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Summary

Valorization of industrial solid wastes as ingredients for construction materials:
Design, Performance and Durability

As the volume of waste materials continues to increase across diverse sectors, the urgency of
addressing solid waste disposal has grown significantly in recent years. This project facilitates
the valorization of industrial waste by transforming it into sustainable construction materials. A
diverse array of waste streams originating from sewage treatment, incineration processes, and
the steel-making industry were considered. Due to the variability in physical and chemical
characteristics of the wastes across different sources, this thesis proposes an investigation of
various innovative systems including landfill sealing materials, alkali-activated materials, and
steel slag-based cement-free materials.

The first section (Chapter 2, Chapter 3) of this thesis focuses on investigating the suitability
of solid waste materials for landfill sealing materials purposes. Chapter 2 explores the
utilization of various sludge types and industrial residues in formulating waterglass (Na>SiO4)-
based landfill sealing materials. Low permeability sludge-based sealing materials have been
developed, with limited heavy metal leaching concerns. Then, the carbonation behavior of
sludge-based sealing materials is assessed in Chapter 3. The carbonation induces carbonates
and monohydrocalcite formation, leading to impermeability deterioration. Waterglass is
identified as beneficial in reducing degradation, which is attributed to the formation of silicate
gel post-carbonation. The overall permeability after carbonation meets Dutch legislative
requirements.

The second section (Chapter 4 to Chapter 7) moves towards the recycling and recovery of
solid wastes in alkali-activated materials (AAMs). In Chapter 4, Waste incineration filter dust
(WIFD), a kind of air pollution control residue, characterized by a high concentration of
portlandite and calcite, is developed as an activator in Na,COs-activated granulated ground
blast furnace slag (GGBFS). WIFD reacts with Na,COs, improving alkalinity and accelerating
the hydration of Na,COs-activated GGBFS. However, the mechanical performance diminishes
with increased WIFD content. Chapter 5 investigates the effect of additional nano-silica (NS)
and microsilica (SF) on this hybrid binder. NS and SF show various enhancements in
mechanical performance, attributed to the different reaction products and the resulting
microstructure, as well as the resistance to carbonation. Chapter 6 proposes solidifying
biomass bottom ash (BBA) in alkali-activated GGBFS and fly ash blended binders.
Investigations into the influence of BBA content, fineness, silicate modulus of activators, and
aluminum-anodizing waste on solidification performance are conducted, focusing on reaction
mechanisms, phase assemblages, mechanical properties, and leaching behavior. The hybrid
binder shows desirable mechanical performance and limited heavy metal leaching, enabling
their use as potential construction materials. In Chapter 7, the focus shifts to the investigation
of functional alkali-activated materials through the incorporation of TiO». The in-situ zeolite
formation within metakaolin-based geopolymers notably enhances self-cleaning performance,
enhancing mass transfer capacity through connective channels. The findings provide
mechanistic insights into in-situ zeolite formation in metakaolin-based geopolymers and
emphasize its promising potential for optimizing self-cleaning properties in cementitious
materials.



The third section of the thesis (Chapter 8) delves into the potential application of Basic
Oxygen Furnace (BOF) slag, a by-product of steel manufacturing, as a cement-free binder.
Concurrently, stabilized gypsum is employed to enhance the performance of the BOF slag
binder. Pentasodium diethylenetriamine pentaacetate (DTPA-5Na) activates the BOF slag
successfully, through accelerated dissolution of brownmillerite by the chelating reaction.
Additionally, flue gas desulphurization (FGD) gypsum promotes ettringite formation, thereby
enhancing the mechanical performance. The novel BOF slag binder demonstrates significant
advantages in terms of waste prevention, cement replacement, cost savings and reduced CO»
emissions.
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Chapter 1 Introduction

1.1 Background and Motivation

In recent years, recycling and reusing waste materials have been pivotal concerns, especially
amidst challenges posed by materials and energy scarcity. Waste is generated at all stages of
the materials life cycle - from extraction or cultivation to production, consumption and disposal
- emerging from diverse sources and compositions. In the EU, the generated waste from all
economic activities and households was nearly 2,135 million tons in 2020 (latest data available)
[1]. Notably, construction waste, alongside mining and quarrying waste, constitutes the major
mineral waste categories, accounting for 37.5% and 23.4%, respectively (Fig. 1.1). On the other
hand, waste arising from manufacturing, wastewater and households each contributes around
10% to the total waste output. The waste-to-resource approach can reduce the environmental
and health impacts of the generated waste and improve resource efficiency. However, waste
from various sources and processes possesses distinct properties, necessitating thorough
characterization to determine their optimal applications. By comprehensively understanding the
physical and chemical attributes of each waste type, suitable methods for recycling, disposal,
or repurposing can be developed. This tailored approach ensures efficient waste management,
minimizes environmental impact and maximizes resource recovery.

Energy (2.3%)

1 i i 0,
Services except wholesale waste and scrap (4.4%) Agriculture, forestry and fishing (1.0%)

Wholesale of waste and scrap (0.5%)
Households (9.4%)

Manufacturing (10.6%) |

Waste / water (10.8%)

Construction (37.5%)

Mining and quarrying (23.4%)

Fig. 1.1: Waste generation by economic activities and households, EU, 2020 (latest) (% share of total waste).
Source: Eurostat (online data code: env_wasgen) [1].

1.1.1 Overview of investigated solid wastes

In this thesis, a diverse range of industrial solid wastes has been investigated, encompassing
sewage sludge, digestate sludge, biomass bottom ash, aluminum-anodizing waste, waste
incineration fly ash and filter dust, basic oxygen furnace slag and flue gas desulfurization
gypsum. Their respective sources are summarized in Table 1.1.
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Table 1.1: Overview of investigated solid waste.

Industrial solid waste Sources

Sewage sludge Sewage treatment plant
Digestate sludge Municipal solid waste plant
Biomass bottom ash Biomass power plant
Aluminum- anodizing waste Anodizing plant
Waste incineration fly ash Waste incineration plant
Waste incineration filter dust Waste incineration plant
Basic oxygen furnace slag Integrated steel plant
Flue gas desulfurization gypsum Fossil-fuel plants

Sewage sludge is the residual solid waste remaining after sewage treatment, comprising organic
and inorganic compounds separated from the liquid influent through various treatment
processes such as primary and secondary treatment. Additional treatments like anaerobic
digestion, aerobic digestion, dewatering and drying are commonly conducted to reduce the
sludge volume and stabilize its composition [2]. A Thermal Pressure Hydrolysis (TPH) process
has been developed to enhance biogas production and dewaterability [3,4]. The common Dutch
sludge treatment chain is presented in Fig. 1.2.

Sewage after

screening & Sludge recycling

grit rcroval
Primary Activated Secondary Discharge or
clarifier sludge process clarifier post treatment

Primary sludgeJ l | activated sludge

Thickening

Thermal ‘:
' hydrolysis process /:

Anaerobic
Digestion ;
1 Phosphorous
i

recovery

_______________

R

Dewatering

Digested sludge [~

Incineration

l
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Fig. 1.2: Common Dutch sewage sludge treatment chain (Adapted from [5]). Dotted lines represent treatment
steps that are less commonly applied.

Historically, sewage sludge was predominantly used as fertilizer in agricultural soils due to its
rich nutrient content (N, P and K) [6]. However, stricter regulations (EU Sludge Directive
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86/278/EC) have been implemented in EU countries to prevent the uptake of pathogens and
heavy metals by crops [7], which results in a significant shift in sludge disposal practices. In
the Netherlands, sewage sludge production (dry solid) exceeded 300,000 tons in 2020, with
nearly 85% of it being incinerated [8]. While incineration significantly reduces volume and
breaks down organic pollutants, it raises concerns about increased emissions of pollutants like
nitrogen oxides and sulfur dioxide, as well as higher costs associated with ash disposal.

Digestate sludge is the material remaining after the anaerobic digestion of a biodegradable
feedstock, such as sewage sludge, municipal wastes, agricultural wastes and industrial wastes
[9]. Rich in nutrients like ammonia, phosphates, and micronutrient metals, its primary use is as
a soil conditioner, provided it meets regulatory standards for toxic metals. If the heavy metal
content is too high, further treatment or alternative disposal, such as landfilling, is necessary.
For landfilling, the solids are usually thickened or dewatered to reduce the sludge volume and
disposal costs. Additionally, processes like hydrothermal treatment can recover energy from
the carbon content within the digestate, converting it to biochar [10].
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Fig. 1.3: Common digestate treatment chain.
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Biomass bottom ash (BBA), together with biomass fly ash (BFA), are the by-products generated
during the combustion of biomass materials. In recent years, the promotion of renewable energy
resources in the EU has led to an increase in the contribution of biomass fuels to the gross final
energy consumption. Biomass fuels, known for being cost-effective and producing lower
emissions during combustion, undergo thermal treatment, resulting in a significant reduction in
the volume and mass of biomass waste materials [11]. However, the surge in biomass usage has
given rise to an elevated production of biomass ash (BA). According to Directive 2009/28/CE,
approximately 15.5 million tons of BBA and BFA are generated annually in the EU-27. BBA
is the coarse fraction settling under the grate of the combustion chamber or incinerator [12,13],
accounting for 60-90 wt% of the total ash generated in a grate furnace [14]. Compared to coal
fly ash and BFA, BBA typically contains lower levels of reactive SiO», Al.Os and Fe,Os [15].
Consequently, it is often directed to landfills.

Aluminum-anodizing waste (AAW) is a by-product generated during the aluminum anodizing
process in the aluminum industry. It primarily consists of aluminum hydroxide with various
polymorphisms, such as bayerite and boehmite. Due to the presence of heavy metals such as Cr
and Ni, much of this waste is disposed of through sewage systems or landfills after undergoing
prior treatment. In an effort to enhance the recycling of this aluminum-rich material, Correia et
al. investigated its potential application as a coagulant in municipal wastewater treatment [16].
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Furthermore, AAW has been identified for prospective utilization in diverse applications,
including refractory materials [17,18], insulation panels [19], ceramic filters [20] and bricks
[21].

Waste incineration fly ash (WIFA) is a by-product generated during the combustion of solid
municipal waste. Waste incineration remains a widely used treatment method to handle
increasing quantities of domestic and industrial waste, as it can reduce waste volume by up to
90%, recover energy, and destroy pathogens and toxic organic compounds. The incineration
process produces various residues, including bottom ash and fly ash, whose physical and
chemical properties vary depending on the type and source of the municipal solid waste. The
disposal of WIFA poses significant environmental risks due to the toxic metals and the potential
leaching of hazardous pollutants. To mitigate these environmental impacts, researchers have
investigated the recovery of metals and other materials from fly ash, as well as its use as a filling
material or in cement production [22,23].

Waste incineration filter dust (WIFD) is a type of air pollution control residue (APC) generated
during the incineration of municipal solid wastes. This occurs by injecting a quick lime
suspension into the hot flue gas, aimed at removing sulfur dioxide from the emissions in
incineration plants. Generally, these kinds of residues are disposed of in landfilling or used in
road base construction, which would be a waste of their highly reactive calcium content [24].
Separation processes, solidification/stabilization and thermal methods can be used to treat the
APC residues [25]. However, these procedures take more time and result in extra costs. And
while the WIFD is always rich in portlandite and calcite, its composition can vary widely,
making the treatments more complicated. Shirley et. al proposed using a co-fired pulverized
fuel ash to solidify the air pollution control residues [26].

Waste feed
l Flue Gas
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Bottom ash | Boiler ash ’ [ Fly ash ’ [ APC residue }

Fig. 1.4: Various wastes generated during the incineration of municipal solid waste (Adapted from [27]).

Basic oxygen furnace slag, a by-product of the steelmaking process, is generated in an amount
of approximately 90-110 kg per ton of steel, resulting in an annual production of about 10.4
million tons in Europe [28,29]. Its mineral assemblage includes alite, belite, brownmillerite,
lime, magnetite and wiestite, primarily composed of CaO (30-50 wt%), SiO. (10-20 wt%),
Fe203 (20-40 wt%), Al203 (1-7 wt%), MgO (4-10 wt%), MnO (0-4 wt%), P20s (1-3 wt%), TiO:
(0-2 wt%) [30,31]. In comparison to Ordinary Portland cement, BOF slag demonstrates lower
reactive alite content (typically 0-5 wt%) and higher belite content (40-55 wt%) [32], limiting
its potential as a binder constituent due to the low hydration capacity [33]. Currently, recycled
BOF slag is primarily utilized in the construction industry as the aggregate in asphalt mixture
[34,35]. Nevertheless, a significant portion of generated BOF slag is still either stacked or
discarded, thereby occupying the land resources. Given the rapid depletion of natural resources
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and the considerable volume of BOF slag available, it would be beneficial to recycle it as
efficient binder material to mitigate its environmental impact [36].
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Fig. 1.5: Flowchart of the steel-making process (Adapted from [37]).

Flue gas desulfurization (FGD) gypsum is generated in substantial quantities as a by-product
of the flue gas desulfurization processes utilized in combustion systems that burn sulfur-laden
fuels, such as coal and residual oil. It primarily consists of calcium sulfate dihydrate
(CaS04-2H20), chemically identical to natural gypsum. Due to this equivalence to natural
gypsum, FGD gypsum is a viable substitute for natural gypsum in numerous industrial
applications. Besides its use in plaster, decorative elements, or screeds, a significant portion of
gypsum is used in the production of drywalls, wallboards, and especially gypsum plasterboards.
Furthermore, it can replace natural gypsum in the production of Portland cement and calcium
sulphoaluminate cement, leveraging its similar properties and contributing to sustainable
material management in the construction industry [38].

This thesis explores potential environmentally friendly and cost-effective approaches for the
treatment and resource utilization of the aforementioned solid wastes. Detailed descriptions of
the physicochemical properties of these wastes are presented in the respective chapters
dedicated to their applications, which include sealing materials for landfill cover systems,
alkali-activated materials, and BOF slag-based binder materials.

1.1.2 Sealing materials for landfill cover system

e Design of Sludge-based sealing materials

With the increasing anthropogenic activities and population growth, the total waste from all
households generated in the European Union increased from 2.14 billion tons in 2008 to 2.33
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billion tonnes in 2018 [39]. The treatments for those waste materials are recycling, energy
recovery, backfilling, incineration, and landfill [40]. Great efforts are underway to increase
recycling to address the demands of a circular and sustainable economy, reducing the amount
of landfilled gradually. However, nearly two million tons of solid waste annually cannot be
recycled or incinerated in the Netherlands. About 171 million tons of waste were disposed of
in landfills in Europe in 2016. Landfilling plays a significant role in the waste management.

When a landfill reaches its capacity, a landfill cover must be placed over the site as a protective
barrier. This cover serves to prevent the escape of landfill gas and minimize rainwater
infiltration into the waste. It typically consists of multiple layers of materials, each carefully
engineered to perform specific functions (Fig. 1.6). Currently, compacted clay (clay-contained)
materials and high-density polyethylene (HDPE) geomembrane are often used as the sealing
layer materials in landfill covers, owing to their low permeability and high unconfined
compressive strength [41,42]. Natural Clay is a fine-grained natural soil material containing
minerals such as kaolinite, montmorillonite and illite, which are hydrous aluminum
phyllosilicates. These minerals give clay its notable plasticity and ability to harden when fired,
making it widely used in construction (e.g. fabrication of bricks and roof tiles), ceramics (e.g.
pottery and porcelain), agriculture (e.g. soil amendment), and liners for landfills. However,
traditional compacted clay covers can shrink or swell under different humidity conditions,
leading to cracks and deformations. Despite the abundant clay resources in the Netherlands, it
is economically and environmentally beneficial to rationally reuse waste materials as
alternatives to natural clay. Here we focused on developing sludge-based sealing materials with
low permeability for landfill cover systems. This approach not only preserves valuable natural
clay resources but also promotes sustainable waste management practices.

Vegetation

Soil (cover) layer
Drainage layer
Sizizizizizizizizizizizi| Foil (2 mm HDPE)
Sealing layer (this study)
Support layer (+ gas drainage)

S S S ® @ dfilled Waste
Fig. 1.6: Schematic of the layer structure in a final landfill cover system (modified from [43]).

e Carbonation resistance of sludge-based sealing materials

In efforts to conserve natural clay resources and promote waste recycling, sludge material has
been proposed as an alternative to compacted clay for the preparation of a sealing layer in
landfill cover systems. Under Dutch legislation, these residual-based sealing materials are
expected to serve 50 years [43], necessitating a thorough examination of the factors influencing
their durability.

It is crucial to mention that, besides infiltration issues, landfill gas emissions pose another
significant challenge in landfill cover systems. The decomposition of landfilled waste materials
results in the production of greenhouse gases (methane (CH4) and carbon dioxide (CO>), in
equal volumetric ratios of 50%v/v) [44]. Implementing a gas collection system is often essential
to mitigate these emissions. However, reported efficiency in landfill gas collection varies from
50 to 100% (with an average of 75%), contingent upon the cover type and extent of the
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collection system [45,46]. Moreover, in older and abandoned landfills where installing a gas
collection system is not economically or practically feasible, fugitive emissions from landfills
become a predominant issue. During the gas escape process, exposure of sealing materials to
greenhouse gases is unavoidable. It is noteworthy that calcium and magnesium ions are
sensitive to carbonization, leading to the precipitation of carbonates. This process results in the
decalcification of minerals, altering the pore volume within the matrix and the water
permeability of the material. Therefore, a comprehensive investigation into the carbonation
behavior of sealing materials is imperative to ensure their effective long-term performance.

1.1.3 Alkali-activated materials

Alkali-activated materials (AAMs), also known as geopolymers, have garnered extensive
attention as a promising substitute for Portland cement-based materials. These materials are
formulated by blending aluminosilicate precursors with alkaline activators. The commonly used
aluminosilicate precursors are ground granulated blast furnace slag (GGBFS), coal fly ash
(CFA) and metakaolin [47-52]. These materials can be activated by hydroxides (MOH),
carbonates (M2COs3) and silicates (M2SiO3) (M represents the alkali ion, mostly K* and Na*)
[53-57]. This method circumvents the need for limestone calcination and the consequent fuel
consumption inherent in Ordinary Portland cement production, resulting in a notable reduction
in CO emissions. Consequently, AAMs offer distinct advantages in terms of sustainability [58—
60].

e Sodium carbonate-activated materials

The utilization of various activators within the reaction system shows a significant influence on
the reaction kinetics, reaction products and mechanical performance of AAMs. Typically, MOH
and MSiO3 contribute to a fast reaction of AAMSs; thereby potentially enhancing their
performance at an early age. However, the intensive reaction may result in fast degradation of
workability and heightened shrinkage [61,62], besides entailing substantial energy consumption
in the production of hydroxides and silicates. Moreover, the high alkalinity of activators can
pose safety risks during construction. To avoid these defects, research has explored sodium
carbonate (Na2COs) activated materials, characterized by lower alkalinity, yielding reaction
products primarily comprising hydrotalcite, gaylussite and calcium silicate hydrate (C-S-H) gel
[63]. These alternatives exhibit reduced shrinkage, costs, and safety risks compared to
conventional AAMs activated by hydroxides and waterglass [64].

Nevertheless, the diminished alkalinity of Na.COs slows the dissolution of precursors, thus
impeding early-stage strength development during hydration. To accelerate the reaction process
of sodium carbonate-activated materials, various additives have been suggested, including
calcined layered double hydroxides (LDHs), calcined dolomite, calcium carbide residue and
Ca(OH): [55,65-68]. These additives facilitate the removal of CO3? ions by the formation of
carbonates and generate OH™ ions within the aqueous phase to enhance the alkalinity.
Meanwhile, the Ca?* ions released from these additives contribute to the polymerization of C-
(A)-S-H gel. In this study, we proposed using waste incineration filter dust (WIFD) in AAMs.
WIFD is an air pollution control residue derived from municipal solid waste incineration
(MSWI1) and contains considerable amounts of portlandite and calcite.
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¢ Silica fume and nano-silica modified AAMSs

The utilization of WIFD accelerates the hydration of sodium carbonate-activated GGBFS
materials; however, a high dosage of WIFD results in a significant reduction of the mechanical
performance of sodium carbonate-activated slag. Similar degradation in mechanical properties
has been documented while recycling other types of solid waste residues in AAMs [26,69-71],
as summarized in Table 1.2. For instance, the inclusion of 40 wt% non-reactive bottom ash
leads to a 50% reduction in the compressive strength of alkali-activated slag at 28d [72].
Compared with the traditional aluminosilicate precursors, solid waste materials have relatively
lower pozzolanic reactivity. Consequently, the reduced gel formation adversely affects the
mechanical properties of the resulting cementitious materials. Thus, a thorough understanding
of the enhancement of mechanical properties in solid waste-combined binders is of vital
importance for their application in construction materials, contributing to a more sustainable
industry and improved solid waste management. The performance of AAMs depends on the
properties of the precursors and alkaline activators, curing conditions, and the water-to-binder
(w/b) ratio [73-77]. The influence of these parameters on reaction Kkinetics, mechanical
properties and durability has been intensively investigated [78,79]. This study focuses on the
impact of silica fume and nano-silica on the overall performance of WIFD and sodium
carbonate-activated GGBFS.

Table 1.2: The compressive strength of alkali-activated materials with additional waste materials.

Compressive Replacement Strength

Waste materials .
! strength 28d (MPa) level (wt%) Reduction (%)

Waste glass powder [80] 17 30 35
Bottom ash [72] 35 40 50
Air pollution control residues [26] 3 40 -

Waste rubber powder [81] 30 10 60
Steel slag [69] 75 10 18
Waste glass [70] 42 30 10
Desulphurization slag [82] 8 50 50
Incinerator fly ash [71] 25 (3d) 20 35
Porcelain ceramic waste [83] 16 10 33

¢ Solidification of Biomass bottom ash (BBA) in AAMs

The immobilization of heavy metals contaminated solid wastes using alkali-activated materials
(AAMS) has garnered increasing research attention [84]. Various industrial by-products, such
as electric arc furnace dust, red mud, and bottom ash from coal power plants, have been
successfully utilized in AAMs, effectively immobilizing the contained heavy metals [85-87].
The main proposed mechanisms for immobilizing heavy metals in the AAMs system are as
follows: a) lon exchange of alkali metals during gel formation [88,89], e.g., divalent metal ions
such as Zn?* with a similar radius to Ca?* can be exchanged in C-S-H gel. b) Covalent bonding
of heavy metals to the aluminosilicate network [90], in which the negative charge of [AlO4]
facilitates excellent immobilization of metal ions. c) Physical absorption by the gel products
due to their high specific surface area [91]. d) Physical encapsulation in the AAMs matrix
[92,93]. e) Precipitation in the form of hydroxides, carbonates and silicates [84]. It is crucial to
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keep in mind that immobilization efficiency often results from a combination of these
mechanisms within a given system.

BBA has been explored for civil engineering applications, serving as a filler in road
embankments and substitutions for cement and aggregates in mortar/concrete formulations
[12,94-96]. Previous studies have investigated the impact of substitution levels on the
mechanical properties, shrinkage behavior and chloride penetration of the different
cement/binders [94,96]. Despite containing highly leachable heavy metals (such as Pb, Cr, Zn,
etc.), which pose environmental threats due to their long-term persistence, ecotoxicity, and
bioaccumulation, the leaching behavior of BBA-modified blends has been infrequently
addressed [97]. Hence, understanding the leaching of heavy metals from BBA and their
solidification in AAMs is pivotal and beneficial for the valorization of BBA in civil engineering,
advancing a more sustainable circular economy.

e Design of AAMs with self-cleaning performance

Prolonged exposure of cementitious materials to the environment leads to a diminished
operational lifespan due to erosion caused by organic and inorganic contaminants [98,99]. This
necessitates periodic maintenance, resulting in maintenance expenditures. Photocatalytic
oxidation (PCO) technology has been widely studied in building materials to address the
aforementioned problems, primarily through the integration of titanium dioxide (TiO2) with
ordinary Portland cement (OPC) [100-103]. When exposed to ultraviolet (UV) light, TiO-
based photocatalysts can absorb photons with sufficient energy, facilitating the transfer of
electrons from the valence band to the conduction band, thereby generating electron-hole (e/h*)
pairs [104]. Subsequently, these photogenerated electrons e” and h* engage in reactions with
oxygen (O2) or water molecule (H20), producing highly reactive radicals (O2" and OH-) that
effectively initiate the degradation of surface-bound pollutants (e.g. volatile organic compounds
and nitrogen oxides (NOx) [100,104].

Numerous studies have been dedicated to enhancing the photocatalytic efficiency of TiO2-
modified cementitious materials, focusing on the properties of photocatalysts and cementitious
constituents (surrounding media of TiO2) [103,105-109]. Some researchers have explored
some interactions between photocatalysts and cementitious materials, particularly the roles of
hydration and carbonation processes [110-112]. The major hydration products in OPC systems
are C-S-H gel and portlandite, while the use of reactive pozzolans can transform Ca(OH)2 to
additional C-S-H gel. Liu et al. observed that substituting 25 wt% of microsilica in OPC-based
materials results in a low Ca/Si ratio C-S-H gel with a more porous structure, enhancing self-
cleaning performance [112]. However, the authors also pointed out that the increased formation
of C-S-H gel during the hydration process exacerbates the “sheltering” effect on TiO>
photocatalysts, leading to deteriorated self-cleaning performance at a longer curing age [113].
Moreover, the abundant OH" generated during the hydration of OPC retards the photocatalytic
oxidation process (oxidization of H2O2 to OH-) due to the chemical equilibrium, wherein OH"
is generated as a reaction product [112]. These observations collectively suggest that OPC-
based matrixes may not be the ideal substrates for photocatalytic self-cleaning applications.
Therefore, this study investigates the self-cleaning AAMs, aiming to address the challenge of
performance deterioration by facilitating the in-situ formation of zeolite A. The findings suggest
a novel approach; incorporating aluminosilicate solid waste to control the in-situ formation of
zeolite, thereby extending the lifespan of these functionalized building materials.
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The in-situ formation of zeolites was achieved by adjusting the silica/aluminum ratio of the
starting materials. Specifically, this study utilized metakaolin and sodium silicate/hydroxide
solutions. Using high-purity raw materials allowed precise control over the composition of the
final hardened materials, minimizing the influence of other components on photocatalytic
efficiency. The study demonstrated that in-situ zeolite formation significantly enhanced
photocatalytic performance. It should be clarified that while metakaolin is not typical of
industrial solid waste, the experiments suggest that adjusting the silica/aluminum ratio in the
reaction system can effectively control in-situ zeolite formation. These findings provide a new
perspective for recycling aluminum-silica-containing industrial solids. Future research will
explore the use of these kinds of industrial solid wastes, such as aluminum-anodizing waste, to
promote their application in functional alkali-activated materials.

1.1.4 BOF slag-based binder

Global climate change and resource depletion highlight the need for low-carbon, resource-
efficient and circular economy approaches to achieve sustainable development [114,115]. The
cement industry accounts for approximately 8% of global anthropogenic CO2 emissions [116],
primarily due to the high-temperature processes in clinker production, which requires
significant fuel energy, and the decomposition of limestone into CaO and CO.[115,117]. While
green energy can replace the substantial fuel input, CO2 emissions from limestone
decomposition cannot be mitigated by improving energy efficiency [118]. Therefore,
developing alternative low-carbon binders, such as AAMs, is urgently needed to reduce CO-
emissions [29]. In this chapter, we focused on recycling BOF slag as the binder material.

The primary challenge to effectively utilizing BOF slag as a cementitious material lies in its
low hydraulic activity during the early stages of hydration [119]. Due to the significant presence
of belite within BOF slag, current research endeavors are predominantly directed towards
enhancing belite hydration through mechanical grinding and the application of chemical
activators such as alkali hydroxides, salts (e.g., CaCl,, NaxCOs, Na>SiOz), and boron-bearing
dopants [120-124]. Nevertheless, these accelerators have been shown to have little effect on
the hydration of BOF slag. One potential reason is the simultaneous precipitation of calcium
silicate hydrate (C-S-H) and calcite on the belite surface, impeding further hydration owing to
the absence of transportable cations between the solid surface and the solution [125].
Additionally, if BOF slag is used as a supplementary cementitious material in ordinary Portland
cement (OPC) [126], the recommended replacement percentage is very low, typically up to 5%
by volume, to ensure satisfactory performance [126]. Consequently, Ahmed et al. proposed
employing BOF slag in belite calcium sulphoaluminate cement, revealing a 30%-50% volume
replacement with desirable 90 d and 180 d compressive strength attributed to the later-stage
hydration of BOF slag [127]. Nonetheless, BOF slag does not contribute to the early hydration
process, and the performance of the resulting cementitious materials at earlier ages (7d and 28d)
is notably reduced by the quantity of BOF slag employed. Therefore, this study focused on
developing suitable activators for BOF slag-based binders to optimize their use as promising
construction materials.

1.2 Scope and objectives

Recently, there has been significant attention directed towards the recycling of industrial waste
in the realm of construction materials. This interest stems from the imperative to achieve
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circularity objectives and conserve resources. This dissertation endeavors to contribute to this
discourse by enhancing the integrated recycling and recovery processes of industrial solid waste
within construction materials. This pursuit is realized through the utilization of waste materials
in three distinct systems. Firstly, the study proposes the design of novel alternative sealing
materials tailored for employment within landfill cover systems. Secondly, it centers on the
advancement of eco-friendly technologies (alkali-activated materials), to facilitate the
valorization of waste materials. Finally, the research explores the development and
implementation of BOF slag-based binders. These objectives are addressed in the following

topics.

Sludge-based sealing materials and carbonation resistance

The innovative sealing material primarily comprises sludge, sand (as aggregate), other
incineration solid waste (as additives), and waterglass. The effect of sludge and additives
characteristics on the reaction products, microstructural properties, and permeability
behavior of the sealing materials is investigated. An assessment of potential
environmental impact is conducted, particularly focusing on the leaching of heavy
metals.

Since there is significant potential for CO, emissions resulting from the decomposition
of organic matter within landfills, the dissertation evaluates the impact of CO2 exposure
on the efficacy and permeability of the sealing materials. This assessment is
accomplished through an accelerated carbonation process, wherein the degradation
mechanism is revealed from both physical and chemical perspectives.

Development of low CO: footprint AAMs and functionalization

The limited early-age strength development of sodium carbonate-activated GGBFS
restricts its high-end application. To address this issue, this study proposes the
integration of waste incineration filter dust (WIFD), an air pollution control residue. The
investigation assesses the impact of WIFD on the hydration kinetics, resulting reaction
products, microstructural characteristics, and mechanical properties of sodium
carbonate-activated GGBFS. However, it is noted that the mechanical performance of
the sodium carbonate-activated GGBFS is diminished with a high incorporation of
WIFD. To enhance the performance of the hybrid binder, the study explores the addition
of silica fume and nano-silica, evaluating their effect on the overall performance of the
resulting binder and its resistance to carbonation.

The recycling of industrial solid waste is often limited by the presence of high-leachable
heavy metals. This study explores the potential of AAMs in the solidification of biomass
bottom ash (BBA). Investigations into the effects of BBA content, fineness, silicate
modulus of activators, and the inclusion of aluminum-anodizing waste (AAW) on
solidification performance are conducted. The study emphasizes analysis of reaction
mechanisms, phase assemblages, mechanical properties, and leaching behavior to
comprehensively evaluate the efficacy of AAMs in this application.

The self-cleaning performance of cementitious materials is often diminished during the
hydration process, as the resultant hydration products tend to shield the photocatalysts,
hindering the photocatalytic reaction. This study advocates for the advancement of
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AAMs endowed with self-cleaning capabilities, which could be enhanced through the
in-situ formation of zeolite. The effect of in-situ formation of porous minerals on the
microstructural properties, optical properties and self-cleaning performance is evaluated.

BOF slag-based cementitious binder modified with FGD gypsum

e Currently, the utilization of BOF slag within the cement and concrete industry is limited
by its insufficient reactivity during the early stages of hydration. This study introduces
a novel approach centered on the chemical activation of BOF slag using pentasodium
diethylenetriamine pentaacetate (DTPA-5Na). The chelating effect of DTPA-5Na
accelerates the dissolution of minerals in BOF slag. Additionally, the study investigates
the addition of sulfate to regulate the hydration speed, specifically using flue gas
desulfurization (FGD) gypsum. The influence of FGD gypsum was compared to that of
sodium sulfate. Overall, the effects of DTPA-5Na and FGD gypsum on the hydration
kinetics, resulting reaction products, and microstructural attributes of BOF slag binders
have been investigated. The potential environmental hazards of the formulated BOF
slag binder are evaluated through a one-batch leaching test to assess its feasibility for
industrial application.

1.3 Outline of the thesis

The research framework is shown in Fig. 1.3. The contents of the chapters are briefly introduced
in the following paragraphs.

Research gap & State of the art — Chapter 1
—1 Waste-based sealing materials = Chapter 2
Landfill sealing materials
— Carbonation behaviour of sealing materials - Chapter 3
Recycling solid waste in Na,CO;-activated GGBFS Chapter 4
— . Nano-silica/silica fume modified AAMs Chapter 5
Alkali-activated materials
(AAMs)
Solidification of solid waste in AAMs Chapter 6
Development of Self-cleaning AAMs Chapter 7
Basic oxygen furnace . ||
(BOF) slag-based binder Development of BOF slag-based binder Chapter 8
Conclusions and Recommendations Chapter 9 J

Fig. 1.3 Outline of the thesis.

Chapter 2 investigates sewage sludge-based sealing materials. The characteristic of various
treated and sourced sludge materials was evaluated, along with several types of solid waste
from incineration and aluminum industries applied as the additives. The entirely waste-based
sealing materials were prepared and systematically studied, focusing on the permeability and
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interaction between sludge materials and additives. The reaction products and microstructure
of the prepared sealing materials were analyzed by X-ray diffraction (XRD), thermogravimetry
(TG), N2 adsorption analysis, and scanning electron microscopy (SEM). The potential
environmental impact of the sealing materials was estimated by the one-batch leaching test.

In Chapter 3, an accelerated carbonation of the sludge-based sealing materials was carried out,
aiming at understanding the effect of released CO2 from landfills on the permeability of the
sealing materials. Meanwhile, the study explored the influence of waterglass dosage and
properties of additional solid waste on carbonation behavior. This investigation delved into
phase changes, microstructure alterations, and the leaching of heavy metals.

Chapter 4 investigates the feasibility of repurposing industrial solid waste in sodium carbonate-
activated GGBFS materials. The applied solid waste, named waste incineration filter dust
(WIFD), originates from the air pollution control process in an incineration plant, characterized
by a high content of portlandite and calcite. The interaction between WIFD and sodium
carbonate-activated GGBFS was investigated regarding hydration kinetics, reaction products,
and mechanical performance.

Chapter 5 delves into exploring the effect of nano-silica and silica fume on WIFD-modified
sodium carbonate-activated GGBFS materials. Nano-silica was synthesized by dissolving
olivine in sulfuric acid in a laboratory setting, while silica fume is a commercially available
product. Their effect on the hydration kinetics, phase composition, microstructure, and
mechanical performance was systematically revealed. Additionally, the carbonation behavior
of the formulated materials was analyzed, alongside an assessment of their carbon footprint.

Chapter 6 investigates the solidification of industrial solid waste in alkali-activated materials,
focusing on biomass bottom ash (BBA) generated during biomass incineration. Due to high
levels of leachable heavy metals, the solidification of these heavy metals within alkali-activated
materials was explored, considering factors such as BBA content, BBA fineness, the silicate
modulus of the activator, and the potential co-disposal with aluminum anodizing waste.
Additionally, the study analyses the reaction kinetics, phase assemblages, and mechanical
properties of the resulting materials to evaluate their suitability as potential construction
materials.

Chapter 7 explores the advancing self-cleaning performance of alkali-activated metakaolin
through in-situ zeolite formation and TiO: integration. Considering that the deterioration of
self-cleaning properties of cementitious materials upon hydration is mainly attributable to the
sheltering effect of hydration products, the design centered on forming in-situ zeolites with a
porous structure to enhance self-cleaning performance. This was achieved by adjusting the
initial reactive Si/Al ratio within the raw materials and alkali activators. The phase composition,
optical properties and microstructure of the resulting materials were analyzed. A mechanism
elucidating the improved self-cleaning performance was proposed to give insight into the role
of the porous structure in the photocatalytic process.

In Chapter 8, basic oxygen furnace (BOF) slag, a by-product of steel manufacturing, was
utilized to produce a cement-free binder. BOF slag predominantly comprises belite, wiiestite,
magnetite and brownmillerite. However, the low reactivity of these minerals at early ages limits
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their applicability in construction materials. To address this, an activation method involving
pentasodium diethylenetriamine pentaacetate (DTPA-5Na) was proposed, aimed at accelerating
the dissolution of brownmillerite through a chelating reaction. The hydration kinetics and
mechanical performance of the resulting materials were investigated. An activation mechanism
of DTPA-5Na was proposed, alongside a hydration model for BOF slag. Additionally, flue gas
desulphurization (FGD) gypsum was employed to enhance the performance of the DTPA-5Na-
activated BOF slag binder.

Chapter 9 summarizes the conclusions of this research and provides recommendations for
future study.
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Chapter 2 Low permeability sealing materials based on sewage,
digestate and incineration industrial by-products in the final landfill
cover system

This chapter explores repurposing municipal solid waste from the sewage, digestate, and
incineration industries as landfill-sealing materials, aligning with circular economy principles.
The main materials include digested sewage sludge (DSS), pretreated digested sewage sludge
(PDSS), and digestate sludge (DS), with biomass bottom ash (BBA) and aluminum anodizing
waste (AAW) introduced as additives, complemented by 1.5 wt% waterglass (NazSiOs) to
enhance the sealing performance. The research evaluates the characteristics of the various
treated and sourced sludges and additives, assessing their influence on water permeability,
reaction products and environmental consequences. Results demonstrate the achievement of
low permeability in the sludge-based sealing materials, with optimal performance observed in
the specimens prepared with DSS and AAW (k value = 3.78x10? m/s). Thermal pressure
hydrolysis pre-treatment in sewage plants reduces the organic content in PDSS, resulting in a
slight increase in permeability. DS-based specimens exhibit higher permeability due to their
relatively lower organic content in DS. Gypsum is the primary reaction product attributed to
leachable sulfate in BBA and AAW. Waterglass addition in BBA-modified specimens
promotes silica gel formation, while AAW effectively reduces matrix permeability as an
externally added gel-like substance. Additionally, heavy metals (As, Pb and Cr) derived from
the by-products are effectively immobilized in the sealing materials owning to the coagulation
effect of organic matter in the sludge and sulfates in the products. Overall, this novel approach
to landfill sealing materials exhibits promising applications in the Netherlands, offering cost
savings and reduced environmental impact by recycling industrial by-products.

This chapter is partially published elsewhere:

X. Ling, W. Chen, K. Schollbach, H.J.H. Brouwers, Low permeability sealing materials based on sewage, digestate
and incineration industrial by-products in the final landfill cover system, Construction and Building Materials, 412,
134889, 2024.
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2.1 Introduction

Utilizing sewage sludge to formulate a sealing barrier for landfill covers is an effective and
ecological recycling strategy that aligns with the objectives of the European Green Deal to
promote circularity in resource management and recovery [128]. Li et al. employed fly ash,
lime and ferric chloride to dehydrate sludge, and the dewatered sludge was fabricated into a
landfill covering material with a permeability coefficient from 10°° to 107 m-s™ [129]. Oh and
Shin prepared the solidified/stabilized dye sludge char with lime, ladle slag and hydroxyapatite
and revealed the applicability as a landfill cover material through hydraulic conductivity and
micro-structural analysis [130]. Rosli et al. proposed recycling sewage sludge and red gypsum
as potential materials for temporary landfill covers. They found an optimum compressive
strength of 524 kPa was achieved when the ratio of sewage sludge to red gypsum was 1:1 [131].
Kim et al. used converter slag and lime to solidify digested sewage sludge, and the solidified
sludge exhibited desirable geotechnical properties as landfill cover [132]. Liu et al. used
industrial calcium-containing waste, including slag, desulfurized gypsum and fly ash, to modify
the municipal dewatered sludge, and the hydraulic conductivity of the modified sludge was
characterized after six wet-dry cycles to ensure its long-term stability during the local rainy
season [133]. The studies mentioned above have explored the modifications of sewage sludge
into landfill cover material using various additives. The results showed that sewage sludge
exhibited promising impermeability, and the formation of calcium silicate hydrate (C-S-H:
Ca0-SiO2-nH20) played an important role in the binding and stabilization of the sludge [130-
133]. However, most research has focused on various modifications of sewage sludge,
disregarding the impact of sludge properties on sealing performance. Given the increasing need
to recycle sludge from diverse industrial processes and wastewater treatment systems, it is
crucial to investigate the application of different sludge qualities. Notably, the physicochemical
properties of sewage sludge are influenced by the treatment process and the effluent source,
which is further influenced by regional technological developments and management practices
associated with the sludge. In the Netherlands, the main types of sewage sludge generated
include normally digested sewage sludge (DSS), digested sewage sludge pretreated (PDSS)
with a Thermal Pressure Hydrolysis (TPH) process to enhance biogas production and
dewaterability [3,4], and digestate sludge (DS) derived from the organic municipal waste. This
research aims to contribute to the energy-efficient disposal of various sludges while providing
fundamental theoretical support for regulating their applications.

In sealing materials, achieving low permeability is crucial as it effectively restricts the flow of
liquids or gases through the materials. Current strategies for enhanced sealing performance
primarily focus on optimizing the physical compaction of the matrix and utilizing chemical
reaction products to fill the voids [134]. Wisniewska and Stepniewski proposed using quick
lime and waterglass to effectively reduce the permeability of waste rock from coal mining [135].
The C-S-H gel forms in the void space, reducing porosity and binding the grains. However, to
minimize the reliance on lime as an additive and explore more sustainable alternatives, the
present study adopts a lime-containing industrial by-product, namely biomass bottom ash,
derived from the biomass grate furnace. This approach minimizes environmental impact while
still achieving the desired sealing performance.

While there has been extensive research on the in-situ generation of C-S-H gel in sludge-based
sealing materials, the impact of externally added gel (amorphous) materials is often overlooked
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due to the associated increase in cost. However, a viable alternative approach is to explore the
utilization of industrial solid waste materials that possess similar properties, thereby alleviating
cost concerns. One such material is Aluminum anodizing waste (AAW), a by-product generated
during aluminum anodizing. AAW predominantly comprises various Al(OH)z polymorphs,
with approximately 80 wt% of its structure being amorphous [136]. It is noteworthy that EU
countries produce an estimated annual quantity of 100,000 metric tons of AAW [137]. In this
study, we proposed the application of AAW in sludge-based sealing materials, aiming to
harness its unique characteristics, such as its amorphous structure and ultra-fine particle size.

To the best of our knowledge, few studies have explored the impact of BBA and AAW in
preparing sludge-based sealing materials. Therefore, this chapter aims to establish an effective
system for recycling and reusing the above industrial waste by focusing on the sealing
performance of various sludge-based materials, the influence of BBA on gel formation, and the
feasibility of utilizing AAW as an external gel to enhance sealing performance. Industrial by-
products from local plants in the Netherlands are characterized and used to develop
environmentally friendly sealing materials that could be used in a final landfill cover system.
Comprehensive laboratory-scale analyses are conducted to assess geotechnical properties,
reaction processes, microstructure, water permeability and leaching behavior. The findings in
this research contribute to sustainable waste management and resource utilization.

2.2 Materials and Experiments

2.2.1 Raw materials

The present work assesses the feasibility of using three types of sludge as sealing materials for
landfill covers. The sludge types include Digested sewage sludge (DSS) and Pretreated digested
sewage sludge (PDSS) obtained from Waste Water Treatment Plants (WWTPs) (Deventer,
Netherlands), where the activated sludge with biological chemical phosphate and nitrogen
removal process is applied for the digestion. The PDSS undergoes a Thermal pressure
hydrolysis (TPH) process (8 bar, 150 ~ 160 °C) prior to digestion. The third type of sludge,
Digestate sludge (DS), originates from the Municipal Solid Waste Plant (MSWP) (Omrin.
Netherlands).

Biomass bottom ash (BBA) and Al-anodizing waste (AAW) were utilized as additives in the
mixture. The BBA was sourced from a local grate furnace, in which waste wood was incinerated
for biomass fuel and the fly ash was removed in a cyclone. The AAW was obtained from a local
WWTP that collects wastewater from the aluminum anodizing process in the alumina industry.
The waterglass powder with a composition of 20.1 wt% Na>O and 62.7 wt% SiO» was employed,
which has been reported to enhance reactive [SiO2] content for gel formation and reduce
permeability [138]. Additionally, a mixture of 30 wt% blasting grit and 70 wt% normal sand
was used as aggregate, both of which are considered inert, and their characterization tests are
not included in this study.

2.2.2 Sample preparation

According to the Dutch legislation for the solid waste used in the soil layer, the proportion of
the residue-based sealing layer is regulated to 46 wt% sludge, 9 wt% ash/filter, and 45 wt%
sand fractions. The group labeled DSS-B denotes specimens prepared with DSS and BBA,
while DSS-A represents specimens prepared with DSS and AAW. Additionally, all mixes are
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supplemented with 1.5 wt% waterglass, based on previous literature recommendations for its
use in sealing materials within the range of 1-5 wt% [139]. The samples were externally
prepared by Ingenieurbiiro Kiigler in Essen, Germany.

Based on the results of the optimal moisture content tests for each mixture (see details in
Section 2.3.2), the grain and sludge materials were dried accordingly to ensure that each mix
reached the optimum moisture content before molding. Subsequently, they were well dispersed
in a laboratory mixer. BBA/AAW and waterglass were gradually added while stirring to ensure
uniform homogenization. Next, all the materials were cast into a cylinder mold (D = 95 mm, H
=50 mm) and compacted according to DIN 18127. The compacted blends (Fig. 2.1) were sealed
in plastic bags for 70 d of curing at an ambient temperature.

2.2.3 Methodology

The flowchart of the process is presented in Fig. 2.1.

Sludge (DSS, PDSS, DS) Physical Properties
Raw materials { Additives (BBA, AAW) |:> Chemical and phase composition
Aggregate Leaching behavior

<::I Optimal water content

Compacted

blends { Fresh blends E>Compaction behavior

Water Permeability i = Crvstalline phases
70d Curing [ Reaction products > -rystating phases
. . Gels characterization
Environmental impacts

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 Drying & Sieving 1
1 | 1
1 1
1 1
1 1
1 1
1 1
1 1

Fig. 2.1: Flowchart of the process for studying the sludge-based sealing materials.

e Characterization of raw materials

Raw materials were dried at 105 °C until a stable mass to determine their moisture content. A
high-temperature furnace measured the weight loss between 105 and 1000 °C. The specific
density of the dried materials was tested by using a He-pycnometer (Accupyc Il 1340
Micromeritics).

The particle size distribution of the raw materials was measured using a laser light scattering
technique in isopropanol (Malvern Mastersizer 2000). To prevent agglomeration of sludge and
AAW after drying, the test was conducted using wet raw materials, and 10 minutes of ultrasonic
dispersion was performed beforehand. Due to relatively large particles in the BBA, sieve towers
with 0.125, 0.25, 0.5, 1.0, 2.0, and 4.0 mm were employed to determine the particle size
distribution.

The chemical composition of raw materials was determined using X-ray fluorescence
spectrometry (XRF) (PANalytical Epsilon 3). The borate fusion method was employed for the
preparation of fused beads. The phase composition of raw materials was characterized by X-
ray diffraction (XRD), Thermogravimetry (TG), and Fourier transform infrared spectroscopy
(FT-IR). The XRD test was conducted by using a Bruker D4 phaser, with a step size of 0.02°
and a 26 range from 10° to 60° (Co-Ka, 40 kV, 30 mA). The TG test was carried out using a
STA 449 F1 instrument for all materials at a heating rate of 10 K/min under the N> atmosphere.
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FT-IR spectroscopy was conducted by using a Varian 3100 instrument to identify the bonding
in the mineral phases with the wavenumber range of 4000 — 400 cm™™.,

The leaching behavior of the raw materials was investigated following the one-batch leaching
test (EN 12347-2). Raw materials smaller than 4 mm were mixed with distilled water in
polyethylene bottles at a liquid-to-solid (L/S) ratio of 10. The bottles were then sealed and
placed horizontally on a linear reciprocating shaking device (Stuart SSL2) for 24 h, with a
constant shaking rate of 250 rpm and an amplitude of 20 mm. Afterward, the solids were filtered
out, and the pH of the leachate was measured. The leachate was subsequently analyzed using
ion chromatography (Dionex 1100) equipped with an ion-exchange column AS9-HS and
inductively coupled plasma optical emission spectroscopy (ICP-OES Spectral Blue).

e Characterization of the blends

The optimal water content of each mixture was determined according to the DIN 18127:2012-
09 standard. The sludge materials were pre-dried at 40 °C for varying durations to adjust the
water content of the initial material. Subsequently, all the raw materials were mixed and
compacted. The cylindrical mold was filled with 3 kg of mixed samples, and each sample was
prepared with three layers, each layer receiving 25 blows.

Permeability tests were conducted externally by Ingenieurbiro Kugler in Essen, Germany,
following DIN18130 Part 1. The cylinder specimens, which had undergone 70 d of curing, were
used for the permeability tests. These specimens were placed in a pressure cell with side
pressure. The test duration was set at 75 d to ensure the stability of the permeability test results.

Phase assemblage characterization was conducted to identify the potential reaction products in
all mixes. After 70 d of curing, the cylinder specimens were gently crushed and dried in a
vacuum oven at 60 °C until constant weight. The dry samples were then sieved through a 63
pUm sieve to remove the coarse aggregate and concentrate the reaction products for better
analysis (Fig. 2.1). The fraction (< 63 pm) is a uniform grey powder. XRD, TG and FT-IR
analysis of the finer fraction (< 63 um) from each mixture was conducted as earlier mentioned.
N2 sorption analysis of the finer fraction (< 63 pm) was performed by using Micrometrics. The
gel pore size distribution was calculated from the adsorption branch by the Barrett - Joyner -
Hallenda method [140].

The micromorphology of the finer fraction (< 63 um) was observed using a Scanning Electron
Microscope (SEM) and the chemical compositions of reaction products were analyzed with an
EDX (15KV) detector (Phenom Pro). The finer fraction (< 63 pm) was dried at 40 °C for 24
hours and then coated with Au using a Quorum 150TS plus sputter coater.

The pore solution of each cylinder specimen after 70 d of curing was collected through pore
solution expression, in which mechanical pressure was used to force the pore solution from the
material. The pH of each pore solution was measured by a pH meter three times.

One-batch leaching tests were conducted on all specimens to evaluate heavy metal leaching.
The testing and analysis procedures are detailed in Section 2.3.1.
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2.3 Results and Discussions

2.3.1 Physical and chemical properties of raw materials

The chemical compositions, moisture content and loss on ignition (LOI) of raw materials are
shown in Table 2.1. The sludge has a high moisture content and contains relatively high levels
of iron sourced from wastewater and the iron-based coagulants used during sewage treatment
in the plants. The particle size distribution of all raw materials is shown in Fig. 2.2. DSS and
PDSS exhibit a similar particle size distribution with a d50 of approximately 20 um, indicating
little influence on the particle size due to the TPH process. DS shows a larger particle size of
around 30 um, attributed to the lower soil content in the organic waste. BBA has an average
particle size of 90 um, while AAW has the smallest average particle size of around 11 pm.

100 -
—DSS
= — PDSS
S 804 —Ds
o BBA
E — AAW
S 601
>
[<3]
=
8 401
]
S
jum
O 204
0
0.1 1 10 100 1000 10000

Particle size (um)

Fig. 2.2: Particle size distribution of each raw material.

Table 2.1: Chemical compositions of raw materials determined by XRF (wt%).

Elements DSS PDSS DS BBA AAW
Na20 0.1 0.1 0.1 0.2 4.2
MgO 0.9 0.5 11 1.6 -
Al;Os 0.7 13 2.4 25 55.2
SiO; 2.6 2.0 11.2 20.8 0.8
P20s 45 6.6 1.7 14 0.2
SO; 1.9 23 2.9 5.8 11.8
K20 0.5 0.4 1.6 4.8 -
CaO 49 6.7 15.9 34.5 1.0
TiO; 0.4 0.4 0.7 85 -
MnO 0.2 / 0.1 0.7 -
Fe203 18.1 16.4 13.8 7.2 0.6
ZnO 05 0.6 0.2 1.7 -

Cl 0.1 0.2 0.6 1.6 -
Others 0.4 0.5 0.2 1.6 24
Total LOI 64.2 62.0 475 7.1 23.8
Density (g/cm?®) 1.69 1.64 1.78 2.87 2.54

Moisture content and LOI are given in wt% (weight percentage). The high LOI in sludge is due to its high content of organic
matter as well as some calcite.
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The mineral composition of each raw material is characterized in Fig. 2.3. In the sludges, the
presence of quartz (SiO> PDF# 83-2465) and calcite (CaCO3z PDF#72-1937) is observed, along
with other minerals such as vivianite (Fes(POa4)2:(H20)s PDF#75-1186) in DSS and chabazite-
Na (Nais2Al15.2Sis2.8096 PDF#83-1295) in PDSS. The broad diffused peaks between 20 and 30
(° 20) indicate a high organic content in the sludge. BBA consists of anhydrite (CaSO4 PDF#72-
0916), lime (CaO PDF# 77-2010), calcite and quartz. AAW primarily contains boehmite
(AIO(OH) PDF#49-0133), thenardite (Na,SO4 PDF#05-0631) and bayerite (Al(OH)s PDF#01-
0287). The broad peaks of boehmite in AAW confirm its low crystallinity.
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Fig. 2.3: XRD patterns of the raw materials. (A - boehmite: AIO(OH), B - bayerite: Al(OH)s, C - calcite: CaCOs,
H - sodium chloride: NaCl, | - chabazite: Nais2Ali52Siz28006, L - lime: CaO, Q - quartz: SiOy, S - anhydrite:
CaSOs, T - thenardite: Na;SOa, V - vivianite: Fe3(PO.)2+8H20).

