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Summary

Intending to reduce the environmental impact of the cement and concrete industry,
including reduction of CO, emissions as well as the consumption of substantial volumes
of raw materials and energy, alternative clinker making, partial replacement by artificial
aggregates and supplementary cementitious materials (SCMs), and fully replacement by
cement-free binder, can be the effective strategies. This thesis studies the structure of
calcium silicate hydrate (C-S-H) with magnesium which may come from low grade
limestone, explores the use of concrete waste as artificial aggregates or new
supplementary cementitious materials (SCMs) in blended Portland cement via
carbonation and develops BOF slag as a cement-free binder through chemical activation.

The first section of the thesis examines the structure of calcium silicate hydrate (C-S-H),
the main binding phase produced during Portland cement hydration. The alternative
clinker originated from low grade limestone may introduce significant amounts of
magnesium. Investigating the structural evolution of C-S-H in the presence of magnesium
provides fundamental insights into the hydration of new magnesium-rich cement.
Magnesium chloride hexahydrate, calcium oxide, and silica fume are used to prepare Mg2*
modified C-S-H. Results indicate that the mineralogical composition of synthesized C-S-H
is closely related to the initial concentration of Mg2+. Large additions of Mg2+ lead to C-S-
H instability, while magnesium can be incorporated into the C-S-H structure. A
heterogeneous distribution of elemental Mg in the C-S-H phase at the nanoscale is
observed.

The second section focuses on the application of waste concrete fines via carbonation. The
primary components of waste concrete powder are hydrated cement paste (HCP). This
study used laboratory-made cement paste instead of real demolished concrete to obtain
HCP, allowing better control over the chemical composition of the waste concrete fines by
eliminating the variability present in materials recovered from demolished structures. By
combining cold-bonding technology with carbonation curing, artificial lightweight
aggregates (LWASs) can be produced from HCP with low energy consumption. Both CEM I
52.5 R and CEM III/A 52.5 N were chosen as starting materials because the hydration
products of CEM I and CEM III differ, especially in the amount of portlandite. A
comparative study was conducted to determine the effects of portlandite on aggregate
production under carbonation curing. The results show that the optimal carbonation
periods can be determined based on varying amounts of portlandite. HCP I-type
aggregates achieved 3.14 MPa strength after 7 days of carbonation and contained 35.60
wt.% calcium carbonates. The remaining 13.95 wt.% portlandite indicated significant
potential for increasing strength and COz capture capacity through optimized carbonation
curing. Conversely, HCP IlI-type aggregates reached 2.97 MPa after 1 day of carbonation,
with further carbonation decomposing C-S-H and leading to the formation of calcite and
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amorphous silica gel, significantly increasing the specific surface area (from 10.69 to
42.96 m?/g). These results provide a low carbon footprint and sustainable method for
HCP powder application and LWAs production. In addition to preparing aggregates, using
waste concrete fines as ingredients in building materials is also explored. To investigate
the effects of semi-dry carbonation on recycled concrete fines containing supplementary
cementitious materials (SCMs) in new concrete production, recycled blended cement
paste powders (RBCPs) containing granulated blast furnace slag (GBS), fly ash (FA), or
recycled glass powder (RGP) were prepared in the lab. The performance of mortars
produced from carbonated recycled blended cement paste powder (C-RBCPs) and RBCP-
blended cement is evaluated. C-RBCPs exhibit superior performance in workability and
mechanical properties compared to carbonated OPC powder. The RBCPs show a lower
carbonation degree (less than 53.4%) and COz uptake than neat Portland cement samples
due to the lower availability of Ca in the blended cement after incorporating GBS, FA, and
RGP. Calcite, aragonite, and vaterite, the main carbonation products, are observed in C-
RBCPs. The type of SCMs significantly influences the polymorphs of calcium carbonate
and the reactivity of C-RBCPs in blended cement mortars.

The third section moves towards developing alternative binders using the by-product
BOF slag via chemical activation. This includes investigating and optimizing the addition
of phosphates to the BOF slag system, understanding the mechanisms by which
phosphates affect BOF slag hydration and applying phosphate-activated steel slag to
control vanadium leaching. To prepare a Portland cement-free BOF slag binder, the
activation of C2S and C2(A,F) is emphasized because BOF slag is rich in these phases (>50
wt.%) and the RO phase is quite inert. Phosphates interact strongly with iron, aluminum,
and calcium through ligand exchange, precipitation, and coprecipitation, facilitating
phosphate fixation, which are key constituents of BOF slag. Therefore, phosphate can be
a promising activator to synergistically activate C2S and Cz(A,F). This study shows that the
addition of phosphate promotes the dissolution and hydration of C2S and Cz(AF),
enhancing mechanical properties. The main hydration products include pyroaurite,
hydrotalcite, hydrogarnet, C-S-H gel, and hydroxyapatite. The high reaction degree with
phosphate addition has been confirmed by comprehensive analytic methods. However,
the hydration kinetics of BOF slag pastes strongly depend on the initial pH of the added
phosphates. Low pH (pH<9) retards hydration with an equal amount of phosphate,
prolonging the induction period to 23 days. Conversely, higher pH (pH>12) accelerates
early-stage hydration and enhances the overall hydration extent of C2S and Cz(A,F),
thereby producing more hydration products and exhibiting better mechanical
performance. The use of BOF slag as a building material is restricted by its leaching
performance. The leaching behavior, which is pH-controlled, becomes more severe after
weathering, such as when the slag reacts with water and CO2. The leaching behavior of
phosphate activated BOF slag pastes is evaluated before and after carbonation. Results
show that phosphate can maintain a stable high pH during carbonation. The noticeable
pH decreases in reference samples (BOF slag mixed with water) from 12.6 to 11.4
contrasts with the slight drop in pH from 13.2 to 13.0 in phosphate-containing samples.
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High pH can lower or inhibit the overall carbonation of hydration products like
portlandite, the dissolution of which is a key step in the carbonation of hydration products.
The leaching of phosphate activated BOF slag pastes after carbonation meets legislative
requirements.
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CHAPTER 1

1 . Introduction

1.1. Background and motivation

Concrete is widely used in significant volumes because of its unique features of low cost,
abundance, strength, robustness, and durability etc. For these reasons it has and will
continue to be the foundation of society. Growth in societal need for cement and concrete
is expected due to population growth and urbanization. According to a forecast by the
Global Cement and Concrete Association (GCCA), the global demand for concrete is
expected to increase from the current 14.0 billion m? to approximately 20 billion m* by
2050 [1]. This increase in cement and concrete demand is projected to result in 3.8 Gt of
CO; emissions as well as the consumption of substantial volumes of raw materials and
energy, assuming current practices remain unchanged [1].
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Fig. 1.1 The net zero pathway by GCCA [1].



Clinker, the primary constituent of cement, is produced by heating a mix of limestone and
other minerals in a kiln at approximately 1450 °C, transforming them into complex
reactive minerals. This process requires a lot of raw materials and energy, and generates
significant CO, emissions, primarily from two sources: the heated limestone itself
(approximately 60%) and the combustion of fuels used in the cement kiln and other plant
processes (approximately 40%) [1].

To reduce the environmental impact across the entire life cycle of cement and concrete,
various strategies are being pursued, as shown in Fig. 1.1. Given that clinker production
is a major source of CO, emissions, energy use and natural materials consumption, the
cement industry is increasingly focusing on minimizing and optimizing clinker use.
Effective strategies to reduce the environmental impact include alternative clinker
production using low-grade limestone, partial replacement of clinker with SCMs, and the
full replacement of clinker with cement-free binders, which represents a promising
avenue for sustainable construction. Additionally, the replacement of natural aggregates
with artificial aggregates originated from industrial wastes can also minimize the
environmental impact. It is important to note that different industrial wastes have varying
chemical and mineralogical compositions, and therefore, different disposal and
valorization strategies must be selectively applied to maximize their potential as
sustainable construction materials.

Generally, this thesis investigates several key areas: it examines the structure of calcium
silicate hydrate (C-S-H) when modified by magnesium, which may be introduced through
the use of low-grade limestone for alternative clinker production; it explores the
valorization of concrete waste by using it as artificial aggregates or new SCMs in blended
Portland cement through carbonation; and more radically, it develops basic oxygen
furnace (BOF) slag as a cement-free binder through chemical activation. The detailed
background and motivation of using different industrial solid wastes are presented below.

o Alternative clinker production using low-grade limestone

High-grade limestone, essential for traditional cement production, is not abundant in all
regions. As a result, alternative carbonate sources with higher magnesium content have
become the focus of ongoing research [2]. Additionally, the production of MgO requires a
lower temperature compared to the calcination of CaCO3 in Portland cement production.
This leads to significant energy savings and reduced CO, emissions, positioning
magnesium-based cement as a promising eco-friendly alternative [3]. Often referred to as
"carbon-neutral” cement, magnesium-based cement has the potential to absorb nearly as
much CO; during its service life as is emitted during its production [4].

However, direct replacement of CaO with MgO in Portland cement production is not
feasible due to significant differences in their chemical behavior and phase formation, as
illustrated in Fig. 1.2. The respective (MgO, Ca0)-Si0,-Al,03 ternary phase diagrams
reveal some magnesium silicate phases forming at elevated temperatures. However, they
do not exhibit the hydraulic properties characteristic of the calcium-rich phases in the
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Ca0-Si0,-Al,05 system [3,5]. Key hydraulic phases in Portland cement, such as Ca,SiO,,
Ca3Si0s, and Ca3Al,; 0, are not replicated in magnesium-dominant regions, underscoring
the challenges of directly substituting CaO with MgO [3,5].

Si0,

Mgo = 1985 Al,0,

Al,O,

] C‘a
20, 64’203

Fig. 1.2 Ternary phase diagrams in units of weight percent ((MgO, Ca0)- SiO2-Al203
system) [3].



Given these challenges, it is clear that directly substituting CaO with MgO in clinker
production will not yield the desired hydraulic properties. As a result, the focus has
shifted towards understanding the effect of magnesium on the structure and chemical
composition of calcium silicate hydrate (C-S-H), the primary hydration product of
Portland cement. C-S-H plays a pivotal role in the material’s binding capacity, and any
modifications induced by the presence of magnesium ions warrant intensive investigation.

e Valorization of waste concrete powder

Besides, one common strategy to optimize clinker use and reduce COz emissions is to
incorporate supplementary cementitious materials (SCMs). Currently, widely used by-
products such as fly ash (FA) and ground granulated blast furnace slag (GBS) are highly
valued in the market due to their excellent properties and limited availability. To further
enhance this approach, there is potential in utilizing currently unused by-products.

Waste concrete powder can be the alternative SCMs for clinker replacement instead of
commonly used FA and GBS. Cities are facing the renewal of buildings, roads, and
infrastructure due to urbanization and development, leading to the demolition of many
old concrete structures and generating over 4 billion m? of solid waste annually [6].
Developed recycling technologies can effectively extract steel, bricks, and natural
aggregates for reuse in new concrete structures, and thus leave 10-20% of fine concrete
waste powder [7,8]. The main component in waste powder is hydrated cement paste (HCP)
but the exact composition can depend on the crushing and heating methods used to
recycle concrete [9-12]. However, the presence of HCP in recycled concrete significantly
affects the performance of recycled concrete materials [13]. The porous structure of
cement hydration products often results in poor workability of fresh recycled concrete
mixtures [14]. Furthermore, C-(A)-S-H, calcium hydroxide, and other hydrates in concrete
wastes exhibit very limited reactivity, negatively impacting the microstructure and
mechanical performance of new concrete [15,16]. These properties of hydrated cement
waste strictly limit the high-end utilization of recycled concrete wastes, resulting in a low
recycling rate of less than 40% in many countries [17].

In addition to neat Portland cement, blended cement is produced by mixing
supplementary cementitious materials (SCMs) with ordinary Portland cement clinker,
typically with a replacement ratio of 30-60% by mass [18,19]. These blended cements
often exhibit superior performance compared to traditional cement and concrete [20-22].
For instance, granulated blast furnace slag (GBS) blended cement concrete demonstrates
excellent resistance to ion penetration, extending the service life of buildings in coastal or
saline environments [23,24]. The use of coal fly ash (FA) in blended cement concrete
effectively reduces the heat release during hydration, helping to prevent the formation of
cracks due to internal temperature loads [10,25]. Additionally, recycled glass powder
(RGP) has been extensively studied as a new SCM candidate due to its ability to modify
the microstructure of cement composites [26,27].



The application of these blended cements has gained a mature market presence because
it effectively reduces the CO, emissions associated with buildings and construction.
Consequently, the valorization of concrete wastes should consider the influence of these
various SCMs to maximize environmental and performance benefits [28].

e High-end application of BOF slag

Moreover, the development of cement (clinker)-free binders based on industrial by-
products offers a promising alternative to conventional cement. This strategy not only
reduces cement usage but also alleviates land pressure from temporary storage and adds
value to industrial waste.

Steel slags, by-products of steel manufacturing, are produced in substantial quantities
annually and should be considered a green resource. Modern steels can be broadly
categorized into four types: carbon, alloy, stainless, and tool steels. Steel is produced
either in a basic oxygen furnace (BOF) or an electric arc furnace (EAF) and then refined in
a ladle furnace (LF) to achieve its compositional specifications [29-31]. During steel
manufacturing, large quantities of steel slag are produced, amounting to about 15-20% of
the total mass of steel output (Fig. 1.3). The compositions of steel slags are highly variable
and are generally classified into BOF slag, EAF slag, and LF slag [29-31]. Annual global
steel production is currently approximately 1,732 million tons and is projected to
increase to around 2,000 million tons by the next decade [30]. This increase is expected
to generate approximately 237-275 million tons of steel slag per year [30]. About 70% of
total steel slag production comes from BOF slag, generated from refining molten pig iron
into crude steel in the basic oxygen furnace process, also known as the Linz-Donawitz
steelmaking process [29,32-35]. The valorization of this substantial amount of BOF slag
is both essential and critical.

Ironmaking process Steelmaking process Scrap,
HBI,
‘ | Sponge iron
Blast BOF EAF
Furnace Slag Slag
Molten
steel
Basic oxygen Electric Arc
furnace - furnace
BF Slag Molten_
iron
Ladle
Slag

Refined molten
steel

Ladle Furnace

Fig. 1.3 Generation of various slags from the steel industry [30].

The annual production of BOF slag in Europe is approximately 10 million tons [34,35].
However, a significant portion of BOF slag, around 27.6% of the total mass, is currently
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landfilled or temporarily stored [35], leading to environmental pollution and landscape
degradation [36,37]. Moreover, BOF slag is predominantly utilized for low-end
applications, such as road construction aggregates and backfill materials [35,38], which
do not fully exploit its potential. Utilizing BOF slag as a binder constituent offers a
promising alternative to conventional cement, promoting both valorization and
sustainability.

BOF slag typically exhibits high concentrations of CaO and Fe203 (30-50 wt.%), with lesser
amounts of SiOz and MgO (10-20 wt.%), alongside minor oxides such as MnO, Al203, P20s,
and TiO2 (2-5 wt.%) [32]. Its mineral composition includes Cz2S, C2(A,F), and an RO phase
(a solid solution of CaO0-FeO-MgO-MnO, crystallized in a wuestite structure), with
negligible C3S content [31,39]. This mineral assemblage makes BOF slag a promising
substitute for Portland cement in cementitious applications. However, its hydraulic
activity is limited due to impurities in C2S and the elevated iron content in C2(A,F) [40-
42]. Additionally, contamination with heavy metals, particularly vanadium and chromium,
poses challenges to its use as a binder constituent [29,36].

Extensive studies on BOF slag blended cements with replacement levels below 30 wt.%
indicate that, compared to Portland cement, the addition of BOF slag results in a
prolonged induction period and delayed setting time [29,40-43]. This delay is due to the
slowed depletion of gypsum, reduced formation of ettringite, and significant inhibition of
the precipitation of portlandite and calcium silicate hydrate (C-S-H) gel [44,45].
Consequently, the amount of BOF slag used as supplementary cementitious materials
(SCMs) in Portland cement must be strictly limited to achieve performance comparable
to that of standard cement. Therefore, the development of a cement-free BOF slag binder
warrants more attention than its use as an SCM like ground granulated blast furnace slag
(GBS) or fly ash (FA) in conventional cement.

1.2. Scopes and objectives

Intending to reduce the environmental impact of the cement and concrete industry, this
thesis has three primary objectives. First, it focuses on understanding the structure of
calcium silicate hydrate (C-S-H) in the presence of Mg. Second, it explores the application
of concrete waste as artificial aggregates and new supplementary cementitious materials
(SCMs). Finally, it proposes the design of new alternative binders using basic oxygen
furnace (BOF) slag. These objectives are addressed through the following topics:

e Investigation into the effects of magnesium on calcium silicate hydrate (C-S-H)
structure

Calcium silicate hydrate (C-S-H) gel is the primary binding phase formed during Portland
cement hydration, characterized by its poorly crystalline structure and variable
composition [46-50]. The presence of various ions can modify the structure and chemical
composition of C-S-H phases during hydration [51-55]. The alternative clinker originated
from low grade limestone may introduce significant amounts of magnesium. Investigating
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the structural evolution of C-S-H in the presence of magnesium provides fundamental
insights into the hydration of new magnesium-based cement. This study explores the CaO-
Si0,-H,0 system containing Mg?* by mixing calcium oxide, silica fume, and magnesium
chloride solution. The structural features of Mg?* modified C-S-H and the potential
incorporation of Mg into the C-S-H structure were examined.

e Production of artificial LWAs and new SCMs

Recent years have seen the introduction of carbonation treatment in the recycling of
concrete wastes, resulting in notable improvements in reducing water demand,
densifying microstructure, and enhancing mechanical behavior [56,57]. Using laboratory-
made cement pastes instead of actual demolished concrete to obtain hydrated cement
paste (HCP) powder allows for better control over the chemical composition of the waste
powder, eliminating the variability associated with recovered demolished materials. The
valorization of HCP was divided into two parts, including production of lightweight
aggregates (LWAs) as the alternative aggregates for concrete and development of new
SCMs to replace cement.

The first part aims to produce lightweight aggregates (LWAs) by combining cold-bonding
technology and carbonation treatment. Researchers typically focus on HCP powder from
CEM I, which contains few supplementary cementitious materials (SCMs), although CEM
III is also widely used and deserves more attention in LWA production. Consequently,
both CEM 152.5 Rand CEM III/A 52.5 N were selected as starting materials. A comparative
study was conducted to evaluate the properties of artificial LWAs derived from HCP I and
HCP III under carbonation curing. Additionally, silica fume was added to produce LWAs
under normal curing to assess its potential pozzolanic properties, given the high residual
portlandite content. The study investigated the mechanical performance and
microstructural evolution of artificial LWAs.

The second part aims to produce alternative SCMs from different hydrated blended
cements with GBS, FA, and RGP. The carbonation products, reactivity, and leaching
properties of blended cements and neat cement after carbonation treatment were
comprehensively compared. Furthermore, as new SCMs, carbonated blended cement and
neat cement were examined for their effects on hydration kinetics, hydration products,
mechanical performance, and sustainability efficiency. These aspects were thoroughly
investigated and discussed.

e Development of cement free binder

In this part, an alternative BOF binder is developed to fully replace Portland cement.
Unlike hydrated cement pastes, BOF slag has hydraulic properties due to the significant
presence of brownmillerite and belite. To harness this potential, appropriate additives are
needed to activate brownmillerite and belite, whose reactivity is otherwise limited by
impurities and high iron content [40-42]. Phosphates are known to interact strongly with
iron, aluminum, and calcium through ligand exchange, precipitation, and coprecipitation,



facilitating phosphate fixation [58,59]. Thus, phosphates were selected as additives to
enhance the hydration of BOF slag to activate both belite and brownmillerite.

The initial evaluation focuses on the feasibility of using monopotassium phosphates (MKP)
as a novel activator for cement-free BOF slag binding materials. This involved
investigating the microstructure and strength development of BOF slag pastes with
varying MKP dosages.

BOF slag contains heavy metals, including vanadium (V), chromium (Cr), and
molybdenum (Mo), whose leachability affects the industrial applicability of slag-based
building products. Although heavy metal ions are generally stable in the BOF slag matrix,
carbonation can reactivate their leaching. Notably, the leaching of heavy metals,
particularly vanadium, can increase significantly, potentially exceeding legal thresholds
in the Dutch one-batch leaching test. Consequently, further work focuses on the leaching
behavior of dipotassium phosphate (DKP)-activated BOF slag before and after
carbonation.

Additionally, differences in the hydration behavior of BOF slag with acidic versus alkaline
phosphates were observed. Building on previous research, reactions between BOF slag
and phosphate are studied across a pH range of 4.2 to 12.8, considering factors such as
reaction extent, product identification, heat release, and pore structure.

1.3. Outline of the thesis

The research framework is illustrated in Fig. 1.4, and the contents of each chapter are
summarized as follows:

Chapter 2 explores the impact of varying Mg®* concentrations on the formation of C-S-H
phases through simplified synthesis conducted at elevated temperatures and ambient
pressure. This chapter characterizes both solid and liquid phase of C-S-H synthesis to
investigate the structural modifications induced by Mg?* and magnitude of incorporation
into the C-S-H structure.

Chapter 3 examines the mechanisms behind the mechanical performance and
microstructural development of artificial aggregates produced from hydrated cement
paste (HCP) powder. This chapter presents a comparative study on the effects of
portlandite content in CEM I and CEM III on aggregate production under carbonation
curing and evaluates its potential pozzolanic properties with the addition of silica fume
(SF). The study investigates the mechanical properties, reaction products, and
microstructure using techniques such as X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR) to understand the re-cementation effects of carbonation and
pozzolanic reactions inside these lightweight aggregates (LWAs).

Chapter 4 assesses the role of mixed ground granulated blast furnace slag (GBS), coal fly
ash (FA), and recycled glass powder (RGP) in the recyclability of hydrated blended cement
composites compared to neat hydrated Portland cement. This chapter utilizes semi-dry
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carbonation to recycle and apply hydrated cement with or without GBS, FA, and RGP as
new supplementary cementitious materials (SCMs). It analyzes hydration Kkinetics,
hydration products, mechanical performance, and sustainability efficiency of mortars
produced with these new SCMs.
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Fig. 1.4 Outline of this thesis.

Chapter 5 introduces a novel approach to utilize BOF slag as a cement-free binder in
combination with monopotassium phosphate (MKP). This chapter evaluates the
activation of BOF slag with low MKP additions at ambient temperature. It employs a
comprehensive multi-technique approach, including QXRD, SEM/EDX, and phase
mapping with PARC software, to analyze the microstructure and strength development of
BOF slag pastes with varying MKP dosages below 10 wt.%.

Chapter 6 addresses the leaching of heavy metals, including vanadium (V), chromium
(Cr), and molybdenum (Mo), in BOF slag before and after accelerated carbonation. The
chapter examines the carbonation behaviors of both reference and dipotassium
phosphate (DKP)-activated BOF slag samples, focusing on differences in mineralogical
composition, pH, carbonation depth, and porosity.

Chapter 7 builds on previous research by studying the reactions between BOF slag and
phosphates across a pH range of 4.2 to 12.8, highlighting the critical role of pH in
phosphate additives. A comprehensive multi-technique approach is employed to
elucidate the effects of acidic and alkaline phosphates on hydration Kkinetics,
microstructure, and strength development, including early-stage dissolution, reaction
extent, product identification, heat release, and pore structure.

Chapter 8 presents the overall conclusions of the research and provides
recommendations for future studies.
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CHAPTER 2

2. Effects of soluble magnesium on the structure of calcium

silicate hydrate

This chapter aims to investigate the impact of soluble magnesium on the structure of C-S-
H formed at elevated temperature. Magnesium chloride hexahydrate, calcium oxide and
silica fume were used in the preparation of Mg2+ modified C-S-H. The obtained solid and
liquid phases from C-S-H synthesis were characterized with XRD, FTIR, TGA, etc. to
investigate the structural features of Mg?* modified C-S-H. Results show that the
mineralogical compositions of the synthesized C-S-H are highly related to the initial
concentration of Mg2*. Large additions of Mg2* lead to the instability of C-S-H. Meanwhile,
magnesium can be incorporated into the structure of C-S-H. A heterogenous distribution
of elemental Mg in C-S-H phase on nanoscale is observed.

This chapter is reproduced from: Y. Tang, K. Schollbach, H.J.H. Brouwers, W. Chen, Effects of soluble
magnesium on the structure of calcium silicate hydrate, Constr. Build. Mater. 302 (2021) 124402.
https://doi.org/10.1016/j.conbuildmat.2021.124402.
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2.1. Introduction

Calcium silicate hydrate (C-S-H) gel is the main binding phase produced by Portland
cement hydration, which has a poorly crystalline structure with a variable composition
[46-50]. With the presence of minor ions, the structure and chemical composition of C-S-
H phases can be modified during the hydration of Portland cement. The impact of CI-, SO42-,
Na*, etc. ions on the structure of C-S-H phases has been discussed intensively in recent
literature [51-55].

Magnesium is also a common element from dolomite as well as seawater and
groundwater, and researchers have paid much attention to the effects of magnesium oxide
(MgO) on C-S-H phases. It has been reported that addition of MgO has little effect on the
structure of C-S-H gels synthesized with low Ca0/SiOz molar ratio under hydrothermal
conditions [60]. The formation of pure magnesium silicate hydrates (M-S-H) is only
detected for the lowest Ca0/SiO2 molar ratio (0.66) while magnesium ions are suggested
to be incorporated into four-fold coordinated sites of C-S-H gel with the highest Ca0/SiO2
molar ratio (1.8) [60]. The magnesium ions might be incorporated into the octahedral
sites in the interlayer space of the dreierketten pattern or the gap of the Q2 silicon
tetrahedron as tetrahedral magnesium, which is largely determined by the Ca0/SiOz ratio
[61]. In addition, Tobermorite bears great resemblance to poorly-crystalline C-S-H phases
originating from Portland cement hydration, providing a crystalline model structure for
the investigation of interactions between C-S-H phases and other ions [62,63]. Mg-
Tobermorite (Cas.36Mgo.6Sis.02(OH)2:4H20) can be successfully synthesized in the MgO-
Ca0-Si02-Hz20 system at 180 °C, where the extent of MgO contained in Tobermorite is
enarly constant if the MgO/CaO molar ratio is varied from 0.2 to 1.0 [64]. Other
researchers [62] found the substitution of magnesium for calcium to occur under
hydrothermal conditions where MgO replaces 2 mol% of CaO and SiOz. In XRD analysis,
Mg-Tobermorite shows a smaller full width at half maximum (FWHM) and a higher
relative intensity of (0 0 2) peak compared to pure Tobermorite indicating an increase of
crystallinity. Magnesium elevates the silicate chains polymerization and increases the
chain cross-linkage, as a result of the reduction in cation exchange capacity [62].

In contrast with the hydrothermal treatment, the addition of MgO to the Ca0-SiO2-H20
system at room temperature facilitates the formation of brucite and C-S-H phases. The
elevated MgO content leads to an increase of the Ca/Si ratio in C-S-H and shorter silicate
chains [65]. The incorporation of Mg ions into the C-S-H is strongly limited by the low
solubility of brucite at room temperature and the subsequent low concentration of
magnesium in the solution [66,67]. Obviously, the concentration of Mg that can interact
with C-S-H is crucial for the formation of C-S-H phases incorporating Mg.

The use of soluble magnesium salts such as magnesium chloride instead of MgO for
synthesis could elevate the concentration of Mg2+. However, the effect of soluble
magnesium salts on the structure and chemical composition of C-S-H has been seldomly
reported and deserves greater attention. Tobermorite hydrothermally synthesized with
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soluble Mg takes up a maximum of 3.5 wt.% of Mg2* after immersion in a solution with an
initial concentration of 100-1000 ppm in Mg2* [68]. In general, the uptake of Mg in C-S-H
appears to be the joint effects of reversible ion exchange on broken bonds and outer
planar surfaces and irreversible reaction of Mg2+ with the calcium silicates which leads to
release of Ca%* [68]. However, other researchers state that immersing C-S-H into Mg2+
solutions at room temperature leads to the formation of brucite and that it is only possible
to form M-S-H with a high initial Mg2* concentration, making the incorporation of Mg2+
essentially impossible as the dissolution of brucite is very slow at room temperature [65].

For the purpose of figuring out whether the soluble magnesium salts can interact with C-
S-H phases, the current study investigates the role of different concentrations of Mg+ on
the formation of C-S-H phases using a simplified synthesis at elevated temperatures and
ambient pressure. The Ca0-SiO2-H20 system containing Mg?+ was investigated via mixing
calcium oxide, silica fume and magnesium chlorides solution at the elevated reaction
temperature (80 °C) for 24 hours. The obtained solid and liquid samples of synthetic C-S-
H were characterized to investigate the structural features of Mg2* modified C-S-H and the
possibility of Mg incorporation into the structure of C-S-H.

2.2. Materials and experiments

2.2.1. Materials

Magnesium chloride hexahydrate (MgClz:6H20, 99.5%, ACROS ORGANICS), calcium oxide
(Ca0, VWR CHEMICALS) and silica fume (SiOz, Sipernat 50S, chemically prepared) were
used. CaO was calcined at 750 °C for 5 hours to remove potential CO32- and -OH groups.

2.2.2. Experiments

The reference C-S-H was synthesized following the routine reported in literature [69]
with a Ca/Si molar ratio of 0.83 (4.648g Ca0, 6g SiO2) and sufficiently deionized water
(200 ml) in an oil bath at 80 °C with a stirring rate of 700 rpm, benefiting the formation of
Tobermorite-like C-S-H [49,70]. Different Mg/Si molar ratios (0.05, 0.15, 0.30, 0.45) were
used while preparing the Mg?* modified C-S-H with a fixed Ca/Si molar ratio of 0.83. The
samples are labelled according to the nominal Mg/Si molar ratios of the samples, i.e., MO,
MO0.05, M0.15, M0.30 and M0.45, respectively, as shown in Table 2.1.

Solutions with different Mg2+ concentration (0.025, 0.075, 0.150, 0.225 mol-1'1) were
prepared with MgClz-6H20 in volumetric flasks. 200 ml deionized water or prepared Mg?+
solution was added with CaO and silica fume powder. The amount of solution is
determined by ensuring sufficient water for dissolution and reaction [71]. The samples
were synthesized in conical flasks equipped with a condenser pipe, which was used to
prevent water loss due to evaporation. The entire system was well sealed with glass
stoppers to minimize CO2 contamination. All samples were matured in an oil bath at 80 °C
with a stirring rate of 700 rpm. After reaction for 24 hours, suspension of C-S-H was
obtained. All suspensions were vacuum filtered with 0.45 pm Nylon filter after 24 hours
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reaction. The residues were rinsed with 50 ml 94% ethanol solution to terminate
hydration and then 50 ml deionized water to remove adsorbed ions from the particle
surface as much as possible. The volume of filtrate was determined with graduated
cylinder after cooling down to 20 °C and preserved in a vacuum container before Ion
Chromatography (IC) testing. The obtained solids were vacuum dried at 40 °C until the
weight of solid samples was constant. The solids were weighed and then ground in an
agate mortar by hand. All samples were stored in desiccators, using a drying agent (CaClz
pellets) and sodium hydroxide pellets as COz trap.

Table 2.1 Mix proportions.

Mg/Si Weight/g Deionized Mgz Mgz
molagr ratio Sample water solution concentratio
Ca0 Si0; volume,/ml volume/ml n/mol 11
0 MO 4.648 6 200 -
0.05 MO0.05 4.648 6 - 200 0.025
0.15 MO0.15 4.648 6 - 200 0.075
0.30 MO0.30 4.648 6 - 200 0.150
0.45 MO0.45 4.648 6 - 200 0.225

2.2.3. Analysis techniques

The reaction products were analyzed with X-ray diffraction (XRD, Bruker D2 PHASER)
with a Co tube (A =1.79 A, 20KkV, 10 mA), between the scanning range from 10 to 70 °26,
with a step of 0.02° and 1 s/step measuring time. A further set of samples was prepared
to perform quantitative phase analysis with the Rietveld method [72]. For the
quantification of the amorphous and crystalline content, 10 wt.% of Si (Siltronix, France)
was added into the sample as an internal standard with a relative error below 5 %
following literature [73]. The quantification was carried out with the software TOPAS 4.2
from Bruker Corporation [74]. The synthesized C-S-H is a nanostructural material with
low crystallinity. In order to quantify it, the CSH 1 (Ca/Si = 1) structure from Battocchio
et al. [72] was used, which is based on Tobermorite due to the low crystallinity the
synthesized C-S-H appears partially X-ray amorphous. Therefore, the quantified CSH 1
and the amorphous content can be regarded as the same phase. It is possible that the
amorphous content also contains other phases, such as amorphous silica, that the XRD
cannot distinguish, however there is no indication this is the case based on the other
analytical methods.

Fourier transform infrared spectroscopy (FTIR) spectra of samples were collected using
a Varian 3100FTIR Spectrometer. All spectra were obtained with 20 scans per spectrum.
The scanning electron microscopy (SEM) analysis was performed using a Phenom ProX
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scanning electron microscope to observe the surface and morphology of solid samples.
Transmission electron microscope (TEM) images were obtained with JEM 2100F
microscope at 200Kev after powder samples were ultrasonically dispersed in ethanol for
one minute. The suspensions were deposited on a copper holder for TEM imaging.
Chemical analysis was performed with energy dispersive spectrometry (EDS) with an
EDAX Elite T detector. Nitrogen sorption analysis was performed using a Brunauer-
Emmett-Teller (BET) specific surface area and porosity instrument (TriStar II 3020,
Micrometrics). The surface area was calculated with the Brunauer-Emmett-Teller method
[75] using the adsorption branch. The pore size distribution (from 1 nm to 50 nm ) was
determined with the Barrett-Joyner-Hallenda method [76,77] from the adsorption
branch. Thermogravimetric analyses (TGA) were done on ground powder (10~20 mg)
using a heating rate of 10 °C/min from 40-1000 °C in nitrogen atmosphere (gas flow rate
= 20 ml/min) with a STA 449 F1 instrument (Netzsch). The amount of Mg in form of
Brucite was quantified from the water loss around 330-420 °C, which was determined
with derived thermogravimetric analysis (DTG) and calculated according to:

__ Water losspyycite

Wug in Brucite = X Mpyg X 100% 2.1)

MHu,0

where Wy g in Brucite COrresponds to the magnesium amount in the total mass fraction,
My, 0 is molar mass of the water, equal to 18.02 g/mol, My, is the molar mass of Mg, equal
to 24.31 g/mol.

