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Potential of carbonated industrial by-products in the synthesis of green construction
materials
HANNAH SVANBERG
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
Carbonated steel slags have been proposed as a potential precursor in alkali-activated
materials, due to their ability to both utilize industrial by-products and store CO2.
However, the influence of carbonation on the reactivity and performance of steel slags
in alkali-activated systems remains largely unexplored. This thesis investigates the
use of carbonated Petrit T (CPT), a by-product from sponge iron production, as a
co-binder in alkali-activated materials.

Blast furnace slag was used as the primary binder, and was replaced with differ-
ent mass ratios of CPT. The resulting materials were evaluated with respect to
reaction kinetics, phase formation, porosity, microstructure and mechanical perfor-
mance. The materials were evaluated in terms of setting time, heat evolution during
reaction, phase development, molecular structure, surface area, microstructure, ele-
mental composition and compressive strength.

The results showed that CPT influenced the reaction behavior of the systems. Low
CPT content accelerated the initial setting behavior, while higher replacement levels
delayed later reaction stages and reduced mechanical performance. TGA and FTIR
analyses confirmed the formation of C–A–S–H gel phases in all alkali-activated sam-
ples. They also showed that the carbonate related phases were present after alkali
activation and increased with increasing CPT content. BET analysis showed that
pore volume and specific surface area increased with increasing CPT content, in-
dicating the formation of a more porous microstructure. SEM/EDS observations
revealed the presence of unreacted BFS and CPT particles, suggesting limited par-
ticipation in gel formation.

Overall, the results indicate that carbonated steel slags can be incorporated into
AAMs and contribute to CO2 storage through mineral carbonation. However, at the
investigated replacement levels, CPT behaved more as an inert filler and negatively
impacted the mechanical performance of the materials.

Keywords: Alkali-activated materials; Carbonated steel slag; Mineral carbonation;
Industrial by-products; C–A–S–H; Sustainable binders; CO2 sequestration
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1
Introduction

Cement and the concrete industry represent some of the most essential construction
materials globally, resulting in extensive consumption and making them a major
contributor to CO2-gas emissions [1]. The emissions originate from the combustion
of fossil fuels, electricity generation and process-related chemical reactions, partic-
ularly the calcination of limestone [2]. In addition to the environmental impact,
cement production is highly energy-intensive, further emphasizing the need for al-
ternative binder systems with lower carbon footprints.

A promising alternative to ordinary Portland cement as a binder is the use of by-
products from the iron and steel industry, such as blast furnace slag (BFS) and other
steel slag. BFS is already used to some extent as a partial cement replacement and
has been shown to enhance long-term strength development, although it typically
results in lower early-age strength. In contrast, steel slags are utilized to a much
lesser extent, primarily due to their volume instability and low hydraulic reactivity
[3]. These limitations have restricted their broader application in construction ma-
terials despite their large availability.

Alkali-activated materials (AAM) provide a pathway to utilize these industrial by-
products. These precursors require activation with an alkaline solution, preferably
a combination of sodium silicate and sodium hydroxide, to dissolve the solids and
enable the formation of a binding network [4]. Depending on the precursor com-
position, particularly the calcium content, it leads to formation of networks such
as calcium aluminosilicate hydrate (C–A–S–H) gel phases and thus affect the mi-
crostructure and mechanical properties of the material.

To overcome the limitations of steel slag, carbonation has been proposed as an ap-
proach. During carbonation, alkaline components in the slag react with CO2 to
form stable carbonate phases, primarily CaCO3. This process enables CO2 capture
and storage while also enhancing the chemical stability of the slag [5]. However,
while carbonation enhances stability, it may simultaneously reduce the availability
of reactive calcium species required for gel formation in the AAM. This creates a po-
tential trade-off between stability and reactivity, which may affect the performance
of the resulting material.

Despite increasing interest in carbonated steel slag, its behavior in alkali-activated
systems remains insufficiently understood. In particular, the extent to which car-
bonated steel slag participates in binder formation, as opposed to acting as an inert
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1. Introduction

filler, is unclear. Furthermore, its effects on reaction kinetics, microstructure devel-
opment, porosity and mechanical performance have not been fully established.

1.1 Aim
The aim of this thesis is to evaluate the use of a carbonated steel slag as a co-
binder in alkali-activated materials. Different mass ratios of carbonated Petrit T, a
by-product from the manufacture of sponge iron, are investigated. The effects on
material properties, including mechanical performance, porosity and microstructure,
are assessed.