To further validate the findings from the XRD analysis, the FT-IR spectrum of each raw
material is obtained and presented in Fig. 2.4. In the sludges, broad bands centered around 3245
cm™ and 1630 cm™ correspond to the stretching and bending vibrations of H-OH bonds [141].
The adsorption peaks at 2918 cm™ and 2851 cm™ can be attributed to the symmetric and
asymmetric stretching bands of CH2 [142], confirming the presence of organic content in the
sludge materials. The adsorption peaks around 1416 cm™ and 872 cm™ represent the vibration
of v3 [CO3?] and v, [COs%] in calcite, respectively [143]. The strong band around 1013 cm™
may be due to the C-O stretching vibration from cellulose [142,144], but it is worth noting that
the stretching vibration of the Si-O-Si bond in quartz or other silicates also absorbs this region
[145]. In BBA, in addition to the adsorptions as mentioned above, the adsorption bands at
around 1096 cm™* and 648 cm™ are attributed to the vibration of v3 [SO4%] and v4 [SO4*] from
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anhydrite [146]. Furthermore, strong adsorption around 3646 cm™ is assigned to the vibration
of hydroxyl groups, confirming the presence of lime in BBA [147]. AAW exhibits prominent
adsorptions around 474 cm%, attributed to the [AlOg] vibrations in boehmite [148].
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Fig. 2.4: FT-IR spectra of the raw materials.

Thermal analysis is performed to assess the volatile components in the raw materials, and the
results are presented in Fig. 2.5. In the case of the sludges, the primary mass loss occurs between
250 °C and 500 °C, which is attributed to the decomposition of the organic compounds such as
hemicellulose, cellulose, and the lignin present in the sludge [149]. Comparing DSS to PDSS,
the pre-treatment of TPH leads to a slight decrease in organic content as high thermal pre-
treatment may promote the transformation of organic content in PDSS from the particulate to
the soluble fraction [150], whilst a significant reduction of organic compounds is observed in
DS. The mass loss observed around 750 °C is associated with the decarbonation of calcite [151],
which is also found in BBA. Regarding AAW, the initial mass loss occurs at around 105 °C,
indicating moisture removal [152]. The subsequent mass loss between 250 °C and 400 °C is
attributed to the dihydroxylation of interlayer OH in boehmite and bayerite [153].
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Fig. 2.5: TG and DTG curves of the raw materials (a: sludges, b: additives).

2.3.2 Compaction behavior of the fresh blends

Compaction tests are conducted on each fresh blend to ensure the sealing materials achieve
minimal void spaces after proper compaction, reducing the potential for leachate migration. The
dry density vs. moisture content curves are presented in Fig. 2.6. The maximum dry density (yd
max) Of the fresh DS-B, PDSS-B, and DSS-B blends is 1.12 g/cm®, 1.07 g/cm®and 0.95 g/cm?,
respectively. The corresponding optimum water content is 41.5 wt%, 44.4 wt%, and 56.4 wt%.
The higher optimal water content in the DSS-B group indicates increased plasticity of the matrix
prepared with DSS. This higher plasticity of the DSS-based matrix may be partially attributed
to the higher organic content, as inferred by the TG results in Fig. 2.5, which can act as binding
agents that enhance water retention [154]. On the other hand, using AAW in the sealing
materials achieves a higher dry density than BBA. This enhancement can be associated with
the finer particle size of AAW, which promotes better dispersion within the matrix.
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Fig. 2.6: Compaction curves for each mix (Yamax - Maximum dry density, wopt - Optimal water
content).

Compacted blends were then prepared according to the optimal water content for each group of
mixtures to ensure efficient compaction and achieve the lowest possible permeability. The
following measurements are conducted with the compacted blends after 70 d of curing. The
actual moisture content in the specimens after curing is listed in Table 2.2: The actual moisture
content in specimens after 70 d of curing.. Interestingly, the actual moisture content is lower than
the optimal water because some water may evaporate during the mixing process and curing
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period. Besides, free water could be bounded into the newly formed minerals and gels during
curing. Therefore, in addition to the geotechnical properties, reaction products also influence
the microstructure of the sealing materials, as elaborated in more detail later.

Table 2.2: The actual moisture content in specimens after 70 d of curing.

Group ID DSS-B DSS-A PDSS-B PDSS-A DS-B DS-A
Actual 36.4 418 341 36.8 30.6 34.9
moisture% (x1.5) (x0.8) (x1.2) (x2.0) (x1.1) (x0.7)

2.3.3 Water permeability of the cured blends

Fig. 2.7 presents the permeability results of the cured samples, along with the limitation value
indicated by the red line. The long-term permeability requirement for a mineral sealing layer
composed of landfill residues in the Netherlands is less than 20 mm/year, considering a layer
thickness of 60 cm [155]. This legal requirement corresponds to a maximum k-value of
6.34x101% m/s for the sealing materials we designed. Overall, the k-values of the DSS and
PDSS-based specimens satisfactorily meet the legislative requirements, while the DS-based
specimens exhibit permeability slightly above the critical value. Therefore, the prepared DSS
and PDSS-based sealing materials show promise for landfill applications in terms of
impermeability. It is noteworthy that the lowest achieved permeability, approximately 3.78x10"
12 m/s in DSS-A, falls below the majority of reported permeability values for sludge-modified
sealing materials, which typically ranged from 1.0x10* - 1.2x10! m/s [156-158].

1E-07 :

B DSS-B  7.46*10 m/s

® DSS-F  3.78*102 m/s

1E-08 A PDSS-B 4.28*10 m/s

Limitation v PDSS-F 2.89*10™! m/s

6.34*10°° m/s DS-B 5.24*10° m/s

A DS-F 47010 m/s

__1E-09

4
£
=
4

|
1E-10 48 As 4 | | EaEEE

v
® °
1E114 o @
o o0 0000000 © O ©
1E-12 =
0 20 40 60 80
Time (day)

Fig. 2.7: The permeability test of the sludge-based landfill cover samples within 70 d. The red line represents the
permeability requirement in the Netherlands.

Regarding the effect of different sludge types, the permeability results are in agreement with
the compaction curves presented in Fig. 2.6. With higher plasticity, the DSS-based blends
effectively reduce the void spaces within the matrix after the compaction. Furthermore, the
AAW-modified specimens exhibit lower permeability compared to the BBA-modified
specimens. This improvement could be attributed to the finer particle size of AAW, which
refines the pore size distribution of the matrix more effectively than BBA, confirming the
positive effect of AAW as external gel products on permeability. Their potential contribution
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of the reaction products to the sealing materials will be further elucidated in the subsequent
sections.

2.3.4 Reaction products characterization

e Crystalline phases

The analysis of the reaction product composition focuses on the finer fraction below 63 um of
each sample, as it is expected to contain the highest amount of reaction products, while the
larger fractions largely consist of inert aggregate. Fig. 2.8(a) shows the XRD patterns of the
sample prepared with different sludges and additives. Similar curves are observed, indicating
that the different sludge and additive types have no significant influence on the formation of
crystalline phases. The main crystalline phases identified include anhydrite (CaSO4: PDF#: 72-
0916), calcite (CaCOs:PDF#: 72-1937), gypsum (CaSO4+2H.0: PDF#: 33-0311), sodium
chloride (NaCl: PDF#: 70-2509) and quartz (SiO.: PDF#: 83-2465). Additionally, some other
minerals, such as Vivianite (Fe3(POas)2:-(H20)s: PDF#: 75-1186) and Chabazite-Na
(Na1s.2Al152Siz28096: PDF#: 83-1295), originate from the raw materials DSS and PDSS,
respectively.

Meanwhile, the formation of the gypsum in the mixture is confirmed through the FT-IR
spectrums in Fig. 2.8(b). The band adsorptions at around 3536 cm, 3392 cm™ and 1675 cm*
are assigned to the stretching vibration peaks of the hydroxyl group, while the peaks at 1614
cm™and 1118 cm are attributed to the stretching vibration of S-O and S=0, respectively [159].
The peaks at 667 cm™ and 599 cm™ represent the stretching and bending vibration of sulfate
[160]. The C-O stretching and bending vibrations around 1425 cm™ and 865 cm™* are identified
due to the presence of the calcite. A slight difference in the adsorption peak of 1022 cm™ is
observed among all FT-IR spectrums. It is noteworthy that both C-O stretching vibration from
the cellulose structure (organic content in sludge) and Si(Al-O) vibrations from
silicates/aluminates (e.g. quartz, silica gel, calcium silicate hydrate gel) can contribute to this
band [161,162]. Further details about the formation of gels are illustrated later.

TGA tests were performed on all samples to evaluate the formed gypsum amount, and the
results are presented in Fig. 2.9(a-c). The TG curves show two major mass losses around 110 -
180 °C and 600 - 800 °C, which could be attributed to the dehydration of gypsum and the
decarbonation of the calcite [151,163]. Each mass loss is then calculated based on the tangential
method [164], and the results are labeled in the figures. Interestingly, the AAW-modified
specimens show a higher formation of gypsum than the BBA-modified specimens. This could
be explained by the presence of thenardite in AAW, which contributes to a higher sulfate
leaching than anhydrite in BBA (see details in Section 2.3.5). Besides, a slight mass loss peak
around 85-105 °C is observed in the DTG curves of all specimens, which is associated with the
dehydration of the gel products. The AAW-modified specimens exhibit a higher mass loss than
the BBA-modified specimens for this peak, which could be accounted for by the bound water
in AAW, as depicted in Fig. 2.5.

In conclusion, gypsum and gel products are the main new phases detected in the established
sealing materials. As indicated by the TG-DTG curves in BBA-modified and AAW-modified
specimens, the gypsum content is related to the leachable sulfate content in each mix, and the
low bound water content indicates the relatively low formation of gel content. Meanwhile, the
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transformation of free water into bound water explains the described reduction in moisture
content of the matrix presented in Table 2.2.
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Fig. 2.8: (a) XRD patterns, (b) FT-IR spectra of the finer fraction (below 63 um) from each mix.
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Amorphous phases

N2 adsorption of the finer fraction (below 63um) from each mix, alongside the raw BBA and
AAW, was performed to examine the formation of gel products further, as presented in Fig.
2.10. In terms of pore size, gel pores (less than 10 nm) and capillary pores (10 ~ 100 nm) are
the two main classes of pores [165]. For the raw materials, two maxima around 3 nm and 7 nm
are observed in the raw AAW, whereas no gel pores are observed in the raw BBA. The main
component of AAW is colloidal boehmite with very low crystallinity (see Fig. 2.3). It has been
reported that the porosity of colloidal boehmite is ultimately correlated with its crystallite size
[152]. Hence, colloidal boehmite is likely present in two different particle sizes in the raw
materials AAW.

Regarding the cured blends, the AAW-modified specimens exhibit a higher total pore volume
than the BBA-modified specimens, likely due to the presence of higher gel pores in raw AAW.
Nevertheless, one of the maxima at around 3 nm disappears in the AAW-modified specimens,
indicating the potential reaction of colloidal boehmite or the crystallization of colloidal
boehmite over time. On the other hand, the BBA-modified specimens show relatively lower gel
pore volumes, consistent with the TG results, suggesting the lower formation of gel products.
It is important to note that while gel pores increase the total porosity of the matrix, they do not
increase the permeability [165]. Instead, an abundance of gel pores in the matrix indicates
higher gel contents that can fill the larger porosity and reduce permeability [166]. Therefore,
the lower permeability of AAW-modified specimens could be attributed to the increased gels
sourced from AAW, while BBA-modified specimens exhibit less gel formation.
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Fig. 2.10: N adsorption behavior of the finer fraction (below 63 pm) from each group and raw
materials BBA and AAW: (a) - Cumulative pore volume, (b) - Pore size distribution.

The effects of BBA and AAW on the gel composition of the specimens were further
investigated. The finer fraction (below 63 pum) from DSS-B and DSS-A was subjected to SEM
analysis with backscattered electron imaging, and the elemental composition was studied using
EDX mapping. Fig. 2.11 displays the observed particles, including organic fibers, gypsum, and
quartz. Analyzing the mapping results of DSS-B specimens in Fig. 2.11(a), it is evident that the
distribution of Ca element is primarily influenced by the presence of gypsum. Interestingly,
despite the expected formation of C-S-H gel resulting from the reaction between lime (from
BBA) and waterglass [167], there is no observed correlation between elemental Ca and Si in
the mapping results. This lack of correlation may be attributed to interference from the
composition of gypsum and quartz or suggest that the resulting C-S-H gel has decomposed due
to the low alkalinity of the environment. Table 2.3 presents the pH value of the pore solution
obtained by compressing the cured specimens, indicating that the C-S-H gel is not stable in
such an environment, as the pH value is close to neutrality [168]. This instability is likely due
to the low dosage of lime-containing BBA used, which might not have provided sufficient
alkalinity to stabilize the C-S-H gel. The reduced gel pore volume in the BBA-modified
specimens further supports this observation. It should be noted that over time, the C-S-H gel
may undergo decomposition through carbonation, leading to increased permeability of the
matrix [169]. Based on the hydrolysis properties of waterglass in a neutral environment, the
main product of the reaction appears to be silica gel, which exhibits resistance to carbonation
[170]. Consequently, it can be inferred that silica gel serves as the primary gel product in BBA-
modified specimens and offers advantages in terms of stability.

Table 2.3: pH measurement of the pore solutions of all cured specimens.

Group DSS-B DSS-A PDSS-B PDSS-A DS-B DS-A

pH 8.2+0.2 8.2+0.1 8.2+0.2 7.8+0.3 83+0.1 82+0.1

Note: After 70 d of curing, the pore solution of each specimen is obtained by compression. pH of the
pore solution is then measured using a pH meter.

According to N2 adsorption behavior, the gel pores observed in AAW-modified specimens are
related to colloidal boehmite in AAW. Consequently, three particles with high Al content in the
mapping results in Fig. 2.11(b) were selected for further spot analysis. Ten spots were tested
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for each particle, detecting elements including Na, Si, Mg, Ca and S. The average mass
proportion of these elements is calculated and presented in Table 2.4. When compared with the
XRF bulk compositions of the raw AAW, the three particles exhibit a decrease in Al>Oz content.
The SOz content in these particles also varies due to the high mobility and leaching of sulfate
(Na2S04) from AAW. However, a portion of the leached sulfate is partially redeposited as the
precipitation of anhydrite/gypsum, as confirmed by the increased CaO content within the three
particles. Overall, the relatively low CaO, Na2O and MgO contents indicate the absence of C/N-
(A)-S-H gel or magnesium silicate hydrate (M-S-H) gel formation. The relatively high SiO2
content likely originates from the dissolved waterglass, also evidencing the formation of silica
gel. In conclusion, the main gel products in the AAW-modified specimens are the original
colloidal boehmite and the formed silica gel, and the nature of the bonding between them
remains unclear.

(b)

Fig. 2.11: EDS mapping of (a): DSS-B and (b): DSS-A, including BSE image. (Three particles rich in
Al element are marked 1, 2, and 3, further analyzed with EDX spot analysis).
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Table 2.4: The element composition of three Al-rich particles from the DSS-A sample in Fig. 2.11 and
the raw material AAW from XRF analysis.

Mass proportion% Particle 1 Particle 2 Particle 3 AAW
Al;O3 61.0+29 66.9+2.3 669+ 1.4 75.6
SiO2 19.2+16 171+14 171+23 11
Na.O 57+20 4009 41+0.6 5.8
SOs 7617 5917 50£05 16.2
CaO 38+£10 3.7+£19 28+04 1.4
MgO 26+0.2 25+0.2 41+12 -

Note: “-” means no Mg element in raw AAW. Ten spots for each particle are collected, and the average
values are calculated.

2.3.5 Environmental impact

In principle, landfills are designed with leachate collection systems to minimize the impact of
the landfills on the environment and surrounding communities. In a practical application in the
Netherlands, a 2 mm HDPE layer will be installed on the top of the sealing layer. The purpose
of this HDPE layer is to prevent rainwater infiltration (Fig. 1.6) and to separate the vegetation
layer from the sealing layer. This also allows for the utilization of industrial by-products as
sealing material. In this work, the leaching behavior of both the raw materials and the prepared
sealing materials was tested to mitigate its environmental impact in the event of unanticipated
damage to the HDPE layer during installation or after prolonged use.

e Leaching behavior of raw materials

The chemical compositions of the leachates obtained from the raw materials, in comparison
with the respective limit values for disposal in landfills, are presented in Table 2.5. The
leachable elements in the sludge materials include the heavy metals As, Ni, Pb, Zn, Cu, Mo and
Fe, as well as the alkali metals Na, K, Ca and Mg. The BBA exhibits high leaching levels of
sulfate and Ca due to the anhydrite and lime. Heavy metals such as Pb, Zn and Cr are also
observed in the leachate of BBA. As for the AAW, the leachate comprises the sulfate and Na
due to the Na>SOs. Overall, the leaching level of As in the DSS, Pb and Cr in the BBA, and
sulfate in the AAW exceed landfill disposal limits for non-hazardous materials. Consequently,
further leaching tests of the cured specimens focus on the above heavy metal ions and sulfate
anions.
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Table 2.5: The leaching of all materials obtained via a one-batch leaching test in comparison with
disposal limits for non-hazardous materials (mg/kg dry materials, UDL for under detection limits).

Raw material DSS PDSS DS BBA AAW Disposal Limits
Chloride 830 660 860 4590 3490 15000
Sulphate 2120 2730 380 19270 69910 20000
As 2.65 1.55 0.51 UDL 0.04 2
Ni 3.85 3 0.58 UDL UDL 10
Pb 425 33 UDL 304.4 0.12 10
Zn 1.75 1.45 0.40 28.95 0.01 50
Ba 0.15 0.15 0.07 1.76 0.05 100
Cr 0.2 0.1 0.05 25.39 0.79 1
Cu 1.2 1.65 UDL 0.16 0.05 10
Mo 1.7 2.5 0.19 3.28 0.17 50
Sb 0.2 0.25 UDL UDL 0.04 10
B 3.1 5 2.38 2.85 45250 -
Fe 38.4 52.2 2.19 UDL UDL -
Mg 486.8 196.1 114 0.03 13.28 -
Mn 0.7 0.35 0.12 UDL 0.04 -
Sr 1.95 1.45 1.62 40.46 0.73 -
Nitrate 7.9 18 UDL UDL UDL -
Phosphate 100 100 UDL UDL UDL -
NH,* 1550 980 1900 UDL UDL -
Na* 960 830 720 2480 41280 -
K* 540 310 540 6070 24 -
Ca? 460 390 330 6120 133 -
A 5 8.1 0.20 0.08 0.46 -
pH 8.14 8.07 8.31 12.93 8.39 -

e Leaching of the cured blends

Fig. 2.12 presents a summary of the leachable content of sulfate, As, Cr and Pb from the cured
specimens, determined through one-batch leaching analyses. The immobilization rate of each
element is expressed by:

Y= ZMCXmiXLi (21)
M %

L
a=(1-——=
Y

) x 100% (2.2)
Where vy represents the theoretical maximum leachable content in each cured specimen (mg),
Mc is the mass of the cured specimen (kg), mi is the mass proportion of component i (i.e., sludge
or additives) (%), Li denotes the leachable elements in component i (mg/kg), Lc refers to the
leachable elements in the cured specimen (mg/kg), a represents the immobilization rate of the
element in the cured specimens (%).

It is essential to note that the one-batch leaching test employs a L/S ratio of 10, with crushed
solid particles below 4 mm in size. This approach enables the measurement of potentially
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leachable ions and eliminates the need for simulating the process of a compacted seal being
flushed through rainwater to obtain the filtrate. Overall, all cured blends exhibit desirable
leaching levels for sulfate (< 20000 mg/kg), As (<2 mg/kg), Cr (<1 mg/kg) and Pb (< 10 mg/kg),
indicating the absence of heavy metal pollution concerns in the prepared sealing materials. The
relatively higher sulfate leaching in all blends is primarily attributed to the solubility of gypsum
(~2 g/L, 25 °C), as confirmed by the XRD patterns shown in Fig. 2.9. It also explains the
observed regressive sulfate immobilization rates in the cured specimens.

The leaching of As, mainly originating from the sludge DSS and PDSS, is observed in the DSS-
based and PDSS-based specimens. Incorporating AAW, in comparison to BBA, reduces the
leached As content. This enhanced immobilization rate of As is likely attributed to higher
leached sulfate from AAW. As ferrous sulfate and aluminum sulfate are commonly used
coagulation agents to remove As [171], a similar effect may be achieved because of the
sufficient iron and sulfate content in the sealing materials. In the case of Cr leaching, it is only
observed in the BBA-modified specimens, as Cr primarily originates from the raw BBA.
According to the study on Cr leaching behavior in soil by Weng et al. [172], the lower leaching
content of Cr in DSS-based specimens is associated with the higher organic content in the DSS
(Fig. 2.9). Pb leaching is mainly from DSS and BBA, resulting in the highest Pb leaching from
DSS-B. However, most cured specimens show a desirable immobilization rate of Pb. Leachable
Pb is often stabilized as the silicate species, as reported by [173]. Thus, the 1.5 wt% waterglass
is sufficient for the precipitation of PbSiO3. Notably, some previous studies have reported the
effect of organic content on absorbing the Pb [174,175]. In summary, the high immobilization
of heavy metal ensures no soil pollution occurs in the landfill cover system.
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2.3.6 Benefits and limits discussion

The installation of a landfill cover system is crucial for landfill closure. As depicted in Fig. 2.13,
the Netherlands has a significant number of operational landfills [176]. When these landfills
approach full capacity in the future, a substantial amount of sealing material will be required
for their closure. By utilizing sludge from WWTPs, raw material costs can be reduced, and the
ecological impact of clay excavation can be eliminated. This approach also enables the
sustainable recycling of industrial by-products, making it a more environmentally friendly
alternative to using excavated clay. In the Netherlands, the annual production of DSS, PDSS
and DS from WWTPs and MSWPs is 1400, 20, and 50 metric tons, respectively. These solid
waste resources offer a sufficient and economical supply of sealing materials for landfill closure
without compromising the primary objective of effective waste containment.
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Fig. 2.13: Overview of landfills and WWTPs in the Netherlands (The map is created with
mapchart.net).

The toxicity of industrial solid waste is often criticized for its high-leached heavy metals,
leading to high waste management costs. However, applying BBA in sludge-based sealing
materials can effectively utilize the organic content in the sludge to adsorb Pb and Cr from BBA.
On the other hand, the highly leached sulfate in AAW and BBA is stabilized as the gypsum in
the sealing materials, filling voids and further improving the impermeability along with the
original amorphous boehmite and the formed silica gel. Moreover, the high sulfate
concentration facilitates the adsorption of As from the sludge [171]. The heavy metals are
effectively stabilized in the sealing material. This approach offers new insights into the
solidification of heavy metals-containing solid waste within the sealing materials. It is
important to note that HDPE separates the sealing layer from the vegetation layers above,
thereby preventing the heavy metal contamination of the upper soil. Meanwhile, it also indicates
the application limitations of this sealing material, i.e. the corresponding protective HDPE is
required.

2.4 Conclusions

This chapter aims to co-product low-permeable sealing materials for final landfill cover systems
by utilizing industrial solid waste. Various industrial products, including DSS, PDSS, DS, BBA
and AAW from WWTPs and MSWPs, have been selected and characterized for this purpose.
The study explores the effect of different types of sludge on sealing performance and
investigates the influence of various additives on gel formation within the blends. Furthermore,
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the potential environmental impact of the prepared sealing materials is revealed through their
leaching behavior. Based on the obtained results, the following conclusions can be drawn.

The sealing materials derived from industrial by-products have achieved low
permeability, with DSS-A showing the optimal permeability, boasting a k-value of
3.78x10'? m/s. Despite a slight degradation in permeability caused by the pre-treatment
of TPH, PDSS-based specimens still comply with Dutch requirements for soil capping,
highlighting its potential as a sustainable end-of-life solution. However, the
permeability of DS-based specimens slightly exceeds the requirements due to the
relatively lower organic content in DS.

The primary reaction product in the sealing materials is gypsum, which is attributed to
the high leachable sulfate from the BBA and AAW. Considering the low pH of the pore
solution in the BBA-modified specimens, the addition of waterglass is expected to result
in the formation of silica gel rather than the C-S-H gel. On the other hand, AAW proves
to be an effective external gel, providing the desired permeability for AAW-modified
specimens. The colloidal boehmite in AAW remains stable and behaves similarly to the
gel products, effectively filling the voids and reducing the porosity.

The heavy metals from the industrial by-products are well immobilized in the sealing
materials. The reduction of As leaching from DSS is attributed to the coagulation of
sulfates. The leachable Cr from BBA is adsorbed in the organic content in the sludge,
whereas Pb is stabilized as the PbSiOs. There are no heavy metal pollution concerns in
the sludge-based sealing materials.
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Chapter 3 Carbonation of digested sewage sludge-based sealing
material in a final landfill cover system: role of waterglass and additional
industrial by-products

Landfills are significant sources of greenhouse gases, particularly methane (CH4) and carbon
dioxide (COz), generated during the decomposition of waste materials. However, the interactive
effects of CO» and the used landfill sealing materials are rarely studied but can significantly
impact the long-term durability of landfill cover systems. This chapter investigated the impact
of carbonation on landfill sealing materials derived from digested sewage sludge, waterglass,
sand aggregate, and various additives, including waste incineration fly ash, biomass bottom ash,
and aluminum anodizing waste. An accelerated carbonation process was employed to simulate
the diffusion of CO. within the sealing materials. The effect of waterglass and different
additives on carbonation resistance and overall performance of the sealing materials was studied
through the assessment of permeability, chemical and physical changes, and environmental
implications through post-carbonation leaching tests. Results reveal that the prepared sewage
sludge-based landfill sealing materials meet permeability standards set by Dutch regulations.
However, carbonation leads to the formation of carbonates and monohydrocalcite, slightly
altering pore volumes and increasing permeability. While these changes remain within
acceptable limits, it is crucial to consider the increased leaching behavior following carbonation
and the extent of leaching is correlated with the nature of the additives utilized. Additionally,
using a higher dosage of waterglass can mitigate the deterioration of impermeability, potentially
attributed to the residual silicate gel that occupies the pores even after carbonation. The findings
enhance understanding of the carbonation behavior of sludge-based landfill sealing materials,
offering insights into the selection of appropriate industrial by-products for high-end
applications.

This chapter is partially from the following article:

X. Ling, Y.X. Chen, K. Schollbach, H.J.H. Brouwers, Carbonation of digested sewage sludge-based sealing

materials in a final landfill cover system: role of waterglass and additional industrial by-products (in preparation).
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3.1 Introduction

In the previous chapter, we developed sludge-based sealing materials using by-products from
sewage, digestate and incineration industries, focusing on their effect on permeability,
mineralogical composition and environmental impacts of the investigated sludge materials
[177]. From the literature study, some other solid wastes, including lime, crushed concrete, and
incineration ash, have been utilized as additives to improve mechanical properties through the
formation of cementitious products binding the particles [178-181]. Rosli et al. proposed the
formation of calcium silicate hydrate gels in landfill-sealing materials prepared with sewage
sludge and red gypsum [131]. Li et al. revealed that the main hydrated products are calcium
silicate hydrate and ettringite in a dewatered sludge-fly ash-lime system through microstructure
analyses [129]. However, it must be noted that significant landfill gas emissions, predominantly
methane (CH4) and carbon dioxide (CO>) in equal volumetric ratios (50%v/v) [44], can
permeate the landfill cover system despite the installation of a gas collection system aimed at
minimizing these emissions [45,46]. Since implementing a gas collection system is often
economically or practically unfeasible in older and abandoned landfills, fugitive emissions from
landfills have emerged as a significant concern. While conventional clay-based sealing
materials may not raise durability concerns post-CO; diffusion, as there is limited carbonate-
forming potential, alternative landfill sealing materials containing higher levels of calcium from
waste materials warrant attention. The presence of calcium-containing minerals, as well as the
formed calcium silicate hydrates and ettringite, in these materials poses a considerable risk to
their stability, as these minerals are prone to carbonation [54,70], leading to the formation of
calcite and subsequent changes in phase volumes and porosity within the matrix [182].
Specifically, the capillary porosity, particularly in the range of ~100 -2000 nm in diameter,
increases, as well as the water diffusion rate of the matrix [183]. Unfortunately, to the best of
the authors’ knowledge, few studies have revealed the effect of CO. on the permeability and
microstructure of sludge-based sealing materials. This limitation may impede the application
and effective durability assessment of sealing materials composed of industrial wastes such as
sewage sludge.

In this chapter, the challenge of enhancing the carbonation resistance of sludge-based sealing
materials is addressed by proposing two strategies. 1) Enhancing the impermeability of sludge-
based material matrix to slow down the penetration of CO>. Building on the findings of Gartung
etal. [184], which suggest that the addition of waterglass, polymers, or other suitable chemicals
can reduce the permeability of mineral sealing materials, the effect of waterglass on carbonation
resistance was investigated. It is noteworthy that the sodium ions introduced by waterglass act
as soluble metal cations and do not contribute to the precipitation of carbonate. However,
considering that waterglass may react with CaO to form C-S-H gels, which can be carbonated
and increase porosity, various waterglass content was used to investigate this aspect. 2)
Controlling the calcium oxide content in the waste materials used. To evaluate the impact of
calcium oxide content on carbonation behavior, three distinct industrial wastes were employed
as additives: waste incineration fly ash (WIFA), biomass bottom ash (BBA) and aluminum-
anodizing waste. The first two, from the incineration industry, contain close to 30 wt% CaO,
while the latter, from the aluminum anodizing industry, is nearly free of CaO. Prior research
has shown that the combined use of lime and waterglass can improve the compatibility and
water permeability of waste rock from coal mining [135], as the pore volume of the barrier
system is reduced by formed precipitations due to the chemical reaction. However, the
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carbonation behavior of these newly proposed sludge-based sealing materials has not been
thoroughly investigated, and the interaction between waterglass and these additives remains not
fully understood.

Based on the above considerations, this work aims to advance the understanding of the
carbonation behavior of the sludge-sealing materials. An accelerated carbonation process was
employed to simulate the diffusion of CO within the sealing materials. The potential effect of
waterglass and various additives on the permeability, reaction products, and volume stability
were characterized through multiple analyses, including X-ray diffraction (XRD),
Thermogravimetry test (TG), Fourier-Transform Infrared (FT-IR), nitrogen adsorption.
Additionally, the potential environmental impact of the sealing materials post-carbonation is
evaluated based on their leaching behavior. The findings provide the basis for the selection of
waterglass and industrial by-products in the application of sludge-based sealing materials.

3.2 Materials and Experiments

3.2.1 Raw materials

Digested sewage sludge (DSS), sourced from a local Wastewater Treatment Plant in Deventer,
The Netherlands, served as the matrix materials. Three distinct industrial by-products with
varying characteristics were incorporated as additives in the formulation of sludge-based
sealing materials. Biomass bottom ash (BBA) was from a grate furnace, where wooden waste
materials underwent incineration. Waste incineration fly ash (WIFA) obtained from a Dutch
Municipal Solid Waste Plant, with the fly ash separated using electrostatic precipitators and
aluminum anodizing waste (AAW), represented aluminum-containing residues generated
during the aluminum anodizing process in the alumina industry. Waterglass (WG) (20.1 wt%
NazO and 62.7 wt% SiO2, PQ France) was introduced in the preparation of sealing materials to
reduce overall permeability [139]. Furthermore, a blend comprising 30 wt% blasting grit and
70 wt% normal sand was utilized as aggregate.

The chemical composition of the raw materials was analyzed using X-ray fluorescence (XRF)
on a PANalytical Epsilon 3 instrument. The borate fusion method was used to prepare fuse
beads. The results are presented in Table 3.1. The mineral composition of raw materials was
determined through X-ray diffraction (Bruker D4 phaser), as shown in Fig. 3.1. DSS comprises
quartz (PDF# 83-2465), calcite (PDF#72-1937), and baricite (PDF#72-1937). WIFA and BBA
contain anhydrite (PDF#72-0916), formed during the incineration for sulfur dioxide control.
WIFA exhibits high halite and potassium chloride peaks, which are attributed to the disposal of
K- and Na-contained waste materials during incineration. AAW contains low-crystalline
boehmite (PDF#49-0133), bayerite (PDF#01-0287), and thenardite (PDF#05-0631). The
particle size distribution of raw materials was determined using a laser light scattering technique
(Mastersizer 2000, Malvern). Raw materials were dispersed in isopropanol with a 10 min
ultrasonic dispersion to prevent agglomeration, and the results are depicted in Fig. 3.2. The
average particle size (d50) for DSS, WIFA, BBA, and AAW are approximately 18 pm, 57 um,
138 um, and 11 pum, respectively.
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Table 3.1: Chemical composition and physical properties of raw materials.

Elements DSS WIFA BBA AAW WG
Na,O 0.1 4.7 - 4.2 20.1
MgO 0.9 0.9 1.6 - -
Al,O; 0.7 2.6 25 55.2 -
SiO; 2.6 6.8 20.8 0.8 62.7
P20s 4.5 0.5 14 0.2 -

SOz 19 8.9 5.8 11.8 -
K20 0.5 8.9 4.8 - -
Ca0 4.91[2.4] 289[6.3]  345[7.1] 1.0 [0] -
TiO, 04 2.3 8.5 - -
Fe20s 18.1 3.1 7.2 0.6 -
ZnO 0.5 3.8 1.7 - -
Cl 0.1 17.6 1.6 - -
Others 0.6 2.1 2.3 24 -
LOI 64.2 8.8 7.3 23.8 17.2
Specific gravity 1.6 2.74 2.87 2.54 2.42
(cm®/g)
Moisture (%) 66.6 1.0 0.6 76.0 -

[ ] represents CaO content from the calcite within the raw materials based on their TG results (see
Appendix Fig. A.1). Mcao % = (Mass loss between 550 °C and 800 °C) x 56/44 x 100%.

—— DSS Q

10 20 30 40 50 60
2 Theta (°)
Fig. 3.1: XRD patterns of the raw materials. (A- boehmite: AIO(OH), B-bayerite: AI(OH)3, C-calcite:
CaCO;s, D- andradite: CasFe,(SiOs)s, H-halite: NaCl, L-lime: CaO, V-vivianite: Fes(PO4)2*8H,0, O-

Bassanite: CaS04+0.5H,0, P- potassium chloride: KCI, Q- quartz: SiO,, S-anhydrite: CaSOs, T-
thenardite: Na;SOa).
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Fig. 3.2: Particle size distribution of each raw material.

3.2.2 Sample preparation

As detailed in Table 3.2, the formulated mixtures consist of a 45 wt% sand fraction, 46 wt%
DSS, and 9 wt% additives. Additional 1.5 wt% and 2.0 wt% WG were incorporated based on
previous literature recommendations for its application in sealing materials, falling within the
range of 1 - 5 wt% [139]. The preparation process involved mixing DSS and the grain fraction
in a laboratory mixer until well dispersed. Subsequently, the additives and WG were gradually
added during stirring. The resulting blends were cast into a cylinder mold (D = 95 mm, H =
50mm) and compacted following DIN 18127 with a compaction degree of 95%. The samples
were externally prepared by Ingenieurblro Kugler in Essen, Germany. Then, the prepared
specimens were sealed in plastic bags and stored in a chamber at 20 °C and 90% relative
humidity for a curing period of 70 d. For the carbonated samples, the specimens were
transferred to a carbonation chamber with a 65% relative humidity, 25 £ 0.1°C for one month.
For the uncarbonated samples, the specimens were maintained in the previous chamber under
the same curing conditions for one month.

Table 3.2: Formulations of the designed samples (wt%).

. . Additional
Group ID  Grain Fraction DSS WIFA BBA AAW WG (%)
DWL5 46 9 0 0
DB1.5 46 0 9 0 15
DAL5 45 46 0 0 9
DW2.0 46 9 0 0
DB2.0 46 0 9 0 2.0
DA2.0 46 0 0 9

DSS: digested sewage sludge, WIFA: waste incineration fly ash, BBA: biomass bottom ash, AAW:
aluminum anodizing waste, and WG: waterglass.
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3.2.3 Methodology

The flowchart of the investigation process is presented in Fig. 3.3.

Sample preparation Curing process Sample analysis
DSS
WIFA Crcarbonated ezl @i Normal curing + Permeability test

samples 70 days 30 days i
* Reaction products
BBA !
Mixing + CO, adsorption
AAW .. :
Carbonated Normal curing Carbonation Microstructure analysis

WG samples 70 days 30 days + Leaching behavior

Fig. 3.3: Investigating the impact of carbonation on sludge-based sealing materials flowchart.

e Carbonation

The specimens were moved into a carbonation chamber (Memmert ICH260C). A circular
airflow with 3% CO> gas by volume was applied continuously during the test. The relative
humidity was set to 65%. Since few related parameters could be referenced from studies on the
carbonation of landfill cover systems, the mentioned value was set according to the reported
optimal value in the carbonation test for concrete and cement [185,186].

e Permeability test

Permeability tests for both uncarbonated and carbonated samples were performed in accordance
with DIN18130 and DIN EN ISO 17892. Cylindrical specimens were placed in pressure cells
with side pressure, and permeability values were recorded every three days. The test was
externally conducted by Ingenieurbiro Kiigler in Essen, Germany.

e Phase characterization

Following both the normal curing and carbonation curing, the phase assemblages of the
prepared specimens were characterized through X-ray diffraction (XRD), Thermogravimetry
(TG), and Fourier transform infrared spectroscopy (FT-IR). The specimens were slightly
crushed and dried in a vacuum oven at 60 °C to remove the free water. The characterization
was then performed on the powder samples (< 63 um), obtained through sieving the dried
samples to remove coarse aggregates and concentrate the carbonated products. The XRD
analysis was carried out by a Bruker D4 phaser, with a step size of 0.02° and a 20 range from
10° to 60° (Co-Ka, 40 kV, 30 mA). The TG test was conducted by a STA 449 F1 instrument at
a heating rate of 10 K/min under a N2 atmosphere. For FT-IR analysis, a VVarian 3100 instrument
was employed to identify bonding in the mineral phases within the wavenumber range of 4000
— 400 cm™.

e Microstructure analysis

N2 sorption analysis of both uncarbonated and carbonated samples was conducted using
Micrometrics Tristar 1l plus. The pore size distribution was determined at 77K from the
adsorption branch employing the Barrett — Joyner — Hallenda (BJH) method [140]. The samples
were pretreated by nitrogen gas flow with a heating rate of 10 K/min and heated at 60 °C for
24h to remove moisture and impurities.
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e Leaching behavior

The leaching behavior of both uncarbonated and carbonated samples was analyzed using the
one-batch leaching test (EN 12347-2). The cylindrical samples were crushed into small pieces
(< 4 mm) and mixed with deionized water in polyethylene bottles. These bottles were then
sealed and placed horizontally on a linear reciprocating shaking device (Stuart SSL2) for 24 h
shaking. The pH value of the leachate was initially measured using a pH meter and then
acidified with HNOs. The concentration of chloride (CI') and sulfates (SO4%) in leachates were
analyzed by ion chromatography (Dionex 1100) equipped with an ion-exchange column AS9-
HS. All other elements were quantified with inductively coupled plasma optical emission
spectroscopy (ICP-OES Spectral Blue).

3.3 Results

3.3.1 Permeability

o Effect of different additives and waterglass dosage on the permeability

The permeability of the specimens is evaluated using the k-value. Fig. 3.4(a) shows the
evolution of the k-values in the initial 75 d for each uncarbonated specimen with 1.5 and 2.0
wt% waterglass. After the first 20 d, the permeability value stabilizes, and the average value
post this period is considered as its permeability value. Dutch legislation prescribes overall
permeability limits of 6.34 x 1071° m/s for the residue-based sealing layer materials [155]. The
k-values of the investigated samples consistently fall below this threshold, ranging from 4.04 x
1022 m/s to 6.48 x 10" m/s. This suggests the feasibility of using WIFA, BBA, and AAW in
the preparation of landfill sealing materials concerning permeability. AAW-modified samples
stand out with the lowest permeability. The reasons for this distinctive characteristic have been
discussed in Chapter 2 [177], attributed to the finer particle size of AAW and the improved
formation of gypsum that improves the packing system.

Furthermore, it is noteworthy that the waterglass dosage exerts varying effects on the
permeability of the samples. Specifically, the permeability of DB2.0 samples decreases with
higher waterglass content. A plausible explanation for the observed decrease in permeability in
DB2.0 is that the additional waterglass may fill void spaces, thereby improving the overall
packing system. Moreover, waterglass may contribute to the formation of other precipitates (gel
products) that effectively reduce the porosity of the matrix, further contributing to the observed
decrease in permeability. On the other hand, the permeability for DW2.0 and DA2.0 increases
with more waterglass. One potential reason could be the dissolution of minerals within WIFA
and AAW when mixing with waterglass, as the waterglass provides a localized strong alkaline
environment. Specifically, boehmite in AAW could be dissolved as [136,187]:

AIOOH + OH™ + H,0 — AI(OH),~ (3.1)

This dissolution process may introduce pathways for fluid flow, consequently leading to higher
permeability in AAW-modified samples.
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Fig. 3.4. The permeability test of the prepared samples within 75 d. (a): with different waterglass content
and additives, (b): with (-c) or without (-uc) carbonation process for DW samples. Mixture details can
be found in Table 3.2. The red line represents the maximum allowable k-value for landfill sealing
materials according to Dutch legislation.

e Effect of carbonation on the permeability

The relatively lower CaO content in AAW makes it less vulnerable to the impacts of COa.
Consequently, among the two remaining additives with relatively higher CaO content, WIFA
was selected to assess its performance following carbonation. The effect of carbonation on the
permeability of DW1.5 and DW2.0 is presented in Fig. 3.4(b). The k-value of DWL1.5
experiences a substantial increase from 3.03x10! m/s to 5.48x10°** m/s, indicating the
formation of a higher pore volume post-carbonation. Upon the incorporation of 2 wt%
waterglass, the permeability of DW2.0 remains largely unchanged, maintaining values between
4.99x10 m/s and 5.10x10°1* m/s. This suggests that the higher waterglass dosage reduces the
degradation of the permeability caused by carbonation. One possible explanation is that
waterglass facilitates the precipitation of silica gel, which remains unaffected by carbonation.
Hence, the higher amount of precipitated silica gel from waterglass effectively obstructs the
connective pores [36], thereby mitigating the adverse impact of carbonation. Fortunately, both
DW1.5-c and DW2.0-c meet the requisite standards even after undergoing carbonation.
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Subsequent sections delve into the detailed mechanisms of permeability degradation in the
specimens, exploring both micro-scale and macro-scale perspectives influenced by the
carbonation process.

3.3.2 Phase changes

o X-ray diffraction analysis (XRD)

To reveal the potential chemical reaction during the normal curing and carbonation process, the
phase compositions of the samples were characterized by XRD. Fig. 3.5(a) presents the XRD
patterns of all samples containing 1.5 wt% waterglass. The uncarbonated samples, after the
same curing ages at normal humidity, exhibit similar peaks, indicating a consistent phase
composition, including gypsum (CaSOs+2H>0 PDF#: 33-0311), anhydrite (CaSOa, PDF#: 72-
0916), calcite (CaCOs PDF#: 72-1937), vivianite (Fe3(POas)2¢(H20)s PDF#: 75-1186), sodium
chloride (NaCl PDF#: 70-2509) and quartz (SiO2 PDF#: 89-8935). The formation of gypsum
within the sealing materials is associated with the soluble sulfate and calcium content from raw
materials (see Appendix Table A.1). It should be noted that the presence of anhydrite could be
attributed to the transformation of the gypsum during the drying process of the XRD sample
preparation. The primary distinction among the uncarbonated samples modified with BBA,
WIFA, or AAW lies in the varied intensity of gypsum, attributed to the distinct sulfate content
in the raw additives (as depicted in Table 3.1). For the carbonated samples, no significant
changes are observed in DB1.5-c and DA1.5-c compared to DB1.5-uc and DA1.5-uc in terms
of phase composition. However, visible alterations occur in DW1.5-c, where monohydrocalcite
(CaCOs*H.O PDF#: 84-0049) emerges. The formation of monohydrocalcite entails the
consumption of calcite, accompanied by the absorption of a portion of free water from the
matrix, which becomes chemically bound within the monohydrocalcite structure. Nonetheless,
the amount of this bound water is assumed to be minimal, given the low intensity of
monohydrocalcite peaks.

Upon the incorporation of 2 wt% waterglass, the XRD patterns for all samples, both with and
without carbonation, are depicted in Fig. 3.5(b). The higher dosage of waterglass has no
discernible influence on the phase composition of the mixture. Meanwhile, the formation of
monohydrocalcite is evident in the DW2.0-c as well.

a —— DW15-uc — DW1.5-c b — DW2.0-u¢ — DW2.0-c
g ——DBliuc —DBlS5<c g q g — DB30uc —DB20c
9 q DA1.5-uc DAL.5-c g DAZ.0-uc! DA2.0-c
C 9 c 9 i ;
a g c* a S g ; i
hocr c ¢} §Sl * " ¢ g a :
G * C; g ' i
v Vg\ ch g 9 qc c 99 g v g\ cg g qC c g ct qd
\ j* |
M g lio Ca 9 g o )ha g fjgia Oiq 9 Aq
LL Al Pho
POYYNY. v ok

10 2IO 3IO 4IO 5IO 1 60 10 2IO 3IO 4IO 5IO 60
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Fig. 3.5: XRD patterns of the powder samples in each group with (-c) or without (-uc) carbonation. (a-

Anhydrite: CaSOs, c- Calcite: CaCOs, c*- Monohydrocalcite: CaCOz+(H20), g- Gypsum: CaSO4+2H,0,
g- Quartz: SiO., s- Sodium chloride: NaCl, v- Vivianite: Fe3(POs)2¢(H20)s).
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e Thermogravimetric analysis (TGA)

To quantify the amount of formed gypsum, monohydrocalcite and calcite, both uncarbonated
and carbonated samples were subjected to Thermogravimetric analysis. Fig. 3.6 illustrates the
TG and DTG curves of all prepared samples. For the uncarbonated samples, major mass losses
are observed at approximately 135 °C, 265 °C, and 750 °C. These are attributed to the
dehydration of gypsum [163], the decomposition of organic content originating from the
sewage sludge [188] (see TG and DTG results of raw DSS in Appendix Fig. A.1), and the
decarbonation of calcite [151], respectively. Similar mass losses can be observed in the
carbonated samples. Interestingly, there is minimal variation in the curves representing organic
content from the sludge, indicating its stability during the carbonation process. However, some
differences are highlighted in the mass loss due to the dehydration of gypsum and the
decarbonation of calcite. Hence, their specific mass loss was calculated using the tangential

method [164], with the results summarized in Table 3.3.
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Fig. 3.6:TG-DTG curves of each sample with (-¢) or without (-uc) carbonation. (a): DW1.5, (b):
DW2.0, (c): DB1.5, (d): DB2.0, (e): DAL1.5, (f): DA2.0. Mixture details can be found in Table 3.2.
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The analysis of bound water content reveals variations in gypsum formation depending on the
additives used, particularly with higher sulfate content in AAW resulting in increased gypsum
formation in DAL.5 and DA2.0. However, comparing bound water in uncarbonated and
carbonated samples shows only slight differences, suggesting a slight decrease in gypsum
production. This decrease may be attributed to the consumption of calcium ions during the
carbonation curing process. To visualize the potential effect on pore volume induced by this
phase transition, theoretical chemical deformation was calculated based on literature data [189—
194], resulting in a chemical deformation of 0.082 ml/ggypsum, 85 sSummarized in Table 3.4.
Considering the minor changes observed in bound water, possibly influenced by sample
variability, and the effectiveness of normal curing phases in facilitating significant gypsum
formation [177], it can be inferred that the carbonation process has minimal impact on pore
volume due to gypsum production variations. Meanwhile, confirmation of monohydrocalcite
formation in DW1.5-c and DW2.0-c was achieved through the detection of a tiny peak around
200 °C [195]. The chemical deformation resulting from monohydrocalcite formation was
calculated to be -0.062 ml/geaicite. This further supports that the formation of monohydrocalcite
has limited influences on the porosity of the matrix.

Additionally, different groups of samples exhibit varying degrees of calcite increase post-
carbonation. Despite the anticipation that higher CaO content in the raw materials would lead
to greater COz adsorption, DW1.5-c and DW?2.0-c absorb the lowest CO2 content. One potential
explanation for this contrast is the reactivity of calcium in the samples, which heavily influences
their susceptibility to carbonation. The majority of calcium in WIFA exists in forms such as
calcite, gypsum, bassanite and andradite, which are less prone to carbonation. However, it is
also crucial to consider errors in the TG testing process, including issues with representative
sampling and potential carbonation during sample preparation. These factors could contribute
to discrepancies in the observed CO. adsorption. Interestingly, DA1.5-c and DA2.0-c show a
relatively high increase in CO2 adsorption. The reasons behind this phenomenon remain unclear.
Li etal. [196] have revealed that hierarchical porous AIOOH hollow microspheres can improve
CO:z capture. A similar function may be associated with the amorphous AIOOH present in the
AAW. Overall, the CO- adsorption capacity of the sealing materials is relatively low, especially
in DW groups, accounting for the low degradation of impermeability post-carbonation.

Table 3.3: Mass loss calculation at different temperature ranges based on the TG results (wt%).

Bound water Decarbonation of carbonates
Group Temperature range (1_10 -200°C) _ Temperature range (6_00 - 800°C) _
Without With Carbonation Without With Carbonation
Carbonation (-uc) (-c) Carhonation (-uc) (-c)
DW1.5 5.7 5.3(0.8) * 15.2 15.8
DB1.5 5.9 5.8 135 15.1
DAL.5 7.0 6.8 14.8 15.8
DW2.0 6.1 6.1(0.7) * 15.6 15.3
DB2.0 6.0 5.8 15.8 16.0
DA2.0 7.0 6.6 13.3 15.5

* represents the mass loss due to the dehydration of monohydrocalcite from DW1.5-c and DW2.0-c.
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Table 3.4: Calculation of chemical deformation due to the formation of calcite and monohydrocalcite.

Reactants/Reaction Molar volume Volume
products Moles  Mass (q) (ml/mol) (ml)
CaS04-2H.0 1 172.17 74.3 [189] 74.3
OH- 2 17.01 -4.3[190] -8.6
SO4* 1 96.06 13.9 [191] 13.9
Ca? 1 40.08 26.20 [197] 26.20
Volume changes due to 1.8 ml
gypsum formation '
CaCOs 1 100.09 36.9 [192] 36.9
OH- 2 17.01 -4.3[190] -8.6
Ca? 1 40.08 26.20 [197] 26.20
H20 3 18.02 18.0 [190] 54.0
Volume_ changes _due to 15.9 ml
calcite formation
Chemical deformation 0.082 ml/g gypsum
CaCOs 1 100.09 36.9 [192] 36.9
H20 1 18.2 18.0 [190] 18.0
CaC0s-H,0 1 118.10 48.7 [193] 48.7
Volume changes due to 6.2ml
monohydrocalcite '
Chemical deformation -0.062 ml/g calcite

e Fourier transform infrared spectroscopy (FT-IR)

Fig. 3.7 presents the FT-IR spectra of the investigated samples, both with and without
carbonation. The observed broad bands around 3528 - 3405 cm™ and 1684 - 1614 cm™ are
ascribed to the stretching and bending vibrations of the H-OH bond in gypsum, respectively
[198]. The peaks around 1112 cm™, 667 cm™, and 596 cm™ are assigned to the stretching and
bending modes of sulfate in gypsum or anhydrite [199]. The absorption peaks at 1411 cm™* and
871 cm™! originate from the vibration of v [COs*] and v, [COs*] from the calcite and
monohydrocalcite, respectively. The increased intensity of these two adsorptions after the
carbonation process also confirms the heightened carbonate formation.

