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Summary 
 

Three fundamental aspects, namely, market competitiveness (costs), availability of resources 

and environmental impact, determine the need for implementation of new solutions in 

concrete technology. Facing the challenge of the optimization of these interactive aspects, 

this thesis firstly focuses on the improvement of existing eco-friendly technology (alkali-

activated materials), secondly, offers the design of new alternative binders (BOF slag) and 

finally investigates opportunities for air-purifying technology in concrete. 

In the first section, alkali-activated materials are discussed. The nature and properties of 

alkali-activated materials depend on the chemical composition and reactivity of the resources 

used. Alkali-activated materials from siliceous/aluminous by-products (geopolymers) offer 

excellent properties, e.g., chemical resistance or fire resistance. However, the manufacture 

of geopolymers often requires the external heat supply to ensure a sufficient rate of 

geopolymerization, especially at an early age. In order to overcome this problem, the 

addition of small quantities of cement (up to 10 wt%) is proposed. The impact of cement 

addition on the reaction kinetics and phase development and their subsequent influences on 

the usage properties, including setting time and mechanical performance, are investigated 

thoroughly. The optimal dosages of cement required to avoid non-ambient temperature 

curing and to maintain high compressive strength are correlated with the silica modulus of 

the sodium silicate activator. 

The second section moves towards new potentially reactive binders, dealing with the 

activation of Basic Oxygen Furnace (BOF) slag, a by-product of steel manufacture. This 

material is currently not utilized as a binder in concrete due to its low reactivity and 

contamination with heavy metals (mainly vanadium and chromium). Based on the phase 

composition of BOF slag, a novel route to activate iron-containing phases is proposed and 

investigated. The tri-potassium citrate is selected to activate the slag phases and to reduce 

the water demand of slag as it also possesses a superplasticizing function. The K3-citrate is 

found to promote the dissolution and hydration of brownmillerite, which hydrates mostly 

within the first 24 hours and to accelerate the hydration of belite and wuestite. An analogous 
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working mechanism is observed for BOF slag pastes activated with the Na3-citrate. The 

main reaction products of BOF slag hydration are determined and modeled, including 

siliceous hydrogarnet, pyroaurite and C-S-H gel. It is revealed that the addition of K3-citrate 

significantly reduces the water demand of slag, enabling the production of BOF slag paste 

with low porosity (10-16%) and desirable compressive strength up to 75 MPa after 28 days 

of hydration. The early age mechanical properties of BOF slag-based products are further 

optimized with the addition of nanosilica. By applying the in-situ XRD and 

thermogravimetric analyses, it is found that nanosilica enhances precipitation of C-S-H gel 

while delays the hydration of brownmillerite. The enhanced formation of C-S-H gel 

improves the compressive strength of mortars after 3 and 7 days of hydration. However, the 

mechanical performance after 28 days is compromised. Therefore, the synergistic effects of 

activator dosage and nanosilica content must be considered to meet the desired strength 

criteria. Finally, the environmental impact of the newly designed products is investigated by 

utilizing the leaching tests. The leaching properties of BOF slag pastes are evaluated with 

the one-batch leaching test and tank test on the hydrated samples before and after 

accelerated carbonation curing. This strategy is applied in order to predict the durability and 

potential toxicity of the BOF products during their service life. The concentrations of 

vanadium and chromium released from the samples are examined with regard to the limit 

values specified in the Dutch Soil Quality Decree.  

In the last section, the potential of functionalization of concrete with the application of 

nanotitania particles in the mortar mixtures is investigated in terms of air purification. For 

the representativity of the results, two types of titania nanoparticles (P25 and KRONOclean 

7000 carbon-doped) and one (synthesized) silica-titania composite are analysed. As 

photocatalytic oxidation of the pollutants takes place only on the concrete surface, which is 

exposed to atmospheric conditions, the durability aspects (carbonation) are investigated. 

Upon carbonation, the phase composition of concrete is altered, consequently affecting the 

pH, specific surface area and porosity. These factors, in turn, have a significant impact on 

photocatalytic efficiency. Therefore, the carbonation-induced physicochemical changes are 

analysed and compared for two mortar series, the first one rich- and the second one free of 

portlandite. White Portland cement is employed as the primary binder in both mortar series, 

and pozzolanic microsilica is applied in the second mix to adjust the portlandite content. 

This strategy is used to differentiate between the impact of carbonation of CH and the C-S-
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H phase on photocatalytic performance. In consequence, the prediction of the 

photocatalytic efficiency during the service life of photocatalytic mortars can be performed 

based on the initial mix design. The results reveal that mortars with microsilica addition 

exhibit superior properties over the pure cement-based mortars upon carbonation in terms 

of both photocatalytic efficiency and selectivity. The carbonation of C-S-H gel results in the 

formation of capillary pores between 10-50 nm, which outbalances the shielding effects of 

carbonates formed, leading to enhanced photocatalytic properties. Furthermore, in contrast 

to CH, the C-S-H gel maintains its high NO2 adsorption capacity after carbonation. 
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1 Introduction 

 

 

Introduction 

 
1.1 Background and motivation 

Cement sector is the second-largest industrial emitter of CO2 (6-7% of global emissions) [1], 

[2]. Based on the current prognosis, the demand for cement and concrete is expected to rise 

about 12-23% by 2050, therefore, further increasing its share in the total industrial emission 

of CO2 (4% from the current level) [1]. In this context, the cement industry is facing a great 

challenge to fulfill the new climate policies, aiming to limit global warming to 2% in the 

twenty-first century, according to the Paris Agreement [3]. Following the new policy 

measures, in many countries, carbon taxes have been implemented to enforce the changes 

[1]. In the cement sector, several strategies, presented by the International Energy Agency 

(IEA) and the Cement Sustainability Initiative (CSI), have been proposed to tackle the CO2 

emission problem [2]. Owing to the fact that about two-thirds of the total CO2 emission 

during cement manufacture originates from the decomposition of limestone (clinker 

production) and one-third is due to combustion of fuels, the primary focus is the reduction 

of the clinker factor (defined as clinker to cement ratio) [1]. The commonly applied strategies 

to minimize the use of clinker in cement and concrete include the application of 

supplementary cementitious materials (reducing clinker content) and the manufacture of 

alkali activated materials (often clinker-free) [4], [5]. Another solution is the utilisation of 

alternative clinkers (belite clinker, calcium sulphoaluminate clinker). Since the currently used 

by-products (including fly ash, ground granulated blast furnace slag (GGBS), silica fume) 

have recently received high market value due to their excellent properties and limited 

accessibility, further improvement is foreseen through the implementation of currently non-

used by-products (so-called alternative binders) [4]. High potential in reducing the 

environmental impact of cement is also recognised in advanced technologies, including the 
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integration of carbon capture into the cement manufacturing process and adoption of life-

cycle approaches e.g. with the re-use of crushed concrete fines [2]. 

Alkali activated materials 

The supplementary cementitious materials can be used as partial cement substituents but 

also as sole binders. Due to their low or latent hydraulic activity and/or pozzolanic 

properties, alkali activation is required for the dissolution and solidification processes to 

happen at a reasonable timeframe. The term “alkali activated materials” covers all binder 

systems where the alkali metal source is used to activate a solid silicate precursor, such as 

natural pozzolans, fly ash or GGBS [6]. Among the alkali components, the most commonly 

utilised embrace alkali hydroxides, silicates, sulfates, carbonates and aluminates [7]. The idea 

of using alkali activated materials as competitive substitutes for cement originates from the 

work of Kühl, who patented his findings on alkali activation of vitreous slags in 1908 [8]. 

The broad and fundamental investigation on activation of slag was later performed by a 

Purdon in 1940s [9]. These studies opened the floodgates of the development of alkali 

activated materials technology in the twentieth century, having its heyday in the mid-1950s 

in Europe, in the former Soviet Union where professor Glukhovsky discovered so-called 

“soil cements” while working with low-calcium precursors [10]. Due to a prominent 

development of alkali activated materials technology on different continents, mainly from 

the 1970s onwards, the expertise in alkali-activated materials has been further developed, 

e.g., in Poland [11], enabling their worldwide utilisation [12], [13], [14], [15]. The wide range 

of the precursors and therefore, the variable properties of alkali activated materials led to 

the distinction of geopolymers among alkali activated materials [16]. Geopolymers are 

produced from low-calcium aluminosilicate precursors, enabling the formation of a pseudo-

zeolitic silicate network structure. This highly coordinated structure renders unique 

properties of geopolymers, including fire-resistance, chemical resistance and capacity to 

encapsulate radioactive waste. However, to ensure a sufficient rate of the polymerization 

process, heat supply is necessary, which often becomes a technological barrier, as it enforces 

special accommodations and additional energy input [6]. 

New cementitious binders 

The scarcity of currently applied supplementary cementitious materials and the market 

competitiveness dictate the trends in cement and concrete development. The attention is 

shifted towards the by-products with negative or very low market value, including biomass 
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ash, Municipal Solid Waste Incineration (MSWI) bottom ash, steel slag, non-ferrous slag, 

bauxite residue and waste glass (Fig. 1.1) [17]. Among them, steel slags (represented by Basic 

Oxygen Furnace (BOF) slag and Electric Arc Furnace (EAF) slag) have recently received 

considerable attention due to their highest worldwide availability. 

 
Figure 1.1: Currently utilised and potential supplementary cementitious materials [17]. 

 

The abovementioned by-products can be considered as potential cementitious binders. 

However, their utilisation is still very limited due to various technical challenges [18]. First 

and foremost, industrial residues often reveal variable and heterogeneous composition, 

which makes it difficult to standardise their use in concrete products. In view of the phase 

diversity, the promising benefits of new potential binders often require the assessment of 

physicochemical properties on the level of individual phases. In consequence, the commonly 

applied analytical techniques might not be sufficient or suitable for the analyses. 

Furthermore, in order to predict the long-term behaviour and durability aspects, the 

development of special evaluation methods is of significance since industrial residues are 

often contaminated with heavy metals or contain expansive components, including free CaO 

and MgO [4], [5].  

Air purifying functionalized building materials 

Concrete, with its wide applications, should not only be viewed as one of the main 

contributors to the CO2 release. With recent development, it became apparent that by 

utilising advanced technologies, concrete offers enormous potential for capturing air 
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pollutants. The breakthrough technologies include the use of CO2 to form calcite during the 

solidification of cementitious binders (so-called carbon capture, used, e.g., for belite cements, 

slags and fly ashes) as well as the functionalization of concrete surfaces to provide air-

purifying properties [19]. The latter can be obtained through the application of 

photocatalytically active materials, e.g., nanotitania [20]. With nanotitania addition, large 

concrete surfaces become photocatalitically active, enabling oxidation of a variety of organic 

and inorganic pollutants, e.g., NOx, SOx, formaldehyde, etc. The oxidation process of NO 

and NO2 results in the formation of nitrates, which can be removed with the rainwater from 

the active surfaces (Fig. 1.2) [21]. Since around 34% of NOx emissions originate from road 

vehicles, air-purifying concrete pavements received special attention [22]. Several examples 

of this technology can be found in some countries, for instance, the Netherlands and Poland 

(Hengelo, Warszawa, Zielona Góra, Nowa Sól, Chorula and Boguchwała) [23].  

 
Figure 1.2: Photocatalytic oxidation of NO2 and NO by the surface of TiO2-containing concrete pavement 

[21]. 

Nevertheless, despite the broad research interests on this topic, worldwide applications are 

still limited, mainly due to the concerns around the effectiveness of photocatalytically active 

surfaces under real outdoor conditions. The real scale projects often reveal discrepancies 

with the laboratory-scale simulations, where with well-defined parameters, superior 

photocatalytic performance is observed [24]. One of the reasons for these discrepancies is 

an insufficient accuracy of the photocatalytic efficiency monitoring, affected by a number 

of variables, including weather conditions, concentrations of pollutants but also durability 

of the photocatalytic material itself [22], [25], [26]. As shown in the study of Ballari [21], due 

to simple wearing, weather factors and/or depositions of the solids on the surface, the 

photocatalytic performance of TiO2-coated pavements dramatically drops over time. 

Therefore, before application in the field, durability aspects should be thoroughly 
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investigated e.g. by performing accelerated aging tests, to ensure sufficient lifetime of the 

photocatalytic product. 

1.2 Scope and objectives 

Intending to reduce the environmental impact of the cement and concrete industry, the 

objective of this thesis is threefold. As a point of departure, the work focuses on the 

improvement of existing eco-friendly technology (alkali-activated materials). Secondly, it 

offers a design of new alternative binders, and finally, investigates opportunities for air-

purifying technology in concrete. These objectives are addressed within the following topics: 

Ambient curing of silica-rich alkali-activated materials 

Since silica-rich alkali activated materials require heat supply to ensure a sufficient reaction 

rate, special accommodations during their manufacture are needed. To overcome this issue, 

the addition of small quantities of cement is proposed. The impact of cement during the 

solidification processes in alkali-activated high-silica systems is evaluated. 

BOF slag as a cementitious binder 

Currently, the utilisation of BOF slag in the cement and concrete industry is insubstantial. 

One of the reasons for that is its very low early age reactivity. On the basis of phase 

composition, chemical activation of BOF slag with the use of citrate salts is proposed and 

evaluated. With the aim to further accelerate the hydration of BOF slag at the early ages, 

and consequently, to improve early strength development, the addition of nano-silica and 

its effect on the hydration rate of individual phases is investigated. Finally, the potential 

hazardous impact of the BOF slag-based products is examined upon accelerated aging 

conditions to reveal the feasibility of their industrial applications.  

Durability of photocatalytically active mortars 

Implementing TiO2 nanoparticles in the concrete surface yields air-purifying properties. 

However, simple spraying of TiO2 on the concrete surface can result in a short lifetime of 

the coating and pose a risk of release of the nano-sized particles to the surroundings, arising 

concerns around its safety. This risk is expected to be lower when nanoparticles are 

intermixed in the concrete surface layer. However, in this case, the physicochemical changes 

related to concrete aging, including progressive hydration and carbonation on the concrete 

surface, might affect their performance. The correlation between the initial mix design and 
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the photocatalytic performance before and after accelerated carbonation is proposed to 

predict and optimize the long-term performance of photocatalytic products. 

1.3 Outline of the thesis 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: Outline of the thesis. 
 

The outline of this thesis, schematically shown in Fig. 1.3, is as follows. In Chapter 2, the 

strategy to eliminate high-temperature curing of alkali-activated silica-rich materials is 

described. The effects of cement addition on the solidification processes and mechanical 

performance of the alkali-activated fly ash are analysed. In Chapter 3, BOF slag as a new 

alternative binder is introduced. The activation procedure applying citrate salt is proposed 

and investigated. Followingly, in Chapter 4, the early hydration kinetics of slag pastes and 

consequent strength development of BOF slag mortars are evaluated. The optimisation 

method for strength development is offered through nanosilica addition. Durability aspects 

of the BOF slag-based products, with the focus on post-carbonation leaching of heavy 

metals, are analysed in Chapter 5. In Chapter 6, the concept of photocatalytic technology 

in concrete is presented. The impact of the hydration products on the photocatalytic 
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response of mortars containing nanotitania is analysed. Furthermore, the link between the 

carbonation-induced compositional and microstructural changes and photocatalytic 

performance of mortars is discussed. In Chapter 7, the main conclusions from this thesis 

are provided, followed by the recommendations for future research. 
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Kaja, A. M., Lazaro, A., & Yu, Q. L. (2018). Effects of Portland cement on activation mechanism of class F fly 

ash geopolymer cured under ambient conditions. Construction and Building Materials, 189, 1113–1123. 

 

 

 

2 Effects of Portland cement on the activation mechanism of class F fly ash geopolymer cured under ambient conditions 

 

 

Effects of Portland cement on the activation mechanism 

of class F fly ash geopolymer cured under ambient 

conditions 

 
The need for high-temperature curing of geopolymeric systems creates a technological barrier and boosts 

production costs. In this chapter, the reaction kinetics and phase evolution of ambient cured alkali activated 

fly ash (class F)-Portland cement hybrid systems (with cement content up to 10 wt%) are investigated. The 

results show that setting time and reaction kinetics can be controlled by tailoring the precursor and activator 

characteristics, primarily the Ca/Si molar ratio. Calcium ions, dissolved from cement phases, contribute to 

faster precipitation of products and, consequently, to a denser microstructure of composite pastes and a higher 

mechanical performance at an early age. However, excessive cement contents impede the gel formation at later 

ages due to the limited overall reaction degree of cement in highly alkaline conditions and high intake of alkali 

and silica from activator in calcium-enriched early hydration products. It is found that the optimal dosage of 

cement in fly ash-based geopolymeric system depends on the total silica content, being equal to 5 wt% and 7.5 

wt% for the mixtures containing sodium silicate with a silica modulus of 1.2 and 1.5, respectively.  

 

2.1 Introduction 

Over the last years, extensive research has been performed on geopolymeric binders. 

Duxson et al. [27] proposed a model based on the Si/Al atomic ratios in metakaolin-based 

geopolymers, linking the composition of the raw materials with the microstructure and 

mechanical properties of the products. This enabled tailoring the mix design for specific 

applications. Later, Criado et al. [28] disclosed the dependence between the activator 

characteristics and the phase assemblage in geopolymers. The applicability of geopolymers 

CHAPTER 2 
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in real conditions was analysed by Bakharev et al. [29], who investigated the effect of curing 

temperature on the microstructure and mechanical properties of fly ash-based geopolymers. 

A significant influence of thermal conditions on the performance of geopolymers as well as 

the link between the initial mix design and the optimal curing conditions were disclosed. 

Despite extensive research, there is limited number of full-scale geopolymer productions 

over the world. As was shown by Bakharev et al. [4], the external heat supply in order to 

ensure a sufficient rate of geopolymerization generates an additional variable in designing 

geopolymers. In contrast to alkali-activated calcium-rich systems, special accommodations 

must be applied in the production of geopolymers to provide the required amount of heat 

with a suitable method, especially for large concrete casting [30], [31]. 

Recently, special attention has been paid to alkali-activated systems consisting of fly ash and 

cement. These hybrid materials can be produced without thermal treatment while 

maintaining a high content of fly ash in the binder. It has been suggested that combining 

the geopolymeric binder with a calcium source hinders the formation of zeolites, which are 

found to have an adverse effect on the mechanical performance of geopolymers [32], [33]. 

Krivenko et al. [34] reported that in comparison to pure geopolymeric systems, they also 

possess better abilities to bind sodium ions, preventing efflorescence from occurring. At the 

same time, the content of the calcium source considerably influences the setting time of 

alkali-activated materials [35]. Due to the provision of additional nucleation sites for the 

precipitation of products, accelerated hardening occurs [36]. As calcium ions possess a 

similar ionic radius to sodium ions, they render the charge balancing function in the structure 

formation [37]. 

Due to the different nature of cement hydration and the fly ash geopolymerization process, 

the activation mechanism of hybrid systems is very complex. While investigating the phase 

assemblage and mechanical properties of a mixture comprising of 70 wt% of fly ash and 30 

wt% of cement, Garcia-Lodeiro et al. [38] revealed that at the early activation ages, C-S-H 

and N-A-S-H gels are simultaneously formed. At longer hydration periods, C-S-H gel 

transforms into C-A-S-H gel, which is more thermodynamically stable in a highly alkaline 

environment. A similar transition is observed for N-A-S-H gel, which evolves towards 

(N,C)-A-S-H [39]. 

On the other hand, Yip et al. [40] proved that whereas a calcium source (cement, ground 

granulated blast furnace slag) with a dosage up to 20 wt% in hybrid systems can have a 
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positive impact on the mechanical performance of these materials, higher dosages (40 wt%) 

cause a decrease in compressive strength compared to the plain geopolymer samples (when 

pretreatment at elevated temperature is applied). Moreover, the studies of Nath et al. [41] 

and Suwan et al. [42] showed that at ambient conditions, the compressive strength of 

geopolymers could be considerably improved even with a small amount of cement addition 

(5-10 wt%). The mechanism behind this phenomenon remains unclear. Even though recent 

studies explored in-depth the compatibility between C-S-H and N-A-S-H gels in fly ash-

cement systems as well as synthetic gels systems [38], [43], there is still a lack of knowledge 

regarding the influence of cement dosage on the formation of geopolymeric structure and 

accordingly mechanical performance of these materials.  

In this study, the alterations in the geopolymerization process in the presence of a low 

amount of cement are addressed in detail. Mixtures with cement dosages up to 10 wt% and 

two different sodium silicate activator moduli are investigated in order to systematically 

understand the kinetics of the gel formation, characteristics of the formed phases and their 

interaction. The presented results provide fundamental insights into the greatly shortened 

setting behaviour and enhanced early age mechanical performance, which are critical 

parameters for the manufacture of these hybrid materials at ambient conditions. 

2.2 Experimental 

2.2.1  Materials 

Class F fly ash (FA) and Ordinary Portland Cement (OPC) CEM I 42.5 N (provided by 

ENCI, the Netherlands) were used as solid precursors in this study. Their chemical 

composition, determined by X-ray fluorescence, is presented in Table 2.1. In order to 

minimize the effect of the particle size of the raw materials on the final performance of 

geopolymeric pastes, solid precursors with similar particle size distribution were selected, as 

presented in Fig. 2.1. The PSD was measured by laser diffraction (Mastesizer 2000, Malvern). 

Table 2.1: Chemical composition of the raw materials. 

Raw 

material 

                      Mass fraction wt% 

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O TiO2 Mn3O4 P2O5 LOI 

OPC 63.71 20.27 4.8 3.43 1.58 2.91 0.53 0.26 - - - 2.51 

Fly ash 4.44 54.62 24.42 7.21 1.43 0.46 1.75 0.73 1.17 0.11 0.86 2.8 
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Figure 2.1: Particle size distribution of the investigated materials. 

Two alkaline activators were prepared by mixing commercially available sodium silicate 

solution with analytical sodium hydroxide pellets and demineralized water and named in this 

study as M1.2 (19.7 wt% SiO2, 16.9 wt% Na2O, and 63.4 wt% H2O) and M1.5 (24.4 wt% 

SiO2, 16.8 wt% Na2O, and 58.8 wt% H2O). The equivalent sodium oxide content in both 

activators was kept constant (8 wt% of the binder). This level of alkali content has been 

proved to be optimal regarding the dissolution rate of low calcium fly ash [29], [44]. Skvara 

et al. [45] demonstrated that optimum compressive strength of fly ash-based geopolymers 

can be achieved when Na2O content in sodium silicate activator ranges between 7 wt% and 

9 wt% of fly ash. Similar observations were reported by Winnefeld et al. [46], who stated 

that the increasing Na2O content up to 9 wt% of fly ash has a positive effect on the strength 

development of geopolymers, whereas higher dosages are not recommended (as reported 

for pastes with L/S (liquid to solid) ratio between 0.4 and 0.5). Another important feature 

characterizing the activator solution is the silica modulus (Ms), defined as the molar ratio 

between silicon oxide and sodium oxide. The content of silica in activating solution 

considerably influences the early age development of the geopolymeric structure. Rees et al. 