1.2 Specification of the issue investigated
• How does CPT affect reaction kinetics and setting behavior?
• How does CPT influence pore structure and surface area?
• Does CPT contribute to or hinder strength development?
• Does CPT act as a reactive binder or inert filler?

1.3 Limitations
The work is limited to laboratory scale and will not address the full-scale production
or long-term durability of the AAM. The modulus of the alkali-activator will not be
varied and one type of carbonated steel slag will be tested.

2



2
Theory

The following sections provide the theoretical background relevant to this study,
including ordinary Portland cement, alkali-activated materials and carbonated steel
slags.

2.1 Ordinary Portland cement
Cement is a hydraulic binder that forms a plastic paste when mixed with water,
that gradually hardens into a solid material and is capable of binding aggregates
together. The hardening process can occur in both air and water and the material
continues to gain strength over time. Ordinary Portland cement (OPC), the main
binder used in concrete, consists primarily of Portland cement clinker together with
0–5% limestone or blast furnace slag [6].

Portland cement clinker is produced by grinding and mixing limestone, clay and iron
ore, then sintered in a rotary kiln at temperatures up to approximately 1450◦C [7]
[6]. The resulting clinker mainly contains calcium silicates and calcium aluminates,
together with smaller amounts of free calcium oxide, magnesium oxide and alkali
elements [6].

When OPC is mixed with water, hydration reactions that primarily leads to the for-
mation of calcium silicate hydrate (C–S–H) occurs, which is the main strength-giving
network. During curing, the cement mixture develops a heterogeneous microstruc-
ture consisting of crystalline phases, gel phases, unreacted particles, pore structures
and water [6].

2.1.1 Environmental impact of OPC
Despite its widespread use, OPC production is associated with large environmental
impacts. The manufacturing of cement accounts for approximately 7% of global CO2
emission, and each tonne of cement produces around 0.7–1.9 tonne of CO2 [8]. A
major source of the emissions comes from the calcination of limestone in the clinker
production, where approximately 0.5 tonnes of CO2 are released for every tonne of
clinker [7]. Additionally, cement production is highly energy-intensive, where energy
consumption accounts for roughly 50–60% of the total production cost [8].

Portland cement remains the dominant construction binder due to the large avail-
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2. Theory

ability of limestone, the reliability of the existing production and more than 150
years of implementation and standardization. Existing construction standards are
largely based on the use of OPC systems, which contributes to its widespread use
[7].

2.2 Alkali-activated materials
In alkali-activated materials, a highly alkaline solution depolymerizes the alumi-
nosilicate precursor into reactive silicate and aluminate species. Common activators
are alkali hydroxides, alkali silicates, alkali carbonates or combinations of them [7].
During the reaction process, dissolution of the precursor is followed by condensation
and hydration reactions, that form binding gel phases. The type of gel network
formed depends on the calcium content and alkalinity of the system [4, 9].

Blast furnace slag (BFS) and steel slag are calcium-rich precursors, which means that
their reaction mechanism differs from low-calcium geopolymeric systems. Calcium-
rich AAMs mainly generate calcium aluminosilicate hydrate (C–A–S–H) gels, which
are structurally similar to the C–S–H gels found in ordinary Portland cement [4,
10]. In C–A–S–H gels, aluminum partially substitutes silicon in the tetrahedral
structure. This results in longer silicate chains, higher degree of polymerization and
increased crosslinking, compared to conventional C–S–H gels [10]. The C–A–S–H
structure can contain up to 13 tetrahedra, while C–S–H gels typically contain only
three to five. Additionally, C–A–S–H gels have a higher proportion of Q3 species,
indicating a more crosslinked structure [10]. Here, Q1 refers to an end-of-chain Si or
Al tetrahedron, Q2 to a mid-chain tetrahedron and Q3 to a cross-linking tetrahedron
[7, 11].

During hydration, the solid precursor dissolves into reactive monomers such as
Si(OH)4, [SiO2(OH)2]2−, [SiO(OH)3]−, [Al(OH)4]−, and free Ca2+ ions. These
species recombine and precipitate as C–A–S–H gel phases [12]. Depending on the
composition of the precursor and on the activator type, secondary phases such as
hydrotalcite or zeolites may form, particularly at higher aluminum contents [4]. In
some systems, sodium aluminosilicate hydrate (N–A–S–H) might coexist with C–A–
S–H gels, especially when using silicate-based activators. These sodium-rich phases
generally have lower degrees of crystallinity [4, 7].