Additionally, a notable difference observed after the carbonation process is the adsorption peak
around 1026 cm!, attributed to the Si-O-Si vibrations originating from the waterglass. Hua et
al. [200] have proposed the reaction of waterglass in the presence of gypsum, as shown by

CaSQ, + Na,0'nSi0O, — CaO-nSiO, + Na,SO, 3.2)

However, the formed CaO-nSiO: is sensitive to the carbonation process and will undergo
further decomposition with the formation of calcite and silicate gel [201]. Similar adsorption
shifts to higher wavenumbers due to the carbonation have also been reported in the study of the
carbonated alkali-activated slag system [202]. In conclusion, the additional waterglass
participates in the formation of silicate gel in the final carbonated samples. This implies that a
higher dosage of waterglass results in a greater formation of silicate gel, which may account for
the lower permeability obtained after carbonation due to the filler effect of silicate gel within
the matrix.
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Fig. 3.7: FT-IR spectra of each sample with (-c) or without (-uc) carbonation.

3.3.3 Physical changes

e Microstructure

The permeability of sealing materials is notably influenced by their microstructure, with pores
creating pathways for fluid flow. To assess the impact of the carbonation process on the
microstructure, N2 adsorption analysis was conducted on both the samples and raw additive
materials. Following the International Union of Pure and Applied Chemistry classification,
pores are categorized as micropores (< 2 nm), mesopores (2 — 50 nm) and macropores (> 50
nm) based on their pore size [203]. The application of the BJH method in N adsorption analysis
is recommended for determining mesopores [204]. Within the mesopores range, two primary
classes are identified: gel pores (2 - 10 nm) and capillary pores (10~50 nm) [165]. The pore size
distribution for each sample was calculated, and the results are illustrated in Fig. 3.8.
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Fig. 3.8: Pore size distribution of each sample from BJH adsorption: (a) samples with 1.5 wt% waterglass, (b)
samples with 2.0 wt% waterglass, (c) raw WIFA, BBA and AAW, (d) cumulative pore volume of capillary pore
and gel pore. Mixture details can be found in Table 3.2.

The pore size distribution in the samples with normal curing is predominantly influenced by
the additives employed. Specifically, the AAW-modified samples demonstrate high volumes
of gel and capillary pores. This tendency is linked to the presence of low crystalline boehmite,
as confirmed by XRD presented in Fig. 3.1. The higher gel content in AAW contributes to the
lower permeability observed in AAW-modified samples, as illustrated in Fig. 3.4. In contrast,
other additives contribute minimally to the volume of gel and capillary pores. Upon applying a
higher dosage of waterglass, both pores and capillary pores in AAW-modified samples increase,
with limited impact on other samples. This phenomenon is attributed to the dissolution of
boehmite within AAW in an alkaline environment. Additionally, this observation elucidates the
rationale behind the increased permeability of AAW-modified samples with higher waterglass
dosage.

In the carbonated samples, a notable reduction in gel pores and capillary pores is observed in
AAW-modified samples (DAL.5-c and DA2.0-c) after carbonation, whereas minimal changes
are noted in other samples. The decrease in pore volume may stem from the “pore blocking”
effect resulting from the formation of carbonates [205]. Additionally, a higher dosage of water
induces an increase in gel pore volume due to the formation of silicate gel.
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e Macro-scale change

After the carbonation process, a significant mass loss was observed in all specimens. This can
be attributed primarily to the evaporation of free water during the carbonation. Moreover, based
on the XRD and TG analysis, the absorbed CO2 during the carbonation curing plays a crucial
role in forming carbonates and the formation of monohydrocalcite also contributes to the
bonding of free water in the matrix. To illustrate the complexities of these mass changes, a
schematic representation is presented in Fig. 3.9(a).

Subsequently, the calculation of CO> adsorption and newly bonded water in each mixture was
carried out in accordance with the formulations presented by

M, =M,. - M, (3.3
Mw = Muc X Wy - Mc X We (3-4)
S(COZ + bound water) — (MW - Mt)/ Muc (3'5)

where ¢ is the total CO, and bound water adsorption for each mixture, wyc and wc denote the
moisture content from the uncarbonated and carbonated samples, respectively. Similarly, Myc
and Mc correspond to the total mass of the uncarbonated and carbonated samples, while My, is
the mass of the evaporated free water and M is the total mass change.

The results in Fig. 3.9(b) indicate that the overall mass change in the specimens is primarily
associated with the chosen additives. Specifically, samples from the DW group exhibit a higher
mass change in the overall adsorption of CO; and bound water. This outcome is ascribed to the
augmented formation of monohydrocalcite within the DW group, as evidenced by the TG and
DTG results in Fig. 3.6, resulting in higher bound water content. The application of a higher
dosage of waterglass slightly amplifies each mass change, likely attributed to the presence of
free water within the waterglass and its reaction with minerals, resulting in the formation of
hydrates.

(8) [ (b) 401 [_]Absorbed CO, and newly bonded water
Total mass change Evaporated [ Total mass change
free water and [ Evaporated free water and bonded water
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Fig. 3.9: (a) schematic of mass changes within the matrix (b) calculation of the mass change in each
carbonated sample. (The negative value means the mass loss of the matrix).
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3.3.4 Environmental impact

In addition to permeability, the leaching behavior of sealing materials represents a crucial
consideration, particularly in mitigating soil pollution risks. Despite the common
implementation of leachate collection systems in contemporary landfill infrastructure, the
propensity for leaching in sealing materials subsequent to carbonation warrants thorough
investigation [158]. In this study, we present the design and evaluation of sludge-based landfill
sealing materials, with a particular focus on elucidating the leaching behavior of both
uncarbonated and carbonated samples. Through systematic analysis, we aim to assess the
potential environmental implications associated with these materials comprehensively.

Table 3.5 presents the leaching results obtained from both uncarbonated and carbonated
samples. The leaching behavior of the formulated sealing materials is notably influenced by the
carbonation process. Specifically, the leaching of various elements increases in the carbonated
specimens, including chloride, cadmium, copper, nickel, lead, antimony, zinc, sodium,
potassium, iron, and magnesium, aligning with findings from previous studies highlighting
augmented leaching quantities of these elements in carbonated samples [206-208]. Of
significance is the contrasting leaching behavior observed for certain elements, particularly
sulfate and calcium, which show decreased leaching. The potential reason for the reduced
sulfate leaching is the reaction with Ba?*, leading to the precipitation of BaSO4, while for Ca,
it is the chemical binding within calcite or carbonates [209].

Table 3.5: Leaching results of uncarbonated and carbonated specimens (mmol/kg of dry raw material).

DW1.5 DB1.5 DAL5 DW2.0 DB2.0 DA2.0 Limit*

uc c uc c uc c uc c uc c uc c
Cr 420.1 508.2 164.6 2109 1508 216.8 7675 507.7 1745 2197 1258 106.2 4225
S04 86.86 7945 7517 7696 103.1 8591 1515 98.95 99.80 89.46 1479 1285 2083
As 0.009 0.006 0.007 0.009 0.004 0.007 0.011 0.008 0.010 0.012 0.006 0.009 0.027

Ba 0.002 0.002 0.001 0.001 0.001 0.001 0002 0002 0001 0001 0001 0.001 0.728

Elements

Cd 0.002 0.007 - - - - 0.002 0.004 - - - - 0.009
Cr - 0.001 - 0.001 - - - - - 0.001 - - 0.192
Cu 0.077 0.152 0.007 0.110 0.003 0.029 0.050 0.230 0.027 0.079 - 0.013  0.787
Mo 0.026 0.016 0.016 0.017 0.010 0.014 0.030 0.024 0.014 0.018 0.005 0.010 0.104
Ni 0.005 0.007 0.005 0.009 0.004 0.008 0.006 0.011 0.005 0.009 0.008 0.012 0.170

Pb 0.011 0.013 0.015 0.017 0.009 0.020 0.012 0.021 0.012 0.022 0.020 0.023 0.048
Sh 0.009 0.012 0.003 0.004 0.004 0.005 0.012 0.015 0.005 0.005 0.002 0.002 0.006
Zn 0.015 0.038 0.011 0.019 0.007 0.017 0.020 0.044 0.008 0.025 0.002 0.012 0.765
Na 351.8 3921 1648 2217 1823 2626 6241 4301 199.7 2520 231.1 2358
K 113.7 1215 4361 53.60 31.08 43.69 180.8 116.6 4537 5417 2416 22.69
Ca 29.99 20.20 20.04 1517 2005 1467 5261 2082 2406 1554 2421 1223
B 0.441 0.390 0.445 0385 0.412 0457 0.546 0447 0.445 0382 0545 0417
Fe 0.004 0.006 0.004 0.012 0.002 0.006 0.005 0.008 0.004 0.016 0.003 0.011
Li 0.691 0.668 0.616 0.438 0593 0511 0.904 0.649 0.861 0424 0.866 0.469
Mg 21.11 2450 1358 1593 1262 1652 2273 27.19 16.77 1721 1145 12.06
Sr 0.082 0.081 0.051 0.043 0.056 0.044 0.088 0.076 0.059 0.045 0.061 0.039
pH 820 807 816 805 822 807 82 821 819 805 836 7.99

uc = Uncarbonated sample, ¢ = Carbonated sample. * - The Council Decision 2003/33/EC limits [210]. Underlined
values are above the limits.
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Compared with the permissible emission limits regulated by the European Council Decision
2003/33/EC [210], only the leaching of chloride and antimony levels in the DW group exceed
the prescribed limits. The high leaching of these elements originates from the raw WIFA
component (see Appendix Table A.1). Since chloride and antimony are leachable from the
WIFA, a pre-treatment such as a washing process may be necessary and recommended before
their use in the formulation of sealing materials. However, further efforts are needed to handle
the resulting leachate from an environmental safety perspective. Overall, the potential for heavy
metal pollution resulting from leaching after carbonation of the designed landfill sealing
materials appears to be limited. The formulated DB and DA groups emerge as viable
alternatives for preparing landfill sealing materials.

3.4. Discussions

3.4.1 Carbonation mechanism of sealing materials

In this study, an accelerated carbonation process has been utilized to investigate the impact of
CO: released from decomposed organic waste in landfills on the permeability of sealing
materials. Then, the degradation mechanism of impermeability is elucidated from both the
chemical and physical perspectives. Despite the low permeability of the formulated sealing
materials, the diffusion of CO> within the matrix is inevitable and leads to the formation of
calcite and monohydrocalcite. Nishiyama et al. have demonstrated that the formation of
monohydrocalcite typically necessitates its surroundings to be saturated with magnesium
carbonate to prevent its dehydration to anhydrous calcium carbonate [211]. A similar
equilibrium between monohydrocalcite and magnesium carbonate is also observed in some
saline lakes [211]. Consistently, the formation of monohydrocalcite is more pronounced in the
WIFA-modified samples, attributed to high leachable magnesium content from WIFA (see
Appendix Table A.1), resulting in sufficient formation of magnesium carbonates. This is
supported by the prominent peak of magnesium carbonates in XRD patterns observed in
Carbonated DW samples, as depicted in Fig. 3.10.

(@) —Dw1.5 —CDW1.5 (b) —bw2.0 —CDW2.0
—DB15 —CDBLS5 DB2.0 — CDB2.0
DAL5 — CDALS5 DA2.0 — CDA2.0

warw &H:

35 40 45 35
2 Theta (°) (Co, Ka) 2 Theta (°) (Co, Ka)

5

Fig. 3.10: The XRD pattern of all samples with 2 Theta range of 35° to 45° (m: MgCO3 — PDF# 086-
2346).

In terms of the long-term permeability of the sealing materials, one of the crucial factors is the
volume stability of the matrix. When the carbonate formation results in volume expansion, the
subsequent formation of monohydrocalcite leads to volume shrinkage. Therefore, leveraging
both of these behaviors to offset volume changes appears to be a rational approach, ultimately
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contributing to the stability of the matrix volume. Increasing the magnesium content of
additives can promote monohydrocalcite production, potentially enhancing the volume stability
of the sealing materials post-carbonation.

3.4.2 Limitations of the accelerated carbonation process

Due to the limited availability of relevant studies examining the potential impact of released
CO:2 on the permeability of sealing materials, we have to choose an accelerated carbonation
process commonly used in cement systems [212,213]. However, it is imperative to point out
the differences between accelerated carbonation and the natural carbonation process within this
context. The principal distinguishing factors are outlined in Fig. 3.11, encompassing gas types
and concentrations, temperature, infiltration paths and free water evaporation. In the natural
carbonation process, the simultaneous generation of CO> and CHs occurs during the
biodegradation of organic waste materials. This biodegradation process leads to an escalation
in greenhouse gas concentrations. Furthermore, the resultant exothermic chemical reactions
frequently induce an elevated temperature within conventional landfill environments [214].
Studies have indicated temperature escalations from ambient levels to 38 ~ 54 °C after years of
closure [215]. Additionally, because of the stratified configuration of the landfill cover system,
gas migration predominantly occurs upward solely from the bottom surface during the natural
carbonation process, differing from its diffusion pattern emanating from the perimeter towards
the center in the accelerated carbonation process. Lastly, evaporation of sealing materials is
inevitable within the carbonation chamber, whereas the sealing layer exhibits limited
evaporation of free water as an internal layer in a compacted cover system. However, the
influence of these differences on carbonation outcomes primarily resides in the rate at which
carbonation penetrates, with fewer impacts on the composition and structure of the carbonation
post-application. Free water evaporated from the surface will be replenished during the
permeability test, rendering the observed permeability degradation in the experimental findings
reliable. Overall, the decreased impermeability of the sealing materials (see Fig. 3.4) still
complies with the requirements outlined in Dutch legislation concerning residues-based sealing
materials used for landfill cover systems [155]. It should be noted that for an effective
assessment of the long-term service viability of sealing materials, constructing an improved
carbonation model that aligns with the actual carbonation process would be recommended,
facilitating a more precise evaluation.

Accelerated carbonation Natural carbonation
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Fig. 3.11: Comparison of accelerated carbonation process and natural carbonation process.
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3.4.3 The effect of waterglass and various additives on the sealing materials

Previous studies have highlighted the beneficial impact of waterglass in reducing the
permeability of sealing materials [139]. However, these studies did not incorporate a wide range
of additives, neglecting the potential interaction between waterglass and the diverse raw
materials used in formulating sealing materials. The alkalinity inherent in waterglass can
facilitate the dissolution of minerals, consequently diminishing the solid phase and leading to a
decrease in the dry density of the compacted materials. Additionally, waterglass exhibits lower
carbonation sensitivity, resulting in silica gel formation. The amorphous silicate gel possesses
the capability to occupy voids within the matrix, which may elucidate the reason that higher
dosages of waterglass tend to exhibit lower impermeability degradation after carbonation.

To enhance the recycling of industrial wastes from diverse sources, the study utilized a variety
of waste materials to prepare sealing materials for performance evaluation. Notably, particle
size and chemical composition are the key factors influencing the permeability. Particle size
closely affects the compacted structure, as evidenced by the lowest permeability observed in
the case of AAW. Meanwhile, chemical composition plays a crucial role in interactions with
other components like waterglass and sewage sludge, leading to variations in gypsum formation
levels. Moreover, the leaching behavior of these industrial wastes directly impacts the leaching
behavior of final products.

3.5. Conclusions

The primary objective of this chapter is to assess the effects of carbonation on landfill sealing
materials derived from various industrial by-products such as digested sewage sludge (DSS),
waste incineration fly ash (WIFA), biomass bottom ash (BBA) and aluminum anodizing waste
(AAW). The compacted layer materials were prepared as alternative landfill sealing materials
and subjected to an accelerated carbonation process. The permeability, chemical and physical
changes, and leaching behavior were analyzed in detail. Based on the results obtained, the
following conclusions can be drawn:

e The landfill sealing materials, formulated with solid waste derived from Dutch
industrial processes such as digested sewage sludge, waste incineration fly ash, biomass
incineration fly ash, and aluminum anodizing waste, exhibit advantageous permeability
properties conducive to their utilization as residual-based sealing layers in the final
landfill cover system.

e Following the diffusion of CO,, the permeability of sewage sludge-based sealing
materials undergoes augmentation, concomitant with the formation of carbonates and
monohydrocalcite. The formation of monohydrocalcite is likely influenced by the
leachable magnesium content present in the raw materials. The observed degradation in
permeability is likely ascribed to volume alterations induced by mineral carbonation
processes. The organic content from the sludge is stable during the carbonation process,
as evidenced by the minimal variation in TG curves.

¢ A higher dosage of waterglass mitigates the deterioration in permeability resulting from
carbonation, a phenomenon attributable to the continued presence of silicate gel, which
actively participates in filling the void spaces.
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Utilizing smaller particle sizes of industrial by-products in the fabrication of sealing
materials is recommended due to its contribution to reduced permeability. Nevertheless,
it is imperative to consider the leaching behavior of raw materials, as it influences the
release of toxic elements. The impact of carbonation on the leachability of toxic
elements is intricately linked to the nature of the raw materials employed. Hence, pre-
treatment becomes essential when applying waste containing high levels of leachable
toxic elements to mitigate potential environmental risks.
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Chapter 4 Utilization of waste incineration filter dust in sodium
carbonate-activated slag mortars

This chapter utilizes Waste Incineration Filter Dust (WIFD) as a green ingredient in a sodium
carbonate-activated ground granulated blast furnace slag (GGBFS) system. WIFD is produced
with a high portlandite and calcite content in municipal solid waste incineration (MSWI) plants.
The reaction kinetics and reaction products of the system are analyzed through isothermal
calorimetry, X-Ray diffraction (XRD), thermogravimetric analysis (TG-DTG), FT-IR,
SEM/EDX, N2 adsorption tests. The flowability and compressive strength of WIFD mixed
samples are evaluated. The results show that the WIFD and Na.COsz have a synergistic effect
on the activation of GGBFS. The portlandite from WIFD could replace the pure Ca(OH): and
react with Na2COs to improve the alkalinity. The incorporation of WIFD accelerates the
Na2COz-activated GGBFS with the main products, including C-(A)-S-H gel, hydrotalcite and
hemicarboaluminate. Besides, the calcite from WIFD is beneficial to form the
hemicarboaluminate and decrease the porosity of the matrix. Though the mechanical
performance of samples is reduced with more WIFD, it is still high enough for a potential
application in construction with lower strength requirements. The results also confirm that
GGBFS could be activated by WIFD and the addition of sodium carbonate helps the strength
development and increases reaction speed. The work shows the potential of WIFD applying as
a green building material.

This chapter is partially published elsewhere:

X. Ling, K. Schollbach, G. Liu, H.J.H. Brouwers, The utilization of waste incineration filter dust (WIFD) in sodium
carbonate activated slag mortars, Construction and Building Materials, 313, 125494, 2021.
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4.1 Introduction

In recent years, Alkali-activated materials have been widely investigated for their
environmental, economic, and performance benefits, making them a promising alternative to
traditional construction materials. The commonly used activators are sodium and potassium
hydroxides and silicates. Despite these activators ensuring the high reactivity of the precursors
and desirable mechanical properties, their high alkalinity raises concerns regarding handling
safety issues and significant chemical shrinkage of the hardened binder. Therefore, some milder
alkali activators have been investigated such as sodium carbonate (Na-COz) and calcium
hydroxide.

However, the activation of GGBFS by Na>COs is slow due to the lower initial pH compared to
NaOH. Several works verified the slow reaction process of Na,COsz-activated GGBFS and
unsatisfied early strength development during the early reaction period [55,63]. Hence, an
accelerated setting time and improved early strength development are essential for Na,COz-
activated AAMs. Several approaches have been proposed to enhance the performance of
Na>COz-activated AAMs. For example, additives such as Mg(OH). and MgO play the role of
filler to decrease the porosity of the binder [216] [217]. Calcined layered double hydroxides
[55], calcined dolomite [65], limestone powder [218] and Ca(OH)2 [67,68] have been added in
the Na,COs-activated AAMs to accelerate the consumption of COs® ions and improve the
initial pH value of the pore solution [219], consequently, early-age performance can be
improved. Notably, the chemical method shows more effectiveness and efficiency in the early
strength development of the binder. Compared to other calcined additives, Ca(OH). and
limestone draw more attention due to their low costs and wide distributions. However, the
production of Ca(OH): releases large amounts of CO> into the atmosphere due to the calcination
of raw materials [220]. Therefore, the demand for proposing green and economic alternates as
new additives in sodium carbonate-activated materials to enhance early age reaction is required.

The calcium hydroxide and calcite may play the role of accelerator for enhancing the reaction
process of Na,COs-activated GGBFS based on the above research review. Therefore, it is
possible and convenient to apply WIFD in Na2COs-activated GGBFS as a green and low-cost
additive. Nearly 5 kt/yr of WIFD were produced per year for air pollution control in the
incineration plants in the Netherlands. Because of the relatively low production of WIFD
compared with the alkali-activated slag binders, all WIFD could be recycled while using the
optimal content of 5 wt%. The reuse of the WIFD in the AAMs has advantages both in cost
and energy savings, CO. emission and waste management.

In this chapter, the early reaction of Na2COz and portlandite from WIFD was designed to
improve the alkalinity of the pore solution, which is beneficial for early strength development.
The influences of Na,COs and WIFD on alkali-activated GGBFS were investigated. The couple
effects of Na,COs and WIFD on the reaction products, reaction kinetics and mechanical
properties of this cement-free binder were investigated. The X-ray diffraction (XRD), thermo-
gravity (TG), Fourier transform infrared spectroscopy (FT-IR) and the Scanning Electron
Microscope (SEM) with EDX analysis were conducted. The related results can provide a new
application of WIFD in sodium carbonate-activated materials.
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4.2 Materials and Experiments

4.2.1 Raw materials

Ground granulated blast furnace slag (GGBFS) used in this study was provided by Heidelberg
Materials Benelux, Netherlands. The waste incineration filter dust (WIFD) in Fig. 4.1(a) was
provided by Euro Trust Management, Netherlands. The chemical compositions of raw materials
were measured using X-ray fluorescence (PANalytical Epsilon 3) and are shown in Table 4.1.
Sulphur and calcium are the main elements in WIFD. The mineral compositions in Fig. 4.1(b)
show that the main crystalline phases of WIFD are calcite (PDF#47-1743), portlandite
(PDF#44-1481) bassanite (PDF#24-1068) and dolomite (PDF#73-2409). The portlandite and
calcite amounts are 36.38 wt% and 37.43 wt%, respectively, calculated from TG results in Fig.
4.2, which accounts for the high LOI of WIFD. The particle size distributions of GGBFS and
WIFD are shown in Fig. 4.3. The average particle size of GGBFS and WIFD is around 13 um.
The chemical composition of the leachates obtained from WIFD via one batch leaching test is
presented in Table 4.2. The high Ca?* and SO4> concentrations are coherent with the XRF
results. Na2COs (powder, analytical grade, supplied by Sigma-Aldrich) was used to prepare the
activator.

Table 4.1: Chemical compositions of raw materials.

Chemical Composition WIFD GGBFS
Na2O 0.15 -
MgO 0.73 9.02
Al,0; 0.20 13.09
SiO; 0.59 31.24
SO3 6.51 5.15
K20 0.21 0.29
Ca0 53.97 38.56
TiO, 0.02 1.30
Fe.0s 0.07 0.67
Cl 0.62 0.04
LOI1% 36.24 0.64
Surface area (m?/g) 25.1 1.00
Specific density (g/cm?) 2.32 2.93

*LOI = loss on ignition at 1000 C for 2 h.

Table 4.2: Leaching behavior of WIFD obtained via a one-batch leaching test (mg/kg).

Elements K Ca Na Mg Ba Sr Zn NOs SO& CI pH

WIFD 1360 175102280 0.21 35 70.29 1.14 310 13430 5910 12.98
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Fig. 4.1: Raw material and XRD pattern of Waste incineration filter dust (WIFD) and GGBFS.
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4.2.2 Sample preparation

Two sets of paste and mortar samples were prepared according to the mix proportions in Table
4.3. To reveal the influences of WIFD on the performance of sodium carbonate-activated
GGBFS, In the first set the amount of Na,COz was 8 wt% (equivalent sodium oxide (Na20)
content of 4.6 wt% by weight of binder), while the amount of WIFD was from 0 wt%, 5 wt%,
10 wt%, 15 wt% to 20 wt%. To reveal the effects of NaCOs concentration on GGBFS-WIFD
binder systems, the second set was prepared as follows, the amount of WIFD was kept constant
(10 wt%) and the amount of Na2COz was varied (2.3 wt%, 4.6 wt% and 6.9 wt% of total mass
of WIFD and GGBFS). The water/binder ratio by mass was 0.5 for the paste and 0.6 for the
mortar to meet the water demand of the fine aggregates. The sand-to-binder ratio was 3.0 for
mortar samples.

All the samples were mixed in a laboratory mixer. The binder and sand were well dispersed and
then the water was added at a low speed for 30 s. Then stop the mixer for 30 s to stir the bottom
specimens. After another 120 s mixing at a medium speed, the samples were poured into
40x40%x160 mm?® styrofoam molds and vibrated for 1 min. After 1 d curing, the specimens were
demolded and sealed with plastic films, then stored under laboratory conditions with 50% RH
and 20 °C.

Table 4.3: Mix proportions of paste and mortar specimens.

Sample N(aNz(ai%ngo) / Waste/g Slag/lg  Sand/g w/b
NSWO 8 (4.6) 0 100

N8W5 8(4.6) 5 95

NSW10 8(4.6) 10 90 O 0.5
N8W15 8(4.6) 15 g5 (paste)  (paste)
N8W20 8(4.6) 20 80 . 06
NOW10 0(0) 10 90 (mortar) (mortar)
NAW10 4(2.3) 10 90

N12wW10 12(6.9) 10 90

4.2.3 Methodology

e Isothermal calorimeter

The reaction kinetics were determined by an isothermal calorimeter (TAM Air, Thermometric)
at 20°C. The raw material was first mixed in a bottle according to the paste mixture. Then the
water was added, and the content was mixed with a vortex mixer. The mixed paste was injected
into a sealed glass ampoule and loaded into the calorimeter for 6 d. The heat release and heat
flow results were normalized by the mass (g) of the binder.

e Leaching test

To assess the leaching potential of the WIFD, a one-batch leaching test was employed according
to NEN-EN12457-4. WIFD powder and distilled water were mixed in a polyethylene bottle
with a solid-to-liquid mass ratio of 1/10. The bottle was placed horizontally on a liner
reciprocating shaking device (Stuart SSL») at a rate of 250rpm for 24 h. Then the leachate
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samples were filtered with a 0.2 um PTFE filter and acidified with ultrapure nitric acid. The
leaching analysis was conducted with ion chromatography (I1C) and inductively coupled plasma
optical emission spectroscopy (ICP-OES).

e Phase assemblage analysis

The phase composition of paste samples was characterized by X-ray diffraction (XRD), thermal
gravity (TG) and Fourier transform infrared spectroscopy (FT-IR). The paste samples were
broken into small pieces by an iron hammer and immersed into isopropanol to stop the
hydration process for 24 h. Then the samples were dried at 60 °C for 24 h and grounded in an
agate mortar until passing the 75 pm sieve for further analysis.

The dried powder samples were measured by a Bruker D4 phaser instrument with a step size of
0.02° and a 26 range from 10° to 90° (Co-K,, 40 kV, 30 mA).

The thermo-gravimetric (TG) test was conducted using a STA 449 F1 instrument under N2
atmosphere at a heating rate of 10 K/min up to 1000 °C. Differential thermo-gravity (DTG)
results are calculated from thermo-gravity (TG). The quantification of calcite and Ca(OH)2
content was calculated by using the mass loss during different decomposition temperature
ranges in TG, for example, 600°C to 850 °C for calcite [151], and 390°C to 500°C for Ca(OH)2
[221].

Fourier-transform infrared (FT-IR) spectroscopy was conducted by using the Varian 3100
instrument to identify the bonding in the mineral phases and the amorphous contents in samples
with the wavenumber range of 4000-400 cm™™.,

e Fresh behavior and mechanical test of mortars

The flowability of the fresh mortars was determined using the mini spread flow table test
according to EN 1015-3:2007.

The mechanical properties of the mortar are studied according to EN 196-1:2016. The samples
covered by the plastic film with a size of 40x40x160 mm?® curing at ambient temperature were
tested at a loading rate of 2400 N/s for compressive strength after 7 d, 28 d and 91 d.
Compressive strength tests were conducted on 6 specimens for each mixture.

e Microstructure analysis of reaction products

The microstructure of paste samples after 28 d of curing was observed by using a Scanning
Electron Microscope with EDX (15KV) detector (Phenom Pro). The crushed samples were
immersed in isopropanol to stop the reaction process and dried at 40 °C for 24 hours. Afterward,
the samples were embedded in resin and polished with grinding papers. The polished surface
was then coated with Au by using Quorum 150TS plus sputter coater.

The Nitrogen adsorption analysis of dried samples was conducted by using TriStar II 3020,
Micrometrics. The powder samples (<400 um) were dried at 105°C until the mass was constant
before the test. The gel pore size distribution was calculated from the adsorption branch by the
Barrett - Joyner - Hallenda method [140].
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4.3 Results and Discussions

4.3.1 Flowability of NC-WIFD-GGBFS mortars

The flowability of the fresh mortars is shown in Fig. 4.4. The N8WO shows a satisfied
flowability of 250 mm. After the WIFD gradually replaced the GGBFS, the workability of
mortar decreased significantly. The high surface area of WIFD compared to GGBFS induces a
high water demand for blends. On the other hand, the increase of Na2COs in the activator also
reduced the workability of mixtures containing 10 wt% of WIFD. It can be seen in Fig. 4.5, that
the sample without Na>COs shows a flowability of 180 mm, and it gradually decreased to 130
mm when Na>COz increased to 12 wt%. The increased Na2COz dissolved in the solution would
accelerate the calcium consumption in the pore solution and promote the formation of
carbonates. The increased precipitation of carbonates inhibits the flow of mortars. The above
results indicate that the addition of Na,COsz and WIFD reduces workability due to the fast
precipitation reaction between Na,COs and the high surface area of WIFD. It is worth noting
that the heat released during the initial precipitation and the accompanying heat from mineral
dissolution, which occur before the system stabilizes in the calorimeter test, cannot be
effectively detected.
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Fig. 4.4: Spread flow diameter of 8 wt% Na,COs activated GGBFS mortars containing WIFD.
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4.3.2 Reaction kinetics of NC-WIFD-GGBFS blends

To investigate the effects of WIFD and Na2COz on the reaction process of various mixtures,
the calorimeter test was conducted, and the results are shown in Fig. 4.6. As can be seen, the
increased WIFD in mixtures accelerates the reaction process, reducing the duration of the
induction period. In N8WO, two exotherm peaks occur at around 4 h and 60 h after the initial
peak caused by particle wetting and dissolution. The first small exotherm peak could be
attributed to the formation of gaylussite (Na2Ca(COs)2+5H20) and calcite, which are general
reaction products in sodium carbonate-activated GGBFS system [222]. The second main
exotherm is assigned for the formation of C-(A)-S -H type gel as the main reaction products in
the sodium carbonate-activated GGBFS system [222]. It takes nearly 2 d for sodium carbonate-
activated slag to reach the heat flow peak, which is consistent with some previous results that
show even longer retardation when only Na.COs was used in the activator [223,224].

However, the heat flow curves become quite different and only one exotherm peak could be
found after incorporating WIFD. The time to reach the main exotherm peaks was reduced to
9.79 h and 2.31 h when incorporating 5 wt% and 10 wt% WIFD, respectively. Then the reaction
process shows no more significant improvement after the amount of WIFD is higher than 10
wit%; for example, N8W15 takes 1.65 h and N8W20 takes 1.56 h to reach the main exotherm
peak. The main reason is the amount of Ca2* provided by the dissolving portlandite in WIFD is
higher than the amount of Na.COs and the system becomes oversaturated. Nevertheless, the
cumulative heat of each mixture increases with higher amounts of WIFD in the reaction as
summarized in Table 4.4. Therefore, WIFD acts as an extra activator to accelerate the reaction
process and shows the potential to be effectively applied in the Na>COz-activated GGBFS.
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Fig. 4.6: Heat release of the Na,COs activated GGBFS with different WIFD replacements from 0 wt%
to 20 wt%.
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The effect of Na2COsz content on the reaction process of GGBFS-WIFD blends is shown in Fig.
4.7. NOW10 also shows a prolonged induction period, which is similar to the sample N8WO. It
shows two exotherm stages at around 24 h and 51 h, respectively. The first exotherm as seen
arrow can be induced by the formation of ettringite due to the existence of SOz and aluminate
in raw materials. Then the main exotherm around 51 h is attributed to the formation of C-(A)-
S-H gel and hemicarboaluminate as seen in Fig. 4.9(b). This indicates that only WIFD also can
effectively activate GGBFS, which plays the role of activator. However, the pH it generates in
NOW10 is lower because the OH " provided by portlandite is limited, leading to a slower reaction
process at early ages, which is consistent with the reported work about calcium hydroxide-
activated GGBFS [225].

In contrast to NOW10, incorporating Na,COs (N4W10, N8W10 and N12W10) results in only
one exotherm followed by a small shoulder. The main peak is attributed to the formation of C-
(A)-S-H gel and the small shoulder is probably a result of the other reaction products including
hemicarboaluminate and hydrotalcite. The additional Na.COs accelerated the reaction through
the fast reaction with portlandite, and then the formation of sodium hydroxide; consequently,
the reduction of time to reach the maximum hydration peak can be observed in Table 4.
Meanwhile, the 144h cumulative heat increases from 149.16 J/g in NAW10 to 244.89 J/g in
N12W10. It could be explained that more GGFBS can be activated when more Na2COs content
is applied. However, the 144h cumulative heat of N4W10 is lower than that of NOW10 (154.36
J/g) which could be explained by additional heat generated by the ettringite formation. The
additional Na,COs in N4W10 probably induces the formation of calcium carbonates rather than
the ettringite. To conclude, a synergistic effect between Na>COs and WIFD can be spotted
during the activation of GGBFS. The presence of WIFD effectively overcomes the retardation
effects of NaCOz-activated GGBFS.
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Fig. 4.7: Heat release of the 90 wt% GGBFS and 10 wt% WIFD blended binder with the additional
amount of Na,COs from 0 wt% to 12 wt%.

73



Table 4.4: Summary of cumulative heat of samples at 144 h.

Group Time (h) Cumulative heat at
(to reach the heat flow peak) 144 h (J/g slag)

N8WO 58.06 190.40

N8W5 9.79 224.05
N8W10 2.31 225.96
N8W15 1.65 243.93
N8W20 1.56 209.55
NOW10 51.15 154.36
N4W10 3.53 149.16
N8W10 2.31 225.96
N12W10 2.38 244.89

4.3.3 Reaction products identification of NC-WIFD-GGBFS blends

¢ XRD analysis

The X-ray diffraction patterns of Na,COz-activated GGBFS samples with different WIFD
replacement ratios after 28 d of curing are shown in Fig. 4.8(a). The main crystalline phases in
samples are hydrotalcite (MgeAl2CO3(OH)16-4H20) (PDF#89-0460), calcite (PDF#72-1937),
dolomite (PDF#75-1759), hemicarboaluminate (PDF# 41-0221) and dolomite (PDF#75-1759),
along with the portlandite (Ca(OH).) and calcite (PDF#72-1937) from the WIFD. Only the
reference (N8WO0) contains gaylussite (Na2Ca(COs)25H20) (PDF#74-1235), which is not
observed in samples N8W5-N8W20, indicating that the increased WIFD may inhibit the
formation of gaylussite. After 28 d of curing, the increased intensity of hemicarboaluminate,
hydrotalcite, calcite, and dolomite in each sample indicates that the increasing WIFD content
promotes the formation of carbonates in the reaction system. Notably, C-(A)-S-H gel, which is
known to be produced as the main reaction product in the alkali-activated GGBFS with low
crystallinity, is difficult to distinguish in XRD patterns [226]. Additionally, the main specific
peak overlaps with that of calcite around 34.2°(26).

(a) —— N8W0 (b) —d
c —— N8W5 —3d

—— N8W10
—— N8W15
ve N8W20

10 20 30 40 50 60 10 20 30 40 50 60
2 Theta (°) CoKa 2 Theta (°) Ko
Fig. 4.8: (a) XRD patterns of samples with different replacement of WIFD after 28 d curing, (b) XRD
patterns of sample N8W10 at different curing ages (c-Calcite, d-Dolomite p-Portlandite, -
Hemicarboaluminate, ¢ - Hydrotalcite, g- Gaylussite).
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Fig. 4.8(b) shows the reaction product of N8W10 at different ages. The main phase composition
in N8W10 shows little difference after a 1 d reaction, as the main reaction has taken place after
24h from the calorimetric test results shown in Fig. 4.6. The main reaction products are the
same as mentioned above. However, the intensity of the specific peaks of hemicarboaluminate
and hydrotalcite shows a variation at a late age.

The effects of Na2COs content on reaction products of mixtures containing 90 wt% GGBFS
and 10 wt% WIFD after 28 d of curing are shown in Fig. 4.9(a). The main reaction products
are calcite, dolomite, ettringite, hydrotalcite and hemicarboaluminate in the sample of blended
GGBFS and WIFD without Na,COs (NOW10), which confirms the activation effect of WIFD
on the GGBFS. After the Na,COs was applied in the activator, the peaks of ettringite were not
observed in mixtures(N4W10-N12W10).

Fig. 4.9(b) shows the XRD patterns of sample NOW10 at different curing ages. The peaks of
ettringite and calcite are identified after 1 d of reaction, which may contribute to the first
exotherm in NOW10 at around 24 h in the calorimetric test results in Fig. 4.7. Then
hemicarboaluminate and dolomite were observed in the sample after 3 d reaction in the XRD
patterns, which may also contribute to the main exotherm in NOW10 around 51 h in Fig. 4.7.
Then the peak intensity of hydrotalcite gradually increases from 7 d to 91 d, which confirms
the ongoing reaction process. The peak of Ikaite (PDF#75-1733) is not particularly sure due to
its low intensity and the overlap with other minerals.

(@) ——nowz1o | (b)
¢ —— N4W10
—— N8W10

— N12W10|

10 2IO 3IO 4I0 5IO 60 10 2I0 3IO 4I0 5IO 60
2 Theta (°) CoKa 2 Theta (°) CoKa.
Fig. 4.9: (a) XRD patterns of samples with additional Na,COs after 28 d curing, (b) XRD patterns of
sample NOW10 at different curing ages (c-Calcite, d-Dolomite, ¥- Hemicarboaluminate, ¢ -
Hydrotalcite, e-Ettringite, I- Ikaite). (Peaks marked grey and red first appear after 3d, 7 d
respectively).

e FT-IR analysis

The phase assemblage of reaction products after 28 d curing was characterized by FT-IR and
the results are shown in Fig. 4.10. The content of WIFD shows no significant influence on the
FT-IR results of reaction products as shown in Fig. 4.10(a). The broad bands centered around
3405 cm™* and 1649 cm™ present the stretching and bending mode of the H-OH bond in the
samples. These resonances may be caused by the bound water or interlayer water from
gaylussite or C-(A)-S-H gels [227]. The absorption peaks at 1414 cm™ and 874 cm™ originate
from the vibration of vz [COs?] and vz [COs?] respectively, which is coherent with the
formation of calcite, hydrotalcite and hemicarboaluminate during the reaction. The sharp peaks
at around 973 cm, 817 cm™ and 664 cm™ in the spectrum represent the Si-O asymmetric
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stretching vibration and Si-O-Si bending vibration in the C-(A)-S-H gel [228,229]. Besides,
both the increased Na,COsz and WIFD content result in a sharper peak at around 817 cm™,
indicating the formation of C-(A)-S-H gel [228]. The band centered around 1130 cm™, which
is assigned to the v [SO4?], is getting more intense in Fig. 4.10(a) due to the increased WIFD
content providing more sulfate ions. The gradually disappearing band centered at around 892
cm™ is due to the presence of TO4 (T is Si or Al) from the original slag [63,230], which was
decreased after more slag was reacted. The results of 90 wt% GGBFS and 10 wt% WIFD
blended samples activated by different amounts of Na.COs are shown in Fig. 4.10(b) and
exhibit similar resonances. Notably, Si-O stretching in C-(A)-S-H gel is shifted from 960 cm™
to 936 cm?, indicating the decreased polymerization of C-(A)-S-H gel due to the lower
proportion of GGBFS in the mixture.

(&) | ——N8WO——NB8W5——W8N10——N8W15——N8W20 (b) [—— Now10—— N4W10—— N8W10—— N12W10

1y
C-(A)-S-H

T T T T T T T T
4000 3500 1500 1000 500 4000 3500 1500 1000 500
Wavenumber (cm') Wavenumber (cm™)

Fig. 4.10: FT-IR spectrum of mixtures after 28 d: (a) with different amounts of WIFD and (b) with
different amounts of Na;COs.

e TG-DTG analysis

Fig. 4.11 shows the TG-DTG results of Na,COs-activated GGBFS samples with different
WIFD replacements after 3 d. The first peak of DTG curves between 40 °C and 240 °C is
associated with the dehydration of C-(A)-S-H gel, hemicarboaluminate and hydrotalcite.
Notably, a distinct peak around 120 °C is assigned to the dehydration of gaylussite [63], which
is coherent with the observation with XRD results (Fig. 4.8(a)), where the N8WO is the only
sample containing gaylussite. The small shoulders at around 200°C are caused by the loss of
the bound water from hydration products like hydrotalcite and hemicarboaluminate [231]. The
portlandite from WIFD, visible in the XRD results, is supposed to decompose at around 430 °C.
However, it’s pretty difficult to identify the mass loss of portlandite due to the decarbonation
of hydrotalcite that also occurs at 400 ~ 650 °C [232]. Besides, the portlandite would be
consumed over time by the reaction with Na2COz. The weight loss of around 700 °C is induced
by the decarbonation of calcite originating from the raw material WIFD, as seen in the TG
results in Fig. 4.2. The weight loss of around 800 °C is related to the decarbonation of carbonates
which are newly formed or from the thermal decomposition of hydrotalcite or
hemicarboaluminate during the TG test [233].
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Fig. 4.11: TG-DTG curves of reaction products with different WIFD replacements after 3 d (Ht-
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Table 4.5 summarizes the mass loss of the different phases at different temperature ranges. To
evaluate the amount of the formation of C-(A)-S-H gel, the mass loss between 40 °C and 150
°C is treated as bound water from the gel. Here the bound water from gaylussite which is only
found in N8WO is also included. Therefore, the calculated bound water in N8WO would be
higher than the theoretical value. As can be seen, the increased amount of bound water from 3
d to 91d confirms the reaction process and the formation of hydration products. Theoretically,
incorporating WIFD would decrease the bound water due to the reduced proportion of GGBFS
in the mixture. However, the amount of bound water in N8W5-N8W20 is almost similar,
indicating a higher reaction degree of GGBFS with more WIFD. Besides, the formation of
hydrotalcite (400 ~ 650 °C) and hemicarboaluminate (as newly formed in Table 4.5) increases
when more WIFD is incorporated. Then the mass loss between 650 °C and 760 °C is caused by
the decarbonation of calcite from the WIFD, which is marked as original calcite in the WIFD
(Fig. 4.2). Using the TG data from pure WIFD, it is possible to calculate the theoretical quantity
of calcite from WIFD for each mixture. The amount of original calcite after hydration is lower
than the theoretical amount due to the formation of hemicarboaluminate and hydrotalcite. To
conclude, though the incorporation of WIFD decreases the proportion of GGBFS, it promotes
the reaction degree of GGBFS and the formation of hydrotalcite and hemicarboaluminate.

Table 4.5: Weight loss (wt%) of each phase with the temperature range.

Dehydration of Decarbonation of Decarbonation of Calcite Newly  formed
Group Bound water Hydrotalcite Carbonates from carbonates

40~150°C 400~650 °C 650~760 °C WIFD  760~850°C

3d 28d 91d 3d 28d 91d 3d 28d 91d 3d 28d 91d
N8WO0 61 84 174 06 06 04 03 02 01 O 05 01 01
N8W5 57 84 168 12 14 11 02 02 02 05 1.0 11 02
N8W10 58 79 151 13 16 13 03 03 03 10 09 14 07
N8w15 57 77 164 17 15 11 05 06 03 16 12 13 12
N8W20 62 71 152 15 14 09 09 11 04 21 11 10 14

Note: TG-DTG curves of 28d and 91d samples are presented in Appendix Fig. B.1.
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Fig. 4.12 shows the TG-DTG results of mixtures with different amounts of Na,COs at the curing
ages of 3 d. The dehydration of the ettringite in mixture NOW10 is not visible because it
overlaps with the dehydration of the C-(A)-S-H gel. The shoulder around 155 °C is due to the
dehydration of hydrotalcite. The mass loss around 450 °C is only visible in NOW10 and is
attributed to the portlandite from WIFD, which confirms the low reaction speed of mixture
NOW?10 at 3 d. The other mass loss is the decarbonation of carbonates as mentioned above.
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Fig. 4.12: TG-DTG curves of reaction products with different amounts of additional Na,COs after 3 d
(Ht-Hydrotalcite, Hc-Hemicarboaluminate).

Table 4.6 summarizes the mass loss of different phases at different temperature ranges. As can
be seen, the bound water at 3d in NOW10 and N4W10 is relatively lower than that in N8W10
and N12W10, which is coherent with low reactivity at an early age in the calorimetric test.
However, it shows a higher amount of bound water at 91 d in NOW10 than in N4W10 due to
the formation of ettringite. With more Na>COs incorporated, the formation of hydrotalcite and
hemicarboaluminate is increased, while the amount of calcite from the WIFD decreases in the
samples. In general, Na,COs also plays a significant role in activating 90 wt% GGBFS and 10
wt% WIFD blends, which improve the alkali concentration by the reaction with portlandite in
WIFD. Besides, Na>COz promotes the consumption of calcite from WIFD to form the
hemicarboaluminate and hydrotalcite [63].

Table 4.6: Weight loss of each phase with the temperature range (by percentage).

Dehydration of Decarbonation of Decarbonation of Calcite Newly  formed

Bound water Hydrotalcite Carbonates from carbonates
40~150°C 400~650 °C 650~760 °C WIFD  760~850°C
3d 28d 91d 3d 28d 91d 3d 28d 91d 3d 28d 9ud

NOW10 36 53 172 07 09 01 07 04 02 11 02 05 06
N4W10 41 50 60 14 12 11 05 06 03 11 07 02 09
N8w10 58 79 150 13 16 13 03 03 03 10 09 14 07
N12w10 60 80 169 14 19 07 02 02 02 1.0 10 15 18

Note: TG-DTG curves of 28d and 91d samples are presented in Appendix Fig. B.2.
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4.3.4 Gel microstructure

The morphology of the mixtures with different replacement levels of WIFD at 28 d and element
compositions of reaction products are studied using SEM & EDX (Fig. 4.13). Notably,
unreacted slag particles still exist in the inner matrix as seen in polished samples. The flaky
structures could be hydrotalcite [234]. Further details about the reaction products were
determined through EDX spot measurements to determine the element composition on the
polished surface. The results are summarized in Fig. 4.14. According to a study on a model for
the C-A-S-H gel, the Ca/Si ratio is between 0.86 to 1.21 and the Al/Si ratio is between 0.22 to
0.42 in alkali-activated GGBFS [235]. The initial Ca/Si and Al/Si ratio in GGBFS, according
to the chemical composition in Table 1 was calculated to be around 0.96 and 0.36, which is
similar to those ratios in the C-A-S-H gel. However, there is no Na content in GGBFS, which
helps distinguish it from the reaction products, as seen in Fig. 4.14. Besides, the formation of
hydrotalcite and calcite or dolomite according to the XRD results may lead to higher Al/Si and
Ca/Si ratios, respectively, as indicated by the direction of arrows for the red spots in Fig. 4.14.
The formation of ettringite in NOW10 also leads to a higher Al/Si and Ca/Si ratio. Some spots
around the unreacted GGBFS still contain sodium which indicates the potential formation of
N-A-S-H gel.

Fig. 4.13: SEM images of 28d samples. Ht-Hydrotalcite, Cc-Calcite, UBFS-Unreacted GGBFS. The
red points in the polished samples (N8W0, N8W10 and N8W20) mark the measurement spots in Fig.
4.14.

79



The morphology of the 90 wt% GGBFS and 10 wt% WIFD blended mixtures activated by
Na,COz at 28 d are investigated by using SEM (Fig. 4.15). As can be seen, the needle-like
structures nearly cover the surface of the matrix in the sample NOW10, indicating the formation
of ettringite as found in XRD patterns in Fig. 4.9(b). Besides, the higher Ca/Al ratio in ettringite
leads to a higher Al/Si ratio and Ca/Si ratio, as seen in Fig. 4.14. The silhouette of unreacted
slag grain can still be found in both NOW10 and N4W10. The porous structure on the surface
in NAW10 indicates the number of reaction products is not enough to fill the pores due to the
low reaction degree of GGBFS. The small calcite grains and the flaky hydrotalcite are found in
each mixture. The formed particle size of flaky hydrotalcite grows up gradually with increased
Na>COs from N4W10 to N12W10.
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Fig. 4.14: Plot of EDX spot map atomic ratios comparing Ca/Si and Na/Si to Al/Si in the matrix (black
spots for the Ca/Si and red spots for the Na/Si).

Fig. 4.15: SEM images of 28d samples. Aft-Ettringite, Ht-Hydrotalcite, Cc-Calcite, UBFS-Unreacted
GGBFS. The red points in the polished samples (NOW10 and N8W10) mark the measurement spots
shown in Fig. 4.14.
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Fig. 4.16(a) shows the cumulative pore volume of paste samples with different proportions of
WIFD after 28 d of curing. It can be seen that the incorporation of WIFD significantly
influences the total pore volume of the Na.COs-activated GGBFS. At low replacement levels
of from 5 wt% to 10 wt%, the total gel porosity of the samples is decreased due to the filling
effect of hemicarboaluminate and hydrotalcite formed in the reaction. However, samples of
high replacement ratios around 15 ~20 wt% show the opposite trends. This could be explained
by two reasons. At first, the reduced amount of GGBFS in the binder leads to a reduction of
hydration products (e.g. C-(A)-S-H) which forms in the pore structure. Secondly, as the water
to binder (GGBFS and WIFD) ratio is kept the same, higher amounts of WIFD in the reaction
system led to a reduction in flowability as in Fig. 4.4 because of the high water demand of
WIFD. Then, the low flowability results in high gel porosity.

The pore size distribution of the paste between 2 and 200 nm is presented in Fig. 4.16(b).
Generally, the gel pores (less than 10 nm) and capillary pores (10~100 nm) are the two main
classes of pores [165]. As can be seen, the reference group shows a smaller critical size of the
pores indicating a less porous structure filling with more reaction products. Then with the
increased WIFD in the mixtures, the porosity of gel pores was increased due to the promoted
reaction process by the WIFD. However, it also increases the volume of capillary pores, which
was induced by the degradation of flowability due to the incorporation of WIFD. Besides, the
formation of hydrotalcite and hemicarboaluminate is increased even though only 5 wt% WIFD
was applied as shown in Table 4.5, which is significant for the reducing gel porosity. However,
a further increase of the WIFD content shows no effect on the critical pore size.
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Fig. 4.16: Samples with different replacements of WIFD from BJH adsorption: a - Cumulative pore
volume, b - Pore size distribution.

Fig. 4.17(a) shows the cumulative pore volume of 90 wt% GGBFS and 10 wt% WIFD blended
paste with different amounts of Na2COz after 28 d of curing. The cumulative pore volume of
the slag pastes decreases from 0.1276 cm3/g to 0.0236 cm®/g with the increase of Na2COs3
content. The pore structure is filled with the reaction products such as the hydrotalcite,
hemicarboaluminate and C/N-(A)-S-H gel to form a more compact structure according to SEM
results (Fig. 4.15). The pore size distribution of the paste between 2 and 200 nm is presented in
Fig. 4.17(b). The increase of the Na2COz content would improve the porous structure of the
matrix and the critical pore size decreases from 90 nm to 40 nm. However, the dosage of
Na2COs makes the differences in the formation quantity of products which would be helpful to
reduce the porosity of the matrix and form a denser structure.
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4.3.5 Mechanical properties

The compressive strength of Na,COs activated mixture with different amounts of WIFD after
7 d, 28 d and 91 d curing are shown in Fig. 4.18. Understandably, the more slag replaced by
WIFD leads to a reduction of the compressive strength. The formation of C/N-(A)-S-H gel as
the main contribution to the mechanical properties of samples, is limited by the GGBFS content
rather than WIFD. As shown in Table 4.5, though the bound water/ GGBFS of each mixture is
comparable, the total bound water content decreases with the reduced GGBFS. The reduced
compressive strength is also coherent with cumulative pore volume in Fig. 4.17(a) because
WIFD increases higher pore volume. The reduction of flowability caused by the WIFD addition
may also lead to higher pore defects. However, the mechanical performance of samples is still
high enough for a potential application in construction with lower strength requirements.
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Fig. 4.18: Effect of WIFD content and curing age on the compressive strength of materials.
The compressive strength of 90 wt% GGBFS and 10 wt% WIFD blend binder with various
Na2COs at the curing ages of 7 d, 28 d and 91 d are shown in Fig. 4.19. The mixture without

Na>COs (NOWS8) still presents a compressive strength. Besides, the NOW10 shows better
mechanical properties than that of the N4W10, which is possible to be induced by the formation
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of ettringite in NOW10, reducing the porosity of the samples. When the additional amount of
Na2COs is up to 8 wt%, the compressive strength is increased significantly due to the higher
reaction degree of GGBFS. When the additional amount of Na2COz is 12 wt%, the compressive
strength shows no further increase due to the limited proportion of GGBFS in the mixture.
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Fig. 4.19: Effect of Na,COs and curing age on the compressive strength of mortars.

