.1: Summary of particle size distribution of the six fly ashes.

FAL FA2 FA3 FA4 FA5 FA6
SSA [m?kg] 123.7 232.9 329.8 463.0 211.6 295.5
D10 [pum] 3.99 4.09 3.36 1.73 4.42 2.98
D50 [um] 11.60 37.2 17.9 17.1 37.6 41.9
D90 [um] 19.22 223 89.0 165 229 240

In Figure 5.1 the particle size distributions of the six fly ashes are visually represented. FA2 and FA5 had a similar
particle size distribution, with the majority of the particles with particle size of 60 um or 75 um. All the particles
in FA3 ranged between 50 um and 70 um, whereas in FA4 most of the particles had diameter of 47 um or 70 um.
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Figure 5.1: Cumulative particle size distribution (left) and particle size distribution (right) of the six fly ashes.
5.1.1 Elemental analysis

The XRF analysis was used to identify the elemental composition of the solid fly ash and quantify the heavy metals
composition in the materials. The results from the XRF test can be seen in Table 5.2. The results are presented as
weight percentage (wt.%) of equivalent oxides and are normalised for the LOI, as explained in the Materials and
Methods section. FAL, FA2, FA5 and FA6 all had comparable and lower Al,Osand SiO; proportions, compared
to FA3 and the binder FA4. Calcium was present in the highest proportions in the binder FA4 and in FA2, the BM
FA, containing respectively 57.3% and 47.1% of equivalent CaO. The weight percentages of magnesium for all
samples were not higher than 3%, with FA2 and FA3 containing the highest proportions of 2.9% and 2.1%.

FA3 showed the highest concentration of Fe,0s, TiOzand ZnO.. FAL, FA5, FAG, the MSWI FA, and FA2 had the
second highest amount of equivalent titanium oxide of above 1%. The binder FA4 contained the least amount of
TiO,, less than 0.5% but it presented more than 2.5% of Fe,Os The fly ash from incineration of municipal solid
waste, FAL, FA5 and FAG presented the highest concentrations of equivalent Cl and Na.O. Cl quantities larger
than 16% indicates that the ashes are rich in salt. FA2 and FA3 contained some salts, as the Cl was present in 3.7%
and 7.3% respectively, whereas FA4 had less than 1% chloride ions. Differently from the other materials, the
binder FA4 had also almost no potassium and sulphites. FA2 presents the highest K,O percentages, higher than
9%, whereas FAL, FA5 and FAG6 portions ranged in between 4.4% and 6.6%, with FA3 containing less than 2%
of potassium. All hazardous fly ashes contained more than 9% of sulphides.

Even though most of the elements described are heavy metals, the Dutch regulation on the disposal of immobilized
material specifies leachability limits for only a selection of heavy metals, as can be seen in the Appendix
(Beschikking 2003/33/EG). Of the list in the Dutch regulation, Figure 5.2 shows the heavy metals detected in the
fly ashes. The materials contained vanadium, chromium, copper, zinc, arsenic, bromide, cadmium, tin and lead.
As the materials originated from different sources, also their concentrations in the final fly ash differs. Overall,
zinc lead and copper were detected in all fly ashes in the highest quantities, with exception of FA4 that had almost
no equivalent PbO. The MSWI FA, FAL, FA5 and FA6 contained the highest amounts of these heavy metals,
having the highest percentages of these oxides compared to FA2, FA3 and FA4. CuO, PbO, Br and ZnO were all
present in concentrations higher than 0.2% for all the MSWI FA. FA3 also presented high lead and vanadium
concentrations of respectively 0.83% and 0.04%, but the weight percentages of the other heavy metals were not
as high as for FAL, FA5 and FA6. FA2 contained all the heavy metals in the graph except for cadmium, but they
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were all in lower quantities compared to the others. The binder contained almost none of the heavy metals listed
in the regulation, if not for zinc and copper.

It is important to note that even if in the table the compounds are expressed as equivalent oxides, the XRF analysis
could only detect the elemental composition, thus it cannot detect the molecular phase. In the case of MgO and
Ca0, the phases could be present as both oxides as well as sulphates and carbonates.

Heavy Metals Concentration in FA
5.0%

1.0%

0.2%

Concentration [wt.%]

0.04%

0.008%
As Br Ccd Cr Cu Pb Sn \ Zn

EFA-1 BFA-2 @FA3 mFA-4 @FA5 @FA6

Figure 5.2: XRF results of relevant heavy metals concentration of the six materials FALl, FA2, FA3, FA4, FA5 and
FAG. The concentrations are represented in the equivalent oxides.
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Table 5.2: Chemical composition of equivalents oxides for all FA with XRF in weight percentage [wt.%].

Element FAL FA2 FA3 FA4-B FA5 FAG
Al,0; 2.76 2.05 5.04 7.30 2.75 3.78
As;03 0.01 0.01 0.01 ; 0.01 0.01
Br 0.23 0.01 0.03 - 0.21 0.24
CaO 21.50 47.10 39.36 57.29 24.70 25.29
cdo 0.04 . - - 0.05 0.04
cl 16.04 3.67 7.32 0.18 16.53 15.69
Cr,03 0.05 0.02 0.04 0.01 0.03 0.10
Cuo 0.32 0.06 0.15 0.04 0.32 0.29
Fe,03 1.77 2.31 3.39 2.66 1.82 2.01
K20 6.60 9.53 1.37 0.41 4.43 5.16
MgO 1.05 2.87 2.12 171 0.76 1.42
MnO 0.06 0.43 0.23 0.05 0.05 0.08
Na;O 10.62 0.41 0.32 0.14 8.23 7.72
P,0s 0.86 2.86 0.55 1.87 0.84 1.00
PbO 0.56 0.23 0.83 0.01 0.96 0.59
Rb,0 0.01 0.02 0.01 - - 0.01
SiO, 7.47 8.82 9.02 11.55 7.69 8.98
Sno, 0.16 ] ] ] 0.15 0.13
SO; 15.85 9.31 13.87 0.62 16.82 11.72
Sro 0.07 0.14 0.10 0.09 0.07 0.08
TiO, 1.53 1.43 5.18 0.46 1.05 1.80
V205 0.06 0.04 0.10 - 0.05 0.05
Zno 3.05 0.46 1.14 0.09 255 2.59
Zro, 0.02 0.03 0.03 0.02 0.02 0.02
LOI 9.30 8.20 9.80 15.50 9.90 10.30

5.1.2 Crystalline phases

To determine the phases in which the elements detected in the XRF analysis were present, a qualitative XRD
analysis was conducted on all the samples. Figure 5.3 shows the XRD patterns of the six fly ashes with the relevant
peaks detected. As can be seen from the patterns, the fly ashes showed a lot of peaks that might be mistaken for
noise. However, even increasing the timestep analysis, as explained in the methodology, the small peaks in the
graph were still present. As expected from the XRF results, the five hazardous fly ashes FA1, FA2, FA3, FA4 and
FADS presented a lot of various crystalline phases, whereas the XRD pattern of FA4 was cleaner and with less peaks
than the others. From the stacked patters it was possible to identify repeating peaks and, in some cases, also the
different intensities, indicating the different proportions. Quartz and calcite were present in all the samples. FAL,
FA3, FA5 and FAG showed large peaks of anhydrite, halite and sylvite. Lime was detected with clear peaks only
in the patters of FA2, FA3 and FA4.
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Figure 5.3: From bottom to top, XRD diffractograms of FALl, FA2, FA3, FA4, FA5 and FAG6. The peaks
corresponding to most of the crystalline phases are underlined in the image.

To quantify the crystalline phases and the amorphous content of the material, silicon powder was added to the
system as explained in the methodology. The peak identification and analysis were executed through Rietveld
analysis through Profex, with the results shown in Figure 5.4. The amorphous phase on the materials was around
half of the total mass percentage of FA2, FA5 and FA6. FAL and FA3 contained a large portion of amorphous
phase of 43.7% and 35.0%, whereas FA4 had only 24.4% of amorphousness. The large amounts of calcium
identified in the XRF was spread over three main crystalline phases: anhydrite, calcite and lime. Anhydrite is a
form of calcium sulphate whereas calcite is carbonated calcium.

Table 5.3 contains the names and chemical formulas of the main crystalline phases identified in the XRF and
QXRD analysis.

Table 5.3: Chemical formulas of crystalline phases identified from the QXRD analysis.

Anhydrite | Calcite Lime Halite Quartz Magnesite | Perovskite | Rutile
CaSO04 CaCOs Ca0o NaCl SiO4 MgCOs CaTiO3 TiO,
Sylvite Periclase | Vaterite | Mayenite Wollastonite | Portlandite | C2S C3S

KCI MgO H-CaCO; | CaAlis03, | CaSiOs Ca(OH), (Ca0)sSi0O; | (Ca0),SiO;

As previously explained, the crystalline phases with the highest carbon potential identified also in the fly ashes
were lime, periclase and portlandite. Even if all materials showed in the XRF results CaO equivalents content
higher than 30%, only FA2, FA3 and FA4 contained significant amounts of lime. The fly ashes contained 7.4%,
3.9% and 14.8% by weight respectively, as well as periclase but in less than 2%. FA2 and FA3 also contained
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around 1% of portlandite and FA4 almost 3%. FAL, FA5 and FA6 had less than 1% of free lime, magnesium oxide
and no portlandite. All the calcium identified from the XRF in these fly ashes wass present in the form of anhydrite
and calcite, being a total of 18.3% in FAL, 17.8% in FA5 and 13.1% in FAG.

Overall, the non-amorphous composition of FA1, FA5 and FA6 was similar, showing all large amounts of
anhydrite, calcite, halite, perovskite and sylvite. The high quantities of NaO, Cl and K;O identified in the XRF
were present in the ashes as halite and sylvite salts. The MSWI FA contained all 11% of total halite and sylvite
salts, as can be seen from the detailed results in Figure B.0.4 of the Appendix.

In construction material, carbonation and high quantity of salts are problematic for the structural strength as they
enhance corrosion. Some studies showed that carbonation capacity is not directly affected by the presence of salts
(Whan et al., 2012). However, their precipitation during carbonation can obstruct the pores available for the gas
flow. This might lead to the reduction of the effective carbon uptake (Li et al., 2024). FA3 contained less than 2%
of salts whereas FA2 and FA4 do not contain any halite of sylvite. Titanium was present in all materials mainly as
perovskite, another compound that has also the potential to react with CO; as described in the Literature Review.
FA2 contained 5.2% of perovskite, followed by FA3 with 4.5% and FA1, FA4, FA5 and FAG6 containing 3.7%,
3.3%, 1.1% and 3.5% respectively.
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QXRD Results
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Figure 5.4: Results of quantitative Rietveld phase analysis of the six materials investigated in the research.

Even though the MSWI FA did not contain any free lime, the fly ashes contained the highest portions of dicalcium
silicate (C2S) and tricalcium silicate (C3S). C2S and C3S are two crystalline phases of calcium silicates well
known to carbonize during hardening of cement (Zajac et al., 2022). FA1, FA3, FA5 and FA6 show a total of C2S
and C3S of 8%, 5%, 5.5% and 4.7%, higher compared to FA2 and FA4 containing respectively 1.5% and 1.9%.

The difference in the solid phases obtained by XRD and XRF indicates that not all elements were present in the
crystalline phase. The three ionic groups with the highest difference are shown in Table 5.4 and were sulphite,
silicon and calcite ions. The predicted composition showed that FA1l, FA2, FA3, FA5 and FA6 contained
respectively 8.8%, 8.7%, 4.0%, 8.4% and 5.7% of sulphite ions in the amorphous phase. Using Eq. (7), the calcium
in the amorphous phase was also present in large quantities. FA2, FA3 and FA4 had high calcium in the amorphous
phases, corresponding to 24.2%, 17.2% and 16.2% of the total mass of the material. FA1, FA5 and FA6 contained
9.1%, 11.9% and 13.4% of calcium in the amorphous part.
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Table 5.4: Proportions of sulphite, silicon and calcium ions present in the amorphous phases of the six materials.

FAl FA2 FA3 FA4 FA5 FAG
SOs 8.8% 8.7% 4.0% 0.4% 8.4% 5.7%
Si% 2.5% 0.0% 1.5% 3.9% 1.6% 1.2%
Ca* 9.1% 24.2% 17.2% 16.2% 11.9% 13.4%

Based on the results of the particle size distribution, XRF and XRD it was tedious to predict the behaviour of the
fly ashes. FAL1 had the highest potential reactivity but its high salt content as well as low lime content might result
in a non-reactive material to carbonation. Similarly, FA5 and FA6 presented even lower potential than FA1 as
their SSA was much lower than the other FA. However, the C2S and C3S concentrations of the three MSWI FA
might result in effective carbonation. FA2 and FA4 contained the largest content of free lime, together with the
binder, but also the lowest heavy metals concentrations. Investigation on the carbon uptake was necessary to
validate and confirm the predictions from the analysis on the chemical composition of the fly ashes.

5.2 Carbonation potential

After carbonation, the carbonation potential of each fly ashes was determined in two steps. Firstly, through QXRD
the evolution of the crystalline phases in the hydrated and carbonized material were identified. Secondly, through
TGA, the final carbon uptake was determined. After 1 week carbonation under the same conditions, the fly ashes
showed very different textures, as shown in the pictures in Figure 5.5. FA1, FA5 and FA6 hardened and changed
colour. Even if it is hard to perceive form the pictures, a small white layer formed on the surface of the materials.
FA2 and FA3 also hardened and agglomerate, but not as much as the MSWI FA. The binder did not look much
different than the original material if not for the coarser grain texture, still much finer than the other materials.