2.2.1 Alkali-activators
Hydroxides, silicates or a combination of both are often used as activators in AAM
systems. Silicate activators contribute additional reactive silica, which dissolves and
reacts faster than the silica present in the precursor. This generally improves the
mechanical performance of the AAM [4]. Systems activated solely by hydroxides
have higher pH but often produce weaker structures and entail environmental and
personal safety risks due to their highly corrosive nature. Combined hydroxide-
silicate activators are often preferred, as they promote stable reaction products and
have relatively short curing times [4].
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2. Theory

2.3 Steel slags as binders in alkali-activated ma-
terials

Steel slags are major by-products from the steel industry, and utilization of these
materials is important both from environmental and resource-efficiency perspectives.
There are two main routes to produce steel: the blast furnace-basic oxygen furnace
route or the electric arc furnace route. The slags generated from these routes differs
in composition and properties [13].

2.3.1 Blast furnace slag
Blast furnace slag (BFS) is mainly composed of calcium, silicon, aluminum and
magnesium, and is widely used as a supplementary cementitious material (SCM)
and precursor in alkali-activated materials.

2.3.2 Steelmaking slags
Steel slags from the electric arc furnace route differs from BFS in its composition, as
it is richer in calcium, silicon, and iron, although exact composition differs depending
on production process. These slags are less commonly used as SCM due to their poor
volume stability and low hydraulic reactivity. The instability is mainly due to the
presence of free CaO and MgO, which forms Ca(OH)2 and Mg(OH)2 upon contact
with water. These hydration reactions lead to expansion, cracking and dimensional
instability in the material [13]. In addition, some steel slags might contain heavy
metals, which further complicates their utilization [13].

2.3.3 Carbonated steel slags
Carbonation have been proposed as a strategy to improve both performance and
stability of steel slags in AAM systems. During carbonation, CO2 reacts with alka-
line components in the slag, primarily CaO, forming stable carbonate phases such
as CaCO3 [5, 14]. This provides a dual environmental benefit, as carbonation both
enables CO2 storing and improves the material properties of the slag [5]. Steel slags
have a high carbonation potential and studies have shown that they can absorb
large amounts of CO2 while simultaneously increasing the chemical stability of the
material through the formation of stable carbonates [14].

Carbonated slags have been suggested as a way to overcome the limitations with
untreated steel slags in AAMs. Carbonation improves volume stability by reducing
the amount of free CaO and suppressing hydration reactions [15]. Furthermore, the
formed CaCO3 particles can increase the specific surface area of the system and
provide additional nucleation sites for reaction products, potentially acceleration
early-age reactions [15]. However, carbonation may also reduce the dissolution of
reactive Ca–Si–Al species from the precursor and lower the alkalinity of the mix. As
a result, high replacement levels of carbonated slag can lead to reduced mechanical
strength [15].
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3
Materials and methods

The following sections describe the materials used in this project, including both
the precursors and the activators. The sample preparation procedure and the char-
acterization methods are also presented.

3.1 Raw Materials
The raw materials used for the preparation of the alkali activated materials are
presented in this section. Their origin and composition are described in the following
subsections.

3.1.1 Precursors
Two different slags were used as binders. Merit is a blast furnace by-product, pri-
marily composed of Si, Ca, Al and Mg oxides. Petrit T is a by-product from sponge
iron production and is consists mainly of Si, Ca and Al oxides, as well as carbon.
The chemical composition of the two slags is presented in Table 3.1. Both materials
are commercially available industrial by-products, with Merit supplied by Swecem
and Petrit T by Höganäs.

Table 3.1: Chemical composition of Merit and Petrit T.

Compound Merit (wt%) Petrit T (wt%)
SiO2 36 18
CaO 34 37
MgO 13 –
Al2O3 13 9
TiO2 1.8 –
Na2Oeq 1.0 –
K2O 0.70 –
Na2O 0.55 –
MnO 0.41 –
FeO 0.38 –
Fe2O3 – 7
C – 20

The steel slag used in this study, Petrit T, was carbonated prior to this work as
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3. Materials and methods

part of a separate investigation. The carbonation was performed through direct
aqueous mineral carbonation, in which CO2 reacts with the slag in a water-based
system. During the process, metal ions present in the slag dissolve into the aque-
ous phase, while dissolved CO2 forms reactive CO2−

3 and HCO−
3 species. These

species subsequently react with the dissolved metal ions to form stable metal car-
bonates, primarily CaCO3 [16]. The carbonated Petrit T (CPT) used in this study
sequestered approximately 150 kg CO2 per tonne of raw Petrit T. Non-carbonated
Petrit T was also used to investigate the effect of carbonation on the performance
of Petrit T as a binder in the AAM.