[47] proved that a silica concentration of approximately 0.6 M is sufficient to shift the 

reaction mechanism from hydroxide activation towards silicate activation. It has been widely 

demonstrated that silicate species readily available in the pore solution enhance the 

formation of a geopolymeric structure, resulting in a homogenous and dense microstructure 

of the final products [48], [49]. In this work, two silica moduli (Ms) of 1.2 (M1.2) and 1.5 

(M1.5) were applied, based on the previous study [50].  
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2.2.2 Sample preparation and test methods 

Alkali solutions were prepared and cooled down to room temperature (20 ± 1 °C) in the 

sealed containers one day prior to application. For compressive strength measurements, 

geopolymeric pastes were produced according to the mix design presented in Table 2.2. The 

liquid to binder ratio was kept constant as 0.5 for all the mixtures. Dry powders were firstly 

mixed for one minute in a Hobart mixer. Subsequently, the sodium silicate solutions were 

added to the homogenized solid precursors and mixed for another 4 minutes. Fresh pastes 

were cast into plastic molds (40 mm × 40 mm × 160 mm) and covered with foil to prevent 

moisture loss. After 24 h of curing, samples were demolded (pastes based solely on fly ash 

were demolded after 3 days of curing) and sealed cured at room temperature of about 20 °C 

until the testing age.  

Compressive strength and setting time 

The compressive strength of all samples was determined according to EN 196-1 [51] after 

7 and 28 days of curing, respectively. The average values were obtained from 3 

measurements for each sample. The initial and final setting time measurements were 

conducted with a Vicat needle test setup according to EN 196-3 [52]. 

Table 2.2: Mix proportions of investigated geopolymeric pastes. 

Mixture 

Mass fraction wt% W/B ratio** L/B ratio** 

Fly ash Cement Activator  

  Ms = 1.2* Ms = 1.5*  

P0M1.2 100 - 0.30  0.5 

P5M1.2 95 5 0.30  0.5 

P7.5M1.2 92.5 7.5 0.30  0.5 

P10M1.2 90 10 0.30  0.5 

P100M1.2 - 100 0.30  0.5 

P0M1.5 100 -  0.28 0.5 

P5M1.5 95 5  0.28 0.5 

P7.5M1.5 92.5 7.5  0.28 0.5 

P10M1.5 90 10  0.28 0.5 

P100M1.5 - 100  0.28 0.5 

*[OH-] recalculated from the pH values (measured with a Metrohm 780 pH Meter) were 0.955 M and 0.631 M for activators 
with silica modulus (Ms) 1.2 and 1.5, respectively. 
**W/B is a mass ratio between water from activating solution (excluding Na2O and SiO2) and binder (fly ash + cement). 
L/B ratio is a mass ratio between activating solution (including Na2O and SiO2) and binder (fly ash + cement). 
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Isothermal calorimetry 

The reaction kinetics of the investigated systems were determined with an isothermal 

calorimeter (TAM Air, Thermometric) at 20 °C. Powders were firstly mixed with sodium 

silicate solutions for 2 min and about 10 g of pastes were transferred to sealed ampoules 

that were then loaded into the calorimeter. To evaluate the cumulative heat, the integration 

of the heat flow curve was performed between 30 min and 140 hours. 

Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra of geopolymeric samples were collected using a PerkinElmer FrontierTM 

MIR/FIR Spectrometer with the attenuated total reflection (ATR) method (GladiATR). The 

analyses were performed on pastes without terminating the hydration during the first 28 

days of activation. All spectra were scanned 50 times from 2000 to 600 cm-1 at a resolution 

of 4 cm-1. 

X-ray diffraction (XRD) 

The X-ray diffraction (XRD) analysis and thermogravimetric analysis (TGA) were carried 

out on powder samples. To stop the activation process, pastes were firstly crushed and 

immersed in isopropanol for 24 hours, then dried for 5 hours at 40 ºC and ground. A D2 

PHASER X-ray Diffractometer with a Co X-ray tube and a step size of 0.02º for a 2θ range 

of 10-50º was used to determine the phase composition of pastes.  

Thermogravimetry 

About 40-70 mg of powdered samples were thermally treated using a Jupiter STA 449 F1 

Netzsch instrument. The samples were firstly isothermally held at 105º C for 2 hours and 

then heated up to 1000 ºC at the rate of 5 °C/min with nitrogen as a carrier gas. 

Scanning electron microscopy + Energy dispersive X-ray spectroscopy (SEM + EDX) 

For the microstructure analysis, the activation process was stopped by immersing the paste 

specimens in isopropanol for 24 hours and subsequent drying in the oven at 40 ºC for 3 

days. Selected sections were sputtered with gold by using an Emitech K550X sputter coater 

(current 25 mA, coating time 2 min). The Phenom ProX scanning electron microscope 

(SEM) was used with an accelerating voltage of 15 kV. Point analyses were conducted on 

polished samples with the Element Identification (EID) software package with a fully 
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integrated Energy Dispersive Spectrometer (EDS) (more than 120 points were taken for 

each measurement).  

2.3 Results and discussion 

2.3.1 Setting behaviour 

Table 2.3 shows the Vicat test results for designed mixes. Vicat test is universally accepted 

and utilised since the simple procedure allows to obtain satisfactory results when hydration 

of Portland cement is analysed [53]. It should be pointed out, however, that during the alkali 

activation, different mechanisms of stiffening and hardening take place. Therefore, 

considering the practical aspects of hybrid systems manufacture, it has to be taken into 

account that the properties of alkali-activated materials (e.g., mechanical properties, 

microstructure, reaction extent) at the setting point can differ substantially from the cement 

paste properties. Nevertheless, this test provides useful information about the hardening 

process taking place at the early activation stages. 

Table 2.3: Setting behaviour of alkali activated pastes. 

Mixture Initial setting time [min] Final setting time [min] 

P0M1.2 > 24h > 24h 

P5M1.2 210 300 

P7.5M1.2 130 180 

P10M1.2 80 115 

P0M1.5 > 24h > 24h 

P5M1.5 350 520 

P7.5M1.5 190 300 

P10M1.5 110 145 

 

While samples based solely on fly ash are not able to set within 24 hours, the results show 

that even a very small amount of cement addition can considerably accelerate the setting. This 

behaviour has been also reported by others [41], [54]. Suwan et al. [54] suggested the addition 

of 5 wt% of cement in order to obtain reasonable setting times for practical applications of 

these materials. In the study of Yip et al. [40], the significant role of calcium ions at the early 

stages of alkali activation was emphasized by analysing the influence of different calcium 

sources in fly ash-based hybrid systems. Similarly here, calcium ions dissolved from the cement 
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phases greatly contribute to the hardening process. The present study additionally reveals that 

next to the cement content, the SiO2/Na2O molar ratio of the activator significantly influences 

the setting behaviour. Whereas the increasing cement content accelerates the hardening process 

of highly alkaline low-calcium systems, the setting time is substantially prolonged with a higher 

silica concentration in the alkaline solution. Due to the exothermic nature of cement hydration, 

the additional reaction heat can also contribute to the faster setting of these binders. 

The accelerating effect of cement addition on the setting time can be explained by the presence 

of calcium ions, which pose a significantly higher charge screening capacity of the silicic acid 

anions than sodium ions [55]. It is known that in a highly alkaline environment, negatively 

charged silicic acid monomers will repulse each other, preventing condensation [56]. Calcium 

ions can therefore accelerate the formation of products due to the charge neutralization effect. 

Gaboriaud et al. [57] suggested that the presence of calcium ions in the sodium silicate solution 

leads to the aggregation and subsequent densification of the gel network. In a high pH 

environment, however, their effect is rather associated with precipitation of calcium-silica 

products than gelation. 

2.3.2 Reaction kinetics 

Fig. 2.2 shows the heat flow profiles and cumulative heat curves of the designed systems 

(normalized to the mass of binder (fly ash + cement)). Regardless of the activator modulus, 

the heat flow curves of pastes based solely on fly ash do not reveal any peaks, which could 

be associated with the formation of products. With the presence of cement in the mixtures, 

the influence of the activator characteristics becomes more significant. For the samples 

activated with sodium silicate solution with a silica modulus of 1.2, an additional peak occurs 

between 2 and 6 hours. This peak is attributed to the precipitation of products. With the 

increasing cement content, the position of this peak shifts towards shorter times and its 

intensity rises. This behaviour is consistent with the setting time observations. Most likely, 

C-S-H-like structures are formed in these systems as a consequence of the reaction between 

calcium ions dissolved from cement phases and silica. On the contrary, no “main reaction 

peak” can be distinguished in the hybrid systems activated with sodium silicate solution with 

a silica modulus 1.5 (Fig. 2.2c). These observations are attributed to the higher concentration 

of silica ions and a lower concentration of OH- in the activator of [OH-] of 0.631 versus 

0.955 molL-1. Therefore, it is likely that due to the high availability of silica ions, and lower 
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pH, condensation of silica species is a dominant process in this system (as observed for 

geopolymers).  

To broaden the spectrum of information related to hydration of cement in highly alkaline 

conditions, calorimetric measurements were also conducted on the neat cement samples. 

a) b) 

 
c) d) 

 
e) f) 

Figure 2.2: Normalized heat flow a), c), e) and total heat b), d), f) curves of alkali activated pastes (note: 

additional water hydrated cement paste was prepared for comparison purpose, described as OPC 0.28, where 

0.28 is the water to cement ratio). Binder is defined as fly ash and cement. 
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Figs. 2.2e and 2.2f show the heat flow profile and cumulative heat of cement hydration with 

alkaline activators and water as a reference (selected w/c = 0.28 corresponds to w/c ratio 

of the alkali activated cement sample with an activator modulus 1.5), respectively. It can be 

seen that cement hydration is considerably accelerated in highly alkaline conditions. Due to 

the high pH of the used activators and the presence of silica species, the induction period is 

eliminated. However, the overall heat release by the end of 140 hours of curing is 

considerably higher in the case of cement with only water. It is concluded that hydration of 

cement in highly alkaline conditions is accelerated during the first few hours of curing while 

is drastically inhibited at later ages. Comparing the hydration curves of cement activated with 

solutions with a silica modulus of 1.2 and 1.5, similar conclusions can be drawn. The higher 

amount of heat generated at the beginning of the activation process in the sample activated 

with solution M1.2 results in a lower reaction degree of cement up to 140 hours than in the 

sample with M1.5 solution. 

2.3.3 Infrared spectroscopy analysis of the activation process 

The fly ash FTIR spectrum consists of vibrational bands assigned to both glassy and 

crystalline phases. In order to account for a large spectrum of component bands from the 

raw materials as well as reaction products, in this study, a straightforward approach is applied 

based on the identification of the “main” band position in the region 1100-800 cm-1, 

attributed to Si-O-T bond asymmetric stretching vibrations (T = Si, Al). It has been well 

documented that the shifts in the position of this band indicate structural changes of 

investigated materials, especially the polymerization degree of the silica network [58]. From 

Fig. 2.3a it can be seen that the band assigned to T-O stretching vibrations in the fly ash 

spectrum shows a broad peak at around 1033 cm-1. This peak consists of a group of bands 

assigned to the quartz, mullite, and glassy phase. The location of the major vibrational band 

at low frequencies- around 1033 cm-1 indicates a relatively high amorphous content of fly 

ash used in this study [58], [59]. In dry cement, the position of the main peak is considerably 

shifted towards lower wavenumbers due to the different nature of the main phases. The 

band located at around 915 cm-1 is assigned to crystalline calcium silicates [60].  

Two sodium silicate solutions used in this study characterized by different silica and water 

contents were also examined by FTIR. Previous studies on sodium silicate solutions have 

shown that the position of the main bands is determined by the molecular weight of units 

formed in the solution [61], [62]. Larger silicate structures contribute to the bands at higher 
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vibrational frequencies. It is also known that the size of the structural units increases with 

the increasing silica modulus and decreasing pH [63], [64]. In this study, both activators 

exhibit very high pH (see Table 2.2); hence the main peaks occur at relatively low 

wavenumbers, attributed to small silicate units. The infrared spectrum of these highly 

alkaline solutions is dominated by two-component bands near 975 and 921 cm-1. Their 

presence is assigned to the vibrations of small linear silicate species (dimer, trimer, tetramer) 

and monomeric and dimeric silicate species, respectively [65]. The fact that the position of 

the main peak is only slightly changed for activators with different silica modulus indicates 

that in high alkalinity, small silicate species are dominant and only a small amount of slightly 

larger units can be observed in solution with a higher silica modulus. Rees et al. [49] also 

reported that the higher the pH of the solution, the higher silica concentration can be used 

to maintain the monomeric nature of silicate species. It has to be mentioned, however, that 

larger silicate units (oligomers) can also be present in the investigated solutions, but they are 

not distinct in this study due to overlapping of bands. The silicate monomers and small 

species (short chains) are found to participate in the dissolution process of fly ash and 

enhance the attainment of steady gel [49]. 
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Figure 2.3: FTIR spectra of a) fly ash and cement, b) sodium silicate solutions. 

The FTIR spectra of the investigated samples were collected after scheduled curing periods 

without any mechanical or chemical intervention in the activation process. Therefore, the 

analogy of the spectra shape and peak positions of early age samples spectra and spectra of 

sodium silicate solution used to activate samples is observed. For samples based solely on 

fly ash, a shift in the position of the main peak at around 973-975 cm-1 towards lower 

wavenumbers can be observed during the first 24 hours of curing. The rate of this shift 

seems to be not influenced by the initial silica content in the activator. Changes in the main 
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peak position are mainly attributed to the dissolution of fly ash, resulting in the occurrence 

of silica and alumina species in the solution (depolymerisation). The shift of the main peak 

towards higher wavenumbers observed between 24 h and 7 days is attributed to the 

formation of the gel network. The peak is shifted towards higher wavenumbers for the 

sample with higher initial availability of monomeric silica, which can promote the formation 

of a three-dimensional structure [66].  
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Figure 2.4: FTIR spectra of the geopolymeric pastes during activation process a) P0M1.2, b) P10M1.2, c) 

P100M1.2, d) P0M1.5, e) P10M1.5, f) P100M1.5. 
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Nevertheless, after longer curing periods (28 days) the position of the main peak becomes 

stable, regardless of the used activator. The influence of silica from activator becomes less 

prominent at later ages due to a considerably higher contribution of the silica from fly ash 

in products. 

For hybrid systems, similar behaviour in the main peak position can be observed. However, 

the shift of the main band towards lower wavenumbers during the first hours of activation 

is more significant. The reason for this phenomenon most likely lies in the fact that another 

band at around 920 cm-1 becomes dominant. From the studies of Taylor [67], Zhang et al. 

[68] and Zhang et al. [69], it appears that the band located in the region 900-920 cm-1 reflects 

the stretching of Si-O-(M, Fe) bond, where M is an alkali metal or an alkali earth metal, or 

Si-OH. Therefore, this behavior can indicate the formation of “primary” C-S-H phases in 

the presented systems, which is in line with the calorimetric measurements (Section 2.3.2). 

This conclusion can be further confirmed by analyzing the position of this band in sole 

cement-based samples (Figs. 2.4c and 2.4f). During the first few hours of activation, shifts 

towards lower wavenumbers (around 910 cm-1) can be observed. Subsequently, after 1 hour 

for the sample with a lower initial silica content, and after 3 hours for the sample with a 

higher initial silica content, a shift towards higher wavenumbers occurs. In both cases, 

however, during the activation process up to 28 days, spectra are dominated by the peak at 

around 930 cm-1, originating from unreacted phases, which confirms the limited reaction of 

cement in a highly alkaline medium. Differences in the rate of C-S-H phase formation with 

varying initial silica content in cement samples are also reflected in composite samples. 

Changes in the peak position for samples with a lower silica content reflect changes observed 

during cement activation (C-S-H precipitation), whereas in samples with higher silica dosage, 

the formation of C-S-H-like structures is hindered, and the mechanism of the activation 

process is closer to geopolmerization.   

2.3.4 Microstructure 

Since the previous methods show that cement addition has significant influences on the 

structure formation of alkali-activated fly ash-based samples, especially during the first day 

of the activation process, SEM images were collected from the representative samples after 

24 hours of curing (Fig. 2.5). Comparison between samples based solely on fly ash, with 10 

wt% of cement and based solely on cement, demonstrates densification of the structure with 

the increasing cement content (the cracks observed in the samples are believed to be caused 
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by sample preparation or the applied drying procedure). Accelerated hydration of cement in 

high alkalinity contributes to the substantial increase in the amount of formed products. 

       
Figure 2.5: SEM micrographs of a) P0M1.5; b) P10M1.5 c) P100M1.5 after 24 hours of curing. 

Based on these observations, the chemical characterization of the alkali activation products 

in the hybrid systems with 10 wt% of cement was performed (see Fig. 2.6a). Polished 

sections of the gel surrounding unreacted cement particles were examined with EDX point 

analysis.  
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Figure 2.6: a) Backscattered electron image of the cement particle surrounded by main activation product 

after 24 hours of curing of the sample P10M1.5; b) Atomic Na/Ca versus Si/Ca ratios of the gel surrounding 

cement particles in hybrid samples after 24 h of activation.  

Fig. 2.6b displays the plot of the Si/Ca atomic ratio against Na/Ca atomic ratio for gels in 

hybrid samples activated with sodium silicate solutions with silica moduli M1.2 and M1.5. 

After 24 hours of activation, the chemical composition of gels significantly varies. 

Nevertheless, the graphical display of atomic ratios enables defining the range of their 

chemical composition. To provide representative statistical information, 15 sections were 

investigated and from each section, 8 points were measured, resulting in 120 points (see Fig 

a) 
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2.6). All measurements were performed on the cracks-free areas. As expected, a higher silica 

content from the activator contributes to its higher content in the gel. This phenomenon is 

proven not only with the higher Si/Ca atomic ratio but also with the lower Al/Si atomic 

ratio in the sample with higher initial silica content. The phases exhibit an Al/Si atomic ratio 

of 0.15 and 0.12 for P10M1.2 and P10M1.5, respectively. At the same time, the Na/Ca 

atomic ratio remains similar regardless of the activator used, which correlates well with the 

fact that the same amount of Na2O was introduced to the mixtures with both activators. 

These observations strongly suggest that calcium ions dissolved from the cement phases 

react mainly with silica species initially present in the pore solution. In general, it should be 

noticed that an intake of alkalis and silica from activator into these calcium-rich gels is very 

high. The Na/Si ratio ranging between 0.25-0.45 is substantially higher than the values of 

around 0.1-0.3 observed in the literature for N-A-S-H gels when similar activators were 

applied to activate fly ash [70], [46]. The products are also more abundant in alkalis 

compared to calcium-containing (N,C)-A-S-H gel with intervals of 0.0 ≤ CaO/SiO2 ≤ 0.3, 

0 ≤ Na2O/ Al2O3 ≤ 1.85, and 0.05 ≤ Al2O3/SiO2 ≤ 0.43 [38]. On the one hand, the high 

silica content in these gels suggests a higher polymerization of silica than in C-S-H phases 

and, therefore, better compatibility with N-A-S-H gels (three-dimensional structure of 

products should be maintained). On the other hand, however, the high uptake of silica and 

alkalis limits their availability for the formation of N-A-S-H structure. 

2.3.5 Phase characterization 

Fig. 2.7 shows the XRD patterns of pastes after 28 days of activation together with the 

patterns of the raw materials. The XRD analyses reveal that at ambient conditions, mostly 

amorphous phases are formed during the activation of fly ash, cement, and composite 

samples. The formation of amorphous products, which in geopolymers is associated with 

the N-A-S-H phase, is reflected in a hump between 20-40°, occurring at slightly higher 

values than the hump due to the amorphous phase in unreacted fly ash [60]. 

The XRD patterns of alkali activated cement samples show that after 28 days of curing, no 

crystalline portlandite is detected among hydration products. The remaining strong 

reflections from the alite phase confirm the limited hydration of cement after the accelerated 

hydration period, as reported in Section 2.3.2. Traces of monocarbonate are observed in 

cement-based samples, in line with the XRD measurements and phase modeling performed 

by Alahrache et al. [71] on fly ash-cement composites hydrated in the presence of alkalis. As 
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ettringite has been reported to destabilize at high pH [71], this phase is not detected among 

the products. Sulphate ions are most likely bound within the amorphous C-S-H phase, as 

suggested by Richardson et al. [72], who investigated alkali activated cement with 30 wt% of 

fly ash substitution. 
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Figure 2.7: XRD diffractograms of the raw materials and activated samples a) fly ash and fly ash-cement-

based pastes, b) cement-based pastes after 28 days of curing. Legend: Q - quartz, M - mullite, H - hematite, A 

- alite, B - belite, T - tricalcium aluminate, F - ferrite, G - gypsum, C - calcite, Mc - monocarbonate, C-S-H - 

calcium silicate hydrate. 

The amorphous products formed during the alkali activation consist of evaporable water 

present in large pores (which should be removed during arresting hydration with 

isopropanol), loosely bound water, and tightly bound water absorbed in small pores or 

existing as a condensed hydroxyl group on the surface of the gel [48]. Therefore, to examine 

the gel formation in investigated systems, thermogravimetric analysis was performed (Fig. 

8). The initial idea was to distinguish the products with loosely and tightly bound water 

which give a peak in the range of 50-200 °C, by applying an isothermal holding at 105 °C 

for 2 h during the heating process. It appears, however, that regardless of the chemical 

composition of the starting materials, the weight loss peak occurs at a similar temperature 

in all alkali activated systems. The TG curves show that more water is trapped/ bound in 

the cement samples compared to fly ash-based samples after 7 and 28 days of curing. This 

observation implies a greater ability of C(N)-S-H products to bind water. Analogously, in 

composite samples, more water is bound after 7 days of curing (weight loss observed in the 

temperature range of 105-250 ºC) than in sole fly ash based samples, indicating faster 
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precipitation of products or/and different nature of calcium-rich phases, which are able to 

bind water more strongly. After 28 days, however, no substantial difference can be observed 

between the amount of bound water in neat fly ash samples and hybrid samples when 10 

wt% of cement is used. Therefore, it can be concluded that the presence of calcium-rich 

products has no significant effect or even harmful effect (considering the greater ability of 

calcium-rich products to bind water) on the structural development of geopolymers at later 

ages. This effect is more prominent in the samples with lower initial silica content in the 

pore solution, where the formation of products with higher C/S was reported, implying the 

incompatibility of the gels formed. The harmful effect of cement on the formation of 

geopolymeric structure at later ages can be caused by a high intake of sodium ions into 

calcium-rich products formed at the beginning of the activation process, as was shown by 

EDX point analysis.  

Next to the presence of cement in geopolymeric systems, the Na2O/SiO2 molar ratio in the 

activator highly influences the water-binding properties of these materials. A higher amount 

of water is bound in samples prepared from alkali solution with a higher silicate modulus, 

and a weight loss occurs at slightly higher temperatures, regardless of the presence of cement. 