The pH values of the initial solution and the filtrate were tested at ambient temperature
with a VOLTCRAFT PH-100ATC pH meter. The pH values were determined three times
respectively and the mean is given. The initial concentrations of Mg?* and Cl- in the
magnesium chloride solution and the concentrations of Mgz and Cl-in the filtrates were
determined with a Thermo Scientific Dionex ICS-1100 ion chromatography (IC) system,
respectively. All liquid samples were undiluted or diluted by a factor of 10. Independent
measurements of solutions with known compositions indicated a measurement error <
10%. All concentrations have been determined three times respectively and the mean is
given.

The amount of Mg taken up in C-S-H was calculated with:

MMg inCSH = Clnitial X Vlnitial - CFiltrate X VFiltrate - WMg in Brucite X MTotal (2'2)

where My in csy corresponds to the mass in g of Mg which was incorporated into C-S-H

structure. Cipitiar and Crijerare Were determined with IC test, in mg-1%. Vi,iriqr and Viiierate
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in ml were measured at ambient temperature with a graduated cylinder. My, in mg was
determined immediately after solid samples were vacuum dried and cooled down.

2.3. Results and discussion

2.3.1. Phase identification

Fig. 2.1 shows the XRD patterns of the Mg2* modified C-S-H samples. The wide diffraction
peaks of the reference C-S-H (MO Sample) at 19.4, 34.0, 37.3, 58.7 and 64.8 °26 are
attributed to a poorly-crystalline C-S-H phase CSH 1 reported in [72]. Calcite is also
present in small amounts as the sample has become slightly carbonated during sample
preparation. It has a peak ataround 34 °26, which is also the main peak of the C-S-H phase,
making it difficult to see. The XRD patterns of samples synthesized with Mg2+ solution
show the Bragg diffraction peaks in the same positions as the reference C-S-H. The
intensity of CSH 1 peaks decreases with the increase of the initial Mg concentration due
to the increasing presence of brucite and decreasing crystallinity indicative of an
increasing amorphous content.
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Fig. 2.1 XRD pattern of Mg?* modified C-S-H samples (# = C-S-H, * = Brucite, C = Calcite).

The mineralogical compositions, which were quantified with the Rietveld method, are
presented in Table 2.2. The X-ray diffractograms of the synthesized C-S-H and the peak
fit calculated with TOPAS are shown in Fig. 2.2. The content of CSH 1 decreases from
63.88 % in the MO sample to 9.88 % in the M0.45 sample. Meanwhile, the amorphous
phase increases from 35.23 % to 74.46 %. The amount of brucite increases from 2.63 %
to 13.85 % with the elevation of the initial Mg?* concentration. The amount of calcite is
around 1 % in all samples, indicating that all samples were slightly carbonated. The
addition of Mg?* leads to the transformation of CSH 1 to amorphous phase. M0.05 sample
consists of 47.42 % CSH 1, 49.02 % amorphous phase and 2.63 % brucite. Comparing that
with the composition of MO sample, it can be concluded that even minor initial Mg2* input
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decreases the crystallinity of the C-S-H, which is reflected by the increase in amorphous
content in the XRD.

Table 2.2 Rietveld refinement results of Mg+ modified C-S-H samples.

Sample CSH1 Amorphous Brucite Calcite GOF Rexp Rwp
phase
[wt.%]

MO 63.9+£2.0 35.2+2.1 - 0.9+0.2 1.72 4.81 8.30
MO0.05 47.4+1.8 49.0£1.9 2.6%0.5 0.9+0.3 1.84 4.75 8.74
MO0.15 48.2+2.2 44.7+2.1 5.7£0.5 1.5+0.3 1.64 4.66 7.64
MO0.30 35.2+2.1 52.1+2.1 11.7+£0.3 1.0+0.3 1.63 4.44 7.24
MO0.45 9.9+1.2 74.5+1.2 13.9+0.3 0.7+0.2 1.58 4.26 6.71
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Fig. 2.2 Peak fit as calculated with TOPAS. Measured X-ray diffractogram of the synthesized
C-S-H (blue line) and (a) silicon (green line), (b) CSH 1 (pink line), (c) calcite (black line), (d)
brucite (pink line), (e) the calculated spectrum (red line).
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2.3.2. FT-IR analysis

The reference C-S-H sample (MO0) without Mg2* (Fig. 2.3) shows a OH stretching
vibrations at 3442 cm! and H-OH bending vibrations of molecular water at 1634 cm-.
Furthermore, the spectrum contains a Si-O-Si bending band at 670 cm and Si-O
stretching vibration bands at 970 cm! (Q? tetrahedra) and 830 cm! (Q! tetrahedra)
[65,71]. The bands at 443 cm™! correspond to the deformation of SiO4 tetrahedra form,
which are shown in all samples [78].

The spectra of samples containing magnesium show great similarities to that of reference
C-S-H, indicating that C-S-H remains the major reaction product with magnesium. Mg-OH
stretching vibration bands centered at approximately 3680 cm! are associated with the
formation of brucite, whose intensity increases with increasing Mg content. The small
shift from 830 cm! to 870 cm occurs when the Mg/Si ratio is elevated to 0.30. The shifts
towards higher frequency can be attributed to a lower Ca/Si ratio of the C-S-H [78]. The
band at 670 cm! disappears gradually with increasing Mg content, consistent with
decreased ordering with increasing cross-linking of the silicate chains [78]. Thus, the
reference C-S-H sample is the most ordered, corresponding to the XRD results where the
MO sample contains the least amount of X-ray amorphous phase. The Si-O band at 970 cm-
1 becomes broader with increasing Mg content and the shoulder at 1030 cm-! is only
observed in the M0.45 sample. This difference reflects its higher average silicate
polymerization due to more Q3 sites caused by the addition of high magnesium content
[78]. It is also possible that a new phase is formed with abundant Mg?* but in this case it
would be X-ray amorphous.

I — Y,
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Fig. 2.3 FT-IR spectra of Mg?* modified C-S-H samples.
2.3.3. Thermogravimetric analysis

Different materials can be identified based on their thermal characteristics with
thermogravimetric analysis (TGA) and its first derivative (DTG) signal [79], which can
measure the weight loss and the rate of weight loss with temperature during analysis in a
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fast and direct way. Fig. 2.4 show the TGA-DTG data of Mg2* modified C-S-H samples with
different Mg/Si ratios. In general, the weight loss occurs in three stages: the loss of free
water or loosely bound interlayer water between 40 and 330 °C; weight loss between
330 °C and 420 °C is associated with the dehydroxylation of magnesium hydroxide phase
in Mg?* modified C-S-H samples and the further weight loss is corresponding to the
dehydroxylation of the silanol groups in the reference C-S-H and magnesium modified C-
S-H[71,73]. The small weight loss at approximately 750 °C is associated with the presence
of calcite due to the slight carbonation.

The M0 sample shows a main water loss between 40 and 330 °C, which can be attributed
to the mass loss of free water and the dehydration of loosely bound water [80]. No weight
loss is observed at 400 °C in the MO sample, indicating that calcium hydroxide is absent
and all calcium is bound in the C-S-H, which is in line with the absence of Ca(OH)2 peaks
in the XRD data. As research by Jin et al. [81] showed, small peaks at around 520-570 °C
can be attributed to the loss of coordinated water in pure M-S-H. These peaks are not
visible in Fig. 2.4(b), demonstrating that no pure M-S-H phases were formed, or the
amount of pure M-S-H is negligible.

Table 2.3 Weight loss of Mg?+ modified C-S-H samples calculated from TGA.

sample w90 bruc (we%h) _bructe (w3 T ON G
MO 11.20 - - 19.74 11.2
MO0.05 11.88 0.97 3.35 21.40 12.3
MO0.15 11.12 1.71 5.52 22.73 11.8
MO0.30 9.33 3.89 12.60 21.35 10.7
MO0.45 8.50 4.83 15.65 21.00 10.1

*a/b refers to the amount of chemically bound water divided by the amount of CSH 1 plus
amorphous phase.

The amount of chemically bound water, the amount of brucite and the total weight loss
are calculated from TGA data and summarized in Table 2.3. Researchers are holding
different opinions on the temperature boundary of the chemically bound water in
thermogravimetric study. In this study, 100 °C was chosen as the starting point of the
dehydration of bound water [82]. The mass loss of chemically bound water is determined
from 100 to 330 °C. The amount of bound water decreases with increasing Mg content.
However, these values are difficult to compare because the C-S-H content is different in
all the samples due to the increasing content of brucite. Therefore, the chemically bound
water content was normalized by the amount of CSH 1 plus amorphous phases in the
sample. As can be seen the same trend still exists indicating that higher additions of Mg
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can cause the decomposition of C-S-H because the chemically bound water is highly
related to the formation of C-S-H phase [82]. The weight loss due to the OH group in
brucite is increasing gradually with the increasing Mg content as expected. In general, the
amount of brucite calculated from the results of the TGA test is slightly higher than that
obtained from the Rietveld refinement (Table 2.2). The amount of brucite in Rietveld
refinement is lower because of the low crystallinity of the brucite therefore it's slightly
underestimated.
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K * - -M0.05 ke
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(22}
O 90+ g
£ ®
854 Z
e s ~
Q-O.']O‘ / !' Brucite x
80+ Free water or M0.30
loosely bound water —--MO0.45
75 T T T T T T
150 300 450 600 750 900 150 300 400 00C 720 200
Temperature (C) emperature (C)
(1) (b)

Fig. 2.4 (a) Weight loss determined with thermogravimetric analysis (TGA) and (b) its first
derivative (DTG) of Mg?* modified C-S-H samples.

2.3.4. Microstructural analysis

Fig. 2.5 shows the morphology of the reference C-S-H and Mg-modified C-S-H obtained
with SEM. The M0 sample exhibits a dense network with a foil-like structure [83-86].
With an Mg/Si ratio of 0.05, the morphology changes to foil-like structures arranged in a
dense, laminar pattern. The M0.15 sample is similar in morphology to the M0.05 sample,
however the foils are more distinct in a less extended structure. As the Mg/Si ratio is
elevated to 0.30, fiber shapes instead of foil-like structures coexist with the gel-like phases.
The structure is less extended with some obvious large pores. The tiny fibers are more
polydisperse in the M0.45 sample, where the surface of the Mg-modified C-S-H is likely
covered and intermixed with crystallite brucite. The reference C-S-H exhibits a more
homogenous morphology compared to the other four samples mixed with Mg. More
macro capillary pores are found in C-S-H synthesized with magnesium, corresponding to
the evaporation of more free water during the drying process [87].
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(b) M0.05 (c) M0.15

(d) M0.30 (e) M0.45

Fig. 2.5 SEM images of Mg?* modified C-S-H samples.

The BET specific surface area was measured as shown in Table 2.4 and the pore size
distribution from 1 nm to 50 nm was measured as shown in Table 2.4 and Fig. 2.6 in
order to obtain more details about the pore structure of C-S-H on a nanoscale. A clear
trend is visible, the cumulative volume of meso gel pores (1-25 nm) and micro capillary
pores (25-50 nm) increases with the addition of Mg [88]. MO sample exhibits the smallest
BET surface area, demonstrating that reference C-S-H contains more chemically bound
water, in line with TGA results as pore distribution depends largely on water content
[89,90]. Mg2* modified C-S-H contain more free water in capillary and gel pores which was
removed during the ethanol drying procedure, leading to a porous structure while the
bound water in the reference C-S-H was more stable as a result in the formation of a dense
network structure [87]. The M0.30 sample exhibits a larger BET surface area than the
MO0.45 sample, as the more extended and polymerized morphology of M0.45 sample is
observed with SEM. Combined with the results obtained with FT-IR, it can be possibly
concluded that a new phase containing a large amount of Mg and Ca formed when the
initial Mg/Si ratio is at least 0.45.
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Table 2.4 BET surface area of Mg?* modified C-S-H samples.

Cumulative pore area (m2/g)

BET specific surface area

Name
1-25 nm 25-50 nm (m?/g)
MO 29.87 6.24 44.01
MO0.05 41.27 7.53 58.25
MO0.15 112.02 12.70 131.52
MO0.30 179.99 26.47 218.85
MO0.45 146.94 25.69 191.40
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Fig. 2.6 Cumulative pore area of Mg?* modified C-S-H samples (from 1 to 50 nm).
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Fig. 2.7 TEM picture of M0.45 sample.
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In order to gain further insight into the microstructure of the M0.45 sample, TEM analysis
was conducted. Fig. 2.7 and Fig. 2.8 show the TEM image and mapping results of the
MO0.45 sample, respectively. Fig. 2.7 illustrates that the Mg modified C-S-H exhibits a
disorganized layered texture. The EDS mapping was conducted to further investigate the
chemical element distribution. Fig. 2.8 shows the homogeneous distribution of Ca and Si
while Mg is only detected in some areas, showing a heterogenous distribution. The atomic
fraction of Mg, Ca and Si in the areas shown in Fig. 2.7 are listed in Table 2.5. After
normalization, the calculated Mg:Ca:Si molar ratio is 0.41:0.40:1, 0.07:0.39:1 and
0.33:0.34:1 in area 1, 2 and 3, respectively. The atomic fraction of Ca is relatively fixed,
indicating that the detected phase is C-S-H. The atomic fraction of Mg is close to Ca in area
1 and 3, demonstrating that large amounts of Mg were incorporated into the structure of
C-S-H during the synthesis process. TEM electron diffraction analyses performed on the
detected C-S-H phase are shown in Fig. 2.9. No diffraction spots are detected, indicating
that the synthesized C-S-H is cryptocrystalline in nature and that no crystalline brucite is
contained in the C-S-H phase. Silicate tetrahedrons are balanced by H* in the interlayer
space, which could be substituted by Ca%* as the Ca/Si atomic ratio is elevated [49]. With
the increasing Mg addition, it is likely that H* ions are substituted by Mg2+ and CaZ* ions
together.

Table 2.5 Calculated parameters from TEM-EDS results of sample M0.45 (%).

Atomic fraction

Element
Areal Area 2 Area 3
Mg 7.88 1.48 7.05
Ca 7.70 8.66 7.22
Si 19.05 21.94 21.51
Normalization
Element
Areal Area 2 Area 3
Mg 0.41 0.07 0.33
Ca 0.40 0.39 0.34
Si 1 1 1
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Fig. 2.8 TEM-EDS mappings of magnesium, calcium and silicon in M0.45 sample.

L—15nm™

(b) Area 1 (c) Area 2 (d) Area 3

Fig. 2.9 TEM image of the detected C-S-H phase and electron diffraction patterns ( (a) TEM
image, (b) electron diffraction pattern of Area 1, (c) electron diffraction pattern of Area 2,
(d) electron diffraction pattern of Area 3).

2.3.5. Aqueous solution and Mg uptake in C-S-H

The amount of Mg bound in the C-S-H excluding Mg in the form of brucite and the Mg in
the filtrate is calculated according to Eq. (2.2) and listed in Table 2.6. In terms of the
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amount of brucite, the quantification results obtained from TGA data are considered more
accurate than the Rietveld refinement for this system due to the low crystallinity or small
crystalline size of brucite and TGA analysis is not influenced by these factors. Therefore,
the TGA data was chosen for the calculation of the uptake of Mg in C-S-H.

Table 2.6 The amount of Mg in Mg modified C-S-H.

Cinteia Vinitial Crittrate VFiltrate ~ WMg in Brucite /WL, Mrotal Mugin - a/b*
Sample ! | e ' csH (%)
/mg-I1 /m /mg-l-1 /m % /mg /mg
MO - 200 0.82+0.04 228 - 12311.3
MO0.05 627.00+3.12 200 0.86+0.07 244 1.31 123838 -36.52 -29.1
MO0.15 1762.12+14.83 200 1.17+0.04 239 2.30 133769 44.20 12.5
MO0.30 3806.00£15.03 200 3.04+0.07 238 5.25 12463.2 105.88 139
MO0.45 5575.62+88.49 200 1.47+0.01 246 6.52 13660.1 22392 20.1

*a/b refers to Mmg in csu divided by the amount of the initial amount of Mg.

Table 2.7 Mass balance of CI- and pH changing.

Initial Initial Filtrate Filtrate

Sample concentration volume concentration volume a/b Initial pH Final pH
/mg-l-1 /ml /mg-1-1 /ml (%)

MO - 200 60.76+0.68 228 - 7.2+0.1 10.2+0.1
MO0.05 1760.21+6.66 200 1191.03+6.30 244 17.5 6.1+0.0 9.6+0.0
M0.15 4366.98+13.20 200 3748.74£38.30 239 -2.5 5.8+0.0 9.2+0.0
M0.30 10577.55£62.90 200 7660.34+119.46 238 13.8 5.3x0.1 8.3+0.0
M0.45 16199.67£72.54 200 10161.89+64.25 246 22.8 4.2%0.1 7.3x0.0

*a/b refers to the difference of the initial and filtrate amount of CI- divided by the initial
amount of CI-.

The concentrations of Mg2* in the filtrate are similar and it can be seen that most of Mg is
incorporated in the solid phase of the sample. The amount of Mg in the C-S-H increases
from -36.52 to 223.92 mg with the increasing initial concentration of Mg2*. The negative
Mg content in sample M0.05 is possibly because the weight loss in the corresponding
temperature range in TGA is not only associated with the dehydration of Mg(OH)z, but
also the hydroxylation of C-S-H itself [73]. 20.1 % Mg of the initial input Mg has been
incorporated into the structure of C-S-H. However, as shown in Table 2.7, a maximum of
22.8 % CI- still exists in the M0.45 sample, indicating that the Cl- ions were not totally
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washed out by rinsing. The increased specific surface area detected in BET analysis can
promote the ions absorption capacity of the Mg-modified C-S-H. Therefore, the
considerable uptake of Mg in C-S-H might be partly caused by surface absorption.

The pH values of the initial and final liquid phase are shown in Table 2.7. The addition of
MgZ+* undoubtedly decreases the pH value of the solutions. The final pH of the reference
C-S-H filtrate is 10.2 while that of the M0.45 sample is only 7.3. The low pH can increase
the instability of C-S-H structure and contribute to the decomposition of C-S-H, in
accordance with the reduction of crystallinity of C-S-H phases.

2.4. Conclusion

The mineralogical composition of Ca0-SiO2-H20 system is obviously modified when the
aqueous solution contains Mg2* ions. The reference C-S-H (MO sample) can be refined
using the crystal structure of CSH 1 (Ca/Si = 1) based on Tobermorite. According to the
quantitative phase analysis with the Rietveld method, minor amounts of Mg2* can greatly
increase the content of X-ray amorphous phase and decrease the content of CSH 1. With
increasing Mg?* content, more brucite is formed.

The gradual disappearance of the band at 670 cm-! in the FTIR patterns confirms that high
Mg+ concentrations add to the instability of C-S-H. The amount of chemically bound water
in M0.30 and M0.45 samples is obviously less than that in the other samples, further
indicating structural change of C-S-H.

The BET specific surface areas of the synthesized C-S-H show a clear trend that the
cumulative volume of meso gel pores (1-25 nm) and micro capillary pores (25-50 nm)
increases with the addition of Mg except M0.45 sample. M0.45 sample has a lower BET
specific surface area than M0.30 sample, indicating that the microstructure of Mg?2*
modified C-S-H with initial Mg/Si ratio of 0.45 has been changed. A new phase containing
large amounts of Ca and Mg is possibly formed in M0.45 sample. More evidence is found
in TEM-EDS mapping results that large amount of Mg is heterogeneously distributed
within the C-S-H phase. TEM diffraction indicates that this is not due to the presence of
brucite. Mass balance calculation between filtrate, solid phase (both chemical analysis)
and brucite (TGA/QXRD) of Mg uptake in C-S-H confirms that Mg can be incorporated into
the structure of C-S-H.

Based on the results discussed above, the following conclusions can be drawn:

The mineralogical compositions of the synthesized C-S-H are highly related to the initial
concentration of Mg?* of the aqueous phase. Addition of Mg decreases the content of CSH
1 and increases the content of X-ray amorphous solid phase and of brucite.

Elevating Mg?* concentration leads to decreased ordering with increasing cross-linking of
the silicate chains in the synthesized C-S-H. Large additions of Mg2+ lead to the instability
of C-S-H.
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A heterogenous distribution of elemental Mg in C-S-H phase on nanoscale is observed.
Phase separation of C-S-H is caused by incorporating magnesium into the structure of C-
S-H. The considerable uptake of Mg in C-S-H is also possibly caused by surface absorption.

The synthesized C-S-H with initial Mg/Si molar ratio of 0.45 shows special microstructure
characteristics, indicating that a new phase is possibly formed. The occurrence of the
broad band at 1030 cm-! in FT-IR analysis and the smaller BET specific surface area
obtained via BET test further confirm the hypothesis. The exact structure and formation
process of the synthesized C-S-H remains unclear due to its disordered, partially X-ray
amorphous nature. Synchrotron experiments combined with Scanning transmission X-
Ray microscopy or Rietveld refinements may be able to offer further insights. Solid-state
nuclear magnetic resonance spectroscopy may also help to resolve the key atomic
structural details within the synthesized C-S-H via obtaining detailed information about
local structure, reaction mechanisms and kinetics, understanding composition-
structure-property relationships.
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CHAPTER 3

3. Re-cementation effects by carbonation and the pozzolanic

reaction on LWAs produced by hydrated cement paste powder

This chapter aims to evaluate lightweight aggregates produced with hydrated cement
paste powder (HCP) using both carbonation and normal curing. The comparative study
was conducted to figure out the effects of the portlandite amount in HCP I and HCP III on
the aggregates during carbonation curing. The addition of up to 10 wt.% silica fume to
HCP [ was attempted to make full use of the considerable amount of portlandite to prepare
artificial aggregates under normal curing. The mechanical properties, reaction products
and microstructure were analyzed and the results show that the optimal carbonation
period for HCP I- and HCP IlI-type aggregates are different due to different amounts of
portlandite. HCP I-type aggregates can gain 3.14 MPa after 7-day carbonation and contain
35.60 wt.% calcium carbonates. The remaining 13.95 wt.% portlandite shows the
enormous potential in elevating the strength and CO2 capture capacity jointly via the
optimized carbonation curing method. On the contrary, HCP IlI-type aggregates gained
2.97 MPa after 1-day carbonation and further carbonation decomposed C-S-H and lead to
the formation of calcite and amorphous silica gel with significantly elevated specific
surface area (from 10.69 to 42.96 m?2/g). Additionally, the individual strength
development of the prepared aggregates containing silica fume benefits from the
sufficiently available portlandite due to the formation of secondary C-S-H, obtaining 2.39
MPa after 28-day normal curing.

This chapter is reproduced from: Y. Tang, G. Liu, K. Schollbach, Y. Chen, W. Chen, H.].H. Brouwers, Re-
cementation effects by carbonation and the pozzolanic reaction on LWAs produced by hydrated cement
paste powder, J. Clean. Prod. 377 (2022) 134529. https://doi.org/10.1016/j.jclepro.2022.134529.
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3.1. Introduction

As a newly developed building material, lightweight concrete shows some extraordinary
properties such as extremely low density, excellent sound absorption, and thermal
insulation [91-94]. The main ingredients for a lightweight concrete design are cement and
lightweight aggregates (LWAs) [91-94]. Generally, LWAs have a porous structure and low
bulk density (less than 1200 kg/m3) and thus reduce the density of concrete structure
effectively [95]. However, the commercial LWAs, for instance, expanded clay, expanded
glass and perlite, consume huge amounts of energy, as well as natural resource due to the
production at high temperatures (700 - 1400 °C) [96]. Consequently, some studies started
focusing on the development of a low-carbon footprint and sustainable LWAs.

Cold-bonding technology has been proposed and developed for the purpose of low energy
consumption during LWAs manufacture [97-99]. Combined with a pelletizing process,
pellets in different sizes with porous structure were produced and then applied as LWAs
[100]. Some industrial solid wastes can be utilized in LWAs as well, for examples, bottom
ash, concrete waste powder, and fly ash [101-105]. Since these solid wastes show a low
or non-hydraulic reactivity, the incorporation of cement, additional curing strategies, or
chemical additives in cold-bonded LWAs are commonly used to form extra hydration
products and optimize pore structure in order to achieve adequate mechanical
performance. Steam curing was applied to improve the properties of cold-bonded LWAs
produced with cement waste slurry and bottom ash [100]. Portlandite and alkali solution
were also used to promote the reaction in blast furnace slag or fly ash-based LWAs
[106,107]. However, the use of additional binders, alkali activators or other curing
regimes can result in long curing period, high costs, high CO2 emission and safety risks.

The main components in waste powder are hydrated cement paste (HCP) but the exact
composition can depend on the crushing and heating methods used to recycle concrete
[9-12].The difficulty lies in applying waste concrete powder to normal concrete
production without further treatment or activation [92-94]. The HCP contains mainly
calcium silicate hydrate (C-S-H) gels, calcium hydroxide, AFt, AFm and some unreacted
clinker phases. Gas-solid and aqueous carbonation were reported to be effective to utilize
HCP powders as the SCMs [108]. The workability and mechanical property of cement
paste blended with carbonated HCP powder can be enhanced via the formation of calcium
carbonates which can act as fillers and then optimize the pore structure [109,110].
Carbonation can also lead to the formation of silica gel with pozzolanic properties due to
the decomposition of calcium silicate phases [111-113]. The reaction between
portlandite and silica gel, has been widely applied to improve the bonding performance
of recycled concrete aggregate in new concrete due to the formation of secondary C-S-H
gel [114]. Furthermore, these re-cementation effects may make it possible to produce HCP
powder based cold-bonded LWAs without cement and alkali activator addition, by using
carbonation or the addition of silica fume only. The current research on the effects of
carbonation and pozzolanic reactions on mechanical and microstructure development of
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cold-bonded HCP powder-based LWAs is still limited and the effects need to be further
investigated.

For the purpose of investigating the mechanism of the mechanical and microstructure
development of the artificial aggregates under carbonation or pozzolanic reaction, this
study used laboratory-made cement paste instead of real demolished concrete to obtain
HCP powder and then produce LWAs, which allows for better control of the chemical
composition of the waste powder by eliminating the variability of its properties when
recovered from demolished materials. Additionally, researchers preferred to investigate
the properties of HCP powder from CEM I which contains few SCMs, whereas CEM III is
also widely used and deserves more attention in the production of LWAs. Therefore, both
CEM152.5 Rand CEM III/A 52.5 N were chosen as the starting materials. The amount of
hydration products from CEM I and CEM III is different, especially the amount of
portlandite. Therefor a comparative study has been conducted to find out the effects of
portlandite amount in HCP I and HCP III on the aggregates production under carbonation
curing. Addition of up to 10 wt.% silica fume into HCP [ was also attempted to make full
use of the considerable amount of portlandite in the preparation artificial aggregates and
evaluate their pozzolanic property under normal curing. The mechanical properties,
reaction products and microstructure were investigated via XRD, FTIR etc. to determine
the re-cementation effects of carbonation and pozzolanic reactions on LWAs produced
with HCP powder. The results provide a low carbon footprint and sustainable method of
HCP powder application and LWAs production.

3.2. Experiments and methodology

3.2.1 Raw materials

Silica fume (SF) was used as a part of the binder to produce aggregates, which was
provided by Sika. The HCP powder was produced in the laboratory from cement paste
which was prepared from CEM I 52.5 R or CEM III/A 52.5 N (provided by ENCI, the
Netherlands). The used CEM 1 52.5 R and CEM III/A 52.5 N in this study contain 0 wt.%
and 36-65 wt.% ground granulated blast furnace slag (GBS) according to European
standard EN 197-1, respectively. All cement pastes were prepared with a water to cement
ratio of 0.5 and then demolded 24 hours after mixing, followed by ambient curing in
resealable bags for at least 3 months. The HCP was crushed manually and sieved to a size
of below 5 mm. The sieved material was then oven dried at 105 °C until the weight was
constant. Disc milling (Retsch, RS300XL) for 10 min was applied to obtain the waste
cement paste powder for the tests. The milled HCP powder originating from CEM I and
CEM III was labelled as HCP I and HCP III, respectively. The chemical composition of SF,
HCP I and HCP III was analysed with X-ray fluorescence (XRF, Model Axios Advanced,
PANalytical.B.V), as shown in Table 3.1. The mineral composition of HCP I and HCP III
was determined using X-ray diffraction (XRD) analysis, which is shown in Fig. 3.1(a) and
(b), respectively. The particle size distribution of SF, HCP I and HCP III analysed with a
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laser particle size analyser (Model Malvern Mastersizer 2000, Malvern PANalytical) is
presented in Fig. 3.2.

Table 3.1 The chemical composition of raw materials for preparation of aggregates.

Material
ateNAS ca0 S0, ALO;  Fe;03  SO;  MgO MnO  TiO,  Others
(Wt.%)
SF 090 93.06 - 206 128 070 007 - 1.93

HCP1 6596 17.42 7.57 3.51 3.08 143 0.08 0.44 0.51

HCP III 4932 27.10 12.02 1.24 483 424 017 055 0.53
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Fig. 3.1 XRD patterns of HCP I (a) and HCP 111 (b) (P=portlandite, A=alite, B=belite, C=calcite,
Hc=hemicarbonate, D=dolomite, C-S-H=calcium silicate hydrates).
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3.2.2 Pelletizing procedure

The disc pelletizer was used to produce artificial aggregates. The model was D-7736,
Maschinenfabrik Gustav Eirich, Germany with a disk/pan size of 40 cm in diameter and
10 cm collar height. The vertical angle of the pan is 75° and the rotating speed was set as
60 rpm during the production process. 500 grams of HCP were placed on the rotating pan.
After about 3 min of rotating, 50 grams of distilled water was sprayed slowly over 10 min
onto the mixed powder in the pan using a spray bottle. After the aggregation was observed,
the pan continued running for 5 min to form the pellets. The as-prepared aggregates drop
out of the pan automatically once they reached sufficient size and were collected. The next
batch was made with the addition of another 500 grams of dry powder and following the
same procedure. The freshly prepared LWAs were placed in a CO2 chamber with a CO2
concentration of 5% and a relative humidity of 75% and carbonated for 1, 3 and 7 days,
respectively for carbonation curing. The temperature during curing was constant, around
20 °C. The prepared aggregates, which originated from HCP I and HCP III, and were
carbonated for 1, 3 and 7 days are labelled as C1A 1, C3A I, C7A 1, C1AIII, C3A IIl and C7A
III, respectively, as shown in Table 3.2.

Table 3.2 Mix proportion of aggregates prepared from different curing regimes.

Curing regime  Sample HCPI/g HCPIll/g SF/g  Water/g Curing time/day

CIAT 500 . ; 50 1
C3AT 500 - ; 50 3
C7AI 500 ; - 50 7
CO; curing
C1ATI - 500 - 50 1
C3ATII - 500 ; 50 3
C7ATI - 500 ; 50 7
SOA1 500 - ; 50 28
Normal S5A1 475 - 25 50 28
curing
S10A1 450 ; 50 50 28

To obtain aggregates containing SF, the SF and HCP I was first mixed in a Planetary mixer.
Then around 500 grams of mixed powder was placed on the rotating pan. The pelletizing
procedure followed was the same as mentioned above. The obtained fresh aggregates
were then placed in sealed plastic bags for 28 days until further testing. The aggregates
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containing SF were labelled as SOA I, S5A 1 and S10A I, respectively, according to the
different proportions of SF partially replacing HCP I in the mix, being 0%, 5% and 10% of
mass respectively, as shown in Table 3.2.

3.2.3. Properties of prepared LWAs
3.2.3.1. Water absorption and loose bulk density

After curing, the prepared aggregates were dried in an oven at 105 °C until a constant
mass. The loose bulk density test was carried out according to EN 1097-3. The water
absorption test was carried out according to EN 1097-6.

3.2.3.2. Mechanical property

The mechanical properties of individual pellets with different diameters were tested in
an MTS Criterion electromechanical testing machine equipped with a load cell of 100 kN
at a speed of 0.6 mm/min until collapse. The maximum compression load was used to
calculate the individual crushing strength with [115]:

o = 2.8P/mh? (3.1)

where o (MPa) is the crushing strength of each pellets tested, P (N) is the maximum
compression load each pellet can withstand, h (mm) is the diameter of the round pellet
produced.

20 pellets were chosen as representatives for each group of prepared LWAs.
3.2.3.3. Characterization of reaction products and microstructure

Different artificial aggregates were crushed manually and ground finely to pass a sieve of
68 um. Afterwards, samples were immersed in isopropanol for 30 min to eliminate
hydration according to literature [73] and then dried in an oven at 40 °C until a constant
mass. All samples were stored in desiccators, using a drying agent (CaClz pellets) and
sodium hydroxide pellets as a COz trap until further tests.

The crystalline phases of the prepared aggregates were detected by X-ray diffraction (XRD,
Bruker D2 PHASER) analysis. The parameters chosen were as follows: Co tube, 40KV, 30
mA, 0.02°/ step, 0.2°/min, with variable divergence slits V20.

Fourier transform infrared spectroscopy (FTIR) was conducted using a Varian 3100 FTIR
Spectrometer. All spectra were obtained with 30 scans per spectrum and a resolution of
1cmL

The microstructure was observed with scanning electron microscopy (SEM), using a JEOL
JSM-5600 instrument at an accelerating voltage of 15 kV.
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Nitrogen sorption analysis was performed using a Brunauer-Emmett-Teller (BET)
specific surface area and porosity instrument (TriStar I 3020, Micrometrics). The surface
area was calculated with the Brunauer-Emmett-Teller method [77] using the adsorption
branch. The pore size distribution was determined from the adsorption branch with the
Barrett-Joyner-Hallenda method [76].