3.1.2 Activator
The alkali activator used in this study was a mixture of sodium silicate, sodium
hydroxide and deionized water. The sodium silicate had a composition of 8 wt%
SiO2 and 27 wt% Na2O, while the sodium hydroxide had a concentration of 50 wt%.
The activator was prepared to have a Na/Si molar ratio of 1.0 and 30 wt% solid
content. The combination of sodium silicate and sodium hydroxide provides both
alkalinity and soluble silicate species that promotes the dissolution of the slag as
well as the formation of C–A–S–H type gels.

3.2 Sample preparation
The activator was prepared in advance and added to the binder-mixture, keeping
the water-to-binder ratio (L/S) fixed at 0.5 for all mixtures. Carbonated Petrit T
(CPT), non-carbonated Petrit T (NCPT) and Merit was used as binders in different
ratios, as shown in table 3.2. The mixtures were then manually stirred until a
homogeneous mixture was achieved.

Table 3.2: Mix proportions of the investigated samples.

Sample Merit (g) CPT (g) NCPT (g) Alkali activator (g)
CPT 0% (ref) 50 0 0 31.3
CPT 10% 45 5 0 31.3
CPT 15% 42.5 7.5 0 31.3
CPT 20% 40 10 0 31.3
CPT 25% 37.5 12.5 0 31.3
CPT 30% 35 15 0 31.3
CPT 40% 30 20 0 31.3
NCPT 20% 40 0 10 31.3

3.3 Characterization methods
Several different characterization techniques were used to evaluate the carbonated
binders influence on the AAMs properties. The analyses focused on reaction kinetics,
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3. Materials and methods

phase evolution, microstructure, porosity and mechanical strength, and is described
in the following subsections. The recorded data were exported as text files and
processed and plotted using Python.

3.3.1 Reaction kinetics and setting behavior
The initial setting time was determined using the Vicat test. Samples were pre-
pared using 50 g binder and 31.3 g alkali-activator. A needle with a 300 g weight on
top penetrated the sample at regular intervals of 5–10 minutes and the penetration
depth was recorded for each measurement. As the material hardened, the penetra-
tion depth decreased gradually over time due to the formation of gel phases within
the system. The recorded penetration depths were plotted as a function of time and
the data were normalized to enable comparison between samples. The initial setting
time was defined as the point at which the needle penetration corresponded to 80%
of the sample height.

Isothermal calorimetry was used to measure the heat evolution during the harden-
ing of the AAMs. For each composition (0% CPT, 20% CPT, 40% CPT and 20%
NCPT), two replicate samples were prepared and transferred immediately after mix-
ing into the calorimeter ampules. The measurements were conducted at a constant
temperature of 20◦C and the heat flow was recorded continuously over a period of
3 days.

3.3.2 Porosity
The samples were analysed with a High Throughput Surface Area and Porosity
Analyzer, that determines the Brunauer-Emmett-Teller (BET) surface area. The
hardened samples were crushed to a fine powder and pre-treated using a SmartPrep
instrument to remove adsorbed contaminants from the surface and pore structure.
Degassing was first conducted at 60◦C but it failed removing the moisture for some
samples, so 120◦C was also tested. Mild degassing temperatures were used to en-
sure the preservation of the microstructure of the samples and avoid pore collapse.
Nitrogen gas was used as adsorbate due to its inert nature. The technique measures
nitrogen adsorption on sample surfaces in order to give specific surface area (m2/g)
and porosity (cm3/g).

3.3.3 Chemical bonding
To obtain information regarding phase composition and water content, thermo-
gravimetric analysis (TGA) was performed. The hardened samples were crushed
into a fine powder and 5–10 mg of each sample was put into small crucibles, then
loaded into the instrument. The samples were heated from 35–900◦C under a ni-
trogen atmosphere, with a gas flow of 60 ml/min. The nitrogen gas was used as
purge gas due to its inert nature, preventing the samples from oxidizing or com-
bustion. The measurements recorded mass loss as a function of temperature. The
data were presented as thermogravimetric (TGA) curves together with derivative
thermogravimetric (DTG) curves. Peaks observed in the DTG curves were used to
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3. Materials and methods

identify decomposition events and indicate the presence of specific phases within the
AAM system.