T / - ;
’2\ / -

%

Figure 5.5: Pictures of the six materials after one week in the carbonation chamber at the same conditions.
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5.2.1 Crystalline phases

After 1 week of carbonation, all fly ashes were analysed through QXRD. The amorphous content of all materials
decreased noticeably, as shown in Figure 5.6. The amorphous phase of FA1l, FA4 and FA6 showed the lowest
decrease of 15.7%, 15.9% and 14.6%. The phase dropped from 50.0% to 9.0% in FA2, it decreased from 35.0%
t0 4.6% in FA3 and from 55.3% to 17.1% in FAS. The drop in this phase indicated that the chemical compounds
in the amorphous part of the material reacted to form crystalline structures.

Amorphous phase

60%

50%

40%

30%

20%

10%

§

FA1 FAZ FA3 FA4 FAS FAG

0%

B Original FA' = Carbonized FA

Figure 5.6: Amorphous content determined by QXRD of the fly ashes pre- and post-carbonation.

As can be seen in Figure 5.7 and Figure 5.8, new crystalline phases were formed in all fly ashes. Some phases
were consumed, but overall, the amounts of new phases do not justify the consumed crystalline compounds. As
explained in the previous chapter with the results of the Crystalline Phases, large proportions of calcium and
sulphite ions were present in the amorphous phase. In FAL all lime, mayenite and C3S were consumed, whereas
calcite, anhydrite, magnesite and C2S were produced. Other phases present in the fly ash in concentrations between
0.5% and 4% are shown in Table 5.5. Hydromagnesite and brucite formed during hydration and carbonation of
FA1L, suggesting that not enough time has passed from the magnesium to carbonize in magnesite. Titanite was
consumed probably relating to the small increase of perovskite in the FA. The aluminium-rich mayenite reacted
during hydration and carbonation to form mullite and anorthite.

After carbonation of FA2, almost all original lime and all C2S, C3S and portlandite present were consumed to
produce calcite and vaterite. As shown in Table 5.5, aragonite and dolomite also formed, other carbonated minerals
of calcium and magnesium. The amount of quartz also increased as well as calcium silicates such as wollastonite,
merwinite and titanite. After hydration and carbonation mullite was detected in the BM FA, as the concentration
of mayenite decreases.

FA3 showed also a significant increase of carbonized species. Even if the initial lime content was not as high as
FAZ2, almost 45% of carbonated calcium was formed as calcite and vaterite. The newly formed carbonates were
the result of the initial high calcium content in the amorphous phase, also justifying the high drop in amorphous
phase of the final carbonated material. Portlandite, C2S and C3s were also fully consumed. Periclase was not
detected anymore in the carbonized material, but instead huntite, another form of carbonated magnesium and
calcite was formed.
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Table 5.5: Crystalline phases and their chemical formulas identified pre- and post-carbonation in FA1, FA2 and

FA3.
FA1 FAl CO7d FA2 FA2 C07d FA3 FA3 C07d

Aragonite CaCOs - - - v - -
Dolomite CaMg(COs)2 - - - v - -
Hydromagnesite  Mgs(COz)4(OH),-4H,0 - v - - - -
Huntite MgsCa(COs)4 v - v - v v
Brucite Mg(OH): - v - - - -
Merwinite CasMg(SiO4), - - - v - -
Titanite CaTiSiOs v - - v - -
Anorthite CaAl,Si,Og - v - - - -
Mullite 3Al,03-2Si0, - v - - - -
Syngenite K2Ca(S04)2-H20 - - - v - -
Archerite (K,NH4)H2PO4 - - - - - v
IImenite Fe*TiOs v - - - - -
Chalcopyrite CuFeS; v - - - - -
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Figure 5.7: Quantification of crystalline phases through QXRD Rietveld refinement. From left to right the plots
show the phases of FA1, FA2 and FA3 before and after 1 week carbonation.

The results from the QXRD analysis of FA4, FA5 and FA6 are shown in Figure 5.8. Table 5.6 shows the crystalline
phases detected but in concentrations between 0.5% and 4% for the three fly ashes pre- and post-carbonation. All
initial lime and C3S initially present in FA4 were consumed after carboantion, generating new calcite. The binder,
having almost no sulfites in the amorphous phase (Table 5.4), did not produce new anhydrite. Magnesite and
periclase both disappeared in the crystalline phase, but instead merwinite was formed. Differently from what
expected, portlandite was not consumed for carbonation, but instead the proportions remained constant. In the
binder, pervskivite was fully consumed but some recrystallized as titanite and titanium oxyde, suggesting that a

small amount of CaO might have been liberated for carbonation.
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The change in the major crystalline phases of FA5 and FA6 was similar to FAL, where calcite was formed togheter
with large quantities of anhydrite, from the crystallization of the amorphous sulphites. Differently from FAL, in
FA5 mayenite was produced after hydration and carbonation, whereas grossular, another calcium-aluminium-
silicate disappeared. Differently from FA1 and FA5, C3S was not consumed in FA6 during carbonation,
suggesting that carbonation and hardening was inhibithed. The concentrations of MgO decreased in FA5 and FAB,
but hydromagnesite formed in slightly less than 4% for both materials.

Table 5.6: Crystalline phases and their chemical formulas identified pre- and post-carbonation in FA, FA2 and
FA3.

FA4 FA4 CO07d FA5 FA5 CO07d FA6 FA6 _CO7d

Huntite MgsCa(COs)4 4 - v - v -
Hydromagnesite Mgs(COs)a(OH)2-4H0 - - - v - v
Brucite Mg(OH) 4 - - - - -
Magnesium Chlorate Hydrate ~ Mg(ClO3)2(H20)x - - v - - -
Merwinite CazMg(SiOs), - v - - - -
Titanite CaTiSiOs - v - - - -
Grossular CaszAlx(SiO4)3 - - v - - -
Sodalite NasAlsSi6024Cl2 - - - v - -
Archerite (K,NH4)H2PO4 - - - v - v
Hematite Fe 03 v v - - - -
IImenite Fe?*TiOs - - - - - v
Apatite Cas(PO4)3(F,Cl,OH) - - v - - -
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Figure 5.8: Quantification results of crystalline phases pre- and post-carbonation through Rietveld refinement of
the QXRD patterns. From left to right: FA4, FA5 and FAG.

In FAL, FA5 and FAG the large amounts of newly formed anhydrite originated from the amorphous sulphides in
the materials. Differently from what predicted from the literature study, anhydrite did not carbonize in these fly
ashes but instead the amorphous calcium and sulphites crystallized after hydration and carbonation. In FA3 the
percentage of amorphous sulphites was lower than the other MSWI FA, whereas the amorphous calcium was
higher than the others. As a result, the anhydrite production was not as enhanced as for the previous case, but
instead large amounts of calcium carbonates were formed, not in the form of calcite but as vaterite.

Titanium oxide was generally consumed, and more perovskite produced, on the contrary of what predicted. Even
if the changes in percentages was minimum, carbonation of perovskite did not occur. In this system, less than 1%
of the available calcium was also consumed to form new perovskite.

As expected, the hydration and carbonation reactions for each fly ashes varied significantly, even within fly ashes
from similar origin (FA1, FA5 and FAG).

5.2.2 Carbon-uptake

The quantification of the crystalline phases from the QXRD gave a good indication on the new crystalline phases
formed in the materials after hydration and carbonation. However, it was not possible to determine wheter the
newly carbonated phases were fromed from the carbon uptake or were re-arranged amorphous phases. For this
reason, TGA analyses were conducted on all materials to quantify the real mineral carbonation of the materials
pre- and post-carbonation.

Figure 5.9, Figure 5.10 and Figure 5.11 show the TG-DSC-DTG curves of the six materials before and post

carbonation along with the relevant peaks of dehydration and decarbonation. CCA stands for the decarbonation
reaction of calcite and HMG represents the decarbonation and dehydration of hydromagnesite. In Figure 5.9, the
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carbonized curve shows a similar trend compared to the non-carbonated material. However, from the DTG curve
the peak at 570°C confirms the XRD results on the formation of hydromagnesite. The enhanced peak at 900°C
indicates that more calcite was formed. Similarly, the TG curves of FA2 and FA2_CO07d show a big drop in
between 670°C and 900°C. The TG-DSC-DTG curves of FA3 and FA4 in Figure 5.10 show similar trend to FA2.
The curves of FA5 and FAG6 are similar with each other’s and both show the degradation peak of hydromagnesite
and, only for FAG, also of calcite.
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Figure 5.9: TG-DSC (top) and DTG (bottom curve of FA1 (left) and FA2 (right) pre- and post-carbonation.
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Figure 5.10: TG-DSC (top) and DTG (bottom curve of FA3 (left) and FA4 (right) pre- and post-carbonation.
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Figure 5.11: TG-DSC (top) and DTG (bottom curve of FAS5 (left) and FAG (right) pre- and post-carbonation.

Smaller peaks before 200°C were not investigates as they are associated with dehydration of gel phases
(Nedeljkovi¢, 2019). Based on the TG-DTG curves, the peaks and drops corresponding on mineral carbonation
are in between 500°C and 610°C for hydromagnesite, and between 670°C and 900°C for the degradation of calcite.
The differences of the TG curves were used to estimate the total carbon-uptake of the materials. For FA2, FA3
and FA4 the mineral carbonation was determined only from the mass drop between 670°C and 900°C as only
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calcite was formed. Differently from the QXRD results, degradation of magnesite did not show in the TG-curve,
thus quantification of the mineralization degree only the other two degradations were considered.

The final effective mineralized carbon was calculated for each fly ashes as described in the methodology. The
results are shown in Figure 5.12. Mineral carbonation was the highest in the binder having 12.2% of final
mineralized carbon in the material. In FA2 7.26% of carbon was mineralized after carbonation, followed by FA3
that mineralized 4.7%, FAL1 with 4.6% carbon taken, FA6 resulting in 4.27% and FA5 with 3.22% of carbon
uptake.
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Figure 5.12: (Left) Carbon-uptake in wt.% of each material after 1 week of carbonation. (Right) summary of the
relevant heavy metals’ concentrations of each material.

5.2 Selection of fly ashes

Based on the analysis from the chemical composition of the material, the material with the highest amount of
carbon uptake was FA2, the biomass fly ash. However, its heavy metals content was low compared to the other
fly ashes, as summarized in Figure 5.12.

The results of the Weighted Sum Method are shown in Table 5.7. FA4 was not considered as it is the binder and
thus not of interest to be immobilized in this research. Based on the results, the fly ash with the highest A-value
was FAL. Even though the material did not have as high carbonation as FA2, the large quantity of heavy metals
made the material scoring the highest. Based on this small analysis, FA1 was selected for the further
immobilization process, given its high heavy metals concentrations and moderate carbonation capacity.

Considering the importance of ensuring that the material carbonizes, FA2 is chosen given its highest CO; binding
capacity.

Table 5.7: Results of Weighted Sum Method to select the most feasible fly ash.

FAL FA2 FA3 FA5 FA6
Tot. heavy metals [%0] 4.80% 0.82% 2.30% 4.33% 4.40%
meo, [%] 4.61% 7.26% 4.67% 3.22% 4.27%
A 4.71 3.72 3.37 3.83 4.34
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6. Carbonation and immobilization

The following chapter presents and discusses the results from the preliminary carbonation experiment, highlighting
the optimal carbonation conditions and the influence of water content and pressure on carbon uptake and reaction
rate. In the second subchapter the preparation of the three mix designs is explained, describing the texture and
physical appearance of the materials after carbonation, and curing. In the final section, the results of the
compression and slake tests for each mix design are presented and compared to the reference sample.

6.1 Preliminary carbonation

6.1.1 Selection carbonation conditions (FA1_C1 1)

Figure 6.1 presents the TG-DSC curves of the original FAL, the FA carbonated for 1 day at low temperature,
pressure and CO; concentrations (FA1_CO01d), and the FAL carbonated and higher temperature (FA1_C1 1). The
TG-profile of the non-carbonated and carbonated material had a similar trend, showing a decomposition peak at
600°C. The carbonated curves deviated from the original material after 600°C following the same trend. This
indicated that the final effective carbonation was similar under the two carbonation conditions.

The peak in the DSC curve of FA1_C1_1 was due to the evaporation of free water. The sample was not dried to
ensure that no additional carbonation occurred after the test. The initial part of the TG curve was also normalised
to the TG value of the original FAL better visualize the mass drop caused by decarbonation rather than water
evaporation.
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Figure 6.1: TG-DSC results of the original fly ash (FAL), the carbonated material at 1% CO; and 20°C for 1 day
(FA1_CO01d) and the carbonated FA1 at 40°C, 100% CO, for 2 h (FA1_C1_1).