Thermogravimetric analyses (TGA) were conducted using a NETZSCH STA 449 F1.
Ground powder samples (30~40 mg) were prepared, and a heating rate was used of
10 °C/min from 40-1000 °C in a nitrogen atmosphere. The temperatures selected for the
quantification of Ca(OH)z2, CaCOs and chemically bound water were determined with
differential thermogravimetric analysis (DTG), and are 400-500 °C, 600-800 °C and 75-
550 °C respectively according to literature [73,116,117]. The weight loss between 75-
550 °C is considered to represent the amount of chemically bound water in hydration
products such as C-S-H, ettringite, AFm phases, portlandite etc.

The quantification of the amount of portlandite was according to:

Water losSoH group in Ca(0H),
X M X 100% 3.2
Mit,0%Mg00-C Ca(OH), 3.2)

WCa(OH)2 =

where Water l0Ssoy group in ca(om), cOrresponds to the weight loss from approximately
400 to 500 °C in the total mass, Mggg < is the sample mass at 800 °C, My, o is molar mass
of the water, equal to 18.02 g/mol, M¢,(on), is the molar mass of Ca(OH)z, equal to 74.09
g/mol.

The quantification of the amount of calcium carbonate was according to:

Mass lossco in caco
Wcaco = 3E0NP T LAL0s X MCaCO X 100% (3.3)
3 Mco,*Msggo °c 3

where Mass l0SSco, group in caco,cOTTESpONds to the weight loss from approximately 600
to 800 °C in the total mass, Mg < is the sample mass at 800 °C, M, is molar mass of COz,

equal to 44.01 g/mol, Mo, is the molar mass of CaCOs, equal to 100.09 g/mol.

Notably, the quantification of the amount of chemically bound water excluding
portlandite in the prepared samples before and after curing under different conditions
was according to [118]:

Wchemically bound water —

Water losS75_ss0 cc—Water L0SSon group in Ca(0OH), x 100% (3.4)
Mgoo °c '
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where Water l0ssys5_g00°c corresponds to the weight loss from approximately 75 to
550 °Cin the total mass, Mgg, o is the sample mass at 800 °C, Water losSoy group in ca(om),

corresponds to the weight loss approximately from 400 to 500 °C in the total mass
fraction.

3.3. Results

3.3.1. Loose bulk density and water absorption of the produced LWAs

The loose bulk density and water absorption are essential parameters for evaluating cold-
bonding lightweight aggregates and have a significant influence on their application. Both
parameters are shown in Table 3.3.

Table 3.3 Physical properties of the produced LWAs.

Curing Sample Bulk density Water absorption Average individual
regime P (kg/m3) (%) strength (MPa)
C1AI 614.62.0 33.6+0.6 1.60+0.32
C3A1 668.63.0 32.2+0.4 1.95+0.82
C7A1 738.4+1.8 29.8+0.4 3.14+0.78
CO; curing
Cl1A 1l 753.6+4.5 25.9£0.5 2.97+0.98
C3ATII 715.8+3.6 26.3+0.8 2.03+0.66
C7ATII 605.3+2.2 30.2+0.1 0.57+0.22
SOAT 576.0+2.6 39.5+0.2 0.83+0.16
Normal
. S5A1 637.5+1.2 33.7+0.2 2.39+0.60
curing
S10A1 637.7+2.0 30.7+0.1 2.22+0.31

It can be seen that all the samples have a loose bulk density of around 576.0-753.6 kg/m3,
which is below 1200 kg/m3 and thus satisfies the density requirement for lightweight
aggregates according to EN 13055-1 (2002). The bulk density is highly related to the total
mass of the carbonated aggregates, which was determined by the COz uptake and water
evaporation after drying. The carbonated samples show an increasing bulk density with
increasing COz curing duration in the samples containing HCP I, indicating that more
carbonation products were formed with increased COz curing duration, where portlandite
was the main reactive phase to form calcium carbonates, elevating total mass directly

36



[101,119]. However, the HCP III group shows the opposite trend because portlandite was
consumed after 1-day carbonation and the longer carbonation resulted in the
decomposition of C-S-H gel and other hydration products, producing silica or aluminium
gel containing abundant evaporation water [119,120]. These reactions lead to a reduction
of the total mass during the drying process preceding the bulk density measurement.
Internal cracks and pores significantly decrease the bulk density of the aggregates
originated from HCP III after 7-day carbonation [121]. The density of the normal cured
samples increases with the addition of SF, which can help promote the formation of C-S-
H and modify the microstructure of the aggregates.

Additionally, LWAs produced with HCP I and HCP III show different trends in the water
absorption, which is related to the microstructure evolution with carbonation. It is
discussed further in the following sections. The formation of various carbonation
products fills the pores inside the artificial aggregates if the carbonation level is
appropriate, effectively lowering the internal porosity [78,101]. The water absorption of
the studied artificial aggregates is higher than that of other reported artificial lightweight
aggregates, which is commonly around 15% [101,115]. It might be attributed to not only
the water absorption by the porosity but also water consumption by the rehydration of
the dehydrated phases and reformation of ettringite in the 105 °C-dried aggregates
[48,122].

3.3.2. Mechanical properties

Fig. 3.3 shows the maximum compression load of each produced aggregate in relation to
diameters. The results illustrated in Fig. 3.3(a), (b) and (c) show the obvious trend that
the compression load increases with the increasing diameter of the aggregates for both
the COz cured and normal cured samples, in agreement with the results reported in
[123,124]. Table 3.3 shows the average individual strength of all the produced aggregates
and Fig. 3.4 shows the strength of each individual aggregate. The average individual
strength of the aggregates produced with HCP I increases with the increasing carbonation
period while the aggregates produced with HCP III shows the opposite trend, which is
illustrated in Fig. 3.4(a) and (b). The carbonation curing can contribute to the formation
of calcium carbonates and then fill some pores to reduce the overall porosity and enhance
the mechanical property. However, the aggregates obtained from HCP III may suffer
carbonation shrinkage and internal cracking during carbonation process, leading to the
reduction of individual strength. The addition of SF elevates the individual pellet strength
of the produced aggregates as shown in Table 3.3 and Fig. 3.4(c), which is attributed to
the formation of C-S-H gel generated from the reaction between SF and portlandite
produced by the hydration of Portland cement [117]. The advantage of carbonation is the
fast strength development of the LWAs produced with HCP I and HCP II], especially if the
carbonation time is optimized. The SF can also benefit the strength development but the
pozzolanic reaction takes much longer under normal curing to gain adequate strength.
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The average crushing strength in different diameter ranges has been calculated and is
shown in Fig. 3.5. The aggregates with a size from 5 to 7 mm show a dominant crushing
strength compared to the aggregates with larger sizes. Similar results are reported by G.
Perumal et.al [125]. They show that crushing strength of individual pellets does not
increase with the increasing size of the aggregates.
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Fig. 3.3 Compression load of the produced aggregates.
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hemicarbonate, and unhydrated alite, belite as shown in Fig. 3.1. Fig. 3.6(a) and (b) show
40

XRD patterns of the carbonated aggregates of HCP I and HCP III, respectively. It can be
significantly with the increasing COz curing duration. This is due to the formation of calcite
during the carbonation reaction, which consumed portlandite in hydrated cement. The
content of portlandite in HCP Il is less than that in HCP I due to the high volume of ground
granulated blast furnace slag (GBS) contained in CEM III [126]. The GBS also consumed
the portlandite because it is pozzolanic, further reducing the portlandite content [22].

The main mineral phases of HCP I and HCP III include C-S-H gel, portlandite, calcite,
seen that the intensity of diffraction peaks of portlandite decreases while calcite increases

Fig. 3.5 Average crushing strength of the produced aggregates.

3.3.3. Reaction products and CO2 uptake

3.3.3.1. Phase identification
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Fig. 3.6 XRD patterns of the produced aggregates (P=portlandite, E=ettringite, A=Alite,
C=calcite, Hc=hemicarbonate).

The carbonation does not only consume portlandite but also affects ettringite, alite and C-
S-H, which can account for the decreasing intensity of those peaks in the corresponding
XRD curves [119,127]. The characteristic diffraction peak of ettringite around 10.51 °26
is not visible in HCP I and HCP III before pelletization but occurs in C1A I and C1A III in
line with the reformation of ettringite due to the high moisture content [24,122]. During
the carbonation process, portlandite is able to delay ettringite carbonation because it acts
like a buffer due to its higher reaction rate with CO2[128]. Therefore, the diffraction peaks
of ettringite can be detected in all samples obtained from HCP I but disappear in samples
obtained from HCP III after 3-day carbonation, because the overall portlandite content is
much lower.

Fig. 3.6(c) shows XRD pattern of the aggregates produced with the mixtures of HCP I and
SF. After another 28-day curing, the addition of SF preserves the original mineral
composition of SOA I but changes the relative intensity of the peaks of portlandite in the
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corresponding XRD curves, indicating that SF consumed portlandite to generate C-S-H gel,
which can effectively glue particles together and provide additional strength [117].

3.3.3.2. Thermogravimetric analysis

Fig. 3.7 shows the TGA-DTG results of the produced aggregates. In general, the weight
loss of the produced aggregates occurs in three stages: the loss of chemically bound water
approximately between 75 and 550 °C; weight loss between 400 and 500 °C associated
with the dehydroxylation of portlandite and a further weight loss approximately between
600 and 800 °C due to the decomposition of the carbonate groups in calcium carbonates
[73,116-118].

Fig. 3.7(a) and (b) show the TGA-DTG curves of the carbonated aggregates produced with
HCP I and HCP IIJ, respectively. The intensity of the decomposition peaks of chemically
bound water occurring around 75-300 °C and portlandite around 400-500 °C decreases
with the increasing carbonation period, indicating the simultaneous carbonation of
portlandite, C-S-H, AFt and AFm phases, etc. [119,129]. The significant difference between
HCP I and HCP III systems is that no weight loss is observed around 400-500 °C in the HCP
[l system, demonstrating that calcium hydroxide content is negligible due to the reaction
with CO2z, which is in line with the absence of portlandite peaks in the XRD data. The
further weight loss peaks attributed to the decomposition of calcium carbonates become
broader and sharper during the carbonation process. For instance, the decomposition
temperature of calcium carbonates starts at around 460 °C and continues till 810 °C as
shown in C7A III. This could indicate the presence of amorphous or poorly crystalline
calcium carbonate that can decompose at lower temperatures, as reported in the
literature [130]. The TGA-DTG curves of the aggregates under normal curing are similar
and show the typical weight loss peaks of chemically bound water, portlandite and
calcium carbonate. The intensity of the decomposition peak of chemically bound water
occurring between 75-300 °C increases with the addition of SF due to the formation of
secondary C-S-H gel via the reaction between SF and portlandite. The portlandite
decomposition peak (400-500 °C) decreases because of the lower initial HCP I content
and its consumption via the pozzolanic reaction, which is also in accordance with the
above XRD results.

The amount of Ca(OH)2, CaCO3 and chemically bound water is calculated from TGA data
and summarized in Table 3.4. The amount of Ca(OH):z in carbonated aggregate samples
decreases with the increased carbonation duration. Besides, an obvious increase of the
amount of CaCO3is observed, from 5.20 to 35.60 wt.% in the HCP I system and from 2.55
to 48.57 wt.% in the HCP III system. The considerable change demonstrates that calcium
hydroxide is not the only hydration product reacting with CO2 during the carbonation
process [119]. The addition of SF undoubtedly consumed portlandite and then
contributed to the formation of C-S-H gel as illustrated in Table 3.4.
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Table 3.4 Weight loss calculated from TGA (wt.%).

Sample Ca(OH): CaCO3 Chemically bound water
HCP 1 24.17 5.20 15.42
HCP III 2.53 2.55 8.63
C1AI 21.20 12.63 31.74
C3A1 19.14 14.86 24.55
C7A1 13.95 35.60 18.73
C1A1II - 22.30 28.83
C3ATII - 44.52 21.54
C7A Il - 48.87 18.17
SOATI 23.64 5.41 28.71
S5A1 21.03 4.49 32.26
S10A1 17.30 4.02 32.80

Table 3.4 shows the amount of chemically bound water in the cement hydration phases
like C-S-H gel, AFt, hemicarbonate, etc. which benefit the mechanical property [48,73]. The
amount of chemically bound water increases after 1-day carbonation from 15.42 (HCP I)
and 8.63 wt.% (HCP III) to 31.74 (C1A I) and 28.83 wt.% (C1A III), respectively, which is
in contrast to the results reported in [131,132]. This can be attributed in part to the
reformation of ettringite [122,133] according to XRD results. On the other hand, HCP I and
HCP III were treated at 105 °C while the prepared samples were dried at 40 °C,
contributing to the higher amount of chemically bound water determined from 75 to
550 °C. After 3- and 7-day carbonation, the chemically bound water decreases because
further carbonation contributed to the decalcification or decomposition at a more
extensive level of all hydration products [119]. The addition of SF elevates the amount of
chemically bound water due to more C-S-H gel being formed.
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Fig. 3.7 Weight loss determined with thermogravimetric analysis (TGA) and the first
derivative of TGA (DTG) of the produced aggregates.

3.3.3.3. FTIR analysis

The results of FTIR are presented in general terms by examining the infrared
transmittance spectra in the region of 4000-400 cm! as shown in Fig. 3.8. The broad
bands at around 3410, 1658, 1640 cm™! are associated with the O-H groups in water [134]
as shown in all samples. Furthermore, the bands at 1107 cm-! shown in Fig. 3.8(a), Fig.
3.8(c) and the shoulder at 1129 cm™ detected in Fig. 3.8(b) can be attributed to S-0
stretching vibrations of the sulphate phases [135]. The absorption peak at 3640 cm
originates from the O-H bond in Ca(OH)z in the samples containing HCP I [131]. This
absorption peak disappears in the spectra of the aggregates out of HCP III, in accordance
with the above XRD and TGA results that show portlandite was completely consumed
after the 1-day carbonation treatment.

The broad bands detected in the range of 1400-1500 cm-! and the peaks located at 870,
711 cm! are related to the CO3 bending vibration [136-138]. The accelerated carbonation
resulted in the formation of a large amount of calcium carbonates, visible in FTIR and
verified by the above TGA and XRD results.
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The typical sharp peak located at around 958 cm-! is associated with the asymmetric
stretching vibration of Si-O bonds in the C-S-H gel Q2 units [78,139]. This peak shifts from
958 cm 1 to 1026 cm! after carbonation treatment, in line with the severe decomposition
of C-S-H and formation of highly polymerized and elongated form of amorphous silica gel
[131,136]. The absence of portlandite makes C-S-H gel the dominant carbonated subject
during the carbonation process [119]. The formation of silica gel as seen with FTIR can
explain the decreasing crushing strength of the aggregates containing HCP III after
carbonation curing. The formation of silica gel ruined the structure of C-S-H which is
commonly considered as a binding phase.
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Fig. 3.8 FTIR spectra of the produced aggregates.

3.3.3.4. Nitrogen physisorption analysis

The BET specific surface area and pore size distribution were measured as shown in Fig.
3.9 in order to obtain more details about the pore structure of the produced aggregates
on a nanoscale.
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Fig. 3.9 Cumluative pore area of the produced aggregates.

The specific surface area of the carbonated aggregates containing HCP [ decreases with
the carbonation duration as shown in Fig. 3.9(a). C-S-H gel contains large amounts of gel
pores with relatively higher specific surface area than other hydration products [48]. The
carbonation leads to the partial decalcification of C-S-H gel and the reduction of gel pores
[140,141]. The carbonated aggregates obtained from HCP III instead shows a much higher
specific surface area of C3A 11l and C7A IIl compared to C1A IIL. It is reasonable to assume
that C3A III and C7A III are strongly affected by the severe decomposition of C-S-H gel as
analysed in FTIR results and the subsequent formation of silica gel, which increases the
porosity. The addition of SF shows little effects on the specific surface area of the normal
cured aggregates as shown in Fig. 3.9(c). The cumulative pore area slightly increases and
then decreases with the addition of SF. 5% addition of SF undoubtedly contributed to the
formation of C-S-H gel, in line with the results obtained from TGA. However, more addition
of SF may not benefit the formation of more C-S-H gel as the chemically bound water only
increases from 32.26 to 32.80 wt.% in TGA results. A SF powder content level of 10%
might affect the optimal pore size distribution as reported in [142].
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3.3.3.5. SEM

(e) C3A 111 (N C7A I

Fig. 3.10 SEM picture of the produced LWAs.

Fig. 3.10(a) and (b) show the morphology of the produced aggregates originating from
HCP I after 1- and 7-day carbonation, respectively. The needle-like ettringite grows across
C-S-H phases, arranged in a dense structure as shown in Fig. 3.10(a) while after 7-day
carbonation, ettringite phases seem to have disappeared almost entirely (Fig. 3.10(b)).
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S5A I shows a similar morphology to C1A [, where the ettringite is denser and larger than
in C1A I. Notably, the 7-day carbonated aggregates obtained from HCP III shows an
entirely different morphology as shown in Fig. 3.10(c). The plate-like calcium carbonates
are covered by tiny-needle-like phases which can be attributed to the crystallite calcium
carbonates or silica gel, arranged in a loose structure due to the degeneration of C-S-H
structure. The carbonation caused the decalcification of the interlayer calcium and then
the degeneration of C-S-H dense network structure, in accordance with the FTIR results.
Moreover, Fig. 3.10(e) and (f) were obtained based on Backscattered Electrons (BSE)
mode to illustrate the visible internal cracks in HCP IlI-type aggregates after 3- and 7-day
carbonation, further confirming carbonation shrinkage and cracking due to the severe
decomposition of C-S-H.

3.4. Discussion

The individual strength of the carbonated aggregates originated from HCP I increases
from 1.60 to 3.14 MPa after 7-day carbonation, in line with the re-cementation effects of
carbonation. Without carbonation, the normal cured aggregates (SOA I) only reach 0.83
MPa, indicating that carbonation can benefit the strength development. A reduction of
porosity is observed most likely because the volume of the carbonates formed is 11-12%
greater than the volume of portlandite as reported in [119,143], which can optimize the
pore structure and then enhance the mechanical property. However, the HCP III system
shows the opposite results, where the individual strength of the carbonated aggregates
decreases from 2.97 to 0.57 MPa, despite more carbonation products being formed over
time. This is caused by the decomposition of C-S-H. It is suggested that carbonation of C-
S-H is accompanied by a decalcification process. The decomposition of C-S-H gel can
happen at a high calcification level [144]. In HCP I system, the large amounts of portlandite
(24.17 wt.%) acted as a buffer and were carbonated preferentially, protecting C-S-H from
decomposition while densifying the microstructure at the same time [119]. In HCP III
system, however, the small amount of portlandite (2.55 wt.%) was consumed rapidly
resulting in the decomposition of C-S-H followed by severe carbonation shrinkage and
cracking [144] and an increase in porosity because of it. This increased porosity also made
further carbonation even easier. This is supported by TG results where the portlandite
content in HPC I is still 13.95 wt.% after 7-day carbonation, while no portlandite is
detectable in HCP III after only 1-day carbonation. The peak shift from 958 to 1026 cm!
in FTIR and the significantly elevated specific surface area from 10.69 to 42.96 m?2/g after
carbonation treatment of HCP III also support this. On all account, the aggregates obtained
from HCP III suffered carbonation shrinkage and internal cracking during carbonation
process, leading to the reduction of individual strength and increasing water absorption
[127] as shown in Fig. 3.11 and Fig. 3.12.

The addition of SF undoubtedly increases the individual strength of the produced
aggregates from 0.83 to 2.39 MPa due to the formation of new C-S-H gel to create a dense
structure as shown in Fig. 3.11. The sufficient portlandite content plays an important role
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in the pozzolanic reaction with silica fume to promote the formation of C-S-H gel [117], in
line with the increasing content of chemically bound water from 28.71 to 32.80 wt.%.
Furthermore, the individual strength of S10A I is a little lower than S5A I. As can be seen
in Table 3.4, the amount of portlandite decreases from 21.03 to 17.30 wt.% and the
amount of chemically bound water increases slightly from 32.26 to 32.80 wt.%, indicating
the minor increasing content of C-S-H gel, AFt phases, etc. when the addition of SF is
elevated from 5 to 10%. The slight increase of hydration phases seems to play little role
in the enhancement of mechanical property. As reported in [115], the excess use of silica
fume with a high surface area is not conducive to producing a compact structure during
pelletization. It can be supposed that the strength development of the aggregates
originated from HCP I and SF depends on the formation of C-S-H gel and the compaction
between SF and HCP I powder.

Calcium carbonate & silica gel

)

Carbonation reaction

I IC‘\?‘P Unreacted HCP

Secondary C-S-H

Pozzolanic reaction

Silica fume <

After pelletizing After curing

Fig. 3.11 Schematic of the re-cementation of the aggregates by carbonation and pozzolanic
reaction.
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Fig. 3.12 Schematic of microsturcture of the produced aggregates before and after
carbonation.
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Carbonation and pozzolanic reaction are both beneficial to the strength development
while carbonation is faster and more sustainable. The addition of silica fume undoubtedly
elevates the raw materials cost and extends the curing period, thus increasing the total
manufacturing cost of LWAs. Meanwhile, using CO2 uptake to enhance the mechanical
property is a proven emissions reduction solution, permanently removing CO2 from the
atmosphere. However, taking the mechanical performance into account, the carbonation
curing period should be optimized to show the jointly positive effects on both CO2 capture
amount and strength development. Hence, carbonation might be an inappropriate curing
method for HCP III-type aggregates due to destruction of C-S-H and the resulting strength
loss. HCP |, as a Ca-rich waste solid containing abundant portlandite, shows an enormous
potential for producing high strength LWAs and COz2 capture capacity at the same time via
the optimized carbonation curing method. For instance, Jiang and Ling [145] produced
steel slag based artificial aggregates to achieve an optimal strength value of 5.24 MPa via
post carbonation method, significantly increasing the strength compared to the
synchronized carbonation during granulation. However, the optimal carbonation period
should be emphasized in any case to avoid affecting negatively the resulting mechanical
performance of the artificial aggregates even though CO: uptake is continuously
increasing [146].

3.5. Conclusions

The comparative study was conducted to figure out the effects of the portlandite amount
in HCP I and HCP III on the aggregates under carbonation curing. The addition of up to 10
wt.% silica fume into HCP [ was attempted to make full use of the considerable amount of
portlandite to prepare artificial aggregates under normal curing. The effects of re-
cementation during carbonation and pozzolanic reactions on physical properties and
mineral composition, microstructure of the produced aggregates have been investigated,
which can be crucial and essential for the performance prediction of LWAs originated
from the real demolished materials. Based on the findings from this study, the following
conclusions can be drawn:

Carbonation reaction benefits the fast strength development because the formation of
calcium carbonates decreases the porosity, optimizing the pore structure and then
benefiting the mechanical property. However, carbonation curing is more appropriate for
HCP I-type aggregates than HCP Ill-type aggregates due to the different amount of
portlandite. HCP I-type aggregates show enormous potential in elevating the strength
along with COz capture capacity via the extended carbonation curing until the optimal
curing period is reached. The optimal curing period for HCP Ill-type aggregates is short
so that the individual strength and CO2 uptake are undoubtedly limited.

The sufficiently available portlandite acts like a buffer to prevent decomposition in C-S-H
and other phases caused by carbonation. The lack of available portlandite makes C-S-H
the dominant phase subjected to carbonation, along with the decomposition of C-S-H at
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the extensive carbonation calcification. Consequently, shrinkage and internal cracking
during carbonation can occur, leading to a significant reduction of individual strength.

Addition of silica fume elevates the individual strength of the aggregates originated from
HCP I after normal curing due to the formation of C-S-H gel. 5% addition of silica fume is
the optimal dosage, and S5A I shows the highest individual strength among the normal
cured aggregates in this study. 10% of silica fume is harmful to the compaction of the
mixed powder during pelletizing, which leads to a reduction of strength performance.

Carbonation and pozzolanic reaction are both beneficial to the strength development
while carbonation takes the advantages in sustainable development and sustainability in
this study, which can reduce COz emissions and manufacturing cost of LWAs.
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CHAPTER 4

4‘. Recycling and valorization of hydrated cement blends in

mortars via semi-dry carbonation - the role of waste glass,
granulated blast furnace slag and fly ash

The recycling technology of demolished concrete wastes in building materials
manufacture provides a possibility of achieving sustainable constructions. Carbonation
pre-treatment helps to enhance the performance of recycled concrete fines effectively. To
investigate the effects of semi-dry carbonation on the utilization of recycled concrete fines
containing supplementary cementitious materials (SCMs) in new concrete production,
recycled blended cement paste powder (RBCPs) containing granulated blast furnace slag
(GBS), fly ash (FA), or recycled glass powder (RGP) were prepared in the lab. The
performance of mortars produced by carbonated recycled blended cement paste powder
(C-RBCPs) and RBCPs blended cement were evaluated. C-RBCPs exhibit superior
performance in workability and mechanical properties of prepared mortars compared to
carbonated OPC powder. The results indicate that the RBCPs exhibit a lower carbonation
degree (less than 53.4%) and CO2 uptake compared to OPC samples due to the lack of
available Ca in the originally blended cement after incorporation of GBS, FA and RGP. As
the main carbonation products, calcite, aragonite, and vaterite are all observed in C-RBCPs,
the category of SCMs exhibited visible influences on the crystal format of calcium
carbonate, as well as the reactivity of C-RBCPs in blended cement mortars. Overall, semi-
dry carbonation can promote the reactivity of C-RBCPs efficiently. The effects of the SCMs
category should be considered in the recycling processes of cement wastes. The
application of GBS, FA, and RGP in blended cement can help to achieve excellent
sustainability of C-RBCPs blended mortars after semi-dry carbonation pre-treatment.

This chapter is reproduced from: G. Liu, Y. Tang, ]. Wang, Recycling and valorization of hydrated cement
blends in mortars via semi-dry carbonation - The role of waste glass, granulated blast furnace slag and fly
ash, Constr. Build. Mater. 401 (2023) 132987. https://doi.org/10.1016/j.conbuildmat.2023.132987.
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4.1. Introduction

Carbonation treatment has been introduced in the recycling of concrete wastes in recent
years. Recycled concrete wastes after carbonation treatment exhibit a significant
improvement in reducing water demand, densifying microstructure, and promoting
mechanical behaviour (see Table 4.1).

Table 4.1 Summary of carbonation treatment of recycled concrete wastes in literature.

References Research objective Treatment conditions Notes
Xuan etal. [57] Recycled concrete 25°C, CO2 100%, 0.1bar Pure COz and a high-
aggregates (5 mm-20 and 0.5 bar pressure chamber were
mm) needed.

Bal etal. [8]

Zajac etal. [147]

Ouyang et al. [148]

Peiliang et al. [149]

Recycled cement pastes
powder based on OPC
(< 75um)

Recycled cement pastes
powder based on CEM
1l (< 150 um)

Recycled cement pastes
powder based on OPC
(<150 um)

Recycled cement pastes
fines based OPC (<150
um)

20°C, CO2 100%, RH
60+5% (semi-dry
carbonation)

20°C, CO2 10%, water
environment (wet
carbonation)

20°C, CO2 2043%, RH
70£5%, 0.1MPa (semi-
dry carbonation)

Ambient temperature,
C02 99%, water
environment (wet
carbonation)

Pure CO2 was needed.
Silica gel was extracted.

Water disposal was
needed. The pozzolanic
reactivity of carbonated

powder was proved.

Strong bonding
between the surface of
carbonated powder and
C-S-H was proved.

Nano-silica was
produced. Chemical
solution disposal was
needed.

Zhan et al. finds the hydrated cement in concrete wastes presented a high carbonation
reactivity, the calcium carbonates formation can effectively densify the micro-pores, and
then reduce the water absorption after carbonation [56,57]. Shi et al. points out that the
presence of amorphous silica gel from the carbonation of C-S-H can exhibit a high
pozzolanic reactivity [8]. Zajac et al. investigates the hydration process of blended cement
containing carbonated cement powder, the amorphous silica-aluminate gel can be fast
reacted in the first curing days, more C-S-H gels can be produced [118,150,151]. These
studies effectively prove the feasibility of the application of pre-carbonation treatment to
enhance the recyclability of waste hydrated cement wastes. As is well known, the chemical
compositions and hydration products of blended cement can be modified by the addition
of SCMs. Many previous investigations have confirmed the variation of Ca/(Si+Al) in C-
(A)-S-H gels after SCMs incorporation, for example, a high volume of FA and RGP in
blended cement increases the available Si and reduces the Ca at the same time, the average
Ca/Siratio in reaction products decreases to 1.3 compared to normal OPC samples [152].
On the other hand, portlandite is significantly consumed by the pozzolanic reaction of
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SCMs particles [26]. Therefore, the carbonation mechanisms of hydrated blended cement
materials could be different to normal OPC. The latest study reveals that blended cement
composites exhibit a poor carbonation resistance compared to OPC due to the less
available Ca in reaction products [153,154]. Furthermore, Ca/Si ratio of C-S-H gel is also
identified to be a critical factor during carbonation, consequently, the carbonation
products and structures can be influenced [155]. The engineering applications and
studies of SCMs in cement concrete are relatively prevalent. However, most of the existing
studies of demolition concrete wastes recycling by carbonation pre-treatment focus on
the neat OPC based materials. The influences of SCMs on recyclability of carbonated
cement-based wastes in the new concrete production are still unclear. The carbonation
mechanism of hydrated SCMs-cement composites and the performance evaluation of
recycled concrete need to be investigated.

This study aims to investigate the role of mixed SCMs (GBS, FA and RGP) in recyclability
of hydrated blended cement composites by semi-dry carbonation pre-treatment. In
addition, recycling and application of treated fines in production of new blended mortars
were evaluated. The effects of mixed GBS, FA, and RGP on carbonation products, reactivity
and leaching properties of recycled blended cement paste powders (RBCPs) were
characterized and addressed. Hydration Kkinetics, hydration products, mechanical
performance and sustainability efficiency of recycled blended cement paste powders (C-
RBCPs)-cement composites were analyzed and discussed. The related results can
contribute to a deep understanding of blended cement concrete recycling by carbonation,
and their high-end application in low carbon footprint building materials.

4.2. Materials and methods

4.2.1. Materials

The applied ordinary Portland cement (CEM I 52.5 N) was provided by ENCI, the
Netherlands. The supplementary cementitious materials (SCMs) for the preparation of
various blended cement were ground granulated blast furnace slag (GBS), fly ash (FA),
and recycled waste glass powder (RGP). The chemical and mineral compositions of
materials are shown in Table 4.2 and Fig. 4.1. The particle size distributions of powders
are presented in Fig. 4.2.
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Table 4.2 Chemical composition of raw materials [wt.%)].

Chemical composition CEMI525R RGP GBS FA
Na:0 - 14.651 - -
MgO 1.712 1.298 8.57 1.141
Al;03 3.793 1.93 13.214 26.98
SiO; 16.188 68.328  29.407 51.442
SOz 4.055 0.086 2.639 1.121
K20 0.187 0.702 0.424 1.84
Ca0 67.968 11904 42.665 5.83
TiO; 0.277 0.062 1.487 1.78
Cr203 0.01 0.117 0.001 0.034
MnO 0.094 0.022 0.398 0.057
Fe;03 3.589 0.364 0.366 8.271
Zn0 0.1 0.009 - 0.022
BaO 0.005 0.061 0.081 -
PbO 0.005 0.05 - 0.009
P20s 0.42 - - 0.849

Cl 0.041 0.019 0.011 -
LOI 0.72 1.34 1.15 2.27
opc 1 1-G;S and C,S
A 1 2-CasO,
RGP 1 3 CAF
GBS 4- Quartz
4 5- Mullite:
1 1
1 ' '
2 1 o W "2'9 ! ]
Moassagrd el i 1
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PP b P
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Fig. 4.1 XRD patterns of cement, FA, GBS and RGP.
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Fig. 4.2 Particle size distribution of RGP, GBS, FA and cement.

4.2.2. Preparation of RBCPs and C-RBCPs

—
e~

GBS FA RGP
&+
oPC

Blended cement preparation @
Low SCMs blended cement High SCMs blended cement
(30% replacement ratio) (60% replacement ratio)
Blended pastes curing (3 months) Q Water to powder ratio 0.5

Hydrated 30%-SCMs blended cement pastes
Hydrated 60%-SCMs blended cement pastes

Crushing and drying (24 hours) @

Hydrated blended cement pastes powder 10/

@ Carbonation (72 hours) and drying (24 hours)

Carbonated Hydrated blended cement pastes powder [e3:?:{6/)

Fig. 4.3 Preparation process of RBCPs and C-RBCPs.

The preparation of RBCPs and C-RBCPs is shown in Fig. 4.3. Different cement blends were
prepared by mixing dry ordinary Portland cement (CEM I 52.5 R) and GBS, FA, or RGP.
The cement replacement ratio was 30% (labeled as ‘L) and 60% (labeled as ‘H’),
respectively. Then, the cement blends were mixed homogenously with distilled water
(w/b =0.5). At the same time, pure cement paste (labeled as OPC) was prepared as the
reference. The curing duration lasted for 3 months. Afterward, the hardened pastes
samples were crushed and milled into powder by using a disc mill and dried in the oven
at 105 °C for 24 hours. At last, RBCPs were collected.
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Fig. 4.4 Equipment for carbonation pre-treatment.

C-RBCPs were produced by the carbonation of RBCPs in a climate chamber with COz flow
gas. At first, RBCPs were placed in a stainless-steel plate and moved into the climate
chamber. The carbonation conditions were set as 20% COz, 25 °C, and RH 75% for 3 days.
Then, the carbonated powder was dried in the oven at 105°C for 24 hours to remove free
water. Then, the collected dry powder was used for other tests. Sample code labeled with
a ‘C’ indicated that it was carbonated. The schematic picture of carbonation is shown in
Fig. 4.4. The particle size distributions of RBCPs and C-RBCPs are shown in Fig. 4.5.
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Fig. 4.5 Particle size distribution of RBCPs and C-RBCPs.
4.2.3. Mix design of mortars containing RBCPs and C-RBCPs

RBCPs and C-RBCPs were utilized to replace ordinary Portland cement in the production
of blended cement mortars. The replacement ratio was set as 30%, the water to binder
ratio was 0.5, standard sand to binder ratio was 3 (standard mortar). The mix design of
blended mortars is shown in Table 4.3.
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Table 4.3 Mix design of blended mortars (kg/m?3).