Therefore, it can be concluded that more products are formed in these systems during the 

investigated curing periods or/and the products exhibit higher density, trapping a higher 

amount of water in their structure. 

The analyses of cement-based samples also indicate that after 7 days of curing, the hydration 

of cement is very limited, as the weight loss remains almost the same for up to 28 days. Small 

amounts of portlandite are detected in cement samples after 7 and 28 days of hydration, 

which could not be observed with the XRD technique due to detection limits or low 

crystallinity of portlandite formed. The position of the weight loss peak assigned to 

portlandite dehydroxylation depends on the activator characteristics and the age of the 

samples and ranges between 407-430 °C. Considering that samples were cured and stored 

under controlled sealed conditions, a significant extent of carbonation is not expected to 

occur. Therefore, the presence of a weight loss peak at temperatures between 500 and 750 °C 

assigned to calcium carbonates in neat cement samples is likely derived from the raw material 

[73].  
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Figure 2.8: Mass loss (TG) and derivative mass loss (DTG) curves for alkali activated pastes. 

2.3.6 Mechanical performance 

The 7 and 28 days compressive strength of geopolymers and geopolymer composites with 

Portland cement are presented in Fig. 2.9. In general, it can be seen that samples with higher 

initial silica content in the activator fluid exhibit better mechanical performance at 

investigated periods, which is in line with the FTIR and thermal analyses. Next to the higher 

silica content, cement addition also has a positive effect on the mechanical performance of 

the investigated samples. Even a very small amount of cement in the binder (5 wt%) enables 

a dramatic increase in the 7-days compressive strength, exceeding 200 % of the values for 

samples based solely on fly ash. 

Tailby et al. [74] assumed that in alkali-activated hybrid halloysite-cement systems cured at 

elevated temperatures, the competition for silicon between C-S-H and geopolymeric products 

occurs. Consequently, the too fast formation of the geopolymeric structure hinders cement 

hydration. From the present study, it appears, however, that at ambient conditions formation 

of calcium-rich phases is favored at the beginning of the activation process and, as a 
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consequence, cement highly contributes to the strength development. Nevertheless, after 

longer curing periods (28 days) mechanical performance of geopolymeric samples is negatively 

affected by the excess calcium source. Even though the compressive strength of all the samples 

with cement addition is higher than the reference, the rate of strength development appears to 

decrease with increasing cement content. It can be therefore concluded that cement addition 

into alkali activated fly ash-based binder has positive effects on the early-age strength 

development, while the amount has to be determined with caution as otherwise the long-term 

performance can be expensed. In this study, an optimal amount of 7.5 wt% when the activator 

solution M1.5 is applied and around 5 wt% with the solution M1.2 was found. Yip et al. [40] 

suggested that the decrease in compressive strength can be attributed to the local alterations in 

the Si/Al ratio caused by the leaching of Si and/or Al between calcium-rich and calcium 

deficient products to obtain equilibrium in the system (which might cause local 

depolymerisation). The present study concludes that the strength development decrease can be 

caused by the inhibited hydration of cement in highly alkaline conditions after 7 days of curing. 

Moreover, the presence of calcium-rich phases has been found to retard the structural 

development of hybrid binders at later ages. 

 
Figure 2.9: Compressive strength of geopolymeric pastes after 7 and 28 days of curing. 

2.4 Conclusions 

This chapter focuses on the reaction kinetics and phase evolution of alkali-activated fly ash-

cement hybrid systems with varying cement content and activator molar ratio (Na2O/SiO2). 

Characterization of setting behaviour, activation heat, phase development, and subsequent 
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evaluation of the influence of these parameters on the mechanical performance was carried 

out by applying various techniques, including Vicat setting, isothermal calorimetry, FTIR, 

TG, XRD, SEM, EDX and strength tests. Based on the obtained results, the following 

conclusions are reached: 

• Setting time of alkali activated hybrid fly ash-cement systems is considerably 

accelerated due to the presence of cement (5-10 wt%) and can be tailored by 

modifying the cement dosage and activator modulus. Retarding effect observed with 

increasing the silica content from the activator becomes more remarkable in the 

hybrid systems. 

• Within 24 hours of the activation process in hybrid systems, the formation of 

calcium-rich gel phases is observed. These phases are characterized by a high intake 

of alkalis and silica. 

• Kinetics of the calcium-rich gel formation is found to decrease with a higher silica 

content that leads to prolonged setting times. The higher initial content of silica 

results in the formation of (N,C)-A-S-H gel with lower Ca/Si and Al/Si atomic 

ratios.  

• In alkali activated hybrid fly ash-cement systems with 10 wt% of cement content, 

only amorphous products are formed up to 28 days of ambient temperature curing. 

In samples based solely on cement, traces of monocarbonate are detected. 

• Between 7 and 28 days of activation, the harmful impact of calcium-rich products 

on the gel formation is observed. This phenomenon is likely caused by the high 

intake of alkalis and silica into the early-age (N,C)-A-S-H gel, inhibited hydration of 

cement in high alkalinity, and incompatibility of the gels formed at different 

activation stages. 

• The cement addition shows beneficial effects on the early age mechanical 

performance of geopolymers. All the hybrid mixtures investigated in this study 

exhibit better mechanical performance than pure fly ash samples after 7 and 28 days 

of hydration. 5 wt% and 7.5 wt% of cement content are recommended for hybrid 

fly ash-cement mixtures activated with sodium silicate solution with silica modulus 

of M1.2 and M1.5, respectively.  
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Hydration of potassium citrate-activated BOF slag 

 
Basic Oxygen Furnace (BOF) slag is currently utilized with low-grade applications or landfilled. In this 

chapter, a novel route to upgrade BOF slag to a high-performance binder by chemical activation with tri-

potassium citrate is investigated. The impact of tri-potassium citrate on hydration kinetics and phase 

assemblage of BOF slag is analysed with a multi-technique approach. Results reveal that the addition of tri-

potassium citrate considerably enhances the reactivity of brownmillerite and accelerates the hydration of belite 

at early ages. The majority of brownmillerite hydrates within 24 hours, and the reaction kinetics is controlled 

by the activator dosage. The main products of BOF slag hydration are siliceous hydrogarnet and C-S-H gel. 

Acting as a strong water reducer, tri-potassium citrate enables the manufacture of slag pastes with high 

compressive strength (up to 75 MPa at 28 days) and low porosity. Moreover, the leaching of heavy metals 

from the slag pastes fulfills the Dutch Soil Quality Decree limits. 

 

3.1 Introduction 

Basic Oxygen Furnace (BOF) slag is a by-product of the conversion of iron to steel during 

the Linz-Donawitz process, and therefore, also called LD slag or converter slag [75]. Around 

90-110 kg of BOF slag are generated per ton of steel produced, resulting in the annual 

production of BOF slag of about 10.4 million tons in Europe [76], [77], [78], [79]. The BOF 

slag is composed of CaO (30-50 wt%), SiO2 (10-20 wt%), Fe2O3 (20-40 wt%), Al2O3 (1-7 

wt%), MgO (4-10 wt%), MnO (0-4 wt%), P2O5 (1-3 wt%) and TiO2 (0-2 wt%) [80], with a 

mineral assemblage of C2S, C3S, C2(A,F), RO phase (CaO-FeO-MgO-MnO solid solution, 

crystallized in wuestite structure), and free lime (CaO) [76], [81], [82]. Despite the presence 

of C2S/C3S and C2(A,F) phases, the hydraulic activity of the slag tends to be rather low, 
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 which hinders its application as a binder constituent [83]. The utilization of BOF slag in 

concrete is further limited due to the volume instability problems caused by the presence of 

free CaO [84] and the contamination with heavy metals [85] (especially vanadium and 

chromium [76], [86]). 

Since C3S is only a minor component of BOF slag (typically 0-5 wt%) [76], up to now, 

researchers have been mainly focusing on the activation and hydration of C2S - the most 

abundant phase in the BOF slag (40-55 wt%) [87]. The C2S phase (belite) appears in BOF 

slag as α’ and β polymorphs. Without any treatment (physical or chemical), the early age 

hydraulic activity of belite is very low. The activation of BOF slag with conventional alkaline 

activators (like NaOH) as well as other admixtures, including CaCl2, NaCl, Na2SiO3, high 

alumina cement, and commercial accelerator, has been shown to only slightly affect the 

hydration of BOF slag [87], [88]. One possible reason is the stabilization of belite in the 

presence of impurities (Fe3+, P5+) [84], [89]. The impurities tend to decrease the reactivity of 

C2S, and this effect is particularly visible with the high concentration of the contaminants 

[90].  

Contrary to belite,  limited attention has been paid to the second most abundant hydraulic 

phase in BOF slag - brownmillerite, also called srebrodolskite (~20 wt%). Whereas the 

hydration of belite in Portland cements contributes mainly to the late strength development 

(beyond 28 days), the dissolution and hydration of brownmillerite occur simultaneously with 

tricalcium aluminate, leading to the rapid formation of the products such as Fe-containing 

AFm phases and hydrogarnets [91], [92]. The extent of brownmillerite reaction is, however, 

significantly lower than that observed for C3A [93]. In cement, the composition of the 

brownmillerite can be close to C6A2F but, in general, tends towards C6AF2 or even C2F [94]. 

With an increased iron content, the reactivity of brownmillerite decreases [95]. In 

consequence, the hydraulic activity of brownmillerite in Fe-abundant and Al-deficient BOF 

slags is expected to be low. Schwarz [96] postulated that the dissolution of brownmillerite 

can be enhanced with the addition of citrate salts - where citrate is assumed to act via surface 

complexation and ligand-promoted dissolution. The formation of stable citrate complexes 

with iron has also been reported previously [97]. However, in the study of Möschner et al. 

[98], while using citric acid (up to 0.5 wt%), no experimental evidence for this phenomenon 

was observed. Instead, the sorption of the citrate species on the clinker surface was 

suggested. Nevertheless, the effect of potassium citrate - a basic salt, compared to citric acid, 
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can differ substantially since the behavior of citrate species as well as the dissolution rate of 

cementitious phases strongly depend on the pH [99], [100]. 

This chapter presents a novel, Portland cement-free, high-performance binder made from 

BOF slag and tri-potassium citrate monohydrate that plays a dual role of superplasticizer 

and activator of iron-containing phases. The influence of the tri-potassium citrate dosage on 

the phase development, microstructural and mechanical properties of BOF slag pastes is 

investigated using a multi-technique approach, based on quantitative XRD analysis, in-situ 

XRD, SEM/EDX large area phase mapping combined with PhAse Recognition and 

Characterization (PARC) software, thermogravimetric analysis, calorimetric measurements, 

porosimetry (MIP) and mechanical performance testing. In addition, leaching tests are 

performed on the final products in order to evaluate the environmental impact and, 

consequently, the potential for the utilization of BOF slag in the concrete industry. 

3.2 Materials and methods 

3.2.1 Materials and mix design 

A representative mixture of BOF slag, collected from standard production, provided by Tata 

Steel (The Netherlands), was used in this study. Before the application, slag was ground 

using a planetary ball mill (Pulverisette 5, Fritsch) and sieved below 106 µm. Fig. 3.1 shows 

the particle size distribution of BOF slag after mechanical treatment as measured by laser 

diffraction spectroscopy (Mastersizer 2000, Malvern).  
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Figure 3.1: The particle size distribution of BOF slag. 

The chemical and mineralogical compositions of BOF slag were determined with XRF 

analysis and the XRD Rietveld method and are presented in Table 3.1. The additive, tri-
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potassium citrate monohydrate (K3C6H5O7·H2O), was a commercially available technical 

grade product (GPR RECTAPUR®, purity > 99%). 

Table 3.1: Mineralogical and chemical composition of BOF slag. 
Mineral compound Content  

[wt%] 
Oxide Content  

[wt%] 
Brownmillerite 17.4 MgO 8.04 

Magnetite 10.9 SiO2 13.8 

C2S 31.6 Al2O3 2.44 

Wuestite 21.1 CaO 39.5 

Lime 0.5 P2O5 1.67 

Calcite 0.6 TiO2 1.45 

Portlandite 1.2 V2O5 1.05 

C3S 0.2 Cr2O3 0.3 

Amorphous 16.5 MnO 4.4 

 

 

Fe2O3 29.0 

SrO 0.02 

Na2O < 0.2 

K2O < 0.01 

GOI 1000 1.41 

 

BOF slag pastes containing tri-potassium citrate monohydrate were prepared with the 

water/binder ratio (w/b) of 0.16 to avoid bleeding and segregation (an exception was made 

for the reference sample with the w/b ratio of 0.24). In the reference sample, the w/b was 

chosen based on preliminary experiments in order to minimize the differences in the initial 

water content between the reference and activated samples, and at the same time, to enable 

sufficient workability for mixing and casting of the paste. Prior to the mixing, three different 

concentrations of potassium citrate, equivalent to 1, 2, and 3 wt% of slag, were added to the 

water to ensure a homogenous dispersion. The pastes were mixed for three minutes with a 

high-speed mixer. Subsequently, they were stored at 20 °C in plastic vials sealed with 

parafilm in a desiccator filled with water and sodium hydroxide pellets in order to minimize 

carbonation. The samples are named based on the amount of K3-citrate added: C0, C1, C2, 

C3 for 0, 1, 2, 3 wt% (by mass of slag) of K3-citrate dosage, respectively. 
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3.2.2 Methodology 

The isothermal calorimetry and FTIR measurements were conducted according to the 

procedure described in Section 2.2.2. 

Scanning electron microscopy (SEM) + Energy dispersive X-ray spectroscopy (EDX) 

Scanning electron microscopy (SEM) measurements combined with energy-dispersive X-

ray spectroscopy (EDX) analyses were performed on the pastes after 28 days of hydration. 

Before the measurements, pastes were cut with a saw to 2-3 mm slices, gently broken into 

smaller pieces, then immersed in isopropanol for 3 days and vacuum dried. The small pieces 

were subsequently embedded in epoxy resin, polished and coated with carbon for SEM 

analyses. The spectral imaging (SI) data were acquired with a JEOL JSM-7001F SEM 

equipped with two 30 mm2 SDD detectors (Thermo Fisher Scientific) and a NORAN-

System7 with NSS.3.3 software. A beam current in the focused probe of 6.2 nA and an 

accelerating voltage of 15 kV were used. The step size was 1 μm, with an individual SI field 

comprising of 512 × 384 pixels. For each sample, 16 fields were analyzed. 

In order to observe the morphology of the hydration products, an FEI quanta 600 

environmental scanning electron microscope was used to perform the SEM analyses on the 

28 days hydrated pastes. Before analyses, the samples were sputtered with gold by using an 

Emitech K550X sputter coater (current 65 mA, coating time 20 s). Micrographs were 

recorded with the secondary electron detector at 5 kV at 65 000x magnification. 

PhAse Recognition and Characterization (PARC) 

The PhAse Recognition and Characterization (PARC) software was used to determine the 

chemical composition of the original slag phases and the hydration products as well as to 

quantify the phase composition of unhydrated, unmilled BOF slag. Detailed information 

about the PARC technique is provided elsewhere [101]. The data acquired with EDX 

mapping were processed with the PARC software by grouping each data point by its 

chemical composition into phases. Therefore, in contrast to the XRD Rietveld method, 

PARC software enables the quantification of different phases, including amorphous ones 

(note the resolution of 1 µm). In order to acquire a representative chemical composition of 

the BOF slag phases and hydration products, an erosion filter was applied to exclude the 

data from the boundaries of phases. After erosion, only pixels surrounded by eight 

neighbouring pixels allocated to the same phase were used for analysis. The quantitative 
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phase analysis of BOF slag was performed on unmilled material (with the particle size 

between 1-2 mm) in order to minimize the error caused by the analysis of very fine particles. 

The densities of the converter slag phases used for the calculations of phase mass were 

derived from the Rietveld refinement. 

X-ray diffraction (XRD) 

For the quantitative XRD analysis, slag pastes were crushed in an agate mortar, and 

hydration was stopped with the double solvent exchange method (15 min in isopropanol, 

flushing with diethyl ether, 8 min drying at 40 °C in a half vacuum condition). The powders 

were milled with an XRD-Mill McCrone (RETSCH) and backloaded into sample holders. 

Corundum was used as an external standard [102]. The diffraction patterns were collected 

with a D4 ENDEAVOR X-ray Diffractometer equipped with a LynxEye detector and Co 

X-ray tube. Samples were measured on a rotating stage (with a rotation speed of 30 rpm) 

using a step size of 0.014º 2θ and a time per step of 1 s for a 2θ range of 12-80º 2θ. The data 

analyses were performed with TOPAS Academic software v5.0. The ICSD codes for the 

crystal structures used during the Rietveld refinement are provided in Table 3.2.  

Table 3.2: Structural data of the phases used for the Rietveld refinement. 
Phase ICSD 

Brownmillerite 9197* 

α’-C2S 81097 

Wuestite 67200* 

C3S 64759 

β-C2S 245074 

Magnetite 20596 

Lime 28905 

Portlandite 202220 

Hydroandradite 29247* 

Katoite 9272 

Pyroaurite 6295 

*The structures were modified based on the PARC analyses. 

In order to account for the high magnesium and manganese content in wuestite, as well as 

the low aluminum content and the presence of titanium in brownmillerite, the structural 

data sets for these phases were corrected based on the ion substitution levels derived from 

the PARC analyses. To calculate the absolute amounts of the phases, the G-factor method 
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was applied [102], [103]. The lattice and microstrain parameters were refined in the 

anhydrous slag and then used for the refinement of the pastes.  

In-situ XRD test was performed with an X’Pert Pro PANalytical diffractometer equipped 

with a position-sensitive X’Celerator detector and Co X-ray tube, using an β-filter (iron foil). 

After 2 minutes of mixing with a high-speed mixer, the sample was inserted into the sample 

holder and covered with Kapton foil to minimize water evaporation and carbonation. The 

temperature of the sample was measured with a custom-made sample holder mounted on 

an Anton-Paar HTK2000 heating stage. Each diffractogram was recorded for 15 min in the 

range between 10-80º 2θ with a step size of 0.02 2θ for up to 50 hours of hydration. 

Thermogravimetry 

The thermal behavior of the powdered samples (40-60 mg) was analyzed using a Jupiter 

STA 449 F1 Netzsch instrument. The samples were heated up to 1000 ºC at the rate of 

5 °C/min under a nitrogen atmosphere. The amount of portlandite was quantified with a 

tangential method. The bound water content was determined based on the mass loss 

between 40 ºC and 500 ºC.  

One batch leaching test 

The leaching test was performed on unreacted BOF slag and 28-days cured slag pastes 

according to EN 12457-2 (one stage batch leaching test). Hydrated samples were crushed 

and sieved below 4 mm. The unreacted slag (2-4 mm) was used as is. The experiments were 

performed 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 24h. Ultra-pure water (0.055 

uS/cm) was used as leachate. After 24 hours of shaking, leachates were filtered through a 

syringe filter (pore diameter 0.22 µm, Whatman) and acidified with concentrated HNO3. 

The solutions were analyzed with an inductively coupled plasma atomic emission 

spectrometer (ICP-OES, SPECTROBLUE), according to NEN 6966. The obtained 

element concentrations were compared with the limit values specified in the Dutch Soil 

Quality Decree [105]. 

Compressive strength 

The compressive strength of the pastes was determined on cubic samples (40 × 40 × 40 

mm3). Pastes were covered with foil and cured in the climate chamber (20 ºC, RH > 95%) 
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until the testing age. The 7 and 28 days compressive strengths were determined according 

to EN 196-1, in three replicates for each composition. 

Mercury Intrusion Porosimetry (MIP) 

For Mercury Intrusion Porosimetry (MIP) measurements, after 28 days of hydration, the 

samples were cut into 3 mm cubic pieces, immersed in isopropanol for 7 days and 

subsequently dried in a desiccator for another 7 days. The AutoPore IV 9500 Micromeritics 

Series Mercury Porosimeter, with the maximum pressure of 228 MPa, was used for the 

measurements. The surface tension of mercury (γHg) of 485 mN/m and a contact angle (θ) 

of 130° were adopted for the interpretation of the results [104]. 

3.3 Results and discussion 

3.3.1 Characterization of unhydrated BOF slag 

The surface exposure of potentially reactive phases of the milled, unreacted slag was 

evaluated with the PhAse Recognition and Characterization (PARC) analysis. The results 

are presented in Fig. 3.2. The phase map generated with the PARC software from SI spectra 

shows that even though the slag was milled and sieved (below 106 µm), a part of belite and 

brownmillerite phases is trapped within bigger particles limiting their accessibility for the 

reaction. 

   
Figure 3.2: SEM image of BOF slag after milling (on the left) and corresponding color phase map (on the 
right) generated with PARC software based on the EDX data. Mix phases are the result of overlapping 
chemical information from two neighboring phases (where, C, A, M, S, F correspond to CaO, Al2O3, MgO, 
SiO2 and Fe2O3/FeO, respectively). 

In order to reveal the chemical composition of the amorphous slag phase, a comparison 

between the quantitative results of Rietveld and PARC analysis was made. In contrast to 

XRD Rietveld, the PARC method enables analysis of the amorphous phase and its 

128 µm 128 µm 
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association with the crystalline counterpart (as the phase determination is based only on the 

chemical composition). A comparison of the amounts of the phases determined with PARC 

and XRD Rietveld (as shown in Table 3.3) indicated that part of the C2S phase is X-ray 

amorphous. 

Table 3.3: The comparison between the mineralogical composition of BOF slag acquired with Rietveld 
refinement and PARC analysis.  

Mineral compound PARC St dev Rietveld St dev 

Wuestite/magnetite* 30.6 4.4 32.0 1.1 

C2S 45.7 5.2 31.8 1.9 

Srebrodolskite 14.8 2.4 17.4 0.9 

Lime/portlandite/calcite* 1.1 0.6 2.3 0.2 

Mix phases 5.8 0.8 
  

Amorphous 
  

16.5 4.5 

*Since with the PARC method, it is not possible to differentiate between lime, portlandite, and calcite as well as between 

wuestite and magnetite, these phases are grouped together. 

By grouping the EDX data points with similar chemical composition into the phases, sum 

spectra can be created that give the average chemical composition of each phase (Table 3.4). 

In this way, the presence of minor elements in the phases can also be identified, which is 

particularly useful for revealing which phases contain heavy metals. The data provided in 

Table 3.4 indicate that chromium is mainly located in belite, and vanadium in belite and 

brownmillerite. It must be noted, however, that the contents of heavy metals derived from 

the PARC method are overestimated in comparison to XRF analysis and the presence of 

chromium in belite should be considered with caution (see also Chapter 6). 