The effective carbon dioxide mineralization at high temperature conditions was compared to the carbon-uptake
after 1 day and 1 week in the carbonation chamber. The material carbonized at 40°C results in 2.66% effectively
mineralized CO;, close to the 2.59% carbon-uptake after 1 week of carbonation. Six days extra of carbonation
resulted in 2% more carbonation, as shown in Table 6.1. By interpolating the values as explained in the
Methodology, the optimal carbonation time for the Stevin I chamber was of 1 hour and 10 minutes.
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Table 6.1: Carbon-uptake of fly ash after 1 and 7 days of carbonation at 20°C, 1 bar, 65% RH and 1% CO, and
carbon-uptake of FA1 at 40°C, 2 bar, 100% CO,.
FAl C01d FAl CO7d FAL C11
Carbon-uptake 2.59% 4.61% 2.66%

6.1.2 Influence of water-content on carbon-uptake (FA4_C1 WC)

The binder was carbonized for two hours at 45°C, injecting 100% CO; at 15 bar. The material was initially
carbonized without addition of water (FA4_C1 WCO0) and then the experiment was repeat pre-mixing 10 g of FA
with 3 g of demi-water. After carbonation, the materials were dried and tested with TGA. The results are presented
in Figure 6.2.

The TG-DSC-DTA curves of the original material and the carbonated binder under dry condition overlap. At
400°C it seems that the lines deviate, but they end up overlapping from 800°C onwards. . Another peak is
detectable at 420°C in the original binder that remains after dry carbonation. The peak is associated in literature
studies with dehydration of brucite or hydromagnesite (Winnefeld et al., 2019). However, FA_CO07d contains 1%
more of brucite and hydromagnesite but does not show the clear curve drop as in FA4. Dehydration of portlandite
is another peak usually detected at a similar range, but it would not justify the results of the QXRD, showing that
portlandite is still present in the sample even after wet carbonation, as shown in Figure 5.8.

The thermogravimetric curves of the material carbonated in wet conditions clearly diverge from the original
sample, differently than the dry carbonation. The peak at 800°C in the DSC curve also increases, meaning that
more heat was taken by the sample to decompose the mineralized carbon. The DTG peak is greatly pronounced in
the wet carbonation, showing that more material carbonized.
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Figure 6.2: (Left) TG-DSC-DTG curve of original FA4 and FA4 carbonized in dry conditions and (right) with the
addition of 3 ml of water in 10 g of solid material.
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The effective carbonation of each material was determined and reported in Table 6.2 below. The difference of the
FA4 and FA4_C1 WCO curves shows that no carbonation occurred under dry carbonation. On the contrary of
what found in the Literature Review, the direct reaction of gas and solid did not happen in the binder. The reason
might be related to the fact that the reaction kinetics is much slower than in wet conditions. The reaction time
might have not been sufficient for the given pressure and temperature conditions for the CO; to dissolve in the
material. Additionally, the material in the research of Baciocchi et al. (2009) is not dried and contained 1.8% of
residual water, facilitating the carbon-uptake.

The same carbonation but in wet conditions increased the carbonation to 13.6%. All available free lime was
carbonated after only 2 h of carbonation. Not only the presence of water could speed the reaction kinetics, as found
in Literature, but it was an important element to achieve effective carbonation, that otherwise would have not
occurred in completely dry conditions.

Table 6.2: Effective carbon-uptake results from the carbonation of the binder FA4 under dry (FA4_C1 WCO0) and
wet conditions (FA4 C1 WC3).

FA4 C1 WCO FA4 C1 WC3
Carbon-uptake 0% 13.6%

6.1.3 Influence of pressure on reaction rate and carbon-uptake (FA1-B_C1 P)

In the third and last preliminary carbonation experiment a mixture of FAL, binder and water was prepared for the
carbonation. This experiment was to assess the reaction rate and carbon uptake of the hazardous material already
enriched with the binder to enhance carbonation reactions, as explained in the Methodology. Carbonation was
conducted at 40°C, 100% CO; environment, with 0.3 ml/g of demi-water, at 1 bar and 2 bar of pressures.

The difference in concentration of CO; in the gaseous form at each moment of the carbonation reaction was
determined by monitoring temperature and pressure variations. As the pressure gauge and the thermocouple record
every 5 seconds values up to 0.01 bar and 0.01°C, the minimum variations cause a high difference in the 2 h
reaction time. An exponential fit function was used to average the data to a linear function, as shown in Figure
6.3. Carbon dioxide concentration inside the vessel drops rapidly in the first 6 minutes from the beginning of the
reaction. The dissolution in the material slowly decreased until it reaches a constant ratio after 25 minutes.
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Figure 6.3: Rate of reaction throughout the carbonation experiment of the FA-binder mixture at 1 bar.

Figure 6.4 shows the rate of reaction of the material carbonized at 2 bar. Under the same carbonation temperature
and water content, the dissolution on the water layer took only 12 minutes. Increasing the pressure halved the
dissolution rate of the gas in the material.

It is to note that the real time for the dissolution of carbon dioxide was longer than indicated. The dissolution with
atmospheric CO, began as soon as water was added to the system. Once reached the equilibrium with the
atmospheric CO-, the system was again perturbed as the material heated up inside the over prior switching on the
COzinlet gas. As some air was still present inside the vessel while the material was heated, more CO, was already
dissolving and mineralizing inside the samples. The time from when water was added to the system until the gas
was turned on, was not recorded, and differs for the two materials as it depended on the room temperature of the
laboratory. Thus, this analysis was only an indication on the different reaction rates and the time should not be
used as reference as effective carbonation dissolution time.
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Figure 6.4: Evolution of reaction rate during the carbonation of FA1 and binder at 2 bar.

TGA was conducted on the materials and compared with the original FAL, results are shown in Figure 6.5. The
TG curves of the carbonated fly ashes deviated significantly from the original fly ash, as also shown in the DTG
curve by two large peaks at 620°C and 700°C. Based on the literature study and the phases formed post-carbonation
on FA1 and FA4 (Figure 5.7 and Figure 5.8), the two peaks indicate the decarbonation of magnesite (MGC) and
calcite (CCA). The peak of FA1-B_C1_P2bar from the degradation of calcite is more pronounced than the material
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carbonized at 1 bar. Similarly, the TG-curve of the 2-bar material deviates from the other carbonized paste at
700°C.

The DSC curves of the carbonized materials show the same pattern but differ from the original fly ash. The peak
in the DSC curve right before 600°C in the original sample has lowered and shifted to the right in the carbonized
materials, as the hydromagnesite transformed to magnesite. At 700°C two peaks appear in the carbonated materials
for the heat consumed for the degradation of newly carbonated calcite.
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Figure 6.5: TG-DSC-DTG curves of the original FA1 and the carbonated FA1-B mixture at 1 bar and 2 bar.

To quantify the effective mineralized carbon, the mass differences were calculated and re-scaled for the initial
carbonized material on an equivalent mixture with 77% FA1 and 23% binder. The final carbon-uptake from the
carbonation reaction of the mixture at 1 bar was 7.2% of its total weight. Doubling the pressure resulted in a 9.9%
of effective mineral carbonation.

Table 6.3: Effective carbon-uptake of carbonized FA1-binder mixtures at 1 bar and 2 bar.
FA1-B C1 Pilbar FA1-B C1 P2bar
Carbon-uptake 7.22% 9.94%
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6.2 Mixture designs

The hazardous FA1 was immobilized through 3 different routes. The material was initially pre-carbonized in the
carbonation chamber for 1 day, at 1 bar, 20°C, 65% RH, 1% CO; and 0.3 ml/g of demi-water. The material was
later mixed with the binder for casting and curing for 28 days (FA1_C2). The second immobilization route
consisted of pre-carbonization of the mixture of FA1 and binder in the same carbonation conditions for 1 day. The
material was then mixed again to add the remaining water and to cure the sample for 28 days (FA1-B_C2). The
last carbonation route consisted of casting the material as the reference sample but instead of curing it in the curing
chamber, it was left for 28 days in the carbonation chamber (FA1-B_C3). A reference sample (FA1-B_Ref) was
also prepared to compare the results of the other immobilized materials.

6.2.1 Pre-carbonated FA (FA1 _C2)

After one day in the carbonation chamber, a white layer or salts deposited on the surface of the material. The
material had also hardened to a damp brittle crumble-like texture, as shown in Figure 6.6A. The water content
retained in the material was estimated from the weight loss from the TGA analysis at 105°C, corresponding to
12% of the total mass. The equivalent dry content of FAL was mixed with 30% of binder. The remaining 21.3%
of demi-water, proportional to the dry FA1 content was added to the system during mixing and the material was
casted in the polystyrene moulds. After 28 days, the material had hardened assuming the form of the mould, as
shown in Figure 6.6B. The prisms after curing were still humid, although they were wrapped in plastic foil, and
crumble on the edges.

Figure 6.6: (A) FA1 after pre-carbonation and (B) immobilized FA1_C2 specimen after 28 days of curing.

The materials before casting and after casting were analysed through QXRD and TGA to determine the evolution
of the carbonation and crystalline phases.

A summary of the results from the QXRD can be seen in Figure 6.7 and more in detail in

Table B.0.1 in Appendix B. Compared to the reference paste pre-curing, the pre-carbonate fly ash had much more
anhydrite and calcite, but less magnesite and vaterite. As already seen previously, the anhydrite formed was
probably a consequence of the crystallization of amorphous sulphites whereas the higher calcite was due to the
pre-carbonation of FAL. Magnesite was lower in the carbonated fly ash but instead it was present in the higher
proportion of merwinite, a magnesium-calcium silicate. The presence of vaterite in the non-carbonized reference
sample might be the cause of carbonation of the material with atmospheric CO; or with the amorphous carbonates.
Of the pure oxides more prone for carbonation, lime, periclase portlandite and C3S were present in higher
guantities in the reference sample. The decrease in concentration was a consequence of the oxides already hydrated
and carbonized in the pre-carbonated FA1. The pre-curing FA1_C2 had higher C2S as hydration product from
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amorphous calcium and amorphous silica from the change in pH of the material due to mineral carbonation.
Hydromagnesite was also present in FAL C2, differently form the reference sample. Pre-carbonation and
hydrations of the fly ash also generated large quantities of calcium aluminosilicate such as anorthite and ettringite.

During the 28 days of curing, the crystalline composition of the paste continued changing. The anhydrite
composition decreased, with the sulphites going back to contribute to the amorphous phase. Lime, portlandite,
C2S and C3S were almost fully consumed for the calcification of calcium carbonated and wollastonite (CaSiOs).
The formation of wollastonite was reported to occur from the reaction of silica and limestone at 400-450°C, thus
it was not expected to be present in the material (Nair & Sairam, 2021). However, previous research also identified

the evolution of the crystal after curing of hardened alkali activated cement paste with hazardous fly ash (Chen,
2023).

After 28 days, C-S-H gels decreased but C,N-A-S-H gels were formed. As the phases were only partially
crystalline, their formation might be the cause of increase of the amorphous phase from 11% to 30% pre-curing
and post-curing. When gels are present in larger quantities, previous researchers were also able to detect their
presence in the XRD patterns combined with other methods (Qui et al., 2017).
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Figure 6.7: Results from Rietveld refinement of the QXRD patterns of the reference paste (FA1-B_Ref pre-curing),

the pre-carbonated FAL pre-curing (FAL1_C2 pre-curing) and the paste with pre-carbonated FAL after 28 curing
(FA1_C2 post-curing).

To confirm the findings from the XRD analysis and to quantify the mineral carbonation, TGA was conducted on
the materials pre- and post-curing. The DTG curves of FA1-B_Ref, FA1_C2 and FA1_C2 post-coring are plotted
in Figure 6.8. The peak corresponding to the degradation of magnesite slowly disappears in the paste pre-curing
and after curing, confirming the decrease in the crystalline magnesite. The calcite peak is higher already in the
mixture with pre-carbonated FA compared to the reference, as more calcite was formed from the carbonation. The
calcite peak in the material post-curing is slightly more pronounced than the pre-curing paste, as a result of the
higher crystallization of calcium carbonates (Figure 6.7).
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The peaks below 200°C are attributed to the decomposition of free water and hydrated gels such as C-A-S-H and
N-A-S-H gels. Removed the peak for the free water evaporation, the peak of the gel phases is pronounced in the
post-curing immobilized material, confirming the increase of amorphous phase in the material. The increase of gel
phases can effectively immobilize the heavy metals present in the fly ash. Heavy metals can replace ions on the
edges of the gel’s chemical structure, can be physically encapsulated in between layers and substitute calcium ions
in the structure, as shown previously in Figure 3.3. The peaks at 300°C are associated with the degradation of
calcium-aluminium hydrates (Nedeljkovi¢, 2019; Sriwong et al., 2020; Zhang et al., 2021; Sun et al., 2024).
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Figure 6.8: DTG curves of reference sample, pre-carbonized FA mixed with the binder and the hardened paste
after 28 days.

The effective carbon uptake was determined from the TG-curves of the pre-curing and post-curing samples
compared to the reference material. As shown in Table 6.4, the pre-carbonated fly ash mineralized 3.4% of its total
FA-binder weight. The value was lower that the carbonation of only the FA (Table 6.1, Figure 5.12), but it was
since the total weight was higher, as also the binder was present. Considering that 30 g of the binder were added
every 100 g f fly ash, the expected carbonation should have been of only 1.92%, based on the previous results.
However, the real carbon-uptake was of 2.2%, suggesting that some of the binder must have already started
carbonating. The effective mineral carbonation after 28 days increased of 1.4%. The material during curing
mineralized atmospheric CO; into new calcite while hardening the structure.