4.3.6 Role of WIFD and Na2COs

Previously, Akturk and Kizilkanat [236] investigated the effect of Ca(OH). on NaCOs-
activated blast furnace slag and reported that the use of lime would decrease the concentration
of COs? in the pore solution. Meanwhile, the fresh state behavior of Na,COs-activated slag
paste was well investigated, determining setting time, pH of pore solution and rheological
properties [236]. Some similar results are achieved in this work when the WIFD is used as a
green Ca(OH): source in the Na2COz-activated GGBFS. However, the performance of Na2COz-
activated slag with WIFD at the longer curing ages was studied in this work, including the
reaction assemblage, the mechanical properties and the gel microstructure. As shown in Fig.
4.20, WIFD is composed of portlandite and calcite, portlandite provides the OH" through the
reaction with sodium carbonate; part of calcite would be consumed to form the hydrotalcite and
hemicarboaluminate. Further details about the effects of WIFD on the Na>COs-activated
activated GGBFS were divided into chemical and physical aspects.
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Fig. 4.20: Schematics of the reaction mechanism in the NC-WIFD-GGBFS blends.
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¢ Chemical effect

The addition of WIFD effectively affects the reaction process of Na.COs-activated GGBFS
systems. Even 5 wt% WIFD in the reaction system could reduce the time to reach the heat flow
peak from 2 d to 9 hours. At first, the Ca concentration (from portlandite and calcite) can be
increased during an initial period, and the increased Ca/Si ratio would influence the structure
of the formed gels. Secondly, portlandite in WIFD provides a higher initial pH than Na>COs,
as the initial pH value is a significant factor in the hydration rate [237,238]. The reaction
between portlandite and Na,COs promotes the further increase of pH [55,224]. Finally, the
formation of hemicarboaluminate benefits from the calcite originating from WIFD.

Besides, it’s proved that the GGBFS could be activated by the WIFD alone (NOW10), with the
main reaction products such as ettringite, hydrotalcite and C/N-(A)-S-H gel, which corresponds
to the previous results reported by Mobasher and Bernal [239]. However, the formation of
hemicarboaluminate was identified in this work due to the initial calcite from the WIFD, which
did not exist in a previous study on the hydrated lime-activated GGBFS [219]. In addition, the
effect of limestone powder in Na,COs-activated GGBFS was revealed by Yuan et al. [218], and
the formation of hemicarboaluminate was not observed either in the Na,COs-activated GGBFS
system without portlandite. Therefore, the portlandite and calcite from WIFD show a significant
role in the formation of hemicarboaluminate. When Na>COz and WIFD were used together as
in sample N8W10, the ettringite did not form, indicating that AI** was consumed for the
formation of hydrotalcite (MgsAl2CO3(OH)16:4H20) promoted by the Na2COs. In general,
WIFD and Na2COs have synergy in the reaction process by improving pH value and both can
affect the types of reaction products.

e Physical effect

As we found in the flowability test of mortar samples, the incorporation of WIFD results in a
reduction of flowability, which probably causes high porosity and reduces compressive strength.
However, low WIFD (N8WS5 and N8W10) could decrease the cumulate pore volume, indicating
that the reaction products promoted by WIFD show a filling effect in the pore. Therefore, the
low replacement of WIFD (5 wt% ~ 10wt%) with additional proper superplasticizers would be
beneficial to improve the fresh workability and gel porosity of the matrix.

4.4 Conclusions

This chapter aims to utilize waste incineration filter dust (WIFD) in Na2COs-activated slag. The
workability, reaction kinetics, and reaction products of GGBFS activated by WIFD and Na,CO3
are characterized by isothermal calorimetry, XRD, TG-DTG, FT-IR and SEM. Furthermore,
the influence of WIFD content, Na,COs dosages and curing ages on the workability and
mechanical properties was investigated. The following conclusions can be drawn according to
the obtained results.

e The incorporation of WIFD reduces the workability of the mortar due to its high water
demand. The mixture with low WIFD content (< 10 wt%) is recommended.

e When Na,COz or WIFD activates GGBFS alone, it shows a prolonged reaction process
with nearly 2 d to reach the heat flow peak. Na,COs and WIFD have a synergistic effect
on the activation of GGBFS. The initial alkalinity of the pore solution is raised by the
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reaction between Na,CO3; and WIFD, which leads to the acceleration of the reaction
process. For example, the time to reach the heat flow peak is reduced from 58 h to 10 h
by 5 wt% WIFD.

The main reaction products in the NC-WIFD-GGBFS blends are hemicarboaluminate,
hydrotalcite and C-(A)-S-H gels. WIFD and NaxCOsz significantly promote the
formation of hemicarboaluminate and hydrotalcite. The formation of ettringite is only
observed in the WIFD-GGBFS blends, indicating that additional Na2COz consumes
aluminum ions to form the hydrotalcite preferentially.

In the NC-WIFD-GGBFS blends, the replacement level of WIFD and the dosage of
Na2COs are crucial for the microstructure of the matrix. Though the incorporation of
WIFD improves the gel content and gel porosity, it also leads to a reduction of
workability and induces more capillary pores. On the contrary, Na>COs is beneficial to
form a denser structure with lower gel porosity.

WIFD and Na,COs show different effects on the mechanical properties of the NC-
WIFD-GGBFS blends. More WIFD reduces the compressive strength due to the
lowered proportion of GGBFS. Na,COs improves the compressive strength of the
mortar by the accelerated reaction process and products.

The work shows an alternative approach to green building materials prepared with blast
furnace slag and Waste incineration filter dust (WIFD). The use of WIFD in the system
can help save energy, reduce CO2 emissions and provide an application for WIFD.
Further studies will focus on improving the utilization of waste incineration filter dust
(WIFD) in the AAMs with higher mechanical properties.
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Chapter 5 The effect of nano-silica and silica fume on the sodium
carbonate-activated slag system containing air pollution control residues

This chapter discusses the role of silica fume (SF) and nano-silica (NS) derived from olivine
within a sodium carbonate-activated GGBFS system incorporating air pollution control (APC)
residues. The dosage of silica additives and APC residues ranges from 0 - 6 wt% and O - 15
wit%, respectively. The mechanical properties, reaction Kkinetics, phase composition,
microstructure and carbonation resistance of the blended binder were investigated. Results
indicated that SF slightly improved the early compressive strength with the formation of C-(A)-
S-H gel (Ca/Si =1.47, Al/Si = 0.23), hemicarboaluminate and hydrotalcite; reactive NS retarded
the activation of GGBFS and inhibited the formation of hemicarboaluminate and hydrotalcite,
while promoting the formation of C-A-S-H gel (Ca/Si = 1.01, Al/Si =0.23), resulting in an
impressive 80.3% enhancement in compressive strength. Notably, NS-modified samples
exhibited decreased carbonation resistance due to increased porosity and C-(A)-S-H gels that
are vulnerable to carbonation. Conversely, 2 wt% SF addition decreased the diffusion rate of
CO», and APC residues improved the carbonation resistance by facilitating the formation of C-
(A)-S-H gel with a higher Ca/Si ratio. This study provided an alternative management practice
for APC residues with favorable early strength development and offered new insights into using
silica additives to enhance waste-combined alkali-activated materials.

This chapter is partially published elsewhere:
X. Ling, K. Schollbach, Y. X. Chen, H.J.H. Brouwers, The effect of nano-silica and silica fume on the sodium
carbonate-activated slag system containing air pollution control residues, Waste Management, 322, 129105, 2021.
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5.1 Introduction

It has been acknowledged nanomaterials, including CaCOsz [240], Al2O3 [241], and TiO2 [111],
SiO; [242,243], can enhance the mechanical properties of binders. The enhancement is
attributed to their nano-filling effect, which optimizes particle arrangement and reduces voids.
Additionally, nanomaterials serve as nucleation sites, promoting the formation of gel products
in alkali-activated materials. Notably, nano-silica (NS) and silica fume (SF) are favored due to
their pozzolanic reactivity and ability to form more C-(A)-S-H gels [244]. NS induces the
formation of C-(A)-S-H gel with higher density through accelerated polymerization of silicate
chains [245], thereby expectedly refining pore structures and improving the mechanical
properties of the modified binders [243]. Comparative studies on the effect of SF and NS on
the performance of both Ordinary Portland cement (OPC) and AAMs have been conducted
[242,246]. However, it is important to note that the alkali-activated reaction system differs from
that of OPC, particularly in terms of alkali involvement. While portlandite forms during cement
hydration, alkali activators are consumed to dissolve aluminosilicate precursors in AAMs. The
competition between silica additives and aluminosilicate precursors for OH" ions emerges as a
significant factor influencing the performance of AAMs. Despite extensive investigation into
the influence of SF and NS on AAMs [246], most research has primarily focused on sodium
hydroxide, potassium hydroxide, and sodium silicate-activated AAMSs. There is a scarcity of
reports on the performance of sodium carbonate-activated slag modified with silica additives,
particularly in the context of WIFD, thus hindering the broader application of cost-effective and
environmentally friendly sodium carbonate-activated materials.

Notably, aside from silica additives, the incorporation of portlandite from the utilized WIFD
significantly impacts the formation of C-(A)-S-H gel. This influence arises due to their
structural characteristic, particularly concerning the interlayer distance, which is correlated with
the initial Ca/Si ratio of the raw precursors. [247]. Specifically, the basal spacing decreases
from 14.17 A to 11.74 A when the Ca/Si ratio in C-(A)-S-H gel increases from 0.8 to 1.1 and
remains quite constant when the Ca/Si is beyond 1.1 [248]. However, there is limited available
information regarding the relationship between the Ca/Si ratio, silica additives and the gel
composition in the sodium carbonate-activated slag systems. Hence, the role of the initial Ca/Si
ratio on the blended binder was addressed as well for the effective utilization of WIFD.

Furthermore, the carbonation resistance of AAMs is considered an important aspect of their
durability. The diffusion of CO. in AAMs reduces the pH in the pore solution [249]. Since
sufficient protection of steel rebar requires a pH between 12 and 14, the carbonation resistance
dictates the corrosion resistance and service duration of the reinforcing steel [249]. Previous
research on the carbonation of AAMs focused on alkali-silicate or hydroxide as the activator
[183,250]. In contrast, few studies have reported the carbonation resistance of the reaction
systems using sodium carbonate as the activator. Given that the early strength development of
sodium carbonate-activated slag materials can be accelerated by WIFD, the present work
comprehensively characterizes and offers new insights into the carbonation behavior with
varying silica additives and WIFD dosages.

Therefore, SF and NS were utilized to improve the performance of alkali-activated slag with
WIFD. The primary objective of this study is to investigate the effect of silica additives and the
initial Ca/Si ratio of the binder on the valorization of WIFD in the sodium carbonate-activated
slag. The mechanical properties, reaction kinetics, microstructure, and composition of the
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reaction products are intensively studied with multiple characterization techniques. Moreover,
the present work advances the current understanding of the degradation mechanisms of sodium
carbonate-activated slag binders prepared with various silica additives exposed to a CO:
environment.

5.2 Materials and Experiments

5.2.1 Raw materials

The ground granulated blast furnace slag (GGBFS) sourced from Heidelberg Materials Benelux,
Netherlands, and waste incineration filter dust (WIFD) obtained from Euro Trust Management
(Netherlands) were used as the primary materials for producing the sodium carbonate-activated
slag. The raw WIFD was derived from a Dutch MSWI plant, generated through the injection of
a suspension of quick lime into the hot flue gas. It primarily consists of calcite and portlandite
(Fig. 5.1). No additional treatment was conducted before its combination with GGBFS. Sodium
carbonate (powder, analytical grade) was supplied by Sigma-Aldrich. Silica fume (SF) (Elkem
920ED) and nano-silica (NS) were used as the silica source. Nano-silica (Euro support,
Netherlands) was produced by dissolving olivine in 3M sulfuric acid [251]. The unreacted
olivine and inert minerals are removed from the final suspension by sedimentation.
Subsequently, the silica can be cleaned from the resulting mixture by washing and filtering.
After the filtration, a cake with around 20 wt% solid content of nano-silica is obtained.

— GGBFS

Ca(oH), Ca(OH),

Ca(OH),
CaCo,

Nano-silica

— Silica fume

10 20 30 40 50 60
2 Theta (°) CoKa

Fig. 5.1: XRD patterns of the used raw materials: ground granulated blast furnace slag (GGBFS),
waste incineration filter dust (WIFD), nano-silica and silica fume.
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The raw GGBFS, WIFD, SF and NS were characterized with X-ray fluorescence (XRF,
PANalytical Epsilon 3) spectroscopy and X-ray diffraction (XRD, Bruker D4 PHASER) in
Table 5.1 and Fig. 5.1. The main oxides composition of WIFD are CaO and SOsz, and the main
mineral phases are 36.38 wt% portlandite and 37.43 wt% calcite [252]. The main oxides in
GGBFS are Ca0, SiOz, Al;0s, SO3 and MgO, and it is almost completely amorphous, as
observed from the broad hump between 30° to 40° (20) in Fig. 5.1. SF and NS show similar
chemical compositions with high SiO2 content. A similar hump exists in the XRD pattern
attributed to the amorphous phase. The particle size distribution of WIFD and GGBFS was
measured with a laser granulometry instrument (Master sizer 2000), and the median particle
size (d50) of WIFD and GGBFS is 8.94 um and 13.36 um, respectively. The SF and NS particle
size were tested with a Transmission electron microscope (TEM) in Fig. 5.2. The surface area
was characterized through the N2 adsorption test using a Brunauer-Emmett-Teller (BET)
method.

Table 5.1: Chemical and physical properties of used powders in the investigated AAMSs.

The substituent (wt%) WIFD GGBFS SF NS
Cao 53.97 38.56 0.89 0.04
SiO; 0.59 30.94 91.04 92.4
Al,O; 0.20 13.09 - -
Fe20s 0.70 0.67 2.02 0.03
K20 0.21 0.29 1.13 -
Na,O 0.15 - 0.62 -
SOz 6.51 5.15 1.25 -
MgO 0.70 9.02 0.68 0.04
TiO; 0.02 1.30 - -
Zn0O 0.11 - - -
SrO 0.04 - - -
MnO 0.02 0.40 0.07 -
Cl 0.60 0.01 - -
LOI 36.18 0.64 217 7.46
d50 um 8.94 13.36 - -
Specific density (g/cm®) 2.32  2.90 2.32 2.60
BET surface area (m?/g) 25.1 1.0 18.4 274.6
Silica fume ~ Nano-silica

Fig. 5.2: TEM images of the (a) Silica fume and (b) Nano-silica.
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5.2.2 Mixture design and preparations

The group Ref consisted of 10 wt% WIFD and 90 wt% GGBFS mixed with sodium carbonate
with an equivalent Na,O concentration of 3.5 wt%. Considering that optimal mechanical
strength can be achieved by 4 wt% SF in sodium carbonate-activated materials according to
[253], the effect of SF and NS on the performance of the blended binder was investigated by
adding 2%, 4 wt% and 6 wt% of the total binder, respectively. In addition, the influence of the
initial Ca/Si ratio in the raw material was investigated with a constant silica content of 4 wt%,
as shown in Table 5.2. The Ca/Si ratio was varied as 0.93, 0.99, and 1.05 to clarify the effect
of basal spacing changes of the C-(A)-S-H gels on the performance of the binder, whereas the
Al/Si ratio was controlled by adjusting the proportion of WIFD and GGBFS in the reaction
system.

Table 5.2: Mix proportions of paste and mortar specimens (wt%).

WIFD GGBFS SF NS wib Ca/Si Al/Si
Ref 10 90 0 0 1.12 0.36
S2R1.05 9.8 88.2 2 0 1.05 0.34
S4R1.05 14.0 82.0 4 0 1.05 0.32
S4R0.99 9.6 86.4 4 0 Paste 0.99 0.32
S4R0.93 52 90.8 4 0 =05 0.93 0.32
S6R0.93 9.4 84.6 6 0 0.93 0.30
N2R1.05 9.8 88.2 0 2 Mortar 1.05 0.34
N4R1.05 14.0 82.0 0 4 =0.6 1.05 0.32
N4R0.99 9.6 86.4 0 4 0.99 0.32
N4R0.93 52 90.8 0 4 0.93 0.32
N6R0.93 9.4 84.6 0 6 0.93 0.30

Note: Superplasticizer 4 wt%, Na;CO3; 6 wt% (3.5 wt% Na,O).

Both paste and mortar samples were prepared according to the mixture formulations. For
example, the S4R1.05 and N4R1.05 represent the 4 wt% replacement of SF or NS with an
overall Ca/Si ratio of 1.05. The water-to-binder ratio by mass is 0.5 for the paste and 0.6 for the
mortar to meet the water demand of the fine aggregates. The standard sand-to-binder ratio was
3.0 for the mortar samples. All the raw materials except the silica additives were added to a
laboratory mixer and mixed for 30 s to achieve homogeneity. Then, the silica additives were
added gradually during the stirring to achieve better dispersion. The standard sand was added
afterward, followed by another 30 s mixing. Then water was added at a low speed for 30 s.
After 30 s rest, the mix was stirred for another 120 s at medium speed. Samples were cast into
40x40x160 mm? molds, covered with plastic films for 24 h before demolding and sealed with
plastic films. Curing was conducted under a laboratory condition at 20 £ 0.5 °C and 50 * 5%
relative humidity.

5.2.3. Methodology

e Flowability, pH value and mechanical performance of mortar

The flowability of the fresh mortar was determined using the mini spread flow table test in
accordance with EN 1015-3:2007. A standard conical ring (Hagermann cone 70 mm diam. x
100 mm diam. x 60 mm ht) was filled with fresh mortar. Two perpendicular diameters were
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measured after 15 impacts and their average value was considered the slump flow of each
mixture.

For the initial pH value test, two paste samples were prepared for each recipe. After mixing and
stirring, the pH detector (Voltcraft pH-100ATC) was immediately inserted into the fresh paste.
Record the value when the readings stabilize and calculate the average as the pH value.

After 7 d, 28 d and 180 d, the compressive strength of the mixture was tested according to EN
196-1:2005. Six samples were tested with a loading rate of 2400 N/s for each mortar and the
average value was considered the compressive strength of each mixture.

e |sothermal calorimeter

The reaction kinetics of all mixtures were analyzed by an isothermal calorimeter (TAM Air,
Thermometric) at 25°C. Paste samples were prepared and injected into a sealed glass ampoule
for 7 d calorimetric tests. Heat flow and total heat release were normalized by the total mass of
the solid. The initial peak occurring within the first few minutes due to the dissolution of raw
precursors was excluded from the analysis. The results of all mixtures were recorded starting
30 min after sample mixing.

e Phase assemblage analysis

The phase composition of paste samples was identified by X-ray diffraction (XRD), thermo-
gravimetric (TG) and Fourier transform infrared spectroscopy (FT-IR). After 28 d of curing,
the paste samples were grounded manually in an agate mortar until powders could pass through
the 75 um sieve and immersed in isopropanol for 24 h to stop the reaction. The samples were
vacuum dried at 45 °C and then measured by a Bruker D4 phaser instrument with a step size of
0.02° and a 26 range from 10° to 60° (Co-Ka, 40 kV, 30 mA). The results were analyzed by
using Highscore plus (PANalytical). The thermo-gravimetric (TG) and derivative
thermogravimetry (DTG) analysis of all samples were conducted by STA 449 F1. The dried
pieces were placed in an Al.Os crucible and heated from 40 °C to 1000 °C at a heating rate of
10 K/min with N2 as carrier gas. Fourier-transform infrared (FT-IR) spectroscopy was
performed in a Varian 3100 instrument with a wavenumber range of 4000 to 400 cm™. The
samples were tested with a resolution of 1 cm™ and 30 scan accumulations.

e Microstructure analysis

The analysis was carried out employing a scanning electron microscope (SEM) with an energy-
dispersive X-ray diffraction (EDX) (15KV) detector (Phenom Pro). The morphology images
were collected with the backscattered electron (BSE). The microstructure of NS and SF were
observed by JEOL JEM-1400 Plus transmission electron microscopy. The images were
captured by a charge-coupled device camera. After 28 d of curing, the paste samples were
selected for the microstructure analysis. The samples were ground into small pieces and
immersed in isopropanol for 24 h. Afterward, the samples were vacuum-dried at 40 °C for 3 h
and embedded in epoxy resin. Then the solidified samples were polished with grinding papers
(120, 600, 1200, 2500, 4000 grit) and coated with Au using a Quorum 150TS plus sputter coater.
The nitrogen sorption analysis was conducted using a TriStar II 3020 instrument (Micrometrics).
The powder samples were dried in a vacuum oven at 60 °C before the test. The gel pore size
distribution was calculated by the Barrett-Joyner-Hallenda (BJH) method from the adsorption
branch [254]. Brunauer—-Emmett-Teller (BET) surface area of each sample was characterized.

92



e Carbonation resistance

After 28 d of curing, the samples were moved into a carbonation chamber. The relative humidity
was set to 65% according to the reported optimal value for carbonation [185]. The temperature
was set at 25°C, and a circular airflow with 3% CO2 gas by volume was applied in the chamber
continuously during the test. These parameters are widely used in carbonation resistance
evaluation [186].

5.3 Results

5.3.1 Flowability and compressive strength development

Fig. 5.3(a) shows the flowability of the fresh mortar with different silica sources. The silica
additives reduce the workability of all samples due to their smaller particle size. Notably, NS,
with a higher specific surface area than silica fume, leads to a more pronounced reduction in
the spreading flow. The flowability of the fresh mortar with different WIFD content is shown
in Fig. 5.3(b), where SF or NS substitutes 4 wt% of the total binder. It is important to highlight
that the flowability of the SF and NS modified mortar also decreases with increasing WIFD
content owing to the higher water demand of WIFD [21]. The dissolution of portlandite in
WIFD consumes free water. Moreover, the higher surface area of WIFD results in higher water
adsorption, thereby reducing the workability of the blends.

a
® 200 W Silica fume (b) B Silica fume
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Fig. 5.3: Spread flow diameter of the mixture with different (a) silica content and (b) WIFD content.

Fig. 5.4 presents the compressive strength of the specimens with varying silica content. All the
silica-modified samples demonstrate similar or higher compressive strength compared to the
reference mortar at 7 d and 28 d. Specifically, the SF-modified samples exhibit a slight increase
in compressive strength, whereas NS significantly promotes compressive strength at different
ages, despite the reduction in spread flow. For instance, the sample with 4 wt% NS (N4R0.99)
improves the compressive strength by 80.3% compared to the reference at 28 d. A similar trend
was also observed elsewhere [255,256], suggesting a better enhancement of compressive
strength by NS compared to SF. Furthermore, although Cheah et al. [253] reported that the
mortar with 4 wt% of SF exhibited the highest mechanical strength at 90 d, the optimal 7 d and
28 d compressive strength was achieved with 6 wt% SF (S6R0.93) in this study. However, the
S6R0.93 sample exhibits lower 180 d compressive strength than other SF-modified samples,
indicating a lower contribution of SF as fillers at a later stage. Conversely, mortars prepared
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with NS can compensate for lower workability through improved paste-aggregate interfacial
transition zone densification, leading to improved mechanical properties at 180 d due to the
promoted formation of C-(A)-S-H gels (detailed discussion is provided in Section 5.3.3).

Fig. 5.4 presents the compressive strength of the specimens with 4 wt% SF or NS. These
specimens have different initial Ca/Si ratios from 0.93 to 1.05, adjusted by the WIFD content.
The compressive strength of both SF and NS-modified samples follows a similar trend, where
a higher WIFD content induces a higher Ca/Si ratio, subsequently resulting in reduced
mechanical strength. This trend can be attributed to the fact that WIFD is a less reactive
pozzolanic material compared to GGBFS, and the decreased workability of the binder leads to
a more porous matrix structure. However, noteworthy differences emerge between the NS-
modified and the SF-modified samples. The NS-modified samples show higher compressive
strength than those containing silica fume at an equivalent Ca/Si ratio, indicating that NS
exhibits greater reactivity than SF and contributes to the activation process together with WIFD
and GGBFS.
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Fig. 5.4: 7 d, 28 d and 180 d compressive strength of the mixture with different (a) silica content (0 — 6
wit%) and (b) initial Ca/Si ratio (1.05, 0.99 and 0.93).

In total, the 28 d compressive strength of all samples ranged from 10.1 to 33.5 MPa. It is crucial
to highlight that the compressive strengths of most current formulations are lower than that of
OPC. Consequently, attaining further improvements in strength is essential to demonstrate its
potential as a cement substitute. Potential strategies for enhancing strength involve optimizing
sodium carbonate dosage and adjusting the water-binder ratio. However, these efforts are
beyond the scope of the current research objectives and will be continued in future
investigations.

5.3.2 Reaction kinetics

Fig. 5.5(a) and Fig. 5.5(b) show the effect of the SF and NS dosage on the reaction process of
the blended binder within 7 d. The dosage of SF has a negligible influence on the reaction
process, as observed in the heat flow curves. It takes nearly 2 h for all SF-modified groups to
reach the peaks of heat flow, indicative of the formation of reaction products [55,257].
Furthermore, only a slight decrease in cumulative heat of the binder is observed with increasing
SF content, e.g., 150.1 J/g in the group Ref while it is 131.7 J/g in the 6 wt% SF-modified paste
(S6R0.93). This reduction is attributed to the overall decrease in GGBFS content resulting from
the incorporation of SF.
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The NS-modified binders show different heat flow curves in Fig. 5.5(b). The dosage of NS
results in a delayed reaction process, as evidenced by the exothermic peak occurring at different
times: 1.1 h for N2R1.05, 24.5 h for N4R0.99, and 40.8 h for N6R0.93. Its intensity decreases
with higher NS content, in line with findings from a previous study [134], which is attributed
to an increased activator modulus [258]. The incorporation of NS increases the silicate content
of the mortar, thereby correspondingly decreasing the pH value [259]. This change in pH
impacts the silicate equilibrium, affecting the alkalinity of the reaction solution. Hence, the
dissolution of the silicates from GGBFS is delayed, extending the reaction time of the binder.
However, the extra NS in the binder promotes higher cumulative heat. The increased reactive
silicate content provided by NS contributes to the polymerization reaction, releasing more
reaction heat. In general, the silicate source determines the effect on the reaction process based
on the reaction degree of the added silicate. When the paste is modified with SF, no further
chemical interaction occurs. SF acts as a physical filler during the reaction, whereas NS
contributes more soluble silicate resulting in a lower pH (See Appendix Fig. C.1) and a reduced
reactivity of GGBFS during the initial stages. Nevertheless, the portlandite in WIFD can be
more extensively combined with NS and a higher content of polymerized C-(A)-S-H can be
formed.
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Fig. 5.5: Heat release of the binder with different silica source replacement from 2 wt% to 6 wt% (a:
SF, b: NS); heat release of the binder with 4 wt% silica replacement at different Ca/Si mole ratios (c:
SF, d: NS).

Fig. 5.5(c) and Fig. 5.5(d) illustrate the heat evolution rates and cumulative heat of the mixtures
with different initial Ca/Si ratios. When the Ca/Si ratio increases in pastes modified with
varying sources of silicate, the cumulative heat decreases due to the lower proportion of GGBFS
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in the mixture, associated with the pozzolanic reaction. In the SF-modified paste, the peak of
heat evolution appears after 3.8 h with a Ca/Si ratio of 0.93. As the Ca/Si ratio increases to 1.05,
this peak shifts to 1.5 h with higher intensity. The duration of the main hydration reaction
decreases with more incorporated WIFD due to the reduction of the overall content of GGBFS
and increased portlandite content. Conversely, in the NS-modified paste, NS significantly
promotes the formation of gels, providing nucleation sites for subsequent hydration products
during the reaction [260]. In summary, the present work confirms the adverse effect of solid
waste addition on the reaction process. The decrease in cumulative heat developed upon the
WIFD supplement is also consistent with the reduction in compressive strength.

5.3.3 Phase assemblage analysis

Fig. 5.6(a) shows the XRD patterns of the 28 d paste samples prepared with different dosages
of SF and NS. In the group Ref, the major crystalline phases identified were calcite (PDF#72-
1937), hydrotalcite (PDF#89-0460), Ca(OH). (PDF#87-0673), and hemicarboaluminate
(PDF#41-0221), in agreement with previous studies on the sodium carbonate-activated slag
[55,227]. The broad hump around 32-38° indicates the presence of poorly crystallized C-(A)-
S-H gel [68,261], though not distinctly marked in the XRD pattern due to overlap with calcite.
This gel plays a significant role in strength development for alkali-activated materials. Notably,
a portion of Ca(OH). and calcite may originate from the raw WIFD. Xuan et al. [252] revealed
that the calcite in WIFD contributes to the formation of hemicarboaluminate. Similar findings
were observed in the study of a limestone-modified slag paste [261,262]. The incorporation of
SF (S2R1.05, S4R0.99, S6R0.93) slightly affects the intensity of hemicarboaluminate,
hydrotalcite and Ca(OH)., attributed to different relative contents of raw material in each
mixture. The decreased intensity of Ca(OH)2 in both the SF and NS-modified paste could be
attributed to the pozzolanic reaction. On the other hand, when preparing paste with NS
(N2R1.05, N4R0.99, N6R0.93), the peaks of hemicarboaluminate are absent. This absence can
be attributed to NS consuming more Ca?* ions for the formation of C-(A)-S-H gels, resulting in
an insufficient Ca* ions content. Additionally, more AI®* ions are incorporated into the
additional C-(A)-S-H gels that form. Nonetheless, identifying an increase in C-(A)-S-H gels
content solely through XRD patterns proves challenging. Therefore, the corresponding
conclusion will be further validated later in the analysis of TG-DTG results. The effect of initial
Ca/Si ratios on the reaction products is illustrated in Fig. 5.6(b). In the SF-modified paste, the
formation of hemicarboaluminate is significantly affected by the Ca/Si ratio. When the Ca/Si is
higher than 0.93, the pore solution attains a sufficient Ca®* concentration to facilitate the
hemicarboaluminate formation, evident from the increased peak intensities. Conversely, lower
peaks of hemicarboaluminate are observed in all NS-modified pastes, as NS consumes higher
amounts of Ca?* and AI** ions in the pore solution to form the C-(A)-S-H gel.
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Fig. 5.6: XRD patterns of the 28 d paste samples prepared with (a) different dosages of silica
additives, (b) 4 wt% silica replacement at different Ca/Si mole ratios (Hc-Hemicarboaluminate, Ht-
Hydrotalcite, CH-Ca(OH),, Cc-Calcite).

Fig. 5.7(a) shows the infrared spectra of the 28 d samples prepared with different dosages of
SF and NS. The addition of SF and NS mainly affects the position of the band around 950 cm*
!, assigned to the asymmetric stretching mode of the Si-O-T (T=tetrahedral Si or Al) bonds in
the C-(A)-S-H gel [47,228,261]. This band shifts toward a higher frequency with increasing SF
or NS in the mixture, indicating enhanced polymerization of the silicate chains [263]. The broad
bands around 3405 cm™ and 1638 cm'* correspond to the stretching and bending vibration of
the H-O-H bond, respectively. These resonances are from the bound water or interlayer water
in the C-(A)-S-H gel, hydrotalcite and hemicarboaluminate [227,263]. The increased intensities
of these bonds in SF-modified pastes are mainly attributed to hemicarboaluminate, absent in
NS-modified samples as indicated in the earlier XRD results. The adsorption peaks at 1416 cm’
! and 873 cm'* represent the vibration of v [COs*] and v, [CO3?] [228], respectively, which
may originate from the calcite, hydrotalcite and hemicarboaluminate. Fig. 5.7(b) shows the FT-
IR spectra of the 28 d paste samples with 4 wt% NS or SF. Decreasing the WIFD content and
lowering the initial Ca/Si ratio from 1.05 to 0.93 leads to a shift of the main peak around 946
cm to higher wavenumber both in NS-modified and SF-modified samples. This shift indicates
progressive polymerization of the silicate chains, highlighting the influence of dissolved Ca?*
ions from WIFD on the formation of C-(A)-S-H gel. The degree of polymerization of the gels
correlates with the proportion of the WIFD in the mixture.
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Fig. 5.7: FT-IR spectra of the 28 d paste samples prepared with (a) different dosages of silica
additives, (b) 4 wt% silica replacement at different Ca/Si mole ratios.

97



The thermal analysis of the 28 d paste samples modified with different dosages of SF or NS is
presented in Fig. 5.8(a) and Fig. 5.8(b). All the samples were dried at 45 °C before the TG test,
rendering the residual free water in the paste negligible. In the group Ref, a remarkable mass
loss occurs around 140 °C, attributed to the dehydration of several reaction products, including
the C-(A)-S-H gel [217], hemicarboaluminate [264,265], and hydrotalcite [266,267]. Upon
modifying the paste with SF, the mass loss caused by the dehydration of these minerals
decreases, indicating a lower content of reaction products due to different proportions of initial
materials. On the other hand, the DTG curves of all NS-modified samples show notably smaller
peaks for the dehydration of these minerals than the group Ref. This is because the addition of
NS inhibits the formation of hemicarboaluminate according to the XRD analysis. Consequently,
the primary mass loss in NS-modified paste is attributed to the dehydration of C-(A)-S-H. It is
noteworthy that an augmented mass loss is observed with an increase in NS content, implying
greater incorporation of free water into the gel products during the hydration process.
Simultaneously, the peak associated with Ca(OH). decomposition confirms that NS promotes
the consumption of WIFD and the consequent formation of additional C-(A)-S-H gel, consistent
with the increased cumulative heat and enhanced compressive strength.
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Fig. 5.8: TG and DTG curves of the 28d paste samples with different dosages of silica additives and 4
wt% silica additives at different Ca/Si molar ratios (a and ¢: SF; b and d: NS).

Fig. 5.8(c) and Fig. 5.8(d) present the TG and DTG curves of the 28d paste modified with 4
wt% SF or NS. The mass loss due to the dehydration of bound water around 140°C is influenced
by the initial Ca/Si ratio. A higher Ca/Si ratio induces the formation of hemicarboaluminate in
SF-modified samples, which contain a higher amount of bound water. When the Ca/Si ratio is
above 0.99, the DTG curves of S4R0.99 and S4R1.05 are similar, indicating the presence of
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sufficient Ca?* ions in the solution. However, the initial Ca/Si ratio shows a different effect on
the reaction products in the NS-modified paste. This difference can be attributed to the
heightened concentration of reactive silicate content introduced by NS, which subsequently
results in the consumption of Ca?* ions during the formation of C-(A)-S-H gels. Therefore, an
increased Ca/Si ratio contributes to the development of a less polymerized structure,
accompanied by a reduction in the amount of bound water.

5.3.4 Gel pore characterization

The pore size distribution (2 - 110 nm) and specific surface area of the samples are shown in
Fig. 5.9. The addition of SF or NS influences the formation of C-(A)-S-H gel, which constitutes
a porous gel with a high specific surface area. Generally, the voids within the cementitious
system are classified as interlayer space (< 0.5 nm), gel pores (0.5 - 10 nm), capillary pores (10
nm - 50 um) and air voids (> 50 um) [268]. The gel pores and capillary pores exhibit sensitivity
to the different silica sources (Fig. 5.9(a)). The use of SF leads to a negligible difference in the
gel pores, while reducing the volume of capillary pores and increasing the surface area from
11.0 to 12.1 m?/g. This illustrates the relatively lower pozzolanic reactivity and filler effect of
SF. In contrast, when NS is utilized in paste preparation, the volume of the larger capillary pores
(> 50 nm) decreases and the volume of the smaller capillary pores (10 - 50 nm) increases,
accompanied by a higher surface area of 15.6 m2/g. This is because the larger capillary pores
are filled with the newly formed gel products and transformed into smaller pores. Similar results
were reported for a NS-modified cement paste [269], where the creation of a more porous bulk
structure due to the blocking of ions diffusion from the unreacted cement particles by the gel
products was observed. However, the strength and permeability characteristics of the blended
binders are determined by the capillary pores larger than 50 nm [270]. Therefore, in comparison
to SF, the greater reduction in the volume of the larger capillary pores achieved by NS
contributes to a better 28 d compressive strength.

Since the different initial Ca/Si ratios result in different hydration products, the pore size
distribution in the SF and NS-modified samples is clarified in Fig. 5.9(b) and (c), respectively.
The higher Ca/Si ratio induced by WIFD addition in both reaction systems leads to an increased
volume of capillary pores, aligning with the reduced compressive strength detectable in Fig.
5.4. When the Ca/Si ratio increases from 0.99 to 1.05, the BET surface area for both S4R1.05
and N4R1.05 increases, suggesting that more Ca(OH). from WIFD is beneficial for the
pozzolanic reaction of SiO. and enhances the formation of C-(A)-S-H gel. However, it is
insufficient to compensate for the reduction of the overall hydrated phase caused by replacing
GGBFS with WIFD [260]. When the Ca/Si ratio is lowered by the decreased WIFD content,
this leads to a reduction in the volume of the smaller capillary pores in S4R0.93 and gel pores
in N4R0.93. Hence, the inclusion of silica additives significantly influences the pore structure
of the blends.
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Fig. 5.9: (a-c) BJH pore size distributions and (d) BET surface area of 28 d samples.

5.3.5 Microstructure and gel composition

SF and NS-modified pastes show differences in the formation of hemicarboaluminate and
polymerization degree of the gels, subsequently influencing the composition and structure of
the C-(A)-S-H gel. Hence, the Ca/Si and Al/Si ratios of the gel products are quantitatively
evaluated through BSE-EDX analysis. Appendix Fig. C.2 shows a typical BSE image from
group Ref after 28 d curing. Within the image, unreacted slag grains and their surrounding
reaction rims can be clearly distinguished, along with large pores and calcite. The regions
characterized by darker greyscale values correspond to the reacted slag fines [216].

To verify the composition of the reaction products, 100 EDX analysis spots (excluding the
unreacted slag, calcite and pores) were randomly collected for each sample. The compositional
analysis of the samples prepared both with and without SF and NS is shown in Fig. 5.10.

Regardless of the silica additives, a distinct correlation between the Mg/Si and Al/Si ratios is
evident in Fig. 5.10(a), confirming the presence of a hydrotalcite-type phase with an
approximate Mg/Al molar ratio of 1.9. Similar Mg/Al ratios for hydrotalcite have been revealed
in previous studies [216,271]. However, some spots in Ref and S4R0.99 show notably lower
Mg/Al ratios, attributable to the inclusion of hemicarboaluminate (CaAcosH12) within the bulk
matrix. Furthermore, an Al/Si ratio of approximately 0.23 is observed when Mg/Si=0
suggesting an approximated Al/Si ratio within the C-(A)-S-H gels, in agreement with the Al/Si
ratio depicted in Fig. 5.10(b). This demonstrates a consistent Al(IV) substitution ratio for Si in
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C-(A)-S-H gel regardless of the silica additives [272]. Likewise, the presence of CsAcosH12 in
Ref and S4R0.99 leads to a higher Al/Mg ratio in some spots.
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Fig. 5.10: Compositional plots of the different spots measured (100 spots) in the 28 d samples with
molar ratios of (a) Mg/Si and Al/Si; (b) Si/Mg and Al/Mg; (c-e) Ca/Mg and Si/Mg (The trend lines are
fit to the measured spots, and the slope of each line is calculated which represents the Mg/Al ratio in
(a), Al/Si ratio in (b), and Ca/Si ratio in (c-€)).

Fig. 5.10(c) shows the Ca/Si ratio within the C-(A)-S-H gels under the influence of SF and NS
modifications. Despite the presence of CsAcosHi2 in the Ref, resulting in a higher Ca
concentration, the Ca/Si ratio in the C-(A)-S-H gel remains approximately 1.25. The relatively
low Ca/Si ratio in alkali-activated slag indicates the presence of a C-S-H (1) gel structure [273].
Contrary to expectations for a pozzolanic reaction, the SF-modified samples, as illustrated by
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the red curve in Fig. 5.10(c), do not exhibit a significant reduction in the Ca/Si ratio, implying
the low reactivity of SF. On the other hand, the addition of NS reduces the Ca/Si ratio within
the C-(A)-S-H gels to 1.01. This reduction affirms an enhanced polymerization degree of the
C-(A)-S-H gel with longer silicate chains, attributed to improved Q? content by NS [274], which
is coherent with the findings from the FT-IR results in Fig. 5.7(b).

The actual Ca/Si ratio of the formed C-(A)-S-H gel within each mixture, with different dosages
of WIFD incorporated into the SF-modified and NS-modified samples, are presented in Fig.
5.10(d) and Fig. 5.10(e), respectively. The actual Ca/Si ratio is higher than the initial Ca/Si
ratio provided in Table 5.2, e.g., the Ca/Si ratio is 1.64, 1.47 and 1.17 in SF-modified mixtures.
This phenomenon could be attributed to the unreacted GGBFS and the release of more reactive
Ca?* from WIFD. Moreover, the addition of NS leads to the development of a C-(A)-S-H gel
with a lower actual Ca/Si ratio compared to the samples modified with SF, indicating that NS
promotes the hydration process of WIFD within the matrix.

5.3.6 Carbonation depths and rate

The carbonation front is indicated by phenolphthalein for each mixture, as shown in Fig. 5.11.
The diffusion of CO; in alkali-activated materials lowers the pH value of the pore solution
[54,273] and decalcifies calcium-bearing phases such as the C-(A)-S-H gels [54,186,275]. The
magenta in the center represents the uncarbonated parts. Increased carbonation occurs in the
mortar prepared with NS (N4R0.99>S4R0.99>Ref) after 8 d accelerated carbonation. Upon
incorporation of varying dosages of WIFD to adjust the initial Ca/Si ratio, distinct carbonation
depths are observed in the SF-modified and NS-modified samples, as illustrated in S4R1.05-
0.93 and N4R1.05-0.93. Notably, while the uncarbonated area increases with a lower Ca/Si
ratio in SF-modified samples, it initially decreases in NS-modified samples with a reduction in
the Ca/Si ratio but increases when the Ca/Si ratio is further lowered.

Ref

S4R0.99 S4R0.93

N4R1.05 N4R0.99 N4R0.93
Fig. 5.11: Illustration of the carbonation front indicated by phenolphthalein for the mortar samples
after 8 d of accelerated carbonation.
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To assess the carbonation rate of various samples, the evolution of carbonation depth in the
mortar samples is presented in Appendix Fig. C.3. The linear correlation between carbonation
depth and the square root of exposure time confirms the diffusion-controlled process. Linear
fitting is performed for each mixture, excluding the full carbonation point (20 mm), and the
slope of each fitted line is considered as the carbonation rate in Table 5.3. The resistance to
carbonation shows variation between the two silica additives. In comparison to the group Ref,
the addition of 2 wt% SF (S2R1.05) can reduce the carbonation rate. However, a further
increase in SF content leads to an accelerated diffusion of CO». Conversely, among the NS-
modified samples, higher NS content improves carbonation resistance (N2R1.05, N4R0.99,
N6R0.93). As the incorporation of silica additives can enhance the mechanical properties of the
blends, an improvement in carbonation resistance was expected, particularly for mixtures
modified with NS. However, NS-modified samples exhibit a faster carbonation rate compared
to group Ref. Several potential reasons contribute to this phenomenon: a) the lower workability
of NS-modified samples introduces more air voids in the matrix; b) while NS promotes the gel
formation, the matrix retains less portlandite, allowing diffused CO: to react directly with the
gels instead of carbonating portlandite first; c) C-(A)-S-H gels formed in NS-modified samples
show a lower Ca/Si ratio, resulting in decreased CO: binding capacities; d) the higher BET
surface area of gel products in NS-modified samples facilitates CO> diffusion; €) more free
water remaining in the NS-modified sample induces higher internal relative humidity and
accelerates the penetration of CO» [276], whereas more free water in Ref samples is bounded
into the formation of hemicarboaluminate, hydrotalcite and C-(A)-S-H gel. With further
hydration processes, the consumption of free water also contributes to the formation of voids.

On the other hand, the different initial Ca/Si ratio of raw material induces various carbonation
responses in the mortars. In the SF-modified samples, as the proportion of WIFD increases from
S4R0.93 to S4R1.05 in the mixture, the carbonation rate decreases, indicating that WIFD
retards the carbonation process. A similar trend is observed in N4R1.05 when compared with
N4R0.99. Notably, N4R0.93 shows the best carbonation resistance among all NS-modified
mixtures, attributed to the increased gel products that fill the voids, reduce the pore size of the
matrix, and consequently slow down the diffusion of COs.

In conclusion, the carbonation behavior of the blended binder was studied by varying the
content of NS, SF, and WIFD. Among the groups studied, S2R1.05 and N4R0.93 demonstrate
better carbonation resistance compared to the group Ref. Considering the aim of optimizing
WIFD waste utilization, formulations such as S2R1.05 are recommended for blend preparation.

Table 5.3: The carbonation rate of each mixture by linear fitting analysis of Appendix Fig. C.3 (Note:
the full carbonation points are excluded during the fitting, the slope is then considered as the
carbonation rate, and the fitting results are presented in Appendix Fig. C.3).

S2R  S4R  S4R  S4R S6R N2R N4R N4R N4R N6R

CroupID  Ref e 105 099 093 093 105 105 099 093 0.93
Carbonat
donrate 5212 4938 5639 5686 5807 5666 7.439 5745 7.390 4.915 5.456
(mm/d?)

R-Square 0.998 0.999 0.995 0.999 0.993 0.998 0.991 0.993 0.999 0.998 0.968
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5.4 Discussions

5.4.1 Preliminary study on CO:z emissions and cost of the blended binder

The development of AAMs is primarily motivated by the need to reduce the adverse
environmental impacts of cement production and usage, particularly in terms of CO2 emission
reduction [277]. Hence, the embodied CO; of the mixes developed in this work was preliminary
estimated and compared with other types of binder systems [134,278,279], along with a cost
analysis of raw materials. CO2 emissions (kg CO/ton) and overall cost (€/ton) of the mix were
calculated by multiplying the mass of each ingredient (in 1 m®) by its CO; coefficient and price,
respectively. The CO2 emission and price indicators of each ingredient were obtained from the
literature [59,134,280-286], as presented in Appendix Table C.1.

The CO2 emission and the cost of S4R0.99 and N4R0.99 from the current study and other types
of concrete are presented in Fig. 5.12. It confirms the highest CO2 emission in OPC concrete,
mainly attributed to the usage of CEM I. Reduction of CO- emissions is achieved in different
AAM-based concrete. Notably, activators may significantly contribute to CO2 emissions in
sodium silicate or sodium hydroxide-activated materials [280], as evidenced in Fig. 5.12.
Lower CO» emissions are achieved by using sodium carbonate as an activator in S4R0.99 and
N4R0.99. Additionally, sodium carbonate is cheaper than sodium silicate or sodium hydroxide-
based activators, reducing the cost of the S/IN4R0.99.

Generally, the use of NS will significantly increase energy consumption and cost in the
production of AAMs. When compared with SF-modified samples, a higher CO. footprint is
confirmed in NS-modified samples. Notably, the NS used in this study was derived from olivine.
Previous research conducted by our group has revealed its CO. footprint and cost through
laboratory and bench-scale testing [134,286]. When compared to the conventional production
of NS using waterglass, the cost of raw materials can be reduced from 2084 €/tone to 941€/tone,
and the CO2 emission can be lowered from 8800kg/tone to 461 kg/tone [286,287]. Overall, the
contribution of NS to CO2 emission is relatively lower than that of other ingredients in the
concrete. Therefore, improving the integration of WIFD in the sodium carbonate-activated
GGBFS with NS or SF is acceptable with lower costs and a reduced carbon footprint.
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Fig. 5.12: The (a) CO; emissions and (b) cost analysis of S4R0.99 and N4R0.99 in this study and
other types of binder systems. Note:1) GGBFS/CFA-SS [134]: the blended binder of GGBFS and
class F fly ash (CFA) with the activator of commercial sodium silicate (SS), GGBFS/CFA-NS [134]:
the blended biner of GGBFS and CFA with the activator prepared with sodium hydroxide and nano-
silica, CFA-SS [278]: CFA with the activator formulated with sodium silicate and sodium hydroxide
SH), OPC [279]: the CEM 1 42.5N. 2) Binder materials include GGBFS, CFA and cement. Activators
include sodium carbonate, sodium hydroxide and sodium silicate. Additives include silica fume and
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nano-silica. Others include water, fine aggregate and coarse aggregate).

5.4.2 Reaction mechanism of SF and NS

The present work reveals various effects of SF and NS on the reaction process and overall
performance of the blends. The schematic diagram of the proposed mechanism is presented in
Fig. 5.13. The pozzolanic reaction of silica additives can be considered a major factor that
improves the gel production and, thereby, the mechanical properties of the blends [269].
However, a significant promotion of gel formation is evident exclusively in blends containing
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NS, which explains the remarkable enhancement of the mechanical properties of the blends in
this case. The formed C-(A)-S-H gel shows a lower Ca/Si ratio and higher polymerization,
indicating a longer aluminosilicate tetrahedra chain and enhanced gel density [288]. Notably,
the improved compressive strength of the NS-modified blends does not guarantee a better
carbonation resistance of the matrix. SF slightly contributes to the mechanical properties of the
blends as fillers, and the resulting C-(A)-S-H gel has a higher Ca/Si ratio. Sevelsted and
Skibsted have documented a decline in carbonation rate with an elevated Ca/Si ratio of C-S-H
gel [289]. A similar improvement in carbonation resistance is achieved within the group with 2
wt% SF addition. To sum up, SF and NS contribute to the mechanical properties from different
physicochemical mechanisms, making it feasible to optimise the performance of WIFD-sodium
carbonate-activated materials to align with specific construction demands. However, further
advancements in mechanical attributes are imperative for these materials serve a viable cement
alternative, given that the compressive strength of most modified samples remains below the
32.5 MPaat 28 d.
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Fig. 5.13: Schematics of the role of nano-silica and silica fume on the activation process of the
GGBFS-WIFD-Na,COs system.

5.5 Conclusions

The effect of silica fume (SF) and nano-silica (NS) on the workability, mechanical properties,
reaction kinetics, phase and gel composition, microstructure and carbonation resistance of the
novel WIFD-combined binder is intensively investigated in the present work, along with the
evaluated CO; footprint and cost analysis. The following conclusions can be drawn based on
the obtained results:

e SF increases the compressive strength of the blended mortar slightly at early ages due
to the filler effect but decreases at longer ages due to a lower amount of hydration
products, whereas NS enhanced the compressive strength at all ages due to better
pozzolanic reactivity and improved formation of C-(A)-S-H gels that refine the pore
structure.
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NS promotes the consumption of WIFD in the matrix and enhances the cumulative heat
released due to the improved gel formation in the blends. However, it retards the
reaction process, as a result of the reduced pH value of the pore solution due to the
pozzolanic reaction.

The main reaction products of the WIFD-sodium carbonate-activated binders are C-(A)-
S-H gel, hemicarboaluminate (CsAcosH12), hydrotalcite (Mg-Al LDHSs) and calcite. The
addition of NS inhibits the formation of CsAcosHi2 and Mg-Al LDHs by the
consumption of Ca?* and AI** in gel formation.

4 wt% NS leads to a relatively lower Ca/Si ratio of 1.01 in C-(A)-S-H gels and induces
a higher polymerization degree of silicate chains, whereas no significant influence of
SF in gel composition with a relatively higher Ca/Si ratio of 1.47. The substitution of
Al in silica chains is approximately 0.23 regardless of the silica additives.

Though NS enhances the mechanical properties of the blends, it also induces a lower
carbonation resistance of the matrix. Instead, using 2 wt% SF and WIFD is beneficial
to improve the carbonation resistance, which can be optimized as the S2R1.05.

The designed WIFD-sodium carbonate-activated slag concrete offers advantages in
terms of reducing CO2 emissions and the cost of raw materials when compared to the
OPC system and sodium silicate/hydroxide-activated system. In addition, the work
provides an alternative management practice for air pollution control residues.