Table 3.4: Chemical composition of the main BOF slag phases. 
Oxide 

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 
Phase 

Wuestite/magnetite 0.00 23.66 0.20 0.75 0.02 0.00 0.04 2.54 0.03 0.12 0.47 11.71 60.43 

Brownmillerite 0.04 0.65 11.22 1.81 0.07 0.01 0.08 42.31 5.14 1.51 0.38 1.26 35.01 

C2S 0.15 0.28 0.54 28.19 3.38 0.15 0.11 61.41 1.19 1.11 1.22* 0.09 2.17 

* The Cr2O3 analysis should be treated with caution since the Cr emission spectrum overlaps with the sum peak of Ca+Si 
Kα. 

3.3.2 Isothermal calorimetry 

The isothermal conduction calorimetry results from the reference paste (w/b of 0.24) and 

pastes containing tri-potassium citrate (w/b of 0.16) are shown in Fig. 3.3. In the absence 

of potassium citrate, no distinctive peak is observed, which could be assigned to the reaction 
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of slag phases. The heat is evolved mainly within the first 1-2 hours and most likely 

corresponds to the dissolution and to a small extent, the reaction of the dissolving phases 

(as the heat evolved in this period is higher than that observed in the presence of activator, 

where the main reaction occurs later). The addition of citrate leads to a distinct heat flow 

peak, which appears at ~13 h with 1 wt% potassium citrate added. Further increase of 

potassium citrate dosage results in the shortening of the induction period and the peak of 

the heat release rate occurs at approximately 8.5 h and 7.5 h, in the case of 2 wt% and 3 wt% 

of potassium citrate, respectively. With the increasing amount of potassium citrate, the total 

heat released after 200 hours of hydration increases significantly from 56 J/gbinder in the case 

of the reference sample to 120 J/gbinder when 3 wt% of potassium citrate is added. 
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Figure 3.3: Heat flow and cumulative heat evolution of slag pastes with dosages of tri-potassium citrate 
varying from 0 to 3 wt%. 

Even though tri-potassium citrate is usually used as a retarder of the cement/supplementary 

cementitious materials hydration, its role can differ depending on the applied dosage and 

w/b ratio. Pacanovsky et al. [106] described that in the systems based on Portland cement 

and silica fume, tri-potassium citrate salts demonstrate a reverse role beyond a certain dosage, 

switching from retarders to accelerators. Moreover, the required dosage of potassium citrate 

to become an accelerator decreases with a decreasing w/b ratio. In the slag system, an 

analogous tendency is observed. In contrast to the reference, the hydration of potassium 

citrate-activated samples is preceded by an induction period. At the same time, with 

increasing the tri-potassium citrate dosage between 1 and 3 wt%, hydration of BOF slag is 

accelerated, which is likely to occur with relatively high amounts of tri-potassium citrate used 

in this study and low w/b ratio. 
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3.3.3 Identification of reactive phases 

In order to evaluate which reactive phases contribute to the heat release observed with the 

isothermal calorimetry, the early age hydration was monitored with in-situ XRD. Fig. 3.4 

shows the XRD patterns recorded within the first 50 hours of hydration of the paste with 3 

wt% of tri-potassium citrate. An apparent decrease in the peak intensity at 39° 2θ can be 

observed, showing that brownmillerite is the most reactive phase at the early hydration age.  

The hydration of brownmillerite and other BOF slag phases was further investigated with 

ex-situ experiments and subsequent quantification using the XRD Rietveld method. The 

reference sample and the tri-potassium citrate activated samples were analyzed after 7 and 

28 days of hydration and compared with the unreacted BOF slag (Table 3.5). From the XRD 

Rietveld analyses, it appears that hydration of brownmillerite occurs mainly up to 7 days, 

and its extent is highly influenced by the activator dosage. In the sample with the highest 

activator dosage (3 wt%), almost 70 wt% of brownmillerite undergoes reaction. Rapid 

hydration of brownmillerite observed with in-situ and ex-situ XRD methods corresponds 

well with the heat evolvement detected with the isothermal calorimetry. 

 
Figure 3.4: In-situ XRD patterns of the hydrating slag with 3 wt% of activator dosage, within 50 hours of 
hydration. The peak in the range between 15-30° 2θ is due to the Kapton foil and free water. 

The extent of belite hydration is also affected by the presence of the activator. After 7 days 

of hydration, a decrease of belite content with the increasing amount of activator is observed. 

This effect is likely due to the higher alkalinity of the pore solution in the presence of tri-

potassium citrate. The accelerated reaction of C2S at the early hydration ages was previously 

reported with conventional alkaline activation [88]. After 28 days of hydration, however, the 

belite content is similar in all samples, with a tendency towards a higher degree of reaction 

in the series with 1 wt% of potassium citrate. 

Brownmillerite 
hydration 
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Table 3.5: The phase composition of the hydrated BOF slag pastes in comparison to unhydrated slag in wt%, 
determined by XRD-Rietveld analysis. 

Phase BOF 
 7 days  28 days  *St.  

dev.  C0 C1 C2 C3  C0 C1 C2 C3  

Wuestite 21.1  19.5 19.4 17.9 15.3  18.4 15.9 16.5 15.9  1.1 

Magnetite 10.9  11.2 11.3 11.0 11.5  11.3 10.8 10.9 11.1  0.8 

C2S (α’ + β) 31.8  30.2 28.8 28.7 27.3  26.0 22.2 25.3 27.4  1.9 

Brownmillerite 17.4  17.2 11.1 8.1 6.3  14.3 10.8 7.8 6.6  0.9 

Hydrogarnet 0.0  5.3 10.8 13.3 15.1  8.7 14.0 15.0 16.2   

Portlandite 1.2 
 1.2 

 (1.7)a 
0.5 

(0.8) 
0.5 

(0.4) 
0.3  

(0.5) 

 1.5  
(2.0) 

0.7 
(1.3) 

0.5  
(1.1) 

0.4 
(0.9) 

 
0.2 

   

Lime 0.5  0.5 0.4 0.4 0.4  0.3 0.4 0.3 0.3  0.1 

Calcite 0.6  0.2 0.2 0.2 0.1  0.5 0.3 0.3 0.2  0.1 

Amorphous** 16.5  18.7 23.6 29.2 35.0  26.0 33.6 33.7 34.2  4.5 

a the number in () indicates the amount of portlandite determined with thermogravimetric analysis (tangential method) 
* Standard deviations are derived from 3 independent measurements of unhydrated BOF slag 
**Pyroaurite is included in the amorphous phase due to its low content in hydration products and low crystallinity  
 
Next to the brownmillerite and belite, during the investigated period, the dissolution of 

wuestite also takes place. Analogously to the belite phase, wuestite exhibits increased early 

age reactivity in the presence of an activator. Previous studies implied that the reactivity of 

wuestite is related to its chemical composition, especially the magnesium content [107]. In 

general, the higher the magnesium content, the greater the extent of wuestite dissolution is 

reported [108]. Moreover, it was revealed by De Windt et al. [86], by investigating the 

leaching properties, that the degree of wuestitie dissolution depends on particle size 

distribution, degree of surface alteration and water to solid ratio applied (associated with the 

pH variation). With lower water to solid ratios, higher leaching of elements was reported. It 

is, therefore, likely that the observed reactivity of wuestite phase is mainly a result of surface 

alterations caused by the applied milling procedure, low w/b ratios as well as favorable 

chemical composition. It must be noted that the reactivity of wuestite observed with the 

XRD analysis might be slightly overestimated due to the sample preparation procedure, 

where the milling time must be balanced to ensure sufficient grinding of hard phases (e.g. 

wuestite) and to prevent the hydration products from amorphization. In contrast, the 

magnetite content is relatively stable in all pastes at the investigated hydration ages. 
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3.3.4 Hydrates assemblage 

The XRD analyses revealed the presence of three crystalline hydration products: siliceous 

hydrogarnet, pyroaurite, and portlandite (Fig. 3.5). Formation of siliceous hydrogarnets, with 

the general chemical formula Ca3(AlxFe1−x)2(SiO4)y(OH)4(3−y), was previously observed for 

Portland cement systems [91], [109], [110], [111]. Among iron-rich hydration products 

reported in the literature (including hydrogarnets, ferrihydrites, Fe-containing AFm and Fe-

ettringite), hydrogarnets are the most stable iron-containing phases [92]. 

Since in the structure of hydrogarnet, Fe3+ can be substituted by Al3+ in octahedral positions 

and SiO4
4− by 4OH− in tetrahedral positions, the determination of the chemical composition 

of hydrogarnets becomes difficult, especially at the early hydration ages when metastable 

phases such as silica-free hydrogarnets (katoite) can form [92], [112]. 
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Figure 3.5: XRD patterns of BOF slag and hydrated pastes (Legend: B - Brownmillerite, C2S - Belite, M - 

Magnetite, W - Wuestite, P - Portlandite, HG - Hydrogarnet, PA - Pyroaurite). 

19 20 21 22 23 24

HGHG

C3

C2

C0
C1

C3

C2
C1

P

In
te

ns
ity

 (a
.u

.)

2θCoKα(°)

M

Steel slag

C0

7 days

28 days



 
Hydration of potassium citrate-activated BOF slag 
 

42 
 

Dilnesa et al. [92] suggested the occurrence of solid solutions between hydrogarnets with 

low and high silica content as well as between iron and aluminum-containing end members. 

The occurrence of hydrogarnets with varying chemical compositions results in the 

broadening of XRD reflections (see Fig. 3.5). In order to provide the best possible 

quantification of this phase, in the Rietveld analysis, two structures, including low-silica 

hydrogarnet (katoite, ICSD: 9272) and high-silica hydrogarnet (hydroandradite, ICSD: 

29247), were adopted. Additionally, the structure of hydroandradite was adjusted for the 

iron substitution with aluminum, based on the PARC analysis, assuming that hydroandradite 

contains most of the available iron and aluminum. The following formula 

Ca3(Fe0.85,Al0.15)2Si1.15O4.6(OH)7.4 was used for the refinement. Even though at ambient 

conditions siliceous hydrogarnets tend to be poorly crystalline or possess a very small crystal 

size (as reported by [92]), resulting in extremely broad reflections, the Rietveld analysis 

(Table 3.5) clearly revealed that in the converter slag system, hydrogarnet is the main 

crystalline hydration product. The amount of the hydrogarnet formed correlates well with 

the extent of the brownmillerite hydration, increasing with the increased dosage of tri-

potassium citrate. The SEM image presented in Fig. 3.6 provides an indication of the 

morphology of hydrogarnet crystals in the BOF slag paste [113], [114]. 

 

 

Figure 3.6: BOF slag paste hydrated with 3 wt% of tri-potassium citrate for 28 days. Applied zoom indicates 
the location of hydrogarnet crystals. 

The formation of pyroaurite and portlandite is also observed in the XRD patterns. 

Pyroaurite, as a Fe-rich member of the hydrotalcite group (pyroaurite 

Mg6Fe3+
2(OH)16[CO3]·4H2O) gives a broad reflection at around 2θ = 13.5° whereas the 

strongest reflection of portlandite is located at 2θ = 21.1°. The content of portlandite in the 

hydrated samples is reduced with the addition of a tri-potassium citrate activator. 
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The presence of hydrogarnet and other hydration products in BOF slag pastes was further 

confirmed with the TG-DTG analyses, as shown in Fig. 3.7. Mass loss observed in the 

temperature range between 200 °C and 400 °C can be assigned to the water loss from 

siliceous hydrogarnet [92]. In agreement with the XRD Rietveld results, the formation of 

siliceous hydrogarnet occurs mostly within 7 days of hydration, and its extent is greater for 

higher dosages of tri-potassium citrate. In this temperature range, the decomposition of 

pyroaurite also takes place [115]. Rozov et al. [116] reported that pyroaurite decomposes at 

slightly lower temperatures than Al-rich hydrotalcite; however, it follows the same sequence 

of steps, comprising the loss of interlayer water, the decomposition of hydroxyl groups and 

decomposition of carbonate anions. With the DTG method, the presence of amorphous C-

S-H gel could also be identified with the main mass loss due to the water release below 

200 °C. The amount of C-S-H gel formed after 7 days of hydration differs substantially 

between the samples, being higher for the samples with a higher activator dosage, whereas 

after 28 days, it is similar for all samples. This observation agrees with the rate and extent of 

belite hydration, as measured with the XRD Rietveld method. It can be therefore concluded 

that in BOF slag systems, brownmillerite hydrates (in the presence of C2S) to form mainly 

siliceous hydrogarnet, whereas hydration of C2S leads mainly to the formation of C-S-H gel. 
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Figure 3.7: Thermal analysis (TG and DTG) of slag pastes with dosages of tri-potassium citrate varying 
from 0 to 3 wt% after 7 and 28 days of hydration. 

It is not clear whether in the presented systems C-S-H gel can uptake Fe3+. The formation 

of the C-S-H next to hydroandradite was found to be unavoidable even during the synthesis 

of siliceous hydrogarnet [91]. Whereas Labhasetwar [117] suggested the possibility of Fe3+ 

inclusion in the C-S-H gel, from the thermodynamic calculations, it appears that in the 

hydrated Portland cement, iron is mostly present in the siliceous hydrogarnet [92]. As in this 
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study alkalinizing additive was used, the behavior of Fe3+ species similar as in alkali-activated 

systems should also be considered. Daux et al. [118] showed that in alkali-activated systems 

after the dissolution of iron-rich precursor, precipitation of Fe is much faster than 

precipitation of Si and Al. Fe3+ is found to act similarly as Ca2+, removing OH- groups due 

to the precipitation of hydroxides and oxyhydroxides [119]. At the same time, an indication 

of Al3+ substitution with Fe3+ in the aluminosilicate structure was also reported [120]. For 

aluminum deficient systems like LD-slag, however, no data is available. 

Besides C-S-H gel and hydroandradite/pyroaurite, the mass losses due to portlandite 

decomposition at around 430 °C and decomposition of carbonates/citrate compounds 

between 600-800 °C are observed. The amount of portlandite decreases when higher 

activator dosages are applied, which correlates well with the XRD results. The mass loss in 

the temperature range between 600-800 °C is intensified with the increasing content of tri-

potassium citrate. In this range, decomposition of carbonates usually takes place. It should 

be emphasized, however, that special care was taken during the sample curing and hydration 

stoppage to avoid carbonation. The samples were prepared and measured twice, leading to 

the same results. It is therefore proposed that citrate compounds were formed and 

contributed to the mass change in this temperature range. As no crystalline citrate 

precipitates could be identified with the XRD method, it is difficult to conclude in which 

form citrates are present in the system.  
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Figure 3.8: FTIR spectra of converter slag pastes after 28 days of hydration. 
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From the FTIR measurements (Fig. 3.8) performed on the 28 days hydrated converter slag 

pastes, it is clear, however, that citrate groups remain in the samples after the hydration 

stoppage. Therefore, their presence in the pore solution is minimal or can be excluded since, 

with the solvent exchange method, citrate ions would be removed with the pore solution. 

The infrared peaks located at 1569 and 1390 cm-1 are associated with the υC=O and υasCOO 

bands, respectively [99]. 

   
Figure 3.9: Representative BSE image of hydrated slag paste with tri-potassium citrate dosage of 1 wt%. 

In order to determine the chemical composition of the hydration products, the PARC 

software was used. Fig. 3.9 shows an example of phase identification in the sample activated 

with 1 wt% of tri-potassium citrate after 28 days of curing. 

In the PARC analysis, the individual phases of the hydration products could not be 

established due to the small crystal size of hydroandradite that is very well intermixed with 

C-S-H gel. Nevertheless, the averaged ratios of certain elements within the hydration 

products can be used to describe the differences between the chemical compositions of the 

products in the samples hydrated with varying dosages of tri-potassium citrate. Figure 3.10 

shows the molar ratios of Al/Si and V/Si vs. Ca/Si ratio. The results correspond well with 

the findings described with the Rietveld analysis. With the increasing tri-potassium citrate 

dosage, Al/Si ratio and Ca/Si ratio (Fig. 3.10a) proportionally increase, confirming the 

enhanced reactivity of the brownmillerite in the presence of activator (as brownmillerite is 

the only source of aluminum). Since brownmillerite is highly contaminated with vanadium 

(see Table 3.4), vanadium content in the hydration products was also investigated. As shown 

in Fig. 3.10b for vanadium, a similar trend was observed as for aluminum, showing that 

vanadium was not removed from the sample during the hydration stoppage procedure, 

which indicates that it is most likely immobilized within the hydration products. 
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Figure 3.10: Molar ratios a) Al/Si vs. Ca/Si and b) V/Si vs. Ca/Si of the hydration products in the samples 
with varying dosages of tri-potassium citrate (0 to 3 wt%), hydrated for 28 days (each dot represents averaged 
EDX data from the SI field of 512 × 384 pixels). 
 

3.3.5 Microstructure and mechanical properties 

Given that the addition of tri-potassium citrate considerably reduces the water demand of 

the slag pastes, low porosity and high mechanical performance were expected for the 

activated samples. The MIP results of the slag pastes after 28 days of hydration are shown 

in Fig. 3.11. The higher water requirement of the reference sample in order to obtain a 

similar consistency of all investigated pastes resulted in a clearly higher porosity, as presented 

in Fig. 11, and, in consequence, low mechanical performance ~19 MPa at 28 days (Fig. 3.12). 

For the potassium citrate activated samples, the capillary porosity is strongly reduced, and 

the cumulative porosity decreases with the increased amount of activator, which is in 

agreement with the higher amounts of hydration products observed with the 

thermogravimetric method and XRD Rietveld analysis. 
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Figure 3.11: The cumulative pore volume of converter slag pastes after 28 days of hydration. 
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The changes in the porosity, however, do not reflect the changes in mechanical performance. 

Whereas at 7 days of hydration, the mechanical performance is improved with the increased 

activator dosage, at 28 days, the optimum dosage of potassium citrate is equal to 1 wt%, 

resulting in compressive strength of 75 MPa. Further increase of activator amount results in 

the decrease of compressive strength to 63 MPa and 60 MPa for activator dosage of 2 wt% 

and 3 wt%, respectively. 
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Figure 3.12: Compressive strength of the converter slag pastes with dosages of tri-potassium citrate varying 

from 0 to 3 wt% after 7 and 28 days of hydration.  

 
Figure 3.13: Potassium distribution (derived from EDX mapping analysis) in the hydrated slag paste (C3) and 
the corresponding grey-scale image of the investigated area. 

From Fig. 3.13, showing the potassium distribution in the hydrated paste, it is clear that 

cracks have been formed in the areas highly enriched in potassium. It is therefore postulated 

that the decrease of the compressive strength observed for the pastes with the increasing 
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activator dosage is a result of the incompatibility of the C-S-H gel and the potassium-

enriched gel. The presence of cracks in alkali-activated materials can be caused by the 

reorganization of the alkali products to form a denser gel, autogenous shrinkage, or the 

differences in the kinetics of the formation of the gels [38], [121]. Furthermore, the slightly 

greater extent of belite hydration in the sample with 1 wt% of potassium citrate, as revealed 

with the Rietveld XRD method, is an additional factor contributing to the improved strength 

of this sample. 

3.3.6 Environmental impact 

The BOF slag used in this study contains chromium (Cr) and vanadium (V) (see Table 3.1). 

As shown in Table 3.4, Cr and V are mostly incorporated in the reactive slag phases (belite 

and brownmillerite), implying a potential risk of leaching of those elements during the 

service life of BOF slag-based materials. 

Table 3.6: Leaching of inorganic contaminants measured by one stage batch leaching test and the SQD limit 
values. 

Element 

Unshaped  
material  
(SQD) 

BOF slag C0 C1 C2 C3 

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

Antimony (Sb) 0.32 bdl 0.16 0.15 0.17 0.15 

Arsenic (As) 0.90 0.02 0.10 0.12 0.10 0.10 

Cadmium (Cd) 0.04 bdl bdl bdl bdl bdl 

Chromium (Cr) 0.63 0.28 0.03 0.05 0.01 0.03 

Cobalt (Co) 0.54 bdl bdl bdl bdl bdl 

Coper (Cu) 0.90 bdl bdl bdl bdl bdl 

Lead (Pb) 2.30 bdl bdl bdl bdl bdl 

Molybdenum (Mo) 1.00 0.02 bdl bdl bdl bdl 

Nickel (Ni) 0.44 bdl bdl bdl bdl bdl 

Tin (Sn) 0.40 bdl bdl bdl bdl bdl 

Vanadium (V) 1.80 3.78 0.10 0.13 0.09 0.18 

Zinc (Zn) 4.50 bdl 0.12 0.11 0.13 0.13 
*bdl- below detection limit. 

The Dutch Soil Quality Decree (SQD) [105] specifies the limit values for leaching of 

environmentally sensitive elements from the materials in civil applications. In this study, the 

one batch leaching test was performed in order to evaluate the environmental impact of the 
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raw material as well as the paste samples after 28 days of hydration. The results are shown 

in Table 3.6. For non-treated BOF slag, high leaching of vanadium is observed, exceeding 

twice the limit value specified in the SQD legislation, which is commonly reported for BOF 

slag [76]. Similarly, the leaching of chromium, second most abundant heavy metal in slag, is 

detected, however, falls below the limit level. The leaching of heavy metals from all the 28-

days BOF slag pastes is very limited. 

The minor leaching values of Cr and V from the converter slag pastes together with the high 

contents of vanadium in the reaction products, as shown in Fig. 3.10b, clearly show that 

heavy metals are very well retained within the hydrated slag matrix. From the literature, it 

appears that the C-S-H gel can immobilize Cr, whereas immobilization of V in the C-S-H 

phase remains questionable [122], [123], [124]. Hydroandradite A3B2(SiO4)3-x(OH)4x (as a 

member of the hydrogarnet family) also possesses a high capacity to immobilize heavy 

metals. The Cr3+ and V3+ can occupy the B site in hydroandradite, substituting trivalent 

cations (Fe3+ and Al3+). At higher oxidations states, chromium and vanadium can potentially 

substitute the hydroxyls (H4O4
4-) in the form of oxyanions (CrO4

2-, VO4
3-). The 

immobilization of heavy metals in hydrogarnets has also been observed in previous studies 

[113], [125], [126]. Nonetheless, when samples are exposed to CO2, the drop of pH can lead 

to an increased release of vanadium [76]. Therefore, further investigation is required in order 

to evaluate the influence of the materials aging and the neutralization effects on the retention 

of contaminants in the BOF slag hydration products. 