Table 6.4: Effective mineral carbonation of the FA1 C2 before and after curing.
FA1l C2 pre-curing FAL1 C2 post-curing
Carbon-uptake 2.23% 3.67%

6.2.2 Carbonated mixture (FA1-B_C2)

A mixture of FA1, binder and water was prepared by maintaining constant the FA/binder ration of 100:30 and
adding 0.3 ml/g of FAL. The material was carbonized for one day under the same carbonation conditions of
FA1_C2. After 1 day, the material was removed from the carbonation chamber and analysed for the residual free
water. The mass drop at 105°C was of 9.1%, corresponding to 11.9 ml of water for 100 g of FA. The material was
mixed in a planetary mixer and adding 31.4 ml of demi-water for every 100 g of equivalent FA1. After carbonation,
the material looked slightly drier compared to FA1_C2; it did not aggregate into crumbles and the layer of salts at
the surface did not form, as shown in Figure 6.9A. After mixing with the remaining water, the material was dry
compared to the previous case and barely castable, as shown in Figure 6.9B. After 28 days the hardened material,
in Figure 6.9C, resulted in a weak structure, with a soil-like texture and still humid.
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Figure 6.9: (A) Picture of FA1-B mixture after 1 day of carbonation. (B) Picture during mixing the carbonized
material with the remaining water. (C) FA1-B_C2 specimen after 28 days of curing.

The crystalline phases identified are shown Figure 6.10 in below and in Table B.0.2 in Appendix B. Anhydrite
and calcite concentrations were much higher in the pre-carbonated FA1-B compared to the reference sample.
Anhydrites formed from the crystallization of the amorphous sulphites on the hazardous fly ash and calcite from
the carbonation of lime in the FA and in the binder. After carbonation not all lime present in the paste was
carbonized. C2S and C3S formed in the pre-carbonated mixture but their concentration decreased after curing, as
well as for anhydrite. The structures crystallized into more stable calcite after 28 days of curing. The aluminium-
silicates anorthite, mullite and ettringite formed after curing of the paste. The concentration of C-S-H gel also
increased of almost 5% compared to the pre-cured material, but the total amorphous phase decreased from 10.6%
to 5.2%.
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Figure 6.10: Results from Rietveld refinement of reference sample and the pre-carbonated paste of FAL and binder

before and after 28 days of curing.

The DTG curves confirmed the disappearance of magnesium carbonates in the pre-carbonated paste of FA1 and
binder as shown in the QXRD patterns. During carbonation of the binder, magnesite reacted probably with calcium
silicates to form hydromagnesite and calcite, causing the disappearance of the peak at 600°C. Differently from the
TG profile of the raw FAL in Figure 5.9, no clear peak for hydromagnesite was showed in the DTG curve. A small
peak at 170°C appears in all the samples, probably from the decomposition of other hydrated phases and the C-S-

H gel.
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Figure 6.11: DTG curves of reference paste (FA1-B_Ref), carbonated FA1-binder paste before curing (FA1-B_C2)

and after curing (FA1-B_C2 post-curing).

Table 6.5 shows the effective carbon-uptake after carbonation of the paste and after 28 days in the curing chamber.
As can be seen in the table, the mineralized carbon reached 4.22% of total sample weight after carbonation. More
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carbon dioxide was mineralized during the 28 days of curing as the remaining lime was fully consumed only at
the end of the process. The final effective carbon-uptake of FA1-B_C2 after curing was of 6.2%.

Table 6.5: Effective mineral carbonation of the pre-carbonated paste FA1-B_C2 before and after curing.
FA1-B_C2 pre-curing FA1-B_C2 post-curing
Carbon-uptake 4.22% 6.20%

6.2.3 Carbonation after casting (FA1-B_C3)

The same paste as the reference sample was prepared with 1 kg of FAL, 300g of binder and 433 g of water. The
materials were mixed as explained in the Methodology and casted in the polystyrene moulds, to be placed in the
carbonation chamber at 20°C, 1 bar, 1% CO; and 65% RH. After three days in the carbonation chamber, the
material had already mainly dried as shown in Figure 6.12A. At the 28" day the material was removed from the
carbonation chamber. The specimens were hardened and compact, but a white crumbled surface formed on top of
the sample, as can be seen in Figure 6.12B.

Figure 6.12: (A) FA1-B_C3 after 3 days in the carbonation chamber and (B) after 28 in the carbonation chamber.

The paste before curing in the carbonation chamber was the same as the reference sample, as they were prepared
in the same way and with the same material. This can also be seen from the QXRD results shown in Figure 6.13,
where all crystalline phases of the FA1-B_C3 paste match with the crystalline composition of the reference sample
pre-curing. Anhydrite concentration in the reference sample was 4% lower than the FA1-B_C3 paste, resulting in
34.7% of amorphous phase in the reference sample and 28% of amorphousness paste that undergoes carbonation.

After 28 days of carbonation the calcite concentration had increased from 10% to 22.6% and all the lime present
was consumed. Portlandite and C3S were not fully consumed for the carbonation, similarly to what observed after
carbonation of the raw materials in Figure 5.7 and Figure 5.8. After carbonation and hydration of the paste,
anorthite concentration increased, a calcium-alumina oxide, as well as for syngenite. Less than 1% of C,N-A-S-H
gel formed after hardening of the paste, but the overall amorphous content of the material decreased form 28% to
3%, as the sulphites remained in the crystalline form. Differently from the previously immobilized materials
FA1_C2 and FA1-B_C2, anhydrite did not recrystallize but instead it continued forming. In the Appendix B Table
B.0.2 reports the detailed results from the Rietveld refinement of the QXRD patterns of FA1-B_C3 before and
after curing.
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Figure 6.13: Results from quantification of XRD results of the reference sample and FA1-B_C3 before and after
curing.

The increase of C-S-H in the XRD results can also be seen in Figure 6.14. The characteristic peaks of C-S-H are
at 2Theta values of 14.7°, 29.6°, 31.7° and 49.3° (Siramanont et al., 2021). As the other peaks are near other larger
peaks, only the smaller peak at 14.7 ° is plotted. The peak, being unique, clearly increased its magnitude after 28
days of curing, explaining the increase in concentration resulting from the QXRD analysis.
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Figure 6.14: On the left are plotted the XRD profiles of FA1-B before and after curing, and on the right the parts
of the spectrum between 5 and 20 2Theta degrees.

The DTG curves of the reference paste and the FA1-B_C3 before curing in Figure 6.15 show the exact same
pattern, as they were prepared in the same way and originating from the same materials. After 28 of curing, the
magnesite hump disappears and instead the calcite peak increases. This is also confirmed by the QXRD results
showing an increase of calcite formation. The peak before 200°C is slightly more pronounced in the carbonated
material, as the concentration of gels increased.
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Figure 6.15: DTG curves of reference paste, FA1-B_C3 paste pre- and post-carbonation.

Even though the material has been in the carbonation chamber for 28 days, Table 6.6 shows the final effective
carbon-uptake. The final uptake of 5.88% was lower than the effective carbonation post-curing of the pre-
carbonated FA-binder paste. It is possible that, as carbonation occurred initially on the surface exposed to the gas,
the rest of the conditions for the rest of the sample were not optimal for mineral carbonation. Even if all lime was
carbonized, from the QXRD results the concentrations of portlandite and C3S did not decrease in the material after
curing. On the contrary of the pre-carbonated paste, the prolonged exposure to carbonation did not result in higher
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effective carbonation mineralization, as previously found in the research mentioned in the Literature Review
(Saleh, 2021).

Table 6.6: Effective mineral carbonation of the FA-binder paste FA1-B_C3 before and after curing in the
carbonation chamber.

FA1-B C3 pre-curing FA1-B C3 post-curing
Carbon-uptake 0% 5.88%

To ensure that the specimen was fully carbonized, the sample was rinsed with phenolphthalein. As can be seen
from Figure 6.16A, the reference sample did not carbonize, turning to the characterising purple-pink colour of the
pH indicator. This step was important to also determine whether the material was suitable for the pH-test, as it
must be initially of pH higher than 10 for the test to be applicable. After curing, FA1-B_C3 was rinsed with
phenolphthalein as shown in Figure 6.16B. The carbonized material barely changed colour if not for two small
areas at bottom part of the sample. The regions, circled in Figure 6.16B, were covered by the casting mould,
preventing the dissolution of CO- in the sample. Carbon dioxide penetrated most of the sample probably because
of the high porosity of the material, as the empty voids between grains are visible by naked eye, as shown in the
picture in Figure 6.16B.

Figure 6.16: Pictures of the (A) reference material rinsed with phenolphthalein and (B) carbonized sample after
28 days of exposure. The circled parts indicate the areas where colour changed, but hardly visible in the picture.

6.3 Physical stability

At the 28" day of curing, all materials were tested their maximum flexural and compression strength. A block of
each specimen was also tested for stability in water through the slake test.
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6.3.1 Physical strength

The flexural strength test was performed starting from a minimum strength of 0.5 MPa. None of the samples
complied with this minimum strength and broke before the end of the experiment.

The maximum compression strength of each immobilized material was determined through the compression
strength test as described in the Methodology. Compressive strength results of the immobilized materials and the
reference sample are shown in Figure 6.17. The average compression strength of the reference sample was almost
touching the minimum strength required for the safe disposal of immobilized wate (Beschikking 2003/33/EG).
This can be a consequence of the chose S/L ratio or of an improper compression of the paste to the mould. As can
be seen from Figure 6.18A the breaking plane was relatively smooth, and no visible voids were present in the
sample.

Compared to the reference samples, the materials pre-carbonated before casting showed a drastic decrease in
strength. The strength after 28 days of curing of FA1_C1 was more than halved compared to the reference sample.
As can be seen from Figure 6.18B, the material, still humid after curing, stays intact after compression. The
breaking surface was discontinuous, resulting in weakened cohesion of the paste and lower compressive strength.

The pre-carbonated paste was not testable for compression as the material crumbles during demoulding. As can
be seen from Figure 6.18C, the material had a humid soil-like texture and it disintegrates as soon as removed from
the mould. Pre-carbonation of the binder activated the material that started hardening one day before it was mixed
and casted. For this reason, the most of hardening reaction were already initiated and did not efficiently harden the
paste once it was put in the mould.
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Figure 6.17: Compression tests results of the reference and the three different mix-designs with FALl. The
maximum strength decreased for the pre-carbonated FA1_C2 and was non-detectable for FA1-B_C2. The average
strength of FA1-B_C3 was higher than the reference sample.

Differently from the previous specimens, FA1-B_C3 resultd in a higher compressional strength. As can be seen
from Figure 6.17, the average compressive strength of the material not only surpassed the strength of the reference,
but also complied with the minimum strength required by the Dutch regulation Beschikking 2003/33/EG. After
demoulding and compression test the specimen remained intact and broke along a more linear and structured plane,
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as shown in Figure 6.18D. Still the fracture plane was not as smooth as a cement paste exposed to natural
carbonation (Nedeljkovi¢, 2019), but the material performed much better than the paste made of pre-carbonated
fly ash.

Figure 6.18: Pictures of (A) reference sample post-compression test, (B) FAL1_C2 after compression test, (C) FALl-
B_C2 after demoulding, (D) FA1-B_C3 after compression strength test.

6.3.2 Slake test

Slake test was performed on a cube of all materials and pictures of the slaking material are taken after 1 day, 3
days and 1 week. As can be seen from Figure 6.19, the water of all materials was limpid on the day they were
immersed (day-0) and not much sediment was deposited. It is to note that the specimens used were the specimens
after the compression strength test. Thus, the surface of the blocks crumbled, ending up at the bottom of the
beakers. As soon as water was added, small air bubbles formed from the surface of the samples, indicating that
water immediately penetrated the porous material. After one day, some extra material deposited at the bottom of
all beakers. At this stage, the reference sample, FA1_C2, and FA1-B_C3 were still holding their structure, and not
much more material deposited. On the contrary, FA1-B_C2 was already completely scattered in the water, and a
large amount of paste deposited at the bottom.

After 3 days immersed in water, all carbonized samples had adsorbed enough water to be partially exposed to air,
so additional water was slowly poured into all beakers. After the addition of water, FA1 C2 also started
disintegrating and behaved like FA1-B_C2 after one day. Part of the immobilized block broke apart, and more
material settled at the bottom of the beaker. The reference sample and FA1-B_C3 were also rinsed with water, but
not as much as the other samples, and they maintained their structure. After 7 days, only the reference sample
remained intact. FA1_C2 continued slaking, as could be seen from the increased deposition of material. The
remaining material of FA1-B_C3 also sank to the bottom of the beaker, behaving like clay. FA1-B_C3, fully rinsed
with water, started slowly slaking, and more material deposited at the bottom of the glass. The reference sample
remained intact even after being fully immersed in water for seven days.
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A score from 1 to 4 was assigned in Figure 6.19 to the materials, indicating the resistance to slaking. The reference
sample resulted in the more stable material, followed by FA1-B_C3, FA1 _C2 and FA1-B_C2, being the less stable
in water.
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Figure 6.19: Slake behaviour of reference paste and immobilized materials at day-0, day-1, day-3 and day-7. Each
material was scored to a number from 1 to 4, where 1 is the material that resulted in less slaking and 4 is the
material with the least stable specimen in water.