Sample ID Cement RBCPs C-RBCPs Standard sand Water
(kg) (kg) (kg (kg (kg

RGP-L-M 339.85 145.65 1456.50 242.75
RGP-H-M 340.05 145.73 1457.34 242.89
GBS-L-M 340.80 146.06 1460.56 24343
GBS-H-M 341.84 146.50 1465.02 244.17
FA-L-M 339.75 145.61 1456.07 242.68
FA-H-M 340.05 145.73 1457.34 242.89
OPC-M 339.55 145.52 1455.21 242.54
RGP-L-C-M 340.52 145.94 1459.37 243.23
RGP-H-C-M 340.89 146.09 1460.94 243.49
GBS-L-C-M 341.84 146.50 1465.02 244.17
GBS-H-C-M 342.40 146.74 1467.44 244.57
FA-L-C-M 34043 145.90 1458.97 243.16
FA-H-C-M 340.71 146.02 1460.17 243.36
OPC-C-M 341.59 146.39 1463.94 243.99

4.2.4. Test methods
4.2.4.1. Fresh and hardened behaviours of RBCPs and C-RBCPs blended mortars

The slump-flow of fresh mortars was conducted by using the flow table test, according to
EN 1015-3. An average value of two tested diameters was recorded by using a standard
conical ring. The flow ability enhancement ratio was calculated according to the following:

Flow ability enhancement ratio (%) = dmc:ﬂ x 100% 4.1)
RBCP

drpcp- slump flow of mortars containing RBCP
d¢_grpcp- slump flow of mortars containing C-RBCP

The mechanical properties of blended cement mortars were evaluated by compressive
strength after 7, 28 and 90 days of normal curing. A strength test bench of concrete was
used. 3 parallel cube samples (40 mm x 40 mm x 40 mm) were prepared for the
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compressive strength test. The value of compressive strength was recorded by the
average strength of 3 mortar cubes.

The SAI of various recycled pastes powder was evaluated by the compressive strength of
blended mortars after 7, 28, and 90 days of curing. Ordinary Portland cement (CEM I 52.5
N) mortar was selected as the reference, the calculation was accorded with the following
equation:

SAI = 25 % 100% (4.2)
Mopc

SAI- strength activity index of RBCPs or C-RBCPs

Ms- compressive strength of RBCPs or C-RBCPs blended mortar

My pc- compressive strength of reference mortar

4.2.4.2. Hydration heat flow of RBCPs and C-RBCPs blended cement

The reaction heat of blended cement was recorded by using an isothermal calorimeter
(TAM Air). The blended cement was mixed with water until homogeneously in the plastic
cup, then the paste samples were poured into the glass ampoules carefully. Afterwards,
the ampoules were sealed and loaded into the test channels. The test was running at 20 °C
and lasted for 50 hours.

4.2.4.3. Characterization of reaction products

The chemical compositions of cement, GBS, FA and RGP were tested by using X-ray
fluorescence (PANalytical Epsilon 3XL). The powder was mixed with wax binder
homogenously, then the mixture was pressed into tablet sample for XRF test. The results
were calculated and collected from the Epsilon software.

To characterize the variation of mineral composition in RBCPs and C-RBCPs, and the
relevant reaction products in hydrated blended cement, a Brucker D4 was applied. The
hydrated paste samples after 28 days of curing were crushed and immersed into acetone
for 7 days to exchange the free water in samples to cease the hydration reaction. Then the
mixtures were moved to the oven to remove the evaporable water at 40 °C for 24 hours.
Afterward, the dried samples were milled into powder by using an XRD mill (Retsch
McCrone Micronizer mill) for scanning. The setting of XRD was 0.018 °/step and 0.4 s/step
with 40 KV.

To further observe the chemical bond change in samples. The Frontier transform infrared
spectroscopy (FTIR) test was performed in a Varian 3100 instrument with powdered
samples. The test parameters were set to a scanning range of 4000 to 400 cm, and a
resolution of 2 cmL.
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For the calculation of calcium hydroxide consumption and carbonation degree of recycled
powders. The thermogravimetric analysis (TGA) was conducted by using an STA 449 F1
instrument. The test temperature range was set from 40 to 1000 °C. The heating rate was
10 °C/minute and N2 was applied as the carrier gas.

4.2.4.4. Leaching properties of RBCPs and C-RBCPs

The leaching behaviour of RBCPs and C-RBCPs was evaluated by using Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-OES) and Ion Chromatography (IC).
The leachates were filtered by using a 0.017-0.030 nm membrane filter from the mixtures
of distilled water and powder samples (L/S=10) after a dynamic shaking (250 rpm, 24
hours). For the ICP-OES test, the filtrates were acidified with HNOs until the pH<2.

4.2.4.5. Evaluation of calcium carbonate formation

Due to the poorly crystallized calcium carbonate formed in this study, the calculation of
total calcium carbonate in C-RBCPs included 2 parts according to TG results. Poorly
crystallized calcium carbonate was calculated by the decomposition between 520 and
720 °C, while the well-crystallized calcium carbonate was evaluated by the decomposition
between 720 and 950 °C [156]. Then CO2 uptake ability was roughly evaluated by the
decomposition of all calcium carbonate during TGA test according to:

. ME,o—MS§, Ms20—M
CO, uptake (% in gram of unreacted cement blends) = ( 521315 250 52}; 950) X
950 950

100% (¢3)

M¢,, — mass ratio of C — RBCPs at 520 °C
M§e, — mass ratio of C — RBCPS at 950 °C
Ms,, — mass ratio of RBCPs at 520 °C
Mgyso — mass ratio of RBCPs at 950 °C

The proportion of poorly crystallized calcium carbonate in total calcium carbonate was
calculated according to:

Poor crystallized calcium carbonate (%) = W X 100% 44)
720~ M950
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The increased carbonation degree of C-RBCPs was calculated according to the following
two equations:

Carbonation degree (% in gram of unreacted cement blends) =
Msz0—Moso /McaoX44 X 100% (4.5)

Magso

Ms,, — mass ratio at 520 °C

M,,o — mass ratio at 720 °C

Mys, — mass ratio at 950 °C

Mcqa0 — mass ratio of CaO from XRF test
44 — molar mass of carbon dioxide

56 — molar mass of CaO

Increased carbonation degree (ICD)(%) = CDpefore — CDqfter (4.6)

CDpefore- Carbonation degree of RBCP
CDgfter- Carbonation degree of C-RBCP

4.2.4.6. Evaluation of sustainability efficiency

The sustainability efficiency (MPa/(kg COz/m3))was calculated by the ratio of
compressive strength (90 days) to total COz emission of 1 m3 of blended mortar, which
indicates the value of strength gaining (MPa) by per kilograms of COz emission (modified
from [157]) The COz emission of cement, sand, and water production are 930 kg/ton, 4
kg/ton, and 0.196 kg/ton, respectively [37]. The CO2 for carbonation pre-treatment was
also considered in this study, the COz emission of inlet CO2 gas during production is
around 23.8 kg/ton [158]. The COz emission of RBCPs recycling and transportation was
around 21.2 kg/ton [159].

4.3. Results

4.3.1. Characterization of RBCPs and C-RBCPs
4.3.1.1. XRD and FTIR analysis
The mineral compositions of various recycled pastes powder before and after carbonation

treatment are shown in Fig. 4.6. Peaks of portlandite (PDF#00-004-0733) and C-S-H are
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commonly identified in all hydrated pastes powder, which was derived from the
hydration reaction of cement clinker and pozzolanic reaction [26,160]. In GBS blended
samples, hydrotalcite was generally formed, while quartz and mullite were addressed in
FA-cement blends. In cement blends with the high volume of GBS, FA or RGP, a weak
intensity of portlandite was performed compared to the samples with a low replacement
ratio of them. After carbonation, the peak intensity of portlandite was barely observed in
Fig. 4.6(b), while the peak intensity of calcium carbonate grows significantly. Three
polymorphs of calcium carbonate can be found in carbonated pastes powder, which is
related to calcite (PDF#00-005-0586), aragonite (PDF#00-005-0453) and vaterite
(PDF#00-024-0030). Aragonite and calcite were observed in carbonated GBS blended
cement pastes powder and pure OPC sample, while calcite was the only calcium carbonate
phase in FA blended cement pastes. A trace of vaterite was found in carbonated RGP
blended samples. Aragonite and calcite were commonly observed in carbonated cement
concrete [56,57]. However, the presence of vaterite was rarely reported, this could be
induced by the sodium in RGP, which played as a structure modifier in calcium carbonate
formation [161].
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Fig. 4.6 XRD patterns of RBCPs and C-RBCPs (Ht-hydrotalcite, P-portlandite, Q-quartz, M-
mullite, csh-calcium silicate hydrate, c-calcite, a-aragonite, v-vaterite).

The FTIR results (see Fig. 4.7) further confirmed the presence of various calcium
carbonates. The absorptions at 700 and 713 cm™ are related to the presence of C-O in
aragonite, while 713 and 745 cm for calcite and vaterite, respectively [162]. The
wavenumbers of 854 and 874 cm-! are related to the C-O in aragonite and calcite [37].
Besides, a broad absorption band between 1018 to 1036 cm-! indicates the formation of
high polymerized silica-alumina, it can be induced by the decalcification of C-(A)-S-H in
hydrated blended cement [147,148]. In addition, this amorphous silica-alumina gel was
pointed out to show a high reactivity in cement blends [147].
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Fig. 4.7 FTIR results of RBCPs (a) and C-RBCPs (b).
4.3.1.2. Thermogravimetric test of RBCPs and C-RBCPs

The TGA results of RBCPs are illustrated in Fig. 4.8, the hydrated cement pastes before
carbonation exhibited typical mass loss curves during the test. The first significant mass
loss corresponded to the dehydration of C-(A)-S-H, which derived from the hydration of
cement clinker and pozzolanic reaction [26,160]. The following decomposition was
induced by the water loss of calcium hydroxide. Afterward, the small decrease of mass
around 700 °C was due to the decomposition of calcium carbonate [129]. After
carbonation treatment, a huge mass loss from 400 to 900 °C was observed, which was
related to the formation of various calcium carbonates. It is noticed that calcium
hydroxide decomposition can be barely visible after carbonation. Instead of it, poorly
crystallized calcium carbonate was formed that can be decomposed at relatively low
temperature (520-720 °C), while COz in vaterite, aragonite and calcite can be emitted at
higher temperature (720-950 °C) [163]. Overview, the SCMs in RBCPs strongly reduced
the amount of calcium carbonate formation compared to OPC sample. The variation of the
decomposition temperature range of calcium carbonates indicated the change of calcium
carbonate polymorphs, which could be affected by the incorporation of SCMs categories.
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thermogravimetric.
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4.3.1.3. Leaching properties of RBCPs and C-RBCPs

The leaching behaviours of RBCPs and C-RBCPs in distilled water are shown in Fig. 4.9.
As illustrated in Section 4.3.1.1. and Section 4.3.1.2., the mineral compositions of RBCPs
were considerably modified by carbonation pre-treatment. The consumption of
portlandite during carbonation also can effectively decrease the alkalinity of recycled
cement-based powders [164]. Therefore, leachable alkali ions, Si and Al, which are
sensitive to alkalinity, presented a visible variation of concentration in the leachates of
RBCPs and C-RBCPs. K concentration in RBCPs and C-RBCPs showed no significant
relevance to SCMs amount and categories because of its limited content in raw materials
as shown in XRF results. Na concentration presented an extremely high content in
leachates of RGP specimens. This can be induced by soluble sodium from the destroyed
glass phase in RGP particles [165], which was hard to be solidified by the hydration
products and carbonation products. Meanwhile, Mg concentration also increased
significantly in all C-RBCPs due to the consumption of calcium hydroxide. On the other
hand, due to the decalcification of C-(A)-S-H gel and the formation of polymerized silica
gel after carbonation, the dissolved Si amount in C-RBCPs was also enhanced. However,
there is a decline of Al concentration after carbonation treatment, this could be induced
by the identical amphoteric behaviour at low alkalinity environment [166]. These changes
agree with the previous research on carbonated cement-based materials [164].
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Fig. 4.9 Leaching properties of various recycled powders.
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4.3.2. Recycling of RBCPs and C-RBCPs as SCMs in blended mortars production
4.3.2.1. Reaction kinetics of RBCPs and C-RBCPs blended cement

The reaction heat flows of blended cement pastes in the first 50 hours of hydration are
shown in Fig. 4.10. A slight acceleration in the hydration process can be found in OPC and
GBS-based carbonated RBCPs blended mixtures. The time to reach the first reaction peak
was reduced, and the peak intensity was increased slightly for OPC-C, GBS-L-C and GBS-
H-C mixtures. Meanwhile, the carbonated FA-L, FA-H, RGP-L and RGP-H showed slightly
suppress the reaction intensity and delay the time to reach the first reaction peak of
related cement blends. It can be attributed to the high reactivity of unreacted GGBS
particles compared to RGP and FA in cement-based blends [167,168]. In many previous
studies, carbonation of hydrated OPC has been proven to increase its reactivity of it, as
well as the acceleration effect on the heat of cement hydration [8]. However, the heat
releasing of RBCPs blended mixtures showed acceleration or retardation depending on
the SCMs incorporation in sourced cementitious systems. This should be considered
during the recycling of RBCPs in new concrete production by carbonation pre-treatment.
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Fig. 4.10 Heat flow of blended mixtures.
4.3.2.2. Reaction products of RBCPs and C-RBCPs blended cement

To investigate the reaction products of RBCPs and C-RBCPs blended cement, X-ray
diffractions and thermal gravimetric tests were applied, and the test results were
performed in Fig. 4.11 and Fig. 4.12. The main reaction products of RBCPS and C-RBCPs
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blended cement after 28-day hydration were mainly calcium hydroxide (PDF#00-004-
0733), belite (PDF#33-302) and a small trace of alite (PDF#01-070-8632), which are all
typical products in hydrated cement concrete [169]. Besides, the hump around 34 °26 is
related to the C-(A)-S-H formation, which was generally observed in ordinary Portland
cement-based cementitious materials [10,129]. For C-RBCPs blended cement mixtures, a
new significant peak corresponding to the formation of Mc can be observed around
13.4 °26 (summarized in Fig. 4.12) in all samples. It was formed by the reaction between
calcium carbonate, calcium hydroxide and alumina-containing phases [170-172]. It has
been reported in many previous studies of limestone blended cement, the reaction
process can be described as the following equations:

C3A + 0.5Cc + 0.5CH + 11.5H — CsAcosHiz (4.7)
AS2 +0.5Cc + 3.5CH + 8.5H — CsAcosH12 4.8)
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Fig. 4.11 XRD patterns of RBCPs and C-RBCPs blended cement pastes after 28 days of normal
curing (Mc-mono-carboaluminate, e-ettringite, a-aragonite, v-vaterite, c-calcite, P-
portlandite, b-belite).
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Calcium carbonate can be reacted with calcium aluminate or amorphous alumina-silicate
phases, while calcium hydroxide was further consumed during this process. The
formation of hemi-carboaluminate only appeared at the early age of hydrated cement
blends, as the progressing of cement hydration, it converts to mono-carboaluminate at
late ages, for example, after 28 days [170]. This also explains that only Mc was identified
in C-RBCPs blended cement.
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Fig. 4.12 Identification of Ettringite, Mc and Hc in (a) RBCPs and (b) C-RBCPs blended
cement samples (Et- ettringite, Mc-mono-carboaluminate, Hc- hemi-carboaluminate).

A Thermogravimetric test was conducted to know more information about hydrates in
RBCPs and C-RBCPs blended cement after 28 days of hydration (see Fig. 4.13). Several
main decomposition peaks are clearly observed in all blended cement samples, which are
located at the temperature ranges of 40 ~ 240 °C, 430 ~ 500 °C, and 600 ~ 850 °C,
respectively. The first decomposition was assigned to the dehydration of C-S-H, ettringite
and Mc [173], after that, the second peak was induced by the water loss of calcium
hydroxide [26]. The third largest peak corresponded to the COz released from calcium
carbonates. It is clear to see that the decomposition between 40 and 240 °C significantly
increased in samples containing C-RBCPs compared to RBCPs. This was caused by the
additional formation of C-(A)-S-H and Mc in blended cement by the presence of silica-
alumina gel and calcium carbonate in C-RBCPs. On the other hand, calcium hydroxide also
can be consumed by the reactive products in C-RBCPs, which resulted in the reduction of
decomposition between 430 and 500 °C. This indicated that the application of C-RBCPs
not only can effectively promote the hydration of cement, but also reduce the calcium
hydroxide content.

69



DTG (%/K)

-1.8+ —— OPC mixture |+ - - - - GBS-L-C mixture
—— OPC-C mixture - - - - GBS-H-C mixture
%8 T T T T T T T T
-0.2 N
0.4+
064 |
< o8
g
© 104
=
QO 12
144 1
—— FA-L mixture —— RGP-L mixture
167 —— FA-H mixture 7 —— RGP-H mixture
-1.8 - - - - FA-L-C mixture 4 ----RGP-L-C mixture
- - - - FA-H-C mixture - - - - RGP-H-C mixture
2.0 T T T T T T T T
200 400 600 800 1000 200 400 600 800 1000

— GBS-L mixture
—— GBS-H mixture

Temperature (°C)

Temperature (°C)

Fig. 4.13 TG analysis of hydrated recycled powder blended cement (30% powder + 70% CEM
1) after 28-day normal curing.

4.3.2.3. Workability of RBCPs and C-RBCPs blended cement mortars

The flow ability is a critical behavior of workability to evaluate the fresh performance of
cement composites. The properties of additives and SCMs can change the workability
effectively due to the chemical and physical effects on fresh cement mixtures [174,175].
As shown in Fig. 4.14(a), the addition of RBCPs in cement mortars caused poor
performance of flowability. The best flowability of 14 cm was found in RGP-H-M, while
GBS-L-M presented the poorest workability of 12.25 cm. The hydrated blended cement
pastes were reported to present a strong water absorption ability [176]. Consequently,
the application of RBCPs can result in a strong reduction of water between particles,
which decreased the flowability of blended mortars. Meanwhile, it is noticeable that the
carbonation pre-treatment could effectively modify the water demand of RBCPs, which
was presented as an improved flowability compared to untreated powders. Fig. 4.14(b)
performs the flowability enhancement ratio of C-RBCPs blended mortars. OPC-C-M
exhibited the highest flowability enhancement ratio. For other C-RBCPs blended mortars,
the improvements were not so significant, in addition, the high-volume SCMs containing
RBCPs resulted in a limited enhancement on the flowability of blended mortars after
carbonation pre-treatments. This indicates that the SCMs categories and volume in
hydrated blended cement can effectively influence the treatment efficiency of pre-
carbonation treatment.
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Fig. 4.14 (a) Flowability of various RCP blended mortars and (b) flowability enhancement
ratio after incorporating RBCPs carbonation treatment based on Table 4.3.
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4.3.2.4. Mechanical performance of RBCPs and C-RBCPs blended cement mortars
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Fig. 4.15 Compressive strength of mortars after 28 days of curing based on Table 4.3.

The compressive strength of RBCPs and C-RBCPs blended mortars was tested, and the
results are presented in Fig. 4.15. The recycled OPC powder blended mortar exhibited the
compressive strength of 33.7, 36.9 and 35.78 MPa after 7, 28 and 90 days, respectively.
Comparable mechanical performance was observed in blended mortars containing GBS-
RBCPs after curing for 7 and 28 days. It is interesting to see that the compressive of GBS-
RBCPs exhibited a further improvement at a late age (90 days). GBS-L-M and GBS-H-M
achieved 37.7 and 40.9 MPa after 90 days, which increased 6% and 14% compared to
OPC-M. A similar observation also can be found in FA and RGP-RBCPs blended mortars.
This indicated that the RBCPs can participate the further reactions after 28 days to
contribute to a better mechanical performance at a late age. For SCMs blended cement
concrete, the reaction degree of GBS only reached less than 60%, while only 30% for FA
and RGP in the previous reports [168,177,178]. So, the gradually increasing compressive
strength at late age can be caused by the pozzolanic reaction of unreacted SCMs particles
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in RBCPs. On the other hand, C-RBCPs blended mortars presented obviously superior
mechanical performance compared to RBCPs cement blends. Especially for GBS and FA
blends, for example, GBS-H-C-M presented a compressive strength of 57.4 MPa, while FA-
H-C-M reached 52.4 MPa after 90 days. The OPC-C-M exhibited a compressive strength of
45.6 MPa after 90 days, which was considerably lower than other C-RBCPs blended
mortars. This can be attributed to the improved flowability and the reactive products in
C-RBCPs.

4.4. Discussion

4.4.1. Effects of SCMs particles on the reactive agents of C-RBCPs

As is well known, the incorporation of SCMs can significantly modify the mineral and
chemical composition of hydrated blended cement. Pozzolanic reaction of SCMs produced
secondary C-(A)-S-H with a modified Ca/(Si+Al) ratio, and partially unreacted SCMs
particles usually occurred in old blended concrete [168]. During recycling and utilization,
all calcium-containing phases in cement clinker hydration and pozzolanic reaction
products provided a possibility of COz sequestration [113,179]. The phase transformation
in RBCPs after carbonation produced more reactive agents such as calcium carbonate and
silica-alumina gel compared to old calcium-containing hydrates (e.g. C-S-H, portlandite,
ettringite) in new concrete production as shown in Fig. 4.16 and Fig. 4.17. Furthermore,
in previous studies, the SCMs reaction degree only reached 20% to 60% in old concrete
[168], after recycling, the unreacted SCMs particles could be reacted again. The
improvement of mechanical performance at late age in both RBCPs and C-RBCPs blended
mortars in this study also could be induced by the secondary reaction of previous
unreacted SCMs particles.
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Fig. 4.16 Schematic recycling process of OPC and SCMs blended cement pastes.
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Fig. 4.17 Carbonation treatment mechanism of hydrated SCMs blended cement.
4.4.2. Effects of SCMs on carbonation products and reactivity of C-RBCPs particles

The total Ca, Si and Al proportions in initially prepared blended cement were changed
after the incorporation of SCMs as shown in Fig. 4.18. For instance, the incorporation of
RGP considerably increased Si and decreased Ca in blended cement, as well as for FA
blends. GBS blended cement presented a closer location to OPC in the ternary diagram
due to the similar Ca/(Si+Al) ratio, however, Ca content in GBS was still lower than
ordinary portlandite cement. Therefore, the increase of SCMs volumes indicated the
reduction of clinker and available Ca in blended cement. Consequently, their theoretical
CO2z uptake ability presented a significant reduction compared to OPC (see Fig. 4.19).
However, the lowest solidified CO: still can exceed 10 %. On the other hand, the increased
carbonation degree (ICD) of RBCPs after semi-dry carbonation exhibited an obvious
variation depending on the SCMs categories and volumes. FA and RGP blended samples
exhibited an overall higher ICD compared to OPC sample, and the high volume (60%) FA
and RGP contributed to a lower ICD compared to normal volume (30%) samples. On the
other hand, GBS blended samples achieved a lower ICD than OPC sample, which is due to
the amount of Ca remaining in unreacted GBS particles. This observation also confirms
the results of previous studies [180], the C-S-H with lower Ca/Si experienced a slow
carbonation process compared to the C-S-H with higher Ca/Si due to the slow dissolution
rate of Ca. The Ca was more difficult to be removed in C-S-H with low Ca/Si in GBS, FA and
RGP blended cement samples compared to hydrated OPC powder under the same
conditions.
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Fig. 4.19 Carbonation degree, COz uptake ability and poor crystallized calcium carbonate
of C-RBCPs.

Besides, the formation of calcium carbonate also was indicated to be influenced by the
various SCMs in RBCPs. Poor crystallized calcium carbonate amount was calculated and
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shown in Fig. 4.19. FA and GBS exhibited a limited influence on the formation of calcium
carbonate, the proportion of poorly crystallized calcium carbonate slightly lower or
higher than carbonated OPC. However, RGP presented a remarkable effect on calcium
carbonate formation. The poorly crystallized calcium carbonate reached 71% and 85% in
RGP-L-C and RGP-H-C, respectively. The crystallization of calcium carbonate could be
influenced by many conditions such as temperature, ion concentration and CO2 dosage
[161]. Liu et al. investigated the carbonation behaviour of alkali-activated GGBS-RGP
mixtures, it indicated that the Na released from reacted RGP particles can inhibit the
formation of well-crystallized calcium carbonate because of the pH buffer capacity [181].
The leaching test in Fig. 4.9 also confirmed the high sodium ions in RGP blends.
Furthermore, the presence of a high amount of poorly crystallized calcium carbonate also
explains the limited improvement of RGP blends on the workability of new mortars after
carbonation, which usually shows a high surface area.
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Fig. 4.20 Strength activity index of RBCPs and C-RBCPs in blended cement mortars.

The formation of silica-alumina gel and calcium carbonates in C-RBCPs resulted in a
considerable improvement on their reactivity agents, consequently, the SAI of C-RBCPs at
different ages was obviously enhanced (see Fig. 4.20). The presence of amorphous silica-
alumina gel contributed to an extremely higher SAI compared to powder without
carbonation pre-treatment. Zajac et al. have confirmed the high reactivity of silica-
alumina gel in carbonated normal cement paste powder, which can be fast reacted in the
first week of hydration [147]. It is noticed that the FA-H-C presented the highest SAI (103)
after 7 days, this can be induced by the synergetic effects between a high amount of
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unreacted FA and calcium carbonate. This observation also agrees with the previous
studies of cement-limestone-fly ash ternary binder systems [182]. Afterward, the
hydration of clinker and reactivity of residue SCMs particles kept promoting the increase
of mechanical strength at a late age. SAI of C-RBCPs at a late age (90 days) well
corresponded with the reactivity of SCMs, which was commonly presented as
GBS>FA>RGP in many studies [168]. The SCMs application in old concrete could
effectively influence the SAI in new cement products after recycling by carbonation pre-
treatment. However, the strength performance is only a primary evaluation of C-RBCPs
blended cement mortars. Further investigations will be needed to have more quantitative
analysis and tests in future studies.

4.4.3. Effects of SCMs on sustainability coefficient of C-RBCPs blended mortars
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Fig. 4.21 Sustainability efficiency of RBCPs and C-RBCPs blended mortars based on Table
4.3.

The recycling and utilization of demolition concrete wastes have been proven to be
sustainable conservation of the environment [12,183,184]. The red dot line in Fig. 4.21
indicates the sustainability efficiency (SE) of normal ordinary Portland cement mortar.
The utilization of RBCPs in blended mortars resulted in a SE around to the normal
ordinary Portland cement mortars, which contributed to slightly positive or even negative
effects on sustainability. The replacement of cement clinker by RBCPs did reduce the CO2
emission of blended mortars, even though, the poor strength performance of RBCPs
blended samples resulted in a comparable SE to normal cement mortars. Carbonation has
been proven to efficiently improve the quality of recycled concrete wastes, for instance,
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recycled aggregates and fines [185]. Similar to the normal carbonated recycled concrete
wastes, the reactivity and workability of RBCPs can be improved due to the existence of
hydration products of cement clinker, as well as being a feedstock of CO2. Besides, residue
unreacted SCMs particles can also have a second chance to react with calcium hydroxide
in new cement blends. Consequently, C-RBCPs showed a superior SE compared to RBCPs
in concrete production. The SCMs application not only reduced the CO2 emission of
blended cement building materials but also considerably promoted their recyclability for
secondary applications after carbonation pre-treatment.

4.5. Conclusions

This study investigates the valorization of recycled hydrated blended cement paste
powder containing GBS, FA, and RGP in new cement-based mortars through a pre-
carbonation modification. The effects of semi-dry carbonation on properties of RBCPs
were characterized and evaluated. Afterward, the performances including reaction
kinetics, hydration products, workability, mechanical performance, and sustainability of
new cement composites prepared by C-RBCPs were evaluated and analyzed. The
following conclusions can be addressed:

e Polymorphs of calcium carbonate in C-RBCPs can be influenced by the categories
of SCMs. Calcite and aragonite were formed in C-RBCPs containing GBS and FA,
while the incorporation of RGP resulted in the formation of vaterite and large
amount of poor crystallized calcium carbonate (>70%).

e The CO2 uptake ability (10-25%) of RBCPs was reduced due to the presence of
SCMs particles compared to normal hydrated OPC sample (30.5%), as well as the
total carbonation degree. Leachable Si in C-RBCPs was significantly improved due
to the carbonation of C-(A)-S-H. C-RBCPs containing RGP presented a higher Si
leaching than samples containing FA and GBS, meanwhile, a high amount of Na
leaching was observed.

e C-RBCPs contributed to the formation of mono-carboaluminate and more hydrates
in hydrated cement blends. The flowability of C-RBCPs blended cement mortars
was considerably improved compared to RBCPs. However, high volume of SCMs in
C-RBCPs resulted in lower enhancement ratio of flow ability. The application of C-
RBCPs containing RGP resulted in a poorer flow ability compared to samples with
FA and GBS.

e Carbonation was an efficient pre-treament to enhance the reactivity of RBCPs in
cement composites. The unreacted SCMs particles contributed to a fast strength
development of C-RBCPs blended cement mortars. The presence of GBS was
related to a higher strength activity index of C-RBCPs than FA and RGP.
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The unreacted GBS, FA and RGP were important reactive agents in C-RBCPs, their reaction
mechanisms in the new cementitious systems and contributions to the recyclability of
carbonated powders still need more focus in the future study.
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CHAPTER 5

5 . A novel BOF slag binder based on monopotassium phosphate

activation

This chapter proposes a novel method to utilize BOF slag as cement-free binding materials
through chemical activation with monopotassium phosphate (MKP) to achieve high-end
applications. The microstructure and strength development of BOF slag pastes with MKP
dosages below 10 wt.% were investigated using a multi-technique approach. Results
indicate that MKP facilitates the dissolution and hydration of Cz(AF) and CzS, enhancing
mechanical properties. Principal hydration products identified include hydrotalcite,
hydrogarnet, C-S-H gel, and hydroxyapatite. A 2.5 wt.% MKP addition shows little effect
on 7-day hydration but still enhances overall hydration at 28 days. Optimization of pore
structure is attained with 5 wt.% MKP, yielding maximum strength at both 7 and 28 days
(19.9 and 44.5 MPa). Excessive MKP addition (10 wt.%) induces a drastic early-stage
reaction, creating unexpected large pores and hindering strength development.
Furthermore, Ca over-capture from hydroxyapatite formation reduces available Ca for C-
S-H, addressing the importance of the balance between Si, Al, and Fe dissolution and Ca
fixation by phosphate.

This chapter is reproduced from: Y. Tang, METHOD FOR ACTIVATING BASIC OXYGEN FURNACE STEEL
SLAG,WO0 2024/052265 A1, 2024. (International patent); Y. Tang, K. Schollbach, S.R. van der Laan, W. Chen,
H.J.H. Brouwers, A novel BOF slag binder based on monopotassium phosphate activation, 2024 (submitted).
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5.1. Introduction

A pressing need to explore high-end applications for BOF slag as potential candidate for
clinker replacement is discussed. For preparing a Portland cement-free BOF slag binder,
the activation of the hydraulic phases C2S and C2(A,F) attracts the most attention because
they make up > 50 wt.% and RO phase is quite inert [186]. It has been reported that Cz2S
hydration can be accelerated in the presence of Na2CO3 and Na2504 while the positive role
of NaOH in the activation of C2S remains controversial [187-189]. Notably, both
carbonates and sulfate can strongly retard the hydration of C2(A,F) creating a prolonged
induction period [190,191]. Other admixtures, including CaClz, NaCl, NazSiOs, high
alumina cement, and commercial accelerator have also been shown to affect the hydration
of BOF slag only slightly [186,192]. BOF slag was found to be preferentially activated by
citrates and alkanolamines like triethanolamine, triisopropanolamine etc. due to the
chelating effects on Al, Fe and Ca [39,193]. They primarily activate Cz2(A,F) while the
contribution to CzS hydration is minor [39,193]. The synergetic activation of both C2S and
C2(AF) remains challenging.

Phosphates interact strongly via ligand exchange, precipitation, and coprecipitation with
iron, aluminum, and calcium [58,59], which are main constituents of BOF slag. The
development of chemically bonded phosphate ceramics (CBPCs) utilizing BOF slag further
demonstrates the feasibility of activating Cz2S, C2(A,F), and wuestite with phosphates or
phosphoric acids at ambient temperature to produce insoluble phosphate hydrates [194-
196]. These reaction products form via an acid-base reaction, distinct from the hydration
kinetics of Portland cement [48,195]. It is known that excessive phosphate addition,
typically above 15 wt.% of BOF slag, inhibits C2S and Cz(AF) hydration, yielding
iron/calcium phosphates, Al(OH)s, Fe(OH)s, and H4SiO4 as primary hydration products
instead of C-S-H gel and hydrogarnet [194,196]. Therefore, optimizing phosphate dosages
and exploring lower phosphate inputs for BOF slag hydration merit attention.

This study presents a novel approach to utilize BOF slag as cement-free binding materials
with monopotassium phosphate (MKP) playing a crucial role in promoting hydration,
investigating the microstructure and strength development of BOF slag pastes with
varying MKP dosages below 10 wt.% using a comprehensive multi-technique approach.
This includes quantitative XRD analysis, SEM/EDX large area phase mapping combined
with PhAse Recognition and Characterization (PARC) software, thermogravimetric
analysis (TGA), calorimetric measurements, and porosimetry (MIP), for the solid samples.
Ion chromatography (IC) and inductively coupled plasma atomic emission spectrometer
(ICP-OES) were employed to analyze corresponding aqueous solutions. This research
yields new insights into the reactions involving BOF slag and varying phosphate
quantities below 10 wt.%, offering a promising activation method for BOF slag using low
phosphate additions at ambient temperature [197].
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5.2. Experiments and methodology

5.2.1. Raw materials and mix design

BOF slag used in this study was collected from standard production, provided by Tata
steel (The Netherlands). A disc milling (Retsch, RS300XL) for 15 min was applied to obtain
BOF slag powder. The particle size distribution of BOF slag powder analysed with a laser
particle size analyser (Model Malvern Mastersizer 2000, Malvern PANalytical) is
presented in Fig. 5.1. The chemical composition of BOF slag powder was analysed with X-
ray fluorescence (XRF, Model Axios Advanced, PANalytical.B.V) and the mineral
composition was determined with quantitative X-ray diffraction (QXRD) analysis as
shown in Table 5.1. Monopotassium dihydrogen phosphate (MKP, KH2P04) was chosen
as the additive, which is a commercially available technical grade product (VWR
Chemicals BDH®, purity >99.0%).