3.4 BOF slag hydration: theoretical water demand and chemical 

shrinkage 

BOF slag contains C2S and C2F (see Table 3.7), which render its cementitious properties. In 

contrast to Ordinary Portland Cement, in BOF slag, C2S is the most abundant phase, and 

only negligible quantities of C3S are usually observed. This appears as one of the main 

reasons for the late reactivity of slag. Furthermore, slag contains around 30 wt% of relatively 

inert phases, including magnetite and wuestite. The presence of these phases not only affects 

the total reactivity of slag but also increases its mass (with the density of about 3.85 g/cm3 

for slag vs. 3.15 g/cm3 for cement). The phase composition and slag fineness determine the 

water demand. The theoretical water demand needed for the full hydration of slag (assuming 
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that C2S and C2F are the only reactive phases) is calculated according to the following 

reactions [127]:  

C2F + 0.84C2S + 5H → C3FS0.84H4.32 + 0.68CH             (3.1) 

C2S + 3.5H → C1.7SH3.2 + 0.3CH            (3.2) 

whereby the composition of hydrogarnet was modified according to [92]. Assuming that the 

amorphous phase in slag accounts mostly for the XRD-amorphous C2S (as was earlier 

revealed in this thesis with a comparison between XRD Rietveld analysis and PARC analysis, 

see Section 3.3.1), the calculated water demand, expressed as water/slag mass ratio, is 0.20. 

Table 3.7: Mineralogical composition of BOF slag and phase properties. 

Phase Mass 
content in 
BOF slag 

[wt%] 

Density (TOPAS) 
[g/cm3] 

Molar mass 
of pure phases 

[g/mole] 

Molar volume 
[cm3/mole] 

Wuestite 21.1 4.600 71.85 15.62 

Magnetite 10.9 5.122 55.85 10.90 

C2S (α’ + β) 31.8 3.296 172.24 52.26 

C2F 17.4 3.810 271.85 71.35 

Portlandite 1.2 2.261 74.09 32.77 

Lime 0.5 3.431 56.08 16.34 

Calcite 0.6 2.763 100.09 36.23 

Amorphous 16.5    

Hydrogarnet  3.100 456.22 147.17 

C-S-H  2.25* 213.09 94.58 
*The value is taken from [127]. 

Assuming that C2S and C2F are the only reactive phases in BOF slag, the total chemical 

shrinkage can be calculated based on proposed reactions and data presented in Table 3.7. 

After complete hydration of BOF slag, the total chemical shrinkage is 4.77 ml/100 gslag, 

which translates to 10% volume reduction. This value is substantially lower than that 

reported for OPC (6-9 ml/100 gcement) [128], [129] or GGBFS slag (11-15 ml/100 gslag) [129].  

It has to be noted, however, that BOF slag contains inert phases. When the chemical 

shrinkage is normalized to the content of reactive phases (C2S and C2F) in BOF slag, the 

shrinkage value is increased to 7.26 ml/100greactive phases, similar to that observed for OPC. In 

Fig. 3.14, the measured phase composition of BOF slag hydrated for 28 days (Section 3.3.3, 
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Table 3.5, sample C0) is presented. Due to the fact that amorphous content from original 

slag and amorphous content due to precipitation of C-S-H gel could not be distinguished in 

our study, the amount of C-S-H gel was determined based on the bound water content (from 

thermogravimetric analysis) in 28 days-hydrated sample. Firstly, the amount of water bound 

in hydrogarnet and portlandite was calculated, and then, all the remaining water was assumed 

to be incorporated in C-S-H gel. The calculated amount of C-S-H gel was subsequently 

subtracted from the total amorphous content in 28 days-hydrated paste to estimate the 

content of unreacted XRD-amorphous C2S.  

To verify the proposed reactions, in Fig 3.15, the calculated phase composition of hydrated 

BOF slag is presented. The hydration degree of α = 0.3 is used (based on the reaction degree 

of the C2S phase after 28 days, as shown in Fig. 3.14). 
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Figure 3.14: Composition of BOF slag paste before and after 28 days of hydration (measured). 
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Figure 3.15: Composition of BOF slag paste before hydration and at the hydration degree of α = 0.3 (modeled). 
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The comparison of Figures 3.14 and 3.15 reveals some discrepancies between the volume 

ratios of the hydration products calculated according to the proposed reactions and their 

actual quantities in slag pastes after 28 days of hydration. One of the main reasons is the 

difference in hydration kinetics of C2S and C2F phases. Moreover, the following factors must 

be considered when modeling the hydration of BOF slag: 

• Hydrogarnets form a range of solid solutions. Their composition may vary with 

hydration progress. Hydrogarnets possess poorly crystalline structures at ambient 

conditions, and therefore the quantitative interpretation with XRD method may be 

erroneous. 

• Amorphous iron (III) hydroxides are likely to form at the early stages of BOF slag 

hydration. 

• Partial dissolution of wuestite occurs during the hydration of BOF slag. 

• Hydrotalcite is one of the hydration products when BOF slag is partially carbonated. 

• Quantitative analysis of the amorphous phase is required (likely it is not pure C2S). 

• The impurities in the slag phases affect their reactivity. 

• The amount of the bound water after hydration stoppage with isopropanol tends to 

be overestimated, where only about 75% of water is exchanged [130]. 

3.5 Conclusions 

This chapter presents a novel concept to upgrade BOF slag to a high-performance 

cementitious binder in the concrete industry. With the aim to activate iron-containing phases, 

a tri-potassium citrate monohydrate additive was applied to produce slag pastes, and the 

optimum dosage was evaluated. One additive-free sample was also prepared for comparison. 

The experimental investigation leads to the following conclusions: 

• K3-citrate promotes the dissolution and hydration of brownmillerite phase. The 

majority of brownmillerite is hydrated within 24 hours, and the reaction rate is 

controlled by the activator dosage. The degree of brownmillerite hydration after 

28 days increases with the increasing activator dosage. 

• In the presence of an activator, hydration of belite and wuestite is accelerated at 

the early ages. The extent of belite hydration after 28 days shows the maximum 

in this study with the addition of 1 wt% of potassium citrate. 



 
Hydration of potassium citrate-activated BOF slag 
 

53 
 

• The main reaction products of BOF slag hydration are hydroandradite, 

pyroaurite, and C-S-H gel. Most likely, their high capacity to immobilize heavy 

metals prevents the leaching of chromium and vanadium from 28 days hydrated 

pastes. 

• The addition of K3-citrate significantly reduces the water demand of slag pastes. 

The superplasticizing function of the tri-potassium citrate additive is crucial, 

enabling the production of converter slag pastes with low porosity (between 10-

16%, depending on the activator dosage) and high compressive strength up to 

75 MPa after 28 days of hydration. 
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Reproduced from: 

Kaja, A. M., Melzer, S., Brouwers, H. J. H., & Yu, Q. L. On the optimization of BOF slag hydration kinetics. 
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4 The optimization of BOF slag hydration kinetics 

 

 

The optimization of BOF slag hydration kinetics 

 
In this chapter, the early age hydration kinetics of BOF slag is investigated. Isothermal calorimetry and in-

situ X-ray diffraction (XRD) are used to examine the effects of K3-citrate concentration and nanosilica 

addition on slag reactivity. The results reveal that brownmillerite is the most reactive slag phase during the 

first 24 hours of hydration. The kinetics of brownmillerite hydration is controlled by K3-citrate dosage, and 

the reaction is strongly accelerated with highly concentrated solutions (0.6 M). A similar phenomenon is 

reported for amorphous C2S at the early hydration stages, but the adverse effect is observed in the long term. 

Among hydration products, crystalline siliceous hydrogarnet is identified. Precipitation of hydrogarnet (as 

observed with the XRD analysis) coincides with the occurrence of a shoulder in the heat flow curves after the 

heat flow maximum due to brownmillerite dissolution. It is shown that nanosilica slightly delays the hydration 

of brownmillerite while enhancing the precipitation of C-S-H gel. In consequence, the early age mechanical 

properties of BOF slag mortars with nanosilica addition are improved. 

 

4.1 Introduction 

In cement systems, the reaction of brownmillerite takes place simultaneously with the 

reaction of C3A at the very early hydration stages, while the reaction of C2S contributes to 

the late strength development. Due to the late hydraulic activity of C2S, early age mechanical 

properties of BOF slag-based materials might be insufficient for practical applications. In 

the previous chapter, it was shown that the chemical activation of BOF slag with potassium 

citrate enables the increase of the overall hydration degree of the hydraulic phases in BOF 

slag, which, together with the superplasticizing effect of potassium citrate, lead to the 

superior mechanical properties of BOF slag pastes, up to 75 MPa, after 28 days of hydration. 

CHAPTER 4 
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However, the impact of the early age phase development on mechanical properties has not 

yet been investigated.  

A commonly applied strategy to increase the early-age strength development of hydrating 

cement and its composites with slag or pozzolanic materials is the addition of nanomaterials, 

particularly nanosilica [131], [132]. Due to the amorphous nature and high specific surface 

area, nano-silica (nS) features a very high pozzolanic activity [133], [134], [135]. The 

accelerating function of nS is attributed to the provision of additional nucleation sites and, 

as revealed more recently [136], to the rapid depletion of calcium ions from the pore solution. 

Nano-silica contributes not only to early strength development but also causes structural 

densification [137], [138], [139], [140]. The structural refinement in the presence of nano-

silica and the consequent durability improvement can be crucial for BOF slag-based systems, 

which typically contain heavy metals (mainly vanadium and chromium) [141], [76], [86]. In 

the BOF slag system, nano-silica can potentially strengthen the structures of C-S-H gel and 

siliceous hydrogarnet - the main hydration products, which presumably host heavy metals 

[92], [141]. 

Consequently, this chapter aims to investigate the combined effects of nanosilica addition 

and tri-potassium citrate concentration on the early age hydration of BOF slag. The reaction 

kinetics and early phase assemblage, analysed with in-situ and ex-situ XRD measurements, 

isothermal calorimetry and thermogravimetric analyses, are related to the mechanical 

properties of BOF slag mortars. This strategy is used to optimize the strength development 

of slag-based materials and, at the same time, to increase their durability. 

4.2 Experimental 

4.2.1 Materials 

In this study, the BOF slag (2-5.6 mm grains) was ground with a vibratory disc mill (RS 300, 

Retsch) to the fineness characterized by the particle size distribution presented in Fig. 4.1, 

as measured with the laser diffraction spectroscopy method (Mastersizer 2000, Malvern). 

The BOF slag was chemically and mineralogically analysed with the X-ray fluorescence 

(XRF) and the quantitative X-ray diffractometry (XRD), respectively. The results are 

presented in Table 4.1. The X-ray amorphous content in the BOF slag, most likely, partly 
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resulting from the grinding procedure accounts mostly for the C2S phase, as shown in the 

previous chapter. 

0.1 1 10 100 1000
0

2

4

6

8

10

12

14

Particle size [µm]

V
ol

um
e 

fr
ac

tio
n 

[%
]

 Frequency distribution
 Cumulative distribution

0

20

40

60

80

100

 C
um

ul
at

iv
e 

vo
lu

m
e 

[%
]

 
Figure 4.1: The frequency and cumulative distribution of the particle size of the slag powder. 

Table 4.1: Chemical and mineralogical characteristics of BOF slag. 
Mineral compound Content  

[wt%] 
Oxide Content  

[wt%] 
Brownmillerite 20.8 MgO 6.0 

Magnetite 9.7 SiO2 12.0 

C2S 30.8 Al2O3 3.2 

Wuestite 19.7 CaO 41.0 

Lime 1.1 P2O5 1.4 

Calcite 0.3 TiO2 1.1 

Portlandite 0.6 V2O5 1.1 

C3S 0.7 Cr2O3 0.3 

Amorphous 16.3 MnO 4.7 

 

 

Fe2O3 29.0 

GOI 1000 0.14 

 

Nanosilica, with 99.7% purity, was obtained through the dissolution of olivine (as described 

in detail in [142], [143]). The specific surface area (measured with BET method) of the 

synthesized nano-silica was about 400 m2/g and the specific density of 2.0 g/cm3. Tri-

potassium citrate monohydrate (K3C6H5O7·H2O, GPR RECTAPUR®, purity > 99%) was 

employed with a dual role of activator and superplasticizer. The CEN-standard sand was 

used for the preparation of mortars. 
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4.2.2 Mix design and sample preparation 

The BOF slag pastes with and without the addition of nanosilica were prepared according 

to the mix design shown in Table 4.2. Nanosilica was applied by substituting 2 vol% of the 

slag. This relatively low dosage of nS was selected considering the high specific surface area 

(400 m2/g) of nS and the content of the potentially reactive phases in BOF slag [144]. The 

concentrations of tri-potassium citrate were chosen based on the findings from the previous 

chapter. 

Table 4.2: The compositions of the mixtures for the preparation of the paste. 
Sample 

ID 

BOF slag 

[g] 

nS (olivine) 

[g] 

Water 

[g] 

Activator 

[M] 

w/b  

(mass ratio) 

w/b  

(volume ratio) 

C0.2 100 - 18 0.2 0.180 0.66 

C0.6 100 - 18 0.6 0.180 0.66 

C0.2nS2 98 1.087 18 0.2 0.184 0.66 

C0.6nS2 98 1.087 18 0.6 0.184 0.66 

 

For the preparation of pastes, nanosilica was firstly dispersed in 2/3 of water volume using 

the Hielscher UP400S ultrasonic device (15 min, with an amplitude of 75%). The 

temperature of the solutions was controlled with the ice water bath and kept at the level of 

21±0.2 °C before application. The tri-potassium citrate monohydrate was dissolved in the 

remaining water. Both solutions were mixed with slag for 3 min using a high-speed mixer. 

Pastes were subsequently poured in the polyethylene vials and sealed cured (20 °C, RH > 

95%) until the designed testing ages. 

For the compressive strength evaluation, mortar prisms were prepared. To ensure sufficient 

workability of mortars (S4, according to EN 206-1), an additional amount of water was 

added, resulting in a water/binder mass ratio of 0.25. The sand content was adjusted to 

obtain a similar paste to sand volumetric ratio as for standard cement mortars, described in 

EN 196-1 (with a density of slag of about 3.85 g/cm3 vs. density of Portland cement equal 

to 3.15 g/cm3). In consequence, a sand to slag mass ratio of 2 was used. Mortars were 

prepared using a Hobart mixer following the procedure described in EN 196-1 but with 

extended mixing time (a total mixing time of 10 minutes was employed). Due to the high 

density of slag and the limited/late reactivity of the slag phases, bleeding problems were 

encountered during the samples' preparation. The impact of this phenomenon on the final 
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results should be considered and requires further investigation as some signs of bleeding 

were also observed on the paste level. 

4.2.3 Methodology 

The compressive strength and thermogravimetric measurements were conducted according 

to the procedures described in Section 2.2.2 and Section 3.2.2, respectively. 

Isothermal calorimetry 

The heat flow and cumulative heat release from the reacting BOF slag were monitored with 

an isothermal conduction calorimeter (TAM Air, Thermometric). The external mixing 

method was applied. Firstly, the tri-potassium citrate solution was prepared, and nanosilica 

was dispersed in water with an ultrasonic device. Then, both solutions were mixed with BOF 

slag for 2 min. Pastes were subsequently transferred to the glass ampoules and loaded into 

the calorimeter. The measurement temperature was set to 20 °C. For the evaluation of the 

total heat release, the integration of the heat flow curve was made from 45 min after the 

sample insertion, when the measurement conditions were stabilized. 

X-ray diffraction (XRD) 

Changes in the early age phase composition of the hydrating BOF slag pastes were 

monitored with the in-situ XRD method within the first 24 hours of hydration.  

Table 4.3: Instrumental parameters for in-situ and ex-situ XRD measurements. 
Parameter Value 

 In-situ XRD  XRD on powder samples 

Device X’Pert Pro PANalytical D4, Bruker AXS 

X-ray tube Co Co 

Voltage/Current 35 kV/45 mA 40 kV/40 mA 

Detector PIXcel3D LynxEye 

Scan range 10-70 °2θ 10-80 °2θ 

Step size 0.026 °2θ 0.014 °2θ 

Time per step 0.41 s 1 s 

 

An X’Pert Pro PANalytical diffractometer in theta-theta geometry was used. For the 

preparation of pastes, the mixing procedure described in Section 4.2.2 was employed. Pastes 

were subsequently placed in the sample holders, flattened with a spatula and covered with a 

Kapton foil to minimize the water evaporation and CO2 ingress. The measurements were 
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carried out with the settings listed in Table 4.3. Each diffraction pattern was recorded for 

about 15 min. At later hydration stages, the hydration of BOF slag pastes was arrested with 

the solvent exchange method (isopropanol, diethyl ether [145]). The XRD measurements 

were performed on the powder samples using a Bruker D4 X-ray diffractometer. 

XRD interpretation 

Quantitative phase analysis was performed by means of Rietveld refinement using the 

TOPAS Academic software v5.0. The external standard method (corundum) was employed. 

This method was chosen in order to be able to quantify phases independently, which is 

especially important when precipitating products reveal low crystallinity. The mass 

absorption coefficients of pastes were calculated based on the International Tables of 

Crystallography [146]. The crystal structures used for the Rietveld refinement are catalogued 

in the previous chapter (Table 3.2). The lattice parameters, crystallite size and microstrain of 

the slag phases were determined on anhydrous slag and then used unrefined for the phase 

quantification in hydrating slag. The broad XRD hump caused by the Kapton film, free 

water and amorphous content was modeled by introducing individual peaks. In order to 

account for the changes in the phase contents, the peak areas were refined, whereas the 

positions of the peaks were kept fixed. With the in-situ XRD method, only the pastes with 

0.2 M K3-citrate were investigated. Due to the high liquidity of the pastes with 0.6 M K3-

citrate and strongly alkaline pH of the pore solution, slight bleeding and deposition of 

carbonates (caused by partial destruction of the Kapton foil) were observed on the surface 

of the samples. It should be noted that these factors might affect the quantitative 

interpretation of the results. 

Heat flow calculation 

To validate the findings regarding the early age reactions taking place in BOF slag pastes 

obtained with calorimetry and in-situ XRD, the measured heat flow curves from the 

isothermal calorimeter were compared with the heat flows calculated from the in-situ XRD 

experiments [147]. This method enables verification of the contribution of the 

dissolution/precipitation processes assigned to the particular phase in BOF slag to the 

overall heat release during the investigated period of the hydration. Based on the previous 

studies [148], [149], the following equation was used to describe the reaction of 

brownmillerite, knowing that the composition of brownmillerite in BOF slag is slightly 

closer to C2F than to C4AF [101]: 
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 Ca2Fe2O5 + 5H2O ⟶ 2Ca2+ + 4OH- + 2Fe(OH)3(am)                     (4.1) 

ΔHR(C2F) = -429.21 [ J g⁄ ]   

The precipitation of iron (III) hydroxide was assumed to take place during the first hours of 

hydration, as indicated in [150], [151], and later confirmed by Dilnesa et al. [91] for the C4AF 

phase. During the hydration of C2F, similar behaviour is expected. The formation of iron 

(III) hydroxides was previously observed in the hydrated C2F phase [152]. 

Table 4.4: Enthalpies of formation used for the calculation of the heat flow. 
Phase/ species ΔHf [kJ mol⁄ ] Reference 

Ca2Fe2O5 -2124.22 Recalculated from [153] 

H2O -285.88 [154] 

Ca2+ -543.07 [154] 

OH- -230.01 [154] 

Fe(OH)3(am)  -832 [154] 

 

The enthalpy of the C2F reaction was determined using the thermodynamic data listed in 

Table 4.4. In the next step, the heat flow was calculated according to equation (4.2) [148]. 

For the calculations, the phase contents derived from XRD measurements were smoothed 

with a Fourier filter [147]. 

HFi(t) = dci(t)
dt

 ∙ ΔHR (i)              (4.2) 

Where: 

HFi(t)  the heat flow of phase i [mW/g] at the time t [h] 

ci(t) the content of phase i [wt%] at the time t [h] 

ΔHR (i) the enthalpy of reaction of phase i [J/g] 

4.3 Results and discussion 

4.3.1 Hydration kinetics 

The hydration kinetics of BOF slag is strongly affected by the dosage of tri-potassium citrate, 

as already shown in more detail in the previous chapter. From Fig. 4.2, it can be seen that 

the change of K3-citrate concentration from 0.2 M to 0.6 M results in the elimination of the 

induction period, which lasts about 4 hours for paste with 0.2 M K3-citrate. The shape of 
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the "main peak" of the heat flow curve, associated with the reaction of BOF slag phases, is 

broader for a higher activator dosage, and the total amount of the heat released after 24 

hours becomes slightly higher than for paste with 0.2 M citrate. With the addition of 2 vol% 

of nanosilica, for both K3-citrate concentrations, the hydration of BOF slag is delayed.  

The retarding effect of nanosilica observed in our systems contradicts the accelerating 

function of nS in Portland cement systems [155]. During the hydration of Portland cement, 

nanosilica accelerates the reaction by offering additional nucleation sites and/or boosting 

the depletion of calcium ions from the pore solution. However, these effects seem to be 

outbalanced by other phenomena when BOF slag is activated by K3-citrate. One of the 

postulates is that potassium citrate interacts with nanosilica, and therefore, its availability to 

enhance the dissolution of BOF slag phases is lowered. Since at the early hydration stages, 

the pH of the pore solution of BOF slag paste is strongly affected by the K3-citrate dosage 

(ranging from ~12.8 for 0.1 M to 13.4 for 0.6 M during the first 30 minutes of hydration, 

see Chapter 5), the retardation effect can also be caused by a slight decrease of pH in the 

presence of nanosilica. 
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Figure 4.2: The isothermal calorimetry results of the investigated mixtures a) heat flow, and b) cumulative 

heat. 

4.3.2 Phase assemblage 

The changes in the phase composition of BOF slag pastes upon hydration are presented in 

Table 4.5. The quantitative XRD analyses reveal that at the early hydration stages, 

brownmillerite is the most reactive phase in BOF slag. The reaction of brownmillerite occurs 

mainly within the first day of hydration regardless of the concentration of potassium citrate. 

A greater extent of brownmillerite reaction is observed for the pastes with 0.6 M K3-citrate 
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than pastes with 0.2 M K3-citrate. The addition of nanosilica results in a slightly delayed 

dissolution of this phase. 

Next to brownmillerite, partial dissolution of wuestite is observed, in agreement with the 

finding from the previous chapter. In all pastes, the magnetite is relatively inert during the 

investigated hydration period. The crystalline C2S reacts to a limited extent within 28 days 

of hydration, showing a slightly higher reaction degree when a lower dosage of K3-citrate is 

applied. The main crystalline product of BOF slag hydration is siliceous hydrogarnet (Hg). 

Additionally, the formation of pyroaurite (Mg6Fe3+
2(OH)16[CO3]·4H2O) was detected with a 

broad reflection at 2θ = 13.5°. Due to very low contents and poorly crystalline structure of 

this phase, it is not included in Table 4.5. 

Table 4.5: The phase composition of the BOF slag pastes after selected hydration periods. 