7. Leachability of heavy metals

The moisture content of each specimen was determined to estimate the appropriate leaching materials, including
the wet mass of the sample and the amount of liquid used for the test. After a one-day shaking test, the materials
were separated as described in the chapter of Materials and Methods. The extracted filtrate was immediately tested
for electrical conductivity, pH, and temperature. Whereas later characterization tests were conducted to analyse its
cation and anion content and to determine the amount of leached heavy metals.

7.1 Leaching material

At the end of the curing process, all specimens exhibited a stable structure. Even if some parts crumbled, the
overall grain size of the materials exceeded the 10 mm required for the test. Therefore, all pastes were hammered
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to crush the material until 95% of the specimen reached the desired grain size. After removing the samples from
the curing chamber, the specimen FA1-B_C2 was weak and crumbled during handling, as previously shown in
Figure 6.18C. However, to ensure that all materials were treated equally, this specimen was also hammered to
ensure all material passed through the sieve. Despite the humidity at the touch of FA1-B_C2, hammering allowed
the material to crush and separate without needing to dry it at 40°C.

7.1.1 Moisture content samples

A portion of each immobilized material was dried at 105°C, and the weight variation was recorded to determine
the dry matter content (DM) and moisture content (MC), as shown in Table 7.1. The DM and MC are inversely
proportional; as one increases, the other decreases. FA1-B_C3 shows the lowest MC of 10.64% and the highest
DM proportion of 90.38%, followed by the reference paste with 16.76% MC and 85.64% DM. Unlike the external
wetness and stability of the material, FA1-B_C2 resulted the second to the most wet material with 81.0% DM and
23.44% MC, whereas FA_C2 resulted in the lowest DM of 77% and highest MC of 29.86%.

Table 7.1: Results of dry content matter and moisture content on the different mix designs of FAL.

Dry Matter Moisture Content
FA1-B_Ref 85.64% 16.76%
FAl C2 77.00% 29.86%
FA1-B_C2 81.01% 23.44%
FA1-B_C3 90.38% 10.64%

7.1.2 Amount of leachate

Based on the MC of each material, the equivalent wet mass targeted (my-target) is shown in Table 7.2. Three
different batches (a, b, ¢) were prepared for each material in the range of the targeted wet mass. Based on the
effective dry mass mg, the amount of demi-water necessary for leaching was determined following the procedure
in the Methodology.

Table 7.2: Target my, for each material for leaching test, real my, for each leaching test, equivalent mgy and leachate
(L) for each bottle.

muw-target [g] Mw [g] mq [9] L [ml]

FAL FA4 Ref 2 105.145.8

a 105.3 90.2 902

b 105.1 90.0 900

c 105.0 89.9 899
FAL C2 2 116.946.5

a 116.9 90.0 900

b 114.9 88.5 885

c 114.7 88.3 883
FAL FA4 C2 2 111.146.2

a 110.7 89.7 897

b 111.4 90.2 902

c 110.9 89.8 898
FAL FA4 C3 2 99.645.5

a 99.6 90.0 900

b 98.7 89.2 892

c 95.8 86.6 866
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Each batch was placed inside a 1-litre glass bottle, and the corresponding amount of leachate was poured inside.
Pictures of the bottles before the shaking leaching test are presented in Figure 7.1. Similarly to the results from the
slake test, the reference test and FA1-B_C3 remained compact as pebbles at the bottom of the bottle, whereas
suspended solids increased the turbidity of the leachate in the pre-carbonated samples. After water was added to
the bottles, bubbles began to form and slowly released, indicating the initiation of a chemical reaction or the
infiltration of water into the empty voids of the material. After a few seconds, the bubbling decreased; excessive
gas release could have potentially caused the bottle to explode during the 24-hour test. Therefore, after a few hours,
one bottle was checked to ensure that the material was not pressurized. Only a small amount of additional gas was
produced once the bottle was opened, allowing the experiment to resume.

FA1-B_Ref FAl_C2 FA1-B_C2 FA1-B_C3

Figure 7.1: Leaching bottles before shake test. From left to right, reference sample, FA1_C2, FA1-B_C2 and FA1-
B_C3.

7.2 Leaching procedure and extraction of leachate

At the end of one day of mixing in the end-over-end tumbler, all material was homogeneously mixed with the
water, as shown in Figure 7.2. The sieved aggregate was fully crushed and only few agglomerations of immobilized
material remained at the bottom of the bottles after the shaking test.

The sediment settled for 15 minutes before the extraction of the leachate began. The bottles were opened under
the fume hood, releasing a small amount of gas with a faint scent of sulphur. The separation of the liquid took
approximately half an hour for the reference material and FA1-B_C3, as most of the solids settled at the bottom
of the bottle. Large amounts of suspended materials remained in FA1_C2 and FA1-B_C2 after 15 minutes, making
the separation of the liquid from the solids much slower. Almost 10 ml of water was retained in the filter cakes of
these pre-carbonated materials. The separation process for these two sample batches took one hour, and four
different filter papers were used for each bottle to efficiently separate all the leachate.
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Figure 7.2: Leaching bottles in the end-over-end tumbler after one day of shaking.
7.3 Analysis on the Leachate

7.3.1 Electrical conductivity, pH and temperature

The percolated water was immediately tested after separation from the solid suspended materials. The temperature
of the liquids was the same as the ambient temperature: 18°C, 20°C, and 19°C, corresponding to the different
temperatures on the five days of testing.

The results of the electrical conductivity and the pH of the percolated liquid are shown in Figure 7.3. The electrical
conductivity of the pure FAL and the reference paste was plotted together with the results of the carbonized
materials. It is to notice that the device used to measure the electrical conductivity was old, and the maximum
value detectable was 20 mS/m. The electrical conductivity of the percolate from the pure FAL resulted in electrical
conductivity higher than 20 mS/m, suggesting that many ions were freely dissolved in the water. The reference
paste FA1-B_Ref had 9.75 mS/m of electrical conductivity, much lower compared to the pure fly ash. The
conductivity of the pre-carbonated fly ash FA1_C2 was 10.26 mS/m, slightly higher than the reference sample,
whereas in the pre-carbonated mixture and the sample carbonated while curing, the final conductivity decreased.
The conductivity of the percolate from FAL1-B_C2 resulted in the lowest value, being 8.61 mS/m, and for FA1-
B_C3, it was 9.53 mS/m. The electrical conductivity was dependent on the ions, thus not only on the heavy metals
but also on the salts dissolved in water. The analysis alone did not give indications of the effective heavy metals’
leachability.

The pH of the liquids was also analysed while stirring the solutions. The pH of the pure FAL was 11.41, highly
basic but slightly more acidic than the reference sample. The production of portlandite and alkali during the
hardening of the FA-binder paste resulted in a final material with a pH of 12.26. All carbonized materials resulted
in a pH reduction in the final leachate, as shown in Figure 7.3. The pH of the percolates of FA1 C2, FA1-B_C2,
and FA1-B_C3 decreased to 11.40, 10.71, and 10.01, respectively. At high pH, the solubility of heavy metals in
water could increase or decrease, as reported in the Literature Review. Following previous research (Gasser et al.,
2021; De Repentigny et al., 2018), the leachability of lead, zinc, nickel, and copper was expected to decrease to
10 and 100 mg/I or less when the pH decreased from 12 to 10. On the contrary, the solubility of silver, cadmium,
and manganese was expected to increase at similar values.
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It is to note that the error bars from the analyses were due to the reaction of the fluids with air. The longer the
materials were exposed to the atmosphere, the more reactions occurred, causing variations in the pH and electrical
conductivity of the liquids. In particular, the electrical conductivity fluctuated up to 2 mS/m after 20 seconds. The
numbers reported for the conductivity were recorded after the first few seconds once the probe was immersed in
the solution.
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Figure 7.3: (Left) Results of electrical conductivity and pH measurements of the leachates. From left to right of
each graph are displayed the values of pure FA1, the reference paste, FA1_C2, FA1-B_C2 and FA1-B_C3.

7.3.2 Heavy metals content and leaching species

The results from the analysis of the cationic composition of the samples are presented in Figure 7.4 below and in
Table B.0.5 of the Appendix. The leachability of copper, lead, and zinc decreased for all the carbonized materials
compared to the reference sample, as anticipated from the pH results. The leachability of lead in the reference
sample was 44 mg/kg DM, much higher than that of the pure fly ash at 0.32 mg/kg DM, which was more similar
to the leachability of the pre-carbonized fly ash FA1 C2 at 0.20 mg/kg DM. As previously explained, the
leachability of all heavy metals highly depended on the pH of the environment. The pH of the leachates from the
two experiments was almost the same, suggesting similar leachability of lead but not of the other elements. The
leachability of barium decreased compared to the reference sample and pure fly ash only for FA1-B_C3, whereas
the leachability of chromium and molybdenum increased. The concentrations of cadmium, antimony, selenium,
and vanadium showed a slight increase compared to the reference sample, but they were all close to the minimum
detectable levels and were present in much lower concentrations compared to the other elements. The
concentrations of arsenic, nickel, and cobalt were lower than the detectable limit, thus not represented in the graph.
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Figure 7.4: Leaching test results of the pure FAL, the reference sample and the carbonized samples. In the top
graph are displayed, from left to right, the concentrations of bromide, cadmium, chromium, copper, and
molybdenum. In the bottom graph are shown the concentrations in mg/kg of dry matter (DM) of lead, antimony,
selenium, vanadium and zinc.

The anionic ions detected in the materials are shown in Figure 7.5. In all materials the solubility of the anionic
species was reduced compared to the raw fly ash, but they all leach more compared to the reference sample. The
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concentrations of the leached anionic compounds were two to three order of magnitude higher than the cations but
none of them was a heavy metal.
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Figure 7.5: Leaching test results anionic compounds present in the pure FA1L, the reference sample and the
carbonized samples. From left to right are shown the concentrations in mg/kg DM of bromide, chloride, fluoride
and sulphate.

The immobilization factors of each fly ashes are shown in Table 7.3, together with the final A. As shown in the
table, the only material that performed closest to the reference sample was the pre-carbonated mixture of fly ash
and binder FA1-B_C2, whereas FA1_C2 and FA1-B_C3 resulted in the same final score. Even considering the
high decrease in the solubility of lead, copper, and zinc observed in FA1-B_C3, the increased leachability of the
other ions resulted in a similar behavior compared to the pre-carbonated fly ash FA1 C2.

The final concentrations of the heavy metals were lower than in the reference sample, and most of the ions leached
in concentrations lower than the maximum allowed by the Soil Quality Regulation, as shown previously in Table
3.2 (Ministerie van Infrastructuur en Waterstaat, 2022). The concentrations of arsenic, barium, cobalt, copper,
nickel, selenium, tin, and vanadium were all below the limit for both the reference sample and all the other
materials. Lead and zinc in the reference sample leached more than the limits of 42 mg/kg DM and 9.5 mg/kg DM,
respectively, but all carbonized materials resulted in leaching concentrations more than 2 mg/kg DM below the
limit. Chromium and molybdenum were the only heavy metals exceeding the concentrations in the regulation for
all samples. In contrast, all other ions that were not heavy metals were present in concentrations far above the
regulation. Fluoride concentrations were within the limit only for FA1_C2, but for all the other samples, they
exceeded the limit by up to 30 mg/kg DM. Bromide, fluoride, chloride, and sulphates leached in concentrations
more than 1000 mg/kg DM above the limits. The leaching of bromide and sulphates increased after carbonation.
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Table 7.3: Immobilization I; factor for every ion in all immobilized materials and the pure FAL, along with the
final score A of the immobilization methods.
Ba Cd Cr Cu Pb Mo Sh Se V Zn A
Pure FA1 6.7E-2 2.1E-5 5.6E-3 3.2E-5 25E-4 6.2E-3 6.8E-5 12E-4 6.9E-5 7.6E-4|0.31
FAl _C2 6.8E-2 9.0E-6 3.2E-3 7.9E-5 16E-4 44E-3 7.7E-5 8.1E-5 5.0E-5 1.0E-3|0.23
FA1-B C2 6.6E-2 3.2E-5 16E-3 84E-5 13E-4 4.4E-3 38E-4 10E-4 4.0E-5 14E-3|0.22
FA1-B C3 6.8E-2 84E-5 25E-3 3.2E-5 16E-5 4.2E-3 13E-3 95E-5 2.6E-5 4.2E-4|0.22

7.4 Discussion

The carbonation led to a higher immobilization efficiency of the overall MSWI fly ash. All materials undergoing
the immobilization processes performed better than the reference sample. It was important to note that the
carbonation did not decrease the leachability of all heavy metals: while the solubility decreased for highly
environmentally damaging metals such as lead, other ions became more soluble. By comparing the results with
the Dutch Soil Quality Regulation, there were only a few heavy metals that were not sufficiently immobilized in
either the reference sample or the carbonized material. However, their magnitude was not much higher compared
to the reference, suggesting that through a further column leaching test, their solubility would also be similar to
the reference.

Even though solubility was linked to the pH of the solution, it also depended on the speciation of the material. As
reported by other research (Larson et al., 2007), the solubility behaviour of lead sulphates was different compared
to lead hydroxides, carbonates, and phosphates. To properly predict the behaviour of heavy metals' leachability
based on the pH of the leaching solution, it was necessary to determine the species that formed bound to the heavy
metals.