MKP of amounts equivalent to 0, 2.5, 5, 10 wt.% of BOF slag, was first mixed with BOF slag
powder at a low speed for 30 seconds to obtain a homogenous distribution. Water was
then added to the dry mixture with a water to solid ratio (BOF slag + MKP) of 0.2. Mixing
for 30 seconds with low speed, subsequently manual homogenization for another 30 s
and then mixing for 60 seconds with high speed was applied to prepare the MKP-activated
BOF slag pastes. The fresh BOF slag pastes were cast into polystyrene molds (40x40x160
mm3) and then covered with plastic film until demolding. Due to the large variation in
setting time, the samples with 5 and 10 wt.% MKP were demolded after 24 hours while
the samples with 0 and 2.5 wt.% MKP were carefully demolded after 7 days because of
insufficient hardening at earlier ages. To ensure optimal curing conditions after
demolding, the pastes were meticulously sealed again with plastic foil and maintained at
ambient temperature throughout the testing period. The samples in this study are labelled
based on the amount of MKP added, as MKP0, MKP2.5, MKP5, MKP10 for 0, 2.5, 5, 10 wt.%
of MKP dosages, respectively.
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Fig. 5.1 Particle size distribution of BOF slag.
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Table 5.1 Mineralogical and chemical composition of BOF slag.

Mineral compound Content [wt.%)] Oxide Content
[wt.%]
Brownmillerite (C2(A,F)) 17.1 MgO 6.8
Magnetite 6.4 Si02 13.45
CzS 39.6 Al03 2.21
Wouestite 20.5 Ca0 40.14
Lime 0.9 P20s 1.61
Calcite 0.8 TiO: 1.39
Portlandite 0.7 V205 1.05
Amorphous 14.0 Cr203 0.3
Rwp 2.8 MnO 4.61
Fe;03 28.32
Others 0.12
GOI 1.31

5.2.2. Methodology

The compressive strength of the specimens at 7 and 28 days was assessed following the
guidelines of EN 196-1. For the evaluation of compressive strength, a loading rate of 2400
N/s was uniformly applied to all specimens, and the recorded strength values were
obtained through triplicate tests.

The rate of heat release during the initial 23 days of hydration was measured using an
isothermal conduction calorimeter (TAM Air, Thermometric). To prepare a homogenous
paste, BOF slag powders were internally mixed with MKP and distilled water for 1 minute.
The heat flow curve was integrated between 45 minutes and 23 days to assess the
cumulative heat release. MKP2.5 was measured for 32 days due to a significantly
prolonged induction period.

Scanning electron microscopy (SEM) measurements, coupled with energy-dispersive X-
ray spectroscopy (EDX) analyses, were conducted on the pastes after 28 days of hydration.
Prior to the measurements, the pastes were gently broken into small pieces below 4 mm.
Subsequently, these small pieces were immersed in isopropanol for 3 days and subjected
to vacuum drying. To facilitate SEM analysis, the small pieces were vacuum-impregnation
with epoxy-resin, polished, and coated with a thin layer of carbon. The SEM data,
specifically the spectral imaging (SI) data, was acquired using a JEOL JSM-7001F SEM
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equipped with two 170 mm2 Ultim Max SDD detectors and AZtec 6.0 software, both from
Oxford Instruments. A focused probe with a beam current of 10 nA and an accelerating
voltage of 15 kV was employed for the analyses. The Sl imaging was performed with a step
size of 1 um, and each individual SI field consisted of 512 x 384 pixels. For each sample, a
total of 9 fields were analyzed to ensure representative and statistically meaningful
results.

The PhAse Recognition and Characterization (PARC) software was employed to
determine the chemical composition and phase distribution of both the original slag
phases and the hydration products. A comprehensive description of the PARC technique
can be found elsewhere [198]. The data obtained from the energy-dispersive X-ray
spectroscopy (EDS) mapping was processed using the PARC software, which facilitated
the grouping of each data point based on its chemical composition into distinct phases.
PARC complements the X-ray diffraction (XRD) Rietveld method, providing area
proportions (thus volume fractions) of various phases based on chemical composition,
including amorphous ones, with a resolution of around 1 pm.

After the designated curing periods, the samples were crushed manually to pass a sieve
of 2 mm and then immersed in isopropanol for 24 hours to eliminate hydration, followed
by drying in an oven at 45 °C until a constant mass [73]. All dried samples were ground
finely to pass a sieve of 63 um and then stored in desiccators, using calcium chloride
pellets as a drying agent and sodium hydroxide pellets as a COz trap until further analyses
and tests.

The analysis of crystalline phases in both the raw BOF slag and hydrated slag samples was
conducted using a D4 ENDEAVOR X-ray Diffractometer equipped with a LynxEye detector
and a Co X-ray tube (operating at 40KV and 40 mA). The diffraction measurements were
performed with a step size of 0.019° and a counting time of 1 second per step. Variable
divergence slits (V20) were employed, and the scanning range covered 10 to 80 °26. A
broader range from 10 to 90 °26 was applied for X-ray quantification.

For quantitative phase analysis using the Rietveld method, an additional set of samples
was prepared. To determine the amorphous and crystalline content, 10 wt.% of Si powder
(Siltronix, France) was added to the samples as an internal standard. The Si powder was
mixed thoroughly with the samples using an XRD-Mill McCrone (RETSCH) operating at
75% speed for 5 minutes to ensure a homogenous distribution of the powders. The
quantification of crystalline and amorphous phases was performed using the TOPAS 5.2
software from Bruker Corporation.

The Fourier transform infrared spectroscopy (FTIR) was carried out using a Varian 3100
FTIR Spectrometer. During the analysis, 20 scans were recorded per spectrum, and a
resolution of 1 cm-1 was employed to ensure high-quality data acquisition.

Nitrogen sorption analysis was performed using a Brunauer-Emmett-Teller (BET)
instrument, specifically the TriStar II 3020 from Micrometrics. Based on data obtained
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from the adsorption branch of the sorption isotherm, the surface area and pore size
distribution were calculated using the Brunauer-Emmett-Teller method [77] and
evaluated employing the Barrett-Joyner-Hallenda method [76], respectively.

Thermogravimetric analyses (TGA) were carried out employing a NETZSCH STA 449 F1
instrument. Ground powder samples, each weighing between 30 to 40 mg, were prepared.
A heating rate of 10 °C/min was consistently applied in a nitrogen atmosphere spanning
the temperature range of 40 to 1000 °C. The specific temperature range chosen for the
precise quantification of chemically bound water was determined through derived
thermogravimetric analysis (DTG) and references [199].

The porosity of 28-day hydrated samples was obtained by Mercury Intrusion Porosimetry
(MIP) measurements using the AutoPore V 9600 Micrometrics Series Mercury
Porosimeter with the maximum pressure of 228 MPa.

The leaching test was performed on 2-hour, 7- and 28-day cured slag pastes according to
EN 12457-2 (one stage batch leaching test) [200]. Hydrated samples were crushed and
sieved below 4 mm. The experiments were performed by mixing sieved samples and
deionized water with liquid to solid ratios (L/S) of 10 using a dynamic shaker (ES SM-30,
Edmund Buhler GmbH) at a constant speed of 250 rpm for 24 hours. After shaking for 24
hours, leachates were filtered through a syringe filter (pore diameter 0.22 pym, VWR) and
then partial leachates were acidified with concentrated HNOs. The acidified solutions
were analyzed with an inductively coupled plasma atomic emission spectrometer (ICP-
OES, SPECTROBLUE), according to NEN 6966. The obtained elements concentrations
were compared with the limit values specified in the Dutch Soil Quality Decree [201].

The concentrations of Ca2+, K* and phosphate in the residual leachate without acidification
were determined with a Thermo Scientific Dionex ICS-1100 ion chromatography (IC)
system, respectively. All liquid samples were undiluted or diluted by a factor of 10. The
pH values were tested at ambient temperature with a VOLTCRAFT PH-100ATC pH meter.
The pH values were determined three times respectively and the mean is given.

5.3. Results

5.3.1. Isothermal calorimetry

The isothermal conduction calorimetry results are presented in Fig. 5.2. In the absence of
phosphate, flash setting is observed with a subsequent minor peak at approximately 2
days. The introduction of varying amounts of phosphate leads to different induction
periods, manifested by distinct heat flow peaks in MKP2.5, MKP5, and MKP10 starting at
approximately 23 days, 3 days, and 2 hours, respectively. It is well-established that
phosphate retards the hydration process of Portland cement [202]. This effect is also
apparent for MKP2.5, which shows a prolonged induction period of 23 days. This makes
the cumulative heat of MKP2.5 (~17 ]/g) even lower than for the reference sample (~26
]/g) during the first 23 days of hydration. A significant increase in activator dosage to 10

86



wt.% accelerates the reaction between phosphate and BOF slag. MKP10 manifests three
distinct exothermic peaks, with two of them occurring within the initial 24 hours post-
mixing. The presence of multiple exothermic peaks implies a complex reaction pathway,
where the initially formed metastable phases undergo different stages to convert into
stable phases over time, reminiscent of the observed behaviour in MKP5. Although the
primary exothermic peak in MKP5 emerges at around 13 days, the cumulative heat
release values for MKP5 (108 ]J/g) and MKP10 (114 J/g) at 23 days are found to be
comparable.
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Fig. 5.2 (a) Cumulative heat evolution and (b) heat flow of BOF slag pastes with dosages of
MKP varying from 0 to 10 wt.%.

5.3.2. Hydrates assemblage

The X-ray diffraction (XRD) analysis demonstrates the presence of two distinct crystalline
hydration products, namely siliceous hydrogarnet, and pyroaurite/hydrotalcite, along
with small amounts of poorly crystalline hydroxyapatite as illustrated in Fig. 5.3. Siliceous
hydrogarnets, characterized by the general chemical formula
Cas(AlxFe1-x)2(SiO4)y(OH)4(3-y), have been previously identified in Portland cement
systems and slags [34,39,203]. Among numerous iron-rich hydration products, including
ferrihydrites, Fe-containing AFm, and Fe-ettringite, hydrogarnets have demonstrated the
highest level of stability [199]. Therefore, it is reasonable that hydrogarnet becomes the
main crystalline hydration products in BOF slag system. Hydrotalcite and pyroaurite can
be theoretically considered as the Al and Fe rich endmembers of a solid solution
represented by the general formula Mgs(AlLFe)(OH)s(CO3)os-nH20. However, the two
diffraction peaks at 12.90 and 13.60 °26 indicate there being two phases. They belong to
the layered double hydroxides (LDH), and the formed LDH can be locally different.

The precipitation of hydroxyapatite can be expected under conditions where calcium and
phosphate ions are present, particularly in an alkaline environment [204], however only
very small amounts are visible in XRD. The pH of the designate binder ultimately increases
due to the acid-base neutralization between H2PO4  and BOF slag, and the continuous
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hydration of C2S and Cz(A,F). It is possible that the high pH (above 10) in the system
hinders the formation of well-crystalline hydroxyapatite [205], making the
hydroxyapatite largely X-ray amorphous. FT-IR spectra (Fig. 5.4) reveal characteristic
bands corresponding to phosphate groups, further confirming the formation of
hydroxyapatite. The infrared peaks associated with the PO43- group correspond to the
asymmetric stretching vibration (v3) at 1031 cm, and the characteristic bending
vibrations (v4', v4") at 603 and 563 cm, respectively [206]. The absence of the peaks at
1060, 765 and 635 cm! assigned to PO43- bending vibrations excludes the formation of
struvite, which is the typical hydration product in magnesium phosphate cement [207].
Even though other calcium phosphates like octacalcium phosphate can have similar IR
vibrations, the high pH above 10 excludes the possibility of the existence of other calcium
phosphates [206,208].
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Fig. 5.3 XRD data of hydrated samples with dosages of MKP (Legend: B-
Brownmillerite(C2(A,F)), C-C2S, M-Magnetite, W-Wuestite, P-Pyroaurite, H-Hydrogarnet, Ht-
Hydrotalcite, A-Hydroxyapatite, CH-Portlandite).
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Fig. 5.4 FTIR spectra of BOF slag pastes with dosages of MKP after 28-day hydration.

Further insights into the phase amounts of 7 and 28-day hydration products have been
gained via XRD-Rietveld analysis as shown in Table 5.2. LDH (hydrotalcite + pyroaurite)
and hydrogarnet have been identified as the principal crystalline hydration products in
MKPO, aligning with findings of Franco Santos et al. [34]. In comparison to raw BOF slag,
there is minimal formation of hydration products for MKPO, signifying its low reactivity
in water. The introduction of 2.5 wt.% phosphate results in a slightly lower LDH content
at 7 days and a significant increase at 28 days compared to MKPO. The further increase of
phosphate to 5 wt.% results in a similar amount of LDH as MKPO at 7 days. The content of
LDH is limited in MKP10 at 7 days, as the diffraction peaks of hydrotalcite and pyroaurite
are invisible.

0.8 and 1.8 wt.% of hydrogarnet is formed by the hydration of MKPO at 7 and 28 days,
respectively. The addition of MKP significantly promotes the formation of hydrogarnet at
28 days, whose amount correlates well with the extent of Cz(AF) hydration, generally
increasing with the increased dosage of phosphate. However, elevating the phosphate
dosage from 5 to 10 wt.% does not enhance the hydration of C2(AF) or improve the
formation of hydrogarnet at 7 days. The amount of hydrogarnet in MKP10 at 7 days is only
1.8 wt.%, however a notable increase to 11.8 wt.% at 28 days is observed. In comparison
to MKP10, MKP5 achieves a higher hydrogarnet amount of 6.3 wt.% at 7 days and a
comparable hydrogarnet of 10.8 wt.% at 28 days. High additions of phosphate may inhibit
the formation of hydrogarnet at 7 days even though it activates Cz(A,F), which can be
attributed to the formation of other metastable phosphate-containing phases at early ages
that slowly transform into the hydrogarnet over time. This explains the presence of
multiple exothermic peaks, attributed to that slow conversion process.
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Table 5.2 Phase amounts of 7 and 28-day hydrated samples with varying dosages of MKP
determined by XRD-Rietveld analysis.

Phase Raw 7 days 28 days
slag  \gpo  MKP25  MKP5S  MKP10  MKPO  MKP2.5  MKP5  MKP10

Wuestite 205 205 21.2 18.2 19.0 203 20.0 17.3 18.6
Magnetite 6.4 6.1 5.9 5.6 6.4 5.7 6.3 5.7 6.0
C2S 396 388 39.9 265 32.0 36.8 28.0 23.5 20.1
C2(AF) 171 156 13.3 4.6 7.9 13.1 6.8 46 4.6
Lime 0.9 0.5 0.9 0.2 0.2 0.9 0.8 0.5 0.3
Calcite 0.8 0.5 0.6 0.4 0.2 0.4 0.5 11 0.6
Portlandite 0.7 0.8 0.0 0.0 0.0 1.1 0.7 0.6 0.1
Hydrogarnet 0.0 0.8 32 6.3 1.8 1.8 8.5 10.8 11.8
Hydroxyapatite 0.2 0.0 1.3 1.9 3.1 0.0 1.9 2.4 6.2
LDH 0.0 0.7 0.2 0.6 0.0 0.9 1.9 0.5 0.2
Amorphous 140 179 17.8 418 38.1 216 30.4 39.5 39.7

*Note: the amounts of wuestite, magnetite, C2S and C2(A,F) were normalized by the mass of
water loss and phosphate input.

Various impurities in C2S severely constrain its hydration activity [42]. This is evident in
the phase amounts of MKPO where only a limited amount of C2S has reacted both at 7 and
28 days. The hydration of C2S in MKP2.5 is also inhibited at 7 days, as indicated by the low
amount of C2S that has reacted compared to MKP5, where a substantial decrease in C2S
content and a notable increase in the amorphous phase occurs. A further increase of MKP
does not continue to increase C2S consumption at 7 days. At 28 days, the consumption of
C2S correlates well with the addition of phosphate, increasing with the increase of
phosphate (from 28.0 wt.% in MKP2.5 to 20.1 wt.% in MKP10). However, no significant
growth in the amorphous phase from 7 to 28 days is observed for MKP5 and MKP10.

The consumption of C2S by MKP is enhanced compared to other activators like
tripotassium citrate, which is able to promote the C2(A,F) hydration while the activation
of Cz2S by citrate by is negligible [39]. The high amorphous content in the MKP samples
compared to MKPO could therefore be due to the formation of C-S-H gel or may more likely
involve other phosphate containing x-ray amorphous hydrated phases. Phosphate can
bind significant amounts of Ca from C2S thereby promote the dissolution of C2S [187,204].
Over time these amorphous metastable phosphate phases could transform into
hydroxyapatite, as the further increase in hydroxyapatite is noticed especially for samples
containing high phosphate dosage like MKP10.
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Magnetite content remains relatively stable in the samples and wuestite exhibits a slight
decrease in the presence of 5 and 10 wt.% phosphate. Phosphate interacts with iron,
aluminium, magnesium and calcium via adsorption, ligand exchange, precipitation and
coprecipitation across a broad pH range, whereas Mg2+ is more likely than Fe2+ in wuestite
to react with phosphate in this system due to the pH limitation [58,209]. Lime and calcite
remain low after 28 days of hydration. Notably, no portlandite is present at 7 days in the
MKP samples and only appears in small amounts at 28 days.

The TG-DTG method, depicted in Fig. 5.5, provides compelling evidence of hydrogarnet
and other hydration products forming in the BOF slag pastes. The final weight loss is low
in MKPO and increases significantly with MKP addition. Notably, a further increase in MKP
dosage from 5 to 10 wt.% does not yield a higher final weight loss. The weight loss unfolds
in distinct stages, each offering insights into the intricate composition of the hydrated
system.

I. 40 to 200 °C: Initial weight loss corresponds to the removal of adsorbed water of
hydroxyapatite and the release of chemically bound water from C-S-H gel
[73,210,211].

I. 200 to 400 °C: Subsequent weight loss is attributed to the water loss from siliceous
hydrogarnet and hydrotalcite-pyroaurite minerals [199,212].

III. 400 to 450 °C: Weight loss is linked to the dehydroxylation of portlandite [73].

IV.  450to 720 °C: Another weight loss phase signifies the decomposition of carbonate
groups in calcium carbonates [73].

V. 720to 1000 °C: A final weight loss range corresponds to the dehydroxylation from
hydroxyapatite [210,211].

MKPO exhibits a four-stage mass loss, concluding with the decomposition of calcite at
720 °C . In contrast, samples containing MKP display a continuous increase in mass loss
beyond 720 °C, corresponding to the dehydroxylation of hydroxyapatite [210]. Notably,
in an aqueous environment, CO32- can substitute PO43- at room temperature, forming B-
type carbonated hydroxyapatite [213]. This substitution initiates decarbonation around
500 °C, concluding around 1000 °C [214]. The formed hydroxyapatite may undergo
partial carbonation during the curing process, contributing to the observed higher weight
loss in the carbonate region in samples containing MKP.

The mass loss observed within the temperature range of 200 to 400 °C predominantly
arises from water loss in siliceous hydrogarnet and hydrotalcite-pyroaurite minerals
[199,212]. The decomposition of the hydrotalcite-pyroaurite solid solution is dependent
on the Al/Fe ratio but always occurs between approximately 200 and 400 °C [215].
However, due to the minor presence of hydrotalcite-pyroaurite minerals, they only have
slight effects on the mass loss within the temperature range of 200 to 400 °C in
comparison to hydrogarnet for phosphate containing samples. Consistent with XRD
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Rietveld outcomes, the formation of siliceous hydrogarnet post 28-day hydration exhibits
the comparable extent for all phosphate-containing samples.

The temperature range of 40 to 200 °C is associated with mass loss generated from the
removal of water in hydroxyapatite and C-S-H gel and the weight loss peaks exhibit an
overlap. MKPO shows a peak at around 150 °C, which is undoubtedly assosciated with the
decomposition of C-S-H gel [73]. Hydroxyapatite shows a peak at a lower temperature
around 100 °C compared to that of C-S-H gel. This water loss is reversible and does not
affect lattice parameters [204,211]. The amount of the formed C-S-H gel in MKP2.5 and
MKP5 is notably higher in comparison to MKPO after 28 days of hydration. However, in
MKP10, the distinctive mass loss peak of C-S-H gel is absent, suggesting a lower amount
of C-S-H gel is formed compared to MKP2.5 and MKP5.
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Fig. 5.5 Thermal analysis (TG & DTG) of BOF slag pastes with dosages of MKP varying from
0 to 10 wt.% after 28 days of hydration.

Nitrogen sorption analysis was employed to characterize the BET specific surface area of
BOF slag pastes following 28 days of hydration, as illustrated in Fig. 5.6. The observed
evolution of the BET specific surface area mirrors the changes in the quantity of formed
C-S-H gel, as gel pores (2-10 nm) within the C-S-H gel significantly contribute to the
cumulative pore area in the Portland cement system [87,89,216]. The BET specific surface
area experiences an increase with the incorporation of MKP in comparison to the
reference sample. Notably, MKP5 exhibits the highest cumulative gel pore area, attributed
to the maximum C-S-H content identified via the DTG method. However, a further MKP
addition decreases the surface area. This suggests that, instead of C-S-H gel, silica gel also
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does not form in MKP10 at 28 days, as silica gel contributes more to the increase in surface
area compared to C-S-H gel [43,217]. Instead, alower Ca/Si C-S-H gel in MKP10, compared
to other samples, might form, and its contribution to the increase in surface area is
diminished due to the filling effects of substantial hydroxyapatite. The water loss peak of
C-S-H gel occurs at a lower temperature with a low Ca/Si molar ratio [218]. This also
explains the distinctive mass loss peak at a lower temperature in MKP10.
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Fig. 5.6 Specific surface area distribution of BOF slag pastes with dosages of MKP varying
from 0 to 10 wt.% after 28 days of hydration.

Fig. 5.7 shows the EDS based phase map of MKP5 after 28 days of curing, revealing a
dense structure with visible macro pores. The crystalline and amorphous hydration
products present in the sample have a very small particle size and are intermixed
impeding the differentiation of individual phases like C-S-H, hydrogarnet, and others with
EDS [198], which has a spatial resolution of around 1 micron. Therefore, all such phases
are grouped together into a single hydration product. Portlandite, calcite and lime are
grouped together as well, since differentiation is difficult based on EDS. Likewise, wuestite
and magnetite are grouped together.

A discernible rim surrounding C2S was observed, becoming more pronounced with
increased phosphate addition, as depicted in Fig. 5.8. It contains significantly less CaO
than the adjacent C2S (Table 5.3). This Si-rich layer covering the C2S surface can be
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attributed to the extraction of Ca by phosphate post mixing. Fig. 5.8 also depicts the
presence of large pores amidst the hydration products, attributed to the flash hardening
from the drastic reaction following the mixture of BOF slag with abundant phosphate,
leaving considerable unreacted water which becomes voids after drying.

S
Wuestite/magnetite
Brownmillerite
Ca0/CaCO4/Ca(OH),
Contamination

Fig. 5.7 Representative PARC phase map and BSE image of 28-day hydrated slag paste with
MKP dosage of 5 wt.%.
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3 o~ products’ -

Fig. 5.8 Representative BSE image of 28-day hydrated slag paste with MKP dosage of 10
wt.%.

Table 5.3 displays the average chemical composition of the hydration products, which are
rich in Ca, followed by Fe, Si and P. The hydration product contains both chromium and
vanadium from the Cz(AF) and C2S reacting. The considerable extraction of Ca upon
phosphate addition is crucial for most hydration product formations. Hydroxyapatite and
hydrogarnet can be assumed to have a Ca/P and Ca/(Al+Fe) molar ratios of 1.67 and 1.5,
respectively. Consequently, based on detected P and Al+Fe amounts in the hydration
products, the approximate amount of Ca bound by hydroxyapatite and hydrogarnet can
be inferred. Any remaining Ca can primarily be attributed to C-S-H. Partially, Al and Fe
contribute to hydrotalcite and pyroaurite formation, albeit in small quantities. Table 5.4
illustrates Ca distribution in different hydration products, with hydrogarnet binding the
most Ca in each sample, consistent with Rietveld results. As phosphate addition increases,
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Ca consumption by hydroxyapatite rises, reducing available Ca for C-S-H since
hydroxyapatite precipitates preferentially with respect to C-S-H [219]. Hence, this likely
causes the formation of C-S-H with a lower Ca/Si ratio in MKP10 compared to that in
MKP2.5 and MKP5.

Table 5.3 The average chemical composition (wt.%) of hydration products and rims in
samples containing different dosages of phosphate using PARC.

Sample

D Na20 MgO  AlOs Si0z P20s SO3 K20 CaO TiOz V205 MnO Fez203

MKP2.5 0.61 1.95 2.8 1401 556 06 0.65 4695 178 154 1.88 204

Hydration \vpe 051 225 236 1446 724 046 206 4504 172 15 184 1907
products

MKP10 062 181 215 1259 127 027 405 4399 169 152 083 163

MKP25 05 049 0.65 3043 315 111 077 5295 1.63 046 053 4.08

Rim MKP5 073 048 342 3047 261 117 195 4453 241 099 09 759

MKP10  0.36 0.32 278 3222 217 123 33 4366 184 114 038 745

Table 5.4 The distribution of Ca in different hydration products calculated from the average
chemical composition of the overall hydration product shown in Table 5.3.

Sample ID Cas(P04)30H Caz(AlFe1-x)2(Si04)y(OH)4z-y) C-S-H and others
MKP2.5 15.6% 55.6% 28.8%
MKP5 21.2% 53.2% 25.6%
MKP10 38.1% 47.1% 14.8%

5.3.3. Porosity and mechanical properties

The pore structure of 28-day hydrated BOF slag pastes was analyzed using MIP
measurements, and the results are presented in Table 5.5. MKPO exhibits an overall
porosity of 33.55% and a median pore size of 639.4 nm. Compared to this, all phosphate-
containing samples demonstrate a reduction in both porosity and median pore size. The
porosities of MKP2.5, MKP5, and MKP10 are measured at 22.42, 22.19, and 22.53%,
respectively. However, there are significant variations in median pore size among these
samples, with MKP5 showing the smallest pore size, followed by MKP2.5 and MKP10. This
difference in median pore size suggests the different pore size distribution as shown in
Fig. 5.9. MKP10 exhibits a substantial presence of gel pores and microcapillary pores
below 20 nm, along with numerous larger pores exceeding 1000 nm, consistent with the
pore structure observed using SEM-BSE. Despite the presence of a certain amount of gel
pores in MKP10, macrocapillary pores exceeding 1000 nm can be implicated in the
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reduction of strength [87,220]. Additionally, it should be noticed that large amounts of
macro pores above 10000 nm cannot be measured accurately due to MIP method
limitation.

Table 5.5 Porosity and pore size of 28-day hydrated BOF slag paste.

Sample ID Porosity [%] Median pore size [nm]
MKPO 33.55 639.4
MKP2.5 22.42 33.7
MKP5 22.19 31.0
MKP10 22.53 160.0
0.018
—— MKPO —— MKPO
0016 —o— MKP2.5
B 015 —— MKP5
g 30 —— Mkt
c =001z .
2 s
é 010l g oot0f /
E % 0.008 |- /\’ .l\’
= & 0.006 |- _/" 1
5 oos| g 0.004 , \
o 5 0.004 |-
e %, &\[ \/\
o.noz-j ‘\LMJR“ s \dl 6!
0.000 | e
0.00 L L L

10 100 1000 10000 100 1000 10000
Pore size Diameter (nm) Pore size Diameter (nm)

Fig. 5.9 The cumulative and incremental pore volume of 28-day hydrated BOF slag paste.

The mechanical performance of MKPO is found to be relatively unsatisfactory, in line with
its high porosity and large pore size, primarily due to its low hydraulic activity, as
demonstrated in Fig. 5.10. The addition of 2.5 wt.% MKP has minimal influence on the
strength development after 7 days, attributed to the limited hydration of Cz2S and Cz(A,F)
as detected via QXRD. However, at 28 days, a notable increase in compressive strength is
observed, reaching 30.5 MPa. This trend is consistent with the heat release recorded via
calorimetry, which starts after the prolonged induction period of 23 days (Fig. 5.2). A
higher addition of 5 wt.% MKP significantly enhances the mechanical properties, resulting
in a remarkable compressive strength of 19.9 and 44.5 MPa at 7 and 28 days, respectively.
Nevertheless, a further increase in phosphate dosage leads to a decline in compressive
strength both at 7 and 28 days, to as low as 7.9 and 14.4 MPa, respectively. The
comparable porosities (Table 5.5) of phosphate-containing samples were expected to
result in similar compressive strength. However, the observed variation in strength
development correlates with differences in median pore size, where the lower median
pore size leads to higher strength with comparable porosities. Fig. 5.11 shows a clear
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trend where the strength increases with the elevation of chemically bound water whereas
MKP10 at 28 days is apparent out of this trend. Despite the comparable amount of
chemically bound water in MKP10 and MKP5 at 28 days, the significant formation of
hydration products in MKP10 does not yield the anticipated strength development seen
in MKP2.5 and MKP5. This can be ascribed to the rapid reaction of BOF slag with
phosphate at the early stages, resulting in the generation of numerous large pores
detrimental to mechanical performance as detected by MIP and SEM at different pore size
levels up to microns. Furthermore, the lower amount of C-S-H gel in MKP10 compared to
MKP2.5 and MKP5 as estimated (Table 5.4) is notable. C-S-H gel exhibits favourable
binding properties and is responsible for the strength development in Portland cement.
These properties are uncertain for hydroxyapatite formed in the BOF slag system.
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Fig. 5.10 The strength development of 28-day hydrated BOF slag paste.
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Fig. 5.11 Correlations between chemically bound water and strength.
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5.3.4. Environmental impact

Table 5.6 Leaching of inorganic contaminants measured by one stage batch leaching test
and the SQD limit values and its pH.

Unshaped MKPO MKP2.5 MKP5 MKP10
material (SQD)
Parameter

mg/kg mg/kg mg/kg mg/kg mg/kg

Antimony (Sb) 0.32 0.005 0.002 0.005 0.004
Arsenic (As) 0.90 0.007 0.005 0.007 0.004
Barium (Ba) 22.00 0.251 0.519 0.425 0.030

Cadmium (Cd) 0.04 bdl* bdl bdl bdl
Chromium (Cr) 0.63 0.004 0.010 0.039 0.140

Cobalt (Co) 0.54 0.001 0.001 bdl bdl
Coper (Cu) 0.90 0.001 0.001 0.002 0.003
Lead (Pb) 2.30 0.002 0.002 0.001 0.002
Molybdenum (Mo) 1.00 0.008 0.006 0.009 0.083
Nickel (Ni) 0.44 0.001 0.002 0.002 0.001

Tin (Sn) 0.40 bdl bdl bdl bdl
Vanadium (V) 1.80 0.033 0.008 0.006 0.076
Zinc (Zn) 450 0.003 0.002 0.003 0.002

pH 12.4 12.7 13.0 13.0

*bdl - below detection limit.

The one batch leaching test was conducted on 28-day cured slag pastes to assess the
environmental impact of BOF slag-based building materials. Element concentrations were
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compared with Dutch Soil Quality Decree (SQD) values [201], outlined in Table 5.6. The
BOF slag utilized in this study contains various heavy metals, predominantly Cr and V,
incorporated mainly in wuestite/Cz2(AF) and C:S, respectively [34,39]. The leaching of
heavy metals from all 28-day hydrated BOF slag pastes was minimal and far below SQD
values, consistent with prior research indicating BOF slag's ability to retain heavy metals
post-hydration due to the formation of C-S-H gel and hydrogarnet [34,42]. QXRD results
indicate that increased phosphate addition correlates with higher dissolution of C2S and
C2(A,F), resulting in elevated leachable V and Cr levels. Despite the significant hydrogarnet
formation, which can effectively immobilize heavy metals, the lower amount of C-S-H in
MKP10 could also undermine its overall immobilization capacity. VO43- can substitute
PO43- at high temperatures, incorporating into the hydroxyapatite structure to form
Cas(P04)3x(VO4)xOH [221,222]. However, the effectiveness of hydroxyapatite in
immobilizing V under ambient conditions is unknown. Studies suggest that Cr uptake by
hydroxyapatite is feasible within a controlled pH range, preferably below 7 [223,224].
This causes the uncertainty surrounding Cr removal by hydroxyapatite in alkaline BOF
slag systems as all pH values are above 12 after 28-days hydration as shown in Table 5.6.

5.3.5. Additional discussion on effects of MKP on BOF slag hydration

The pore fluid composition in the pastes, is reflected to some extent in the aqueous
solutions from the 24-hour leaching test. Fig. 5.12 shows that the Ca concentration
reaches saturation and stabilizes after 2 hours of hydration in MKPO, consistent with the
immediate formation of portlandite upon the start of hydration reactions, and even
buffering the fluid phase in the 24-hour leaching test.
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Fig. 5.12 pH and ion concentration in leaching solution of BOF slag pastes with dosages of
MKP varying from 0 to 10 wt.% at 2 hours, 7 and 28 days.
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MKP dissolved in water is acidic, however the pH increases rapidly upon mixing as
explained by the following two equations:

5CazSi04 + 3H20 +6H2P04-— 2Cas(P04)30H + 5H2Si03 + 60H- (5.1)

5Caz(Al,Fe)20s + 3H20 + 6H2P04 — 2Cas(P04)30H + 10(Al,Fe)OOH + 60H- (5.2)

At 2 hours, all pH values of the solutions in the 24-hour leaching test of phosphate-
containing samples surpass 12.4, with PO43- being the primary species. Apparently during
setting, the rapid reaction between the added phosphate and CzS and Cz(A,F) results in
the formation of a largely amorphous hydroxyapatite like phase, as indicated by the peak
observed at 114 °C in Fig. 5.13. This formation reduces the Ca concentrations in the pore
solution which in turn enables the release of Si and Al at 2 hours as also reflected in the
24-hour leaching test of those samples (Fig. 5.12). MKP5 and MKP10 exhibit phosphate
concentrations of 0.07 mmol/L and 2.6 mmol/L, respectively, indicating the excessive
phosphate input suppressing the Ca and allowing Si and Al in solution at 2 hours [59].
Notably, the reaction of acidic phosphate with aluminium and iron is likely to occur before
the pH rises above 7 upon mixing, as described by [59]:

(ALFe)Oz + 4H* + PO43 — (AL, Fe)P0O4-2H20 (5.3)

This suggests that the unconsumed phosphate at phase saturation (Eq. (5.3)) controls the
Al concentrations in the 2-hour pore fluid as reflected in the 24-hour leachate and
preserved due to acidification prior to ICP test.