Fourier Transform Infrared (FTIR) Spectroscopy was used to identify chemical
bonds and functional groups present in the samples. The hardened samples were
crushed into a fine powder prior to analysis. FTIR measures how much infrared
light a sample adsorbs as the wavenumber decreases. The spectra were plotted as
transmittance (%) against wavenumber cm−1 and the observed peaks corresponds
to bending and stretching vibrations of chemical bonds.

3.3.4 Microstructure
Scanning Electron Microscopy (SEM) was used to characterize the microstructure,
including surface morphology and phases. Small sections of each sample were em-
bedded in epoxy and ground with sandpaper to obtain a flat and smooth surface
for the SEM analysis. Images were created from selected regions of each sample to
examine morphological features. Elemental composition was analysed using energy
dispersive spectroscopy (EDS), which enabled mapping the distribution of elements
within the samples.

3.3.5 Mechanical properties
To evaluate the effect of CPT on the mechanical properties of AAM systems, com-
pressive strength testing was performed. Three different compositions (0% CPT,
20% CPT and 40% CPT) were prepared, with six specimens for each composition.
The mixes were produced using sand with a particle size distribution of 0-4 mm as
aggregate, at a binder-to-aggregate ratio of 1:3. The materials were mixed using an
automated mixer and cast into molds with dimensions of 4 × 4 × 4 cm. Compressive
strength was determined using a hydraulic press after curing periods of 7 and 28
days in a climate room at 20◦C and 50% relative humidity. The hydraulic press had
a maximum load capacity of 15 kN and was operated at a loading rate of 0.500 kN/s.
The test was terminated when the applied load decreased to 10% of the maximum
load recorded for each sample.
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4
Results and discussion

This chapter presents and discusses the experimental results obtained from the char-
acterization of the alkali-activated materials. The results are organized according
to reaction kinetics, phase formation, microstructure, and mechanical performance,
allowing the influence of CPT incorporation to be evaluated from early-age reactions
to final material properties.

4.1 Reaction kinetics and early-age behavior
The early-age behavior of alkali-activated materials is closely linked to the reaction
kinetics during dissolution and gel formation. To evaluate the influence of CPT on
these processes, setting behavior and heat evolution were investigated using Vicat
testing and isothermal calorimetry.

4.1.1 Setting behavior
The initial setting time varied with the CPT ratio in the samples, as can be seen
in Figure 4.1. The dropping of the curves corresponds to the hardening of the
material. The initial setting time was determined as the point when the Vicat needle
penetrates 80% of the sample and is shown in Figure 4.2. Overall, the carbonated
samples had faster setting times compared to the non-carbonated ones. The shortest
setting time was observed for the sample containing 15% CPT, followed by 10% and
20% CPT. The sample containing 40% CPT is not included in Figure 4.2, as the
setting time exceeded 120 minutes, although it eventually hardened.
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4. Results and discussion

Figure 4.1: Normalized penetration depth as a function of time for samples con-
taining different CPT contents.

Figure 4.2: Initial setting times for alkali-activated samples containing different
replacement levels of CPT and NCPT.

The results suggest that CPT has a non-linear influence on the setting behavior
of the material, with the setting time decreasing with increasing CPT content, up
to 15% CPT, and then increasing again with higher replacement levels. It should
be noted that there is no universally optimal setting time, as the requirements
vary depending on the intended application. Nevertheless, materials with initial
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setting times between 35 minutes and 6.5 hours are often preferred for construction
applications [6]. The 20% CPT sample had a faster setting time than both the 0%
CPT and 20% NCPT samples, suggesting that carbonation of the binder influences
the reaction kinetics and has a clear influence on the setting behavior of the system.

4.1.2 Heat evolution
The first two exothermic peaks from the isothermal calorimetry data are shown in
Figure 4.3, where the local maxima of each peak are marked with a dot. The first
peak is strongly exothermic and corresponds to the early dissolution of the precursor
and the initial gel formation. The second peak can be attributed to continued gel
polymerization, as well as crystallization and stabilization of the hydration products
[15]. Figure 4.4 shows that the NCPT sample has a much earlier first peak compared
to the other samples, with a relatively small standard deviation. This indicates
that the presence of Petrit T accelerates the initial reaction, particularly in its
non-carbonated state. However, this observation is not consistent with the results
obtained from the Vicat setting measurements. The reason for the inconsistency
between the two methods remains unclear and needs further investigation. The
samples with 0%, 20% and 40% CPT have similar average times for the first peak,
but with noticeably larger standard deviations.