 Time 
(day)  C2(A,F) C2S C3S Wuestite Magnetite Lime CH Cc Hg Am 

C0.2 0  20.8 30.8 0.7 19.7 9.7 1.1 0.6 0.3 0.0 16.3 

 1  10.2 29.2 0.7 17.5 9.0 0.5 1.1 0.1 10.5 26.4 

 3  9.8 28.7 0.7 16.7 8.5 0.6 1.3 0.1 10.9 28.9 

 7  10.2 27.7 0.7 16.8 8.7 0.6 1.7 0.2 11.0 29.3 

 28  9.7 22.5 0.5 18.5 8.6 0.5 2.1 0.3 12.7 33.4 

             

C0.2nS2 0  20.6 30.5 0.7 19.5 9.6 1.1 0.6 0.3 0.0 16.1 

 1  10.9 29.8 0.7 16.8 8.9 0.6 0.8 0.2 8.8 27.8 

 3  10.7 30.8 0.7 15.8 8.7 0.5 0.9 0.2 9.0 28.8 

 7  10.1 28.5 0.8 16.1 8.7 0.5 0.9 0.2 9.8 31.1 

 28  9.6 24.7 0.7 16.9 8.8 0.5 1.1 0.3 11.2 34.0 

             

C0.6 0  20.8 30.8 0.7 19.7 9.7 1.1 0.6 0.3 0.0 16.3 

 1  6.5 27.6 1.1 16.9 8.4 0.4 1.0 0.4 10.9 33.4 

 3  5.4 28.1 0.8 13.9 8.5 0.5 1.0 0.2 13.4 36.3 

 7  5.6 27.9 0.8 13.2 8.4 0.4 1.2 0.1 14.1 36.9 

 28  4.8 26.3 0.7 11.9 8.3 0.3 1.8 0.2 15.5 39.5 

             

C0.6nS2 0  20.6 30.5 0.7 19.5 9.6 1.1 0.6 0.3 0.0 16.1 

 1  7.0 29.6 0.7 16.4 8.5 0.4 0.6 0.2 7.8 35.4 

 3  5.7 28.5 0.8 15.1 8.5 0.5 0.6 0.2 11.4 36.8 
 7  5.4 28.1 0.7 13.8 8.6 0.4 0.7 0.2 12.2 38.4 
 28  5.0 26.2 0.8 13.1 8.4 0.5 0.7 0.3 13.3 40.9 

 

4.3.3 Hydration of brownmillerite 

Since brownmillerite is the most reactive crystalline phase in the examined systems and its 

reaction occurs mostly during the first 24 hours of hydration, the reaction kinetics of this 

phase becomes crucial for the setting time of pastes and their early age mechanical properties. 
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In-situ XRD experiments were carried out to reveal the impact of nanosilica addition on the 

reaction kinetics of brownmillerite. 

Fig. 4.3 shows the phase evolution in hydrating BOF slag paste with 0.2 M potassium citrate 

with and without the addition of nanosilica. It can be seen that brownmillerite shows the 

highest reactivity among other phases and that the precipitation of hydrogarnets follows its 

hydration. A slight delay is observed in the system with nanosilica. Similar behaviour is 

expected for BOF slag paste with 0.6 M K3-citrate. Calorimetry data indicate that the 

dissolution of brownmillerite in that system starts immediately after contact with water. 
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Figure 4.3: Phase development for BOF slag pastes a) C0.2, and b) C0.2nS2, derived from the in-situ XRD 

measurements. 

A comparison between the calorimetry and in-situ XRD results (Fig. 4.4) shows that the 

shoulder on the heat flow curve on the right side of the main reaction peak (at around 13 
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hours for paste without nS and 15 hours for paste with nS) coincides well with the 

precipitation of hydrogarnets. The exact composition of hydrogarnets 

(Ca3(AlxFe1−x)2(SiO4)y(OH)4(3−y)) is difficult to establish as it can form a range of solid solution 

compositions [92]. A gradual uptake of SiO4
4- in the structure of hydrogarnets is commonly 

observed [112]. Therefore, simplifications are required for the quantification of this phase, 

as described in [141]. The presented data show clear evidence for the formation of 

hydrogarnets in the investigated BOF slag systems. However, further studies are required to 

better understand the exact nature of this hydration product. Interestingly, the precipitation 

of crystalline hydrogarnets was not observed in the previous studies on the early hydration 

of synthesized brownmillerite [148], [149]. Even though it was shown that the majority of 

brownmillerite underwent dissolution during the initial 24 hours of hydration (either with 

or without the presence of gypsum), the formation of silicon-free hydrogarnet (katoite) was 

not observed. On the other hand, for Portland cement paste, the precipitation of 

hydrogarnets was detected between 16 and 24 hours of hydration [91]. This behavior 

indicates that the presence of silicate ions and/or pH of the pore solution are critical factors 

for the precipitation of crystalline hydrogarnets (at the early hydration stages). For matured 

Portland cement systems, siliceous hydrogarnets are considered the most stable iron-

containing hydrates, being the reaction products of brownmillerite and C2S/C3S [127], [111]. 
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Figure 4.4: Heat flow curves derived from the calorimetry measurements and hydrogarnet content during 

hydration of slag in C0.2 and C0.2nS2. 

4.3.4 Hydration of silicate 

Since part of C2S in BOF slag is XRD-amorphous (see Chapter 3), and its potential reaction 

is not detectable with the XRD method, the heat flow curves from calorimetric 
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measurements were compared with the curves calculated from in-situ XRD data. The 

brownmillerite was considered the only hydrating crystalline phase during the first 24 hours 

of hydration (see Fig. 4.3). The slight dissolution of other crystalline phases (as shown in 

Table 4.5) was not taken into account, being assigned mostly to the initial dissolution (after 

contact with water), which is not analysed in this study. Fig. 4.5 reveals good agreement 

between the measured and calculated heat flow curves for pastes with 0.2 M of potassium 

citrate. The satisfactory correspondence regarding the positions (time) and shapes of the 

curves confirms that the evolved heat is mainly due to the reaction of brownmillerite. The 

difference between the measured and calculated heat can be explained by the presence of 

aluminum in brownmillerite (which is not considered in the proposed reaction) but also 

likely originates from the dissolution of amorphous C2S and precipitation of hydrogarnet. It 

is generally accepted that α’-C2S polymorph, which coexists in BOF slag with β-C2S 

(commonly observed in Portland cement), reveals higher reactivity than the β-polymorph. 

Knowing that the potassium citrate is boosting the pH of the pore solution (see Chapter 5), 

the early age dissolution of this phase is expected to occur, especially in samples with 0.6 M 

K3-citrate [87]. 
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Figure 4.5: The comparison of the heat flow of hydrating BOF slag pastes measured with isothermal 

calorimetry and the heat flow calculated from the reaction of C2F based on the in-situ XRD data. 

To further support this hypothesis, thermogravimetric measurements were conducted. The 

mass loss due to the dehydration of C-S-H gel after selected hydration times was used to 

indicate the differences in the extent of C2S reaction in the investigated pastes. Similarly, the 
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precipitation of hydrogarnets, resulting from the reaction of brownmillerite (and C2S), was 

followed. An exemplary DTG curve is shown in Fig. 4.6a.  

For the hydrated BOF slag, the mass loss occurs due to the decomposition of C-S-H gel, 

hydrogarnets, pyroaurite, portlandite, and carbonates/citrate compounds. It is widely 

reported that the dehydration of C-S-H gel in cement paste takes place within a broad 

temperature range (up to 400/500 °C), with the main water release at around 100 °C [156], 

[157]. For the gel products of alkali activation, with aluminum and alkali metals in the 

structure, the water loss is observed within a similar temperature range [158]. At the same 

time, depending on the chemical composition, the decomposition of hydrogarnets occurs 

between 200-400 °C [92]. Pyroaurite decomposes between 180 and 410 °C [116] and 

portlandite between 400 and 500 °C [145]. Overlapping of the temperature ranges in which 

the water is released from different hydration products precludes the quantitative analysis 

of the results. Nevertheless, based on the literature and the shape of DTG curves observed 

for hydrated BOF slag, the temperature intervals assigned to the water loss from different 

hydration products were selected to demonstrate the differences in the hydration kinetics of 

slag phases. As presented in Fig. 4.6a, it was assumed that mass loss between 40-180 °C 

originates mostly from the dehydration of C-S-H gel, whereas between 180-410 °C from the 

dehydration of hydrogarnet and, to a smaller extent, pyroaurite. Additionally, the total mass 

loss due to the water release was analysed in the range between 40 and 500 °C, as 

recommended in [145]. It has to be noted, however, that the presented temperature ranges 

cannot be exclusively assigned to the decomposition of a particular hydration product (e.g., 

decomposition of C-S-H gel takes place up to 500 °C) and therefore have only indicative 

character. 

From Fig. 4.6b, it can be seen that the mass loss between 40 and 180 °C is generally higher 

for BOF slag pastes with 0.6 M of K3-citrate during the first 7 days of hydration, indicating 

a greater extent of C2S reaction in these samples. This behaviour can be directly related to 

the higher pH of the pore solution during the early hydration of BOF slag in pastes with 0.6 

M of K3-citrate in comparison to the pastes with 0.2 M of K3-citrate [159]. Furthermore, the 

addition of nanosilica results in the enhanced precipitation of C-S-H gel. This observation 

strongly suggests that nanosilica is consumed in the pozzolanic reaction, resulting in lower 

portlandite contents (as shown in Table 4.5), rather than being incorporated in the structure 

of hydrogarnet.  



 
The optimization of BOF slag hydration kinetics 
 

68 
 

0 200 400 600 800
-0.4

-0.3

-0.2

-0.1

0.0

D
TG

 [%
/m

in
]

Temperature [°C] 

C-S-H

HYDROGARNET
(PYROAURITE)

PORTLANDITE

CARBONATES /
CITRATE COMPOUNDS

40-180 °C

40-500 °C

180-410 °C

a)

 

2

3

4

2

3

4

1d 3d 7d 28d
4

6

8

40 - 180°C

M
as

s l
os

s [
%

]

180 - 410°C

b)
 C0.2  C0.2nS2  C0.6  C0.6nS2

40 - 500°C

 
Figure 4.6: The thermogravimetric results showing a) the exemplary DTG curve of hydrated BOF slag b) the 

mass loss from BOF slag pastes due to the water release within the selected temperature intervals. 

However, the accelerating effects of pH and likely also nS addition are less pronounced after 

28 days of hydration, which is especially evident for the pastes with 0.2 M of K3-citrate, in 

which a higher mass loss is observed for the sample without nanosilica. Similarly, the 

differences in the mass loss between the pastes with the different dosages of potassium 

citrate are minimized or eliminated at this age. From the abovementioned observations it 

can be concluded that the enhanced early age hydration of C2S adversely affects the late 

reaction of this phase.  

The mass losses in the temperature range between 180 and 410 °C, mostly due to 

dehydration of hydrogarnets, correlate well with the findings from the XRD analyses. The 
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mass loss is substantially higher for the pastes with 0.6 M of K3-citrate than for pastes with 

0.2 M of K3-citrate. For both activator dosages, the delayed reaction of brownmillerite and 

consequent precipitation of hydrogarnets are also reflected in the presence of nanosilica. 

At the same time, the total mass loss due to the water release from the hydration products 

shows the combination of the two opposite effects of nanosilica, which enhances the 

precipitation of C-S-H gel while having a negative impact on the hydration of brownmillerite 

at the early hydration ages. In consequence, no substantial differences in the bound water 

content between the reference samples and the samples containing nanosilica are observed. 

Nonetheless, it is worth mentioning that after 28 days of hydration, the samples without 

nanosilica addition tend to contain more chemically bound water. 

4.3.5 Mechanical performance 

In the previous chapter, it was shown that the BOF slag paste can reach a strength of up to 

75 MPa after 28 days of hydration (when 0.2 M potassium citrate is applied) [160]. However, 

it has been often reported that for alkali/chemically activated binders, the transition from 

paste to mortar causes a significant decline in performance due to higher water demand 

[161]. In this study, the mechanical performance was investigated on the mortar samples, 

and therefore, additional water had to be added to the mixtures to provide sufficient 

flowability. In consequence, the potassium citrate solutions were diluted, and the kinetics of 

BOF slag hydration was affected. Nevertheless, the observed changes in the mechanical 

performance provide significant insight into the effects of early slag hydration kinetics on 

the later phase development, especially the hydration of C2S (the most abundant phase in 

BOF slag). 

Fig. 4.7 shows the compressive strength results for the BOF slag mortars. The mortars with 

0.6 M potassium citrate reveal accelerated strength development in comparison to the 

mortars with 0.2 M K3-citrate. After 3 and 7 days of curing, the difference in the strength of 

64% and 35% is observed, respectively. After 28 days, however, higher compressive strength 

is reported for mortars with a lower concentration of potassium citrate. The addition of 

nanosilica improves the compressive strength of mortars with 0.6 M K3-citrate after all the 

investigated curing periods. For mortars with 0.2 M K3-citrate, strength increase is observed 

after 3 and 7 days, while after 28 days, mortars with nanosilica show a decline in strength 

compared to the reference samples. 



 
The optimization of BOF slag hydration kinetics 
 

70 
 

3 7 28
0

5

10

15

20

25

30

35
C

om
pr

es
siv

e 
st

re
ng

th
 [M

Pa
]

Time [days]

 C0.2
 C0.2nS2

a)

3 7 28
0

5

10

15

20

25

30

35

C
om

pr
es

siv
e 

st
re

ng
th

 [M
Pa

]

Time [days]

 C0.6
 C0.6nS2

b)

 
Figure 4.7: The compressive strength of BOF slag mortars after selected curing periods. 

The XRD and thermogravimetric analyses on pastes disclose that nanosilica delays the 

hydration of brownmillerite and enhances the precipitation of C-S-H gel. Furthermore, it is 

revealed that in the pastes with 0.6 M of K3-citrate, the early hydration of amorphous C2S is 

promoted. The improved early-age performance of BOF slag mortars with the higher 

activator dosage and with nS addition at the early hydration stages indicates that the C-S-H 

gel is a principal strength-giving phase, whereas hydrogarnets have a lesser impact on the 

mechanical properties of BOF slag mortars. Furthermore, the increased early age reactivity 

of C2S seems to have a negative influence on its overall hydration degree, and therefore, 

after 28 days of hydration, the highest mechanical performance is observed for the mortar 

without nanosilica and with a low concentration of K3-citrate. 

4.4 Conclusions 

This chapter focuses on the early age hydration of BOF slag. Special attention is paid to the 

impact of nanosilica and K3-citrate concentration on the hydration kinetics of the slag phases. 

The compositional changes in the slag pastes are related to the mechanical properties of 

mortars. The following conclusions are reached. 

• The early hydration of BOF slag activated with K3-citrate is dominated by the 

reaction of brownmillerite and, to a lesser extent, of amorphous C2S, leading 

primarily to the formation of hydrogarnets and C-S-H gel. 

• The kinetics of the brownmillerite reaction can be controlled by adjusting the dosage 

of potassium citrate (where hydration is accelerated about by 4 hours for samples 

with 0.6 M K3-citrate compared to the samples with 0.2 M K3-citrate). 
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• Highly concentrated solutions of K3-citrate increase the early age reactivity of C2S. 

• Silica nanoparticles (at the dosage of 2 vol%) delay the reaction of brownmillerite 

while enhancing the formation of C-S-H gel. 

• Mortars with nS addition and highly concentrated potassium citrate solutions (0.6 

M) exhibit improved early age mechanical properties. Increased compressive 

strength is associated with the accelerated hydration of C2S/ precipitation of C-S-H 

gel. However, the accelerated early reaction of C2S has an adverse effect on its late 

reactivity resulting in limited strength development up to 28 days 
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Effects of carbonation on the retention of heavy metals 

in chemically activated BOF slag pastes 

 
Basic Oxygen Furnace slag contains heavy metals, including vanadium, chromium and molybdenum. The 

leachability of these elements determines the industrial applicability of slag-based building products. This 

chapter investigates the post-carbonation leaching of heavy metals from activated BOF slag pastes, with the 

focus on the activator dosage and type (sodium and potassium citrate). Results reveal that the high extent of 

brownmillerite hydration boosts the leachability of heavy metals, as its hydration product - hydrogarnet, is 

less stable upon carbonation. With two leaching procedures, it is demonstrated that the carbonation resistance 

of pastes becomes the main attribute in preventing the leaching of heavy metals. It can be enhanced by 

optimising the activator dosage to facilitate the hydration of C2S and consequent structural densification. 

 

5.1 Introduction 

Even though concrete technology offers a promising field for BOF slag utilization, its 

application as a binder constituent seems thus far precluded, mainly due to contamination 

with heavy metals and low reactivity [83], [85]. In BOF slag, C2S and C2(A,F) are potentially 

the most reactive, but at the same time, they are reported to be the host phases for vanadium 

and C2(A,F) also for chromium [101], [162], [163].  

In order to evaluate the hazardous impact of BOF slag on the environment, many studies 

focus on the leaching of heavy metals from the original material. In general, it is shown that 

non-weathered slags release relatively low quantities of vanadium and chromium [164], [165]. 

According to Chaurand et al. [163], [166], in BOF slag chromium is present as Cr(III) 
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(octahedral coordination) which is less mobile and less toxic than Cr(VI) and remains at this 

oxidation state during leaching. In consequence, the release of Cr from BOF slag is minor. 

The leaching values of vanadium are usually higher than those of chromium. Nonetheless, 

they often fall below the standardized limits for heavy metals leaching [105], as at highly 

alkaline conditions (e.g., in the presence of portlandite) vanadium is relatively immobile [76]. 

The weathering, however, greatly affects the release of heavy metals from BOF slags. Costa 

et al. [167] showed that while leaching of chromium remains the same or becomes slightly 

reduced after carbonation, leaching of vanadium from carbonated slag can increase even 

500 times. In BOF slag, vanadium predominately prevails at V(IV) and V(V) [163], [168]. 

However, during natural ageing, V(IV) is oxidized to V(V), being the most toxic oxidation 

state [163], [166]. Significant release of vanadium from BOF slag after carbonation 

coincidences mainly with the pH drop caused by the reaction of portlandite with CO2 [169]. 

The leaching behavior of the non-hydrated, loose slag powder cannot be directly transferred 

to the leaching behaviour of slag-based shaped building materials. In Chapter 3, it is 

demonstrated that the problem of low reactivity of slag can be overcome with the addition 

of tri-potassium citrate. Chemical activation significantly enhances the hydration of BOF 

slag, and as a consequence, high-end performance building products can be manufactured. 

In the proposed activation process, the reaction of the most contaminated phases - 

brownmillerite and belite takes place, resulting in the formation of siliceous hydrogarnet and 

C-S-H gel (see Chapter 3). These hydration products are known to reveal high capacities for 

heavy metals immobilization. Hydroandradites Ca3(AlxFe1−x)2(SiO4)y(OH)4(3−y), belonging to 

the hydrogarnet group, can incorporate heavy metals in their structure by substituting 

aluminum/iron in octahedral positions or hydroxyls (H4O4
4-) in tetrahedral positions. 

Accordingly, in hydrogarnets, chromium (III) substitutes iron/aluminum [125], and 

chromium (VI), in the form of oxyanions (chromate (CrO4
2-)), substitutes hydroxyls [113]. 

With a similar size as chromium oxyanions, vanadium oxyanions (VO4
3-) could also 

potentially replace the hydroxyls in hydrogarnets structure. However, this would require 

charge balancing. Vollpracht et al. [123] suggested that in hydrating cement, vanadium 

oxyanions are adsorbed on the C-S-H gel. Immobilization of chromium in C-S-H gel by 

means of Si substitution is also sometimes proposed [122], [170], [171].  

The high immobilization potential of BOF slag hydration products was confirmed in 

Chapter 3. Well-sealed samples of chemically activated BOF slag did not reveal leaching 
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problems even though the phases containing heavy metals underwent hydration. However, 

similarly as observed in the raw BOF slag, the carbonation of hydration products can lead 

to the increased release of heavy metals. Upon carbonation, changes in the phase 

composition occur and are accompanied by a significant pH reduction. The C-S-H gel and 

hydroandradite (phases that are potentially hosting heavy metals in the hydrated BOF slag) 

are known to undergo carbonation. The reaction of C-S-H gel with CO2 leads to the 

formation of calcite and amorphous silica [172], [173]. Carbonation of hydrogarnets also 

takes place, as predicted with thermodynamic modeling [174]. The data are however, limited 

and mainly focused on the carbonation of Al-based hydrogarnets. 

Regarding the release of heavy metals from the shaped BOF slag-based products, 

carbonation resistance, defined as the depth where the compositional changes and the drop 

of pH occur, may become a crucial factor controlling the applicability of these materials. 

Therefore, the extent and impact of carbonation on the leaching of heavy metals need to be 

evaluated, considering not only the release of heavy metals from the dissolving phases but 

also the possibility of their further immobilization in the newly formed carbonation products. 

Following the above discussion, this chapter focuses on the hydration of newly designed 

chemically activated BOF slag-based materials and their resistance to carbonation in order 

to evaluate the retention of heavy metals during their service life. For the representativeness 

of this study, two types of citrate-based activators (with varying concentrations) and two 

leaching procedures are employed. To account for the chemical and physical factors 

affecting the release of heavy metals, the leaching from unshaped and shaped slag pastes is 

analysed before and after carbonation in the context of reactivity of the slag phases, 

hydration products, carbonation resistance of pastes and compositional changes induced by 

the carbonation. The results demonstrate that the leaching of heavy metals from BOF slag 

pastes increases significantly after carbonation, mainly due to the decomposition of 

hydrogarnets and C-S-H gel. Nevertheless, the current observations show that this effect 

can be minimised by optimising the initial mix design. Higher hydration degrees of C2S after 

90 days of curing in pastes with 0.1 M and 0.2 M solutions of citrate salts than in pastes with 

more concentrated solutions lead to microstructural densification and consequent 

improvement of the carbonation resistance. 
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5.2 Experimental 

5.2.1 Materials 

The BOF slag was ground prior to the application, and the particle size distribution is shown 

in Fig. 5.1, as measured with laser diffraction spectroscopy (Mastersizer 2000, Malvern).  
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Figure 5.1: The particle size distribution of BOF slag. 
 
The chemical and mineralogical compositions were determined respectively with X-ray 

fluorescence (XRF) and X-ray diffraction (XRD) with quantitative Rietveld refinement, as 

described in more detail in the methodology section. The results are presented in Table 5.1.  

Table 5.1: Oxide and phase composition of BOF slag. 
Mineral compound Content  

[wt%] 
Oxide Content  

[wt%] 
Brownmillerite 21.6 MgO 6.0 

Magnetite 11.3 SiO2 11.9 

C2S* 32.1 Al2O3 3.2 

Wuestite 20.6 CaO 41.0 

Lime 1.1 P2O5 1.4 

Calcite 0.3 TiO2 1.1 

Portlandite 0.5 V2O5 1.1 

C3S 0.9 Cr2O3 0.3 

Amorphous 11.6 MnO 4.7 

 

 

Fe2O3 29.1 

GOI 1000 0.01 

* Polymorphs of C2S are reported combined with a single value. 
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The distribution of heavy metals within the BOF slag phases, as determined with electron 

probe microanalysis (EPMA), is presented in Table 5.2. The measurements were performed 

with a Cameca SX 100 microprobe, using an accelerating voltage of 15 kV (a minimum of 

19 points per phase were analysed on 10 different slag fragments). 