Thereafter, the Ca concentration becomes primarily controlled by the dissolution
equilibrium among siliceous hydrogarnet, portlandite, C-S-H, and hydroxyapatite. Among
these phases, hydroxyapatite exhibits the lowest solubility, followed by siliceous
hydrogarnet, C-S-H, and portlandite [204,208,225,226]. The higher Ca concentration
observed in MKP5 at 7 days compared to MKP2.5 and MKP10 can be attributed to the
larger quantity of C-S-H. The main source of the lower Ca concentrations in MKP2.5 and
MKP10 is predominantly the hydrogarnet and hydroxyapatite that have a lower solubility.
The further increase in the Ca concentration in MKP2.5 at 28 days suggests ongoing
primary hydration following a prolonged induction period, as shown in Fig. 5.2. In other
samples, the decrease in Ca concentrations is associated with the further stabilization and
carbonation of hydration products after the main hydration process whereas in MKP2.5
the hydration still seems to be ongoing, as indicated by QXRD and DTG results.
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Via calculation based on the initial MKP input, the theoretical K concentrations should be
around 14.9, 29.2 and 55.7 mmol/L in MKP2.5, MKP5 and MKP10 if all K is part of the
aqueous solution in the 24-hour leaching test. These results are indeed quite close to the
measured K concentrations (15.0, 28.8 and 56.64 mmol/L in MKP2.5, MKP5 and MKP10)
at 28 days and indicate that K is not incorporated into any stable hydration products. In
MKP2.5, the K concentration remains stable over the entire 28-day hydration period,
whereas MKP5 and MKP10 show lower K concentrations during the first 7 days. Though
specific phases incorporating and later releasing potassium are not identified, previous
studies suggest that the reaction of excess MKP with wollastonite (CS) may yield
metastable CaK3;H(PO,),, which can subsequently form hydroxyapatite at higher pH
levels [227,228].

At 7 days, the tiny amount of Si is observed in all samples. The reaction of C2S in MKP2.5
at 7 days (Table 5.2) is minimal, resulting in limited availability of Si leading to the
formation primarily of OH-hydrogarnet with a higher solubility than Si-rich hydrogarnet.
Consequently, the higher Al concentration in MKP2.5 at 7 days can be attributed to the
increased solubility of OH-hydrogarnet [199,203]. In these other samples, the Al
concentrations are similarly lower at 7 days which remain stable until 28 days. Si
concentrations also stabilize in low level at 28 days, as Si plays a crucial role in the
formation of less soluble C-S-H and Si-rich hydrogarnet. Furthermore, the limited Si
concentration supports the absence of silica gel in all samples. The total reduction of C2S
in MKP10 is 19.5 wt.% at 28 days. Assuming that phosphate only reacts with Cz2S as shown
in Eq. (5.1), the theoretical consumption of C2S would be 10.53 wt.%, thus leaving 0.06
mol Si per 100 g paste to form low Ca/Si C-S-H in addition of hydrogarnet.

Phosphate depletion in the leachate is observed at 7 days, while an increase in
hydroxyapatite content at 28 days is noted across all phosphate-containing samples, with
MKP10 exhibiting the most significant increase of 3.1 wt.%. This phenomenon can be
attributed to two potential causes: the crystallization of amorphous hydroxyapatite
formed at the first place or, more likely, the transformation of metastable phosphate-
containing phases coexisting with hydroxyapatite. These metastable phases are likely rich
in aluminum and iron and eventually convert into hydrogarnet, leaving phosphate to form
hydroxyapatite. Consequently, the increase of 10 wt.% hydrogarnet coupled with a 3 wt.%
decline in C2(A,F) content in MKP10, as shown in Table 5.2, is reasonable. A similar
process is observed in MKP5.

The dosage of added phosphate plays a critical role in the hydration process. A low dosage
of 2.5 wt.% phosphate has limited effects on the early dissolution of Si, resulting in
retarded hydration despite enhanced overall hydration at 28 days. Increasing the
phosphate input to 10 wt.% accelerates hydration but inhibits hydrogarnet formation at
7 days. This is primarily due to prominent calcium phosphate precipitation, although the
potential for phosphate ions to react with iron and aluminum should not be overlooked
[58,59,229]. The over-sequestration of calcium ions by hydroxyapatite, as indicated in
Table 5.4, leaves insufficient calcium for the formation of C-S-H, potentially resulting in
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C-S-H with a low Ca/Si molar ratio. Additionally, the drastic acid-base reactions caused by
excessive phosphate (10 wt.%) result in the formation of significant large pores, up to
microns in size, which are detrimental to strength development despite the presence of

abundant hydration products.
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Fig. 5.13 DTG curves at 2 hours, 7 and 28 days.

5.4. Conclusions

This study introduces a novel approach to utilize BOF slag as cement-free binder,
exhibiting satisfactory strength and leaching behaviour. Through comprehensive analysis,
insights into the reactions between BOF slag and varying quantities of mono potassium
phosphate were obtained, revealing the influence on microstructure and strength
development. The experimental investigation leads to the following conclusions:

The incorporation of monopotassium phosphate (MKP) facilitates the dissolution and
hydration of C2(A,F) and CzS, enhancing mechanical properties compared to a reference
samples where BOF slag reacts only with water. The principal hydration products
identified include hydrotalcite, pyroaurite, hydrogarnet, C-S-H gel, and hydroxyapatite.

2.5 wt.% MKP addition shows little effects on hydration before 7 days because the
insufficient dissolution of C2S and Cz(A,F) restricts the precipitation of hydration products.
However, it still benefits overall hydration at 28 days.
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Optimization of pore structure is achieved with the addition of 5 wt.% MKP, resulting in
maximum strength at both 7 and 28 days. This formulation exhibits significant formation
of C-S-H and hydrogarnet, along with some hydroxyapatite.

Excessive MKP addition (10 wt.%) leads to a drastic early-stage reaction, causing
unexpectedly large pores in the matrix and hindering strength development. Additionally,
Ca was bound in hydroxyapatite reducing available Ca for C-S-H formation. Balancing the
extraction of Si, Al and Fe, and the fixation of Ca is therefore crucial.

Phosphate ions can interact with iron and aluminium ions, forming a metastable phase
that decomposes over time, benefiting secondary formation of hydrogarnet. Further
research is needed to investigate the behavior, microstructure, and composition of this
metastable phase.
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CHAPTER 6

6 . Activation of BOF Slag with Dipotassium Hydrogen Phosphate:

Enhancing Hydration, Carbonation Resistance, and Heavy Metal
Leaching

For the development of a cement-free BOF slag binder, dipotassium hydrogen phosphate
(DKP) was used as an activator atlevels up to 3 wt.%. The heat release, phase assemblages,
porosities, and mechanical performance of the hydrated BOF slag pastes were
investigated to evaluate DKP's activation efficiency. The carbonation behaviours of both
reference samples and DKP-activated samples were also examined to assess their
carbonation resistance. The results demonstrate that DKP-activated BOF slag pastes
exhibit satisfactory mechanical performance and promising carbonation resistance.
Increasing DKP from 1 to 3 wt.% in BOF slag pastes extends the induction period while
enhancing overall hydration heat. This enhancement aligns with greater consumption of
belite and brownmillerite and increased formation of hydration products such as
hydrogarnet, C-S-H gel, and LDH phases. The improved hydration optimizes the overall
pore structure, reducing porosity from 40.73 to 22.36% with 3 wt.% DKP, thereby
increasing strength from 1.9 to 42.5 MPa at 28 days. Additionally, the reference sample
exhibits poor carbonation resistance, as indicated by significant vanadium (V) leaching.
However, heavy metal leaching is effectively controlled in the presence of phosphate after
carbonation, falling well below the limits stipulated by the Dutch Soil Quality Decree
(SQD). This control is attributed to the abundance of hydration products capable of
immobilizing heavy metals and the sustained high pH due to the strong buffering capacity
of HP04%-/P043-. This buffering capacity plays a crucial role in retarding calcium carbonate
formation. The stabilized high pH during carbonation limits carbonic acid availability and
portlandite dissolution, thereby mitigating the overall carbonation of DKP-activated BOF
slag pastes and mortars in this chapter.

This chapter is reproduced from: Y. Tang, METHOD FOR ACTIVATING BASIC OXYGEN FURNACE STEEL
SLAG, WO 2024/052265 A1, 2024. (International patent); Y. Tang, K. Schollbach, S.R. van der Laan, W. Chen,
Activation of BOF Slag with Dipotassium Hydrogen Phosphate: Enhancing Hydration, Carbonation
Resistance, and Heavy Metal Leaching, 2024 (submitted).
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6.1. Introduction

Carbonation resistance is crucial for building materials. In conventional concrete,
carbonation can naturally occur, reducing alkalinity and making the reinforcement more
susceptible to chloride corrosion [230,231]. Alkali-activated materials (AAMs), developed
as cement-free binders, tend to experience reduced durability at a higher rate than
conventional concrete due to the absence or minimal formation of portlandite, which acts
as an alkalinity buffer [232,233]. From an environmental perspective of BOF slag binder,
carbonation influences the leaching behavior significantly. BOF slag can contain heavy
metals like vanadium (V) and chromium (Cr). Previous studies indicate that hydrated BOF
slag can retain heavy metals due to the formation of abundant hydration products [197].
However, after carbonation, the leaching of heavy metals from BOF slag pastes increases
significantly [212]. Carbonation enhances the leachability of V in BOF slag. Non-
weathered BOF slags release low quantities of the less mobile and toxic V(IV) compared
to the more oxidized and mobile V(V) [234]. After carbonation, the leaching of V can
increase substantially, with partial oxidation of V(IV) to V(V) [235]. This increase
correlates with the drop in pH due to reaction of portlandite and dissolved COz, as V
remains relatively immobile in highly alkaline environments [212,236,237]. The leaching
values of Cr are generally much lower than those of V. The leaching of Cr tends to remain
similar or even slightly reduced after carbonation [212,237].

The development of a cement-free BOF slag binder deserves more attention than its use
as a supplementary cementitious material in conventional cement. Our previous research
demonstrates that monopotassium phosphate (MKP) can achieve synergistic activation
of both belite and ferrite phases, producing layered double hydroxide (LDH) phases,
hydrogarnet, C-S-H gel, and hydroxyapatite as principal hydration products [197,238].
However, the hydration process varies significantly with different phosphate dosages
ranging from 2.5 to 10 wt.%. An optimal addition of 5 wt.% phosphate results in improved
pore structure and satisfactory compressive strengths of 19.9 MPa at 7 days and 44.5 MPa
at 28 days. Lower phosphate dosages were anticipated to achieve comparable strength,
but 2.5 wt.% phosphate only enhances overall hydration at 28 days, showing poor
hydration at 7 days. This slow activation process is attributed to the initial low pH of
approximately 4.2 and the strong buffering effect of H2PO4 /HPO42- ions with pH around
7 [239].

Since natural carbonation is a slow process, accelerated carbonation is generally adopted
to evaluate the carbonation resistance of building materials [154,232]. This involves
exposing the building materials to significantly higher CO2 concentrations than the
ambient level (~0.03 wt.%) for a certain period, up to several months. Therefore,
accelerated carbonation is necessary to predict the leaching behavior of heavy metals in
shaped cement-free BOF slag building materials over time.

Following up on our previous study, we developed dipotassium hydrogen phosphate
(DKP, KzHPO4)-activated BOF slag pastes with DKP dosages of up to 3 wt.%. The heat
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release, phase assemblages, porosities, and mechanical performance of the hydrated BOF
slag pastes were investigated to evaluate the activation efficiency of DKP. Additionally,
the leaching of heavy metals was tested, including vanadium (V), chromium (Cr), and
molybdenum (Mo), before and after accelerated carbonation. The carbonation behaviors
of both reference samples and DKP-activated samples were examined, focusing on
differences in mineralogical composition, pH, carbonation depth, and porosities. The
results indicate that DKP-activated BOF slag exhibits satisfactory mechanical
performance and promising carbonation resistance. These samples maintain a high pH
level and effectively control the leaching of heavy metals upon carbonation.

6.2. Experiments and methodology

6.2.1. Raw materials

The BOF slag utilized in this study was sourced from standard production at Tata Steel
(The Netherlands). A disc milling process (Retsch, RS300XL) was employed for 15
minutes to obtain BOF slag powder. The particle size distribution of the BOF slag powder,
analyzed using a laser particle size analyzer (Model Malvern Mastersizer 2000, Malvern
PANalytical), is depicted in Fig. 6.1, indicating a median particle size of approximately 17
pum. Chemical composition analysis of the BOF slag powder was conducted via X-ray
fluorescence (XRF, Model Axios Advanced, PANalytical.B.V), with results summarized in
Table 6.1. Furthermore, the mineral composition was determined through quantitative
X-ray diffraction (QXRD) analysis, the findings of which are presented in Table 6.2.
Dipotassium hydrogen phosphate (DKP, K2HPO4) was selected as the additive, sourced as
a commercially available technical-grade product (VWR Chemicals BDH®, purity = 99.0

wt.% analytical reagent).
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Fig. 6.1 Particle size distribution of BOF slag.
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Table 6.1 Mineralogical composition of BOF slag.

Mineral Brownmillerite Magnetite Belite Wuestite Lime Calcite Portlandite Amorphous
compound
Content [wt.%] 171 6.4 39.6 20.5 0.9 0.8 0.7 14.0

Table 6.2 Chemical composition of BOF slag.

Oxide MgO Si02z  Al203  CaO0  P20s TiOz V205 Crz03 MnO Fez03 Others GOI

Content [wt.%] 6.8 1345 221 4014 161 139 1.05 0.3 461 2832 012 131

6.2.2. Mix design of DKP-activated BOF slag pastes

DKP, equivalent to 0, 1, 2, and 3 wt.% of BOF slag, was initially mixed with water to ensure
homogeneous dispersion before blending. The pH values of all DKP solutions are around
8.8. The water-to-solid (BOF slag + DKP) ratio was set at 0.18. Initially, the BOF slag
powder was mixed with the DKP solution at low speed for 30 seconds, followed by manual
homogenization for an additional 30 seconds. Subsequently, another mixing session
lasting 60 seconds at high speed was performed to produce the DKP-activated BOF slag
pastes. The freshly prepared BOF slag pastes were then poured into foam molds
(40%x40x160 mm3) and covered with plastic film before demolding. The pastes were air-
cured at ambient temperature until the testing age. The samples in this study are denoted
based on the amount of DKP added, labeled as DKP0O, DKP1, DKP2, and DKP3 for 0, 1, 2,
and 3 wt.% DKP dosages, respectively.

Carbonation chamber

20% CO,

Temperature

BOF slag powder DKP solution

CO,

Fig. 6.2 Schematic of samples preparation starting from mixing to carbonation process.
6.2.3. Carbonation of DKP-activated BOF slag powders, pastes and mortars
Evaluation of carbonation resistance was conducted on 28-day cured samples powder,
paste and mortar samples. Although no direct correlation has been established between
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the carbonation rates of pastes, mortars, and concretes with a given binder type, the
addition of inert or low-activity ingredients like sand can increase the carbonation
coefficient [154,164,240,241]. Coarse aggregates in mortars introduce more voids and
create weaker interface transition zones (ITZ), facilitating greater CO2 penetration and
thus a faster carbonation rate. This allows CO2z to reach deeper sections more easily
compared to the paste. Besides, the fine powder has a high surface area, allowing for
increased contact between COz in the atmosphere and the slag particles, facilitating faster

carbonation.

The 28-day cured pastes were placed in a COz chamber with a CO2 concentration of 20
wt.% and a relative humidity of 80 wt.% for 14 days. The carbonated pastes in this study
are denoted based on the amount of DKP added, labeled as CDKPO, CDKP1, CDKP2, and
CDKP3 for 0, 1, 2, and 3 wt.% DKP dosages, respectively. The whole process is presented
in Fig. 6.2.

DKP-activated BOF slag mortar was prepared in the polystyrene mold (40x40x160 mm3),
using 2 wt.% DKP and a sand to binder ratio of 1. The water to binder ratio was 0.25 to
ensure workability. The prepared mortar after 28-day hydration was placed into CO:
chamber for 14 days with the same carbonation conditions as the pastes.

The powder sample was obtained via milling 28-day cured samples to be below 63 pm.
The obtained fine powder was exposed to atmospheric COz for 2 years.

6.2.4. Methodology

6.2.4.1. Calorimetric test

The rate of heat release was measured using an isothermal conduction calorimeter (TAM
Air, Thermometric). To prepare a homogenous paste, BOF slag powders were internally
mixed with distilled water or DKP solution for 2 minutes. The heat flow curve was
integrated between 45 minutes and 14 days to assess the cumulative heat release.

6.2.4.2. Compressive strength

The compressive strength at 7 and 28 days was determined according to EN 196-1,
applying a loading rate of 2400 N/s to all specimens, with three replicates for each
composition.

6.2.4.3. Characterization

The pieces below 4 mm that were obtained from the manually crushed pastes after
hydration or carbonation, underwent immersion in isopropanol for 72 hours to eliminate
hydration. Subsequently, they were dried in a vacuum oven at 45 °C until a constant mass
was achieved [73]. Following drying, partial pieces were finely ground to pass through a
63 um sieve. The obtained powder and the remaining piece samples were stored in
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desiccators. Calcium chloride pellets served as the drying agent, while sodium hydroxide
pellets acted as a COz trap until further testing.

The crystalline phases of the hydrated and carbonated slag pastes were quantified
employing the Rietveld method, using a D4 ENDEAVOR X-ray Diffractometer equipped
with a LynxEye detector and a Co X-ray tube, operating at 40 kV and 40 mA. The scanning
range covered 10 to 90 °26 with a step size of 0.019° and a counting time of 1 second per
step. Si powder (Siltronix, France), serving as an internal standard with a mass comprising
10 wt.% of the tested samples, was thoroughly mixed with the samples using an XRD-Mill
McCrone (RETSCH) operating at 75% speed for 5 minutes to ensure a homogeneous
distribution of the powders. The quantification of crystalline and amorphous phases was
conducted using the TOPAS 5.2 software from Bruker Corporation.

Nitrogen sorption analysis was conducted using a Brunauer-Emmett-Teller (BET)
instrument, specifically the TriStar II 3020 from Micrometrics. The surface area and pore
size distribution were determined from the adsorption branch of the sorption isotherm.
The Brunauer-Emmett-Teller method [76] was employed to calculate the surface area,
while the Barrett-Joyner-Hallenda method [77] was utilized to evaluate the pore size
distribution.

Mercury Intrusion Porosimetry (MIP) measurements with the AutoPore V 9600
Micrometrics Series Mercury Porosimeter with the maximum pressure of 228 MPa was
applied to analyse the porosity of hydrated or carbonated pastes.

Thermogravimetric analyses (TGA) were performed with a NETZSCH STA 449 F1
instrument. Ground powder samples, each weighing between 30 to 40 mg, underwent
heating at a rate of 10 °C/min in a nitrogen atmosphere, covering temperatures from 40
to 1000 °C. The temperature range for quantifying carbonates was determined from
approximately 500 to 800 °C [199].

6.2.4.4. Mass changing due to carbonation

Carbonation was applied to 28-day cured samples. The mass changing of these samples
was recorded per day using a balance (PB3001, Mettler). The phenolphthalein test was
applied for all 14-day carbonated samples. The phenolphthalein solution was sprayed on
the surface of powder samples and the cross section after breaking pastes and mortars.

6.2.4.5. Leaching behavior

The leaching test followed the guidelines of EN 12457-2 (one stage batch leaching test)
and was conducted on 28-day cured and 14-day carbonated slag pastes (mortars) [200].
Samples were prepared by crushing and sieving hydrated and carbonated specimens
below 4 mm. Deionized water was added to the sieved samples at a liquid-to-solid ratio
(L/S) of 10 using a dynamic shaker (ES SM-30, Edmund Buhler GmbH) at a constant speed
of 250 rpm for 24 hours. After agitation, leachates were filtered through a syringe filter
(pore diameter 0.22 um, VWR). pH values were measured at ambient temperature using
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a GMH-GREISINGER 5500 pH meter, with three readings taken and averaged for each
sample. Liquid samples were either undiluted or diluted by a factor of 10 for further
element concentration measurements. The concentrations of Ca?*, K*, and phosphate
were determined using a Thermo Scientific Dionex ICS-1100 ion chromatography (IC)
system. Acidified solutions with concentrated HNOs were analyzed using an inductively
coupled plasma atomic emission spectrometer (ICP-OES, SPECTROBLUE), following NEN
6966. Finally, the obtained element concentrations were compared with the limit values
specified in the Dutch Soil Quality Decree [201].

6.3. Results

6.3.1. Hydration

6.3.1.1. Isothermal calorimetric analysis

The results of isothermal calorimetry are depicted in Fig. 6.3. A minor peak is evident at
approximately 24 hours for DKPO, indicative of limited dissolution of BOF slag and
precipitation of hydration products due to its low hydraulic reactivity [186]. Introducing
1 wt.% phosphate notably advances the exothermic peaks, with a significant increase in
cumulative heat release. The further addition of phosphate delays the appearance of the
main exothermic peaks, observed at approximately 64 hours and 72 hours in DKP2 and
DKP3, respectively. However, this delay of the main heat flow peaks does not seem to
affect cumulative heat. A clear increase between total heat release and higher phosphate
additions is observed. In our previous study, varying amounts of monopotassium
phosphate (KH2P0O4) were found to elevate hydration heat, although strong retardation
effects were observed with 2.5 wt.% KH2POs, resulting in a 23-day induction period
[197,238]. In contrast, the main reaction of BOF slag with DKP additions below 3 wt.%
can be completed in just 3 days. This substantial difference underscores how phosphate
alkalinity determines its accelerating or retarding role in BOF slag hydration. The initial
pH of KH2PO4 solution, being below 7, requires the hydration system to pass through the
buffering region of H2PO4+ and HPO4%, where the pH is kept in the range of 7-7.5 [239],
hindering precipitation of hydration products like C-S-H and hydrogarnet [65,199,242].
Conversely, DKP solution not only promotes the dissolution of original phases in BOF slag
but also establishes an appropriate pH range for hydration product precipitation due to
its basic nature, supported by the first 3-day cumulative hydration heat.
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Fig. 6.3 Cumulative heat evolution and heat flow of BOF slag pastes with dosages of DKP
varying from 0 to 3 wt.%.

6.3.1.2. Phase formation during hydration

Fig. 6.4 illustrates the phase composition of 7- and 28-day hydrated BOF slag pastes, with
crystalline hydration products mainly comprising hydrogarnet, hydroxyapatite, and LDHs
phases (pyroaurite/hydrotalcite). As depicted by the heat release profiles of these
samples (Fig. 6.3), the hydration product development of DKP0O progresses slowly,
whereas the addition of phosphate strongly influences the hydration kinetics and,
consequently, the phase assemblage. Brownmillerite, being the most actively hydraulic
phase in BOF slag, undergoes minimal alteration in DKPO, resulting in a modest increase
in hydrogarnet and LDHs phases [39]. Belite begins to react after 7 days, accompanied by
a notable increase in amorphous phases, likely attributed to C-S-H gels. The hydration of
belite is influenced by various factors, including the added water content, pH, and anions
in solution [187]. The low water-to-solids ratio (w/s) in this study significantly restricts
the reactivity of belite in DKP0. Magnetite is inert whereas wuestite shows a slight
decrease, whose reactivity increases with the increasing Mg content [241].

In the presence of phosphate, the hydration of both brownmillerite and belite is
significantly enhanced during the first 7 days and continues until 28 days. The
consumption of brownmillerite and belite correlates well with the dosages of phosphate,
increasing with higher phosphate additions. Consequently, hydrogarnet becomes the
most abundant crystalline hydration product, increasing over time. The precipitation of
hydroxyapatite readily initiates in the presence of calcium and phosphate ions,
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particularly in an alkaline environment [204]. The content of hydroxyapatite (1.7, 1.9 and
2.5 wt.% in DKP1, DKP2 and DKP3, respectively) increases with higher phosphate
additions at 7 days, remaining relatively stable (1.6, 2.0 and 3.2 wt.% in DKP1, DKP2 and
DKP3, respectively) at later ages. Generally, the amount of pyroaurite and hydrotalcite
continues to increase throughout the hydration process, with slight growth observed
from 7 to 28 days in DKP1 and more significant growth in samples with higher phosphate
dosages. The mass ratios of pyroaurite/hydrotalcite vary with different phosphate
dosages, suggesting that the detected hydrotalcite and pyroaurite in the BOF slag system
can be locally different due to other involved anions replacement [245]. Magnetite remains
relatively stable while wuestite exhibits a notable decrease in the presence of phosphate.
This could influence the formation of LDHs as the partial dissolution of wuestite provides
Mg. An increasing amount of portlandite in all phosphate containing samples is observed
compared to DKPO, stabilizing after 7-day hydration.
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Fig. 6.4 QXRD results of 7- and 28-day hydrated samples with dosages of DKP varying from
0 to 3 wt.%.

6.3.1.3. Thermogravimetric analysis

To gain deeper insights into the overall hydration progress of BOF slag pastes, the TG-
DTG method was employed to detect the water bound in hydrogarnet and other hydration
products, particularly C-S-H gel, which remains undetectable via XRD due to its low
crystallinity [48]. DKPO exhibits the lowest mass loss, as depicted in Fig. 6.5. A noticeable
increase in mass loss with increasing phosphate concentration is observed at 7 days. At
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28 days, all samples exhibit a further increase in mass loss, albeit at varying degrees, with
DKP1 exhibiting a lower increase of 1.3% compared to DKP2 (2.6%) and DKP3 (2.0%).
This disparity closely correlates with the differing consumption rates of belite and
brownmillerite from 7 to 28 days in DKP1, DKP2 and DKP3, which are found to be 5.8,
10.1 and 11.6 wt.%, respectively, as determined by the Rietveld method.
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Fig. 6.5 Mass loss of BOF slag pastes with dosages of DKP varying from 0 to 3 wt.% after 7
and 28 days of hydration.

Fig. 6.6 provides insights into the weight loss occurring at distinct temperature stages,
revealing the complex composition of the hydrated system. While the removal of
adsorbed water in hydroxyapatite and the release of loosely chemically bound water from
C-S-H gel overlap in the temperature range of 40 to 200 °C, their respective peaks are
distinguishably situated at temperatures of 105 (hydroxyapatite) and 147 °C (C-S-H).
Hydroxyapatite, has the ability to undergo reversible water removal between 40 and
200 °C without the Ilattice parameters being affected [204,211]. The dehydration of
siliceous hydrogarnet and hydrotalcite-pyroaurite minerals (LDH) occurs within the
temperature range of 200 to 400 °C [199,212]. However, the weight loss in this region is
dominated by hydrogarnet due to its much higher amounts. The mass loss of hydrogarnet
and LDH increases with the addition of phosphate, as well as an increase in age from 7 to
28 days. Notably, phosphate addition promotes the formation of portlandite, evident from
its pronounced decomposition peaks in the temperature range from 400 to 450 °C [73].
This observation differs from previous research using KH2PO4 as the additive, where
portlandite is absent during the first 7-day hydration [238] and only appears at 28d. This
disparity can be attributed to the influence of the initial pH of the additives, where
phosphates with higher pH (DKP) can enhance the hydration rate of belite at 7 days
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compared to MKP, without the inbibition effects of the H2PO4-/HPO42- buffering regime
[239]. Another weight loss observed from 450 to 720 °C signifies the decomposition of
carbonate groups in calcite in DKPO [73]. Crystalline calcium carbonates are not detected
in the phosphate-containing samples via XRD Rietveld method, suggesting that the mass
loss in this temperature range may originate from amorphous calcium carbonate,
stabilized by phosphates, which delay its transformation into crystalline forms [246]. A
final weight loss range corresponding to the dehydroxylation from hydroxyapatite is
observed above 720 °C for phosphate-containing samples [210,211].
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Fig. 6.6 The first derivative of thermogravimetric analysis (DTG/TGA) of BOF slag pastes
with dosages of DKP varying from 0 to 3 wt.% after (a) 7 and (b) 28 days of hydration.

6.3.2. Porosities and its mechanical performance

Fig. 6.7 The cumulative pore
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Fig. 6.7 shows the pore structure of 28-day hydrated BOF slag pastes analyzed via MIP
measurement. DKPO shows a high porosity of 40.73 % in line with its low reaction extent.
Its pore size distribution concentrates in the range of 10-1000 nm, more preferentially
100-1000 nm as indicated by the cumulative pore size. The overall hydration of
phosphate activated BOF slag pastes has been greatly improved as previously discussed.
Consequently, the total porosities of all samples containing phosphate decrease to 24.31,
23.98, and 22.36% for DKP1, DKP2, and DKP3, respectively, which are very similar but
slightly decreased with the increasing phosphate addition.

Porosity is the main factor influencing the strength. The low strength of DKPO is observed
in Fig. 6.8, showing a 7- and 28-day strength of 0.6 and 1.9 MPa, respectively. With 1 wt.%
addition of DKP, the compressive strength is elevated to 15.7 and 27.0 MPa at 7 and 28
days, respectively. A further phosphate addition leads to higher strength, showing a
maximum 28-day strength of 42.5 MPa with 3 wt.% DKP dosage. DKP1 at 28 days shows
comparable porosity to the other two samples containing DKP but its strength
development is less satisfactory. The porosities of DKP1, DKP2 and DKP3 are 24.31, 23.98,
and 22.36%, respectively. Despite comparable porosities, the strength increases with the
increasing amount of hydration products [247], which can be roughly determined by the
final mass loss calculated from thermogravimetric analysis.
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Fig. 6.8 The strength development of 28-day hydrated BOF slag paste.
6.3.3. Carbonation resistance evaluation
6.3.3.1. Leaching before and after carbonation

The BOF slag utilized in this study contains various heavy metals, with vanadium (V)
exhibiting the highest concentration, followed by chromium (Cr), as indicated by the
chemical composition. Cr is found mainly in wuestite and brownmillerite, whereas
vanadium is primarily found in C2S and brownmillerite [34,39]. Despite molybdenum's
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(Mo) concentration being below the detection limits of the XRF method, it is also
investigated due to its common occurrence in iron-containing phases like brownmillerite
[248]. Concentrations of V, Cr, and Mo obtained from the batch leaching test are compared
with the Dutch Soil Quality Decree (SQD) values as shown in Fig. 6.9 [201].

Before carbonation, all 28-day hydration BOF pastes exhibit minimal leaching of heavy
metals that are below the SQD values. This is governed by the equilibrium between the
release of heavy metals from the original slag phases (such as belite and brownmillerite)
during hydration and the retention of heavy metals by hydration products (such as C-S-H
gel and hydrogarnet) [34,42]. The reactivity of DKPO is low, resulting in limited release of
heavy metals. In contrast, phosphate activated BOF slag pastes demonstrate high
hydration degrees, yet the leaching of heavy metals is effectively controlled and even
lower than that of DKPO. This is attributed to the immobilization capacity of the abundant
hydration products for heavy metals.
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Fig. 6.9 Leaching of inorganic contaminants before and after carbonation measured by one
stage batch leaching test and the Dutch Soil Quality Decree (SQD) limit values.

After carbonation, a significant increase in V leaching is observed in CDKPO, with
concentrations over 300 times higher compared to DKPO. The V concentration in CDKPO
exceeds SQD values, whereas all phosphate-containing samples show only a slight
increase in Vleaching to around 0.01 mg/kg, well below the threshold. At high pH, V tends
to form various oxyanions like V043, which can be adsorbed on C-S-H gel, providing
unspecific adsorption sites at positively charged calcium ions [249]. Additionally, V3* can
occupy the B site in hydrogarnet, substituting trivalent cations (Fe3+ and Al3+) [34,249].
Nevertheless, it is important to note that V leaching is strongly influenced by pH,
increasing as pH decreases [236]. Table 6.3 illustrates the pH of leaching solutions of
hydrated BOF slag pastes before and after carbonation. The noticeable decrease in pH of
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DKPO after carbonation from 12.6 to 11.4 contrasts with the slight drop in pH observed
in phosphate-containing samples, which maintain pH at a high level (pH~13) more stably.
This accounts for the significant V leaching observed in CDKPO and the relatively low
values in the phosphate-containing samples.

Despite that phosphate ions in the leaching solution are below the detection limit (0.2
mg/1) of IC methods due to the formation of hydroxyapatite with low solubility, phosphate
buffering role in the limited pore solution cannot be ignored during the carbonation
process. Alkaline phosphate has the capacity to stabilize high pH above 12 due to the
buffering role of HPO42-/P043- ions [204,239]. Additionally, the added K* can have the
synergistic role in maintaining high alkalinity, reducing the carbonation rate [230,250].
This is also reflected in the changes in K and Ca concentrations before and after
carbonation, as shown in Table 6.3. A significant reduction in Ca concentration is noticed
in CDKPO whereas both K and Ca concentrations reduce with a relatively slight extent
after carbonation, and the extent of this reduction decreases with increasing phosphate
input.

Table 6.3 The pH values and alkaline metal concentrations of leaching solutions of hydrated
BOF slag pastes before and after 14-day carbonation.

Sample ID DKPO DKP1 DKP2 DKP3

Before carbonation 12.6 131 13.2 133

- After carbonation 114 12.8 13.0 131
K Before carbonation 0.13 9 17 27
[mmol/1] After carbonation 0.04 7 16 26
Ca Before carbonation 10 11 10 8
[mmol/l] After carbonation 1.2 8 7 7

A reasonable increase in Cr concentration of CDKPO is noticed, caused by the
decomposition of hydration products rather than brownmillerite upon carbonation since
brownmillerite is inert in CO2 environment [212,236]. Cr and Mo belong to the same
group in the periodic table (6th secondary group), and while the mechanisms of Mo
immobilization are less complex than Cr, their concentrations in the leachate of samples
containing phosphate change only slightly before and after carbonation since their
leaching behavior is not as directly influenced by pH as V [164,249].