Finally, the variability of the waste heap was also an important factor. Even though the waste heap was constantly
mixed and homogenized, small variations in the chemical composition might have resulted in significantly
different results. For example, to verify that lead was effectively immobilized through carbonation, further
investigations were necessary on materials with a fixed amount of lead. The high decrease in solubility of lead
through carbonation had the potential to open the doors for mineral carbonation for lead-rich waste streams.

The ideal immobilization process for the MSWI FA1 was the pre-carbonation of the FA-binder mixture FA1-
B_C2, which ensured that a severe reduction in pH did not significantly increase the solubility of other heavy
metals. The A factor was the same for the material carbonated while curing FA1-B_C3 and slightly higher in the
pre-carbonated fly ash FA1 C2. However, the leaching values for heavy metals were within the limits of the Soil
Quality Regulation only in FA1 C2. The other immobilization processes slightly exceeded the limit, with FA1-
B_C3 exceeding it more than the others, which was why FA1-B_C2 was the process that overall performed the
best.

These results and evaluations were only an initial estimation; a column leaching test was necessary to determine
whether the physical stability achieved with FA1-B_C3 also resulted in higher immobilization. The shake leaching
test simulated only the worst-case scenario but did not represent the real conditions at which the material was
stored in landfills.
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8. Extraexperiments

For a better comprehension and comparison of the immaobilization process, the same mix designs used for FAl
were prepared by replacing the hazardous material with FA2. As previously shown in the Material Characterization
results, FA2 was the material with the highest carbonation mineralization potential given the high lime content.
The same carbonation conditions were used for the material, as well as the same FA/binder ration of 100:30 and
FA/water ratio of 100:43.3. Even if the S/L ratio might not result optimal for this mix design, it was still chosen
for comparability with the previous material.

This chapter presents the results from the TGA and the physical strength tests on the immobilized pastes. After
curing, all materials are also subjected to the same leaching test as for FA1, and the results are presented at the end
of the chapter.

8.1 Mixture designs

8.1.1 Pre-carbonated FA (FA2_C2)

The results from the TGA on the pre-carbonated FA2 are plotted in the DTG graph in Figure 8.1. A clear peak at
400°C in the reference sample slowly disappears in the pre-carbonated fly ash before and after curing, whereas the
peak at 700 °C shifts to 750°C and increases its magnitude. The peak at 400°C is characteristic for portlandite
(POR) which reacts during carbonation to form more calcite, resulting in the larger peak at the higher temperature.
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Figure 8.1: DTG profiles of the reference sample FA2-B_Ref, the pre-carbonated FA2_C2 and the pre-carbonated
FA2 after 28 days of curing.

The effective mineral carbonation, also shown in Table 8.1, is of 7.1% after one day and continued increasing until
reaching 9.8% after 28 days of curing. It is to note that the carbonation was determined in respect to the reference
mixture of FA2 and binder, and it differed of less than 2% compared to the carbon uptake potential determined
previously in the Carbon-uptake section.

Table 8.1: Effective mineral carbonation of the FA2_C2 before and after curing.
FA2_C3 pre-curing FA2_C3 post-curing
Carbon-uptake 7.10% 9.83%

97



8.1.2 Carbonated mixture (FA2-B_C2)

When FA2 was pre-mixed with the binder and some water, all portlandite present was fully consumed after one
day in the carbonation chamber, as shown by the absence of the portlandite peak in the FA2-B_C2 curve in Figure
8.2. The calcite peak increases after one of carbonation but not much changed after 28 days of curing in the DTG
curves.

or e e Y oo = st FA2-B_Ref
POR ™ — FA2-B_C2
= FA2-B_C2 post-curing

200 400 600 800 1000
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Figure 8.2: DTG curves of FA2-B_Ref, FA2-B_C2 and FA2-B_C2 after curing.

As no more portlandite was available in the system, after 28 day most of the available calcium had already reacted
with carbon dioxide, as explained by the effective carbon-uptake in Table 8.2. After one day 9.8% of the total
weight of the sample was newly formed calcite, whereas at the 28" day of curing less than 1% extra calcite formed.

Table 8.2: Effective mineral carbonation of the FA2-B_C2 before and after curing.
FA2-B_C2 pre-curing FA2-B_C2 post-curing
Carbon-uptake 9.78% 10.71%

8.1.3 Carbonation after casting (FA2-B_C3)

The non-carbonized FA2-B_Ref sample turned of a bright pink colour after the phenolphthalein test, whereas
FA2-B_C3 showed a clear separation in colour between the top and bottom part, as can be seen in Figure 8.3 A
and B. Differently from the corresponding samples of FAL, this material was much less porous and it was possible
that the gas did not penetrate homogeneously all sample, resulting in a net separation at 2.6 cm from the exposed
surface. The bottom of the sample remained inside the mould for all 28 days as the previous case, preventing
carbon dioxide to get in contact with the material. To avoid taking only the fully carbonized or non-carbonized
part of the sample, a cross section of the material was grinded and used for the TGA further tests.
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Figure 8.3: (A) Reference sample and (B) carbonized sample rinsed with phenolphthalein.

The DTG profile of FA2-B_C3 is almost the same as the reference sample, as the material was only carbonized
by atmospheric conditions. However, as shown in Figure 8.4, after 28 days of curing in the carbonation chamber
the profile DTG curve show the same pattern as the previous cases. The final effective carbon-uptake after 28 days
is shown in Table 8.3 was of 10.8%.
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Figure 8.4: DTG curves of the reference sample, of FA2-B_C3 before and after curing in the carbonation chamber.

The effective carbon uptake of the three immobilized processes resulted in the highest for FA2-B_C3 but it also
shows a difference of less than 1%, suggesting that all materials were equally carbonized.

Table 8.3:Effective mineral carbonation of the FA2-B_C3 before and after curing.
FA2-B_C3 pre-curing FA2-B_C3 post-curing
Carbon-uptake 0% 10.78%

8.2 Physical strength

After 28 days of casting, all specimens looked properly hardened and homogeneously distributed. As can be seen
from Figure 8.5, there were almost no difference in between the reference samples and the carbonated FA2_C2
and FA2-B_C2. FA2-B_C3 showed a slightly lighter colour compared to the other samples, but the surface
exposed to carbonation remained relatively smooth and of the same colour as the rest of the sample, differently
from the equivalent FA1-B_C3.
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Figure 8.5: Pictures of (A) reference sample, (B) FA2_C2, (C) FA2-B_C2 and (D) FA1-B_C3 after demoulding.

The results of the compression strength test of the mix-designs with FA2 are shown in Figure 8.6. The pre-
carbonated FA and the pre-carbonated binder resulted in much lower compressive strength compared to the
reference sample, from 1.9 MPa to 0.65 MPa and 0.30 MPa. Carbonation of the casted paste during curing showed
in increase in strength to 2.10 MPa.

Both the reference sample and FA2-B_C3 demonstrated compression strengths well above the 1 MPa threshold

stipulated by the Dutch government regulations. Whereas the other two samples with pre-carbonated materials did
not comply with the required strength criteria.
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Figure 8.6: Compression test results of FA2. From left to right are represented the maximum strength of the
reference sample, FA2_C2, FA2-B_C2 and FA2-B_C3.
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8.3 Leachability of heavy metals

The immobilized materials were tested for DM and MC, in the same way as for FAL. The results are represented
in Table 8.4. The MC was the lowest in FA2-B_C3, followed by FA2-B_C2 and FA2_C2, with the reference
sample having the highest water content. The moisture contents were of respectively 10.64%, 16.76%, 23.44%
and 29.86%.

The amount of equivalent wet mass and leachate were determined for each sub-sample based on their MC, and the
materials were prepared following the same procedure as for FAl. The immobilized materials after 28 days of
curing had a strong and stable structure, necessitating the use of a hammer on all samples to meet the maximum
particle size requirements specified by the leaching standard.

Table 8.4: Results of dry content matter and moisture content on the different mix designs of FA2.

Dry Matter Moisture Content
FA2-B_Ref 75.41% 32.61%
FA2_C2 2 81.09% 23.32%
FA2-B_C2_ 2 83.58% 19.65%
FA2-B_C3 2 90.65% 10.32%

At the end of the 24 hours of the shaking test, the solids were separated from the liquid, and the percolate was
analyzed for its electrical conductivity, pH, temperature, and anion and cation content. As shown in Figure 8.7,
the electrical conductivity of the reference sample was much higher than all the carbonized materials. The electrical
conductivity of the reference, which was 13.16 mS/m, decreased to 9.55 mS/m in FA2_C2 and 7.17 mS/m in FA2-
B_C2. Of the carbonized materials, FA2-B_C3 had the highest electrical conductivity at 10.67 mS/m. The final
pH of the percolate slightly decreased for all materials, going from 12.77 for the reference to 12.74, 12.44, and
11.92 respectively for FA2_C2, FA2-B_C2, and FA2-B_C3. This decrease was minimal compared to the mix
designs of FAL. The temperature of the liquids recorded the same as the laboratory room temperature of 20°C and
19°C.
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Figure 8.7: (Left) Results of electrical conductivity and pH measurements of the leachates. From left to right of
each graph are displayed the values of the reference paste FA2-B_Ref, FA2_C2, FA2-B_C2 and FA2-B_C3.

The cationic composition of each immaobilized mixture is shown in Figure 8.8 below. In this case, barium, lead,
and zinc were in much lower concentrations in the leachate compared to the reference sample, but the leachability
of chromium increased by more than 5 mg/kg DM in FA2-B_C3, and by a few milligrams in vanadium. The
concentrations of molybdenum and selenium were similar for all samples, whereas the concentrations of cadmium,
copper, and tin were almost at the minimum detectable.

The concentrations of the anions can be found in Table B.0.10. Similarly to FA1, the anions were present in much
larger concentrations, exceeding 1000 mg/kg DM for chloride and sulfate, around 55 mg/kg DM for bromide, and
5 mg/kg DM for fluorine. Only fluorine ions were in lower concentrations in the carbonized materials; the rest
were present in larger concentrations in all the other immobilized materials compared to the reference sample.
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Figure 8.8: Leaching test results of the reference sample and the carbonized samples. In the top graph are displayed,
from left to right, the concentrations of bromide, cadmium, chromium, copper, and molybdenum. In the bottom
graph are shown the concentrations in mg/kg of dry matter of lead, antimony, selenium, vanadium and zinc.

As shown in Table 8.5, normalizing the increase of each ion, showed that both the pre-carbonation of the mixture
FA2-B (FA2-B_C2) and the carbonation during curing (FA2-B_C3) resulted in a better immobilization
performance compared to the reference sample. The leachability of lead and zinc was highly decreased through

carbonation (Figure 8.8), compensating for the increased leachability of chromium and the other ions present in
smaller quantities.
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Chromium, molybdenum and selenium were, also for this fly ash, the only heavy metals that exceeded the limit
from the past Soil Quality Regulation (Ministerie van Infrastructuur en Waterstaat, 2022). The concentration of
lead, exceeding the limit in the reference sample, was significantly decreased from 3 mg/kg DM over the limit to
2 mg/kg DM below. For FA2, the fluoride and bromide concentrations were also below the maximum allowed,
leaving only chloride and sulphates concentration as environmental concern.

Table 8.5: Immobilization I; factor for every ion in all immobilized materials and the pure FA1, along with the
final score A of the immobilization methods.

Ba Cd Cr Cu Pb Mo Sb Se Vv Zn A

FA2_C2 11E-1 58E-5 3.8E-1 1.0E-1 22E-2 10E-1 58E-4 8.7E-3 58E-4 1.2E-1 1.1
FA2-B_C2 409E-2 5.8E-5 23E-1 79E-2 21E-3 79E-2 18E-3 86E-3 58E-4 57E-2| 038
FA2-B_C3 6.6E-2 8.8E-5 6.2E-1 8.8E-2 9.2E-3 88E-2 5.8E-4 94E-3 8.8E-3 19E-2| 05

8.4 Discussion

The mix designs prepared with BM FA (FA) resulted in much stronger and more stable structures compared to
those made with FAL. The higher availability of free lime in FA2 increased both carbonation and hydration,
contributing to the increased strength of the material. However, even though the overall strength was higher than
that of MSWI FA, only the reference sample and the material carbonated during curing complied with the
minimum strength imposed by Dutch regulation (Beschikking 2003/33/EG). The final strength of the reference
sample and FA2-B_C3 outperformed the equivalent mixtures with FA1 by 1 MPa each.

From the analyses of the separated leaching solution, the electrical conductivity of the leachate from BM FA was
similar to the conductivity of the mix designs prepared with FA1. Despite FA2 having a lower salt content than
FA1, the electrical conductivity values were similar. Additionally, considering the higher carbonation capacity of
FAZ2, the final pH of the leachate resulted in being higher than the pH from FAL. The high amount of alkali did
not result in an effective decrease in the pH of the material, despite the higher mineral carbonation. As the
leachability of heavy metals was highly influenced by the pH, the high pH values of the final immobilized
material posed a risk to the effective immobilization of hazardous components.