Table 5.2: Chemical composition of the phases containing heavy metals, derived from EPMA analyses (wt%) 
including the 1sigma variation in the elements of interest, Cr and V. 

Mineral MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O3 σ Cr2O3 σ MnO 
FeO/ 

Fe2O3* 
Total 

C2S 0.2 0.9 28.9 3.8 61.5 0.6 0.8 0.4 0.0 0.0 0.2 1.1 97.9 

Wuestite 24.5 0.2 0.0 0.0 2.5 0.0 0.1 0.1 0.8 0.3 11.9 59.1 99.2 

Brownmillerite 4.0 9.2 4.3 0.4 40.3 5.2 1.7 0.8 0.7 0.7 2.3 31.4* 99.4 

 

To activate the BOF slag phases, potassium and sodium salts of citric acid were applied in 

this study. Technical grade products were used, tri-potassium citrate monohydrate 

(K3C6H5O7·H2O) (GPR RECTAPUR®) and tri-sodium citrate dihydrate 

(Na3C6H5O7·2H2O), both with > 99% purity. 

5.2.2 Methodology 

5.2.2.1 Mix design and sample preparation 

Table 5.3: Mix design of the BOF slag pastes. 
Sample 

description 

BOF slag 

[g] 

Water 

[g] 

Tri-potassium 

citrate 

monohydrate 

[M] 

Tri-sodium 

citrate 

dihydrate 

[M] 

w/b Flowability 

[mm] 

K0.1 100 18 0.1  0.18 160 

K0.2 100 18 0.2  0.18 240 

K0.4 100 18 0.4  0.18 250 

K0.6 100 18 0.6  0.18 280 

Na0.1 100 18  0.1 0.18 150 

Na0.2 100 18  0.2 0.18 200 

Na0.4 100 18  0.4 0.18 220 

Na0.6 100 18  0.6 0.18 250 

 

Two series of BOF slag pastes with increasing content of sodium and potassium citrate were 

prepared and analysed in this study. The concentrations of the citrate salts were selected 

based on the finding presented in Chapter 3. Water to binder ratio (w/b) of 0.18 was applied 



 
Effect of carbonation on the retention of heavy metals in chemically activated BOF slag pastes 
 

78 
 

for all mixtures. The detailed mix proportions are presented in Table 5.3. The activators 

were firstly dissolved in water to obtain the designed molarity. Solutions were subsequently 

mixed with slag powder using a high-speed mixer for 3 min. 

Owing to the superplasticizing properties of citrate salts and a broad range of concentrations 

investigated in this study, slight bleeding was observed for some samples, which was 

attributed to the high dosage of superplasticizer and/or late reaction of BOF slag (see 

calorimetry results). This, however, did not have a substantial impact on the results, as 

revealed e.g. with the compressive strength test. The water amount was kept fixed as the 

spacing factor plays a vital role in the hydration of the C2S phase [112]. The flowability of 

pastes, measured using a Hägermann cone, is presented in Table 5.3.  

5.2.2.2 Evaluation of the hydration process 

The isothermal calorimetry measurements were conducted according to the procedure 

described in Section 2.2.2. The thermogravimetric, XRD and compressive strength 

measurements were performed following the descriptions presented in Section 3.2.2. 

Pore solution analysis 

Pore solutions were extracted from the fresh pastes after 30 and 60 min of hydration with 

pressure filtration. In order to remove possibly remaining solids, the solutions were 

subsequently filtered through a 0.22 µm membrane filter before the analyses. The 

concentration of OH- was determined via titration against hydrochloride acid (0.1 mol/L), 

as described in [175]. The solutions were analysed with an ion chromatograph (Thermo 

scientific Dionex 1100, conductivity measurement), and after acidification with concentrated 

HNO3, with inductively coupled plasma atomic emission spectrometer (ICP-OES, 

SPECTROBLUE). The multi-element standards IV and VI from Merck were used for the 

calibrations. 

The concentration of citrates was determined with an ion chromatograph equipped with 

ion-exchange column AS9-HS (2 x 250 mm). The 25 mM sodium carbonate (Na2CO3) / 12 

mM sodium bicarbonate (NaHCO3) was used as an eluent. Citrate ions were detected via 

suppressed conductivity (Thermo scientific Diones AERS 500, 2 mm). The external 

standards for the calibration (200, 100, 50, 20, 10, 5, 2,1 and 0.5 mg/l) were prepared from 

the citrate standard for IC (Merck, 1000±5 mg/l). 
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5.2.2.3 Carbonation resistance and heavy metals retention 

To evaluate the post-carbonation leaching behaviour, the leaching tests were performed on 

hydrated BOF slag pastes before and after carbonation curing. Two leaching tests were 

selected, the tank leaching test (EA NEN 7375:2004) [176] and the one batch leaching test 

(EN 12457) [177]. The BOF slag pastes were prepared with the same procedure as for the 

compressive strength determination. The first series of pastes (for the tank test) was cast in 

cubic moulds (40 × 40 × 40 mm3) and covered with foil to prevent moisture loss and 

carbonation. After 24 hours, samples were demoulded and sealed with foil and adhesive tape. 

The second series of pastes (for the one batch leaching test) was cast in cylindrical 

polyethylene vessels sealed with parafilm. All the samples were cured in the climate chamber 

(20 ºC, RH > 95%) for 90 days before testing. After the designed hydration period, 

cylindrical pastes were crushed and sieved in two fractions, the first fraction of 2-4 mm (G) 

and the second fraction < 0.2 mm (P). These fractions were selected to determine the factors 

affecting the leaching properties and at the same time, to meet the requirements of EN 

12457-2 standard, which specifies the particle size range between 0 and 4 mm. To evaluate 

the compositional changes in the original slag and slag pastes upon carbonation, the 

thermogravimetric analyses and XRD measurements were performed on this fraction after 

carbonation. 

Carbonation 

The hydrated pastes and raw BOF slag were inserted into the carbonation chamber for 3 

months. The conditions of carbonation curing: 3% CO2 and RH = 65% were chosen based 

on the previous studies in order to mimic the natural carbonation and to enable reasonable 

time of the experiments [172], [178]. Phenolphthalein was used as a pH indicator to estimate 

the carbonation depth. 

Leaching of heavy metals 

The tank leaching test was performed according to EA NEN 7375:2004 standard. It should 

be noted that the size of the samples (40 × 40 × 40 mm3) was slightly below the limits 

specified by the standard, where the minimal size of two sample dimensions should be 

higher than 40 mm. Following the standard procedure, the carbonated and uncarbonated 

pastes were immersed in ultra-pure water (0.055 uS/cm) in sealed containers in a way that 

all sides were in contact with water. The eluates were exchanged periodically as specified in 
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the standard for up to 64 days. Similarly, crushed samples and original slag were analysed 

before and after carbonation curing by subjecting them to the one stage batch leaching test 

according to EN 12457-2. The L/S ratio of 10 was applied in all cases. The samples were 

inserted in plastic containers with ultra-pure water and shaken at a speed of 250 rpm for 24h 

using a dynamic shaker (ES SM-30, Edmund Buhler GmbH). The eluates were filtered 

through a 0.22 µm membrane filter and the pH was measured with a pH meter (Volcraft) 

calibrated with the 3-point procedure (with the accuracy of ±0.2 pH). To determine the 

leaching of heavy metals, the eluates were acidified with HNO3 and analysed with an 

inductively coupled plasma atomic emission spectrometer (ICP-OES, SPECTROBLUE). 

The obtained concentrations of heavy metals (in mg per kg of dry slag) were compared with 

the limit values specified in the Dutch Soil Quality Decree [105]. 

5.3 Results analysis 

5.3.1 Hydration of BOF slag phases 

The early age hydration kinetics of activated BOF slag was investigated with isothermal 

calorimetry, as presented in Fig. 5.2.  
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Figure 5.2: Heat flow curves a), c), and cumulative heat release b), d) during the hydration of BOF slag pastes. 
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No substantial differences are observed between the heat flow curves of potassium and 

sodium citrate-activated slag, reflecting similarity in the hydration processes when these two 

activators are applied. After 7 days of hydration, the total heat release is slightly higher for 

the samples with tri-potassium citrate. In general, higher concentrations of citrate salts result 

in an increased amount of total heat, indicating enhanced hydration of BOF slag up to 7 

days. One must note, however, that the time of heat flow maximum is greatly affected by 

the activator dosage, being around 18 hours for 0.1 M of citrate salt, shifting towards longer 

times of around 22 hours for 0.2 M, and being again accelerated with 0.4 and 0.6 M solutions. 

Moreover, with the high activator dosages (e.g. 0.4 M, 0.6 M), the broadening of the main 

peak and elimination of the induction period is observed. Based on these findings, it can be 

concluded that citrate salts act as hydration retarders at low concentrations, whereas 

reversing their role when highly concentrated accelerating the hydration. This behaviour was 

previously reported in [106].  

To understand the impact of activator concentration on the dissolution of BOF slag phases 

and their reactivity, as shown with the calorimetric curves, pore solution from pastes 

containing the highest and lowest activator dosage was extracted and analysed during the 

first hour after contact with water. The results are presented in Fig. 5.3 and Table 5.4. 
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Figure 5.3: The concentrations of ions in the pore solution of pastes with 0.1 M and 0.6 M citrate salts 
(potassium citrate and sodium citrate). 

Fig. 5.3 shows that the concentration of all ions in the pore solution of BOF slag pastes 

drastically rises when 0.6 M solutions of citrate salts are applied in comparison to 0.1 M 

solutions. It is evident that with the addition of citrate salts, extraordinarily high numbers of 
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Ca ions are released to the solution. This behaviour is in agreement with the results reported 

by Schwarz [96], who investigated the impact of tri-potassium citrate on cement hydration. 

High concentrations of iron, aluminum as well as heavy metals (chromium and vanadium) 

confirm the dissolution of brownmillerite at an early age (see Table 5.3). Chromium may 

also originate from wuestite, as magnesium and manganese are also present in the pore 

solution with significant quantities. The dissolution of wuestite seems to be enhanced with 

more concentrated solutions of citrate salts. The escalated contents of multivalent cations 

(including aluminum, iron and magnesium) in the pore solution were previously observed 

in the presence of organic admixture (polycarboxylate ether) in cement pastes [179]. It must 

be noted that pH is also significantly altered with the variable content of citrate salts 

compared to the intrinsic pH of a BOF slag-water mixture of about 12.5 [76], as shown in 

Table 4. The higher pH values are generated in pastes with more concentrated solutions of 

citrate salts after 30 and 60 minutes of hydration. 

Table 5.4: The pH of the pore solutions. 

Mix 
pH 

Before mixing 30 min 60 min 

K0.1 9.03 12.78 12.95 

K0.6 8.99 13.41 13.29 

Na0.1 8.81 12.98 12.95 

Na0.6 8.56 13.79 13.62 

 

The phase development of BOF slag pastes after selected hydration periods is presented in 

Fig. 5.4. As already indicated with the calorimetry measurements, the hydration kinetics and 

phase assemblage are affected by the concentration of the citrate, whereas the cation of the 

salt (Na vs. K) has a minor effect. Among the crystalline phases, during the first 7 days of 

hydration, mostly brownmillerite reacts, and the extent of the hydration of this phase is 

enhanced with highly concentrated citrate salts solutions. The degree of brownmillerite 

hydration is relatively stable at later ages. Magnetite remains inert within the investigated 

hydration period, while wuestite reveals partial reactivity. The extent of hydration of 

crystalline C2S is similar in all pastes after 7 days of hydration, disclosing a slight tendency 

towards higher reaction degrees with more concentrated citrate solutions. After 28 and 90 

days, however, it becomes evident that hydration of C2S in these latter samples is suppressed. 

In contrast, in pastes with 0.1 M and 0.2 M citrate salts, hydration of C2S proceeds up to 90 
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days, reaching a hydration degree of around 50%. The main crystalline hydration product in 

the investigated systems is siliceous hydrogarnet, and its amount closely corresponds to the 

extent of brownmillerite hydration. 
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Figure 5.4: Phase compositions of the BOF slag pastes after selected hydration periods (Pyroaurite is also 
detected, but due to its poor crystallinity and low contents, it is included in the amorphous phase). 

The differences in the reactivity of the main BOF slag phases with varying dosages of citrate 

activators are further reflected in the development of mechanical properties. After 7 days of 

hydration, the compressive strength of BOF slag pastes increases with the activator dosage. 

However, already the 28 days-strength values reveal the opposite tendency. After 90 days of 

hydration, the maximum strength of pastes with both types of the activator is reported when 
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0.2 M solutions are used, reaching the value of around 90 MPa. The mechanical properties 

closely reflect the changes in the phase composition shown in Fig. 5.5, emphasizing the 

impact of belite reactivity. 
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Figure 5.5: Compressive strength of BOF slag pastes with a) potassium citrate and b) sodium citrate. 

5.3.2 Environmental impact 

In order to take cognisance of physical and chemical factors affecting the leaching of heavy 

metals from BOF slag/slag-based materials, in this study, two methods: tank test and one 

batch leaching test, are employed. Additionally, in the one batch leaching test, two fractions 

of slag and crushed slag pastes, between 0-0.2 mm (P) and 2-4 mm (G), are investigated. 

The one batch leaching test on the crushed carbonated samples is performed to emphasize 

the leaching response of the investigated slag mixtures upon accelerated ageing so that the 

results can be used to estimate the leaching of mortars and concrete, where greater 

carbonation depth is expected in comparison to pastes. The results are discussed in the 

following sections. 

5.3.2.1 Leaching of heavy metals before carbonation 

The fundamental aspects affecting the leaching behaviour from unhydrated and hydrated 

BOF slag concern the concentration of heavy metals and their distribution within slag 

phases. Regarding the slag’s chemical composition, as shown in Table 5.1, among heavy 

metals, the highest concentration is reported for vanadium in the investigated slag, followed 

by traces of chromium, while the scant amounts of molybdenum are below the detection 

limits of the XRF method. In unreacted slag, vanadium is incorporated in C2S and 

brownmillerite, while chromium is detected in wuestite and brownmillerite (see Table 5.2). 

The incorporation of molybdenum is more difficult to establish due to its low contents in 
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slag. However, it generally occurs in iron-phases (including brownmillerite, magnetite and 

wuestite) [180]. 

Owing to the occurrence of heavy metals in the reactive slag phases, the extent of reaction 

of these phases becomes crucial. As shown with the early age pore solution analyses, the 

rate of dissolution of BOF slag phases is strongly affected by the concentration of the 

activator. With the highly concentrated solutions, considerable amounts of heavy metals are 

released to the pore solution already within the first hour after being in contact with water. 

As revealed with quantitative XRD, not only the early kinetics of dissolution of slag phases 

but also their degree of reaction at later ages show a strong dependency on the activator 

dosage. Based on the reactivity of the slag phases, the greatest leaching from brownmillerite 

is expected for the pastes with the highest concentrations of activator and from the C2S 

phase with the concentration of 0.1 and 0.2 M potassium/sodium citrate, assuming no 

incorporation of heavy metals in the hydration products. Nevertheless, the immobilisation 

of heavy metals in the newly formed hydration products cannot be excluded, as C-S-H gel 

and hydrogarnets reveal high abilities to incorporate/adsorb these elements. 

Vanadium 

Among the trace elements in BOF slag, vanadium is often the most abundant and leachable, 

causing environmental issues [76], [169], [181]. As shown in previous research and 

confirmed in this study (Fig. 5.6), leaching of vanadium from non-hydrated slag often 

exceeds the chronic toxicity thresholds [76], [169]. It is generally observed that the release 

of vanadium is inversely proportional to the concentration of Ca2+ in the solution [169]. For 

non-hydrated BOF slag, the dependency between calcium and vanadium ions may imply 

that the leaching of vanadium is controlled by the Ca3(VO4)2 solubility limits [169]. However, 

as shown by De Windt et al. [86], the dissolved concentrations of vanadium are too low to 

be exclusively governed by this mechanism. From Fig. 5.6, it can be seen that the leaching 

of vanadium intimately responds to the pH changes, being considerably reduced when pH 

rises from ~12 to ~13. The difference between the V leaching from the two investigated 

slag fractions (G and P) can be explained by the higher surface area of the finer fraction (P), 

which imposes greater reactivity and consequent precipitation of portlandite (pH-buffering 

phase). Thus, lower values of vanadium leaching are reported for the fine fraction. Similar 

tendencies are observed for pastes, where coarser fractions show higher leaching of 
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vanadium, as the pH generated in eluates is lower. The leaching of vanadium from BOF slag 

pastes falls below the limits specified in Dutch Soil Quality Decree. At high pH, vanadium 

tends to form oxyanions, which can be adsorbed on C-S-H gel and/or incorporated in 

hydrogarnet structure [76], [86], [123], [169].  
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Figure 5.6 Leaching of vanadium before carbonation, derived from a) one batch test, b) tank test (G refers to 
2-4 mm size fraction, P to < 0.2 mm). 

Chromium 

Chromium is the second most abundant and potentially harmful heavy metal in the 

investigated BOF slag. The leaching of chromium from slag and slag-based pastes is 

presented in Fig. 5.7. In general, the relatively low release of chromium, not exceeding the 

threshold values, is observed. Among the analysed samples, the highest leaching of 

chromium is reported for the unhydrated slag, demonstrating a certain ability of the 

hydration products to immobilize chromium.  
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Figure 5.7: Leaching of chromium before carbonation, derived from a) one batch test, b) tank test. 
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Molybdenum 

Even though the total amount of molybdenum in BOF slag is insignificant, the leaching of 

molybdenum is analysed in this study since brownmillerite (most likely the hosting phase of 

molybdenum) reveals high reactivity in the presented systems [180]. Fig. 5.8 shows the 

leaching of molybdenum from unhydrated and hydrated BOF slag. For all samples, the 

leaching falls far below the SQD limits. Nevertheless, the tendency towards a higher release 

from the pastes with an increasing concentration of activator can be observed. 
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Figure 5.8: Leaching of molybdenum before carbonation, derived from one batch test (the results from the 
tank test are not shown due to very limited concentrations). 

5.3.2.2 Leaching of heavy metals after carbonation 

Upon carbonation, the original BOF slag phases, as well as the hydration products, are 

destabilised, and therefore, the adsorbed/incorporated heavy metals can be released. To 

reveal the impact of carbonation on the compositional changes in original and hydrated slag, 

a comparison between the carbonated powders (< 0.2 mm) and non-carbonated samples 

(unreacted slag and pastes after 90 days of hydration) is made in Fig. 5.9.  

slag

K0.6

K0.4

K0.2

K0.1

Na0.6

Na0.4

Na0.2

Na0.1

0 20 40 60 80

Phase content [g/100g of anhydrous slag]

a)

 

slag

K0.6

K0.4

K0.2

K0.1

Na0.6

Na0.4

Na0.2

Na0.1

0 20 40 60 80

Phase content [g/100g of anhydrous slag]

 Vaterite
 Calcite
 Aragonite
 Portlandite
 Lime
 Hydrogarnet
 Hatrurite
 C2S

 Wuestite
 Brownmillerite
 Magnetite

b)

 
Figure 5.9: Crystalline phase composition of slag/slag pastes a) after 90 days of hydration, b) after 90 days of 
hydration and subsequent 90 days of carbonation (powder samples < 0.2 mm).  
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The results demonstrate that in unhydrated BOF slag, C2S is prone to carbonation (with the 

reaction degree of about 25%), while other phases are relatively inert. These findings agree 

well with the reports on post-carbonation leaching from BOF slags presented in the 

literature [76], [169]. In carbonated BOF slag, aragonite is identified as the main carbonation 

product. 

Similar tendencies are observed for the hydrated slag samples, where C2S partially undergoes 

carbonation (up to 15%), while wuestite and brownmillerite remain inert. Among the 

hydration products, upon carbonation, portlandite is almost entirely consumed and about 

75% of hydrogarnet is converted. The exact reaction of hydrogarnet decomposition, 

however, requires further investigation, as no crystalline Fe-strätlingite or iron hydroxide 

could be identified with the XRD method. In contrast to the non-hydrated BOF slag, the 

carbonation of pastes results in the formation of vaterite and calcite. According to Auroy et 

al. [178], the presence of vaterite is a characteristic for the carbonation of C-S-H gel at 

accelerated carbonation conditions (3% of CO2). Since the largest vaterite quantities are 

observed for the samples activated with 0.1 and 0.2 M citrate solutions, where the highest 

degree of C2S reaction is observed, the presence of vaterite likely corresponds to the 

carbonation of C-S-H gel in the present study. The carbonation of C-S-H gel is confirmed 

with experiments and thermodynamic modeling in many previous studies [182], [183], [184].  
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Figure 5.10: DTG curves of carbonated slag/slag pastes analysed on the < 0.2 mm fraction. The inserted 
graphs show the decomposition of carbonates in the temperature range between 500 and 1000 ºC, after 
correcting for citrate mass loss. 

The differences between the carbonates formed in the samples with varying activator dosage 

are further reflected with thermogravimetric analyses (Fig. 5.10). In order to take into 

account the mass contribution of citrate, the graphs are corrected by subtracting the mass 
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loss from the non-carbonated corresponding pastes (Fig. 5.10, insert). In general, in all 

samples, carbonates decompose in the broad temperature range (between 500 and 800 ºC). 

However, the mass loss is shifted towards lower temperatures for the samples with less 

concentrated citrate solutions, indicating differences in the physical properties of carbonates 

formed [185]. 

The post-carbonation leaching, especially of shaped slag-based materials, is not exclusively 

a result of the destabilisation of phases but a compilation of several simultaneous effects. 

For example, the resistance of the material to carbonation must be considered. As shown in 

Table 5.5, with the phenolphthalein test, no substantial extent of carbonation is detected for 

all samples. One of the reasons for the limited carbonation depth is the very dense 

microstructure, i.e. low porosity (see Chapter 3). Only the tendency towards a higher 

carbonation depth with an increasing activator dosage (up to 1.5 mm for slag activated with 

0.6 M solutions) is observed. While for the powder fraction, the amount of carbonates 

derived from the thermogravimetric method noticeably decreases with the increasing 

activator dosage (Table 5.5), for the 2-4 mm fraction, the differences in the carbonates 

content are significantly diminished. This might be associated with the varying carbonation 

depths in 2-4 mm grains, which tend to increase for samples with more concentrated citrate 

solutions. Several factors affecting the quantity of carbonates, their physical nature, and 

carbonation depth can be distinguished.  

Table 5.5: The mass losses due to carbonate decomposition determined with thermogravimetry and 
carbonation depths measured with phenolphthalein test. 