Figure 4.3: Heat flow measured by isothermal calorimetry during the first 35 hours
of reaction.
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Figure 4.4: Average occurrence time of the first and second calorimetric peaks for
the samples, including standard deviation.

The second peak times are also visualized in Figure 4.4. The 40% CPT sample
reaches this peak significantly later, at around 11 hours, while the other samples
peaks at approximately 8.5 hours. This suggests that increasing the CPT content
slows down the later stages of the reaction. Possible reasons include dilution of re-
active species, changes in ion availability in the solution, or differences in nucleation
conditions. The standard deviation is relatively low for the 0% CPT and 40% CPT
samples, but higher for the 20% CPT sample. Since the 20% CPT was tested with
four replicates, compared to two for the other samples, the larger spread suggests
that this composition is more sensitive to variations in mixing or sample preparation.

Overall, the calorimetry results are not fully consistent between replicates. This
is likely due to manual mixing prior to testing, rather than a standardized mixing
procedure. While the heat flow per mass varies considerably between samples, the
timing of the two main peaks shows clearer and more consistent trends.

4.2 Phase formation
To understand how the incorporation of CPT influences the reaction products, the
phase assemblage was investigated using thermogravimetric analysis and FTIR spec-
troscopy. These techniques provide information regarding gel formation, bound wa-
ter and the presence of carbonate-containing phases.

4.2.1 Thermogravimetric analysis
Thermogravimetric analysis was performed on five samples and the mass loss as
a function of temperature was evaluated. As shown in figure 4.5, the carbonated
Petrit T raw material (not alkali-activated) exhibited a more prominent mass loss
at higher temperatures compared to the alkali activated samples. This suggests
that the raw CPT contained thermally stable carbonate phases, while the alkali-
activation of the samples led to less stable reaction products. The samples with 0%
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CPT and with 20% NCPT showed similar mass loss curves, indicating that their
phase compositions are comparable.

The derivative thermogravimetric (DTG) curves, shown in Figure 4.6, represent the
rate of mass change as a function of temperature. This enables the identification
of decomposition events that are associated with specific phases. The DTG curves
clearly show differences between the alkali-activated samples and the raw CPT ma-
terial.

Figure 4.5: TGA curves showing mass
loss as a function of temperature for
raw CPT, raw Merit and alkali-activated
samples.

Figure 4.6: DTG curves showing the
rate of mass loss as a function of tem-
perature for raw CPT, raw Merit and
alkali-activated samples.

The first peak, observed at approximately 40◦C corresponds to the loss of free and
physically bound water present in the samples. All samples exhibited this peak
at similar magnitude in this temperature range, suggesting comparable amounts of
water in the samples as well as similar incorporation of water within the structure
of the material.

The peak at 90◦C corresponds to the dehydration of C–A–S–H gels [5]. This peak
was present in all alkali-activated samples but absent in the raw CPT material,
confirming successful alkali activation and gel formation. The peak was slightly less
pronounced for the samples containing CPT, which may indicate the formation of
a smaller amount of binding gel. All alkali-activated samples showed peaks around
350◦C, corresponding to decomposition of hydrotalcite phases [5]. Carbonate de-
composition peaks were observed in the area between 600 and 800◦C [5].

The 20% CPT and 40% CPT show carbonate related peaks at 620◦C, while the
raw CPT exhibited a larger carbonate peak near 720◦C. The carbonate peaks in the
0% CPT and 20% NCPT samples were observed at a higher temperature, around
740◦C. All samples except the raw Merit material showed one or more carbonate-
related peak, and the intensity of these peaks increased with increasing CPT con-
tent. This suggests that there is a higher concentration of carbonate phase in the
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alkali-activated samples with higher CPT content. It indicates that the carbonate
phases remain present in the sample after alkali-activation and contributes to the
decomposition behavior of the material.

4.2.2 FTIR spectroscopy
FTIR analysis, illustrated in Figure 4.7, shows peaks at 3400 and 1700 cm−1, which
corresponds to the stretching and bending of O–H bonds. This indicates the pres-
ence of absorbed and chemically bound water within the gel structure [15] [17] [18].
Bands observed at approximately 950 and 440 cm−1 corresponds to Si–O–T and
T–O vibrations, where T represents Si or Al tetrahedron. These bands are charac-
teristic for C–A–S–H gels formed by alkali-activation [15] [17] [18]. The presence
of these bonds confirms the gel formation, and their relative consistent positions in
the spectra suggests that the overall gel structure is similar independently on CPT
content.