The original concentrations of hazardous components in FA2 were much lower than in FAL, resulting in most of
the components present in the material being within the maximum leachability allowed by the Soil Quality
Regulation (Ministerie van Infrastructuur en Waterstaat, 2022). However, the similar positive decrease in lead
leachability observed in FAL after carbonation occurred also in FA2, as well as the persistence of chromium,
molybdenum, and selenium in higher concentrations in the leachate. The immobilization process that performed
the best was carbonation during curing (FA2-B_C3), followed by pre-carbonation of the mixture of fly ash and
binder, differing from what was observed in FA1. Overall, carbonation effectively immobilized more heavy
metals compared to the reference sample, suggesting that a higher carbonation potential of the fly ash also led to
more efficient immobilization.
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I11. Closure

9. Discussion

The chemical composition of the material served as an important starting point for the research. Although, the
general composition of the fly ashes was identified and already known from previous researchers, it was important
to characterize fly ashes from the same source. The MSWI fly ashes resulted with the highest heavy metals
contaminations, while the BM fly ashes contain the highest amounts of free lime and other compounds with high
reactivity to carbon dioxide. Differently from other researcher’s directions, carbonizing all fly ashes under optimal
wet conditions helped in identifying the actual behaviour of each fly ash. Surprisingly, the amorphous phase and
other oxides present in the MSWI-FA ended up carbonizing in materials where carbonation is not expected. This
discovery ended up being a crucial step for the research as it opened the door to the potential of carbonising
materials that have been previously discarded for their low free lime content. The evolution of the crystalline
phases is also underlined in this study.

Materials with high salts and sulphites in the amorphous content crystallize large amounts of anhydrite after
hydration and carbonation. Differently from what expected, anhydrite does not transform in calcite after the first
seven days of carbonation. In contrast, materials with lower sulphites in the amorphous phase and higher free lime
show less reduction in amorphous content, with calcium being hydrated and carbonated into calcite and vaterite.

Regarding the carbonation reactions, the preliminary carbonations at high temperature and pressure gave a nice
indication on the rate of reaction and effective carbonation based on water content and pressure. The experimental
setup makes it challenging to accurately predict the extent of carbonation. The reaction starts already outside the
carbonation chamber and while the material is heated up, resulting in an over estimation of the efficiently
mineralized CO,. The experimental equipment at controlled temperature and pressure is efficiently used for
estimating the ideal carbonation times under fixed conditions of the bigger carbonation chamber available at the
university.

After 28 days of curing, the pre-carbonated mixture of FA and binder results in the highest carbonation. This is
attributed to the material's high exposure surface for carbonation. However, during the analysis of the materials
through QXRD and TGA, the results do not match. The amount of crystalline calcite is higher than the total
mineralized CO- that includes amorphous, non-amorphous and other carbonations. Even though the QXRD does
not present magnesium carbonates, the results from the TGA are more reliable than the Rietveld refinement.
Therefore, the results from the QXRD are used only as a general indication of the phases and their presence, but
the effective mineral carbonation if determined through TGA.

The results from the immobilization of the hazardous fly ashes FAL1 and FA2 reveal some potential applicability
of the materials in real-life scenarios. The structural stability required by the Dutch law is met by the reference
sample and by the material carbonated during curing for 28 days. Two main reasons can be the cause of the
instability of the other materials. Firstly, the mix design for the pre-carbonated fly ash is not optimal for castability.
Secondly, in the pre-carbonated mixture FA-B_C2, the binder already activates during curing, resulting in
insufficient reactivity to harden and compact the final material. The physical stability is also strictly related to the
stability in water. Of the materials, only the reference sample and the FA-B_C3 resulted in a stable structure after
one week in water. The carbonized material still started slaking after one week, thus further investigations at longer
times are required.
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The physical strength is however, not directly related with the carbonation efficiency, as the highest carbon-
mineralization is reached by the pre-carbonated mixture FA-B_C2 with the lowest strength. The pre-carbonated
mixture also results in the highest reduction of electrical conductivity of the leachate, suggesting that the liquid
contains the lowest amounts of free ions and possible heavy metals. However, the pH is decreased significantly
only in the long-carbonated material.

The ideal immobilization process was found to be dependent on the type of original material. As for the MSWI
FA with low carbonation potential, the highest immobilization is reached by pre-carbonation of the sample with
the highly reactive binder (FA1-B_C2). Differently, for the BM FA the highest immobilization is reached at the
prolonged exposure of the material in the carbonation chamber. The mix design FA-B_C3 results however in the
most promising immobilization method for further experiment. The sample is the only material that shows both
structural strength and effective decrease of pH. While pH does not directly indicate higher immaobilization, the
physical encapsulation of heavy metals through carbonation cannot be tested through shake test but only with
column test. Physically trapping the metals is one of the major factors of carbonation, thus it is important for
further research to investigate such behaviour of a material that already immobilize more efficiently lead.

9.1 Limitations

Several limitations arose during this experimental study, dependent both on the experimental setup available, as
well as the time restrictions of the research.

Firstly, a full understanding of the chemical reactions in the system is challenging, as only a portion of the material
could be identified. The QXRD results indicates there are more than 25 different crystalline phases forming,
without considering the undetected heavy metals and over 30% of the amorphous phase in each fly ash. This
indicates that more analyses are necessary to better understand the chemical reactions and evolution of the material
during carbonation and hydration.

It is also important to validate the experimental results. The carbonation percentages estimated in the study are
relative to one experiment each. More experiments are necessary to quantify the carbonation potential of the
materials and the relevant statistical information to better predict the behaviour of the waste heaps.

Another aspect that is not optimal is the choice of the internal standard for the QXRD analysis. As all materials
present a multitude of peaks, the internal standard overlaps some of the smaller peaks, resulting in a higher error
in the final interpretation, as also previously investigated by other researchers (Zhao et al., 2018). The refinement
is also limited by the extensive COD database used, where some peaks are not precisely matched. The average
GOF generated is of 2.7, relatively high for crystalline materials but low for the high amount of diverse crystalline
phases in the wate-fly ashes.

The setup used for the preliminary carbonation experiments is not representative for a future industrial application.
The main reasons are that only a maximum 10 g of materials can be added, that the fly ashes are not stirred during
the process and that the real temperature of the solid material is unknow. In industrial applications, larger batches
must be reacted, sometimes not matching the results of the lab-scale experiment. Additionally, stirring helps the
reactivity of the material with the gas, but at the same time it might have the effect of speeding undesired reactions,
as well as the temperature of the material.

The S/L ratio is not maintained constant throughout the experiment. During carbonation the ration is maintained
constant to the amount of fly ash, but when carbonation is done with adding the binder the effective L/S used
lowers. Similarly, during casting the amount of free water in the pre-carbonated pastes is considered and deducted
from the casting water as some materials were still humid. However, not all the free water might have been reactive
water, causing the material to not be in the same casting conditions as the reference material.
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Another important aspect that was not considered in the research is the stability of the material in the surrounding
environment. The landfill where the material is safely immobilized is exposed to air and atmospheric changes,
causing the material to change properties compared to the freshly formed conditions. The leaching tests
recommended previously in this research and based on the Dutch regulations do not mimic this change in the
environment. Rainwater itself has a variable pH that depends on the pollution and other environmental factors
(Charlson & Rodhe, 1982). Previous research has examined the limitations of standardized leaching methods and
proposed further experiments to determine the behaviour of heavy metals under changes in environments (Dijkstra,
2007; van der Sloot et al., 2007; Kosson et al., 2004).

9.2 Recommendations

To better understand the reaction processes and the effectiveness of the immobilization, several recommendations
are proposed.

e Utilizing Scanning Electron Microscopy (SEM) can help providing information into the immobilization
process and the locations of heavy metals in the structures. CT scanning can also offer a clearer picture of
mineralization and crystallization resulting from carbonation within the sample. The FT-IR spectra of
carbonated pastes should be analysed as previous research to identify the carbonate bands and detect
exactly where the carbon bonds.

o Further development on the carbonation equipment are necessary to investigate the industrial applicability
of the methodology. An example is to increase the carbonation batch size and incorporating a stirrer, while
maintaining controlled temperature and pressure, to better predict the behaviour of larger batches of
materials.

e New mix designs should also be tested combining BM FA and MSWI FA to increase carbonation and
strength of the materials. Additionally, casting in the carbonation chamber for longer periods can help
with assessing the long-term effects of carbonation. The pre-carbonated FA and FA-binder mixture should
also be re-prepared by drying the samples after carbonation at 40°C and adding a constant S/L proportions
as used in the reference sample.

e Further column tests on the carbon-cured fly ashes are recommended to test the leachability in a real-life
scenario on a landfill and to determine the performance based on the requirements from the applied Dutch
regulation (Beschikking 2003/33/EG).

e Ph-static leaching test should also be conducted to determine the effective influence of pH on the
leachability of the heavy metals (Stichting Koninklijk Nederlands Normalisatie Instituut, 2015). The
material is exposed to 8 solutions at different pH for 48h and the final eluate is filtered and analysed. This
test has the objective of identifying the change in leachability of each hazardous component that, as well
known from the literature, varies for each element based on the pH and other species present (Dijkstra,
2007; van der Sloot et al., 2007; Kosson et al., 2004). Previous papers investigated the behaviour of
singular heavy metal dissolution at different pH but, from other research, this process is much more
complicated and harder to model or predict when other heavy metals and chemical complexes are present
in the sample. For example, at pH between 8 and 10, the dissolution of Molybdenum increases whereas
the leachability of Cadmium decreases (Dijkstra, 2007). This will also ensure that the percolated water
would not affect the surrounding immobilized material as the pH is basic and not neutral as the leachate
used in the leaching tests.
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10. Conclusion

This study investigates the potential for enhancing the immobilization of heavy metals in hazardous fly ashes
through mineral carbonation. Initially, the research examines five different fly ashes to determine their chemical
composition and carbonation potential. Results indicate that fly ashes with the highest lime content exhibit the
greatest carbonation potential; however, even those with very limited free lime content show some degree of
carbonation. The MSWI FA1 sample is selected for further experimentation due to its amorphous phase and other
oxides, which efficiently mineralize carbon dioxide.

Water results being the main driving factor of carbonation, without the material cannot mineralize CO,. Similarly,
at only 2 bar higher pressure the time of carbon uptake halved compared to the experiment at 1 bar, and the
effective mineral carbonation increases of 2.5%.

Pre-carbonizing the fly ash or pre-carbonation of the fly ash-binder mixture results in lowering the final physical
strength of the immobilized material. on the contrary, carbonation during curing results in increased strength and
stability of the material. The final strength of the equivalent BM FA is 1 MPa higher than the MSWI FAL, but
both comply with the Dutch requirements on the safe disposal of immobilized wastes. The highest carbonation is
reached for the pre-carbonated fly-ash mixture, followed by the sample cured in the carbonation chamber.

The immobilization route resulting in the highest reduction of pH of the leachate and the highest strength is the
material cured in the carbonation chamber for 28 days. Carbonation of both MSWI FA and BM FA results in a
high decrease of lead leachability but the effective immobilization compared to the reference sample is reached in
FA2-B_C3. All carbonized MSWI FA perform better than the reference accordingly to the shake test, even though
the change in pH decreases the solubility of some heavy metals and increases the leachability of others.

These results show that the immobilization processes outperform the reference samples, as well as the comparison
of the leaching materials with the soil decree used in the past by the Dutch government reveals promising results.
The carbonized materials meet most of the requirements necessary for construction materials, expected to be higher
than for a landfill. Additionally, the materials are tested for a worst-case-possible scenario. Performing already
better than the reference samples and decreasing the leachability of lead, carbonation of hazardous fly ash has the
prospective to open the doors to a future with less carbon emissions and a cleaner environment.

10.1 Future research

A promising aspect for the research would be to mix different fly ashes to increase the effective carbonation
without adding more binder. The immobilization is strictly related to the final pH of the material and the physical
stability of the immobilized material. Thus, further research could investigate the substitution of part of the fraction
of FAL with FA2 to determine whether the carbonation increases and, with that, the physical stability of the
material. The overall heavy metals concentration will also decrease, but the BM FA is also a by-product that
instead of being separately immobilized could be used to enhance the carbonation and final physical strength of
MSWI FA that have much lower concentrations of free lime and portlandite. It is recommended to try to replace
the MSWI FA initially by 10% up to 70%. Higher quantities would correspond to just immobilizing the BM FA
with the binder.
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Appendices

A. Literature review

Parameter Emissiewaarden in mgf"mz

As 50

Ba 1500

Cd

Co 60

Cr 500

Cu 500

Hg 1

Mo 900

N 400

Pb 5000

5b 50

Se 60

5n 50
1500
250

Zn 800

Br 5000

C 250000

CN-com 220

CN-vrij 20

F 2500

50, 250000

Figure A.0.1: Limit leachability values per chemical component (Beschikking 2003/33/EG).
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Figure A.0.2: Solubility of heavy metal hydroxides based on pH (Gasser et al., 2021).

B. Experimental investigation

B.1 Methodology

sy Sample holder

I
[N

CO, cylinder

| Gas inlet valve |

Figure B.0.3: Experimental setup of carbonation experiments in the Geoscience and Engineering Laboratory.
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B.2 Characterization experiments

To estimate the carbonation performance of each fly ashes the theoretical CO, sequestration capacity (Thmcoz) is
calculated following previous research (Ji & Yu, 2018) and as shown in Eq. (B.1). The theoretical maximum
carbon-uptake depends mainly on the initial lime (ncq0), portlandite (nportignaite), Brucite (ngrycice) and
periclase (ny40) content. Each carbonation reaction occurs at 1:1 mole ratio of reagents, thus all compounds

appear in the equation simply from their number of moles that is calculated by multiplying the mass fraction mj
found from the QXRD with the molecular mass of each species M.