6.3.3.2. Mass change

Fig. 6.10 illustrates the mass effects of all samples during carbonation. CDKPO exhibits a
two-stage mass change, with a significant 10.85 wt.% decline within the first 3 days of
carbonation, followed by a gradual increase until 14 days. In contrast, the mass change of
phosphate-containing samples is relatively small. After a slight increase on the first day,
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the overall mass increase remains below 1 wt.%. When samples are placed in the
carbonation chamber, pore water evaporates due to the humidity difference, causing a
mass decrease. Simultaneously, COz uptake by original slag phases such as belite, and
hydration products like portlandite and C-S-H, leads to the formation of calcium
carbonates, amorphous silica gel, and new free water, resulting in a mass increase
[31,164]. Thus, the mass change depends on the balance between CO2 uptake and water
evaporation. Excessive pore water can slow CO: diffusion [31]. The reference sample,
CDKPO, has significant free water that remains unconsumed by the BOF slag over 28 days
due to its low reactivity. Initially, the mass change in CDKPO is dominated by water
evaporation. The subsequent mass increase indicates substantial CO2 uptake, consistent
with the phenolphthalein test results shown in Fig. 6.10. Conversely, phosphate-
containing samples generate abundant hydration products at 28 days, leaving limited free
water for evaporation. The mass change in these samples is most likely driven by CO2
uptake, but the carbonation extent is minimal, with only a thin carbonation layer observed
in the phenolphthalein test.
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Fig. 6.10 Mass change during carbonation and color change of 14-day carbonated samples
after phenolphthalein test.

6.3.3.3. Phase evolution

Further characterization of carbonated samples was conducted, with DKPO and DKP2
chosen as representative samples. The DTG curves of hydrated samples before and after
carbonation for 3 and 14 days are shown in Fig. 6.11, and their mass loss from 500 to
800 °C is detailed in Table 6.4.
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Fig. 6.11 The first derivative of thermogravimetric analysis (DTG/TGA) of (a) DKPO, and (b)
DKP2 before and after carbonation.

Table 6.4 The mass loss (500 to 800 °C) of hydrated BOF slag pastes before and after
carbonation.

Sample ID DKPO DKP2

Before carbonation 0.52 0.74

Mass loss 500-800 °C After 3-dlay 178 132
[wt.%] carbonation

After 14-day
carbonation

5.89 1.72

After 3 days of carbonation of DKPO, portlandite is absent, and the intensity of the mass
loss peak from 40 to 200 °C decreases after 14 days of carbonation, consistent with the
decomposition of C-S-H (Fig. 6.11(a)) [217]. Correspondingly, the formation of calcium
carbonates is notable as the weight loss peaks attributed to the decomposition of calcium
carbonates become broader and larger during continued carbonation. The lower
decomposition temperature of these carbonates compared to calcite indicates the
presence of amorphous or poorly crystalline calcium carbonates [130]. The large mass
loss peak at ~770 °C in DKPO after 14-day carbonation is observed, demonstrating the
presence of abundant crystalline carbonates which have not formed yet after 3 days of
carbonation. Conversely, portlandite and C-S-H are well-preserved in DKP2, with only a
minor decrease in hydrogarnet and a slight increase in calcium carbonates observed
during carbonation (Fig. 6.11(b)). The mass loss from 500 to 800 °C of hydrated BOF slag
pastes is used to estimate the amount of calcium carbonates [164]. DKPO shows a
significant increase from 0.52 wt.% before carbonation to 5.89 wt.% after 14 days of
carbonation, whereas DKP2 exhibits a smaller increase from 0.74 to 1.72 wt.%. The
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continuous increase in mass loss from 500 to 800 °C in DKP2 indicates that carbonation
is not completely inhibited but occurs at a very low rate. There is a very limited presence
of crystalline carbonates in DKP2, with decomposition above 700 °C, as confirmed with
Rietveld-XRD analysis.

J CH. H
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Fig. 6.12 XRD data of 28-day hydrated samples before and after 14-day carbonation
(Legend: B-Brownmillerite, C-Belite, M-Magnetite, W-Wuestite, P-Pyroaurite, H-
Hydrogarnet, Ht-Hydrotalcite, HA-Hydroxyapatite, CH-Portlandite, A-Aragonite, Cc-
Calcite).

Further insights into the mineralogical composition of hydrated BOF slag pastes before
and after carbonation were obtained using the XRD Rietveld method, as shown in Fig.
6.12 and Table 6.5. Aragonite and calcite are the primary crystalline carbonation
products, constituting 7.9 and 7.4 wt.% of the CDKPO matrix, respectively. Among the
three common crystalline calcium carbonates (calcite, aragonite, and vaterite), vaterite is
less stable and less crystalline than calcite and aragonite [251]. Additionally, vaterite may
transform into the more thermodynamically stable phases of calcite and aragonite
[233,252]. Carbonation significantly affects the original phases of the reference sample
(DKPO0), with portlandite, hydrogarnet, and LDH phases no longer visible, and belite
showing a substantial decline from 35.9 to 16.7 wt.% after carbonation. Phases such as
brownmillerite remain inert under carbonation, consistent with the literature [212,236].
In contrast, all diffraction peaks of hydration products are still evident in the samples
containing phosphate. While portlandite is typically the main subject of carbonation in
cementitious materials, it remains present post-carbonation with the addition of
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phosphate [119]. The slight decrease in hydrogarnet in the phosphate-containing sample,
from 11.8 to 8.3 wt.%, corresponds to the results obtained with TG/DTG, as shown in Fig.
6.11(b)). An increase in crystalline carbonates (calcite) of 1.7 wt.% seems to correlate
well with the off-set of the decomposition peak of carbonates in CDKP2 compared to DKP2.

Belite exhibits a decrease of 2.3 wt.% in the phosphate-containing sample after
carbonation. This decrease is likely due to continuous hydration rather than carbonation,
as both QXRD and TG/DTG methods indicate minor formation of calcium carbonates.
Additionally, hydrogarnet shows a decrease of 3.5 wt.% due to carbonation. Fig. 6.13
illustrates the specific surface area of 28-day hydrated samples before and after
carbonation. CDKP2 shows an increase in the specific surface area, attributed to the
expansion of gel pores from 2 to 10 nm. This finding further supports the continuous
hydration of belite, as the formed C-S-H gel contains numerous gel pores contributing to
elevating specific surface areas [87,89,216]. The porosity alterations observed through
Mercury Intrusion Porosimetry (MIP) (Fig. 6.14) provide a clearer understanding of the
changes in C-S-H gel pores. The increased mercury intrusion in pores smaller than 10 nm
directly indicates the further formation of C-S-H gel in CDKP2 [48].

A significant increase in cumulative pore area is also observed in CDKPO, albeit for
different reasons. The carbonation of belite and hydration products like C-S-H gel results
in the formation of calcium carbonates and silica gel, which substantially elevates the
surface area [43,217]. Similar phenomena have been observed in the carbonation of
hydrated cement, where the formed silica gel has a higher surface area than C-S-H gel
[217]. The formation of silica gel also explains the increase in amorphous phases in CDKP0
as measured with QXRD, as no additional C-S-H gel has formed in CDKPO, as illustrated in
Fig. 6.11(a).
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Fig. 6.13 BET surface area tested of 28-day hydrated samples before and after carbonation
showing the pore area contribution by pores smaller than 100 nm width.
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Table 6.5 Phase composition of 28-day hydrated samples before and after 14 days of
carbonation determined by XRD-Rietveld analysis [wt.%].

Phase DKPO DKP2 CDKPO CDKP2
Wauestite 19.4 13.7 17.2 11.7
Mangnetite 5.6 6.6 5.8 5.9
Belite 35.9 16.7 16.5 14.4
Brownmillerite 15.3 2.7 15.4 4.0
Lime 0.4 0.7 0.7 0.3
Calcite 0.6 - 7.4 1.7
Portlandite 0.4 1.0 - 0.7
Hydrogarnet 1.2 11.8 - 8.3
Hydroxyapatite - 2.0 - 2.8
Pyroaurite 0.3 2.0 - 2.1
Hydrotalcite 0.1 1.5 - 0.7
Aragonite - - 7.9 -
Amorphous 20.7 41.2 29.2 47.3
——DKPO
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Fig. 6.14 The incremental pore volume measured by MIP of 28-day hydrated samples before
and after carbonation.
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Additionally, carbonation results in a denser structure for both CDKP0O and CDKP2, as
shown in Table 6.6. Carbonation has a greater impact on the pore structure of CDKPO,
likely due to its initially higher porosity (40.73 %) before carbonation, which enhances
CO: diffusivity. The significant reduction in pores larger than 100 um in CDKPO is
particularly notable. The overall porosity decrease in CDKP2 is attributed to both slight
carbonation and ongoing hydration during carbonation under high humidity conditions.

Table 6.6 The overall porosity of hydrated BOF slag pastes from MIP before and after
carbonation.

Sample ID DKPO DKP2
Before carbonation [%] 40.73 23.98
After carbonation [%)] 24.75 20.52

6.4. Discussion

The carbonation rate of BOF slag is influenced by various factors, including carbonation
conditions (e.g., CO:z concentration, humidity, temperature), chemical composition,
porosity of the carbonated materials, additives, and water content [253,254]. The
addition of phosphate enhances the hydration of BOF slag pastes, thereby optimizing the
pore structure by reducing porosity, which adversely affects COz diffusivity. Moreover,
the higher pH maintained by the buffering action of combination of K* and HP042-/P043-
ions inhibits the formation of calcium carbonates. Consequently, identifying the primary
cause of carbonation mitigation in BOF slag pastes with phosphate addition remains
challenging.

6.4.1. Carbonation behaviours of mortar and powder

Carbonating shaped mortar samples and milled fine powder can give certain
understanding on the carbonation behaviors of the same matrices with different shapes.

The phosphate-activated BOF slag mortar after carbonation demonstrates a certain heavy
metals retention capacity, as shown in Table 6.7. The V and Cr concentrations show little
change after 3 and 14 days of carbonation, which is attributed to the slow carbonation
process. The pH values exhibit a slight decline from 13.1 before carbonation to 12.8 after
14 days of carbonation, as shown in Table 6.7. The mortar surface sprayed with
phenolphthalein solution indicates some carbonation depth as shown in Fig. 6.15, but its
extent is still slight compared to CDKPO (Fig. 6.10). Both BOF slag pastes and mortars
show negligible pH decreases and slight carbonation degrees upon carbonation, even
though COz diffusivity can be faster due to the addition of more aggregates in the mortar
samples.
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Table 6.7 The Leaching of inorganic contaminants of BOF slag mortars after carbonation
measured by one stage batch leaching test.

concljaiigt:)lﬁts:?ig/l] v tr Mo pH
Before carbonation - - - 13.1
After 3-day carbonation 0.032 0.004 - 129
After 14-day carbonation 0.038 0.005 - 12.8

*Note: the ions concentrations of BOF slag mortars before carbonation were not tested since
the leaching results of BOF slag pastes with phosphate before carbonation can be taken as a
reference.

Mortar

Fig. 6.15 Color change by phenolphthalein test of the mortar sample after 14-day
accelerated carbonation and the powder samples after 2-year natural carbonation.

Additionally, after exposure to atmospheric CO:z for two years, DKP2 powder
demonstrates satisfactory carbonation resistance (Fig. 6.15 and Fig. 6.16). The weight
loss from 500 to 800 °C for DKP2 and DKPO powder samples after 2-year natural
carbonation is 1.02 and 4.42 wt.%, respectively. While some hydration products, such as
C-S-H, seems to undergo carbonation, portlandite remains present and only small amount
of calcium carbonates form even after long-term natural carbonation. In contrast, the
powder without DKP shows a high extent of carbonation, as evidenced by its pronounced
decarbonation peak and the complete absence of portlandite.
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Fig. 6.16 The first derivative of thermogravimetric analysis (DTG/TGA) of DKP0O and DKP2
powder after 2-year natural carbonation.

6.4.2. pH buffering

Portlandite is commonly considered as the alkalinity buffer in cement matrices during
carbonation, with higher portlandite levels correlating with better carbonation resistance
[127]. DKP2 contains around 1 wt.% portlandite, significantly less than hydrated Portland
cement, which typically exceeds 10 wt.% [255]. Normally, the dissolution of portlandite
and subsequent formation of calcium carbonates occur upon carbonation [154,231]. The
small amount of portlandite in hydrated BOF slag pastes may have limited capacity for
reserving alkalinity.

The sustained high pH in DKP2 can be attributed to the synergetic roles of the introduced
K* and PO43-ions. Although alkali-activated materials (AAMs) exhibit faster carbonation
rates than traditional cement due to the absence of portlandite, their high alkalinity,
resulting from considerable K*/Na* content, still provides significant buffering capacity
[256]. During carbonation, the continuous consumption of K*/Na* and OH- occurs
simultaneously with the dissolution of pozzolanic materials and the neutralization of
alkalis in the pore solution, leading to a decrease in pH along with the reduction of K*/Na*
[232,256]. It has been reported that the pH of sodium carbonate alkali-activated ground
blast furnace slag (GBS) falls below 11 after carbonation with 1% CO2 for one month,
alongwith a significant decomposition of hydration products [257]. These bulk AAMs
exhibit a porosity of 25.7% before carbonation, which is comparable to the porosity of
DKP2.In DKP2, a slight decline in Kand Ca levels is observed after carbonation, suggesting
their participation in buffering by consuming dissolved CO2. However, the pH in DKP2
after carbonation remains stable at around 13, which is attributed to the strong buffering
capacity of POs3. Overall, K* contributes to buffering the pH, a role that is further
enhanced by the presence of PO43. The maintained high pH level slows down the
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carbonation of portlandite, thereby protecting other calcium-rich phases from significant
carbonation until portlandite is depleted. This results in a slower overall carbonation rate
for DKP-activated BOF slag powders, pastes, and mortars in this study. Similar findings
have been reported, indicating that higher pH levels in cement are associated with
increased resistance to carbonation [230,247].

Additionally, the formation of hydroxyapatite may help mitigate carbonation.
Hydroxyapatite is often used as a consolidant for damaged carbonate stones and as an
additive in geothermal well applications due to its low solubility and high stability under
weathering or extreme conditions, such as those involving COz saturated brine with over
40,000 parts per million (ppm) of COz at temperatures ranging from 200 to 320 °C
[208,258-260]. During carbonation, OH- and PO43- ions in hydroxyapatite can be
substituted by COs32- leading to the formation of carbonated hydroxyapatite and the
adsorption of certain amounts of COz [213,214]. This process releases OH-and P0O43- ions,
which can further increase the pH level. These characteristics make hydroxyapatite an
effective material for resisting carbonation.

6.5. Conclusions

This study delves into the hydration of BOF slag utilizing dipotassium hydrogen
phosphate (DKP) as the activator at levels up to 3 wt.%. The tested samples demonstrate
satisfactory strength, leaching behaviour, and carbonation resistance, leading to the
following conclusions:

Compared to monopotassium phosphate (KH2POs), DKP-activated BOF slag pastes
facilitate the completion of the main exothermic reaction within 3 days, avoiding strong
retardation effects with phosphate additions below 3 wt.%. Importantly, increasing DKP
from 1 to 3 wt.% extends the induction period while enhancing overall hydration heat.
This contributes to greater consumption of belite and brownmillerite, leading to
increased formation of hydration products such as hydrogarnet, C-S-H gel, and LDHs
phases by 7 days. Continuous hydration of belite and brownmillerite is observed up to 28
days, particularly pronounced with DKP levels above 1 wt.%.

The improved hydration optimizes the overall pore structure, reducing porosity from
40.73 % in DKPO to 22.36 % in DKP3, thereby increasing strength from 1.9 MPa in DKPO
to 42.5 MPa in DKP3 at 28 days.

DKPO exhibits poor carbonation resistance, evidenced by significant formation of calcium
carbonates and unsatisfactory V leaching. After carbonation, heavy metal leaching of V, Cr,
and Mo is effectively controlled in all DKP-containing samples, falling well below the limits
stipulated by the Dutch Soil Quality Decree (SQD). This is attributed to the abundance of
hydration products capable of immobilizing heavy metals and the sustained high pH due
to the strong buffering capacity of HPO42-/P0O43- and K*.
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All phosphate-activated BOF slag powders, pastes and mortars demonstrate good
carbonation resistance. The stabilized high pH during carbonation plays a crucial role in

retarding carbonation of portlandite, thereby mitigating overall carbonation of DKP-
activated BOF slag samples.
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CHAPTER 7

7. Understanding the difference between BOF slag hydration
with acidic and alkaline phosphates

The interactions between BOF slag and phosphate solutions of varying pH were studied
to understand their effects on hydration kinetics, microstructure, and strength
development. Initially, belite dissolves in samples with acidic phosphates, forming
hydroxyapatite-like phases instead of C-S-H, leading to a prolonged induction period of
up to three weeks after the initial reaction. The retardation of hydration diminishes with
increasing initial pH of the phosphate solutions. Once beyond the H2PO4/HPO4% buffering
regime, hydration can be further enhanced. This buffering regime also impedes the
formation of hydrogarnet and LDH phases. Higher initial pH levels lead to a greater
hydration extent of belite, brownmillerite, and wuestite, accompanied by the formation of
more C-S-H, hydrogarnet, and LDH phases. These results are supported by phase
composition analysis, measurements of chemically bound water, and calorimetric data,
along with reaction enthalpy calculations. The pore structure of all phosphate-containing
samples shows comparable porosities at 28 days. However, sample strengths vary
significantly, ranging from a minimum of 37.7 MPa to a maximum of 66.9 MPa. This
variation is attributed to a higher proportion of capillary pores and a larger average pore
size of 34.7 nm in samples reacting at a low pH (pH at 4.2) compared to those reacting
with basic alkaline phosphates. Furthermore, increasing the initial pH from 11.5 to 12.8
decreases strength despite higher hydration extent, likely due to high potassium
concentrations causing shrinkage during air curing.

This chapter is reproduced from: Y. Tang, METHOD FOR ACTIVATING BASIC OXYGEN FURNACE STEEL
SLAG, WO 2024/052265 A1, 2024. (International patent); Y. Tang, K. Schollbach, Z. Liu, S.R. van der Laan,
W. Chen, H.].H. Brouwers, Understanding the difference between BOF slag hydration with acidic and alkaline
phosphates, 2024 (submitted).
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7.1. Introduction

The synergistic activation of both belite and brownmillerite in BOF slag can be achieved
through the addition of phosphates, stimulating the formation of layered double
hydroxide (LDH) phases, hydrogarnet, and calcium silicate hydrate (C-S-H) gel as
principal hydration products [197,238,261]. Phosphates are commonly reported to be
retarders in Portland cement by inhibiting the hydration of alite and tricalcium aluminate,
the inherent hydraulic activities of which are significantly higher than those of belite and
brownmillerite [48,202,219,262,263]. This may be different for BOF slags, since they
contain mainly belite and brownmillerite, and phosphate could act as a trigger to promote
phase dissolution. A 2.5 wt.% monopotassium phosphate (MKP) solution has been shown
to enhance the overall hydration of belite and brownmillerite in BOF slag at 28 days,
despite the observed extensive retardation compared to BOF slag with pure water [197].
This retardation was mitigated by increasing the MKP dosage to 10 wt.%. Yet, excessive
phosphates shift the reaction pathway towards an acid-base mechanism, disrupting
normal hydration reactions, instead extracting excessive Ca and forming calcium
phosphate compounds [48,195,261]. Compared to MKP, dipotassium phosphate (DKP)-
activated BOF slag pastes show very little retardation and the main exothermic reactions
are completed within 3 days, with phosphate additions below 3 wt.% [261]. Notably, the
pH values of MKP and DKP solutions are approximately 4.1 and 8.8, respectively.

Based on our previous studies, the hydration behaviour of BOF slag differs with respect
to reaction Kkinetics, reaction products and strength development for acidic versus
alkaline phosphates, i.e. phosphates of different pH. In comparison, under varying pH
conditions (pH = 3, 7 and 12) with Portland cement, the hydration products generally
remain the same, however the quantities of products are different, e.g. portlandite
increases with rising pH levels [264]. Also, in cement variation is significantly influenced
by acidic and alkaline curing environments impacting strength development. Acidic
environments primarily affect early strength (1 - 3 days), while alkaline environments
have a more pronounced effect on the later strength development of cement (7 - 28 days)
[264,265]. Additionally, according to literature [266], the induction period of cement
hydration is prolonged as pH decreases, and this induction period can be elongated with
the simultaneous removal of both calcium and hydroxyl ions, derived from the lower
undersaturation degree of alite, and later silicate reaction peak time.

While acid-base reactions have been studied intensively for chemically bonded phosphate
ceramics (CBPCs) [194-196], detailed hydration mechanisms across a wide pH range of
phosphate-activated systems have not been studied in any detail and warrant systematic
investigation. Specifically for iron oxide rich systems such as slags which were shown to
be responsive to phosphate activation. This helps to find the optimal way for activating
BOF slag using phosphates.

Following up on our previous research, the reactions between BOF slag and phosphate
across a pH range of 4.2 to 12.8 were investigated. To achieve this broad pH range,
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monopotassium phosphate (MKP), dipotassium phosphate (DKP) and tripotassium
phosphate (TKP) were used as the additives since they naturally provide different starting
pH upon dissolving in water. Previous studies used varying amounts of phosphate,
complicating the assessment of pH's critical role [197,238,261]. In this study, we
standardized the phosphate solution concentration at 0.8 M. Additionally, it is noteworthy
that the pH changes in the BOF slag system are moderated in case of using phosphate salt
buffers. A comprehensive multi-technique approach was employed to elucidate the effects
of acidic and alkaline phosphates on hydration kinetics, microstructure, and strength
development. This approach included quantitative X-ray diffraction (XRD) analysis,
thermogravimetric analysis (TGA), calorimetric measurements, and mercury intrusion
porosimetry (MIP), to interpret reaction extent, product identification, heat release, and
pore structure. In-situ pH and conductivity measurements, along with ion
chromatography (IC) and inductively coupled plasma atomic emission spectroscopy (ICP-
OES), were used to analyze early-stage dissolution and precipitation, as well as 28-day
leaching behavior. This study provides a deeper understanding of the relationship
between phosphate solutions of varying pH and the hydration behaviour of BOF slag.

7.2. Experiments and methodology

7.2.1 Raw materials

The BOF slag utilized in this study was supplied by Tata Steel in IJmuiden, The
Netherlands. The grinding procedure was performed using a Retsch RS 300 XL disc mill
at a constant speed of 912 min-! for 15 min with 1 kg BOF slag grains (0-5.6 mm) in a
grinding jar volume of 21, and the particle size distribution of the BOF slag powder is given
in Fig. 7.1 and Table 7.1. The chemical, mineralogical composition and other physical
parameters are summarized in Table 7.1. Monopotassium phosphate (MKP, KH2PO4),
dipotassium phosphate (DKP, KzHPO4) and tripotassium phosphate (TKP, K3P04) were
selected as the additives, sourced as a commercially available technical-grade product
(VWR Chemicals BDH®, purity = 99.0 wt.% analytical reagent).
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Fig. 7.1 Particle size distribution of BOF slag.
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Table 7.1 Chemical, mineralogical composition and other physical properties of BOF slag.

Oxide Content Mineral Content Physical properties
[wt.%]= [wt.%]P
MgO 6.8 Brownmillerite 17.1 D(0.1)¢=2.22 um
Si02 13.45 Magnetite 6.4 D(0.5)¢=17.34 um
Al203 2.21 Belite 39.6 D(0.9)c=106.77 um
Ca0 40.14 Wuestite 20.5 pd=3.66 g/cm3
P20s 1.61 Lime 0.9 SSAgere = 1.1 m?/g
TiO2 1.39 Calcite 0.8
V205 1.05 Portlandite 0.7
Cr203 0.3 Amorphous 14.0
MnO 4.61 Rwp 2.8
Fe;03 28.32
Others 0.12
GOI 1.31

a Tested via X-ray fluorescence (XRF, Model Axios Advanced, PANalytical.B.V).
b Quantitative X-ray diffraction (QXRD) analysis via Rietveld method.

¢ Analysed with a laser particle size analyser (Model Malvern Mastersizer 2000, Malvern
PANalytical).

d Particle specific gravity from He pycnometer.

e Specific surface area determined by Brunauer-Emmett-Teller (BET) method.

7.2.2. Mix design

Based on our preliminary research, the concentrations of phosphate solutions were fixed
as 0.8M. The detailed mix proportions of the pastes are shown in Table 7.2. The ratios of
volume of phosphate solutions to mass of BOF slag were set as 0.2. The volumes of
phosphate solutions were measured by pipette to ensure the constant phosphate
molarities in each mixture. The varying initial pH values from 4.1 to 12.8 of the phosphate
solutions were obtained via the combination of MKP, DKP and TKP solutions. The freshly
mixed BOF slag pastes were poured into molds (20x20x20 mm3) and covered with plastic
film before demolding. The pastes were air-cured at ambient temperature until the testing
age.
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Table 7.2 Mix proportions of BOF slag pastes.

Sample BOF  Water MKP DKP TKP Initial
ID slag solution solution solution pH
[g] [ml]

REF 100 20 6.9
M 100 20 4.1

MD 100 10 10 6.5
D 100 20 8.8
DT 100 10 10 11.5
T 100 20 12.8

7.2.3 Methodology

The hydration heat was recorded using an isothermal conduction calorimeter (TAM Air,
Thermometric) from 45 minutes to 28 days. Before placing the samples into the
calorimeter, BOF slag powders were mixed with distilled water or 0.8M phosphate
solutions in the ampoule for 1 minute. The compressive strengths at 7 and 28 days were
tested in an MTS Criterion equipped with a load cell of 100 kN at a speed of 0.6 mm/min
until collapse according to EN 196-1, with three replicates for each composition.

After the designated curing time, the pastes were crushed and sieved to particles smaller
than 2 mm, then immersed in isopropanol for 48 hours to stop hydration. The pieces were
subsequently dried in a vacuum oven at 45 °C until a constant mass was achieved [73].
After drying, some pieces were finely ground to pass through a 63 um sieve. The resulting
powder and the remaining pieces were stored in desiccators with calcium chloride pellets
as a drying agent and sodium hydroxide pellets as a COz trap until further testing. The
crystalline phases of the hydrated slag pastes were identified using a Bruker D2 X-ray
Diffractometer with a LynxEye detector and a Co X-ray tube, set at 30 kV and 10 mA. The
scans were performed over a range of 5 to 80 °26 with a step size of 0.019° and a counting
time of 1 s/step. For quantitative phase analysis via the Rietveld method, the counting
time was increased to 2 s/step. Si powder (Siltronix, France) was used as an internal
standard, making up 10 wt.% of the samples. To ensure homogeneity, the samples were
mixed thoroughly with the Si powder using an XRD-Mill McCrone (RETSCH) at 75% speed
for 5 minutes. The TOPAS 5.2 software from Bruker Corporation was utilized to quantify
both crystalline and amorphous phases. Nitrogen sorption analysis was conducted using
a TriStar II 3020 from Micrometrics based on Brunauer-Emmett-Teller (BET) methods
[77]. Thermogravimetric analyses (TGA) were performed with NETZSCH STA 449 F1 and
NETZSCH TG 209 F3 Tarsus instruments. Ground powder samples, each weighing
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between 30 to 40 mg, underwent heating at a rate of 10 °C/min in a nitrogen atmosphere,
covering temperatures from 40 to 1000 °C. The porosities of 28-day hydrated BOF slag
pastes were obtained by Mercury Intrusion Porosimetry (MIP) measurements using the
AutoPore IV 9500 Micromeritics Series Mercury Porosimeter with the maximum pressure
of 227.53 MPa.

The leaching test of 28-day cured slag pastes was conducted according to EN 12457-2, a
one-stage batch leaching test [200]. Deionized water was added to the crushed samples
(below 4 mm in size) at a liquid-to-solid ratio of 10, and the mixture was agitated using a
dynamic shaker (ES SM-30, Edmund Buhler GmbH) for 24 hours. After shaking, the
leachates were filtered through a 0.22 pm syringe filter. The pH of the filtrates was
measured using a Greisinger-GMH 5500 pH meter, with three readings taken and
averaged for each sample. Liquid samples were either used undiluted or diluted by a
factor of 10 for further elemental concentration analysis. The ion concentrations were
determined using a Thermo Scientific Dionex ICS-1100 ion chromatography (IC) system
or an inductively coupled plasma atomic emission spectrometer (ICP-OES, SPECTROBLUE)
after acidification with concentrated HNOs.

To study the early-stage dissolution of BOF slag, in-situ pH and conductivity
measurements were performed using a handheld conductivity meter (Greisinger-GMH
3431) and a pH meter (Greisinger-GMH 5500). The experiments were conducted in a
climate-controlled room maintained at 20 + 0.5 °C and 60% relative humidity. An excess
of solution with a liquid volume-to-slag mass ratio of 2 was added to ensure full contact
of the probes with the liquid. Detailed mix proportions and initial conductivities of
phosphate solutions with varying pH are provided in Table 7.3. The probes were first
immersed in distilled water or phosphate solutions until temperature, pH, and
conductivity stabilization was achieved. BOF slag powder was then added to the liquid
media and stirred for 30 seconds using a handheld mixer. Data logging was set at 1-minute
intervals for a 90-minute duration. To prevent evaporation, the beaker used for
measurements was sealed with parafilm and tape.

Table 7.3 Mix proportions for in-situ pH and conductivity measurements.

Sample  BOF  Water MKP DKP TKP Initial conductivity
ID slag solution solution solution
[g] [ml] [mS/cm]
REF* 50 100 0
M* 50 100 50.9
D* 50 100 98.9
T* 50 100 138.4
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Ion concentrations at 10 and 90 minutes were measured. Due to the strong buffering
effects of the phosphate, samples with phosphate solutions were not acidified but were
diluted by factors of 10 or 100. Solids were separated by filtration and immersed in
isopropanol for 2 hours to stop hydration. The isopropanol was then removed, and the
solids were dried in a vacuum oven at 45 °C until a constant mass was achieved. The dried
samples were subsequently used for XRD analysis.

7.3. Results and discussion

7.3.1. Hydration
7.3.1.1. Kinetics

The results of isothermal conduction calorimetry are depicted in Fig. 7.2. A minor peak is
evident at approximately 2 days for REF, with the cumulative hydration heat reaching
37.6]/g at this time, which is more than 50% of the total heat release (62.3 ] /g) at 28 days.
After this initial peak, the increase in hydration heat for REF is slow. The exothermic
reaction of brownmillerite hydration typically occurs within the first several hours
[190,267]. Brownmillerite dissolves rapidly upon contact with water, forming a
metastable C-(A,F)-H gel that coats the surface of brownmillerite. This gel coating retards
further hydration of brownmillerite, although it eventually converts to stable hydrogarnet
[190,267]. Additionally, the C-(A,F)-H gel in REF can be iron-rich and less soluble due to
the higher iron content of brownmillerite in BOF slag compared to that in cement clinker
[186,190,267]. These factors explain the delayed exothermic peak in REF. Belite has a low
reactivity, leading to its complete hydration taking several weeks or even months [268].
The prolonged hydration of belite can contribute to the slow accumulation of heat at later
stages.

The introduction of phosphate solutions significantly elevates the hydration heat at 28
days in all samples except M. M starts accelerating its reaction after 3 weeks, as shown in
Fig. 7.2, similar to our previous findings [261] and is expected to generate a higher heat
release than REF at higher ages. The initial low pH (4.1) may restrict the hydration of
brownmillerite and facilitate the fast dissolution of belite initially, but this is not recorded
in the heat release. The buffering regime of H2PO4- and HPO4?- in maintains a pH range of
7-7.5, increasing the saturation level of hydration products like C-S-H and hydrogarnet
and thereby hindering the further dissolution and precipitation [239,269]. This buffering
role occurs in all samples whereas the buffered pH increases with the higher alkaline
phosphate input. Consequently, the retardation effects diminish with increasing initial pH.
T shows the highest hydraulic reactivity, with the main exothermic reaction completing
within 3 days and a 28-day cumulative heat of approximately 145 J/g. High pH favours
the dissolution of iron-containing phases, such as the original brownmillerite and the
initially formed C-(A,F)-H gel and hydroferrite [203,270]. MD, D, DT, and T exhibit
comparable overall hydration heat at 28 days, indicating that equal phosphate input can
resultin similar hydration extent once the buffering barrier of H2PO4- /HP042-is overcome.
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Fig. 7.2 Heat flow and cumulative heat evolution of BOF slag pastes.
7.3.1.2. Phase identification

Fig. 7.3 illustrates the phase composition of 7- and 28-day hydrated BOF slag pastes.
Generally, hydrogarnet, pyroaurite, and hydrotalcite are the main crystalline hydration
products, as detected via XRD. Hydrogarnet (Cas(AlxFe1-x)2(OH)12) is a typical hydration
product of brownmillerite in the absence of other phases like gypsum [190]. Notably,
brownmillerite also apparently hydrates with consumption of some belite to produce
siliceous hydrogarnets covered by the general formula Cas(AlxFe1-x)2(SiO4)y(OH)4(3-y),
where the Al/Fe ratio is unknown [271]. The diffraction peak of hydroxy-AFm (OH-AFm,
mainly CasAl207-19H20) is detected but with low intensity. This metastable phase,
originating from brownmillerite, can gradually convert into hydrogarnet and portlandite
over time [272-274]. The presence of hydroxy-AFm in some samples (D, DT, T) at 28 days
might be due to the initial high pH and promoted brownmillerite hydration, as T also
shows the peak of hydroxy-AFm at 7 days. The detection of pyroaurite and hydrotalcite,
which are layer double hydroxides (LDHs) and can be represented by the general formula
Mgs(AlLFe)(OH)s(CO3)os-nH20, indicates the hydration of wuestite since the release of
magnesium is controlled by wuestite dissolution [34]. The precipitation of hydroxyapatite
was expected but this phase can be present in small amounts with poor crystallinity
[204,205], making hydroxyapatite invisible in XRD.
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Fig. 7.3 XRD data of 7- and 28-day hydrated samples (Legend: # -Hydroxy-AFm, P-
Pyroaurite, Ht-Hydrotalcite, H-Hydrogarnet, CH-Portlandite, B-Brownmillerite, C-Belite, M-
Magnetite, W-Wuestite).