The findings presented in this chapter are confined to the examination of the
compressive strength, reaction process and products, microstructure and carbonation
behavior of the GGBFS-WIFD-Na;COz system. While the compressive strength
requires further enhancements, other aspects such as shrinkage behavior and durability
require comprehensive elucidation and analysis before considering the implementation
of this process on a bench or industrial scale.
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Chapter 6 Valorization of biomass bottom ash in alkali-activated
GGBFS-ly ash: impact of biomass bottom ash characteristic, silicate
modulus and aluminum-anodizing waste

Growing production of green energy from biomass has led to a surge in biomass bottom ash
(BBA) generation, often relegated to landfills due to high leachable heavy metal content. This
chapter proposed solidifying BBA in alkali-activated granulated ground blast furnace slag
(GGBFS) and class F fly ash (CFA) blended binders. Investigations into the influence of BBA
content, fineness, silicate modulus of activators, and aluminum-anodizing waste (AAW) on
solidification performance were conducted, focusing on reaction mechanisms, phase
assemblages, mechanical properties and leaching behavior. Results indicate relatively low
reactivity of BBA and high leachable chloride (CI), sulfate (SO4%), chromium (Cr),
molybdenum (Mo), lead (Pb) and zinc (Zn) contents from BBA. Increased BBA substitution
leads to strength deterioration, while ground biomass bottom ash (GBBA) improves mechanical
performance slightly. This improvement is attributed to the increased reactive aluminosilicate
content and an enhanced packing system resulting from finer particles. However, GBBA
induces an increased heavy metals leaching. Higher silicate modulus activators enhance
mechanical properties and reduce the leaching of Mo and CI°, while lower silicate modulus
activator accelerates the reaction process, promoting the formation of hydrotalcite-like phases
and reducing the leaching of Cr and SO4%. Incorporating 0.5 wt% aluminum anodizing waste
improves the immobilization efficiency of toxic ions, but further increases in dosage lead to
higher leaching due to weakened mechanical performance. Overall, hybrid binders with 10 wt%
G/BBA exhibit desirable mechanical properties, along with sufficient immobilization of
leachable heavy metals, enabling their use as potential construction materials.

This chapter is partially published elsewhere:

X. Ling, W. Chen, K. Schollbach, H.J.H. Brouwers, Valorization of biomass bottom ash in alkali-activated
GGBFS-fly ash: impact of biomass bottom ash characteristic, silicate modulus and aluminum-anodizing waste,
Construction and Building Materials, 428, 136408, 2024.
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6.1 Introduction

In recent years, Alkali-activated materials (AAMSs) have been widely investigated due to their
lower carbon footprint and promising mechanical performance. The performance of AAMs is
governed by various factors, including the composition of solid precursors [290], curing
temperature [291], types and modulus of activators [292], as well as additives such as calcined
dolomite and layered double hydroxides [55,293]. Xu demonstrated the effect of activator
modulus and GGBFS-CFA ratio on the reaction Kinetics, hydrated gel structures and
compressive strength of the blends, highlighting the advantages in mechanical properties with
optimal parameters [290].

Besides, AAMs offer a combination of high alkalinity, dense microstructure and chemical
stability, making them highly effective for immobilizing heavy metals from industrial solid
waste. However, the leaching behavior of AAMs, particularly when solid waste is used to
produce them, is significantly shaped by micro-scale matrix properties. The solidification of
BBA in such blends is expected to introduce variations in chemical composition and related
properties. A thorough understanding of the reaction process of BBA-GGBFS-CFA blends is
crucial for optimizing the properties of the hybrid binders. Moreover, ingredient characteristics
influence the mechanical performance of the blends. Komljenovi¢ et al. revealed that the
compressive strength of alkali-activated fly ash is enhanced with the finer fly ash content [294].
Nevertheless, limited attention has been paid to the BBA fineness, despite its significant impact
on the dissolution process, particle packing in the matrix, and the leaching capacity of heavy
metals. Therefore, in this chapter, the role of BBA fineness is explored to optimize the strength
and leachability trade-off in the BBA-GGBFS-CFA blends.

Aluminum-anodizing waste (AAW) is a by-product of the aluminum anodizing process,
primarily composed of aluminum hydroxide polymorphs like bayerite and boehmite. This waste
often contains heavy metals such as Cr and Ni, leading to its disposal through sewage systems
or landfills. To enhance the recycling of this aluminum-rich material, Souza et al. elucidated
that AAW exhibits promise as a shrinkage-compensating admixture when combined with
Portland cement, attributed to the promoted formation of ettringite [295]. Additionally, AAW
has been suggested as a viable component in the manufacturing process of calcium
sulphoaluminate cement via the hydrothermal calcination method [296,297]. However, to the
best of our knowledge, few studies investigate the application of AAW in AAMs, despite the
fact that aluminosilicates are the reaction precursors of AAMs. This chapter also aimed to
utilize the high aluminum content in AAW to effectively modify the resulting reaction products.
Based on the feature that the negative charge of tetrahedral [AlO4] in the gel chains enhances
the immobilization of metal ions as previously mentioned, the possibility of synergistic
treatment of AAW and BBA in AAMs has been explored in this chapter to improve the
solidification efficiency of heavy metals and to achieve the concept of multiple waste reuse.

Based on the above considerations, the primary objective of this chapter is to solidify BBA in
AAMs to render it as a construction material, thereby leveraging the advantages of AAMs
instead of resorting to landfilling. Given the complexity of the AAMs matrix, the interaction
between AAMs and BBA, as well as the resulting immobilization efficiency, are expected to
vary. The chapter investigates the influence of BBA content, fineness, silicate modulus (Ms) of
activators, and AAW on the solidification process, focusing on the reaction mechanism, phase
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assemblages, mechanical properties and leaching behavior. The findings contribute to
establishing a theoretical foundation, feasibility assessment, and principles of the selection of
raw materials and additives for the solidification of BBA.

6.2 Materials and Experiments

6.2.1 Raw materials

Granulated ground blast furnace slag (GGBFS), Class F fly ash (CFA), Biomass bottom ash
(BBA) and Aluminum anodizing waste (AAW) were used as the raw materials in this chapter.
GGBFS was provided by Heidelberg Materials Benelux, Netherlands. CFA was purchased from
Vliegasunie, Netherlands. BBA and AAW were provided by Eurotrust Management,
Netherlands. The BBA was originally collected from a local bio-power plant that utilized a
grate furnace and a steam boiler for energy production. The plant burned B-wood, classified by
the Ministry of Infrastructure and the Environment, Netherlands, which includes painted and
glued wood, as well as wood-wool composite boards [298]. Notably, the received BBA
contained some charcoal fragments (5 wt%) as shown in Fig. 6.1(a), which had larger particle
sizes exist in the received BBA. To prevent any adverse effects of the charcoal fragments on
the mechanical properties of the blends [299], the received BBA was initially sieved for
homogeneity, reducing it to below 1 mm as depicted in Fig. 6.1(b). To reveal the influence of
BBA fineness on the blends, the BBA was then ground for 5 min at 250 rpm in a ball mill,
resulting in the production of ground BBA powder as shown in Fig. 6.1(c), hereinafter referred
to as GBBA. AAW was collected from a local wastewater treatment plant where aluminum was
removed from the sewage using electrodialysis technology. The received AAW was dried at
60 °C to remove the free water and subsequently ground for 1 min at 250 rpm for further
characterization and application.

@ (b) ©

Fig. 6.1: Morphology of raw BBA with different particle sizes (a: charcoal fragments >1 mm, b: BBA
<1 mm, c: ground biomass bottom ash (GBBA)).

The particle size distribution of raw materials was determined using a laser light scattering
technique (Mastersizer 2000, Malvern), and the results are presented in Fig. 6.2. The average
particle size (d50) of GGBFS, CFA, BBA, GBBA and AAW is found to be 13.3 um, 14.0 pm,
125.5 pm, 30.0 um and 5.8 pum respectively. The particle size of BBA is larger compared to
that of CFA and GGBFS, while GBBA exhibits a similar particle size. It should be noted that
longer grinding times and higher speeds would result in finer particles. However, this would
also lead to increased costs and time requirements in the pre-treatment process. Therefore, the
effect of both milled and un-milled BBA on its solidification performance is considered in the
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present work. The chemical composition of raw materials was determined by X-ray
fluorescence spectrometry (XRF) (PANalytical Epsilon 3). The borate fusion method was used
for the preparation of fused beads. The chemical composition of the raw materials is given in
Table 6.1 in the form of oxides, along with the specific density and the Blaine specific surface
area (as per European standard EN 196-6). For the preparation of the activating solution with
various Ms (1.0, 1.4, 1.8), commercial sodium silicate solution procured from Labshop (Mass
ratio: 26.9% SiO», 8.0% Na20, 65.1% H-0) and sodium hydroxide pellets (97%, Sigma-Aldrich)
were used in combination with distilled water.
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Fig. 6.2: The particle size distribution of raw materials.

Table 6.1: Chemical and physical properties of raw materials.

The substituent (%) GGBFS CFA BBA GBBA AAW
CaO 38.6 6.1 17.3 17.1 1.0
SiO; 31.2 54.6 489 49.6 0.8
Al;03 131 216 6.2 7.5 55.2
Fe.03 0.7 9.0 3.0 2.6 0.6
K20 0.3 2.9 1.9 2.1 -
P20s - - 1.3 1.2 0.2
Na.O - - - - 4.2
SOs 5.2 0.4 29 2.6 11.8
MgO 9.0 1.2 29 25 -
TiO: 13 - 3.6 3.2 -
Cr203 - - 0.1 0.1 -
ZnO - - 0.5 0.5 -
PbO - - 0.1 0.1 -
Others - 21 3.9 3.6 24
LOI 0.6 21 7.4 7.3 238
Specific density (g/cm®) 2.90 2.14 2.87 2.89 2.54
Blaine specific surface area 460 325 165 295 490
(m?kg)
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6.2.2 Mixture design and specimen preparation

The reference blend (70 wt% GGBFS and 30 wt% CFA) was activated using sodium silicate
solution (Ms = 1.4, Na,O = 5.6 wt%). Different proportions of CFA were replaced with 33.3,
66.6 and 100 wt% BBA, corresponding to 10, 20 and 30 wt% of the total binder, respectively.
The water-to-binder (w/b) ratio was maintained at 0.4 for the pastes based on the previous study
on the alkali-activated slag and fly ash blends [300]. A higher w/b ratio of 0.45 was employed
for the mortars to accommodate the water demand of the fine aggregates [301]. Notably, free
water from the original sodium silicate solution was included in the calculation of the w/b ratio.
Activator solutions with Ms of 1.0,1.4 and 1.8 were used to assess the influence of active [SiO2]
contents on the performance of the blended systems. The activating solution was naturally
cooled to ambient temperature for 24 h before mixing. Furthermore, the role of BBA fineness
was studied using 10 wt% and 20 wt% GBBA.. The effect of additional AAW content (0.5 wt%
to 2.5 wt%) was investigated in the groups with 10 wt% GBBA. Detailed information on mix
proportions and flowability can be found in Table 6.2. Compared with the spherical shape of
CFA particles, the angular shape of BBA and AAW particles results in a larger surface area and
higher water demand. Therefore, increasing the dose of BBA and AAW decreases their
flowability.

Paste and mortar samples were prepared for micro-scale and mechanical properties analyses.
The paste samples were mixed using a laboratory mixer. The binder materials were first mixed
for 1 min to reach a homogeneous state, followed by the addition of an activating solution. After
stirring the bottom specimens for 30 s, then further mixed for another 120 s at a medium speed.
The fresh paste was then cast into plastic molds of 40 x 40 x 160 mm? and vibrated for 1 min.
A plastic film was applied to the top surface for 24 h curing. Finally, all specimens were
demolded and cured at 20 + 1°C with a relative humidity of 95% until the testing age. For the
mortar samples, the corresponding standard sand was added during the stirring and the
sand/binder ratio was set as 3 according to EN 196-1: 2016.

Table 6.2: The proportion of each material and flowability in the designed mixtures (wt%) (Na2O wt%
=5.6).

Flowability ~ Setting time

ID GGBFS CFA BBA GBBA AAW Ms wh  Sand (mm) (min)
RO-1.4 30 0 - - 14 261 36/82
R10-1.4 20 10 - - 1.4 223 32/76
R20-1.4 10 20 - - 1.4 101 28/72
R30-1.4 0 30 - - 1.4 157 26/70
R10-1.0 20 10 - - 10  Paste 215 28/70
R10-1.8 20 10 - - 1.8 =04 228 36/82
R20-1.0 70 10 20 - - 1.4 300 175 24166
Mortar
R20-1.8 10 20 - - 18 _ous 198 32/78
G10-1.4 20 - 10 - 1.4 249 30/76
G20-1.4 10 - 20 - 1.4 224 28/70
G10A0.5 20 - 10 05 14 219 32/80
G10AL5 20 - 10 15 14 189 38/86
G10A25 20 - 10 25 1.4 150 40/96

Note: G10-1.4 is also used as G10AOQ in the comparison of additional AAW, and Ms is silicate modulus,
initial/final setting time.

113



6.2.3 Methodology

e Reactivity analysis of raw materials

The reactivity of BBA, GBBA and AAW was evaluated by subjecting them to a high alkali
concentration solution. Previous studies have established that an 8 M NaOH solution is
adequate for activating fly ash and metakaolin [302,303]. Luo et al. utilized an 8M NaOH
solution to investigate the reactivity of the ladle slag, a by-product of the steelmaking process
[304]. Accordingly, an 8M NaOH solution was employed, with a liquid-to-solid (L/S) ratio of
50 to ensure a sufficient reaction. 20 g dry materials and alkaline solution were mixed in the
sealed polyethylene bottles and placed horizontally on a linear reciprocating shaking device
(Stuart SSL2) at a constant rate of 250 rpm with an amplitude of 20 mm for 24 h. Then the
residual was collected by filtering with 0.45 um paper and washed with deionized water. After
24 h vacuum drying at 60 °C, the residual mass was recorded, and its chemical and phase
composition were characterized with XRF and XRD test. The calculation of reactive elements
is normalized with the dry materials, as expressed by:
Ry = Xy - X; ¥ (%) ©.1)

Where the Ry is the reactive content of element x (%), Xq is the content of element X in the dry
raw material (%), X is the content of element x in the residual (%), Myq is the mass of dry raw
material used in the reactivity test (g), My is the mass of dry residual (g). Additionally, a similar
treatment was performed on GBBA in distilled water to reveal its dissolution behavior.

e |sothermal calorimeter

The reaction kinetics of the blends were determined by an isothermal calorimeter (TAM Air,
Thermometric). The raw materials were initially mixed according to the paste mixture. Then
the activating solution was added for around 1 min vibration using an electrical vibrator. The
mixed paste was injected into a sealed ampoule and loaded into the calorimeter. The heat release
and heat flow results were normalized by the mass of the solid binder. The measurement was
conducted for the first 160 h at a temperature of 20 £ 0.2 °C.

e Workability and compressive strength

The mini spread flow table test was conducted to determine the flowability of the fresh mortars
according to EN 1015-3:2007. The fresh mortar was introduced into a truncated conical mold
(60 mm in height, 100 mm in diameter at the bottom, and 70 mm in diameter at the top). After
raising the mold vertically, the mortar was spread onto the disc by jolting the flow table 15
times. The diameter of the mortar in two perpendicular directions was then measured. The
compressive strength of the mortar after 7 d, 28 d curing was measured according to EN 196-
1:2016. A loading rate of 2400 N/s was applied to six specimens for each mixture. The obtained
average value was recorded as the compressive strength value.

e Leaching test of raw materials and hydrated samples

The one-batch leaching test was performed with raw materials and 28 d paste samples (EN
12457-1:2002). The paste samples were crushed and milled into powders (0.125 ~ 1 mm), then
mixed with distilled water in a polyethylene bottle with a liquid-to-solid (L/S) ratio of 10.
Afterward, a similar shaking process was conducted with the sealed bottle on the Stuart SSL2
for washing at a constant rate of 250 rpm for 24 h. The solids were then filtered out, and the pH
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of the leachate was measured. The element analysis was then carried out with inductively
coupled plasma optical emission spectroscopy (ICP-OES Spectral Blue) and ion chromatograph
(IC, Dionex 1100). The calculation of the leachable elements from each raw material and
hydrated samples could be expressed by:

Cix Vi (6.2)
RT M
raw
Cix Vi 6.3)
Cu = ©.
M Mmix

Where Cr and Cw are the leached amount of an element (mg/kg) from the raw materials and
mixes, respectively, Cj is the concentration of an element (i) in the leachate (mg/L), Vi is the
volume of the leachate (L), Mraw and Mmix is the mass of raw materials and mixes (kg),
respectively. Then the solidification efficiency of an element in each mix was calculated by:

Cel = Z Wp % Cy (6.4)

C
E%=100- —= x 100% (65)
Ccl
Where Ccl is the cumulative leachable capacity of an element (mg/kg) in each mix, Wr is the
mass proportion of each ingredient in the mix (%), and E is the immobilization efficiency of
the element in each mix (%).

e Phase assemblage analysis of raw materials and hydrated samples

The phase composition of the blended paste samples was analyzed by X-ray diffraction (XRD),
Thermogravimetry (TG), and Fourier transform infrared spectroscopy (FT-IR). XRD
characterization as performed on raw materials, the residual BBA after the reactivity test, and
the hydrated assemblages. The test was catried out with a step size of 0.02° and a 20 range from
10° to 60° (40 kV, 30 mA) by using a Bruker D4 phaser equipped with a Co X-ray tube. The
PDF numbers of the identified phases are provided in Appendix Table D.1. The TG test was
performed on the hydrated samples by a STA 449 F1 instrument test at a heating rate of 10
K/min up to 1000 °C under the N2 atmosphere. The Fourier-transform infrared (FT-IR)
spectrum of samples was conducted using a Varian 3100 instrument to identify the bonding in
the mineral phases. All samples were scanned 15 times at a resolution of 1 cm™ with a
wavenumber range of 4000-400 cm™. To facilitate the identification of distinct bands and
differentiate between wavenumbers, the second derivative of the measured transmittance (%)
over the wavelength (cm™), denoted as d?T/dW?, was employed [141,305].

e Mercury intrusion porosimetry (MIP) analysis of hydrated samples

MIP analysis was performed to characterize the pore structure of the blends by using a mercury
porosimeter (AutoPore IV 9500, Micromeritics). The hardened 28d pastes were crushed into
around 4 mm granular pieces and then immersed in isopropanol to terminate the hydration. The
pieces were vacuum-dried at 40 °C for 24 h before the test.
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6.3 Results

6.3.1 Reactivity of BBA, GBBA and AAW

The reactive content within BBA, GBBA and AAW was assessed under conditions of high
alkalinity solution, wherein minerals might undergo dissolution, and new reaction products
could precipitate. Therefore, the mineralogical composition of raw materials was characterized
both before and after the reaction. The results for GBBA are presented in Fig. 6.3, while
Appendix Fig. D.1 illustrates the corresponding findings for BBA. The raw BBA and GBBA
primarily consist of quartz (SiO.), anhydrite (CaSO4), microcline (K20-Al203-6Si0y), rutile
(TiOy), calcite (CaCOs), lime (CaO) and smaller proportion of other minerals such as gehlenite
(2Ca0-Al203.Si02) and calcium titanium oxide (CaTiOz). Significantly, certain minerals like
anhydrite have shown susceptibility to dissolution, a fact supported by the XRD pattern analysis
of the residues in distilled water (refer to Appendix Fig. D.2). These observations are further
corroborated by the changes observed in the chemical composition, as demonstrated in
Appendix Table D.2, wherein notable reductions in CaO and SOz levels are evident subsequent
to the dissolution process in distilled water.

After 24 h of reaction with 8M NaOH solution, 17.6 g of residues remained for BBA and 17.2
g of residues for GBBA. The dissolution of anhydrite and lime was also observed during this
process, as evidenced by the disappearance of associated peaks in the XRD patterns.
Significantly, a higher mass loss in GBBA indicates an enhanced reactive content due to the
milling process, as corroborated by the elevated reactive content of Ca, Al and Si as presented
in Table 6. 3. Furthermore, traces of hydrotalcite-like phases (MgsAl.CO3(OH)164H20) are
discernible around 13° (20, Co Ka) in both GBBA and BBA residues. In summary, BBA
inherently possesses a certain amount of reactive content, contributing to the formation of
hydrotalcite-like phases. The milling process of BBA further amplifies the reactive content
within GBBA.

- 1- Quartz - SiO,
GBBA 2- Caldite - CaCO;

— Residue 3- Lime - CaO !
| : 4- Calcium Titanium Oxide - CaTiO,
1 5- Rutile - TiO, :
il 6- Anhydrite - CaSO, | p
! 7- Microcline - K,O- Al,O-6Si0,
8- Gehlenite - 2Ca0-Al,0,-SiO,
9- Hydrotalcite - MggAl,CO4(OH), ¢ 4H,0
! ! 1

A\
A\3
A\

10 20
2 Theta (°) CoKa

Fig. 6.3: XRD pattern of the raw GBBA and the residue GBBA after 24 h reactive test in 8 M NaOH
solution. (Legend: 1- Quartz, 2- Calcite, 3- Lime, 4- Calcium titanium oxide, 5- Rutile, 6- Anhydrite,
7- Microcline, 8- Gehlenite, 9- Hydrotalcite).
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In the case of AAW, no residues were detected after the reaction in the high-alkali solution.
Given that the raw AAW comprises low-crystallinity boehmite (AIOOH), bayerite (Al(OH)z3),
and thenardite (Na2SO4) (see detailed XRD pattern in Section 6.3.3), the reaction process is
elucidated by [136,187]:

AIOOH + OH™ + H,0 — AI(OH),~ (6.7)
AI(OH), + OH™ — AI(OH),~ (6.8)
The high reactivity of [AlO4] in AAW designates it as the aluminum source for the formation
of aluminum-containing phases, including hydrotalcite-like compounds and C-A-S-H gels.

Table 6. 3: The chemical composition of the BBA/GBBA and residue BBA/GBBA after 24 h reactive
test in 8 M NaOH solution.

Oxide

MgO AlLO3; SiO; P,0s SO; KO CaO TiO, Fe0O3 Others Mass(g)
(Wt%)
BBA 2.9 6.2 489 13 2.9 1.9 173 3.6 3.0 4.6 20.0

Residue 2.7 55 471 11 0.1 1.3 144 33 3.0 4.0 17.6
Change 0.2 0.7 1.8 0.2 2.8 0.6 2.9 0.3 0.0 0.6
GBBA 25 7.5 496 1.2 2.6 2.1 171 3.2 2.6 4.3 20.0
Residue 21 6.1 465 1.0 0.0 1.4 146 28 24 3.7 17.2
Change 0.3 1.4 3.1 0.2 2.6 0.8 3.5 0.4 0.2 0.6

Note: all the chemical composition of the residue BBA/GBBA is normalized with the unreacted
BBA/GBBA.

6.3.2 Reaction kinetics of BBA-GGBFS-CFA blends

Fig. 6.4 illustrates the hydration kinetics of all blends within the initial 160 h. The heat flow,
normalized by the dry solid of the blended binder (with 10, 20 and 30 wt% BBA and the Ms =
1.4 of activator solution), is presented in Fig. 6.4(a). The reaction process of alkali-activated
materials generally includes four stages: dissolution, induction, acceleration and stable period
[291,306]. The initial heat release from the dissolution of solid precursors is not depicted in the
present results [307]. After that, a higher replacement level of BBA diminishes the intensity of
heat flow peaks, indicating reduced heat release compared to R0-1.4. However, 10 wt% BBA
exhibits the highest normalized cumulative heat within 168 h, suggesting its positive impact on
reactivity. Considering that CFA has a relatively low influence on the reaction at an early age
[301], substituting it with BBA does not lead to a significant reduction in heat release. Instead,
the dissolution of minerals (lime and anhydrite) in BBA particles enhances the reactive [Ca?*]
content, promoting the formation of C-(A)-S-H gel at an early age.

In Fig. 6.4(b), when alkali solutions with various Ms are applied to blends containing 10 wt%
and 20 wt% BBA, a higher Ms of the activator extends the induction stage and reduces the
intensity of the primary heat flow peak. The increase in the SiO2/Na2O ratio in the activator
leads to a drop in the alkalinity [308], thereby slowing down the dissolution of the solid
precursors. A similar trend is observed in samples with 20 wt% BBA, where a lower Ms of the
activator accelerates the reaction process.
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In Fig. 6.4(c), the substitution of BBA with GBBA slightly promotes the reaction due to the
finer particles, which facilitate the dissolution of lime and anhydrite, resulting in an increased
release of reactive [Ca%*] and accelerated hydration. Moreover, GBBA contains higher reactive
Al>O3 and SiO> content compared to BBA, as outlined in Section 6.3.1, contributing to the gel
formation and further augmenting the cumulative heat. Conversely, the presence of additional
AAW in Fig. 6.4(d) retards the reaction process by consuming alkaline ions and reducing the
alkalinity of the reaction environment.

Overall, the replacement of CFA by BBA does not significantly impact the reaction behavior,
suggesting the feasibility of using BBA in blends from the perspective of the reaction process.
Meanwhile, the reaction process can be regulated by adjusting the Ms of the activator and AAW
content, with the finer BBA particles slightly enhancing the reaction.
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Fig. 6.4: normalized heat flow and cumulative heat flow of the blends within 7d (a): replacement
levels of BBA, (b): silicate modulus, (c): particle size of BBA, (d): additional AAW.

6.3.3 Phase assemblages

e XRD analysis
The XRD patterns depicted in Fig. 6.5(a) illustrate the raw materials' mineralogical
composition, while Fig. 6.5(b-d) offers a comparative analysis of the XRD patterns for all 28d
samples. In the case of RO-1.4, the main crystalline phases identified include mullite
(Al4.809,6Si1.2), quartz (SiO2), and calcite (CaCOs), originating from raw CFA. The broad peaks
around 34.2°(20) indicate the formation of amorphous C-(A)-S-H gel, which is considered the
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main reaction product in AAMs [252]. For BBA-substituted samples (Fig. 6.5(b)), in addition
to the phases observed in R0-1.4, traces of rutile (TiO2) and calcium titanium oxide (CaTiOz)
originating from BBA are detected. Notably, minor peaks indicative of hydrotalcite-like phases
are observed. As the BBA content increases, there is a corresponding augmentation in the
intensity of these hydrotalcite-like phase peaks, suggesting the active involvement of BBA in
their formation. In the GBBA-substituted samples G10-1.4 and G20-1.4, no substantial
difference in crystalline phases is discernible when compared with the R10-1.4 and R20-1.4.
This observation can be attributed to the similar chemical composition between GBBA and
BBA.
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Fig. 6.5: XRD patterns of 28 d samples (Legend: 1- Quartz, 2- Calcite, 3- Lime, 4- Calcium titanium
oxide, 5- Rutile, 6- Anhydrite, 7- Microcline, 8- Gehlenite, 9- Boehmite, 10- Bayerite, 11- Thenardite,
12- Hatrurite, 13- Mullite, 14- Hydrotalcite, ¢-C-(A)-S-H gel [247]).

When various activators are applied to the blends (Fig. 6.5(c)), discernible differences primarily
manifest in the intensity of peaks corresponding to hydrotalcite-like phases and C-(A)-S-H gels.
Activators with lower Ms exhibit heightened intensity, attributable to increased alkalinity
accelerating the reaction process of the blends, as described in the reaction kinetics in Section
6.3.2. Consequently, an augmented formation of hydrotalcite-like phases and C-(A)-S-H gels
at 28d is anticipated in R10-1.0 and R20-1.0. Notably, the lower proportion of SiO; in the
activator directs a greater involvement of Al(OH)4 in the solution toward the formation of a
hydrotalcite-like phase rather than the formation of C-(A)-S-H gel [309].
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In Fig. 6.5(d), the incorporation of AAW into the blends is depicted, revealing no discernible
new crystalline phase apart from those detected in G10-1.4. In summary, the main hydration
products, including the hydrotalcite-like phase and C-(A)-S-H gel, persist regardless of BBA
modification, activator modulus, and the introduction of additional AAW. In general, the
hydrotalcite and related layered double hydroxides (LDHs) phases demonstrate the capacity for
ion immobilization [310], making them widely applied in waste management [311]. The impact
of these products on the leaching characteristics of the BBA-GGBFS-CFA system will be
further addressed in Section 6.3.5.

e FT-IR analysis

In addition to the formation of a hydrotalcite-like phase, the gel products exhibit the capacity
to adsorb the heavy metals on the surface and interlayer region [312,313]. Therefore, the impact
of BBA content, fineness, activator modulus and additional AAW on gel characteristics was
investigated using FT-IR, as depicted in Fig. 6.6. The FT-IR spectra of raw materials are
presented in Fig. 6.6(a). Two adsorption peaks are observed for raw GGBFS. The major band
at around 900 cm™ and 500 cm™ corresponds to the asymmetric stretching vibration of Si-O-T
bonds (T represents tetrahedral Si or Al units) [314]. The same vibration for CFA is shifted to
around 1020 cm due to the slightly different composition of the amorphous phase in the raw
materials [78]. Bands at about 795 cm™, 776 cm™* and 555 cm® confirm the presence of mullite
and quartz in CFA [315]. For BBA and GBBA, the main adsorptions at 1418 cm™ and 875 cm
L are related to O-C-O bonds of carbonates [47], while the weak peaks at 612 cm™* and 592 cm
1 are attributed to the vibrations of S-O from the anhydrite. AAW shows the bands around 3326
cm™, 1075 cm™ and 482 cm?, corresponding to the O-H and Al-O vibrations from bayerite and
colloidal boehmite. In Fig. 6.6(b), which showcases the modified samples, all FTIR spectra
show absorption bands around 3370 cm, 1660 cm™, 1415 cm™* and 950 cm™. These bands are
associated with the stretching and bending vibration of H-O bonds, the stretching vibration of
O-C-0 bonds in carbonates, and the asymmetric and symmetric stretching vibration of Si-O-T
bonds in [SiO4] and [AlO4], respectively [141].

The impact of BBA contents, fineness, Ms of activators and additional AAW on the structure
of C-(A)-S-H gel is explored in Fig. 6.6(c) within a wavenumber range of 1200 — 600 cm™,
recognized as a characteristic region for aluminosilicates [247]. The primary band centered
around 950 cm™ is commonly ascribed to Q2 silica units within the C-(A)-S-H gel [263,316].
Notably, recent studies have posited that bands around 930 cm™ and 1060 cm™ may also
contribute to Q- silicate species [317,318]. However, these potential adsorptions associated
with Q%-silicate are observed at 910 cm™* in the BBA-GGBFS-CFA system, indicating a distinct
degree of gel polymerization in AAMs compared to ordinary Portland cement. The signal at
810 cm* corresponds to the Si-O stretching of Q! tetrahedra [141], and the signal at 665 cm™
is related to Si-O-Si bending vibrations [319]. The band at about 890 cm™ has been correlated
with the stretching vibration of Al-O-Si [320], while the band at 1050 cm™ is associated with
the symmetric bending of Al-O-H [141]. When BBA is incorporated, the intensities of Q2
decrease with higher BBA content, particularly evident in R30-1.4, indicating shorter silica
chains due to the release of more Ca?* from the BBA. A similar decline is observed in the bands
around 890 cm, indicating less substitution of [AlO4] in C-(A)-S-H gel due to lower reactive
aluminum content in BBA compared to CFA.
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Fig. 6.6: FT-IR spectra of (a) the raw GGBFS, CFA, BBA, GBBA and AAW, and the 28 d samples with
various BBA content, fineness, activator modulus and additional AAW: (b): transmittance vs

wavelength, (c) 2™ derivative of the transmittance d?T/dW? vs wavelength.

In comparison to BBA, the utilization of finer GBBA slightly enhances the intensity of Q% and
the Al-O-Si bond owing to the presence of more reactive silicate and aluminum caused by the
enhanced dissolution of the finer particles. These elements promote the polymerization of silica
chains and the substitution of [SiO4] in the QZ sites by [AlO4]. A similar intensified Q2 bond is

121



observed when a smaller Ms activator is employed. Interestingly, despite the lower [SiO2]
content provided by the low Ms activator solution, heightened alkalinity enhances the
dissolution of silicates from solid precursors, facilitating increased involvement in gel
formation. This observation also aligns with the promoted heat of hydration, as discussed in
Section 6.3.2. Furthermore, an enhanced Al-O-Si bond is observed, particularly in the low Ms
activator, where the higher alkalinity also reinforces the dissolution of CFA and BBA particles,
leading to an enhanced substitution of [AlO4] in C-A-S-H gel.

Regarding the addition of AAW, no significant increase in the Al-O bond around 1075 cm™ is
observed, indicating sufficient dissolution of AAW in the system. The slightly growing
absorption peak ascribed to the Si-O-Al bridge with increasing AAW confirms that [AlO4]
generated by AAW actively participates and displaces the Si-O-T tetrahedra within the gel. This
process results in a negative charge within the gel, proving highly favorable for the adsorption
and immobilization of heavy metals in the gel matrix [90]. To summarize, the outlined
modifications, including grinding, lower Ms of activators, and additional AAW, can improve
the incorporation of [AlO4] in the gel products, which is beneficial for the solidification of
heavy metals and ions within the matrix.

e TG-DTG analysis

Fig. 6.7 presents the TG and DTG curves of all 28d samples. The main mass loss peak (50 °C
to 250 °C) is attributed to the dehydration of bound water from the C-(A)-S-H gel [57,321].
The shoulder around 250 °C and the broad peak around 400 °C in the DTG curves are associated
with the dehydration of hydrotalcite-like phases [73]. Additionally, the decomposition of
carbonates is observed at approximately 650 °C. While these carbonates mainly originate from
raw materials, it is possible that some additional carbonates formed during the curing and
preparation. Furthermore, a minor mass loss peak that occurs around 800 °C is related to the
decomposition of C-(A)-S-H gel to wollastonite (CaSiOz) [322].

To evaluate the quantity of reaction products, the mass loss attributed to dehydration was
calculated using a tangential method and is presented in Table 6.4 [164]. Compared with RO-
1.4, the bound water content from gels decreases in the blends with BBA/GBBA substitutions,
various activators and AAW additives. This decrease suggests a lower formation of C-(A)-S-H
gel in the modified paste due to the replacement of CFA. It is important to note that the mass
loss due to the dehydration of C-(A)-S-H gels overlaps with the dehydration of the hydrotalcite-
like phases, making their separation difficult and potentially leading to deviations in the
calculated bound water content of the gels. However, R0-1.4 exhibits the lowest bound water
content between 250 °C to 500 °C, confirming the reduced formation of hydrotalcite-like phases
in the referenced blend. In other words, after the modifications, more free water is bound in
hydrotalcite-like phases, especially in samples with Ms of 1.0, aligning with the XRD patterns
in Fig. 6.5(c). Regarding the AAW-modified samples, there is less bound water in the gels,
indicating that the reduced alkalinity weakens the gel formation due to the dissolution of AAW.
However, it should be noted that the AI(OH)4™ contributes to the formation of hydrotalcite-like
phases owing to the increase of AI(OH)4 in the solution. In summary, the use of BBA/GBBA,
activators with lower Ms, and additional AAW can promote the consumption of free water in
the reaction system by forming hydrotalcite-like phases.
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Fig. 6.7: Thermal analysis of the 28d pastes with different (a-b) BBA/GBBA content, (c) silicate
modulus and (d) AAW content.

Table 6.4: Weight loss (%) at different temperature ranges in 28d samples.
Weight Loss (%)

G 50-200°C 250-500°C (40-1000°C)
roup
Bound water from C- Bound _vvatgr from Total weight loss
(A)-S-H gel Hydrotalcite-like phases

RO-1.4 8.94 3.51 14.38
R10-1.4 8.54 491 16.64
R20-1.4 8.72 4.80 16.33
R30-1.4 8.88 461 16.06
R10-1.0 8.08 5.48 16.07
R10-1.8 7.31 461 14.55
R20-1.0 7.79 5.16 17.45
R20-1.8 7.05 4.66 14.19
G10-14 8.60 4.55 16.04
G20-1.4 8.54 471 16.58
G10A0.5 8.94 4.85 15.92
G10A15 8.11 5.03 15.44
G10A2.5 7.66 4.66 14.60
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6.3.4 Microstructure

The microstructural properties of the modified samples are associated with the physical
encapsulation effect of heavy metals. MIP analysis of 28d samples was performed and the
results are demonstrated in Fig. 6.8(a-d). Pores in cementitious materials are typically classified
as gel pores (< 10 nm), capillary pores (10 - 5000 nm) and macro-pores (> 5000 nm) [323]. The
total porosity and the porosity of various size pores are summarized in Fig. 6.8(e).
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Fig. 6.8: (a-d) Pore size distribution and (e) Total porosity and the porosity of each type of pores in the
prepared 28d pastes with various modifications.

Among the tested samples, R0-1.4 exhibits the lowest porosity of 3.5%, while the modifications
increase the total porosity. This increase is mainly attributed to reduced workability after the
incorporation of BBA/GBBA (Table 6.2), resulting in more capillary and macro-pores.
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Nevertheless, the substitution of BBA promotes the gel pores, which is consistent with the
increased amount of bound water from the C-(A)-S-H gel (Table 6.4). As demonstrated by
Wang et al., the C-(A)-S-H gels with a higher Ca/Si ratio exhibit increased porosity and surface
area [89]. Hence, the release of more soluble Ca?* ions from BBA leads to their incorporation
into C-(A)-S-H gel. Compared with BBA, GBBA has a less significant influence on gel pores,
but there is a reduction in capillary pores and the total porosity, particularly evident in the G20-
1.4 sample. This indicates that the finer particles act as a filler and refine the pore structure.
Furthermore, a higher Ms activator leads to a reduction in capillary pores and the pore size due
to the enhanced polymerization, as confirmed by the FT-IR spectra in Fig. 6.6. In the AAW-
modified samples, the porosity of gel pore increases with more AAW, indicating that the
dissolved AI(OH)4 participates in the formation of gel products. However, excessive AAW
addition also results in a higher content of macro-pores due to the worse workability. Overall,
the modifications provide control over the pore size distribution of the matrix. In terms of
reducing heavy metals leaching pathways, the use of GBBA and higher Ms activators can help
reduce the capillary pores and macro-pores, while increasing Ms and AAW promotes the
formation of gel pores.

6.3.5 Leaching behavior

From an environmental perspective, the leaching behavior of raw materials and BBA-GGBFS-
CFA blends were characterized. Table 6.5 summarizes the leaching values of raw BBA, GBBA,
GGBFS, CFA and AAW, with limits established by the Dutch Soil Quality Decree (SQD)
regarding the acceptable emissions for inorganic pieces [324].

Table 6.5: The leaching of BBA and AAW obtained via a one-batch leaching test (mg/kg dry mass of
materials).

E/l BBA GBBA AAW GGBFS CFA SQD*
CI 4590 4640 3490 406.3 4.85 616
SO~ 19270 19220 69910 1226 2172 2430
As UDL UDL 0.04 UDL ubDL 0.90
Pb 304.37 457.5 0.12 UDL ubDL 2.30
Zn 28.95 39.59 0.01 0.14 uUDL 4.50
Ba 1.76 3.70 0.05 2.25 154 22.0
Cr 25.39 34.63 0.79 0.26 2.06 0.63
Cu 0.16 0.35 0.05 UDL ubDL 0.90
Mo 3.28 3.27 0.17 UDL 5.28 1.00
Sh UDL UDL 0.04 UDL UDL 0.32
B 2.85 2.39 45250 0.12 29.7
Mg 0.03 0.04 13.28 0.19 ubDL
Sr 40.46 43.72 0.73 17.6 455
Na 2430 2480 41280 246.9 255.5
K 6070 6270 24 128.4 113.7
Ca 6120 8470 133 1720 993.8
Al 0.08 0.12 0.46 UDL 0.93
pH 12.8 12.9 8.4 115 11.6

Note: pH value of the leachate at L/S10, UDL: Under detect limitation <0.02 mg/kg, SQD*: Unshaped
material as specified by the legislation: Soil Quality Decree [324], E/I: elements or ions, the values in
bold are above the limits of SQD.
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In the raw BBA and GBBA particles, the leaching contents of chloride (CI°), sulfate (SO4%),
lead (Pb), zinc (Zn), chromium (Cr) and molybdenum (Mo) significantly exceed their legal
values, posing a primary concern for their use in building materials. It is noteworthy that GBBA
exhibits a higher concentration of heavy metal concentration compared to BBA, indicating that
these ions are more easily leached out from the finer particles. Additionally, the contents of CI-,
SO4%, and Crin AAW, as well as the contents of the Cr and Mo in CFA, surpass the established
limits. Therefore, this study focuses on solidifying the aforementioned heavy metals and anions
in the BBA-GGBFS-CFA blends.

Table 6.6 summarizes the leaching contents of Cr, Mo, Zn, Pb, CI- and SO4* from the 28d
BBA-GBFS-CFA blends. A significant reduction in the leaching of heavy metals, chloride and
sulfate is evident in all blends. For the leaching of Pb, its concentration falls below detection
limits, showcasing remarkably low levels. The notable reduction in Pb leaching has been
attributed to its precipitation as silicate species (PbSiO3, Pb2SiO4, PbsSiOs), a phenomenon
well-established in previous studies [173,325,326]. Additionally, it has been reported that Pb
was present in the form of Pb(OH): in alkali-activated fly ash/blast furnace slag [327]. Within
the BBA-GGBFS-CFA blends, the activators contain abundant silicate ions with high alkalinity,
offering substantial capacity to immobilize the leached Pb. Moreover, recent studies have
indicated that soluble Pb can be chemically bonded into the amorphous 3D network of the
hydrates [90,313].

Concerning the leaching of Zn, its concentration is detectable solely in low Ms activators
activated samples (R10-1.0 and R20-1.0). The lower Ms results in increased alkalinity of the
solution [134], contributing to the formation of soluble oxyanionic Zn(OH).* [84].
Consequently, Zn species are not easily immobilized through simple precipitation or ion
exchange with alkali cations balancing the negatively charged Al tetrahedra. Overall, a
reduction in Zn leaching can be observed, potentially attributed to Zn-bearing phases, such as
the ZnsSiz07(OH)2-H20, y-Zn(OH)2, CaZnz(OH)s-2H20 [328,329]. Unfortunately, these
phases could not be detected in the present XRD patterns due to the relatively low Zn
concentration. Furthermore, previous studies have confirmed the incorporation of Zn within the
matrix of C-S-H [330,331].

Regarding the leaching of Cr, its concentration exhibits an increase with a higher proportion of
BBA, since Cr is mainly derived from BBA. The elevated leaching from finer particles of
GBBA is understandable, attributing to the heightened surface area. However, a lower activator
modulus contributes to a reduction in Cr leaching. Several factors may contribute to this
observation. Firstly, the promoted formation of hydrotalcite-like phases in samples R10-1.0 and
R20-1.0 plays a significant role in diminishing Cr leaching, as it could be incorporated into the
hydrotalcite layer framework through isomorphic substitution for Mg and Al ions [332].
Secondly, the high alkalinity induces the precipitation of Cr(OH)s, while the abundant Ca?*
promotes the formation of CaCrO, [333]. The introduction of additional AAW initially reduces
Cr leaching, but a further increase in AAW leads to an increase in Cr leaching. This
phenomenon can be attributed to the dissolution of AAW, which increases the substitution of
[AlO4] in the silica chain, thereby enhancing the adsorption of Cr. Furthermore, previous studies
[334,335] have suggested that boehmite has a remarkable adsorption capacity for Cr, indicating
that the amorphous boehmite in the AAW used may contribute similarly. However, it is
noteworthy that excess AAW reduces the alkalinity of the pore solution, adversely affects
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workability, and induces more macro-pores (Fig. 6.8), facilitating the migration of Cr during
leaching.

Table 6.6: One batch leaching test of 28d blends (mg/kg dry mass of materials).

E/I* Cr Mo Zn Pb Cl S04 pH
RO-1.4 0.04 0.49 UDL UDL 94 992 12.36
R10-1.4 0.15 0.44 UDL UDL 165 1567 12.41
R20-1.4 0.2 0.4 UDL UDL 255 1984 12.45
R30-1.4 0.33 0.33 UDL UDL 344 2992 12.46
G10-1.4 0.24 0.38 UDL UDL 185 1663 12.43
G20-1.4 0.33 0.31 UDL UDL 258 1987 12.46
R10-1.0 0.14 0.5 0.09 UDL 189 1569 12.5
R10-1.8 0.18 0.44 UDL UDL 161 1629 12.32
R20-1.0 0.19 0.41 0.12 UDL 267 1980 12.53
R20-1.8 0.33 0.37 UDL UDL 237 2090 12.36
G10A0** 0.24 0.38 UDL UDL 185 1663 12.43
G10A0.5 0.15 0.35 UDL UDL 182 1510 12.42
G10A15 0.2 0.39 UDL UDL 165 1598 12.4
G10A2.5 0.22 0.42 UDL UDL 144 1702 12.38
Limit 1 0.63 4.5 2.3 616 1730 -

Note: UDL: Under detect limitation <0.02 mg/kg, *E/I: elements or ions, **G10A0 = G10-1.4, the
values in bold are above the limits of SQD.

In contrast to Cr, the leached Mo concentration decreases with increasing substitution of BBA,
as Mo is mainly sourced from CFA. Compared to BBA, an equivalent amount of GBBA reduces
Mo leaching, indicating the positive effect of the increased reactivity of GBBA on the reaction
products, as evidenced by the reduced capillary pores (Fig. 6.8). Moreover, increasing the Ms
of activators leads to reduced leaching of Mo. This is due to the lower pH of the pore solution,
which limits the solubility of Mo [336]. Additionally, the leaching of Mo oxyanions is assumed
to be regulated by the dissolution of CaMoO, [337]. Therefore, a lower pH environment in the
pore solution proves advantageous for controlling the leaching of Mo, as a decreased pH leads
to a higher concentration of Ca®*. A similar effect is achieved when AAW is added. However,
excessive AAW results in adverse leaching of Mo due to the defective encapsulation caused by
the increased pore structure (Fig. 6.8).

The leaching of CI- and SO4> exhibits an increase with the BBA and GBBA content. This trend
is consistent with the leaching behavior observed for Cr-, where BBA serves as the primary
source for the leaching of these ions. Nevertheless, the utilization of lower Ms activators leads
to an increase in ClI- leaching, accompanied by a reduction in SO4?" leaching in the blends. This
observation aligns with the findings of Tao et al., who attributed such behavior to the distinct
selectivity of hydrotalcite-like phases for SO4?" ions rather than CI ions [338]. Furthermore, in
comparison to G10-1.4, a higher addition of AAW induces a reduction in CI- leaching within
the blends. Unlike CI- leaching, the leaching of SO.% initially experiences a decline with the
addition of AAW but subsequently increases with further increments in AAW content. The
decrease in leached anions can be attributed to the capacity of AAW to promote the formation
of additional gel pores (Fig. 6.8), facilitating the absorption and immobilization of anions within
the matrix. However, it is crucial to note that AAW inherently contains leachable sulfate, and
augmenting its dosage results in a concurrent elevation in SO4? leaching. Overall, CI" leaching
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remains significantly below its respective legal limits. However, substantial concentrations of
SO4% are notably observed in blends containing 20 wt% BBA/GBBA or higher, surpassing the
legal threshold. This occurrence is attributed to the inherent anhydrite content, leading to an
increased leachable sulfate. Consequently, addressing the leaching of sulfate in blends with
high BBA dosage necessitates further consideration.

It is also noteworthy that the decrease in the leaching level of toxic elements can be partially
attributed to the dilution effect, given the relatively lower proportion (10 wt% - 30 wt%) of
effective BBA content in the binders. Hence, based on the above findings, it could be concluded
that effective solidification of Cr, Mo, Pb, Zn, CI- and SO4* can be achieved in the BBA-
GGBFS-CFA blends through physical encapsulation, dilution, adsorption and precipitation.
There are no leaching concerns when applying a 10 wt% BBA substitution in the hybrid blends.

6.3.6 Mechanical properties

To evaluate the mechanical properties of BBA-GGBFS-CFA blends as a building material, the
compressive strength at 7d and 28d was tested, and the results are presented in Fig. 6.9. The
compressive strength exhibits a decrease with BBA substitution in Fig. 6.9(a). This decline can
be attributed to the relatively larger particle size of BBA, leading to reduced flowability and a
lower packing density of the fresh mortar. Furthermore, BBA shows relatively low reactivity,
resulting in a weaker matrix with less gel production, which aligns with the observed increase
in capillary pores within the matrix. However, GBBA slightly enhances the compressive
strength in Fig. 6.9(b). This improvement can be partially ascribed to the enhanced flowability,
facilitating the expulsion of air voids and reducing capillary pores. The finer particles of GBBA
also contribute to a significantly refined packing density of the matrix, as indicated by the
observed decrease in the proportion of capillary pores within the matrix. Furthermore, as
outlined in Section 6.3.1, more reactive [SiO4] and [AlO4] from GBBA can promote gel
formation. Considering the influence of Ms on the blends in Fig. 6.9(c), the activator with a
higher Ms enhances the 7d compressive strength, regardless of the BBA replacement level. The
high Ms activator solution provides more reactive [SiO2] content, which can be integrated into
the silica chain of the C-(A)-S-H gel. Notably, R10-1.0 and R20-1.0 exhibit better 28d
compressive strength compared with R10-1.4 and R20-1.4. This enhancement could be
attributed to the better hydration of CFA at a later age due to the higher alkalinity in activators.
Upon introducing AAW in Fig. 6.9(d), the compressive strength decreases with higher AAW
dosage. This can be explained by the dissolution of AAW, which consumes alkaline ions and
slows down the dissolution process of GGBFS, consequently reducing gel formation, as
evidenced by the decreased bound water in the C-(A)-S-H gel (Table 6.4).

In conclusion, the compressive strength of the hybrid binder ranges from 36.8 MPato 58.8 MPa
at 28 d, making it suitable as a substitute for various types of cement in terms of mechanical
performance according to BS EN 192-1. Furthermore, the mechanical property of the blends
can be regulated by adjusting the BBA content, fineness, silicate modulus, and the addition of
AAW, allowing customization to meet specific construction requirements.
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Fig. 6.9: Compressive strength of all blends at the age of 7d and 28d.
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6.4 Discussions

In an effort to alleviate the environmental repercussions associated with landfill disposal and
the substantial quantity of BBA (approximately 10,000 tons in the Netherlands), this chapter
advocated for the utilization of BBA as construction materials, alongside GGBFS and CFA.
Several factors, including the BBA content, fineness, silicate modulus of the activator, and the
incorporation of additional AAW, were systematically investigated to optimize the
solidification of BBA within alkali-activated materials. Studies have indicated that these factors
can impact diverse final properties of the hybrid binders, making it unfeasible to achieve
optimal performance across all properties with a singular mixing ratio. For instance, a higher
modulus contributes to improved mechanical performance but it is also associated with higher
Cr and sulfate leaching. Hence, optimizing the final properties of hybrid binders is a complex
task that cannot solely rely on adjusting a single factor. This study delves into the individual
impacts of these factors on the curing properties of hybrid binders to establish a theoretical
foundation for practical applications. To provide clarity on these effects, the role of the
mentioned factors in influencing the composition of reaction products and pore solutions is
further explicated by comparing the variations in the leach solution concerning [AI(OH)47,
[Si(OH)4], [Ca?*], and [Na'] ions (Fig. 6.10).

6.4.1 The effect of BBA content

In Fig. 6.10(a), the concentrations of [AI(OH)471, [Si(OH)47], [Ca?*], and [Na*] exhibit a similar

trend. Initially, the ion concentrations decrease with a 10 wt% BBA. However, a subsequent
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increase in the BBA content leads to a higher concentration. This suggests that the 10 wt% BBA
optimizes each ion in the precipitation of reaction products, consistent with the findings of
promoted hydration heat (Fig. 6.4). The additional BBA mainly provides more Ca?* and Na*
ions, while having less impact on Si(OH)s ions due its low reactivity, thereby making less
contributions in compressive strength. On the contrary, the irregular shape of BBA particles
induces more capillary pores (Fig. 6.8), resulting in the reduction of the mechanical
performance.

6.4.2 The effect of BBA fineness

In Fig. 6.10(b), an increase in fineness does elevate the concentration of [AI(OH)4], [Si(OH)4],
[Ca?*], and [Na'], favoring the formation of reaction products. However, there is minimal
growth in [Si(OH)4] concentration, suggesting that the improved mechanical properties of
G10-1.4 and G20-1.4 are mainly due the filler effect of GBBA, enhancing particle packing and
reducing the capillary pores within the binder (Fig. 6.8). It is crucial to note that the increased
fineness induces higher leaching of toxic elements from BBA (Table 6.6). Additionally, the
milling process of BBA incurs higher costs for raw material pre-treatment. Hence, the decision
to grind BBA should be carefully weighed against the actual budget and performance indicators.