Figure 4.7: Normalized FTIR spectra of alkali-activated samples with varying
CPT contents, plotted as transmittance versus wavenumber.

Carbonate related C–O vibrations were identified at approximately 1400 and 870
cm−1 [15] [17] [18]. The intensity of these peak increased with increasing CPT
content, as the 40% CPT showed the most pronounced carbonate bands. This
is due to the larger amount of carbonated material incorporated in the system,
and is also aligning with the TGA results, which also showed increased carbonate
decomposition with increasing CPT content.
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4.3 Microstructure and porosity
The physical structure of the alkali-activated materials was characterized to assess
how CPT affects pore development and phase distribution. Porosity measurements
and scanning electron microscopy were therefore used to investigate changes in mi-
crostructure resulting from CPT incorporation.

4.3.1 Porosity
Both the total pore volume and the BET surface area were higher in the samples
containing CPT compared to the 0% CPT sample. Additionally, both parameters
increased with increasing CPT content, as shown in Table 4.1, indicating an approx-
imately proportional relationship between CPT content and porosity development.

Table 4.1: Pore characteristics and BET surface area of the investigated samples.

Sample Total pore volume
(cm3/g)

BET surface area
(m2/g)

Pure CPT 0.093794 43.8677
0% CPT 0.01546 4.0994
20% CPT 0.02146 6.3209
40% CPT 0.03334 9.1954

The pure CPT (not alkali-activated) sample shows significantly higher porosity and
surface area than the activated samples. This suggests that CPT contributes to the
development of a more porous microstructure in the alkali-activated material. The
increased surface area observed with highest CPT content could be attributed to
the larger presence of CaCO3, compared to the free, reactive Ca2+ ions. This likely
reduces the amount of calcium available for the formation of C–A–S–H gel phases,
resulting in a less dense and more porous network.

4.3.2 Elemental composition
The morphology of the samples containing 0%, 20%and 40% CPT is presented in
Figure 4.8. In image (a), corresponding to 0% CPT, the larger angular features are
attributed to unreacted Merit particles that have not participated in gel formation.
In images (b) and (c), similar unreacted Merit grains are observed, along with ad-
ditional unreacted CPT particles. Those granules are amorphous calcium silicate
that has not dissolved and XRD results, presented in Appendix A.1, A.2 and A.3,
shows noisy signals that have limited evidence of crystalline phases. This indicates
that the undissolved particles are primarily amorphous. Therefore, the uncompleted
reaction is likely due to insufficient wetting or dissolution of the particles and not
because of low solubility caused by crystallinity.
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Cracking is evident across all samples and is most likely associated with drying or
internal shrinkage during curing and storage.

(a) 0% CPT (b) 20% CPT (c) 40% CPT

Figure 4.8: SEM micrographs of alkali-activated materials containing different
CPT replacement levels: (a) 0% CPT, (b) 20% CPT, (c) 40% CPT.

In the sample containing 40% CPT, numerous small bright particles are distributed
throughout the matrix. These are identified as calcite [19, 20]. The relatively homo-
geneous distribution suggests that they originate from the carbonated binder (CPT),
with a possible minor contribution from secondary carbonation due to exposure to
atmospheric CO2.

Table 4.2: EDS images showing the presence of four different elements in samples
containing 0%, 20% and 40% CPT.

Calcium Aluminum Magnesium Carbon

0% CPT

20% CPT

40% CPT
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EDS was used to evaluate the spatial distribution of elements, as summarized in
Table 4.2. In the 0% CPT sample, calcium is present both within the larger Merit
particles and in the surrounding gel phases. Aluminum appears more dispersed
throughout the matrix, whereas magnesium remains largely confined to the unre-
acted Merit, indicating limited dissolution. In contrast, carbon associated with the
CPT particles remains localized within the larger grains and shows no significant
redistribution into the matrix. This suggests that the carbon particles, and likely
the iron particles seen in Fig 4.8, behaves more as inert fillers than reactive binders.

4.4 Mechanical performance
The performance of alkali-activated materials is strongly influenced by their reac-
tion products and microstructure. To evaluate the practical consequences of CPT
incorporation, compressive strength measurements were performed and connected
to the observed porosity and phase development.