Table 7.4 illustrates the phase composition of 7- and 28-day hydrated BOF slag pastes.
The decline of brownmillerite at 7 days in REF leads to a modest increase in hydrogarnet
and LDH phases (pyroaurite and hydrotalcite), which likely benefit from the decreased
wuestite [34,39]. Belite begins to react after 7 days, showing only a minor decline. The
absence of portlandite further evidences the limited hydration of belite at 7 days.
Magnetite remains stable throughout. At 28 days, both belite and brownmillerite in REF
show continuous hydration, with belite decreasing to a larger extent, contributing to the
increasing amorphous phase content.

In the presence of phosphate, the consumption of belite and brownmillerite shows a clear
trend that higher initial pH leads to greater hydration. For M, the added phosphate shows
limited effects on the brownmillerite hydration at 7 days but significant decrease in
brownmillerite is observed at 28 days. The decline in belite at 7 days is not consistent
with the heat release shown in Fig. 7.2, indicating that the consumption of belite is
probably caused by the immediate dissolution post-mixing due to the acidic nature of M
rather than hydration. In MD, the noticeable decline in belite and brownmillerite does not
correspond to a proportional increase in hydrogarnet and LDH phases at 7 days. The
primary hydration of MD completes after about 2 weeks, as indicated in Fig. 7.2. It can be
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assumed that the decline in belite and brownmillerite in MD at 7 days promotes the
formation of metastable phases with poor crystallinity, which gradually convert to stable
hydrogarnet and LDHs, releasing heat in the process. The other samples D, DT, and T
exhibit high degrees of hydration at 7 days, along with considerable amounts of hydration
products. The highest amount of portlandite is detected in T at both 7 and 28 days,
attributed to the significantly promoted hydration of belite. Additionally, belite can
prompt a series of secondary reactions with brownmillerite and the formed Al/Fe
hydroxides to produce straetlingite, siliceous hydrogarnets, and C-S-H, consuming
portlandite in the process [275,276]. Magnetite remains relatively stable, while wuestite
exhibits a notable decrease at 7 days in the presence of phosphate solutions with initial
pH above 7. Pyroaurite is detected in greater amounts than hydrotalcite in all phosphate-
containing samples, reflecting the iron-rich nature of the BOF slag system.

Table 7.4 Phase composition of 7 and 28-day hydrated BOF slag pastes determined by XRD-
Rietveld analysis.

Sample
Phases
ID
Wouestite Magentite Brownmillerite Belite Lime Portlandite Calcite Hydrogarnet Pyroaurite Hydrotalcite Amorphous

REF 18.2 5.8 13.7 38.0 0.6 0.0 0.0 1.3 0.9 1.1 20.4
M 17.5 5.8 15.4 321 0.4 0.0 0.0 0.6 0.1 0.0 28.1
7 MD 18.8 55 9.9 34.1 0.5 0.0 0.0 1.1 1.7 0.0 28.3
days p 15.4 5.4 5.7 278 04 0.0 0.0 5.0 2.7 0.8 36.8
DT 13.7 5.2 5.0 24.2 0.4 0.6 0.0 6.4 2.2 1.0 41.2
T 14.3 5.7 5.2 220 04 1.0 0.0 7.8 2.0 0.9 40.8
REF 18.3 5.6 11.6 330 05 0.1 0.2 1.2 1.1 1.8 26.7
M 16.8 5.5 6.5 265 05 0.0 0.0 31 33 0.3 37.4
28 MD 14.7 5.8 39 229 05 0.7 0.0 6.2 33 1.0 41.0
days p 144 53 5.3 228 06 0.6 0.0 65 2.6 1.0 41.0
DT 13.6 5.6 5.1 212 04 1.0 0.0 8.8 1.9 0.9 415
T 13.7 58 4.5 18.2 0.3 1.3 0.0 9.2 1.6 0.7 44.6
Error 0.3 0.2 0.3 0.5 0.1 0.1 0.1 0.2 0.1 0.2 1.2

Note: Hydroxy-AFm is included in the amorphous phase due to its low content in hydration
products and low crystallinity. The error is indicative, as obtained from Rietveld analysis.

7.3.1.3. Thermogravimetric analysis

The weight loss of the hydrated BOF slag pastes at various temperature stages is shown
in Fig. 7.4. The decomposition of hydrogarnet and other hydration products, particularly
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X-ray amorphous C-S-H gel, upon heating provides an indication of the overall amount of
hydration products [48]. C-S-H exhibits water loss over a wide temperature range from
40 to 600 °C due to the loss of water in the interlayer and dehydroxylation, with the main
decomposition peak typically occurring between 40 and 200 °C [73]. Although
hydroxyapatite is not detected via XRD, the added phosphate ultimately converts into
hydroxyapatite through its reaction with calcium, owing to hydroxyapatite's high
thermodynamic stability [227,277]. The removal of adsorbed water in hydroxyapatite at
around 105 °C is also noted [204,211], which is lower than the decomposition peak of C-
S-H at around 150 °C, as shown in Fig. 7.4. It is evident that the addition of phosphate
promotes the formation of C-S-H gel in all samples except M at 7 days, confirming the
retardation effects of acidic phosphate on belite hydration.

The dehydration of hydrogarnet and LDHs occurs within the temperature range of 200 to
400 °C. The mass loss of these phases increases with the addition of phosphate at higher
initial pH levels, with a continuous rise observed over time. The higher pH also results in
a greater amount of portlandite, which decomposes at temperatures between 400 and
500 °C [73], consistent with the QXRD results. In the presence of phosphate, the formation
of hydroxyapatite is favored over portlandite [278]. With equal phosphate input, samples
D, DT, and T exhibit a more distinct dehydroxylation peak of portlandite compared to REF
at 7 days, further demonstrating the accelerating effects of alkaline phosphate on belite
hydration.

Hydrogarnet and LDHs Ca-lcium carbonit.c_ai“
00 “..Z- C-S-H eeetniye = i ’ o
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Fig. 7.4 The first derivative of thermogravimetric analysis (DTG/TGA) of 7- and 28-day
hydrated BOF slag pastes.

139



Another weightloss observed from 500 to 720 °C signifies the decomposition of carbonate
groups [73]. While the amount of calcite determined via XRD Rietveld method is negligible,
this mass loss most likely originates from the carbonate compounds such as amorphous
calcium carbonate and the formed LDHs, confirmed by the split carbonate peaks in some
samples (DT and T at 7 days) [109]. It should be noted that B-type carbonated
hydroxyapatite may form via the substitution of PO43- by CO32-, showing an overlapping
temperature range of decarbonation from 500 to 1000 °C [213,214]. Additionally, a final
weight loss range corresponding to the dehydroxylation of hydroxyapatite is observed
above 720 °C in phosphate-containing samples [210,211]. However, this mass loss is
absent in M and MD at 7 days, likely due to the formation of other metastable phosphate-
containing phases like (Al Fe)POs4 formed at pH below 7, which can transform into
hydroxyapatite as the pH increases over time [59].

7.3.1.4. Chemically bound water and heat of hydration

The weight loss between 105-600 °C is equivalent to the amount of chemically bound
water of C-S-H, hydrogarnet, LDHs, portlandite etc. Therefore, the quantification of the
amount of chemically bound water excluding portlandite provides an estimate of the total
quantity of the other hydration products, as performed according to [73,217]:

WChemically bound water = (Water loss19s_go0°c — Water lossoy group in Ca(OH)z) % 100% (7'1)

Where Water 10SS195_600 °c corresponds to the weightloss from 105 to 600 °C in the total
mass fraction, Water loSSoy group in ca(on), corresponds to the weight loss from
approximately 400 to 500 °C in the total mass fraction.

Fig. 7.5 compares the overall cumulative heat release with the chemically bound water
content measured from TGA for 7- and 28-day hydrated BOF slag pastes. The addition of
phosphate increases the content of chemically bound water, which correlates with the
higher initial pH, as shown in Fig. 7.5(a), using the indicated salt buffer as proxy (Table
7.2). One exception is M at 7 days, revealing its limited hydration. Fig. 7.5(b) shows that
the total hydration heat is directly proportional to the chemically bound water,
demonstrating a good correlation with an R2 value of 0.86. However, MD at 7 days and M
at 28 days deviate from this trend, likely due to the exclusion of the first 45-minute heat
release and the low heat release associated with the favoured formation of metastable
phases at low initial pH.
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Fig. 7.5 (a) The correlation between the chemically bound water of 7- and 28-day hydrated
BOF slag pastes and its hydration heat, and (b) fitting curve.

7.3.1.5. Reacted phases and hydration heat
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Fig. 7.6 Amounts of reacted belite, brownmillerite and wuestite at 28 days with indicated
phosphate salt buffer as pH-proxy.

Fig. 7.6 illustrates the amounts of reacted belite, brownmillerite, and wuestite in 28-day
hydrated BOF slag pastes with phosphate solutions at different initial pH values. The
reaction amounts of these phases are normalized for water loss at 600 °C. Although the
initial low pH in some samples retards hydration, the addition of phosphate ultimately
leads to significantly more reacted phases compared to REF at 28 days. Higher initial pH
enhances the reaction extent, with belite comprising the largest proportion of reacted
phases. Brownmillerite shows a relatively higher reaction extent than belite, as its original
amount is approximately half that of belite, as indicated in Table 7.1. Despite variations
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in pH affecting the reaction extent of belite, brownmillerite, and wuestite, the total
hydration extent is more or less comparable for all samples containing phosphate, except
for M.

Different clinker phases generate varying amounts of heat upon hydration. Based on the
consumption of original phases in BOF slag pastes shown in Fig. 7.6, the overall hydration
heat at 28 days can be calculated. This allows for verification of the contributions from
the dissolution and precipitation processes of specific phases in BOF slag to the overall
heat release during hydration. The hydration of BOF slag involves multiple overlapping
precipitation reactions that occur after dissolution. These precipitation reactions are
difficult to study in isolation because they occur simultaneously and progressively as
hydration advances. Besides, despite that the overall heat effect incorporates both
dissolution and precipitation, the heat effect can be more allocated to the dissolution
reaction depending on the thermodynamic data used, and dissolution of the clinker
phases can be assumed to be the dominant heat contributing reaction [279]. Consequently,
a simplified approach has been applied that dissolution enthalpy is used to represent the
reaction enthalpy [279]. The dissolution reactions of brownmillerite and belite are
represented by [187,280]:

CazFe20s +5H20—-2Ca%* + 40H- + 2Fe(OH)3(am) AHr(cazFe205)=-485.67 [J/g] (7.2)

CazSi04 +H20—-2Ca?* + 20H" + Si03% AHrcazsio=-298.95 [J/g] (7.3)

The hydration of wuestite releases certain amounts of Mg, Mn, and Fe, with Mg
contributing more significantly than Mn and Fe to the formation of LDH phases [32,34].
Consequently, the reaction of wuestite can be simplified by considering MgO as the
primary reacted phase, assuming the dissolution of Fe2+ and Mn?2*is minor. The reaction
of wuestite is described using the simplified equation:

MgO +H20—>Mg2+ + 20H- AHrmgo) = -959.25 []/g] (74)

The reaction enthalpies of belite, brownmillerite, and wuestite are determined using the
thermodynamic data listed in Table 7.5. The overall heat release, calculated based on the
amounts of reacted phases in the 28-day hydrated BOF slag pastes, is compared with the
measured heat via calorimetry, as shown in Fig. 7.7. The small deviation between the
calculated and measured heat release in MD, D, DT, and T indicates the completed
hydration of the reacted phases reached equilibrium, with the contribution of wuestite to
the overall exothermic reaction being as comparable as that of belite and brownmillerite.
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The measured heat higher than the calculated heat in REF can be attributed to the
hydration of other original phases not included in the calculation. This exclusion of other
hydrated original phases happens in all samples and affects more apparently the obtained
value for REF. However, a large disparity is observed in M, where the calculated heat is
much higher than the measured heat. This demonstrates that with acidic phosphate the
hydration of BOF slag occurs differently from alkaline phosphate, initiating with an acid-
base reaction where dissolution due to its acidic nature proceeds immediately upon
mixing. This rapid dissolution concludes within the first 45 minutes, and thus, the
corresponding heat release is omitted by the calorimeter measurement. Additionally, the
reaction enthalpy is calculated based on the complete hydration. Hence, the formation of
metastable phases with low heat release in M at 28 days is supported, indicating that the
H2P0O4 /HPO4% buffering regime hinders the conversion of these metastable phases into
stable hydrogarnet and LDH phases, similar to the observation in MD at 7 days.

Table 7.5 Enthalpies of each phase/species used for the calculation of the overall heat
release.

Phases/species AH¢[k] /mol] Reference
CazFe20s -2124.22 [280]
CazSi0q4 -2307.6 [281]
MgO -601.70 [282]
H.0 -285.88 [283]
Caz+ -543.07 [283]
OH- -230.01 [283]
Fe(OH)3(m) -832 [280]
Si0s2 -1098.74 [283]
Mg2+ -465.93 [282]
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Fig. 7.7 The comparison between heat release calculated based on the amounts of reacted
phases and the measured heat from calorimeter of 28-day hydrated BOF slag pastes.

7.3.2. Porosity and mechanical performance

The pore structure of 28-day hydrated BOF slag pastes was analyzed using MIP
measurements, with the results shown in Fig. 7.8 and Table 7.6. REF exhibits the highest
porosity at 21.2%, resulting in the lowest strength of 7.7 MPa at 28 days (Fig. 7.9). The
addition of phosphate optimizes the pore structure by significantly reducing capillary
porosity. Consequently, all phosphate-containing samples demonstrate a reduction in
both porosity and average pore size at 28 days, consistent with enhanced hydration. The
overall porosities of all phosphate-containing samples are comparable, as well as their
workability observed during mixing and molding. However, the strengths of M and DT are
significantly different, with 28-day strengths of 37.7 MPa for M and 66.9 MPa for DT. M
has a higher proportion of capillary pores and a larger average pore size of 34.7 nm. The
noticeable increase in strength from 7 to 28 days in M is attributed to its retarded
hydration during the first 3 weeks. A similar significant increase in strength is observed
in MD due to the formation of metastable phases rather than hydrogarnet and LDHs at 7
days, as explained with Fig. 7.5. The contradiction between the higher hydration extent
and lower strength of T compared to DT is notable. This can be explained by the higher
potassium concentration in T, leading to shrinkage during air curing, particularly under
low w/s conditions being more sensitive to alkali enrichment [284], consistent with the
increased porosity and reduced bulk density of T (13.2% and 2.17 g/cm3) and compared
to DT (11.9% and 2.20 g/cm3). Overall, while the elevated pH of phosphate solutions
enhances the hydration extent of BOF slag pastes, attention should be given to potential
shrinkage due to high alkali enrichment to ensure strength development. Further
investigation should be conducted regarding the effects of alkalis on the pore structure
and strength development in phosphate-activated BOF slag pastes.
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Table 7.6 Porosity and density of 28-day hydrated BOF slag pastes.
Sample Porosity [%] Average pore size [nm] Bulk density [g/cm3]
REF 21.2 38.8 1.81
M 13.9 34.7 2.00
MD 13.8 13.3 2.20
D 13.9 17.4 2.30
DT 119 15.5 2.20
T 13.2 13.6 2.17
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Fig. 7.9 The strength development of 7- and 28-day hydrated BOF slag pastes.
7.3.3. Leaching

The leaching of vanadium (V) and chromium (Cr) is of significant concern, as these are the
two most concentrated heavy metals in the BOF slag used in this study, as indicated by
the chemical composition (Table 7.1). V is primarily incorporated into belite and
brownmillerite, while Cr resides in brownmillerite and wuestite [212]. The hydration of
belite brownmillerite and wuestite can release these heavy metals, while their retention
by hydration products like C-S-H gel and hydrogarnet can occur simultaneously [34,42].
This explains the lack of Cr leaching due to the immobilization capacity of the abundant
hydration products, despite the significantly promoted hydration of brownmillerite and
wuestite in the presence of phosphate. V remains relatively immobile in highly alkaline
environments, and its leaching decreases with increasing pH [212,236,237]. A similar
observation is noted in Table 7.7 and Fig. 7.10. The final pH is slightly higher with the
initial higher pH of phosphate input, and while V leaching differences are minimal, they
correlate well with the pH trend. Additionally, the final K concentrations are proportional
to the initial K input for the phosphate-containing samples. Although C-S-H can adsorb
small amounts of K, most K is dissolved during the leaching process [285].
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Table 7.7 Leaching of inorganic contaminants measured by one stage batch leaching test
and the SQD limit values for unshaped materials.

Unshaped
REF M MD D DT T
material (SQD)
Elements
[mg/kg]
B?};;‘;m 22.00 0255 0472 0324  0.262 0.250 0372
Chromium
0.63 bdl* bdl 0.001 bdl 0.001 bdl
(Cr)
Molybdenu 1.00 <001 <001 <001  <0.01 <0.01 <0.01
m (Mo)
Vanadium
") 1.80 0032 0010 0010  0.007 0.007 0.002
Zinc (Zn) 450 <001 <001 <001  <0.01 <0.01 <0.01

*bdl-below detection limit. Antimony (Sb), arsenic (As), cadmium (Cd), cobalt (Co), copper
(Cu), lead (Pb), nickel (Ni) and tin (Sn) were also undetected by ICP measurement due to the
detection limit.
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Fig. 7.10 The pH values and K concentrations from leaching.
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7.3.4. Early-stage dissolution and precipitation

Due to the low water-to-solid (w/s) ratio, in-situ measurements of pH and conductivity
are impractical. Therefore, a mixture of phosphate solution and BOF slag with a volume-
to-slag mass ratio of 2 was used. Although this method significantly increases the
phosphate amount, it closely simulates the early-stage dissolution of BOF slag under low
w/s conditions, providing insights into pH evolution and ion concentration changes.

Upon mixing, REF* exhibits an immediate increase in conductivity and pH (Fig. 7.11). This
increase can be attributed to the incongruent dissolution of belite and brownmillerite, as
shown in Fig. 7.12 that Ca shows a concentration of around 20 mmol/l and the
concentrations of other elements (Fe, Al and Si) are at best around 0.01 mmol/l. The
temperature in REF* remains stable, indicating the limited reactivity of BOF slag with
water. At around 10 minutes, a slight pH increase is observed, stabilizing shortly after,
along with a slight increase in Si concentration at 90 minutes, due to the further
dissolution of belite. The decline in conductivity corresponds with a decrease in Al, Fe,
and Mg concentrations, indicating the formation of pyroaurite (Fig. 7.13).
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Fig. 7.11 The in-situ pH and conductivity of different mixtures shown in Table 7.3.

In mixtures containing phosphate, a significant decrease in conductivity is noted due to
the rapid precipitation of various phosphates, as phosphate ions interact with iron,
aluminum, magnesium, and calcium across a wide pH range [58]. Unlike M* and D*, T*
starts increasing conductivity at around 10 minutes, indicating that dissolution is
predominant instead of precipitation. In M*, a dramatic temperature rise occurs, due to
acid-base reactions with a strong exothermic response [286]. Dissolution at alkaline
conditions, as seen in D* and T* (Fig. 7.11), is more gradual. Phosphate addition enhances
the dissolution of Al, Fe, and Si, which is more pronounced at higher pH levels. Variations
in Ca and Mg concentrations are controlled by the saturation of different calcium and
magnesium phosphate phases at specific pH levels, as the stabilized pH ranges of M*, D*,
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and T* vary due to the buffering effects of different amounts of H2PO4", HP04%-, and PO43-
ions [239]. The resulting precipitates differ with pH, including brushite (CaHPO4-2H20) at
~8.4, montgomeryite (AlsCasMg(P04)s(OH)4:-12H20) at ~10.6, and vauxite (FeAlz(P0O4)2
(OH)2:6H20) and bobierrite (Mg3(P04)2:8H20) at ~13.0, as shown in Fig. 7.13. Vauxite
disappears at 90 minutes, likely converting into hydroxyapatite, a phase with higher
thermodynamic stability at high pH [59,204]. These different formed phases indicate how
phosphate reacts with various ions across a broad pH range. However, these reactions
may not occur in BOF slag under low w/s conditions due to much lower phosphate
content, or they may occur extremely rapidly upon mixing when the water to solid ratio
still comprises only the surface of the slag particles and effectively is much higher.
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Fig. 7.12 Ions concentration changing of different mixtures shown in Table 7.3.
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Magnetite, W-Wuestite).
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The preceding analysis provides valuable insights into the initial dissolution and
precipitation processes of reacted BOF slag when activated with phosphates at different
initial pH values. Further insights are drawn from the quantification of 1-day hydrated
BOF slag pastes using XRD Rietveld analysis, as presented in Fig. 7.14. It is evident that
phosphate addition accelerates the reaction of belite. The reaction extent of belite in M
and MD is more pronounced compared to that in samples with alkaline phosphate
solutions. However, the reduction in belite content in M and MD does not lead to the
formation of C-S-H. Instead, hydroxyapatite is detected via thermal analysis (Fig. 7.15),
alongside other possible calcium phosphate compounds such as brushite and octacalcium
phosphate, which form at pH levels below 7 [206,208]. The hydration extent of both belite
and brownmillerite increases with higher pH in samples D, DT, and T, correlating well
with the increase in hydration products. From the perspective of the formation of C-S-H
gel, hydrogarnet and LDHs at an early stage, phosphate activators with high initial pH
above 11, preferably above 12, are more effective.
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Fig. 7.14 QXRD results of 1-day hydrated BOF slag pastes.
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7.3.5. Discussion

Upon mixing BOF slag with phosphate solutions, phosphate compounds form readily, but
the reactions differ between acidic and alkaline phosphates, as shown in Fig. 7.16. A
certain amount of brownmillerite and belite is dissolved initially after mixing (Fig. 7.12).
Acidic phosphate preferentially reacts with belite at an early stage, indicated by QXRD
results of 1-day hydrated BOF slag pastes in Fig. 7.14, forming a hydroxyapatite layer
surrounding the belite surface, as described by:

5CazSi04+ 7H2P04+~ — 2Cas(P04)30H + 5HSiO3 + HPO42- + 3H20 (7.5)

This is corroborated by our previous findings, where a discernible rim containing mainly
Ca, P, and Si was observed around belite in MKP-activated BOF slag pastes [238]. The
formed layer can further inhibit the hydration of belite, resulting in slow increases in both
pH and Ca concentration. As reported in [239], the addition of phosphoric acid
significantly delays the dissolution of C3A, and its hydration resumes only when the
system exits the H2PO4-/HPO42- buffering regime, which has a pH below 9 (Fig. 7.11). This
process appears to occur in M, as only a small amount of brownmillerite reacts within 7
days compared to REF (Table 7.4). Additionally, the H2PO4-/HPO42- buffering regime
impedes the formation of hydrogarnet and LDH phases, evidenced by the discrepancy
between the noticeable decline in brownmillerite and the small amounts of hydrogarnet
and LDH phases observed in MD at 7 days (Table 7.4 and Fig. 7.4).
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It is assumed that alkaline phosphate reacts with the Ca2* present in the pore solution
rather than directly precipitating on the belite surface (Fig. 7.16), a process more
pronounced at higher initial pH levels. This reaction decreases the Ca concentration in the
pore solution at an early stage and increases the alkalinity, as higher alkaline phosphate
consumes fewer hydroxy ions during hydroxyapatite formation, as described by:

5Ca?*+ 50H-+ 4HP0O4% — Cas(P04)30H + PO43-+ 4H20 (7.6)

5Ca2* + OH- + 3P043 — Cas(P04)30H (7.7)

Consequently, the dissolution of belite and brownmillerite is enhanced. Moreover, higher
pH increases the solubilities of Fe, Al, and Si, making the oversaturation and subsequent
precipitation of hydrogarnet and C-S-H more feasible [199,287,288]. This explains the
varying induction periods observed in phosphate-containing samples with different
initial pH levels (Fig. 7.2). The promoted hydration of belite further stabilizes
hydrogarnet by providing sufficient Si03%- to substitude OH- sites [199].

H,PO,

Hydroxyapatite Heo,>
C-S-H, Hydrogarnet and et. al

Hydration layer

At low pH, controlled by Unreacted
H,PO,; < H'+ HPO*> BOF slag

Unreacted

BOF slag

Unreacted

At high pH, controlled by BOF slag

H,0 + PO < OH-+ HPO >

Fig. 7.16 Hydration mechanism schematic of phosphate activated BOF slag at low and high
pH.
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7.4. Conclusions

This study examined the reactions between BOF slag and phosphate across different pH
levels, highlighting the effects of acidic and alkaline phosphates on hydration kinetics,
microstructure, and strength development. The experimental findings are summarized as
follows:

The reaction extent of belite in the samples with acidic phosphates are more pronounced
compared to those in samples with alkaline phosphates at 1 day. This reduction in belite
content in the samples with acidic phosphates leads to the formation of hydroxyapatite-
like compounds via acid-base reaction instead of C-S-H. In contrast, a certain amount of
C-S-H, hydrogarnent, and LDHs forms in the samples with high alkaline phosphates (pH
at 11.5 and 12.8) at 1 day.

The acidic phosphate fails to react with the BOF slag after initial rapid dissolution due,
instead leading to a prolonged induction period of up to 3 weeks.

The retardation effects on hydration diminish with increasing initial pH of phosphate
solutions, influenced by the buffering effects of different amounts of H2PO4-, HPO42-, and
PO43- ions. Once leaving the H2P04-/HPO4?- buffering regime, the hydration can still
progress. Additionally, this buffering regime impedes the formation of hydrogarnet and
LDH phases.

Higher initial pH leads to greater hydration extent of belite, brownmillerite and wuestite
for equal phosphate input, accompanied by the formation of more C-S-H, hydrogarnet, and
LDH phases, which are identified as the main hydration products. These findings are
supported by phase composition, chemically bound water, and heat release obtained both
from calorimetric measurements and calculations based on reaction enthalpies.

Despite variations in initial pH, the addition of phosphate promotes the hydration of BOF
slag at 28 days, optimizing the pore structure. While the overall porosities of all
phosphate-containing samples are comparable, ranging from 11.9 to 13.9%, their
strengths vary significantly, with 28-day minimum and maximum strengths between 37.7
and 66.9 MPa. This variation is attributed to a higher proportion of capillary pores and a
larger average pore size of 34.7 nm in the sample with low pH (pH 4.2) compared to those
with alkaline phosphates. Furthermore, the contradiction between higher hydration
extent and lower strength occurs in the sample with pH at 12.8 compared to the sample
with lower pH at 11.5, likely due to high K concentration causing shrinkage during air
curing.
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CHAPTER 8

8 . Conclusions and recommendations

8.1. Conclusions

This thesis explores a range of effective strategies aimed at reducing the environmental
impact of cement and concrete production, focusing on innovative alternatives to
traditional materials. These strategies include alternative clinker production using low-
grade limestone, partial replacement of clinker with supplementary cementitious
materials (SCMs), and the full replacement of clinker with cement-free binders,
representing a promising pathway for sustainable construction. Furthermore, the
replacement of natural aggregates with artificial aggregates derived from industrial
wastes also plays a significant role in reducing CO, emissions.

Based on these approaches, this research investigates several key areas. It examines the
structure of calcium silicate hydrate (C-S-H) when modified by magnesium, which may be
introduced through the use of low-grade limestone for alternative clinker production. It
also explores the valorization of concrete waste by utilizing it as artificial aggregates or
new SCMs in blended Portland cement through carbonation. Finally, the thesis develops
basic oxygen furnace (BOF) slag as a cement-free binder through chemical activation,
offering a more radical solution to traditional cement, with the potential to significantly
reduce the carbon footprint of the construction industry.

The introduction of Mg?* into the C-S-H structure leads to substantial modifications,
including increased cross-linking within silicate chains and reduced structural order.
However, higher concentrations of Mg?* can result in phase separation and structural
instability, as shown by the formation of brucite. This suggests that while Mg?* has
potential in modifying binder properties, precise control of its content is crucial to
maintain structural integrity. These results align with other studies that emphasize the
need for balanced Mg?* incorporation to leverage its benefits without compromising
material performance.

In the area of concrete waste valorization, the research has demonstrated the feasibility
of producing artificial lightweight aggregates (LWAs) and new supplementary
cementitious materials (SCMs) from hydrated cement paste (HCP) powder. Carbonation
plays a pivotal role in enhancing the mechanical properties of artificial aggregates, though
careful calibration of carbonation duration is necessary to avoid shrinkage and internal

155



cracking. The incorporation of carbonated HCP with ground granulated blast furnace slag
(GBS), fly ash (FA), and recycled glass powder (RGP) significantly improves the
workability and strength of mortars. However, the CO, uptake capacity of the carbonated
blends is reduced, and there are some issues with increased leaching of elements like Si
and Na. This work supports the growing body of evidence that waste materials can be
effectively valorized to reduce reliance on natural resources and minimize environmental
impact.

The development of BOF slag as a cement-free binder through phosphate activation has
emerged as one of the most promising solutions from this research. Phosphate activation
significantly enhances hydration and mechanical properties, while controlling the
leaching of heavy metals such as V, Cr, and Mo. However, the amount of phosphate must
be carefully regulated to avoid rapid early reactions that can create large pores and hinder
strength development. Despite these challenges, the ability of phosphate-activated BOF
slag to control heavy metal leaching and maintain carbonation resistance makes it a
particularly attractive option for industrial applications. This new binder type presents a
strong opportunity for reducing clinker consumption and aligns well with ongoing efforts
to integrate more sustainable practices in the cement industry.

From an industrial perspective, this research offers clear and actionable guidance for
enhancing sustainability in the cement industry. One of the key recommendations is the
optimization of alternative binders, such as phosphate-activated BOF slag. Notably, this
development requires no special investments or additional equipment beyond what is
already available in standard concrete or paste manufacturing. BOF slag-based building
materials can be produced in existing concrete production facilities, with production costs
primarily limited to the activator and water. This process offers a cost-effective and
sustainable way to repurpose BOF slag, which is typically treated as waste, turning it into
valuable construction materials. Moreover, the industry should focus on carefully
managing the incorporation of magnesium to modify C-S-H structures. By controlling
magnesium content, the potential for enhanced performance in cementitious materials
can be achieved while maintaining stability. Additionally, effectively utilizing waste
materials like concrete powder in production of LWAs and new SCMs offers another
viable route to sustainability. By integrating waste products, the industry can significantly
reduce CO, emissions and resource consumption, contributing to a circular economy in
construction. These strategies not only reduce the environmental footprint but also
ensure that the performance standards required for modern construction materials are
met. Consistent with the findings of other researchers, this study underscores the
potential for transformative change in the cement and concrete industry, driven by
advances in materials science and waste valorization. Such innovations position the
industry to achieve long-term sustainability goals without compromising material
performance or economic feasibility.
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8.2. Recommendations for future work

While the lab-based research presented here focuses on specific materials and controlled
conditions and provides valuable insights into practical applications, there remain some
general recommendations for future research that should be considered to further
advance this field.

Understanding the Structure and Formation of C-S-H: The disordered and partially X-
ray amorphous nature of synthesized calcium silicate hydrate (C-S-H) has left its exact
structure and formation process unresolved. Future research should employ advanced
techniques, such as synchrotron-based experiments combined with scanning
transmission X-ray microscopy and solid-state nuclear magnetic resonance spectroscopy,
to unravel the atomic structural details of synthesized C-S-H. Importantly, the C-S-H phase
itself may have variable compositions, depending on the local environment in which it
forms. The presence of new supplementary materials, such as those introducing abundant
soluble ions, can significantly alter the chemistry of the surrounding environment,
affecting the formation of C-S-H and potentially hampering cementitious reactions. These
chemical effects, especially pH fluctuations, require detailed study, as they can disrupt C-
S-H formation and affect the overall performance of the binder system. Understanding
how these variables influence the structure and composition of C-S-H is critical for
optimizing cementitious materials and ensuring their long-term durability. A deeper
exploration into the composition-structure-property relationships of C-S-H during
cement hydration is crucial, particularly considering that C-S-H formed during hydration
is a heterogeneous mixture with hydrotalcite and hydrogarnet.

Variability in Industrial Waste Composition: The current focus on the chemistry and
mineralogy of industrial wastes often overlooks the compositional variability within
nominally similar by-products from different sources. Future studies should aim to isolate
and examine individual phases of these by-products to gain comprehensive insights into
the compound specific reactivity of single phases and their mixtures, during carbonation
and activation processes. This approach will ensure more predictable performance and
safety when using by-products with similar compositions in alternative binders.

Real Demolished Concrete Wastes: Unlike laboratory-made hydrated cement pastes
(HCPs), real demolished concrete waste contains significant amounts of quartz, which
dilutes the active components needed for carbonation, such as portlandite, C-(A)-S-H, and
other hydrates. As a result, the performance of carbonated real demolished concrete
wastes may be poorer compared to lab-made HCPs. Future research should focus on
optimizing carbonation methods (e.g, wet, semi-dry, dry) and parameters (e.g.,
temperature, CO2 concentration, relative humidity, pressure) to maximize the utilization
of limited HCP content in real demolished concrete wastes.

Carbonation as an Alternative Activation Method for BOF Slag: While chemical
activation has shown potential for developing BOF slag-based, cement-free binders with
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satisfactory mechanical properties, carbonation could also serve as an effective activation
method. However, the associated leaching issues must be addressed. Combining
phosphate activation with carbonation might offer the benefit of captured COz, enhanced
strength and controlled leaching.

Scale-up to Mortar and Concrete Mixtures: Research on BOF slag products has
predominantly focused on paste-level investigations. Future work should extend to the
design of mortar and concrete mixtures, emphasizing optimized particle packing and an
engineered interfacial transition zone (ITZ) between the paste and aggregate to enhance
overall material performance.

Exploring Alternative Activators for BOF Slag: Although phosphate has demonstrated
promising results in enhancing both mechanical properties and heavy metal leaching
control in BOF slag-based binders, the search for alternative activators is warranted.
Future research should explore the potential of using lower phosphate dosages or
identifying more economical activators to achieve similar or improved performance.
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