6.4.3 The effect of silicate modulus

Fig. 6.10(c) illustrates the impact of the silicate modulus of the activator on the concentration
of [AI(OH)4], [Si(OH)4+], [Ca?*], and [Na'] in the leachate. The rise in activator modulus
correlates with an increased concentration of [Si(OH)47], leading to more leachable [Si(OH)47]
in the pore solution. Interestingly, the concentrations of [AI(OH)4], [Ca?*], and [Na*] exhibit
an inverse trend. One potential reason for this phenomenon is that the ample [Si(OH)47] in R20-
1.8 contributes to the consumption of [AI(OH)47, [Ca?*], and [Na*], forming N/C-(A)-S-H gel.
The enhanced production of gel leads to a reduction in capillary pores (Fig. 6.8), consequently
improving the mechanical properties of the binder. Conversely, the insufficient [Si(OH)47] in
R20-1.0 results in higher concentrations of [AI(OH)4], [Ca?'], and [Na*]. This promotes the
formation of hydrotalcite-like phases, as supported by the higher bound water derived from the
hydrotalcite-like phases in TG results (Table 6.4). The selection of the modulus primarily relies
on the desired mechanical properties and leaching performance.

6.4.4 The effect of additional AAW

The influence of AAW on the concentration of [AI(OH)4], [Si(OH)47, [Ca%], and [Na'] in the
leachate is summarized in Fig. 6.10(d). The incorporation of AAW leads to relatively low
concentrations of [Ca?*], which may impede the formation of the C-(A)-S-H gel, consistent
with the decreased bound water observed in Table 6.4. This reduction in Ca®" is linked to
decreased alkalinity resulting from AAW dissolution, thereby contributing to the deterioration
in mechanical performance. On the other hand, the high leaching of B from AAW (Table 6.5)
may contribute to Ca?* consumption through the precipitation of calcium borate
(Ca0-3B,03-8H20, Ca0-B»03-6H20) or ulexite (NaCa[Bs0s(OH)s]-5H20) [339]. Despite
these effects, the co-disposal objective of BBA and AAW has been achieved, with acceptable
leaching behavior and desirable mechanical performance for use as building materials.
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Fig. 6.10: Cation variation of the leachate from the 28d BBA-GGBFS-CFA blends ([Al], [Si],

[Ca].[Na]).

6.5 Conclusions

This work investigates the hydration process in alkali-activated BBA-GGBFS-CFA blended
binder and its potential for heavy metal immobilization. The effect of BBA content, BBA
fineness, silicate modulus of activator and AAW on reaction kinetics, hydration products,
microstructure and mechanical properties of the blends are investigated, as well as the leaching
behavior of hybrid binders. The following conclusions can be drawn:

BBA exhibits lower reactivity compared to CFA but still contains reactive minerals that
can form hydrotalcite-like phases in highly alkaline solutions. The dissolution and
polymerization of the hybrid blends are enhanced by 10 wt% BBA, as evidenced by a
greater cumulative hydration heat release. The main hydration products are the C-(A)-S-
H gels, with BBA replacement accelerating the reaction process and enhancing gel
products.

The compressive strength of the GGBFS-CFA-BBA blends ranges from 36.8 to 58.8
MPa at 28d, correlating with BBA substitution levels, fineness, silicate modulus and
additional AAW, indicating their potential application as building materials.

The hybrid blends effectively immobilize the high-leachable ClI-, SO4%, Cr, Mo, Pb, and
Zn content from BBA/GBBA. No heavy metal leaching exceeding the Dutch legal limit
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occurs within the 10 wt% G/BBA substitution level. However, high SO4? leaching needs
to be addressed when pursuing higher substitution levels of BBA.

AAW retards the reaction process of GBBA-GGBFS-CFA blends, leading to strength
degradation. However, a low AAW dosage enhances the immobilization efficiency of
toxic ions. Co-disposal of AAW and BBA is feasible, exhibiting no new leaching
problems and providing sufficient compressive strength for building material.

This chapter offers insights into optimizing hybrid blends for sustainable alkali-activated
materials, crucial for solidifying secondary industrial by-products. The proposed waste-
to-resource model promotes circular economy principles by utilizing waste-combined
AAMs as an alternative to ordinary Portland cement and effectively addresses heavy
metals leaching from waste materials.
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Chapter 7 Advancing self-cleaning performance in metakaolin-
based geopolymers through in-situ zeolite formation and TiO:
integration

The deterioration of self-cleaning properties of cementitious materials upon hydration was
addressed by in-situ zeolite formation within metakaolin-based geopolymers. Pastes with varied
in-situ zeolite content were formulated by adjusting the Si/Al ratio of initial raw materials and
curing temperatures. The impact of in-situ zeolite formation on self-cleaning performance was
systematically investigated through phase composition, optical property and microstructure
analyses. Zeolite A formation notably enhances self-cleaning performance, despite contributing
to higher band energy and lower Urbach energy. The increases in crystalline zeolite amount
and matrix porosity enhance mass transfer capacity. The open pore structure of zeolite
facilitates the formation of connective channels during particle growth, mitigating the
“sheltering” effect of the surrounding media for photocatalysts and ensuring improved self-
cleaning performance upon hydration. This chapter summarizes the synthesis conditions for
zeolite A, providing mechanistic insights into in-situ zeolite formation in metakaolin-based
geopolymers and emphasizing its promising potential for optimizing self-cleaning properties in
cementitious materials.

This chapter is partially published elsewhere:

X. Ling, D.R. Liu, K. Schollbach, W. Chen, Advancing self-cleaning performance in metakaolin-based
geopolymers through in-situ zeolite formation and TiO; integration, Cement and Concrete Composites, 150,
105567, 2024.
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7.1 Introduction

Geopolymers, produced by mixing aluminosilicate precursors (e.g., fly ash, blast furnace slag
and metakaolin) with an alkali solution, have gained extensive attention as sustainable binders
due to their utilization of industrial by-products, leading to low CO2 emissions compared to
traditional Portland cement [30,340,341]. Using geopolymers as the carrier of photocatalysts
offers an advantage in eliminating the retarding effect of OH™ generated during the PCO process,
as OH" would engage in the hydrolysis of aluminosilicate precursors. Sanalkumar et al. have
proposed the incorporation of TiO2 in metakaolin-based geopolymers (MKG), reporting the
enhanced contaminate decomposition capacity with TiO2 addition [342]. Moreover, Kaya-
Ozkiper et al. investigated the photocatalytic degradation of methylene blue in red mud and
metakaolin-based geopolymers, determining an optimal TiO, dosage of 3.7 wt% [343]. Strini
et al. tested the NOx degradation capacity of fly ash/metakaolin-based and organic-modified

photocatalytic geopolymers at the film level and observed superior photocatalytic properties
compared to the OPC-based matrix [344]. These studies have affirmed MKG’s potential as a
photocatalyst carrier for enhanced photocatalytic self-cleaning. Nevertheless, there is limited
knowledge about the impact of various reaction products within MKG on photocatalytic
performance despite the use of many different activators (modulus), concentrations and curing
conditions resulting in diverse physicochemical properties of reaction products that can
influence photocatalytic efficiency [340,345-347].

MKG predominantly yields amorphous sodium aluminosilicate hydrate (N-A-S-H) gel with a
network structure consisting of Si-O and Al-O tetrahedra connected by shared oxygen atoms,
closely resembling zeolites. The N-A-S-H gel is often considered a zeolite precursor with an
amorphous structure, lacking long-range order [348]. Under specific conditions, such as a
suitable Si/Al ratio in the initial raw materials and elevated curing temperature, crystalline
zeolites with stable crystal structures and well-defined channels can be formed within
geopolymers. Notably, both commercial zeolites and synthesized zeolites have demonstrated
remarkable efficacy as supports for semiconductor photocatalysts in the removal of toxic
organic pollutants [349]. Renowned for their highly porous structure, adsorption capabilities,
and surface catalytic properties, these zeolites play a pivotal role in enhancing the overall
performance of the photocatalytic process [350]. Yang et al. have proposed using synthesized-
zeolite, obtained from the reaction of fly ash beads in an alkali solution, as a carrier for
photocatalysts in the OPC. The outcomes show significantly improved photocatalytic efficiency
and long-term performance of photocatalytic cementitious materials [351]. However, when
applied in the MKG, the external zeolite phases may dissolve during the alkali-activation
process [352,353], leading to a reduction in zeolite content within the matrix. This implies that
the utilization of external zeolite as a photocatalyst carrier may not be effective in MKG. Hence,
this study explores the in-situ formation of zeolite to enhance the photocatalytic properties of
MKG. The phase composition of in-situ zeolite formation in MKG is influenced by the mole
ratios of Si/Al and Na/Si in initial raw materials for polymerization, leading to distinct
structures and properties of zeolites [350,354]. For instance, zeolite X, characterized by the
faujasite structure, exhibits a high cation exchange capacity [340], making it highly adaptable
for diverse applications such as heavy metal adsorption, separation of small molecules and
serving as a catalyst in fluid catalysis cracking [355]. Conversely, zeolite with the Linde Type
A (LTA) structure, distinguished by its hydrophilic nature and ion-exchange capabilities, is
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extensively employed in household detergents and ion-exchange membranes [356,357].
Therefore, a compressive understanding of the contributions of in-situ zeolite with these distinct
properties to the photocatalytic process could prove beneficial in designing MKG with
enhanced photocatalytic performance [358].

With the potential of MKG for photocatalytic applications established, this chapter aims to
answer the following questions: 1) the interactions between photocatalysts and reaction
products within MKG, and 2) the role of in-situ zeolite formation in the photocatalytic process
of TiO2>-modified MKG. Therefore, the primary objective of this chapter is to uncover the
mechanisms behind photocatalytic performance attributed to in-situ zeolite formation. Sodium-
based activators with various modulus were utilized to adjust the Si/Al ratio of initial raw
materials and the subsequent reaction products (with/without zeolite formation). Meanwhile,
different levels of zeolite formation were achieved under elevated curing temperatures (45°C),
and their influences on the photocatalytic performance were quantitatively investigated.
Multiple characterization techniques, including quantitative X-ray diffraction (Q-XRD),
thermogravimetric analysis (TGA), mercury intrusion porosimetry (MIP), and scanning
electron microscopy (SEM), were employed to characterize the physicochemical properties of
the prepared MKG. Additionally, self-cleaning performance was assessed under UV light,
measuring the discoloration process of Rhodamine B (RhB).

7.2 Materials and Experiments

7.2.1 Raw Materials

Metakaolin (METAMAX®, sourced from BASF) was utilized as the precursor for geopolymer
preparation. The chemical composition of metakaolin is detailed in Table 7.1. The high reactive
silica and aluminate contents enable comprehensive alkali activation. Two sodium-based alkali
solutions were prepared as activators, both with an equivalent Na,O of 27.2 wt% (Na/Al mole
ratio=1.0). The first solution consisted of pure sodium hydroxide solution, prepared by
dissolving the required amount of NaOH pellets (> 98.5%, sourced from VWR Chemicals) in
deionized water. The second solution combined sodium silicate solution (Mass ratio 26.9%
SiOz, 8.0% Na20, 65.1% H.0, sourced from Labshop) with NaOH pellets. Prior to casting,
these alkaline solutions were prepared and retained in sealed glass bottles for 1 d to achieve
equilibrium. Titanium dioxide nanoparticles (< 22.5 nm 120 particle size, 99.7 wt% trace metals
basis, Sigma-Aldrich) were employed to confer photocatalytic properties to the geopolymers.

Table 7.1:Chemical and physical properties of metakaolin.

Oxides . . Surface ds0
[%] CaO SiO, AlLO; Fe03 KO Na,O TiO, Others LOI area [mZ/g] [um]

Content 0.04 523 452 042 015 022 154 032 0.79 14.2 5.43

7.2.2 Specimen preparation

Table 7.2 shows the mix design of MKG. 5 wt% TiO. was utilized as the photocatalyst, a level
that has demonstrated desirable photocatalytic performance for MKG in previous studies [342].
The water-to-binder (w/b) ratio was maintained at 1.0, consisting of 70 wt% free water and 30
wt% water from the activators. Initially, TiO, powder was dispersed in 70 wt% free water using
ultrasonic dispersion for 15 min, with the addition of 0.5 wt% nonionic surfactant (Triton X-
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405, Dow Chemical) to enhance TiO> dispersion [112,359]. Subsequently, this mixture was
blended with metakaolin in a laboratory mixer at a low speed for 3 min, and a polycarboxylate-
based superplasticizer (ViscoFlow-37, Sika) was employed to adjust the consistency of the
fresh mixtures. Finally, the activator solution was introduced under medium-speed stirring for
5 min.

The fresh geopolymer was cast into 4 x 4 x 16 cm?® plastic molds and covered with three layers
of film, then cured at ambient temperature for 24 h. It is well-known that the polymerization
process of geopolymer is highly sensitive to curing temperature [360]. Therefore, the demolded
geopolymers were sealed in plastic bags and cured at 20 °C and 45 °C for 24 h, respectively.
All samples were moved into a curing room (20 + 2 °C, 90% RH) until the test ages.

Table 7.2: The mass ratio of each material in the designed mixtures.

Group Metakaolin  NaOH Waterglass ~ w/b TiO2 Si/Al Na/Al  Temperature

RAr 100 35.05 - - 1.0 20°C
RAL.0 100 35.05 - 5 1.0 20°C
RA1.2 100 31.63 42.80 10 5 1.2 1.0 20°C

RHr 100 35.05 - ' - 1.0 ' 45°C
RH1.0 100 35.05 - 5 1.0 45°C
RH1.2 100 31.63 42.80 5 1.2 45°C

Note: The Si/Al and Na/Al mole ratio calculations include the Si or Na from the Metakaolin and
activators, as well as Al from the metakaolin.

7.2.3 Methodology

e Q-XRD and TGA analysis

All the samples at the test age were crushed and immersed in isopropanol for 24 h to terminate
hydration. Subsequently, the isopropanol was removed by using diethyl ether, followed by
vacuum drying at 40 °C for 24 h. It should be noted that this process assumes the complete
removal of surface and inter-pore free water [164].

The crystalline phases of the geopolymers after 7d and 28d curing were characterized by X-ray
diffraction (XRD) analysis using a Bruker D4 PHASER equipped with a LynxEye detector and
Co X-ray tube. The test was conducted with a step size of 0.02° and a 26 range from 10° to 90°
(40 kV, 30 mA). The Rietveld method was applied for the quantitative analysis. The test
samples, mixed with 10 wt% Silicon Powder (Internal standard), were milled in an XRD-Mill
McCrone for 10 min. The XRD patterns were analyzed with High-score plus and quantified
using TOPAS Academic software v5.0. The crystal structural data used in the analysis are
provided in Table 7.3.

Approximately 50 mg of powders from each mixture was used for TGA in a Jupiter STA 449
F1 from Netzsch. The samples were heated from 40 °C to 1000 °C at a heating rate of 10 K/min
with N2 as carrier gas.
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Table 7.3: Structural data of the phases used for the XRD analysis.

Mineral name Chemical formula # PDF-reference ICSD
Zeolite A Na12(Al12Si12048) (H20)27 01-089-8015 088329
Anatase TiO, 01-084-1285 202242
Silicon Si 00-005-0565 -
Zeolite X Na2Al,Siz40g5:6.7H20 00-012-0246 -

e FT-IR analysis
The functional groups of the raw materials and the 7d and 28d cured MKG were analyzed with
FT-IR spectroscopy. The analysis was conducted using a Varian 3100 instrument, and all
samples were scanned 30 times at a resolution of 4 cm™ within a wavenumber range of 4000 -
400 cm'L.

o MIP analysis

The 7d and 28d paste samples were crushed into around 4 mm granular pieces. These pieces
were then immersed in isopropanol to terminate the reaction and subsequently dried in a
vacuum oven at 40 °C for 24 h. The porosity and pore size distribution of these pieces were
analyzed using a mercury porosimeter (AutoPore IV 9500, Micromeritics) with an absolute
pressure range from 0.7 kPa to 230 MPa and a contact angle of 130 °.

e Optical properties

After 7d and 28d of curing, the geopolymers were cut into pieces with a size of 4 x4x1 cm?,
The top surface (4x4 cm) was then polished using a series of SiC sandpapers (P250, P400, P600,
P1200 and P2500). The polished surface was washed with ethanol and cleaned using a high-
pressure blower to remove any debris. The diffuse reflection spectra of the polished surface
were measured by a UV-VIS-NIR spectrophotometer (Lambda 750, Perkin Elmer) equipped
with a 150 mm integrating sphere. The test was conducted within a wavenumber range of 250-
800 nm at a scanning speed of 2 nm/s [111,361].

e Self-cleaning properties

The self-cleaning properties were analyzed through the discoloration process of Rhodamine B
(RhB) under UV irradiation. Initially, a 0.1 mM RhB solution was sprayed onto the polished
surface of specimens for staining, which was subsequently left to naturally dry in a dark
environment for 24 h at 22 + 2 °C, 65% RH. Following the drying period, the RhB-stained
surface was evaluated using Ocean Optics Spectrometers at four different times, with 16 evenly
distributed points. The CIE Lab color parameter a” was measured within a wavelength range of
380~780 nm. The average color value was used as the ao” for each group. The samples were
then exposed to a UV lamp with a light intensity of 10 £0.05 W/m? for various durations: 15,
45 105, 225, 420, 1275, 1800, 4300, and 7200 min. The average a" value of the discolored
surface was recorded, and the color change efficiency was calculated by:

¢ = (ag-a;)/ag x 100 (7.1)
Where ¢ is the color change efficiency of each geopolymer (%), ao* is the value without UV

irradiation, and a;" is the value of a" after t min of UV irradiation.
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e Scanning electron microscope (SEM) and EDX analysis

After the termination of hydration, flaky specimens from the crushed 28d samples were
collected and coated with gold (Au) using a Quorum 150TS plus sputter coater. The micro-
morphological structure of the reaction products was observed using a scanning electron
microscope (SEM) equipped with an energy-dispersive X-ray diffraction (EDX) detector
(Phenom Pro). For the elemental composition analysis of the reaction products, a bulk piece of
the dried samples was selected and impregnated in epoxy resin. After hardening, the samples
were polished with SiC sandpapers (P250, P400, P600, P1200 and P2500) and cleaned in an
isopropanol ultrasonic bath. After slight vacuum drying, the surface was coated with Au, and
spot analysis was conducted on each sample at a voltage of 15 kV.

7.3 Results

7.3.1 Phase assemblages analysis

Fig. 7.1 shows the XRD patterns of raw metakaolin, 7d and 28d cured MKG. Raw metakaolin
often contains a trace amount (0.6 ~ 1.8 wt%) of anatase (TiOy), as reported in some previous
studies [190,362,363]. Therefore, the peaks belonging to anatase are inevitably observed in our
raw MK and groups RAr and RHr. Since the surface self-cleaning property is generally affected
by the effective exposure of TiO> particles, the contribution of both the original anatase and the
added anatase to the self-cleaning property of MKG is then considered in the present work.

The broad hump observed around 25 - 30° (26) in raw metakaolin indicates the presence of the
highly reactive amorphous aluminosilicate content. When the alkaline solution is incorporated,
this broad hump shifts to 30 - 40° (26), indicating the formation of amorphous aluminosilicate
gels (N-A-S-H gel) with a different structure [364]. N-A-S-H gel, as the predominantly
amorphous product in geopolymers, has been suggested to be related to the precursor gel for
zeolite formation [365,366]. However, to date, no studies have verified whether such precursors
are equivalent to crystalline zeolite in terms of self-cleaning properties in geopolymers.
Therefore, the in-situ formation of crystalline zeolite and amorphous gels will be discussed
separately.

In the 7d RAr sample, alongside the N-A-S-H gel, zeolite A forms as one of the main hydration
products, as expressed by

2Si(OH), + 2AI(OH); + 2Na'—0.167 Nap(AlO,),,(Si0,),,27TH,0(Zeolite A) + 3.5H,0 (7.2)

in which the reactants are assumed to be the monomers. Zeolite A comprises sodalite cages
formed by connecting to the six nearest neighboring sodalite cages through double four-
membered rings [367], resulting in an excellent ion exchange capacity and satisfactory
hydrophilic properties. Thus, the yield of zeolite A is of importance for the self-cleaning
property, as summarized in Fig. 7.2. The formation of zeolite A in RAr is 5.3 wt%, whereas it
increases to 15.2 wt% in RHr, indicating the promotion effect of the curing temperature on the
reaction process [364]. A similar increase, from 9.0 wt% to 11.6 wt%, is also observed in RA1.0
and RH1.0. Notably, a higher content of zeolite A is formed in RA1.0 compared to RAr.
Previous research has documented the role of TiO2 nanoparticles in promoting hydration
product formation in cement systems, with studies attributing this phenomenon to the
nucleation effect of TiO. nanoparticles [368,369]. Drawing parallels from these findings, it is
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reasonable to speculate that TiO2 could have a similar influence on the hydration process of
metakaolin. However, the opposite is the case in the RHr and RH1.0 concerning the production
of zeolite. A. Oleksiak et al. have reported that the formation of zeolite in porous materials also
is influenced by the confinement (pore size), where a higher energetic barrier for nucleation
will exist in smaller pores [370]. Therefore, the group RHr, without the filling of TiO2, may
exhibit a higher pore size, contributing to nucleation and growth of zeolite. Notably, the peaks
ascribed to zeolite A are not observed in the RA1.2 and RH1.2. This is mainly because the
increased amount of silicate from the activators can form cages and rings, and their lability
decreases, thereby slowing the exchange rate of cyclic- or cage-like oligomeric species for the
zeolite formation [371,372]. It also proves the feasibility of adjusting the Si/Al ratio of the
binder to control zeolite formation.
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Fig. 7.1: XRD patterns of the raw metakaolin, 7d (a) and 28d (b) MKG. The patterns are displaced
vertically for clarity. Silicon is externally incorporated as an internal standard for the Q-XRD analysis.
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It should be noted that zeolite X forms in the 28d RAr and RHr samples as expressed by

2.4Si(OH), + 2AI(OH); + 2Na'—Na,(A10,),(Si0,), ,6.7H,0(Zeolite X) + 2.1H,0 (7.3)

Zeolite X is also based on the sodalite cage structure and shows a high cation exchange capacity
[340]. Different from zeolite A, the sodalite cage in Zeolite X is connected to the four nearest
neighboring sodalite cages through double six-membered rings [367]. The formation of zeolite
A and zeolite X highly depends on the NaOH concentration [367,373,374]. A high NaOH
concentration is necessary for the formation of Zeolite A, while a lower one produces zeolite
X. Similar results have been reported by Kuneki et al. in the synthesis of zeolite A and zeolite
X using NaOH and Class C fly ash [375]. Thus, with the hydration process of MKG, the alkaline
activator is gradually consumed for the reaction products, and the consequent concentration
reduction leads to Zeolite X formation. Overall, based on the Q-XRD analysis, it is feasible to
control the formation and yield of zeolite within MKG using the various Si/Al ratios of starting
materials and curing temperatures, and greater zeolite formation is confirmed with the hydration
progress.
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Fig. 7.2: The proportion of each mineral phase in the 7d (a) and 28d (b) geopolymers. (Note: the
calculated proportion of anatase in MKG includes the added anatase and the original anatase from raw
metakaolin. The amorphous content comprises the unreacted metakaolin and N-A-S-H gel.

Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) were
conducted on the 7d and 28d MKG samples, and the results are presented in Fig. 7.3. The major
mass loss, occurring between 60-350 °C, is ascribed to the dehydration of N-A-S-H gel and
zeolite phases [376-378]. Notably, due to the tightly bound nature of the water within the
zeolite cage structure [379], there is an observed shift of dehydration peaks towards higher
temperatures as the zeolite content increases. This shift is particularly evident in the 28d RA/Hr
and RA/H1.0 samples. However, precisely quantifying the mass of bound water separately for
N-A-S-H gel and zeolite is challenging due to the peak overlap in the DTG curves. Additionally,
in our specific case, variations in the practical bound water content in zeolite may be influenced
not only by temperature but also by distinct chemical compositions in different mixes [380].
Therefore, Table 7.4 summarizes only the total bound water along with the free water content.

At 7d, all samples show an increased total bound water with higher curing temperature,
indicating enhanced metakaolin reactivity due to elevated curing temperature. Notably, when
comparing with RAr and RHr, the additional TiO2 in RA1.0 and RH1.0 contributes to higher
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total bound water, consistent with increased reaction products in Fig. 7.2. RA1.2 and RH1.2
samples exhibit a slight increase in total bound water content compared to RA1.0 and RH1.0,
associated with the promoted release of silicate species from high Ms activators, fostering a
more continuous gel network formation [376]. In simpler terms, the ordered structure of the
crystalline zeolite restricts bound water retention, while the amorphous N-A-S-H gel structure
retains more bound water. At 28d, the prolonged hydration process results in increased total
bound water content, attributed to the higher reaction degree of the metakaolin. Interestingly, a
higher increasing rate of bound water is observed in RAr and RHr in Table 7.4. This finding is
associated with the formation of Zeolite X during the later stage of hydration, aligning with the
Q-XRD results depicted in Fig. 7.2.
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Fig. 7.3: TG and DTG curves of the 7d (a) and 28d (b) MKG.

In MKG, aside from chemically bound water, the predominant water state in the MKG is free
water in pores [381]. Previous studies have noted the potential expulsion of interstitial water
during curing [190,382]. However, no expelled water was observed during demolding, possibly
due to the lower w/b ratio of 1.0, in contrast to the higher ratio used in the previous study [190],
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facilitating free water retention within the matrix. Though a minor portion of this free water
may evaporate during the curing process, this specific water content is not factored into the
present calculation of free water. The calculation is simplified by subtracting the total bound
water from the total added water, as shown in Table 7.4. Specimens of the same curing age
exhibit a consistent level of pore water, crucial as a reaction medium in the photocatalytic
process where the hydroxyl radicals (-OH) are generated through the reaction of photogenerated
holes (h*) and hydroxyl ions (OH"). The uniform pore water level in all specimens implies an
equivalent capacity to convert the resulting degradation byproducts under UV irradiation,
eliminating the influence of free water on self-cleaning efficiency. It also explains the
photocatalytic process on the matrix surface is influenced by the environmental humidity,
leading to the self-cleaning performance test being conducted under controlled humidity
conditions. Further analysis of the effect of the Si/Al ratio on the functional group, optical
properties, and microstructure of MKG will be elaborated in the following sections.

Table 7.4: Detailed water content in the 7d and 28d MKG (wt%).

7d 28d Increasing rate
Bound water ® Bound water @ of bound
Group
Mass loss Free water ° Mass loss Free water ° water from 7d
(60-350 °C) (60-350 °C) to 28d (wt%)
RAr 21.40 78.60 23.59 76.41 10.3
RHr 21.96 78.04 26.39 73.61 20.2
RAL.0 21.64 78.36 23.85 76.15 10.2
RH1.0 22.22 77.78 25.19 74.81 134
RA1.2 22.00 78.00 23.10 76.90 5.0
RH1.2 22.34 77.66 24.03 75.97 7.6

Note: all values are normalized by the mass of the initial metakaolin.
a. The total bound water is calculated with the weight loss between 60 to 350 °C
b. Free water = Total water — Total bound water.

7.3.2 Function group identification

Fourier-transformed infrared spectra of the raw materials and MKG are shown in Fig. 7.4. In
the infrared spectrum of the raw metakaolin (Fig. 7.4(a)), three adsorption peaks are observed.
The major bands at 1062 cm™ and 434 cm™ correspond to the Si-O-Si stretching vibration and
bending vibration, respectively. Additionally, a minor band at 792 cm™ is assigned to the Al-
O-Si stretching vibration [383]. Raw anatase exhibits its primary adsorption peak at 428 cm™,
attributed to the Ti-O-Ti bonds within the TiO- lattice [384].

Upon the incorporation of the alkaline solution in 7d samples Fig. 7.4(b), the main band shifts
from 1062 cm™ to a lower wavenumber at around 960 cm™. This shift has been reported as an
indicator of aluminosilicate dissolution and restructuring due to the polymerization of N-A-S-
H gel [385]. It should be noted that the Si-O-Al bonds in TO4 tetrahedra in zeolites may overlap
with this absorption [386,387]. Furthermore, with an increase in the Si/Al ratio in the starting
materials, the bandwidth of this adsorption widens in RA1.2 and RH1.2. According to Ozer’s
study characterizing MKG with different Si/Al ratios in the starting materials [383], the
difference in bandwidth is primarily induced by variations in the crystallinity level of
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geopolymers. Consequently, groups with more amorphous phase formation, as indicated by Q-
XRD analysis (Fig. 7.2), exhibit a broader bandwidth.
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Fig. 7.4: FT-IR spectra of the (a) raw metakaolin and anatase, (b) 7d and (c) 28d MKG. The spectra

are displaced vertically for clarity.
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Meanwhile, the band centered around 548 cm® in RAr, RHr, RA1.0 and RH1.0 is a
characteristic feature attributed to the formation of double four-membered rings in zeolites
[386,388]. However, this absorption is absent in the RA1.2 and RH1.2 samples, confirming
limited crystalline zeolite formation when the Si/Al ratio increases to 1.2. The adsorption at
around 3360 cm™ and 1648 cm™ is assigned to the stretching and bending vibrations of
chemically bound water, respectively. Additionally, slight peaks of the O-C-O bond are
observed around 1450 cm® and 850 cm™, potentially due to carbonation during curing and
testing [47].

In the 28d samples in Fig. 7.4(c), similar differences in increased bandwidth around 960 cm™
and decreased intensity of the peaks around 548 cm™ are observed for the same reason as
explained earlier. Additionally, the intensified adsorption around 434 cm™ and 715 cm™ in RAr
and RHr is associated with zeolite X, as evidenced by Q-XRD results [388]. Overall, the
incorporation of TiO2 in RA1.0 and RH1.0 does not lead to any significant changes when
compared to RAr and RHr. This might be due to the overlap between the Ti-O-Ti adsorption
around 428 cm™ and the Si-O-Si bending vibration around 434 cm. Besides, while some
researchers have reported the synthesis of composite photocatalysts using TiO2 hydrosols and
detected Si-O-Ti bonds located at approximately 950 cm™ [111,389,390], these bonds are not
evident in the present spectra. This absence could be attributed to the overlap with the Si-O-Al
bonds in the geopolymer. Additionally, it may be related to the fact that crystalline TiO2 does
not participate in the polymerization reaction process of the geopolymers. Nevertheless, based
on the FT-IR results, the cage structure of zeolite in the RAr, RHr, RA1.0 and RH1.0 is verified.

7.3.3 Optical band gap energy and Urbach energy

UV-VIS-NIR reflection spectra of 7d and 28d MKG were measured. The band gap energy (Eg)
of each sample can be determined using Tauc’s plot method with the following equations [391]:

a=(1-R)?*2R (7.4)
a-hp-v = (hp-v - Eg)n (7.5)

Where R is the reflectance of MKG (%), a is the Kubelka-Munk optical absorption coefficient
(%), hp is the Planck constant ~ 6.626x1073* J-Hz., v is the photon’s frequency (s*) and n is
the exponent that depends on the nature of the transition. Typically, n = 2 is used for indirect
band gap calculation according to previous literature [392,393]. Finally, Egq is derived from the
plotted graphs by extrapolating the linear region to the abscissa.

Fig. 7.5 illustrates Tauc’s plot of the 7d and 28d MKG, and the corresponding optical band gap
energy is summarized in Table 7.5. All samples exhibit a band gap energy ranging from 2.7 to
3.2 eV, falling within the semiconductor range [394]. This phenomenon can be attributed to the
substitution of [AlO4] in the N-A-S-H gel, which introduces a negative charge, resulting in
localized defect states within the band gap. These defect states can act as trapping or
recombination centers for electrons, thereby influencing the overall electronic behavior of the
geopolymers.

With an increase in curing temperature, the associated band gap decreases in all samples. This
decrease can be explained as the formation of more defects in the amorphous phases at higher
temperatures, introducing energy levels within the band gap. Meanwhile, the addition of TiO»
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in RAL.0 and RH1.0 leads to an increased optical band gap in MKG, primarily due to the higher
band gap of anatase (approximately 3.2 eV [384]). The increased formation of crystalline
zeolite also contributes to the higher band gap energy, supported by the observation of increased
band gap energy with longer curing age, where more zeolite is formed. Additionally, an increase
in the Si/Al ratio in the RA/H1.2 samples results in a decreased band gap energy due to the
higher prevalence of amorphous phases in RA/H1.2, as indicated by the Q-XRD results in Fig.
7.2. The amorphous phase lacks long-range order and possesses a disordered atomic structure,
leading to a reduction of band gap energy.
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Fig. 7.5: Tauc’s plot of the 7d (a) and 28d (b) MKG.

The localized states within the band gap, which are caused by structural disorder, defects and
impurities, often induce the Urbach tail in a material. The associated band tail width is referred
to as the Urbach energy (Eu), and its calculation follows the empirical Urbach rule as expressed
by [395]:

a = agexp(hp-v/E,) (7.6)
InF(R)= (1/E )hp-v +1na, (7.7)

Where ao is a constant, Ey is the Urbach energy (eV), hv is the incident photon energy (eV), and
a is the Kubelka-Munk optical absorption coefficient (%). The Eu for all geopolymers is
calculated from the reciprocal gradient of the straight line in Appendix Fig. E.1 and is
summarized in Table 7.5.

When TiO is integrated into RA1.0 and RH1.0, the Eu decreases compared to RAr and RHr.
The reduction in Eu mainly results from the enhanced formation of crystalline zeolite A.
Conversely, the increased Eu in RA1.2 and RH1.2 is associated with the amorphous N-A-S-H
gel content, as inferred in the Q-XRD results in Fig. 7.2. Meanwhile, the Eu of MKG increases
with higher curing temperature. This is because elevated temperature enhances the hydration
process, leading to a greater formation of amorphous products. Consequently, more structural
defects are present in the matrix. On the contrary, the Eu of MKG decreases at 28d in
comparison with the 7d samples. This reduction is attributed to the improved crystalline quality
and structure of geopolymer, as more zeolites are formed, and some structural defects and
disorders may gradually diminish or be repaired over time.
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A higher Urbach energy generally indicates superior photocatalytic activity of the materials,
resulting in improved self-cleaning performance. Based on the current results, RAr and RHr,
without the modification of TiO., exhibit the highest photocatalytic activity among the tested
geopolymers. This contrasts with the TiO2-modified OPC system, where TiO. addition
introduces more localized defect states and increases the E, of the cement paste [111]. This
suggests that MKG is better suited for use as a cementitious carrier for photocatalysts. However,
it is worth mentioning that the self-performance of hardened cement paste is not solely governed
by structural or crystalline defects [111], a point reinforced by the self-cleaning performance of
MKG detailed in the following sections.

Table 7.5: Optical band energy and Urbach energy of the 7d and 28d MKG.

Group Band gap energy [eV] Urbach energy [eV]

7d 28d 7d 28d
RAr 2.87 297 0.91 0.75
RHr 2.78 2.90 0.93 0.85
RAL1.0 3.06 3.11 0.83 0.77
RH1.0 3.05 3.10 0.86 0.78
RAL1.2 3.02 3.09 0.85 0.69
RH1.2 2.97 3.06 0.91 0.74

7.3.4 Self-cleaning performance

The self-cleaning performance of 7d and 28d MKG is evaluated through the discoloration
process of RhB-stained surfaces under UV exposure, and the discoloration evolution is depicted
in Fig. 7.6. Regardless of the curing temperature, curing age, the addition of TiO. and Si/Al
ratios, three stages of the discoloration process are observed: a) rapid color change during the
first 4 h of UV exposure, b) slight color change between 4 h and 72 h of UV exposure, ¢) a
stable stage after 72 h of UV exposure. The early rapid color change may be attributed to the
initially higher RhB concentration. As the photocatalytic process advances, RhB concentration
decreases, and decomposed RhB remains on the matrix surface, potentially hindering further
oxidation. Similar trends in color changes have been reported in studies of TiO>-modified
cement systems [111,112]. However, the detailed discoloration rates and efficiencies of the
prepared MKG vary based on the modifications, as summarized in Table 7.6.

At 7d, the rate of color change is in the order of RA1.0 > RA1.2 > RAr. Though no TiOz is
added, RAr exhibits a certain level of self-cleaning performance, likely attributed to the original
TiO2 in the metakaolin. The additional TiO2 in the RA1.0 and RH1.0 promotes their
discoloration rate and efficiency as more TiO: joins in the photocatalytic process. Meanwhile,
the increased Si/Al ratio leads to a reduction of the discoloration rate in the RA/H1.2 samples.
This suggests that the in-situ formation of zeolite in RA1.0 and RH1.0 is more beneficial in the
photocatalytic process than the formation of N-A-S-H in RA1.2 and RH1.2. Further supporting
this conclusion is the finding that a higher curing temperature enhances the color change rate
in RH1.0 but diminishes the rate in RH1.2. This differential effect can be attributed to the
promoted zeolite in RH1.0, which does not lead to the sheltering effect of the photocatalysts
due to its porous structure. In contrast, the promoted N-A-S-H formation in RH1.2 enhances
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the sheltering effect, hindering the photocatalytic process, similar to the behavior observed in
the OPC system with the formation of C-(A)-S-H gel [111].

Importantly, it is observed that samples with a higher curing age exhibit a higher color change
rate, which differs from OPC-based systems, where hydration products form on the surface of
photocatalysts and induce a sheltering effect, leading to a deterioration in self-cleaning
performance over time [112]. Besides, the reference samples show a significantly improved
color change rate at 28d, which is even comparable with RA1.2 and RH1.2. This confirms that
the formation of zeolite at later stages in RAr and RHr plays an essential role in improved self-
cleaning performance. RA1.0 and RH1.0 always demonstrated the best performance, even
though the band energy and Urbach energy in RA1.0 and RH1.0 are not optimal. This suggests
that the self-cleaning performance in MKG is not directly correlated with its band energy and
Urbach energy, indicating that other factors influence the self-cleaning performance of MKG
[111]. Owverall, the in-situ formation of zeolite leads to a significant enhancement of
photocatalytic properties, surpassing even the TiO2-modified OPC system, as indicated in
Table 7.6. This underscores its promising potential for application in functional building
materials.
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Fig. 7.6: Discoloration process of 7d (a) and 28d (b) MKG with UV irradiation.
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Table 7.6: The color change rate of different geopolymers and cement systems from literature (%).

Colour change rate (%)

Group 74("h)  28d(*h) _ -Other curingage (h) cratre
OPC+5W% TiO; 86.1 (~47h) _ 80.1 (-47h) : [12]
OPC+0.1Wt%TiO; 42.1(~24h)  48.0 (~24h) - [111]
OPC+5W%TiO; i - 64.0 - 1d (26h) [396]
OPC+10Wt%TiO>-N,C/300 - 55.0 — (60h) : [397]
OPC+5W%TiO; . . ~95.0- 4years (30h)  [398]
RAT 420 (72h) 695 (72h)
RHr 349 (72h) 821 (72h)
RALO 77.4(72h)  96.2 (72h) This sty
RHL.0 86.8 (72h)  98.2 (72h)
RAL2 60.1(72h)  68.3(72h)
RHL.2 527 (72h)  83.3(72h)

Note: * degradation time under UV (h).

7.3.5 Microstructure of geopolymers

e Porosity and pore size distribution

The photocatalytic performance of pure TiO is limited by its low specific surface area and high
scattering, which hinders incident light from reaching the active sites on the catalyst surface
[349]. Consequently, the microstructure of the carrier plays a crucial role in enhancing the
overall performance of the photocatalytic system [112]. The evolution of the pore size
distribution for MKG is shown in Table 7.7 and Fig. 7.7, illustrating the influence of curing
time, added TiO2, and Si/Al ratio of starting materials on the microstructure. MKG exhibits a
relatively high porosity of approximately 45 ~ 50% compared to hydrated OPC [112], which is
beneficial for improving photocatalytic efficiency [399]. Since MIP analysis cannot detect the
closed pores within the matrix, the actual porosity may be higher. The difference in porosity
between hydrated OPC and MKG can be attributed to two factors: a) N-A-S-H gel contains less
bound water than C-(A)-S-H gel [400], and b) the w/b ratio used in MKG is 1.0, which is
significantly higher than that used for OPC hydration.

The incorporation of TiO2 in RA1.0 and RH1.0 leads to a slight increase in porosity and a
decrease in the average pore diameter compared to RAr and RHr. This differs from the role of
TiOz in the OPC system, where it can act as a filler in the matrix and help preserve porosity and
pore volume [111]. In MKG, it works as nucleating seeds and promotes the formation of zeolite
A, which exhibits higher porosity than the N-A-S-H gel, thereby increasing the overall porosity
of the matrix. This effect was also observed in the study of Lolli et al. [401]. Meanwhile, the
increased formation of reaction products significantly fills the voids and reduces the average
pore size. When increasing the Si/Al ratio, the porosity of the MKG diminishes due to a greater
amount of water that is bound in the amorphous N-A-S-H gel in RA1.2 and RH1.2, which fills
the capillary pores. This reduction is also a consequence of the morphological structural
differences between crystalline zeolite A and amorphous gel. Accordingly, an elevated curing
temperature reduces the porosity and pore volume of the MKG due to the accelerated reaction
kinetics, leading to a rapid formation of the geopolymers network [364].
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The porosity of the MKG decreases with a longer curing age, indicating that more products are
formed as curing progresses, allowing the pore structure in the matrix to be filled. Notably, an
increase in the average pore size is also observed, particularly in the RAr, RHr and RA1.0,
RH1.0 samples. Yang and White have considered this increase to be a result of the dissolution
of metakaolin during the curing, leading to the formation of N-A-S-H gel and associated
mesopores [402]. Moreover, it cannot be discounted that the formation of zeolite during the
curing process also leads to chemical expansion, which may create new pores and enlarge the
existing pores [190]. Overall, it can be concluded that the formed zeolite induces a higher total
pore area and refines the pore size distribution through its own porous structure and volume
expansion effect, which is conducive to improving the photocatalytic efficiency of MKG [399].

Table 7.7: Microstructure of the 7d and 28d MKG.

. Porosity Total pore Total pore area Average pore
Sample  Curing age ) .
(%) volume (ml/g) (m?/g) diameter (nm)
RAr 50.99 0.5193 8.809 235.8
RHr 49.39 0.4409 7.093 248.6
RA1.0 7d 51.90 0.5109 10.231 199.8
RH1.0 49.68 0.4789 9.566 200.3
RA1.2 45.44 0.4149 8.690 191.0
RH1.2 44.55 0.4098 8.053 203.5
RAr 48.89 0.4869 6.443 302.2
RHr 44.55 0.4491 4.745 354.4
RA1.0 284 45.89 0.4380 6.660 263.1
RH1.0 46.97 0.4546 6.086 298.8
RA1.2 44.15 0.4068 8.602 189.2
RH1.2 44.99 0.4036 7.817 206.5
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Fig. 7.7: The differential pore size distribution and cumulative pore volume of the 7d and 28d
geopolymers.
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e SEM and EDX analysis

The morphology of the reaction products within the 7d and 28d MKG is presented in Fig. 7.8.
At 7d, the formation of zeolite A in the RAr and RA1.0 samples is confirmed, based on the
characteristic cubic crystal habit. The average crystallite diameter is around 3 um. The curing
temperature does not significantly influence the size of the formed zeolite in RHr and RH1.0.
However, a slight growth in the particle size of zeolite is observed at 28d, particularly in the
RAr and RHr samples. This may be one of the reasons for the greater enhancement of the
photocatalytic performance for these samples at a later stage (Fig. 7.6). Additionally, the zeolite
X detected in the XRD patterns of RAr and RHr is scarcely distinguishable in SEM images due
to its low content. Moreover, zeolite X often exhibits an octahedral habit [403], further
complicating the distinction between zeolite X and zeolite A in the samples.

Interestingly, a minute population of particles with similar shapes of zeolites (indicated by red
circles) becomes visible in the RA1.2 and RH1.2 samples at 28d. These particles are currently
considered potential zeolite precursors, characterized by low crystallinity, which makes them
undetectable in XRD analysis. Additionally, it is worth noting that these precursors do not
exhibit significant changes in particle dimensions when exposed to elevated curing
temperatures or extended curing durations. Overall, based on SEM images, we can infer a
limited formation of zeolite precursors in RAL.2 and RH1.2.

The chemical composition of the precursor mixture and the reaction products in the 7d and 28d
MKG is elucidated in ternary phase diagrams at fixed Si/Al ratios of 1.0 and 1.2, as depicted in
Fig. 7.9. The primary elements involved are Na, Al and Si. A linear correlation can be observed
between the Si/Al ratio in the reaction products and the used activators modulus, resulting in
values ranging from 0.72 to 0.74 for RAr, RHr, RA1.0 and RH1.0, and 0.89 to 0.92 for RA1.2
and RH1.2, This relationship is attributed to the distinct formation of N-A-S-H gel and zeolite.
While both N-A-S-H gel and zeolite contain tetrahedrons linked by oxygen bridges as primary
building units, a high [SiO4] content facilitates the formation of silicate chains, whereas an
insufficient [SiO4] content results in the formation of single or double four-membered and six-
membered ring. These membered ring structures contribute to the zeolite framework and ensure
the formation of micropores, channels and cavities [404]. Consequently, the in-situ formed
zeolite surrounding TiO2 photocatalysts does not hinder their effectiveness; instead, the porous
structure of zeolite aids in enhancing the transport of the catalysis products.
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Fig. 7.8: SEM-SE image of the (a) 7d and (b) 28d MKG.
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Fig. 7.9: The elemental composition (Na, Al, Si in mol ratio) of the 7d and 28d MKG obtained through
the EDX spot analysis. (Theoretical lines representing a Si/Al ratio of 1.0 are graphed for the 7d and
28d RAr, RHr, RA1.0, and RH1.0 samples. Similarly, for the 7d and 28d RA1.2 and RH1.2 samples,
theoretical lines corresponding to a Si/Al ratio of 1.2 are plotted. The positioning of the raw metakaolin
point is determined through the calculation of its chemical composition.

7.4 Discussions

In this study, the pivotal variables considered among the samples encompass the incorporation
of TiOz, the Si/Al ratio in the raw materials, and the curing temperature. The investigation
focuses on understanding their respective impacts on the photocatalytic properties of MKG. It
is easy to understand that a matrix incorporating TiO: facilitates photocatalytic properties,
owing to the increased exposure of TiOz, thereby fostering a more effective photocatalytic
process. Furthermore, the presence of TiO: accelerates the polymerization process of
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aluminosilicate precursors, as evidenced by the enhanced formation of zeolite A in RA1.0. This
observation aligns with prior studies highlighting the role of TiO2 in promoting hydration
products within cement systems, a phenomenon often linked to the nucleation effect of TiO2
nanoparticles during the hydration of CsS [368,369]. Hence, it can be inferred that TiO>
particles may exert a similar nucleation effect on the hydration process of metakaolin. However,
further systematic analysis is required to definitively verify the nucleation effect of TiO..

Another noteworthy observation pertains to the distinct zeolite formation in samples with a
Si/Al ratio of 1.0. They exhibit superior photocatalytic properties compared to those with a
Si/Al ratio of 1.2. Significantly, the discoloration analysis of MKG establishes that its self-
cleaning performance is not intricately linked to the optical characteristics of the cementitious
matrix. Contrary to expectations, the higher optical band gap of specimens RA1.0 and RH1.0
does not adversely affect their self-cleaning efficacy, as observed experimentally. The in-situ
zeolite formation emerges as a significant contributor to the photocatalytic process. Moreover,
the augmentation in the quantity of in-situ formed zeolite adhered to the surface of the
photocatalysts during the hydration process does not result in a sheltering effect, thus preventing
any deterioration in the self-cleaning properties of MKG. Instead, enhanced photocatalytic
efficiency is attained after 28d compared to 7d old samples, as depicted in Fig. 7.6, illustrating
a divergence from the OPC system.

7.4.1 Enhanced mechanism of self-cleaning performance upon zeolite formation

The schematic diagram of the self-cleaning mechanism of MKG is presented in Fig. 7.10.
Taking RA1.0 as an example, zeolite A is generated within the MKG matrix and adheres to the
surface of TiO> particles with the hydration process. Owing to the transparency of zeolite to
UV-Vis radiation above 240 nm [405], there is a permissible penetration of photons into the
solid opaque powder, reaching the TiO2 photocatalysts situated at intraparticle positions.
Subsequently, the TiO, photocatalysts generate electron-hole pairs and create active oxygen
radicals O, and hydroxy radicals HO-, thereby facilitating the degradation of pollutants [342].

Before hydration Before UV irradiation
Modified “sheltering”
with transport capability
o
\“ < i
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- 0, h*, e, OH-, OH"
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Hydration . >
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Fig. 7.10: Schematic diagram of the self-cleaning mechanism of TiO, modified MKG.
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Many previous investigations have attributed the stronger photoactivity of TiO2 in cement-
based materials to an increased concentration of oxygen vacancies or other
defects[111,406,407]. However, the observed increase in optical bandgap and decrease in
Urbach energy within the matrix due to zeolite formation renders the explanation based on
surface defects illogical. During the photocatalytic process, the beneficial impact of the zeolite
can be summarized as follows: 1) The porous structure inherent to zeolite provides sufficient
space for the photocatalytic process. Meanwhile, it elevates mass transfer capacities, which help
to transfer the generated reactive radicals (HO-, Oy, thereby enhancing photocatalytic
efficiency. 2) The extensive surface area of zeolite facilitates the adsorption of the degraded
pollutants, mitigating the accumulation of the pollutants and subsequent degradation of
photocatalytic performance. 3) Through the hydration process, more crystalline zeolite
structures are generated, overlaying the surface and promoting the growth of the zeolite
particles, as observed in Fig. 7.8. The resultant zeolite formations ensure the porosity of the
matrix. Consequently, the in-situ zeolite formations as the surrounding media for photocatalysts
serve to diminish their “sheltering” effect.

7.4.2 Analysis of in-situ formation conditions of zeolites in geopolymers

In light of the substantive contribution of porous zeolite to the enhanced self-cleaning properties
of geopolymers, effective control over their production becomes a crucial factor in the
utilization of MKG for functional build materials. This study reveals that three factors (TiO>
content, Si/Al ratio of the initial materials, and curing temperature) influence the in-situ zeolite
formation and validates the in-situ formation of Zeolite A and Zeolite X within the MKG.
Significantly, the predominant form identified in this study is zeolite A, and its crucial role in
enhancing self-cleaning properties is well established. However, it remains uncertain whether
zeolite X has a similar effect due to its lower formation in the process, as substantiated in
Section 7.3.4. Therefore, the reported reaction conditions from the literature that govern the
formation of zeolite A are comprehensively delineated in Table 7.8. The current investigation
systematically examines the impact of the Si/Al ratio in the initial materials on crystalline
zeolite formation, a phenomenon manifesting at an optimal Si/Al of 1.0. It is noteworthy that
traces of crystalline zeolite formation have been documented at Si/Al of 1.2 or 1.25
[354,408,409]. The variance in the Si/Al ratio may be attributed to the higher curing
temperature (70 ~ 90 °C) in these studies, which potentially instigates the crystallization of
amorphous zeolite precursors. This observation also implies the potential for crystalline zeolite
formation in RAL.2 under elevated curing temperatures. Additionally, when alternative reactive
precursors such as microsilica, geothermal silica, rice hull ash, and fly ash are employed
[348,410-412] an increased Si/Al ratio in the raw materials is required for the generation of
crystalline zeolites. This is likely due to the relatively lower reactive silica (in detail, the
dissolved Si-O tetrahedra) content within these alternative precursors. To conclude, the Si/Al
ratio of the reactive content in the initial materials assumes an essential role in dictating the
formation condition, with the design of this ratio contingent upon the specifics of the reaction
system.
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Table 7.8: Literature overview of synthesis and curing conditions of Zeolite A formed in
geopolymers.

Starting materials . Zeolite
curing Structure Ref.
Precursor  Activator Si/Al Na/Al conditions type
MK SH 0.95 1.2 60°C, 24 h LTA [413]
MK SH 0.96 1.1 60°C, 24 h LTA [414]
MK SH 0.96 1.2 60°C, 24 h LTA [414]
MK SH 0.96 1.3 60°C, 24 h LTA [414]
MK SH 0.97 - 80°C, 24 h LTA [415]
MK SH 1.0 1.0 20°C, 24 LTA+FAU  This study
MK SH 1.0 1.0 45°C, 24 LTA+FAU  This study
MK SH 1.0 1.0 95°C, 24 h LTA [416]
MK SH 1.0 1.13 80°C,24h LTA [416]
MK SH 1.0 1.0 60°C,6h LTA [417]
MK+SF SH+WG 1.01 1.0 60°C, 24 h LTA + FAU [418]
MK SH 1.03 0.85 60 °C, 24 h LTA [419]
MK SH 1.04 0.6 70°C, 2h LTA [408]
MK SH 1.04 0.8 70°C, 2h LTA [408]
MK SH 1.04 1.0 70°C, 2h LTA [408]
MK SH 11 1.0 95°C, 24 h LTA+FAU [416]
MK SH 11 1.13 80°C, 24h LTA [416]
MK SH 1.12 1.0 60 °C, 24 h LTA + FAU [383]
MK SH 1.2 1.0 80°C,24h LTA [354]
MK SH 1.25 0.8 70°C, 2h LTA [408]
MK SH 1.25 1.0 90 °C, 48h LTA [409]
MS SA 1.01 0.98 80 °C, 3d LTA +HS [348]
MS SA 1.76 0.98 80 °C, 3d LTA +HS [348]
MS SA 3.01 0.98 80 °C, 3d LTA +HS [348]
RHA SA 15 1.27 40°C, 21d LTA + FAU [410]
GS WG 15 1.29 40°C,4,21d LTA+FAU [411]
GS WG 15 1.38 40°C,4,21d LTA+FAU [411]
FA SH+WG 1.29 1.0 80°C, 24h LTA [412]
FA SH+WG 1.41 1.0 80°C, 24h LTA [412]

MK: metakaolin, SH: sodium hydroxide, SA: sodium aluminate, WG: waterglass, RHA: rice hull ash,
GS: geothermal silica, SF: silica fume, MS: microsilica, FA: fly ash, LTA: Zeolite A, FAU: Zeolite X,
HS: hydroxy-sodalite zeolite.