Thm(;o2 =MNcgo T Numgo + Nportiandite T NBrucite

(B.1)

Following Ji & Yu (2018), the theoretical sequestration capacity and carbonation efficiency 6(%) can be

determined as shown in Eq. (B.2).

8(%) = === x 100 (B.2)
mco,
FAT = Anhydrite
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Figure B.0.4: Crystalline phases identified from QXRD analysis on the pure fly ashes.
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B.2 Carbonation Experiments

Table B.0.1: Extended list of QXRD results of immobilized FA1 calculated through Rietveld refinement. In the
table are shown the results of the reference paste and the paste with pre-carbonated fly ash before and after 28 days

of curing.

Crystalline Formula FAl-B_Ref pre- FAl_C_Z pre- FAl_C_2 post-
phase curing curing curing
Anhydrite CaSO4 4.08% 8.96% 4.42%
Calcite CaCOs 9.84% 10.9% 12.60%
Lime CaO 1.71% 0.00% 0.07%
Magnesite MgCO3 2.59% 1.50% 1.40%
Halite NaCl 9.24% 7.96% 9.90%
Quartz Sio 3.36% 2.97% 2.53%
Sylvite KCI 4.56% 2.85% 4.45%
Periclase MgO 1.41% 1.42% 1.11%
Rutile TiO; 0.16% 0.17% 0.41%
Perovskite CaTiOs 3.44% 2.96% 1.81%
Vaterite p-CaCOs 1.85% 0.15% 0.00%
Wollastonite CaSiOs 1.18% 1.43% 5.50%
Mayenite Cai2Al14032 3.00% 1.72% 1.58%
Portlandite Ca(OH) 0.99% 0.25% 0.05%
C2S (Ca0)sSiO: 0.41% 8.07% 3.22%
C3S (Ca0)2SiOs 3.56% 2.12% 0.81%
C-S-H Coas[S10ra(OFas] - 3.48% 5.79% 1.11%
2
Anorthite CaAl;Si;0g 2.59% 12.53% 3.72%
Mullite 3Al,03-2Si0 1.93% 1.50% 2.26%
Ettringite CasAl (SO ;‘233(OH)12'26H 0.00% 1.88% 1.63%
Syngenite K2Ca(S04)2-H20 3.92% 8.50% 5.35%
Merwinite CasMg(SiO4), 2.05% 2.69% 1.71%
t':ydromagnes' (Mgs(OH)2(CO3)a(H20)e) 1.60% 1.40%
C,N-A-S-H 0.23% 1.27%
Others 0.01% 0.84% 1.57%
Amorphous 34.7% 11.0% 30%
GOF 2.94 2.70 2.97
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Table B.0.2: Extended list of QXRD results of immobilized FAL calculated through Rietveld refinement. In the
table are shown the results of the pre-carbonated paste of FAL and binder before and after 28 days of curing, and
the results of the specimen cured in the carbonation chamber.

Crystalline Formula FA1-B__C2 pre- FAl-B__CZ FA1-B__C3 pre- FA1—B__C3
phase curing post-curing curing post-curing
Anhydrite CaS0O4 16.94% 8.71% 8.1% 18.00%
Calcite Cacos 18.40% 21.40% 9.87% 22.61%
Lime Ca0 0.02% 0.00% 1.70% 0.18%
Magnesite MgCOs 0.00% 1.84% 2.42% 0.00%
Halite NaCl 9.00% 9.07% 9.70% 6.38%
Quartz Sio 3.00% 2.88% 2.75% 3.45%
Sylvite KCl 5.40% 5.03% 2.01% 2.62%
Periclase MgO 1.42% 1.32% 1.26% 1.28%
Rutile TiO, 0.00% 0.39% 0.00% 0.27%
Perovskite CaTiOs 1.53% 3.74% 3.51% 3.10%
Vaterite L-CaCOs 3.25% 2.55% 0.27% 0.22%
;Nollastonlt CaSiOs 4.72% 1.61% 2.24% 3.34%
Mayenite CawAlLOx 0.75% 0.88% 3.50% 151%
Portlandite Ca(OH), 0.00% 0.05% 0.65% 0.40%
Cc2s (Ca0):Si0; 2.95% 2.65% 0.92% 2.61%
c3s (Ca0);Si0: 2.21% 0.73% 3.10% 2.94%
C-S-H CooaslSleDualO)esl 40006 10.73% 3.75% 8.84%
Anorthite CaAl,Si;0s 3.99% 12.40% 5.50% 8.62%
Mullite 3A1,05-2Si0; 0.98% 2.87% 2.28% 1.32%
Etringite 2% 2(2%%42)3(0H) 0.00% 0.73% 0.70% 0.00%
12* 2
Syngenite  K.Ca(SOs)2-H.0 4.79% 1.42% 4.50% 7.20%
Merwinite CasMg(SiO4), 1.68% 1.51% 2.33% 0.70%
Hydromag  (Mgs(OH)(COu(Hz 4 ggy 2.25% 1.50% 1.72%
nesite 0)a)
CN-A-S-H 0.00% 0.00% 0 0.78%
Others 3.60% 0.06% 1.26% 0.01%
Amorphous 10.6% 5.2% 28% 1.90%
GOF 3.00 292 286 263
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B.3 Leachability of Heavy Metals

Table B.0.3: Wet mass, equivalent dry mass and final volume of leachate for each FA1 mix design.

Mw [9] M [g] Leachate [ml]
a 105.3 90.2
FA1l-B_Ref b 105.1 90.0
c 105 89.9
a 116.9 90.0
FAl C2 b 114.9 88.5
c 114.7 88.3
a 110.7 89.7
FA1-B C2 b 111.4 90.2
c 110.9 89.8
a 99.6 90.0
FA1-B_C3 b 98.7 89.2
c 95.8 86.6

Table B.0.4: Wet mass, equivalent dry mass and final volume of leachate for each FA2 mix design.

Mw [g] M [g] Leachate [ml]
a 105.3 90.2 902
FA2-B_Ref b 105.1 90.0 900
c 105.0 89.9 899
a 116.9 90.0 900
FA2 _C2 b 114.9 88.5 885
c 114.7 88.3 883
a 117.7 90.6 906
FA2-B_C2 b 110.7 89.7 897
c 111.4 90.2 902
a 110.9 89.8 898
FA2-B_C3 b 99.6 90.0 900
c 98.7 89.2 892
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Table B.0.5: Pure FAL, reference sample and immobilized samples’ leachates heavy metals composition. From
left to right are displayed the concentrations in mg/kg of dry matter of arsenic, bromide, cadmium, chromium,
cobalt, copper and lead.

As Br Cd Cr Co Cu Pb
a 0.06 2000 0.02 7.2 <0.02 0.04 0.31
FAL pure b 0.06 2000 0.03 7.1 <0.02 0.04 0.32
c 0.06 2000 0.03 7.1 <0.02 0.04 0.32
a <0.01 1200 <0.002 1.2 <0.02 0.26 45
FA1l-B_Ref b <0.01 1200 <0.002 1.2 <0.02 0.17 43
c <0.01 1200 0.004 1.2 <0.02 0.3 46
a <0.01 1400 0.01 4 <0.02 0.12 0.25
FALl C2 b <0.01 1400 0.004 4 <0.02 0.06 0.1
c <0.01 1400 0.02 4 <0.02 0.12 0.24
a <0.01 1300 0.04 2 <0.02 0.11 0.17
FA1l-B _C2 b <0.01 1300 0.04 2 <0.02 0.11 0.16
c <0.01 1300 0.04 2 <0.02 0.1 0.16
a <0.01 1400 0.1 3.1 <0.02 <0.02 <0.02
FA1-B_C3 b <0.01 1400 0.09 3.1 <0.02 <0.02 <0.02
c <0.01 1400 0.13 3.1 <0.02 0.04 0.02

Table B.0.6: Pure FAI, reference sample and immobilized samples’ leachates heavy metals composition. From
left to right are displayed the concentrations in mg/kg of dry matter of molybdenum, nickel, antimony, selenium,
tin, vanadium and zinc.

Mo Ni Sb Se Sn V Zn

a 7.9 <0.03 0.086 0.16 <0.02 0.08 0.96

FAL pure b 8 <0.03 0.084 0.15 <0.02 0.09 0.95
c 7.7 <0.03 0.089 0.14 <0.02 0.09 0.97

a 4 <0.03 <0.02 0.07 <0.02 <0.02 15

FA1-B_Ref b 3.9 <0.03 <0.02 0.087 <0.02 <0.02 12
c 4 <0.03 0.022 0.082 <0.02 <0.02 15

a 5.5 <0.03 0.088 0.11 <0.02 0.07 2.2

FA1l C2 b 5.5 <0.03 0.063 0.1 <0.02 0.06 0.55
c 5.5 <0.03 0.14 0.099 0.03 0.06 1.2

a 5.7 <0.03 0.48 0.13 <0.02 0.05 1.8

FA1-B C2 b 55 <0.03 0.49 0.12 <0.02 0.05 1.8
c 5.5 <0.03 0.48 0.13 <0.02 0.05 1.8

a 5.4 <0.03 1.7 0.13 <0.02 0.03 0.53

FA1-B_C3 b 5.2 <0.03 1.7 0.11 <0.02 0.03 0.48
c 5.3 <0.03 1.7 0.12 <0.02 0.04 0.57
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Table B.0.7: Pure FAI, reference sample and immobilized samples’ leachates heavy metals composition. From
left to right are displayed the concentrations in mg/kg of dry matter of barium, chlorine, fluorine and sulphate.

Ba Cl F SO«
a 46 120000 <20 41000
FAL_pure b 4.6 120000 25 42000
c 4.7 120000 24 41000
a 4.6 75000 29 28000
FAL-B_Ref b 5.1 76000 24 28000
c 4.4 75000 23 28000
a 4.8 90000 <20 33000
FAL C2 b 4.6 88000 <20 32000
c 4.2 90000 <20 33000
a 48 78000 25 30000
FA1-B C2 b 4.7 79000 21 31000
c 4.6 80000 25 31000
a 3.9 82000 48 30000
FAL-B_C3 b 3.9 82000 44 30000
c 4 83000 61 30000

Table B.0.8: Pure FA2, reference sample and immobilized samples’ leachates heavy metals composition. From
left to right are displayed the concentrations in mg/kg of dry matter of arsenic, bromide, cadmium, chromium,
cobalt, copper and lead.

As Br Cd Cr Co Cu Pb

a <0.01 52 <0.002 16 <0.02 0.22 5.9

FA2-B_Ref b <0.01 54 <0.002 15 <0.02 0.23 5.6
c <0.01 56 <0.002 15 <0.02 0.17 54
a <0.01 55 <0.002 13 <0.02 0.06 0.73
FA2 C2 b 0.01 56 <0.002 13 <0.02 0.06 0.74
c <0.01 56 <0.002 13 <0.02 0.05 0.74
a <0.01 59 <0.002 7.9 <0.02 0.03 0.07
FA2-B C2 b <0.01 60 <0.002 7.9 <0.02 0.03 0.07
c 0.01 60 <0.002 8 <0.02 0.04 0.08
a 0.03 63 0.003 21 <0.02 0.08 0.36

FA2-B C3 b 0.03 70 <0.002 21 <0.02 0.06 0.3
c 0.03 64 <0.002 22 <0.02 0.06 0.28
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Table B.0.9: Pure FA2, reference sample and immobilized samples’ leachates heavy metals composition. From
left to right are displayed the concentrations in mg/kg of dry matter of molybdenum, nickel, antimony, selenium,

tin, vanadium and zinc.

Mo Ni Sb Se Sn V Zn

a 3 <0.03 <0.02 0.29 <0.02 <0.02 4.2

FA2-B_Ref b 3.2 <0.03 <0.02 0.3 <0.02 <0.02 4
c 3 <0.03 <0.02 0.3 <0.02 <0.02 3.7

a 35 <0.03 0.062 0.3 <0.02 0.23 2

FA2 C2 b 34 <0.03 0.064 0.27 <0.02 0.22 2
c 34 <0.03 0.063 0.31 <0.02 0.23 1.9
a 2.7 <0.03 <0.02 0.33 <0.02 0.3 0.68
FA2-B_C2 b 2.7 <0.03 <0.02 0.32 <0.02 0.3 0.56
c 2.7 <0.03 <0.02 0.32 <0.02 0.3 0.68

a 2.9 <0.03 0.1 0.37 <0.02 0.61 15

FA2-B_C3 b 3.1 <0.03 0.096 0.37 <0.02 0.59 14
c 3 <0.03 0.1 0.34 <0.02 0.61 1.4

Table B.0.10: Pure FA2, reference sample and immobilized samples’ leachates heavy metals composition. From
left to right are displayed the concentrations in mg/kg of dry matter of barium, chlorine, fluorine and sulphate.

Ba Cl F SO4*-
a 6 10000 <20 4200
FA2-B_Ref b 5.4 10000 <20 4100
c 5.4 10000 <20 4100
a 3.7 11000 5.1 3500
FA2_C2 b 3.7 11000 4 3500
c 3.7 11000 6.3 3500
a 1.7 12000 21 18000
FA2-B_C2 b 1.6 12000 <2.0 18000
C 1.7 12000 <2.0 18000
a 2.3 13000 4.1 14000
FA2-B_C3 b 2.3 13000 6.9 14000
C 2.2 13000 45 14000
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