4.4.1 Compressive strength
The incorporation of CPT significantly reduced the compressive strength, as shown
in Figure 4.9. This indicates that CPT does not contribute positively to strength
developing of the samples and may instead disrupt the binder matrix. The relatively
low standard deviations indicates that the observed trends are systematic rather
than random experimental variation.

Figure 4.9: Compressive strength of alkali-activated samples containing different
CPT contents after 7 and 28 days of curing.

One possible contributor to the reduced strength is the increased porosity observed

19



4. Results and discussion

in the BET analysis. Both the total pore volume and specific surface area increased
with increasing CPT content, indicating the formation of a less dense microstruc-
ture. Higher porosity reduces load-bearing capacity and increases crack formation,
which both results in lower the compressive strength.

In addition, the carbonation of the slag beforehand reduced reactive calcium species
to stable carbonate phases like CaCO3, which might lead to less formation of C–
A–S–H gel phases. A lack of gel network formation or a less continuous matrix
will have a negative effect on the strength development in the AAM and will thus
become mechanically weaker. The SEM observation support this interpretation, as
unreacted CPT particles are seen within the matrix, indicating a limited participa-
tion in the alkali-activating reaction. It could mean that the CPT acts more as an
inert filler than a reactive binder precursor, especially at higher replacement levels.

All compositions showed lower compressive strength after 28 days compared to 7
days. This behavior is not normal for alkali-activated materials and may be related
to drying shrinkage or microcracking during curing. Another possible explanation is
the curing conditions, which could have led to moisture loss and hindered further gel
development, or an insufficient water-to-binder ratio. Another possible explanation
for the unexpectedly higher compressive strength of the 7-day samples is related to
differences in sample preparation. The 7-day cured samples were prepared after the
28-day samples, and experience gained during the preparation of the latter may have
led to improvements in the mixing procedure. Thus, the 7-day samples may have
been mixed more effectively, resulting in more homogeneous mixtures and reduced
air entrapment. Further investigations are required to determine the cause of the
strength reduction.
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5
Conclusion

This thesis investigated the use of carbonated Petrit T (CPT) as a co-binder in
alkali-activated materials. The influence of CPT on reaction kinetics, phase forma-
tion, microstructure, porosity and mechanical performance was investigated using
different characterization techniques.

The results showed that CPT has a significant influence on the reaction mechanisms
of the alkali-activated systems. Low replacement levels of CPT seemed to speed up
the initial setting behavior, while high replacement levels speed up the later stages
of the reaction. This indicates that CPT has a non-linear effect on the reaction
kinetics, and may initially promote gel formation, but reduce the overall reactivity
of the system at higher replacement levels.

TGA and FTIR analyses confirmed the formation of C–A–S–H gel phases in all
alkali-activated samples, supporting that the activation of the binders was success-
ful. Increasing CPT content also showed more pronounced carbonate-related phases,
indicating that the carbonates introduced to the CPT remained present after alkali-
activation. SEM and EDS analyses showed the presence of unreacted CPT particles
throughout the matrix, indicating that they behaved more as a filler than partici-
pating in gel formation.

BET analysis showed that increasing CPT content increased both the pore volume
and the specific surface area of the materials, signaling the formation of a more
porous microstructure. This aligned with the compressive strength measurements,
where increasing CPT content significantly reduced the mechanical strength. The
reduced strength could be related to lower availability of reactive calcium species
for C–A–S–H formation, which then results in a less dense and weaker gel network.

The results indicate that the carbonated steel slag can be incorporated into alkali-
activated materials and contributes to CO2 utilization through carbonation. How-
ever, at the investigated replacement levels, CPT had a negative effect on the me-
chanical performances of the material. It is suggested that optimization of pa-
rameters such as activator composition, curing conditions and replacement levels is
necessary to improve the material performance.
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5. Conclusion

5.1 Future work
Further work should focus on optimizing the alkali-activator composition, analysing
long-term durability and evaluating whether lower CPT replacement levels or dif-
ferent curing conditions can improve the mechanical properties of the system.

5.2 Disclosure and declaration of AI use
AI-tools was used during this thesis as a support for data processing, coding assis-
tance and for language and grammar improvements.
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Appendix

A.1 XRD diffractograms

Figure A.1: XRD results for sample containing 0% CPT
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Figure A.2: XRD results for sample containing 20% CPT

Figure A.3: XRD results for sample containing 20% NCPT
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