Meanwhile, based on the findings in Fig. 7.1, the employment of high-temperature curing is
deemed non-essential for zeolite A production. Although high-temperature curing expedites
zeolite formation and augments early photocatalytic performance, as shown in Fig. 7.6(a),
considering the associated equipment requirement and heightened energy consumption, an
elevated-temperature curing process is not recommended, particularly when the later-stage
photocatalytic performance is anticipated to be comparable, as depicted in Fig. 7.6(b). While
most investigations in Table 7.8 do not explicitly explore the photocatalytic properties of the
engineered geopolymers, the in-situ formation of Zeolite A within the matrix suggests their
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potential utility as carriers for photocatalysts in construction materials, with the expectation of
corresponding enhancements upon the incorporation of photocatalysts into these composite
blends. Certainly, when fabricating geopolymers using alternative raw material precursors like
fly ash, it is anticipated that the in-situ formation of zeolites could enhance the eventual self-
cleaning characteristics. However, it is important to recognize that other common hydration
products (such as hydrotalcite, C-(A)-S-H, and inherent minerals) may also exert influence.
Therefore, comprehensive investigations are necessary to elucidate the feasibility of applying
other geopolymers in self-cleaning applications. In summary, this study presents a method for
achieving high self-cleaning performance in MKG at ambient temperatures, offering
convenience in fabrications and leading to associated energy cost savings.

7.5 Conclusions

This chapter attempts to provide a comprehensive understanding of the impact of in-situ zeolite
formation on the self-cleaning performance of metakaolin-based geopolymers. Paste samples
with two different Si/Al ratios in the initial materials were formulated, incorporating TiO:
nanoparticles. The evolution of phase composition, functional groups, optical properties, self-
cleaning performance and microstructure of the MKG under varying curing temperatures and
curing ages was systematically investigated. Based on the obtained results, the following
conclusions can be drawn.

® The Si/Al ratio of the initial raw materials significantly influences the hydration
products of metakaolin-based geopolymers. Notably, at a Si/Al ratio of 1.0, the
concurrent formation of Zeolite A and N-A-S-H is observed. At a ratio of 1.2, the
prevalence of available Si-O tetrahedron content directs the formation of N-A-S-H gel,
precluding zeolite.

® Elevated curing temperature (45°C) promotes the hydration process of metakaolin-
based geopolymers, resulting in increased quantities of hydration products. Importantly,
this acceleration does not alter the categorization of geopolymer hydration products no
matter the Si/Al ratio in the initial raw materials.

® The incorporation of TiO2 induces more zeolite formation within the geopolymer at
ambient temperature based on 7d Q-XRD analysis of RAr and RA1.0. However, under
accelerated hydration conditions at a higher curing temperature, TiO- acts as the filler,
diminishing average pore size within the matrix and restricting zeolite growth and
formation.

® Zeolite formation in geopolymers enhances the matrix with a higher optical band and
lower Urbach energy, driven by increased crystallinity. This confirms that the improved
photocatalytic properties observed in metakaolin-based geopolymers cannot be solely
attributed to heightened surface defects.

® The self-cleaning performance of metakaolin-based geopolymers can be improved by

the in-situ formation of Zeolite A, characterized by cage structures. This formation not
only enhances the total pore area but also refines pore size distribution within

156



geopolymers. The resulting modified microstructure amplifies the mass transfer
capacity of the matrix, thereby intensifying the photoactivity of TiOx.

The deterioration of self-cleaning properties of cementitious materials during hydration
can be effectively alleviated through in-situ zeolite formation within metakaolin-based
geopolymers. The growth of crystalline zeolite A with strict dimensions ensures the
establishment of internal pores. As these porous zeolite structures develop and adhere
to the surface of photocatalysts, the sheltering effect of the reaction products is
diminished. The in-situ formation of porous minerals in cementitious materials emerges
as a viable strategy for improving photocatalytic properties, promising an extended
lifespan.
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Chapter 8 Pentasodium diethylenetriamine pentaacetate (DTPA-
S5Na) activated basic oxygen furnace slag

In this chapter, the use of waste gypsum as calcium sulfate source in Portland cement and Basic
Oxygen Furnace (BOF) slag system has been investigated. The prepared cement with waste
gypsum and clinker shows promising properties according to EN196& EN 197. However, the
reactivity of BOF slag is relatively low and currently underutilized or landfilled. This chapter
explores a novel method to enhance the reactivity of BOF slag for construction materials
applications through chemical activation using pentasodium diethylenetriamine pentaacetate
(DTPA-5Na). Significant insights are gained by investigating the activation mechanism,
hydration kinetics, and mechanical properties of BOF slag-based binders, coupled with
mineralogical, thermal, and microstructural analyses. Results demonstrate that DTPA-5Na
substantially boosts the reactivity of brownmillerite and accelerates the formation of
monocarboaluminate and C-S-H gel, leading to improved mechanical performance. Moreover,
the addition of flue gas desulphurization (FGD) gypsum alongside DTPA adjusts the hydration
process by influencing the release of calcium and sulfate ions, thereby impacting the kinetics
of hydration and promoting ettringite formation. This combined approach results in enhanced
mechanical performance and reduced porosity in BOF slag pastes, meeting Dutch Soil Quality
Decree limits on heavy metal leaching, and contributing to recovering sulfate residues.

The chapter is partially from the following article:

X. Ling, Z. H. Jiang, K. Schollbach, W. Chen, H.J.H. Brouwers, Pentasodium diethylenetriamine pentaacetate

(DTPA-5Na) activated basic oxygen furnace slag (in preparation).
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8.1 Introduction

Since the dicalcium silicate in BOF slag exhibits low reactivity, efforts have been made to
formulate pure BOF slag-based binders based on activating brownmillerite, the second most
abundant hydraulically reactive component in BOF slag (~20 wt%) [30,420]. Brownmillerite is
a solid solution with the formula Caz(AlxFe2x)Os. In Portland cement, this phase is typically
characterized by x approaching 1, denoted as CaxFeAlOs. Its hydration occurs in the early stages
of cement hydration, leading to the formation of the Fe-containing AFm phase and hydrogarnets
[421,422]. When only brownmillerite is exposed to the water, it forms a metastable gel
identified as C-(A, F)-H, which subsequently converts to a hydrogarnet phase over time
[423,424]. However, the hydraulic activity of brownmillerite diminishes as the iron content
increases [425] and the iron-rich brownmillerite in BOF slag is anticipated to exhibit lower
hydraulic activity, thereby limiting its effective strength development.

Chelating agents are compounds with multiple coordination atoms (sites) that can form stable
complexes with metal ions, such as ethylenediaminetetraacetic acid (EDTA),
diethylenetriaminepentaacetic acid (DTPA), and oxalate [426,427]. Owning to their ability to
bond with metal ions, these agents have been widely employed in the stabilization and
extraction of metal ions. Additionally, chelating agents facilitate the dissolution of metal salts.
For instance, EDTA boosts the dissolution rate of calcite by up to one order of magnitude
compared to rates measured in its absence [428]. Recently, Chang et al. investigated the effect
of ethanol-diisopropanolamine (EDIPA) on the hydration and mechanical properties of BOF
slag pastes at a water to binder (w/b) ratio of 0.35 [429]. Their study demonstrated an
accelerated hydration process attributed to the chelating ability of EDIPA with Ca?*, AI** and
Fe3*. Despite this acceleration, the resulting compressive strength of BOF slag pastes remained
low, typically around 4.5 MPa at 28d, thus limiting its application as a promising substitute for
Portland cement. In contrast, Kaja et al. developed a tri-potassium citrate monohydrate-
activated BOF slag binder, achieving a compressive strength of 75 MPa at 28d [30]. The
superior mechanical performance has been attributed to the enhanced hydration of
brownmillerite facilitated by the chelating properties of tri-potassium citrate monohydrate.
Furthermore, its superplasticizing properties reduce the water demand of slag paste, ensuring
desirable workability at a lower w/b ratio of 0.16. Similar strength enhancements have also been
observed using sodium oxalate as the activator for BOF slag at a w/b ratio of 0.18 [420]. These
studies have established the effective activation of BOF slag using chelating agents,
showcasing their potential for recycling BOF slag into construction materials. Nevertheless, a
comprehensive understanding of the interactions between chelating agents and the minerals in
BOF slag is still needed. This knowledge is essential for identifying more suitable agents to
enhance the activation process of BOF slag, as well as providing theoretical support for the use
of additives to improve its overall performance.

In this chapter, pentasodium diethylenetriaminepentaacetic acid (DTPA-5Na), a chelating agent
commonly used in agriculture, water treatment and healthcare [430,431], was chosen as the
activator to investigate its effect on the hydration kinetics, mechanical properties, and potential
environmental implications of the BOF slag pastes. The study explored the correlation between
the accelerated hydration process and the reaction products, as well as elucidated the enhanced
mechanical performance through phase assemblage and microstructure analysis. A multi-
technique approach was employed, including calorimetric analysis, mechanical performance
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testing, qualitative and quantitative XRD analysis, thermogravimetric (TG) analysis,
porosimetry (MIP), and SEM/EDX analysis. Furthermore, while the chelating effect accelerates
the dissolution of minerals in BOF slag, the study also investigated the addition of sulfate to
regulate the hydration process. Sulphate was added in the form of flue gas desulphurization
(FGD) gypsum, as the hydration of brownmillerite in the presence of gypsum leads to the
formation of ettringite [432]. The influence of FGD gypsum was then compared to sodium
sulfate. The findings present a new approach to recycling sulfur-containing industrial residues.
Moreover, the use of waste gypsum in cement production was investigated, and its feasibility
was confirmed based on compliance with EN 196 and EN 197 standards.

8.2 Materials and methods

8.2.1 Raw materials

In the cement preparation process, two types of waste gypsum from NOAH (Norway) were
used alongside bulk clinker sourced from Heidelberg Materials. The waste gypsum, generated
through the neutralization of spent sulfuric acid with limestone, was classified as gypsum-white
and gypsum-yellow. The cement mixture contained 95 wt% clinker and 5 wt% waste gypsum,
with CEM 52.5R chosen as the reference cement. To achieve a comparable particle size
distribution, the received bulk clinker was milled using a Disc Mill for varying durations. This
ensured that particle size distribution would not negatively affect the final performance of the
resulting cement. After milling the clinker for 8 min, it was mixed with waste gypsum in a mass
ratio of 95:5. Mortar samples were then prepared using this binder and standard sand in a 1:3
ratio, followed by curing in water until the designated testing ages.

Two types of raw materials, BOF slag and FGD gypsum, were used in the preparation of BOF-
based pastes. BOF slag was supplied by Tata Steel (IJmuiden, The Netherlands). The received
BOF slag with a size of < 5.6 mm was stored in air-tight plastic drums to prevent carbonation.
In order to apply the BOF slag as a binder material, it was further ground using a Retsch RS
300 XL disc mill at a speed of 912 min™ for 15 min. FGD gypsum was provided by NOAH
(Norway). All the raw materials were vacuum-dried at 60°C for one day to remove the moisture
content. DTPA-5Na, purchased from Sigma Aldrich (CAS 140-01-2, 40% aqueous solution),
was used as the activator of the BOF slag. The chemical structure of DTPA-5Na is presented
in Fig. 8.1.

O-Na O-Na
Fig. 8.1: Chemical structure of DTPA-5Na (C1sH23N3NasO1).

The chemical composition of raw materials was determined by X-ray Fluorescence analysis
(XRF, PANalytical Epsilon 3) using a fused bead method, and the results are given in oxide
weight percentages in Table 8.1. The BOF slag mainly comprises CaO, Fe>03, SiO2, MgO and
MnO. Notably, all Fe in the BOF slag is reported as Fe,Os; but Fe can occur in the form of Fe,
Fe?*, and Fe** in the BOF slag. The oxidation of metallic or divalent iron leads to increased
mass when the BOF slag is heated up to 1000°C for the loss on ignition (LOI) test. Meanwhile,
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the mineralogical composition of the raw materials was investigated on Bruker D4
diffractometer with CoKa radiation. Reflections were measured in a 2 Theta (20) range of 10°
to 90° with a step size of 0.02°. The phase identification was conducted with Highscore Plus
using the ICDD PDF-2 database. The main phases in BOF slag, as shown in Fig. 8.2, are (o’ +p)
CsS, wiestite, magnetite, and brownmillerite. A high concentration of gypsum (> 95%) is also
confirmed in the FGD gypsum. The particle size distribution of the milled BOF slag and FGD
gypsum is characterized using a Mastersizer2000 from Malvern, as illustrated in Fig. 8.3(b).
Isopropanol was used as the solvent during the measurement to prevent the dissolution or
hydration reaction. The d(50) of the milled BOF slag and FGD gypsum are 15.4 and 31.9 um,
respectively.

Table 8.1: Chemical composition of raw materials (%).

Oxides MgO AlOs SiO2 P20s SO3 CaO TiO2 V205 Cr203 MnO FexO3 Br LOI

Sav 22 48 21 | 32 655 03 | / /a1 1 19
Clinker 17 73 198 / 18 644 02 |/ / /26 | 03
Gypumw /07 02 [ 446 292 03 [ / /o1 1 213
Gypsumy /29 40 [ 408 272 02 / /05 | 208
BOF 78 20 142 16 / 405 14 10 03 47 269 | -0.6*
FGD /10 05 | 456 289 | I / /01 26 213

*: The oxidation of metallic or divalent iron induces an increased mass during the LOI test.
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Fig. 8.2: XRD patterns of the raw BOF slag and FGD gypsum. (b- brownmillerite Ca,Fe,Os, c- alpha’
and beta dicalcium silicate Ca,SiO4, g- gypsum CaSO4-2H,0, m- magnetite FesO4, 0- bayerite AI(OH)s,
g- quartz SiO,, w- wilestite, FeO.)
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Fig. 8.3: Particle size distribution of (a) clinker after 2, 4, 6, 8 min of milling and CEM 52.5R, (b)
BOF slag and FGD gypsum.

8.2.2 Specimen preparation

The BOF-based mixes are designed in two sets (Table 8.2). The pure BOF slag was activated
with 0, 0.5, and 1.0 wt% DTPA-5Na (relative to BOF slag) to investigate the effect of the
dosage on the activation. Although higher dosages of DTPA-5Na enhance the hydration of BOF
slag, their use should be minimized to maintain cost-effectiveness. Consequently, higher
dosages of DTPA-5Na were not included in this study. Secondly, to reveal the impact of the
FDG gypsum on the performance of BOF slag binder, 0.5, 1.5, 2.5, 3.5 wt% FGD gypsum
(relative to BOF slag) was added in the 1.0 wt% DTPA-5Na-activated BOF slag system. The
samples are named with the percentage of DTPA-5Na and FDG gypsum, e.g.,, D1F1.5
represents 1.0 wt% DTPA-5Na and 1.5 wt% FGD gypsum.

As mentioned earlier, the chelating agents can act as plasticizers, contributing to a reduced
water demand [30]. According to a preliminary study, all pastes were prepared with a water-to-
solid (w/s) ratio of 0.18, which is the minimum ratio required to achieve sufficient workability
when mixing and casting the pastes. The activator solution was prepared by mixing the required
DTPA-5Na and deionized water, prepared one day before the preparation of the pastes. All
pastes were prepared according to EN196-1, casting in styrofoam molds with a size of
40*40*160 mm. Subsequently, the samples were sealed with layers of cling film to prevent
moisture loss and carbonation and stored in a curing room with a temperature of 20 £ 1 °C and
RH of 60% until the test ages.

Table 8.2: The mass ratio of each material in the designed mixtures.

Group BOF slag DTPA-5Na FGD w/s
DOFO 100 0 0
D0.5F0 100 0.5 0
D1.0FO 100 1.0 0
D1.0F0.5 100 1.0 0.5 0.18
D1.0F1.5 100 1.0 15
D1.0F2.5 100 1.0 25
D1.0F3.5 100 1.0 3.5
D1.0S1.5 100 1.0 1.24*

Note: * sodium sulfate (Na2SO4) with an equivalent sulfate content to FGD gypsum in D1.0F1.5 was
used, and the bound water in FGD gypsum was equivalently replaced by 0.32g of free water.
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8.2.3 Methodology

e Clinker-waste gypsum cement

The setting time, fineness, hydration kinetics, and mechanical performance of the prepared
cement and CEM52.5 R were characterized according to EN-196.

e BOF-Based binder materials
Hydration Kinetics and reaction process at an early age

The hydration kinetics of BOF slag-based binder was investigated using an isothermal
calorimeter (TAM Air, Thermometric) maintained at a constant temperature of 20 °C. Paste
samples, as listed in Table 8.2, were prepared, injected into sealed glass ampoules and promptly
placed within the calorimeter channels. The initial peak occurring within the first 30 min,
attributed to the dissolution of raw materials, was excluded from the analysis. Measurements
of heat flow and cumulative heat were recorded over 7d after sample mixing. The heat flow and
cumulative heat were normalized by the mass of the solid.

To study the early reaction progress of BOF slag-based binder, the evolution of mineralogical
compositions was analyzed through X-ray diffraction (XRD) analysis. Specifically, samples
DOFO and D1FO were selected to examine the effect of DTPA-5Na on the early hydration
process of BOF slag at various curing ages: 0 min, 15 min, 1 h, 3 h, 8 h, 15 h, 24 h and 48 h.
Additionally, samples D1F0.5 and D1F2.5 were chosen to study the effect of FGD gypsum on
the early hydration process of DTPA-5Na-activated BOF slag at curing ages of 0 min, 15 min,
45 min, 2 h, 4 h, 6h, 8 h, 15 h. These curing ages were designated based on the hydration
behavior of each paste. Before the XRD analysis, the hydration of the investigated samples was
terminated at the designated curing ages. The samples were crushed into fractions smaller than
1 mm, immersed in isopropanol for 24 h, and subsequently flushed with diethyl ether for 30
min. The samples were then vacuum dried at 40°C for 30 min. The dried samples were ground
to pass through a 80 um for XRD analysis. XRD analysis was performed on a Bruker D2
PHASER using Co Ka radiation (30 kV, 10 mA) with a scanning rate of 0.02° (20) per step
from 10° to 60° (26). The obtained XRD patterns were analyzed using High-score plus software.

Mechanical properties and microstructural analysis

The compressive strength of the paste specimens was assessed after 7d and 28d of hydration,
following the protocol outlined in EN196-1, with a loading rate of 2400 N/s. Six duplicates for
each mixture were used to determine compressive strength.

To elucidate the mechanism of strength enhancement in BOF slag-based binder via DTPA-5Na
and FGD gypsum, a series of microstructural analyses were conducted. These included
quantitative X-ray diffraction (Q-XRD) analysis, thermogravimetric analysis (TGA), mercury
intrusion porosimetry (MIP), and scanning electron microscope (SEM) and energy dispersive
X-Ray (EDX) analysis.

Q-XRD analysis was performed on both raw materials and hydrated samples using the Rietveld
method [433]. The testing samples were mixed with 10 wt% Silicon Powder (used as an Internal
standard) and milled for 5 min in an XRD-Mill McCrone. The Q-XRD tests were conducted
with a step size of 0.02° over a 28 range from 5° to 90°. The resulting XRD patterns were
analyzed using High-score plus and quantified using TOPAS Academic software v5.0 [434].
The crystal structural data used for quantitative analysis are detailed in Table 8.3.
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Thermogravimetric analysis was conducted on 28d samples using a Jupiter STA 449 F1
instrument from Netzsch. Approximately 50 mg of dried powder was used for each test, which
was performed at a heating rate of 10 K/min from 40 °C to 1000 °C under a N2 environment.

For MIP analysis, 28d paste samples were crushed into granular pieces approximately 4 mm in
size. The total porosity and pore volume distribution of these granular pieces were analyzed
using a mercury porosimeter (AutoPore IV 9500, Micromeritics). The analysis was conducted
over an absolute pressure range from 0.7 kPa to 230 MPa, with a contact angle of 130°.

Powder samples obtained from the crushed 28d samples were also prepared for SEM and EDX
analysis (Phenom Pro). The samples were initially spread on a carbon conductive adhesive tap
and then coated with gold (Au) for 30 seconds using a Quorum 150TS plus sputter coater at 30
mA. The morphology of the reaction products was observed in secondary electron mode at a
magnification of 15000. Spot EDS analysis was performed at a voltage of 15 kV to characterize
the chemical composition of reaction products.

Table 8.3: Structural data of the phases used for the quantitative XRD analysis.

Mineral name Cemz?nt Chemical formula ICSD Space
notation group
Silicon - Si 43610 Fd-3m
Fe-rich wiestite RO Feo.sMno20 67199 Fm-3m
Mg-rich wilestite RO FeosMgosO 67200 Fm-3m
Magnetite Ff Fes0s 30860 Fd-3mz
Brownmillerite CoAF)  CarAloreTiosiFe1s00s * 9197 Pnma
Larnite BC2S Ca,Si0y 81096 P121/n1
Alpha’-belite a’CS Ca,Si04 81097 Pnma
Lime - Cao 28905 Fm-3m
Portlandite CH Ca(OH), 64950 P-3m1
Calcite Cc CaCO3 80869 R-3c
Quartz - SiO; 90145 P3221
Monocarboaluminate ~ AFm 3Ca0-Al,03-CaC0Os5-11H,0 00-054-0848*** P-1
Hydrocalumite AFm CasAl(OH)12(Cl, COs, OH)z-4H20  00-016-0333*** P21
Ettringite AFt CasAlx(SO4)3(OH)12-26H,0 16045 P3lc

*: The chemical formular used for brownmillerite was derived from the chemical composition
determined through large area phase mapping analysis conducted on BOF slag samples sourced from
the Tata Steel Plant IJmuiden [435,436].

Leaching behavior of heavy metals

One batch leaching test was conducted on both the raw materials and cured paste samples
according to EN 12347-2. The cured samples were first crushed to a size smaller than 4 mm
and then mixed with deionized water in polyethylene bottles at a liquid-to-solid (L/S) ratio of
10. These bottles were sealed and horizontally placed on a linear reciprocating shaking device
(Stuart SSL2) for 24 h, with a constant shaking rate of 250 rpm. Afterward, the liquids were
filtered through a 0.2 um polyether sulfone membrane and acidified with nitric acid to prevent
potential precipitation. The resulting leachate was analyzed using an inductively coupled
plasma optical emission spectrometer (ICP-OES Spectral Blue) according to NEN 6966.
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8.3 Results of the clinker and waste gypsum cement

8.3.1 Setting time

The initial and final setting time of the prepared cement, clinker, and CEM 52.5R were
characterized, with the results presented in Fig. 8.4. Compared to the commercial CEM 52.5R,
the clinker exhibited a faster setting time. This difference can be attributed to the additional
gypsum typically used in the production of CEM 52.5R, which reacts with tricalcium aluminate
(CsA). The hydration products from this reaction form a coating on the CsA, preventing its
rapid interaction with water. A similar phenomenon occurs with the waste gypsum used in the
prepared cement, as it also acts to retard the setting time by controlling the C3A hydration.
However, the cement prepared with waste gypsum demonstrated a prolonged setting time,
likely due to the impurities introduced by the waste gypsum. Furthermore, the cement
containing gypsum-w, which has a higher concentration of gypsum, exhibited an even longer
setting time. This observation is consistent with the role of gypsum in delaying the setting
process. Importantly, the setting time of the cement prepared with waste gypsum meets the
requirements of EN 196, exceeding the minimum threshold of 45 minutes, indicating its
suitability for practical use.
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Fig. 8.4: The initial and final setting time of CEM-52.5R, Clinker and the prepared cement.

8.3.2 Hydration kinetics

The influence of different types of waste gypsum on the hydration kinetics of clinker was
investigated, as illustrated in Fig. 8.5. In the pure clinker system, the main hydration heat peak
occurs around 12 h, corresponding to the hydration process of alite (CsS). The additional waste
gypsum results in a more pronounced heat flow peak. Although similar observations about the
enhancement of gypsum on C3S hydration have been widely reported in previous studies, there
is no universally accepted explanation for this phenomenon. Several hypotheses have been
proposed, including the seeding effect of the formed ettringite and an interaction between
gypsum and C3S. Overall, the cumulative heat release of pure clinker within the first 168 h is
approximately 180 J/g. The presence of waste gypsum enhances clinker hydration, increasing
the cumulative heat to 215 J/g. However, the cumulative heat of the prepared cement is lower
than that of CEM 52.5R, potentially due to impurities in the waste gypsum. Despite efforts to
control the particle size of the clinker, some variation remains compared to commercial-grade
cement, contributing to differences in the exothermic hydration process. Nevertheless, based
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on the present results, this variation is considered acceptable. Additionally, the hydration
behavior of clinker with the two types of waste gypsum did not show significant differences,
indicating a consistent effect of the waste gypsum on hydration.
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Fig. 8.5: Cumulative heat and heat flow during the initial 168 h of hydration.

8.3.3 Mechanical performance

The mechanical performance of the prepared cement was evaluated through flexural and
compressive strength tests at 7, 28 and 91d, with the results summarized in Fig. 8.6. Notably,
the pure clinker samples exhibit the lowest strength at all ages, consistent with the hydration
heat results at an early age in Fig. 8.5. The addition of waste gypsum significantly improves
both flexural and compressive strength, which can be attributed to the formation of ettringite
during hydration. Furthermore, gypsum regulates the setting behavior, preventing rapid setting
and facilitating proper strength development over time. In summary, the 28d flexural strength
and compressive strength of the prepared cement are approximately 9 MPa and 52.5 MPa,
respectively, meeting the strength requirements of the EN197 standard. Therefore, the waste
gypsum generated by NOAH is highly recommended for cement production, offering a
sustainable solution by recycling waste materials, conserving natural resources, and providing
economic benefits.
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Fig. 8.6: Flexural and compressive strength of the mortar samples.
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8.4 Results of the BOF slag-based binder materials

8.4.1 Hydration kinetics and its correlation with hydration products

The 7d hydration heat release of BOF slag with water and DTPA-5Na (0.5 wt.% and 1.0 wt.%)
were monitored via isothermal calorimetry to understand the effect of the DTPA-5Na
concentration on the early hydration kinetics of BOF slag, as shown in Fig. 8.7. In DOFO, the
heat flow decreases continuously for the first 15 h, and then a broad peak of low intensity around
19.5 h, which demonstrates the low reactivity of BOF slag at the early age. After that, a second
peak of relatively high intensity occurs around 40.0 h. In order to correlate the reaction process
for each exothermic peak, the mineralogical composition of the BOF slag after hydration with
water for 15 min, 1h, 3h, 8h, 15h, 24h, and 48h hydration was characterized by XRD analysis,
and the results are illustrated in Fig. 8.8. During this period, the (0 2 0) peak associated with
brownmillerite (20 = 13.94°, d = 7.30 A) gradually diminishes, suggesting its dissolution.
Conversely, the (0 0 2) peak of monocarboaluminate (20 = 13.60°, d = 7.80 A) increases
significantly after 8h hydration. This observation suggests that the early reaction produces
monocarboaluminate, contributing to the exothermic peak observed in DOFO around 19.5 h.
Similar formations have been reported in previous studies, which attributed them to the
reactions of aluminate (C3A and C12A7) and CaCOz [429]. However, the BOF slag used in this
study has relatively low aluminum content. Therefore, we propose that some of Al (111) is likely
to be substituted by Fe (IIl) in the monocarboaluminate [437]. Determining the specific
composition of the reaction products is challenging since these minerals are layered double
hydroxides, and the exchange of interlayer metal ions, particularly iron and aluminum, is highly
probable. Hereinafter, we refer to it as monocarboaluminate. Subsequently, the (0 0 2) peak
ascribed to hydrocalumite (26=13.05°, d = 7.86 A) emerges after 15h hydration, corresponding
to the second exothermic peak. It is worth noting that the formation of C-S-H gel resulting from
the hydration of C.S also generates heat. However, this heat release is believed to be
comparatively lower due to the limited extent of early hydration of C»S [438].
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Fig. 8.7: Cumulative heat and heat flow during the initial 168 h of hydration: 0, 0.5 and 1.0 wt%
DTPA-5Na-activated BOF slag binder.
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Fig. 8.8: Phases evolution of DOF0 (a-b) and D1FO0 (c-d) after Omin, 15min, 1, 3, 8, 15, 24 and 48h. (a,
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for clarity. (a- alpha’ and beta dicalcium silicate, b- brownmillerite, m- magnetite, p- portlandite w-
wiiestite, h- hydrocalumite, x- monocarboaluminate).

The incorporation of DTPA-5Na induces a different heat release behavior in the early ages.
Specifically, it leads to an intense peak within the first few hours, followed by another broad
peak of lower intensity. For 0.5 wt% DTPA-5Na, the times to reach the two heat peaks are 2.5
h and 32.2 h, respectively. For 1.0 wt% DTPA-5Na, the peaks occur at 1.5 h and 25.2 h. It
should be noted that the phase composition of D1.0F0 does not exhibit significant change after
1h and 3h of hydration, as depicted in Fig. 8.8(c). Consequently, the initial intense peak
observed around 1.5h in the calorimetry test is likely attributed to the dissolution of
brownmillerite, facilitated by the chelating effect of DTPA-5Na. Certainly, a minor portion of
the heat may also be associated with the formation of monocarboaluminate, as indicated by the
tiny peaks observed in Fig. 8.8(d). The primary hydration product in DTPA-5Na-activated BOF
slag is monocarboaluminate, while the formation of hydrocalumite is limited. This limitation is
potentially due to the competition between the two minerals for calcium and aluminum.
Additionally, there is a demonstrable promotion in the total heat released during the first 168 h
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of hydration with the introduction of DTPA-5Na, from 29.6 J/g for DOFO to 42.5 J/g with 0.5
wt% DTPA-5Na, and further to 52.4 J/g with 1.0 wt% DTPA-5Na. This underscores the
pronounced acceleration of BOF slag hydration facilitated by DTPA-5Na, with the acceleration
extent intricately contingent upon the dosage of DTPA-5Na.

The 7d hydration heat release of 1.0 wt% DTPA-5Na-activated BOF slag with the incorporation
of different concentrations of FGD gypsum is depicted in Fig. 8.9. It is evident that the
hydration peaks of the binder are significantly delayed with increasing dosage of the FGD
gypsum. Specifically, the time required to reach the hydration peaks extends from 1.5h and 24.2
h to 4.3 h and 45.8h, respectively, for 0.5 wt% FGD gypsum incorporation. Notably, as the
FGD gypsum increases to 1.5 wt% or above, the evolution of hydration peaks displays distinct
patterns compared with those in DOFO and D1FQ.5. Initially, a peak emerges at approximately
3.3 h with diminished intensity, succeeded by subsequent peaks occurring at 8.4 h, 14.0 h, and
24.2 h for 1.5 wt%, 2.5 wt%, and 3.5 wt% FGD gypsum incorporation, respectively. In order
to elucidate the underlying reasons for these differing isothermal calorimetry patterns, the
evolution of reaction products of D1F0.5 and D1F2.5 at 15 min, 45 min, 2 h,4h, 6 h, 8 h, and
15 h were characterized through XRD analysis, as illustrated in Fig. 8.10.
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Fig. 8.9: Cumulative heat and heat flow during the initial 168 h of hydration: 1.0 wt% DTPA-5Na -activated
BOF slag binder with varying dosages of FGD gypsum (0 to 3.5 wt%).

In the XRD patterns of D1F0.5, the peak of incorporated FGD gypsum is visible at 26 = 13.45°
(d = 7.61 A) and continuously decreases in intensity and has disappeared entirely at 2h,
indicating the early-stage dissolution in the hydration process. Subsequently, distinct peaks
ascribed to the monocarboaluminate emerge after 4h hydration, identified as the primary
contributor to the exothermic peak around 4.3h in Fig. 8.9 for D1F0.5. Remarkably, the entire
exothermic peak in D1F0.5 is attributed to the combined effects of FGD gypsum dissolution
and monocarboaluminate generation, as well as the dissolution of brownmillerite.

In the case of D1F2.5, the gypsum is completely consumed after 6h, consistent with the
anticipated prolonged dissolution duration for a higher gypsum dosage. Consequently, the
initial exothermic peak around 3.3 h in Fig. 8.9 for D1F2.5 is associated with the dissolution of
FGD gypsum. The subsequent exothermic peak around 14.0 h corresponds to the
monocarboaluminate formation, supported by the emergence of its distinctive peaks after 15 h
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hydrations. This finding also indicates that the addition of FGD gypsum retards the dissolution
of brownmillerite. Additionally, a small peak (26=13.05°), indicative of ettringite, is discernible
after 8h hydration in the XRD patterns of D1F2.5. In summary, both DTPA-5Na and FGD
gypsum significantly influence the hydration process of BOF slag binder and the associated
hydration products, thereby opening up the possibility of modifying the overall properties of
this binder.
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Fig. 8.10: Phases evolution of D1.0F0.5 and D1.0F2.5 after 15min, 45min, 2, 4, 6, 8 and 15h (a) 26
ranges from 10° to 60° (b) 26 ranges from 10° to 16°. The patterns are displaced vertically for clarity.
(a- alpha’ and beta dicalcium silicate, b- brownmillerite, e- ettringite, g-gypsum, m- magnetite, p-
portlandite, w- wilestite, X- monocarboaluminate).

8.4.2 Effects of DTPA-5Na and FGD gypsum on mechanical properties

The compressive strength development for each paste is illustrated in Fig. 8.11. As anticipated,
the paste containing only water exhibits relatively low compressive strength at 7 and 28 days,
measuring around 5.0 and 9.8 MPa, respectively, due to the limited reactive phase contents
within BOF slag. In comparison, a notable increase in compressive strength is observed with
the addition of DTPA-5Na as an activator. For instance, at 28 days, D1F0 reaches 23.5 MPa,
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indicating a significant enhancement in the hydration degree of the BOF slag. Furthermore, the
incorporation of FGD gypsum leads to an even more substantial enhancement in mechanical
performance. The compressive strength increases with a higher dosage of FGD gypsum, with
D1F3.5 achieving a compressive strength of 37.5 MPa at 28 days. This significantly improved
compressive strength underscores the synergistic effect of DTPA-5Na activation and FGD
gypsum incorporation on BOF slag hydration, highlighting its great potential as a supplement
to Portland cement binder. The mechanism behind the mechanical enhancement facilitated by
DTPA-5Na and FGD gypsum will be discussed in the next Section through a systematic
analysis of hydration products and microstructure characteristics.
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Fig. 8.11: Effect of DTPA-5Na and FGD gypsum content on compressive strength development.
8.4.3 Enhancement mechanism of DTPA-5Na and FGD gypsum

e Q-XRD analysis

To figure out the enhancement mechanism of DTPA-5Na and FGD gypsum on BOF slag
hydration, their effects on the phase composition were evaluated through the XRD analysis.
Fig. 8.12 shows the mineralogical compositions of 28d DTPA-5Na activated BOF slag pastes.
When the BOF slag was hydrated with only water, only traces of hydrocalumite and
monocarboaluminate were detected, consistent with the phase evolution observed in Fig. 8.8
during the early stages. Notably, the specific peak corresponding to hydrocalumite shifts from
20 =13.05° (Fig. 8.8) to 12.95° (Fig. 8.12). This shift in layered double hydroxides suggests an
expansion in the interlayer spacing, likely due to the substitution of hydroxides with carbonate
ions with ages [231]. Upon activation of DTPA-5Na, there is a notable increase in the intensity
of the peak associated with the monocarboaluminate, accompanied by a significant decrease in
the intensity of peaks related to brownmillerite. Additionally, the peak attributed to
hydrocalumite becomes invisible, indicating that DTPA-5Na facilitates monocarboaluminate
formation while hindering hydrocalumite production. This phenomenon could be explained by
the consumption of calcium and aluminum elements due to the formation of
monocarboaluminate.
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Fig. 8.12: XRD patterns of the raw BOF slag and 28d BOF slag (DOF0, D0.5F0 and D1.0F0). The
patterns are displaced vertically for clarity. (a - alpha’ and beta dicalcium silicate, b - brownmillerite, ¢
- calcite, e - ettringite, m - magnetite, p - portlandite, w - wilestite, h - hydrocalumite, q - quartz, x -
monocarboaluminate).

Table 8.4 presents a comprehensive overview of phase variations in the 28d BOF slag pastes
under the activation of various DTPA-5Na and FGD gypsum dosages. It should be noted that
the raw BOF slag used contains 9.9 wt% of amorphous content, largely introduced during the
milling process of the raw materials. This amorphous fraction is primarily comprised of the C.S
phase, as identified by Kaja et al. in their investigation of the chemical composition of the BOF
slag via Phase Recognition and Characterization (PARC) analysis and XRD Rietveld
refinement [30]. Compared to raw BOF slag, the brownmillerite content in DOFO decreases to
13.7 wt% and amorphous content decreases to 8.9 wt%, suggesting that, without any activation,
the reactivity of BOF slag primarily resides in brownmillerite and amorphous C»S. Notably,
though the hydration of amorphous C>S triggers the formation of C-S-H gel [125], part of it
may contribute to the formation of monocarboaluminate and hydrocalumite, thereby decreasing
the overall amorphous content. After the activation of DTPA-5Na, the brownmillerite content
decreases to 12.2 wt% (with 1.0 wt% DTPA-5Na), while the monocarboaluminate content
increases to 7.3 wt%, confirming its efficacy in promoting brownmillerite hydration.
Meanwhile, the amorphous content declines with the incorporation of DTPA-5Na. This
reduction can be attributed to two potential reasons: DTPA-5Na may facilitate the dissolution
of amorphous C.S, or the samples tested contain more crystalline C>S.

Fig. 8.13 reveals the mineralogical composition of 1.0 wt% DTPA-5Na activated BOF slag
pastes with various FGD gypsum dosages. The incorporation of FGD gypsum leads to the
emergence of the peak associated with hydrocalumite, with its intensity escalating in proportion
to the FGD gypsum dosages. Detailly, the hydrocalumite increases to 2.6~3.1 wt%, while
monocarboaluminate decreases to 3.5 wt%, as shown in Table 8.4. This observation can be
explained by FGD gypsum supplying adequate Ca?* ions, thereby facilitating the formation of
hydrocalumite. Notably, compared with the hydrocalumite formed in DOFO, the formed
hydrocalumite in FGD gypsum-modified samples shows the specific peaks at a lower 26 =
12.77 °. The shift is potentially induced by the incorporation of sulfate ions in the interlayer
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[439]. Moreover, the addition of FGD gypsum promotes the formation of ettringite, reaching
up to 7.2 wt% when combined with 3.5 wt% FGD gypsum. This observation is consistent with
the results obtained during the early hydration stage of D1.0F2.5, as illustrated in Fig. 8.10.
More importantly, the FGD gypsum-modified BOF slag binders activated by DTPA-5Na
exhibit a comparatively lower residual amount of brownmillerite than those without
incorporating the FGD gypsum, implying that gypsum facilitates the dissolution of
brownmillerite. This effect could be attributed to the precipitations of ettringite, along with a
decrease in calcium and aluminum concentrations in the aqueous environment, subsequently
enhancing the dissolution process.

Table 8.4: The phase composition of the hydrated samples normalized to 100 g of anhydrous raw

BOF slag (9).
Phase Raw DO D0.5 D1.0 D1.0 D1.0 D1.0 D1.0
BOF FO FO FO FO0.5 F1.5 F2.5 F3.5
Wilestite* 31.0 294 29.8 30.5 29.7 27.8 27.4 30.4
20 (12 (2.4) (2.8) (2.1) (2.2) (2.3) (2.3)
Belite ** 365 404 429 39.0 37.1 37.0 345 35.5
(2.0) (2.0 (2.0) (2.9) (2.1) (2.3) (2.2) (3.0)
. 6.0 6.0 5.9 6.7 5.9 6.6 5.6 5.2
Magnetite

03) (02) (03) (03) (03) (0.3) (03)  (0.3)
149 137 122 122 107 100 102 109

Brownmillerite 05) (05) (0.4) 0.7) (0.9) (0.6) (0.6) (0.6)

. 0.5
Lime 0.1) - - - - - - -
Calcite 0.4 11 1.4 1.4 2.7 0.7 0.4 0.9
0.3) (0.3) (0.4) (0.4) (0.4) (0.3) 0.3) (0.3)
Portlandite 0.04 0.06 0.15 0.02 0.04 0.30 0.47
(0.02) (0.08) (0.08) (0.20) (0.21) (0.12) (0.17)

4.1 5.2 7.3 6.7 3.9 5.8 35

0.7) 0.7) 0.8) 0.7) 0.7) 0.7) 0.7)

1.9 13 14 2.6 3.1 2.7 2.8

(0.3) (0.4) (0.4) (0.4) (0.4) (0.4) (0.4)

1.0 3.6 7.2

(03) (04 (04

9.9 8.9 6.7 6.6 11.6 18.2 17.9 12.5
(2.3) (2.2 2.7) (3.3) 2.7) 2.7) 2.7) 3.2)

* : Total of the Fe-rich wiiestite and Mg-rich wiiestite. **: Total of the Larnite and Alpha’-belite. ():
Errors derived from the TOPAS calculation.

Monocarboaluminate -
Hydrocalumite -
Ettringite - - - - -

Amorphous
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Fig. 8.13: XRD patterns of the 28d BOF slag (D1.0F0, D1.0F0.5, D1.0F1.5, D1.0F2.5 and D1.0F3.5).
The patterns are displaced vertically for clarity. (a - alpha’ and beta dicalcium silicate, b - brownmillerite,
¢ - calcite, e - ettringite, m - magnetite, p - portlandite, w - wilestite, h - hydrocalumite, q - quartz, X -
monocarboaluminate).

e Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) were
performed on 28d samples, with the results depicted in Fig. 8.14. For DOFO0, a total mass loss
of approximately 4 wt% can be observed over the temperature range, mainly attributed to the
release of bound water within the hydrates and CO2 within the carbonates. Specifically, the
primary mass loss, occurring notably between 120 — 180 °C, is associated with the dehydration
of monocarboaluminate [264,440]. Given the relatively low formation content of hydrocalumite
in DOFO, its dehydration peak likely overlaps with that of monocarboaluminate. Additionally,
minor peaks around 100 °C and 460°C are observed. These peaks are typically identified as the
dehydration of C-S-H gel and portlandite based on the previous studies [420,438], confirming
the hydration of a certain amount of C>S within the BOF slag, as described by [441]:

C,S + (2-x-y)H - Cy-S-H, + (2-x)CH (8.1)

However, these products are formed in limited quantities, contributing to the low compressive
strength of DOFO. Furthermore, a broad peak spanning 680 — 720 °C (labeled as (2) in Fig. 8.14)
is observed, originating from the decomposition of carbonates like calcite and
monocarboaluminate. The presence of carbonates indicates some carbonation occurring during
the preparation and curing processes despite careful sealing and vacuum drying of the samples.

The introduction of DTPA-5Na and FGD gypsum in the BOF slag system induces an increased
total mass loss over the temperature range, approximately ranging from 6% to 10%, suggesting
an enhanced hydration degree of the BOF slag. Detailly, applying DTPA-5Na to the BOF slag
results in an increased mass loss attributed to the dehydration of monocarboaluminate and C-
S-H gel, indicating a higher content of hydration products. Additionally, in comparison with
DOFO0, a mass loss around 620 °C (labeled as (1) in Fig. 8.14) is observed when DTPA-5Na is
incorporated. This mass loss is typically attributed to the decarbonation of magnesite (MgCOs)
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[442,443], although magnesite was not detected in our XRD analysis due to its low content and
overlap with other phases. Consequently, magnesite is not included in Table 8.4. Notably,
previous studies on the chemical composition of BOF slag indicate that magnesium
predominantly exists in the forms of wiestite and magnetite [444]. Therefore, the observed
mass loss due to the decarbonation of MgCOs indirectly confirms that DTPA-5Na promotes the
dissolution of these minerals, aligning with the phase evolution findings presented in Table 8.4.

Incorporation of FGD gypsum into 1.0 wt% DTPA-5Na activated BOF slag induces a
significant additional mass loss around 100-130 °C, ascribed to the dehydration of ettringite.
Notably, this mass loss increases with higher FGD dosages, providing further evidence of its
correlation with ettringite formation. Therefore, the enhanced mechanical performance
resulting from the extra formation of ettringite can be inferred. The peak associated with
portlandite initially increases with 0.5% FGD gypsum but declines with further increases in
FGD gypsum content. This trend may be attributed to the extra consumption of Ca?" by the
formation of ettringite than portlandite, as the equilibrium formation of C-S-H gel with C.S
dissolution would permit a certain concentration of Ca?*, sufficient for transforming low FGD
dosages into ettringite. However, higher FGD dosages consume more Ca?*, consequently
inhibiting portlandite formation. This reduction in portlandite parallels findings in the hydration
of C3S with additional gypsum [445]. Unfortunately, identifying the mass loss attributed to the
dehydration of C-S-H gel in the FGD-modified BOF slag system poses challenges, as it
overlaps with the dehydration of ettringite.
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Fig. 8.14: TG and DTG curves of the 28d BOF slag (a) 0 - 1.0 wt% DTPA-5Na (b) 0 - 3.5 wt% FGD
gypsum. (1) The mass loss is attributed to the decarbonation of the calcite from the BOF slag. (2) The
mass loss is attributed to the decarbonation of the formed monocarboaluminate.

e Pore structure

Fig. 8.15(a) shows the total porosity and average pore size of BOF slag pastes after 28 d
hydration obtained by MIP test. The BOF slag paste hydrated with water (DOFO) has the highest
total porosity of 27.1% and an average pore size of 68.0 nm. Significant improvements are
observed when DTPA-5Na is introduced as the activator, with 1.0 wt% DTPA-5Na, the total
porosity decreases to 23.0%, and the average pore size reduces to 39.1 nm. Furthermore, upon
adding FGD gypsum to the DTPA-5Na-activated BOF slag, additional enhancements are noted.
Specifically, with the incorporation of 3.5 wt% FGD gypsum, the total porosity is diminished
to 18.7%, and the average porosity is reduced to 23.7 nm. The decrease in total porosity aligns
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with the enhanced mechanical performance depicted in Fig. 8.11, suggesting a correlation
between reduced porosity and improved mechanical properties.

To elucidate the effect of DTPA-5Na and FGD gypsum on the pore structure in detail, the
evolution of four types of pores - macro-pore (> 100 nm), capillary pore (50 — 100 nm), middle
capillary pore (10 — 50 nm), and gel and mesopore (<10 nm) was investigated, based on
classification from literature studies [56]. The pore volume distribution of each paste is
illustrated in Fig. 8.15(b). It is observed that the paste DOFO exhibits the highest volume of
pores >100 nm, which explains its low strength properties. Upon the activation of DTPA-5Na,
pores (> 100 nm) become filled with more reaction products, forming additional capillary pores.
A similar reduction in the macro-pores volume is noted after the incorporation of FGD gypsum,
indicating the filling effect of the formed ettringite. Notably, a significant increase in gel pores
and mesopores is observed when 3.5% FGD gypsum is utilized, which suggests a refinement
in the pore structure, contributing to improved mechanical properties and overall performance
of the paste.
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Fig. 8.15: (a) Total porosity and average pore size and (b) pore volume distribution of 28d samples.

e SEM and EDX analysis

To reveal the effect of DTPA-5Na and FGD gypsum on the microstructure of BOF slag pastes,
specimens of DOFO, D1.0F0 and D1.0F3.5 after 28d hydration were examined using a scanning
electron microscope (SEM). The secondary electron images on the fresh surface of these
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samples are presented in Fig. 8.16. In the DOFO sample, only irregular particles were observed.
According to the previously mentioned results, the BOF slag hydrated only with water exhibits
a low degree of reactivity. Consequently, the irregular polygonal morphology of these particles
represents the BOF slag with a low degree of hydration. In comparison, the incorporation of
1.0 wt% DTPA-5Na in the D1.0F0 sample results in the formation of well-distributed flaky
crystals throughout the matrix. These flaky particles are attributed to the formation of the
minerals with a layered structure (e.g. monocarboaluminate and hydrocalumite), indicating
increased reactivity facilitated by DTPA-5Na, as confirmed by XRD results. Furthermore, in
the D1.0F3.5 sample, some rod-like crystals intercalated with the flaky crystals can be observed.
These rod-like crystals are the newly formed ettringite. These observations are consistent with
XRD results, which confirm the formation of both ettringite and monocarboaluminate. Their
formation also aligns with the pore structure analysis, indicating that the addition of FGD
gypsum contributes to ettringite formation, which fills the pores and refines the microstructure
of the pastes, thereby enhancing their mechanical properties.

Fig. 8.16: SEM-SE image of the 28d DOF0, D1.0F0 and D1.0F3.5. Particles with representative
morphology were selected for EDS spot analysis (1) irregular particles, (2) flaky particles, and (3) rod-
like particles.

A detailed EDS spot analysis was conducted on crystals with various shapes, as observed in
Fig. 8.16. The chemical compositions of these crystals are analyzed and summarized in Table
8.5, presented in terms of atomic concentration. Compared to the composition of DOFO, D1.0F0
reveals notable increases in aluminum and calcium elements, which is consistent with the
composition of the formed monocarboaluminate. Meanwhile, D1.0F0 exhibits increased iron
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content. This increase is attributable to Fe (lIl) dissolved from brownmillerite, which
contributes to the formation of Fe-monocarboaluminate, where AI(I11) is substituted by Fe(lll)
[437]. Additionally, since the formation of monocarboaluminate relies on the dissolution of
brownmillerite, it is likely that monocarboaluminate precipitates on the surface of
brownmillerite, resulting in a higher iron content due to this overlapping.

In the case of the FGD gypsum-modified samples D1.0F3.5, the heightened presence of
aluminum and sulfate elements provides compelling evidence for ettringite formation.
Additionally, the rod-like particles in D1.0F3.5 exhibit a high concentration of Fe. Similar with
the Fe-monocarboaluminate, Fe(l11) can partially substitute for Al(I11) in ettringite, leading to
the formation of Fe-ettringite (Cas[Al1—xFex(OH)g]2(S04)3-26H,0) [446]. Studies have shown
that Fe-ettringite forms much slower than Al-ettringite [447]. Therefore, the Fe-ettringite
phases are more likely to form at later stages of hydration, contributing to the stability of the
iron within the matrix.

Table 8.5: Spot analysis of the DOCO, D1.0F0, and D1.0F3.5 (the positions are marked in Fig. 8.16).

Element symbol 0] Mg Al Si S Ca Ti \% Cr Fe

(1) 7249 176 0.19 341 N.D. 1592 047 054 N.D. 4.02
(2) 6539 1.03 155 228 N.D. 1757 354 087 069 6.23
(3) 6732 200 159 265 268 1623 023 032 011 523

Atomic
Concentration

N.D.- not detected.

8.4.4 Environmental impact

Certain heavy metals can persist during steel manufacture in BOF slag, raising concerns about
their leaching potential and resulting environmental impacts when utilized as building materials.
The leaching behavior of raw materials and 28d cured paste samples have been characterized,
with findings detailed in Table 8.6. The heavy metals found in raw BOF slag are Chromium
(Cr), Molybdenum (Mo) and Vanadium (V), while only V is detected in FGD gypsum. The
leaching of these elements is below the permissible limit set by the Dutch soil quality decree.

Upon 28d hydrated BOF slag with only water (DOFO0), there is increased leaching of Cobalt
(Co), Mo and V. This heightened leaching is attributed to mineral dissolution during the
hydration process. Santos et al. have revealed the distribution of Cr and V within the BOF slag
mineral phases, with Cr mostly incorporated in wiestite and brownmillerite and V
predominantly found in C.S and brownmillerite [444]. Hence, the dissolution of brownmillerite,
as indicated by the XRD patterns in Fig. 8.8, likely contributes to these increased leaching
levels.

Meanwhile, the addition of DTPA-5Na results in increased leaching of most heavy metals,
likely due to DTPA-5Na accelerating the mineral dissolution, thereby releasing internal heavy
metals. However, the leaching of V decreases, possibly due to the formation of solid Cas(VOa)2
(logKsp = -17.97), which precipitates dominantly at pH around 12 [448]. The equilibrium
formation of C-S-H phases with C,S dissolution would allow for high Ca?* concentration in the
leachate and limit the solubility of Cas(VOa). [449]. Hence, more V is solidified and remains
embedded within the matrix, as corroborated by the chemical composition analysis of reaction
products in D1.0F0 (Table 8.5).
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Incorporating FGD gypsum in DTPA-5Na-activated BOF slag diminishes Cr leaching.
Previous studies have indicated that Cr(VI) is the predominant form in BOF slag leachate, as
opposed to Cr(111) [450]. At a pH of around 12, Cr(V1) primarily exists as CrO4%. Consequently,
the addition of CaSO4 promotes the precipitation of CaCrO4 (logKsp = -5.29). Moreover, it has
been reported that the ettringite formed in FGD-modified BOF slag can immobilize CrO4
within its molecular structure [451]. Enhanced ettringite formation consequently leads to
greater immobilization of Cr. It should also be mentioned that Cr(I11) precipitates as Cr(OH)s
under high pH conditions, further contributing to the reduction of Cr leaching. However, the
leaching of V increases as ettringite formation consumes Ca®*, resulting in less Cas(VOa)2
precipitation. In the case of Co, Cu, Mo and Ni, their leaching levels vary with increased FGD
gypsum, likely due to altered equilibrium formation of hydrocalumite, ettringite and C-S-H gel,
which have different immobilization capacities of heavy metals [332,452-455]. Overall, the
prepared BOF slag pastes exhibit satisfactory levels of heavy metals leaching, thus validating
their suitability as environmentally friendly binders. Further investigation, particularly
concerning Mo leaching near the threshold, is necessary to understand the influence of higher
gypsum levels on the retention of contaminants in the BOF slag hydration products.

Table 8.6: The leaching behavior of the heavy metals from the raw BOF slag, FGD gypsum and 28d
paste samples obtained through one batch leaching test at a liquid to solid of 10, and the SQD legal limit
values. All values are in mg/kg dry raw materials. (L.D. - Lower than the detection limits).

Elements Co Cr Cu Mo Ni \Y

Raw BOF L.D 0.07 L.D 0.17 L.D 0.29
Raw FGD L.D L.D L.D L.D L.D 0.01
DOFO 0.01 0.04 L.D 0.27 L.D 0.68
DO0.5F0 0.36 0.13 0.13 0.43 0.24 0.63
D1.0F0 0.41 0.14 0.26 0.44 0.25 0.05
D1.0F0.5 0.37 0.03 0.68 0.42 0.21 0.36
D1.0F1.5 0.39 0.02 0.49 0.47 0.22 0.41
D1.0F2.5 0.41 0.02 0.77 0.55 0.21 0.52
D1.0F3.5 0.18 0.01 0.43 0.71 0.17 0.41
Limits 0.54 0.63 0.9 1.0 0.44 1.8

8.4.5 BOF slag hydration model: theoretical water demand and chemical shrinkage

Based on the Q-XRD and TG analysis, the primary reactive components in BOF slag are C>S
and brownmillerite, leading to the formation of monocarboaluminate, hydrocalumite and C-S-
H gel. It is noteworthy that BOF slag contains limited C3S content, resulting in a hydration
process distinctly different from that of Portland cement. Overall, the reactivity of C.S is low,
and early strength development is highly dependent on the hydration of brownmillerite. After
the activation of DTPA-5Na, the dissolution of brownmillerite is accelerated, while other
minerals such as wilestite and magnetite exhibit limited significant changes. Hence, we simplify
the hydration of BOF slag post-DTPA-5Na activation to the hydration of C>S and
brownmillerite, assuming the other minerals are inert phases. The theoretical water demand
required for the full hydration of BOF slay is thereby calculated according to the following
reactions [456]:
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C,S +3.5H,0 — C, ;,SH; , + 0.3CH (8.2)

2C,(A, F) +Cc+ CH + 10H — C,4(A, F)cH;,(Monocarboaluminate) (8.3)
2C,(A, F) + Cc + CH + 9H — C4(A, F)cH, (Hydrocalumite-carbonate) (8.4)
2C,(A, F) + CsH, + CH+ 7H — C4 (A, F)sH;, (Hydrocalumite-sulphate) (8.5)
2C,(A, F) + 3CsH, + 34H — Cy(A, F)s;Hyg (Ettringite) + CH + (A, F)H, (8.6)

whereby the reaction products (monocarboaluminate and hydrocalumite) are modified based
on the findings in the present study. Assuming that the amorphous phase in the raw BOF slag
accounts for the XRD-amorphous C2S (as determined in a previous study on the chemical
composition of BOF slag via XRD Rietveld analysis and Phase Recognition and
Characterization analysis [30]), and considering that only monocarboaluminate or
hydrocalumite can be formed (due to various water content is needed for the formation of
monocarboaluminate and hydrocalumite), the calculated water demand for pure BOF slag,
expressed as water/slag mass ratio, is 0.22 ~ 0.23.

When the gypsum is included, the total formation of ettringite is restricted by its dosage, given
that the brownmillerite content is relatively higher than that of gypsum. Therefore, assuming
that all the gypsum contributes to the ettringite formation, the calculated water demand for 3.5
wt% gypsum modified BOF slag, expressed as water/slag mass ratio, is 0.25 ~ 0.26.

Table 8.7: Mineralogical composition of BOF slag and phase properties.

Phase Mass content in Density Molar mass of Molar volume
BOF slag [wt%)] (TOPAS) pure phases [cm3/mole]
[g/cm?] [g/mole]

Waistite 274 4.600 71.85 15.62
Magnetite 3.7 5.119 55.85 10.91
CaS 24.5 3.307 172.24 52.08
Brownmillerite 14.3 3.810 271.85 71.35
Lime 0.7 3.432 56.08 16.34
Calcite 0.4 2.813 100.09 36.34
Gypsum - 2.960 172.16 58.16
Amorphous 18.2

Portlandite 2.211 74.09 3351
Monocarboaluminate 2.173 568.46 261.60
Hydrocalumite 1.652 289.46 175.22
Ettringite 1.791 1255.11 700.79
C-S-H 2.25 [456] 213.09 94.70

Assuming that C,S and brownmillerite are the only reactive phases in the BOF slag, the total
chemical shrinkage can be calculated based on the proposed hydration reactions and data
presented in Table 8.7. As the distinction between amorphous content originating from raw
BOF slag and that due to the precipitation of C-S-H gel could not be made through Q-XRD
analysis in this study, the quantity of C-S-H gel was determined based on the bound water in
28d hydrated samples (from the thermogravimetric analysis, 4.52¢g for DOFO, 6.54g for D1.0F0
and 9.19¢ for D1.0F3.5 per 100 gsiag). Specifically, the amount of water bound in hydrocalumite,
monocarboaluminate, portlandite and ettringite was calculated, with all remaining water
assumed to be incorporated into C-S-H gel. The amount of C-S-H gel was then calculated and
subsequently subtracted from the total amorphous content to estimate the content of unreacted
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XRD-amorphous C.S. After 28d hydration, the total chemical shrinkage of DOFO is 2.1 m1/100
Oslag, Which translates to 5% volume reduction. This value is substantially lower than that for
OPC (6 ~9 ml/100 gcement) [457] or GGBFS slag (11 ~ 15 ml/100 gsiag) [458]. The low chemical
shrinkage is attributed to the low hydration degree of C.S after 28d, as well as the high level of
inerts in the BOF slag. The detailed phase composition of BOF slag (DOF0, D1.0F0 and D1.5F0)
hydrated for 28d is presented in Fig. 8.17. Upon activation of DTPA-5Na, the chemical
shrinkage increases to 3.3 ml/ 100 gsiag due to the enhanced reaction degree of brownmillerite
and amorphous C»S. Integration of gypsum further elevates the chemical shrinkage to 3.9 ml/
100 gsiag. Interestingly, the addition of gypsum facilitates the hydration of amorphous C>S and
brownmillerite. As a result, a greater amount of free water is bound into the hydration products,
aligning with the observed increase in chemical shrinkage.
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To verify the proposed hydration reaction, the calculated phase composition of hydrated BOF
slag is depicted in Fig. 8.18. A hydration degree of o = 0.3 was employed, based on the reaction
degree of the C,S phase after 28d according to Fig. 8.17. It must be noted that the various water
content required for the formation of monocarboaluminate and hydrocalumite influences the
calculation of consumed free water, as indicated in EqQ. (8.3) and Eq. (8.4). Hence, the hydrated
BOF slag with only monocarboaluminate or hydrocalumite formation was calculated separately.
Comparing the volume of DOFO (42.3 cm® 100 gsiag) in Fig. 8.17, the range of 42.7 to 42.1 cm®/
100 gsiag confirms the desirable outcomes from the hydration model of BOF slag.
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However, some discrepancies in the volume ratios of hydration products, as calculated
according to the proposed hydration reaction, can be observed between DOFO in Fig. 8.17 and
Fig. 8.18. Several factors may contribute to these variations. 1) The formation of
monocarboaluminate and hydrocalumite could be influenced by the localized wi/b ratio, which
is likely to be lowered during the hydration process. 2) The bound water content in C-S-H gel
may differ from the Ca/Si ratio, likely influenced by the dissolution process of the minerals,
such as brownmillerite, lime and C>S. 3) The bound water content might be overestimated, as
the termination of the hydration process by isopropanol and diethyl ether cannot exchange all
free water [459]. Certainly, there are some additional aspects that could be further considered
to improve the hydration model of BOF slag. 1) Enhancing measurement techniques to
accurately identify the amorphous content present in the raw BOF slag. 2) Developing methods
to effectively differentiate between unreacted amorphous content and newly formed C-S-H gel
in hydrated BOF slag. 3) Considering the potential dissolution of wiiestite during the hydration
process of BOF slag. 4) Various bound water content in monocarboaluminate due to Fe(lll)
substitution.

To validate the effect of DTPA-5Na on the activation of brownmillerite, the proposed hydration
reaction of BOF slag was employed, and the chemical shrinkage was calculated at a hydration
degree of 0.35 for C.S (as per Fig. 8.17). Fig. 8.19 presents the theoretical volume of D1.0F0
at various hydration degrees of brownmillerite. Comparing these theoretical results with the
measured results of D1.0F0, the hydration degree of brownmillerite ranges from 0.45 to 0.69 (>
0.3), confirming that the DTPA-5Na promotes the hydration of brownmillerite. Similar
calculations were conducted with hydrated D1.0F3.5 to validate the impact of FGD gypsum on
the hydration of brownmillerite. Fig. 8.20 presents the theoretical volume of D1.0F3.5 at
various hydration degrees of brownmillerite. Combining these theoretical results with the
measured results of D1.0F3.5, the hydration degree of brownmillerite ranges from 0.75 to 1.0,
confirming that FGD gypsum also contributes to the hydration of brownmillerite. However, it
should be noted that the hydration degree of brownmillerite in both D1.0F0 and D1.0F3.5 may
be overestimated due to several factors mentioned earlier in this Section. Further efforts are
required to improve the hydration modeling of BOF slag.
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Fig. 8.19: Theoretical volume of D1.0F0 at various hydration degrees of brownmillerite (Hydration
degree of C5S was set as 0.35 according to Fig. 8.17).
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Fig. 8.20: Theoretical volume of D1.0F3.5 at various hydration degrees of brownmillerite (Hydration
degree of C,S was set as 0.35 according to Fig. 8.17).

8.5 Discussions of BOF slag-based binder materials

8.5.1 Activation mechanism of DTPA-5Na

In this study, DTPA-5Na was employed to promote the hydration process of BOF slag. Based
on the findings in the hydration kinetics and mechanical performance of the formulated BOF
slag pastes, DTPA-5Na demonstrates its promising potential for activating BOF slag and
promoting the monocarboaluminate formation. More insight into the chelating reaction between
DTPA-5Na and the ions from the BOF slag is provided herein to elucidate the activations
mechanism of DTPA-5Na.

In accordance with cement hydration theory [460], the precipitation of hydration products
involves several sequential stages, including dissolution, saturation, nucleation, and growth.
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Similarly, it is expected that the hydration products of the binder made from basic oxygen
furnace (BOF) slag would follow a similar pattern. Subsequently, the leachable [Ca], [Al], [Fe],
[Na] elements, major elements involved in the chelation process, were analyzed in both raw
materials and DTPA-5Na activated BOF slag via one-batch leaching tests, as illustrated in Fig.
8.21. The raw BOF slag exhibited a leachable [Al] of 31.63 mg/Kg, [Fe] of 0.04 mg/Kg, [Na]
of 14.5 mg/Kg and [Ca] of 4130 mg/Kg. With relatively sufficient [Al] and [Ca], it is reasonable
to observe the formation of monocarboaluminate and hydrocalumite, as verified in Fig. 8.8.
After the 28d hydration, due to the formation of these products in DOFO, the leachable [Al] and
[Ca] reduce correspondingly.

When 0.5 wt% DTPA-5Na is incorporated, there is an increase in the leachable [Na] content,
confirming the dissolution of DTPA-5Na, as represented by:

DTPA-5Na + 5H,0 «> [DTPA-5H] + 5Na* + SOH" (8.7)

Similarly, the incorporation of 1.0 wt% DTPA-5Na in D1.0F0 results in almost twice the [Na]
content, consist with the doubled amount of DTPA-5Na, indicating desirable test accuracy. It
is noteworthy that there is an increase in the leachable [Ca], while leachable [Al] shows a slight
decrease and leachable Fe content remains extremely low. This observation contrasts with the
expected stability constants of DTPA chelating agents for different ions, which are typically
Fe(111) > AI(I11) > Ca(ll) [461]. Similar findings have been reported for the chelating ability of
EDIPA when tested with CaCl,, AlCls, and FeCls solutions, respectively [33]. Therefore, this
conflicting phenomenon suggests that relying solely on the known chelating abilities of
chelators is insufficient to elucidate the mechanisms of their interactions with multiple metal
ions within the BOF slag binder system. The effect of the pH of the pore solution on the stability
of chelates should be taken into consideration, as the hydration of C>S in BOF slag provides an
alkaline environment [438]. Fe(lll) and Al(lII) are likely precipitates, thereby reducing the
stability of the chelate. Hence, DTPA more likely chelates with Ca(ll), as expressed by:

DTPA-5H + Ca?" < [Ca-DTPA-3H] +2H" (8.8)

Importantly, chelated metal ions do not participate in the dissolution balance [429]. Chelation
is equivalent to reducing calcium concentration in the aqueous phase. According to Le
Chatelier’s principle, this promotes forward dissolution progress until a new value of the
dissolution equilibrium constant K is reached [462]. Consequently, the dissolution of
brownmillerite is promoted, as expressed by:

Cay(Al,,Fe,,),05 + 5Hy0 <> 2Ca*" +2xAI(OH); + (2-2x)Fe’” + (10-8x)OH" (8.9)

However, it is essential to acknowledge that certain heavy metals, which may be physically or
chemically encapsulated within the BOF slag [463], are also released during the dissolution
process. Therefore, when increasing DTPA-5Na dosages, further consideration should be given
to leaching, as this could lead to increased release of heavy metals, raising environmental and
safety concerns.
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Fig. 8.21: Leachable Na, Ca, Al and Fe elements from the Raw BOF slag, DOF0, D0.5F0 and D1.0F0.
Values are normalized by the amount of BOF slag in the samples.

8.5.2 Effect of calcium and sulfate on the enhanced mechanism

This study proposed the integration of FGD gypsum into DTPA-5Na-activated BOF slag binder
in order to augment its recovery and utilization in construction materials and simultaneously
improve the overall performance of the binder. It has been found that FGD gypsum can delay
the hydration (Fig. 8.9) and influence the hydration reaction products (Fig. 8.13). Enhancing
the understanding of the impact of calcium and sulfate would be beneficial for regulating the
final performance of the BOF slag binder system. As observed in Fig. 8.10, the formation of
monocarboaluminate is only observed after the dissolution of FGD gypsum. Hence, the delay
effect of FGD gypsum on the hydration of BOF slag is likely related to the dissolution
equilibrium. Taking into account the DTPA-5Na activation mechanism outlined in Section
8.4.1, the more [Ca] in the aqueous phase via chelation facilitates the dissolution of
brownmillerite. Reasonably, the dissolution of brownmillerite could be influenced by the
concentration of [Ca] in the aqueous phase, according to Eq. (8.9). Therefore, the [Ca] released
from the FGD gypsum plays a vital role in the hydration process of DTPA-5Na activated BOF
slag.

To elucidate the impact of [Ca], sodium sulfate with an equivalent sulfate content to D1.0F1.5
was integrated into 1.0 wt% DTPA-5Na activated BOF slag (named D1.0S1.5). Fig. 8.22
illustrates the hydration behavior of D1.0F1.5 and D1.0S1.5 over the initial 168 h. D1.0S1.5
demonstrates a pronounced heat flow at the beginning of the calorimetry test and a significant
peak at 8.5 h, while D1.0F1.5 displays a minor peak at 3.3 h followed by a prominent peak at
8.4 h. This discrepancy can be partially attributed to the distinct dissolution properties between
FGD gypsum and sodium sulfate. FGD gypsum has low solubility (Ksp = 2.4x107%), whereas
sodium sulfate readily dissolves in water, leading to a higher heat release during mineral
dissolution. Besides, the more rapidly dissolved sulfate in D1.0S1.5 promptly engages in
hydration, resulting in a higher cumulative heat within 168 h. Notably, the sulfate in D1S1.5
contributes to the formation of hydrocalumite at 7d (indicated by a tiny broad peak at 26=13.07°
in Fig. 8.23), while ettringite is rarely detected. However, the opposite phenomenon is observed
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in 7d D1.0F1.5. The disparity may be attributed to insufficient [Ca] for ettringite formation
when sodium sulfate is used. Moreover, sulfate ions are likely solidified in the interlayer of the
hydrocalumite, hindering further reaction to form the ettringite.
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Fig. 8.22: Cumulative heat and heat flow of D1.0F1.5 and D1.0S1.5 during the initial 168 h of
hydration.
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Fig. 8.23: XRD pattern of 28d D1.0F1.5 and D1.0S1.5. (a - alpha’ and beta dicalcium silicate, b -
brownmillerite, ¢ - calcite, e - ettringite, m - magnetite, p - portlandite, w - wilestite, h - hydrocalumite,
g - quartz, x - monocarboaluminate).

Interestingly, the 7d compressive strength of D1.0S1.5 measures 19.0 MPa (Fig. 8.24),
surpassing that of D1.0F1.5. However, this does not imply that hydrocalumite is more effective
than ettringite in strength development. Instead, it suggests that the refined pore structure of the
matrix, filled with more reaction products in D1.0S1.5, contributes to its higher strength, as
supported by the greater cumulative heat released from the hydration reaction, as shown in Fig.
8.22. Overall, sodium sulfate and FGD gypsum exert a similar effect on the 28d compressive
strength (Fig. 8.24). Consequently, regardless of the formation of sulfate-containing
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hydrocalumite or ettringite, the level of reaction product formation remains limited by the
sulfate content, thus affecting the strength development.

In summary, owning to the chelation effect of DTPA-5Na, introducing additional sulfate
emerges as a viable strategy to promote hydration products in the DTPA-5Na-activated BOF
slag system, while the release of Ca(ll) facilitates the regulation of early hydration process.
Therefore, industrial residues with high soluble sulfate content, such as phosphogypsum [464],
electrolytic manganese residues [465], and gypsum residues generated in copper and zinc-
making processes [466,467], represent promising candidates for inclusion in the design of
DTPA-5Na-activated BOF slag-based binders. Moreover, the early strength of these binders
can be modulated by the sulfate dissolution rate, allowing for the customization of early strength
characteristics tailored for applications in rapid repairs and specialized concretes.
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Fig. 8.24: Compressive strength of 7d and 28d D1.0F1.5 and D1.0S1.5.
8.6 Conclusions

This chapter evaluated the feasibility of using waste gypsum in cement production, focusing on
setting time, hydration kinetics, and mechanical performance. The results indicated that the
waste gypsum showed promising potential for use in cement formulations.

Meanwhile, this chapter aims to use BOF slag to prepare a sustainable cement-free binder with
activation of DTPA-5Na and FGD gypsum incorporation. The hydration kinetics, mechanical
performance and the potential environmental impact of this novel binder were evaluated.
Meanwhile, to provide a comprehensive understanding of the role of DTPA-5Na on the
activation of the BOF slag and the enhanced performance by FGD gypsum, the evolution of
phase composition, pore structure and microstructure of the BOF slag binder under varying
DTPA-5Na and FGD gypsum dosages were investigated. Based on the obtained results, the
following conclusions can be drawn.

e DTPA-5Na effectively activates the hydration of BOF slag with 1wt% DTPA-5Na
increasing the cumulative hydration heat from 29.6 J/g to 52.4 J/g in the first 168 h. The
activation mechanism of DTPA-5Na involves promoting the dissolution of
brownmillerite through chelating effects, thereby contributing to the formation of
monocarboaluminate. The increased hydration products enhance the 28d compressive
strength from 10 MPa to 23.5 MPa.
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The inclusion of FGD gypsum in the DTPA-5Na-activated BOF slag retards the
hydration process and increases the setting time from 0.5h to 2.5h with 3.5wt% FGD
gypsum. It results in a lower cumulative heat at early ages due to the partial occupation
of DTPA-5Na by Ca ions released from FGD gypsum. Nonetheless, it is advantageous
for promoting the ettringite formation, leading to a denser structure of the BOF slag
binders. 3.5 wt% FGD gypsum enhances the 28d compressive strength from 23.5 MPa
for D1.0FO to 37.5 MPa for D1.0F3.5.

The proposed FGD-DTPA-5Na-BOF slag binders have no leaching issues, with toxic
elements such as Co, Cr, Cu, Mo, Ni, and V fully complying with leaching criteria.
However, it is important to note that an increased activation degree of BOF slag may
result in the release of more heavy metal ions originally embedded in the minerals.
Therefore, the hydration degree and long-term durability of the formulated innovative
BOF slag binders should be carefully addressed for each new formulation design.

The additional sulfate from sulfate salts is the key factor influencing the formation of
ettringite in DTPA-5N-activated BOF slag binder. Importantly, the diverse dissolution
properties of sulfate salts can be leveraged to modify the hydration process. Furthermore,
rapid ettringite and hydrocalumite formation facilitates early-age strength development.
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Chapter 9 Conclusions and recommendations

This thesis focuses on the recycling and recovery of industrial solid waste within construction
materials, aiming to devise economically and environmentally sustainable solutions. The
investigated industrial solid wastes are readily available in the Netherlands and produced in
significant quantities. Drawing upon the distinctive attributes of diverse waste types, this project
proposes promising high-end applications, including sludge-based sealing materials (Chapter
2-3), alkali-activated materials (Chapter 4-7), and cement-free binders utilizing basic oxygen
furnace slag (Chapter 8). The benefits from these newly developed materials for varying
applications are summarized in Table 9.1. The newly developed materials can primarily be used
for landfill sealing and as cementitious materials. By utilizing industrial solid waste, these
materials promote recycling, reduce resource consumption, and offer enhanced sustainability
with a lower carbon footprint compared to traditional materials. It is important to note that while
the potential for CO2 emission reduction is significant, a comprehensive life cycle assessment
will be necessary in future research to fully quantify these environmental benefits.

Table 9.1: Summary of the newly developed materials for different applications.

Applications Traditional materials Newly developed materials Benefits
Landfill . Digested sewage sludge - Reduced reliance on
. Clay or clay-containing g - .
sealing . incineration fly ash clay-based mineral
: materials . L .
materials aluminum-anodizing waste  resources and Ordinary
WIFD and sodium carbonate- Portland cement -
activated materials -Promotes recycling of
- industrial solid waste
Biomass bottom ash-
g RS Lowers CO2
modified alkali-activated - .
. emissions during the
materials L .
. . - —— cementitious materials
Cement!tlous Ordlnary Portland Self-cleanlng alkall'actlvated productionsy |eading to
materials cement materials

cost-saving

- Provides additional
functionalities, such as
self-cleaning
properties.

Basic oxygen furnace slag-
based binder materials

Furthermore, to ensure the viability of the end products, a comprehensive array of properties is
systematically evaluated. This research explores the potential enhancements in product
performance through the regulation of admixture and additives, as well as the intricate
interactions between components on both physical and chemical aspects. The major findings
and corresponding recommendations for future research are outlined below.

9.1 Conclusions

9.1.1 Sludge-based sealing materials and their carbonation behavior

With the aim to eliminate the need for natural clay and promote the recycling of sludge materials,
a proposal was made for sludge-based sealing materials to be used in landfill cover systems.
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Through experimental investigation, it was found that a formulation consistent with digested
sewage sludge (DSS) (46 wt%) with aluminum anodizing waste (AAW) (9 wt%) as additives
and aggregates (45 wt%), alongside waterglass (Na2SiOz) (1.5 wt%), demonstrated the lowest
permeability (k value = 3.78x107*2 m/s). The colloidal boehmite present in AAW played a
significant role in filling voids and reducing total porosity, thereby enhancing the
impermeability of the matrix. The formation of gypsum within the sealing materials was
attributed to leachable sulfate from the additives. Considering the low pH of the pore solution,
the low dosage of waterglass (1.5 wt%) tended to form silica gel rather than the C-S-H gel.

Due to substantial greenhouse emissions in landfills stemming from the decomposition of
organic waste, the potential impact of CO> on landfill sealing materials was evaluated.
Following CO- diffusion, their permeability values increase, accompanied by the formation of
carbonates and monohydrocalcite. The formation of monohydrocalcite is influenced by the
leachable magnesium content in the raw materials. The degradation in impermeability is due to
volume alterations induced by mineral carbonation processes. The organic content from the
sludge remains stable during the carbonation process. A higher dosage of waterglass mitigates
the increase in permeability resulting from carbonation, attributed to the formed silica gel,
which is less carbonated and actively participates in filling the void spaces. Additionally, the
impact of carbonation on the leachability of toxic elements is intricately linked to the nature of
the raw materials employed.

9.1.2 Recycling industrial solid waste in alkali-activated materials

Sustainable building materials with low CO> emissions are increasingly sought after in the
cement industry. Alkali-activated materials represent one such alternative, formulated by
mixing aluminosilicate precursors with alkali solutions. Common activators include
sodium/potassium-based hydroxides and silicates, known for their high alkalinity and cost.
However, the development of sodium carbonate-based activated materials has been limited by
slow strength development at an early age. To address this, Waste incineration filter dust
(WIFD), containing portlandite and calcite, has been proposed as an activator in sodium
carbonate-activated materials. The synergistic effect of portlandite and sodium carbonate
enhances the activation of GGBFS, as evidenced by the incorporation of 5 wt.% WIFD reduces
the time to reach the heat flow peak from 58 hours to 10 hours. The main hydration products
are C-(A)-S-H gel and hydrotalcite, with calcite from WIFD contributing to
Hemicarboaluminate formation. However, higher WIFD dosage reduces the mechanical
performance due to a decreased proportion of GGBFS.

To further improve the mechanical performance of the hybrid binder with high-volume
recycling of WIFD, additional silica fume (SF) and nano-silica (NS) were introduced. SF
slightly increases the compressive strength of the blended mortar at early ages but decreases it
at longer ages due to a lower reactivity. In contrast, NS enhances compressive strength at all
ages due to better pozzolanic reactivity, refining pore structure through improved formation of
C-(A)-S-H gels. However, NS retards the reaction process and inhibits the formation of
Hemicarboaluminate and hydrotalcite by consuming more Ca?* and AI** in gel formation. It is
important to note that despite the enhanced mechanical properties, NS induces a lower
carbonation resistance of the matrix. Instead, incorporating 2 wt.% SF and reducing WIFD
dosage prove beneficial for improving carbonation resistance. Overall, the proposed hybrid
binder shows advantages in CO2 emission reduction and cost saving.
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Recycling industrial solid wastes presents significant challenges, primarily due to the presence
of heavy metal ions. The immobilization of biomass bottom ash (BBA) within alkali-activated
materials is explored, leveraging their well-known solidification ability. The investigation
focused on the effects of BBA content, BBA fineness, silicate modulus of activator and
aluminum anodizing waste (AAW) on reaction kinetics, hydration products, microstructure and
mechanical properties. BBA exhibits lower reactivity compared to other components. However,
the inclusion of 10 wt% BBA enhances the dissolution and polymerization of the hybrid blends.
The main hydration products are the C-(A)-S-H gels and hydrotalcite-like phases, with higher
BBA replacement accelerating the reaction process and enhancing gel products. The
compressive strength of the hybrid blends ranges from 36.8 to 58.8 MPa at 28d, correlating
with BBA substitution levels, fineness, silicate modulus and additional AAW. Moreover, the
hybrid blends effectively immobilize the high-leachable CI-, SO+, Cr, Mo, Pb, and Zn content
from BBA. Within the 10 wt% G/BBA substitution level, no heavy metal leaching exceeds the
Dutch legal limit. Co-disposal of AAW and BBA proves feasible, exhibiting no new leaching
problems and providing sufficient compressive strength for building material applications.

Furthermore, the exploration of functional alkali-activated materials has extended to the
integration of TiO,. To clarify, metakaolin was employed as the precursor, and no additional
waste material was introduced, as the current investigation primarily focused on the advancing
self-cleaning properties through the in-situ formation of zeolite, with a greater emphasis on
mechanistic studies. The findings reveal that crystalline Zeolite A forms when the Si/Al ratio
reaches 1.0 within the initial materials. This zeolite formation induces a matrix with a higher
optical band and lower Urbach energy, driven by enhanced crystallinity. These results confirm
that the improvement in photocatalytic properties in metakaolin-based geopolymers cannot be
solely attributed to increased surface defects. The in-situ formation of zeolite enhances the self-
cleaning performance of the matrix by refining the pore structure and enhancing the mass
transfer capacity, thereby intensifying the photoactivity of TiO..

9.1.3 Development of BOF slag-based cement-free binder

In pursuit of developing a cement-free binder, basic oxygen furnace (BOF) slag, a solid by-
product generated during the steel-making process, was utilized. DTPA-5Na was employed as
an activator for the hydration of BOF slag. The addition of 1.0 wt% DTPA-5Na resulted in a
notable reduction in setting time, from 4.2 h to 0.5 h, and an increase in cumulative hydration
heat, from 29.6 J/g to 52.4 J/g. The activation mechanism of DTPA-5Na involves facilitating
the dissolution of brownmillerite through the chelation of metal ions, thereby promoting the
formation of monocarboaluminate. The augmented hydration products subsequently led to a
substantial enhancement in 28 d compressive strength, from 10 MPa to 23.5 MPa.

Meanwhile, the effect of flue gas desulfurization (FGD) gypsum on DTPA-5Na-activated BOF
slag was investigated. The incorporation of FGD gypsum in DTPA-5Na-activated BOF slag
retards the hydration process, extending the setting time from 0.5 hours to 2.5 hours with a 3.5
wt% FGD gypsum content. This delay results in a reduced cumulative heat at early ages,
potentially attributed to the partial occupation of DTPA-5Na by calcium ions released from
FGD gypsum. However, it proves advantageous in promoting ettringite formation,
consequently contributing to a denser structure of the BOF slag binders. Remarkably, the
inclusion of 3.5 wt% FGD gypsum leads to an enhancement in 28d compressive strength,
elevating it from 23.5 MPa to 37.5 MPa.
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9.2 Recommendations

With the goal of expanding the recycling and recovery of industrial solid waste, we have
proposed the concept of valorization of waste materials in construction materials. As
demonstrated in this thesis, various construction materials tailored for diverse applications have
been engineered with different levels of waste substitution/incorporation. The performance of
these formulated materials has been assessed based on specific application requirements, e.g.,
low permeability for sealing materials. However, it must be noted that the present findings are
confined to laboratory-scale investigations, and transitioning to larger practical applications
requires addressing additional considerations including environmental impact, practicability
and economic advantages. In this context, general recommendations for future research, derived
from the insights gained in this dissertation, are provided, followed by specific suggestions for
each analyzed material system.

In the context of landfill sealing materials, compaction during the installation process is
typically carried out using heavy machinery like compactors or rollers in practical landfills. It
is crucial to adjust the compaction parameters based on the specific method used to prepare the
sealing materials. Moreover, when choosing sludge or other solid waste materials for recycling
or reclamation purposes, it is essential to take into account various factors. These include the
cost of acquiring the feedstock and the expenses associated with transporting it to the processing
or recycling facility. Additionally, the suitability and adequacy of the feedstock for the intended
application must be carefully evaluated.

For alkali-activated materials, the use of sodium or potassium-based hydroxide and silicate
solutions as common alkaline activators presents a significant technological barrier to large-
scale application due to environmental concerns and production costs. Additionally, the large-
scale preparation of alkaline solutions necessitates careful consideration of several factors,
including the safety of personnel, the environment, and equipment. In this thesis, we proposed
the use of a mixture of sodium carbonate and WIFD as activators, demonstrating advantages in
both cost and safety. Nevertheless, the utilization of sodium carbonate and WIFD, which are in
powder form, introduces the challenge of achieving uniform mixing of the raw materials and
powder activators, particularly in large-scale applications.

Currently, research on the properties of cement replacement materials has primarily focused on
pastes and mortars. However, it is essential to extend this research to the preparation of concrete
and conduct comprehensive studies. The overall performance of the formulated concrete should
be thoroughly assessed, including its mechanical properties, shrinkage behavior, creep, and
durability.

More specific recommendations related to this work are as follows.
9.2.1 Sludge-based sealing materials and their carbonation behavior

In the sealing materials, additives with fine particle size (like AAW), contribute to the desired
impermeability. Therefore, fine industrial solid waste is recommended to potentially improve
the impermeability of sealing materials. However, due to the limited formation of binder
materials, only silica gel may form. As a result, the leaching behavior of the resulting sealing
materials is highly dependent on the initial materials. Hence, the leaching behavior of industrial
solid waste is another crucial aspect in terms of potential environmental impact, which must be
addressed before their application in sealing materials. This does not imply that wastes
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containing leached heavy metal ions are unsuitable, but rather emphasizes the need for
appropriate immobilization of heavy metal ions using suitable additives. For instance, the
reduced arsenic (As) leaching from DSS can be attributed to the coagulation of sulfates from
additives. Furthermore, despite a slight reduction in impermeability, PDSS-based sealing
materials still comply with Dutch requirements for soil capping, supporting the recycling of
pre-treated DSS in sealing material. The Thermal Pressure Hydrolysis process offers additional
advantages by enhancing biogas production and dewaterability in WWTPs. This dual benefit
underscores the sustainability and practicality of employing such materials in environmental
engineering applications. Moreover, the fact that the permeability of DS-based specimens
slightly exceeds limits does not necessarily disqualify DS as a viable raw material for sealing
materials. Numerous factors influence permeability, including mix design, additives, and
compaction degree. Therefore, further optimizing sealing material properties by adjusting
mixing ratios to meet regulatory requirements can facilitate the inclusion of DS in sealing
material applications.

The impact of CO; on the sealing materials was investigated using an accelerated carbonation
process. However, it is worth noting that the accelerated carbonation process differs from
natural carbonation processes in several aspects, such as CO; concentration, pressure,
temperature, etc. This suggests there is potential for further refinement to achieve more accurate
results. These variations could not only influence the resulting reaction products but also affect
the dynamic process of carbonation. Consequently, refining the dynamic simulation process is
essential for more precise predictions regarding the durability of sealing materials.

9.2.2 Recycling industrial solid waste in AAMs

The portlandite in WIFD plays a significant role in accelerating the hydration of sodium
carbonate-activated GGBFS. This insight offers the opportunity to recycle portlandite-
containing waste in the activation process of GGBFS with sodium carbonate. Not only does
this approach contribute to waste reduction and environmental sustainability, but it also
provides cost savings by minimizing the need for additional activator materials.

In efforts to increase the utilization of WIFD in sodium carbonate-activated GGBFS, there is
an inevitable reduction in the percentage of precursors. Since the WIFD itself lacks an inherent
silicate source, this indirectly dilutes the silicate source involved in gel production, thus
diminishing the overall matrix performance. To address this, we proposed leveraging silica
fume and nano-silica to explore their potential for enhancing performance. Results indicate that
nano-silica exhibits higher reactivity and leads to significant strength enhancement. This
outcome suggests that similar waste systems could benefit from such enhancement strategies.
Moreover, this research highlights that the carbonation resistance of alkali-activated materials
does not necessarily correlate positively with their strength. Other factors, including gel
composition and pore structure, also play crucial roles in carbonation resistance, underscoring
the importance of considering these factors when designing for optimal carbonation resistance.

With the utilization of biomass fuels emerging as a prominent trend in new energy source
development, the solidification of their by-products, specifically biomass bottom ash (BBA),
within alkali-activated materials has been explored. Based on the findings, it can be concluded
that the optimal substitution level of BBA is 10 wt% in terms of heavy metals leaching and
mechanical performance. Notably, higher substitutions lead to strength reduction, a challenge
that could potentially be addressed by incorporating additional nano-silica, as suggested by
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previous conclusions. Moreover, the potential effect of BBA fineness on the overall
performance of the hybrid binder was investigated. Using finer particles can indeed enhance
the strength of the matrix and accelerate the hydration process. However, it also tends to
increase the leaching of heavy metal ions. Considering the elevated costs and energy
consumption associated with the milling process, it may be of more practical engineering
interest to minimize the degree of milling.

The self-cleaning performance of the metakaolin-based geopolymers can be significantly
improved by the in-situ zeolite formation. The formation of zeolite is achieved by adjusting the
initial Si/Al ratio of raw materials. This opens up the possibility of using waste materials, such
as aluminum anodizing waste, to adjust the initial Si/Al. However, it is crucial to address the
potential effect of abundant impurities present in industrial solid waste on the self-cleaning
performance upon their inclusion in the matrix. On the other hand, the findings introduce
innovative approaches to address the regression of photocatalytic properties caused by the
hydration process of cementitious materials through porous zeolite formation. Consequently,
the in-situ formation of porous minerals in cementitious materials emerges as a promising
strategy for enhancing photocatalytic properties and ensuring an extended lifespan.

9.2.3 Development of BOF slag-based cement-free binder

The development of basic oxygen furnace (BOF) slag-based binder has been achieved by the
activation of DTPA-5Na and the modification of flue gas desulfurization (FGD) gypsum. The
activation mechanism of DTPA-5Na entails facilitating the dissolution of brownmillerite
through metal ion chelation, thus supporting the activation strategy of BOF slag by the chelating
agent. Consequently, it may be inferred that other chelating agents could have similar effects
on BOF slag hydration, warranting further optimization for the enhanced overall performance
of the BOF slag binder, alongside considerations regarding the cost-effectiveness of chelating
agents. Meanwhile, the chelation effect of DTPA-5Na results in a significant concentration of
[Al] and [Ca] in the aqueous phases during dissolution equilibrium. Introducing additional
sulfate emerges as a viable strategy to enhance hydration products in the DTPA-5Na-activated
BOF slag system. Industrial residues with high soluble sulfate content, such as phosphogypsum,
electrolytic manganese residues, and gypsum residues generated in copper and zinc-making
processes, represent promising candidates for incorporation in the formulation of BOF slag-
based binders.
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Fig. A.1: TG and DTG curves of the raw (a) digested sewage sludge, (b) biomass bottom ash, (c) waste
incineration fly ash and (d) aluminum anodizing waste.
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Table A.1: The leaching behavior of the raw materials.

Temperature (°C)

Raw materials (mg/kg) DSS WIFA BBA AAW
Chloride 830 1920 1540 3490
Sulphate 2120 29320 12140 69910
Nitrate 7.90 103 8.6 -
As 2.65 0.16 0.07 0.04
Ni 3.85 0.50 - -
Pb 4.25 0.34 10.46 0.12
Zn 1.75 2.94 16.28 0.02
Ba 0.15 0.55 3.22 0.05
Co 0.55 0.08 - -
Cr 0.20 0.10 6.48 0.79
Cu 1.20 5.87 0.02 0.05
Mo 1.70 0.52 0.86 0.17
Sb 0.20 0.10 0.04 0.04
B 3.10 3.84 0.87 45250
Fe 384 0.62 - -
Mg 486.8 287.2 0.17 13.28
Mn 0.70 5.41 - 0.04
Sr 1.95 50.81 32.1 0.73
NH4* 1500 - - -
Na* 960 2870 1710 41280
K* 540 280 3390 24
Ca?* 460 12480 12760 133
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Appendix B
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Fig. B.1: TG-DTG curves of reaction products with different WIFD replacement in N8W0-N8W20: (a)
28 d (b) 91 d (Ht-Hydrotalcite, Hc-Hemicarboaluminate).
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225



Appendix C
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Fig. C.1: Initial pH values of the fresh paste with different (a) silica content and (b) starting Ca/Si ratio.
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Fig. C.2: A typical BSE image of sodium carbonate-activated slag from the 28d sample Ref.
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Fig. C.3: The fitting of accelerated carbonation rate in each mixture based on the carbonation depth (Figure
continued on next page).
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Table C.1: The used CO; emission of raw ingredients and the formulation of different binders, including sodium silicate-activated GGBFS-CFA blended binder [134],
sodium silicate and sodium hydroxide-activated CFA materials [278], Portland cement materials [279] and the sodium carbonate-WIFD activated GGBFS materials form this
work (* an exchange rate 0.92 of $ to € was applied).

Raw materials GGBFS CFA  CEMI sC SH Ss SF NS Water FA CA WIFD
emicsgzns 143 27 820 110 1915 1514 14 461 0.2 13.9 45.9
[280] [280] [281] [282] [134] [134] [283] [134] [284] [281] [281]
(kg-CO2ft)
Market Price* 40 20 104 98 94 364 237 941 0.6 17 20
(euroft) [285] [285] [284] [59] [284] [284] [283] [286] [284] [284] [284]
Formulation [134] 315 135 21 28 160 800 1000
of different ~ [134] 315 135 29 21.87 160 800 1000
binders [278] 408 4 103 26 647 1202
from -
literature [279] 340 170 1878
(kg/m®)
Formulation  S4R0.99 389 27 18 270 800 1000 43
from -
thisstudy ~ N4R0.99 389 27 18 270 800 1000 43
(kg/m3)

Note: GGBFS — ground granulated blast furnace slag, CFA — coal fly ash, CEM | — Cement | 42.5 N, SC — sodium carbonate, SH — sodium hydroxide, SS — sodium silicate, SF
—silica fume, NS — nano-silica, FA — fine aggregate, CA — coarser aggregate, WIFD — waste incineration filter dust.
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Appendix D
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Fig. D.1: XRD pattern of the BBA and the residue BBA after 24 h reactive test in 8 M NaOH solution.
(Legend: 1- Quartz, 2- Calcite, 3- Lime, 4- Calcium titanium oxide, 5- Rutile, 6- Anhydrite, 7-
Microcline, 8- Gehlenite, 9- Hydrotalcite, 10- Portlandite).
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Fig. D.2: XRD pattern of the raw GBBA and the residue GBBA after the dissolution in distilled water.
(Legend: 1- Quartz, 2- Calcite, 3- Lime, 4- Calcium titanium oxide, 5- Rutile, 6- Anhydrite, 7-
Microcline, 8- Gehlenite).
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Table D.1:Minerals data used in this work for the XRD analysis.

Mineral compound #PDF-reference ICSD
Calcite CaCOs3 01-072-1937 020179
Hydrotalcite MgsAl,.CO3(OH)16 4H,0 01-089-0460 081963
Portlandite Ca(OH), 01-084-1271 202228
Quartz SiO, 01-070-2517 041447
Gehlenite Ca,Al(AISI)O; 01-089-5917 087144
Anhydrite CaSO. 01-072-0916 016382
Microcline K20-Al203:6Si02 01-087-1788 083532
Rutile TiO» 01-077-0442 039168
Mullite AlsgOg.6Si1.2 01-079-1275 066263
Calcium titanium oxide CaTiOs 01-076-2400 037263
Lime CaO 01-077-2010 060199
Sodium titanium silicate hydrate 01-088-0703 085003
Nay (TiO)4 (SiO4)3:6H.0

Hatrurite CasSiOs 01-086-0402 081100
Thenardite Na,SO4 01-070-1541 002895
Boehmite AIO(OH) 01-072-0359 015696
Bayerite Al(OH)3 01-074-1119 026830

Table D.2: The chemical composition of the GBBA and residue GBBA after the dissolution in distilled

water.

Oxide MgO AlLOsz SiO, P:0s SO; KO CaO TiO, Fe:0O;3 Others Mass

(%) ()
GBBA 25 75 496 12 26 21 171 32 26 43 20.0

Residue 2.3 7.6 499 12 06 16 142 33 27 44 18.9
Change 0.2 -0.1 -03 00 20 05 29 -01 -01 -0.1

Note: all the chemical composition of the residue GBBA is normalized with the unreacted GBBA. The
relatively low presence of negative numbers in changes can be attributed to sampling deviations.
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Appendix E

Equation y=a+bx Equation y=a+bx Equation y=a+bx
Plot RA-7d Plot RAL0-7d Plot RAL2-7d
Weight No Weighting Weight No Weighting Weight No Weighting
Intercept -5.10462 + 0.01906 Intercept -5.25746 + 0.02601 Intercept -5.54712 £ 0.01717
Slope 1.09567 £ 0.00728 Slope 1.20623 + 0.00994 Slope 1.18288 + 0.00656
Residual Sum of Squares 0.00144 Residual Sum of Squares 0.00268 Residual Sum of Squares 0.00117
Pearson's 0.99914 Pearson's 0.99868 Pearson’s 0.9994
R-Square (COD) 0.99628 R-Square (COD) 0.99736 R-Square (COD) 0.9988
Adj. R-Square 0.99824 Adj. R-Square 099729 Ad. R-Square 0.99877
Equation y=atbx Equation y=a+bx Equation y=a+bx
Plot RH-7d Plot RHL0-7d Plot RH1.2-7d
Weight No Weighting Weight No Weighting Weight No Weighting
Intercept -4.83800 £ 0.01898 Intercept -6.25961 £ 0.0262 Intercept -5.39768  0.01805
Slope 1.07946 £ 0.00725 Slope 1.16851 £ 0.01001 Siope 1.10078 * 0.0069
Residual Sum of Squares 000143 Residual Sum of Squares 0.00272 Residual Sum of Squares 0.00129
Pearson's 099912 Pearson's 1 0.99857 Pearson's 1 0.99924
R-Square (COD) 099824 R-Square (COD) 099715 R-Square (COD) 0.99847
Adj, R Square 09982 Adj. R-Square 0.99707 Adj. R-Square 0.99843
189 m RAr-7d ® RHr-7d
4 RAL0-7d v RHL1.0-7d
—~
14
< 2.2
=
c
-2.8 T T T T T T . T -
Equation y=a+bx Equation y=a+bx Equation y=a+bx
Plot RAr-28d Plot RAL0-28d Plot RA1.2-28d
Weight No Weighting Weight No Weighting Weight No Weighting
Intercept -4.99497 £ 0.06831 Intercept -5.38724 + 0.07384 Intercept -5.97322 + 0.09733
Slope 1.33126 £ 0.02612 Slope 1.29518 + 0.02823 Slope 1.44605 + 0.03721
Residual Sum of Squares 030733 Residual Sum of Squares 035906 Residual Sum of Squares 062389
Pearson's r 097022 Pearson's 1 0.96361 Pearson's 1 0.95033
R-Square (COD) 0.94132 R-Square (COD) 0.92855 R-Square (COD) 0.90313
Adj. R-Square 0.94096 Adi. R-Square 092811 Adi. R-Square 090253
Equation y=a+bx Equation y=a+bx Equation y=a+bx
Plot RHr-28d Plot RH1.0-28d Plot RH1.2-28d
Weight No Weighting Weight No Weighting weight No Weighting
Intercept -4.35522£ 005772 Intercept -5.33485 + 0.07068 Intercept -5.65758 £ 0.10097
Slope 117822+ 0.02206 Slope 1.27507 +0.02702 Slope 1.35311 £ 00386
Residual Sum of Squares 0.2194 Residual Sum of Squares 0.32898 Residual Sum of Squares 067141
Pearson's 1 097275 Pearson's 1 096892 Pearson's 1 0.93996
R-Square (COD) 094624 R-Square (COD) 09388 R-Square (COD) 088352
Adj. R-Square 094591 Adj. R-Square 093842 Adj. R-Square 088281
081 m RAr28d e RHr-28d
4 RA1.0-28d v RH1.0-28d
—~
ox
-1.6
[V
=
c
-2.8 T T T T T T T T T

2.4

2.6

2.7

2.8

2.9

Photon energy (ev)

(b)
Fig. E.1: The determination of Urbach energy of the (a) 7d and (b) 28d RAr, RHr, RA1.0, RH1.0,
RA1.2, and RH1.2 by linear fitting.
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Fig. E.2: The porosity of each type of pores in the 7d and 28d geopolymers RAr, RHr, RA1.0, RH1.0,
RAL.2 and RH1.2 (Note: no pores <10 nm are detected in all pastes according to MIP analysis).
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List of abbreviations

AAMs
AFm
AFt
APC
AAW
BA
BBA
BET
BFA
BJH
BOF
BSE
C-(A)-S-H
C.S
Cc
CFA
CH
ds0
DS
DSS
DTG
DTPA-5Na
EDIPA
EDTA
EDX
EU

FA
FAU
FGD
FT-IR
GBBA
GGBFS
GS

Hc
HDPE
HS

Ht

L/S
LDHs
LOI
LTA

Alkali-activated materials
Alumina-ferric oxide-mono Phase
Alumina-ferric oxide-tri Phase

Air pollution control

Aluminum anodizing waste

Bottom ash

Biomass bottom ash
Brunauer-Emmett-Teller

Biomass fly ash

Barrett — Joyner — Hallenda

Basic oxygen furnace

Backscattered electron

Calcium (aluminum) silicate hydrate
Dicalcium silicate

Calcite

Class F fly ash

Calcium hydroxide

Particle size corresponding to the cumulative frequency of 50%
Digestate sludge

Digested sewage sludge

Differential thermogravimetry
Pentasodium diethylenetriamine pentaacetate
Ethanol-diisopropanolamine
Ethylenediaminetetraacetic acid
Energy dispersive X-ray spectroscopy
European Union

Fly ash

Faujasite type zeolite X

Flue gas desulphurization

Fourier transform infrared spectroscopy
Ground biomass bottom ash

Ground granulated blast furnace slag
Geothermal silica
Hemicarbonaluminate

High-density polyethylene
Hydroxy-sodalite zeolite
Hydrotalcite

Liquid-to-Solid

Layered double hydroxides

Loss on ignition

Linde type A Zeolite

Mole per liter
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MIP
MK
MKG
Ms

MS
M-S-H
MSWI
MSWP
N-(A)-S-H
NC
NOx
NS
OPC
PCO
PDSS
Q-XRD
RH
RHA
RhB
SA
SEM
SF

SH
SQD
SS
TEM
TG
TPH
UDL
uv
w/b
WG
WIFA
WIFD
WWTPs
XRD
XRF

Mercury intrusion porosimetry
Metakaolin

Metakaolin-based geopolymers
Silicate modulus

Microsilica

Magnesium silicate hydrate
Municipal solid waste incineration
Municipal solid waste plant
Sodium (aluminum) silicate hydrate
Sodium carbonate

Nitrogen oxides

Nano-silica

Ordinary Portland cement
Photocatalytic oxidation
Pretreated digested sewage sludge
Quantitative X-ray diffraction
Relative humidity

Rice hull ash

Rhodamine B

sodium aluminate

Scanning Electron Microscope
Silica fume

Sodium hydroxide

Soil Quality Decree

Sodium silicate

Transmission electron microscope
Thermogravimetry

Thermal Pressure Hydrolysis
Under detect limitation
Ultraviolet

Water to binder ratio

Waterglass

Waste incineration fly ash

Waste Incineration Filter Dust
Wastewater treatment plants
X-ray diffraction

X-ray fluorescence
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Latin symbol

ao
ao”
atx
Ccl
Ci
Cwm
Cr

min
Mmix
M;
Mraw

Muc

Rx

Vi
We

WUC
Xd
Xr

Greek

S C© D ™ Q

Constant parameter in Eq. (7. 6)

Color value without UV irradiation

Color value of a* after t min of UV irradiation
Cumulative leachable capacity of an element in each mix
Concentration of an element (i) in the leachate
Amount of an element leached from the mix
Amount of an element leached from the raw materials
Diameter

Day

Immobilization efficiency of the element in each mix
Band gap energy

Urbach energy

Height of cylinder mold

Hour

Planck constant

Permeability of sealing materials

Mass of carbonated samples

Mass of dry material

Minute

Mass of mix

Mass of dry residual

Mass of raw materials

Total mass change

Mass of uncarbonated samples

Reflectance

Reactive content of element X

Vibration of the bond

Volume of the leachate

Moisture content from carbonated samples
Mass proportion of each ingredient in the mix
Moisture content from uncarbonated samples
Mass content of element X in dry material
Mass content of element X in dry residual

Kubelka-Munk optical absorption coefficient
Total CO; and bound water adsorption

Peak angle

Photon’s frequency

Color change efficiency
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