Parameter  Slag K0.1 K0.2 K0.4 K0.6 Na0.1 Na0.2 Na0.4 Na0.6 
Mass loss  
500-800 ºC [%] 

< 0.2 mm 3.7 7.8 6.9 5.7 4.2 8.3 7.3 5.5 4.0 
2-4 mm 0.2 5.5 6.0 4.9 3.9 5.9 4.0 5.1 4.0 

Carbonation  
depth [mm] 

2-4 mm 0 0.5 0.5 1 1.5 0.5 0.5 1 1.5 

 

On the one hand, taking into account the activator dosage, higher resistance to carbonation 

could be expected with more concentrated activators, assuming the increased content of 

Na+/K+ in the pore solution, and hence a larger alkalinity buffer [186]. On the other hand, 

in samples with a lower activator dosage, the degree of C2S hydration is higher, implying a 

denser microstructure (further supported by better mechanical performance), which 

impedes the CO2 ingress. Furthermore, larger quantities of portlandite in these samples 

result in the volume increase and formation of a dense protective layer of carbonates on the 
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surface of the sample upon carbonation [183], [185], [187]. In contrast, during the 

carbonation of the C-S-H gel, coarsening of the microstructure might occur, especially with 

a low Ca/Si ratio, facilitating the CO2 ingress [187], [188]. Phase analyses also demonstrate 

that hydration products are more prone to carbonation than the original slag phases. This 

might explain the larger quantities of carbonates in the powdered samples with less 

concentrated citrate solutions resulting from the reaction of C-S-H gel with CO2.  

Vanadium 

After carbonation, the leaching of vanadium increases significantly, exceeding the legal 

thresholds in the one batch leaching test up to 100 times (Fig. 5.11). In the tank test, however, 

where the impact of carbonation depth plays a crucial role, the BOF slag pastes meet the 

leaching standards defined in SQD. The strong correlation between the vanadium leaching 

and the extent of carbonation is especially visible when comparing the two fractions of 

slag/pastes. Powder samples show several times higher leaching than the samples with 2-4 

mm grain size, implying that the ratio between carbonated and non-carbonated sections 

defines the magnitude of vanadium leaching. Even though the pH of eluates from the 

samples with highly concentrated citrate salts is more alkaline, the release of vanadium is 

boosted in these samples, likely due to the greater carbonation depth and decomposition of 

hydrogarnets (Fig. 5.9). 
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Figure 5.11: Leaching of vanadium after carbonation derived from a) one batch test, b) tank test. 

Chromium 

The leaching of chromium from plain BOF slag after carbonation is not considerably 

affected, remaining below the restrictive levels, which agrees with the study by Huijgen and 

Comans [189]. In contrast, the chromium release from the crushed, carbonated, citrate 
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activated pastes is significantly increased, especially in pastes with 0.6 M potassium/sodium 

citrate solutions. This behaviour can be the consequence of the highest reactivity of 

brownmillerite and partial reactivity of wuestite (which contain Cr) in these samples and 

destabilization of their hydration products upon carbonation, as revealed with the phase 

analysis (Fig. 5.9). The presence of citrate complexes with chromium and their 

decomposition with the pH drop also cannot be excluded. The tank test (Fig. 5.12), however, 

clearly demonstrates that from the shaped products, where carbonation depth is 

insubstantial, the leachability of chromium is very limited. The presented data indicate that 

too high concentrations of citrate activator can result in the boost of chromium leaching, 

and this phenomenon must be considered when designing BOF slag-based materials in 

engineering practice.  
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Figure 5.12: Leaching of chromium after carbonation, derived from a) one batch test, b) tank test. 

Molybdenum 

The leaching of molybdenum from plain BOF slag shows only a slight increase after 

carbonation (Fig. 5.13). This behaviour contradicts the results of Baciocchi [190], who 

reported a decreased release of Mo after carbonation. In the study of Costa [167], where two 

slags with varying composition were analysed, after carbonation, for one slag, Mo leaching 

was reduced and for another slag, it increased. In one batch leaching test, the release of 

molybdenum from the carbonated samples escalates, exceeding the threshold values for 

samples with the highest activator dosages. As shown with the phase analyses of carbonated 

and non-carbonated materials (Fig. 5.9), brownmillerite (Mo hosting phase) is much more 

stable upon carbonation than its hydration products. In consequence, the highest leaching 

of molybdenum is observed for the samples with the greatest extent of brownmillerite 

hydration. Nevertheless, even though after carbonation, molybdenum becomes very mobile 
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in the carbonated areas, considering its content in slag and carbonation resistance of pastes, 

the leaching of molybdenum is not a restraining factor for the application of slag products, 

as confirmed with the tank test. 
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Figure 5.13: Leaching of molybdenum after carbonation, derived from a) one batch test, b) tank test. 

5.4 Conclusions 

Chemically activated BOF slag pastes are the newly-designed potential building products. 

To assess the risk of environmental harmfulness of these materials during their service life, 

in this chapter, the leaching of heavy metals upon carbonation is investigated. Potassium 

and sodium citrate salts are used with variable dosages to activate slag with the aim to 

provide a comprehensive overview of the impact of the hydration degree of BOF slag phases 

on the leaching behaviour of pastes. The carbonation resistance of BOF slag/ slag pastes 

and the compositional changes induced by carbonation are assessed. To examine the effects 

of physical and chemical changes, which occur simultaneously upon carbonation, the 

leaching of heavy metals is determined with the tank test and one batch leaching test on 

shaped and unshaped materials (fractions < 0.2 mm and 2-4 mm), respectively. The 

following conclusions are reached within this study: 

• The hydration kinetics of BOF slag phases can be controlled and optimized with the 

addition of potassium/sodium citrate. Whereas the type of activator has a minor 

impact on the hydration kinetics and phase development, the dosage of the activator 

is pivotal. At the early hydration ages, the reactivity of BOF slag phases, especially 

of brownmillerite, is accelerated by the highly concentrated solutions. Siliceous 

hydrogarnets and C-S-H gel are formed. However, the high concentrations of 
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activators adversely affect the long-term strength development of BOF slag pastes 

due to the suppressed reaction of C2S. 

• Even though reactions of most contaminated phases take place, the leaching of 

heavy metals (including vanadium, chromium and molybdenum) from hydrated 

BOF slag is insubstantial. The release of vanadium (the most abundant heavy metal) 

from non-carbonated pastes closely corresponds to the pH changes, being 

significantly diminished at pH close to 13. 

• After 90 days of sealed curing, BOF slag pastes reveal high resistance to carbonation. 

In consequence, the release of heavy metals in the tank leaching test, where the 

leachability is mostly determined by the carbonation depth, does not exceed the legal 

thresholds specified in Soil Quality Decree. In one batch leaching test, the general 

tendency towards intensified heavy metal leaching from the pastes with highly 

concentrated citrate solutions is observed. This can be associated with the greatest 

degree of brownmillerite hydration in these samples and the decomposition of its 

reaction product- hydrogarnet, which potentially hosts heavy metals in the hydrated 

slag. As the immobilisation capability of BOF slag hydrates drastically drops upon 

carbonation, the carbonation resistance (depth of carbonation) becomes crucial in 

preventing the release of heavy metals from BOF slag-based products. This study 

demonstrates that the resistance to carbonation can be improved by facilitating the 

hydration of C2S in the BOF slag with the use of low concentrations of citrate salts 

(e.g., 0.1 M and 0.2 M in this study). 
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NOx degradation by photocatalytic mortars: The 

underlying role of the CH and C-S-H carbonation 

 
This chapter aims to understand the impact of the carbonation mechanism of C-S-H and CH in 

photocatalytic mortars on NOx removal efficiency. Changes in surface chemistry and microstructure induced 

by the carbonation of portlandite and C-S-H (AFm/AFt) were correlated with the photocatalytic efficiency 

of the mortars doped with three types of titania-based photocatalysts. Furthermore, the influence of 

cementitious matrix on the photocatalytic selectivity was evaluated by studying the capacity of 

hydration/carbonation products to adsorb NO2. The study revealed that in terms of both photocatalytic 

efficiency and selectivity, mortars with microsilica addition exhibit superior properties over the pure cement-

based mortars upon carbonation. Carbonation of C-S-H (AFm/AFt) gel results in the formation of 

capillary pores in 10-50 nm, which outbalances the shielding effects of carbonates formed, leading to the 

enhanced photocatalytic properties. Moreover, C-S-H gel maintains its high NO2 adsorption capacity even 

after carbonation, resulting in the high selectivity of photocatalysis. 

 

6.1 Introduction 

Concrete is the most produced man-made material worldwide, and the consequent large 

concrete surfaces exposed to solar irradiation provide an excellent opportunity for applying 

photocatalytic oxidation (PCO) technology for air purification purposes, especially in highly 

polluted urban areas. Incorporation of photocatalytic semiconductors into a concrete 

surface layer or as a surface coating induces photocatalytic oxidation of air pollutants and in 

the meantime, provides self-cleaning effects to the concrete [20], [191]. Among available  
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semiconductors, TiO2-based photocatalysts are most commonly used and investigated due 

to their high photocatalytic efficiency, high stability and low price [192]. Since nitrogen 

oxides (NOx) (the generic term for a group of highly reactive gases, including nitric oxide 

(NO) and nitrogen dioxide (NO2)), cause great concern for health and the environment, in 

recent years, photocatalytically active materials for NOx removal have been extensively 

investigated [21], [193], [194]. The photocatalytic conversion of NO with the use of TiO2 

photocatalyst can be described in a simplified way with the following reaction [195]:  

NO(g)

TiO2(s) + hv

Air + H2O(g)
�⎯⎯⎯⎯⎯⎯�  NO2(g) 

TiO2(s) + hv

Air + H2O(g)
�⎯⎯⎯⎯⎯⎯�   NO3

-
(ads)       (6.1) 

The pollutants degradation efficiency of photocatalytic concrete depends on the mix design 

and the production approach. The main parameters affecting the photocatalytic 

performance of concrete are the type of binder used (pH, phase composition), porosity, 

microstructure, surface roughness, the colour of concrete, and type and dosage of 

photocatalyst [194], [196], [197], [198].  

The photocatalytic oxidation of pollutants is a superficial reaction taking place on the 

concrete surface that is exposed to atmospheric conditions. Therefore, durability issues are 

of high significance. Among various durability aspects, carbonation is one of the most 

important ageing-related factors. Upon carbonation, the phase composition of concrete is 

altered and so the pH, specific surface area and porosity are also affected. Moreover, the 

overall titania content in the total volume of solids is reduced since the absorbed CO2 reacts 

with the hydration products to form calcium carbonates. However, up till now, the 

understanding of the carbonation effects on photocatalysis is very limited. A few previous 

studies implied that carbonation of photocatalytic concrete causes the reduction of 

photocatalytic efficiency, possibly due to the shielding effects of carbonation products on 

titania particles and the reduction of porosity [199], [200]. However, these assumptions can 

only be valid when Portland cement carbonation is considered. As widely described in the 

literature, the impact of carbonation on the concrete microstructure does not necessarily 

result in a porosity decrease e.g., when pozzolanic materials are added [184], [183], [201]. 

Moreover, it is not clear whether the changes in porosity or shielding effects are the 

governing factors causing the reduction of the photocatalytic performance. Even more 

importantly, with the addition of pozzolanic materials, it is unknown whether the decrease 
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of photocatalytic performance upon carbonation is actually observed. Up to now, no 

systematic study has been performed on this topic. 

The microstructural changes in concrete upon carbonation depend on the CO2 binding 

capacity and phase composition of concrete, with a particular impact of the quantity of 

portlandite. The reaction of CO2 with portlandite leads to the formation of CaCO3 and 

consequent structural densification. With the addition of pozzolanic material, the CO2 

binding capacity of concrete is reduced due to the lower overall CaO/SiO2 ratio, and 

portlandite is consumed to form additional C-S-H gel. Thermodynamic modeling predicts 

that carbonation of C-S-H gel takes place after the carbonation of CH [184], [202], whereas 

the experimental data shows that carbonation of C-S-H and CH occurs simultaneously [172], 

[183], [203]. The carbonation mechanism of the C-S-H gel differs from the carbonation of 

CH, being governed by the decalcification of the C-S-H layers and formation of amorphous 

silica [173]. In consequence, the reduction of the volume of the solid (known as carbonation 

/decalcification shrinkage) and coarsening of the pores is often accompanied by an increase 

of the total concrete porosity upon carbonation of C-S-H gel. Morandeau et al. [182] showed 

that when a part of cement is substituted with class F fly ash, the formation of big capillary 

pores (>50 nm) occurs during carbonation. Similarly, Shi et al. [184] reported an increased 

volume of pores in the range between 10-100 nm for metakaolin and metakaolin/ limestone 

mortars. It is worth mentioning that also for Portland cement mortars, even if the total 

amount of pores is reduced, coarsening of the pores is observed upon carbonation [183].  

Considering the impact of carbonation-induced microstructural changes on the 

photocatalytic performance of concrete, it needs to be kept in mind that whereas porosity 

has a significant influence on the efficiency of the pollutants oxidation process, a higher 

porosity of concrete does not necessarily result in better photocatalytic properties [204], 

[205]. Moreover, the strong presence of nanopores (< 50 nm) is found to negatively affect 

the photocatalytic properties [196], [204]. Jimenez-Relinque et al. [196] suggested an 

optimum pore size range between 50 and 500 nm for the NOx and between 100 and 500 

nm for the degradation of the organic dye by investigating 28 days hydrated mortars. 

However, it needs to be noticed that the inner porosity of mortars does not reflect the real 

surface porosity, where carbonation is unavoidable. Therefore, the re-evaluation of the 

impact of surface properties of mortars, affected by the mortars' capacity to bind CO2 and 

the carbonation mechanism, on the photocatalytic properties is required. Owing to the 
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porosity increase when C-S-H gel carbonates and porosity decrease when portlandite 

carbonates, it is hypothesized that from the microstructural point of view, photocatalytic 

properties can be optimized by controlling the changes in the pore structure of a concrete 

surface upon carbonation, which are directly related to the initial mix design.  

Another important aspect is the carbonation impact on the selectivity of the photocatalytic 

process. Even if optimal properties of concrete for photocatalytic oxidation are provided, 

the total outcome of air purification can still be very limited or even take a negative value 

[206]. This can be attributed to the insufficient conversion of air pollutants to final products, 

e.g., nitric oxide (NO) to nitrates or volatile organic pollutants to CO2 and H2O. During the 

photocatalytic oxidation of NO, firstly, NO2 is formed, which is then oxidized to nitrates 

(NO3
-). Instead of being further photocatalytically oxidized, part of the produced NO2 can 

be potentially released into the atmosphere. Since the toxicity of NO2 is significantly higher 

than NO [207], the ability of photocatalytic mortars for selective oxidation is an important 

feature. However, only limited research can be found on this topic. Previous studies were 

mainly focused on the improvement of the photocatalytic reaction selectivity through the 

modification of the photocatalyst itself, which in turn often results in the reduction of the 

NO conversion [206], [208]. At the same time, higher values of selectivity are observed when 

the photocatalyst is loaded into the cementitious matrix in comparison to pure 

photocatalysts [209]. Nevertheless, the understanding of this behavior remains limited and 

the effects of carbonation on the selectivity have never been thoroughly investigated. 

The photocatalytic oxidation of NO2 is only one of the possible routes for NO2 elimination. 

For example, Araña et al. [195] recently revealed that NO2 abatement by a photocatalyst is 

not necessarily an effect of photocatalytic oxidation but rather of the adsorption of NO2 on 

the photocatalyst surface, which later undergoes a disproportionation reaction as a prevalent 

mechanism for NO2 elimination. Moreover, a few studies already indicated that the chemical 

composition of the hosting matrix, where the photocatalyst is incorporated, affects the NO2 

abatement [210], [211]. Thus, providing a surface with a high NO2 adsorption capacity could 

be a potential solution for selectivity improvement. Taking into account the high NO2 

adsorption capacity of portlandite and C-S-H gel [212], [213], the cementitious matrix seems 

to be an excellent substrate for photocatalytic processes. Nonetheless, the carbonation 

impact needs to be further evaluated since the ability of calcium carbonates to adsorb NO2 

is substantially lower than that of portlandite and C-S-H gel [214]. Furthermore, it is 
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especially important to combine the effects of the formation of carbonates with lower NO2 

adsorption capacity with the accompanying structural changes in order to reveal the real 

impact of carbonation on the selectivity.  

This study aims to explore the underlying role of the carbonation mechanisms on the 

photocatalytic degradation of NOx by cement mortars. The carbonation-induced 

physicochemical changes are analyzed and compared for two mortars series, the first one 

rich- and the second one free of portlandite. Portland white cement is employed as the 

primary binder in both mortar series and pozzolanic microsilica is applied in the second mix 

to adjust the portlandite content. This strategy is used in order to differentiate between the 

impact of carbonation of CH and C-S-H phase on the photocatalytic performance, and in 

consequence, to propose a mix design optimization method in order to retain the 

photocatalytic efficiency during the service life of photocatalytic mortars. For a deeper 

understanding of the impact of the surface chemistry and microstructure on the selectivity 

of the photocatalytic processes, the capacity of un-carbonated and carbonated mortars to 

adsorb toxic NO2 in darkness is analyzed in this study. 

6.2 Experimental 

6.2.1 Materials 

CEM I 42.5 LA white cement (Aalborgportland), microsilica (Elkem 920ED) and standard 

sand were used in this study as raw materials. In order to provide representative results, 

which are valid for different types of photocatalysts, three photocatalysts were selected and 

investigated, including commercially available Aeroxide TiO2 P25 (Evonik Industries) 

consisting of 80% of anatase and 20% of rutile (specific surface area (SSA) ~ 50 m2/g), 

KRONOclean 7000 carbon-doped titania (SSA ~ 251 m2/g) (Kronos International), and 

one home-synthesized composite photocatalyst consisting of 85% of SiO2 and 15% of TiO2 

(SSA ~ 200 m2/g) prepared with a sol-gel method (more detailed synthesis information is 

presented elsewhere [215]). The P25 and KRONOclean 7000 (Kronos) TiO2 were used as 

reference photocatalysts, the first one being photocatalytically active only under UV 

irradiation and the second one with the photo-response extended to the visible regions. To 

the homemade composite, the coating of titania over silica nanoparticles was applied with 

the aim to increase the specific surface area of the photocatalyst and, in the meantime, to 

improve its mechanical properties and thermal stability [216]. Furthermore, the 
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photocatalytic activity of silica-titania composite over pure titania could be enhanced due to: 

i) the ability of silica for long-term adsorption of the pollutant molecules, ii) high redox 

potential of the electrons and holes, iii) additional scattering of the light to the titania surface 

[217]. The efficiency of the applied coating method was examined by the FTIR measurement 

(Fig. 6.1). The band located at 946 [cm-1] corresponds to the vibration of Si-O-Ti, confirming 

the formation of the inorganic network between SiO2 and TiO2 [218], [219], [220]. 
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Figure 6.1: FTIR spectrum of titania-silica composite. 

6.2.2 Mix design and sample preparation 

Mix design 

Table 6.1: Mix design of the photocatalytic mortars. 
 

 
Cement 

[g] 

Microsilica 

[g] 

Sand 

[g] 

TiO2 

P25 

[g] 

KRONO- 

clean [g] 

TiO2-

SiO2 

[g] 

w/b 

SP 

dosage 

[wt%] 

 

White 

cement 

P25 450 - 1350 22.5   0.5 0.4 

Kronos 450 - 1350  22.5  0.5 0.4 

SiO2-TiO2 450 - 1350   22.5 0.5 0.4 

White 

cement + 

microsilica 

P25 270 180 1350 22.5   0.5 1.2 

Kronos 270 180 1350  22.5  0.5 1.2 

SiO2-TiO2 270 180 1350   22.5 0.5 1.2 

 

Two series of standard mortars with the water to binder ratio (w/b) of 0.5 were prepared 

and tested in this study. The first series consisted of white cement-based mortars, while in 

the second series, 40 wt% of cement was replaced with microsilica. For each composition, 

three photocatalysts were investigated, keeping the amount of photocatalyst at a constant 

level of 5 wt% of the binder. Superplasticizer MasterGlenium® 51 was used to adjust the 
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consistency of the mixtures (the dosage is shown in Table 6.1 and is expressed in wt% by 

mass of the binder). The mix design of the mortars is described in Table 6.1. 

Mortars manufacture 

Cement and microsilica were firstly intermilled in a planetary ball mill (Pulverisette 5, Fritsch). 

Milling was employed in this study in order to ensure a proper homogeneity of the binder, 

which nevertheless would unavoidably cause slight alteration of the specific surface area of 

cement and microsilica. Subsequently, the photocatalysts were dispersed in 200 ml of water 

with an ultrasonic device (Hielscher UP400S) for 10 min (amplitude of 75%). An ice-water 

bath was used to prevent heating of the solutions. Before mixing with cement (cement and 

microsilica) and sand, the temperature of the solutions was controlled and kept constant at 

21±1 °C. Mixing of the mortars was performed in accordance with the EN 196-1:2005 

standard. The amounts of superplasticizer were adjusted to provide similar workability of 

the mortars, falling in S4 class according to the EN 206-1 standard. The mortars were cast 

into 100 × 200 × 20 mm3 molds, vibrated for 1 min and covered with plastic sheets to 

prevent moisture loss and carbonation. After 24 hours, all mortars were demolded, sealed 

with self-adhesive aluminum foil, placed in a humidity chamber (RH > 95%, 20 °C) and 

cured for 5 months to ensure sufficient hydration. At the end of the curing period, the 

samples were cut in half with a saw to create plates with a thickness of about 1 cm. This 

procedure was applied in order to provide surfaces with the same roughness, to eliminate 

wall effects and to avoid the eventual early age carbonation during casting and demolding 

of the samples. As water treatment during the cutting could not be avoided, and the 

photocatalytic efficiency is strongly influenced by the moisture level, after cutting, the 

samples were immediately inserted and dried in a nitrogen chamber to limit carbonation. 

6.2.3 Methods 

SEM analyses were performed according to the procedure described in Section 2.2.2. For 

the mercury intrusion porosimetry (MIP) and thermogravimetric measurements, 3 mm thick 

surface plates were cut from un-carbonated and carbonated mortars. The plates were split 

with tongs into cubic pieces for SEM measurements and powdered in a planetary ball mill 

(Pulverisette 5, Fritsch) for thermogravimetric analyses. A detailed description of both 

methods is provided in Section 3.2.2. 
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Accelerated carbonation and Phenolphthalein test 

The 5 months old mortars were exposed to CO2 atmosphere for 28 days in a carbonation 

chamber. The conditions of 3% CO2 and RH = 65% were selected in order to facilitate the 

formation of carbonates, preserve the nanostructure of C-S-H and at the same time mimic 

the natural carbonation process [172], [178]. Phenolphthalein testing was used to determine 

the carbonation depth in the samples at the end of the carbonation period. The mortar plates 

were split with a saw and the carbonation profiles were obtained by spraying the cross-

sections with a 1 wt% phenolphthalein aqueous solution. 

Photocatalytic efficiency assessment 

The photocatalytic oxidation experiments were carried out in accordance with the ISO 

22197-1:2016 standard, using a plug-flow setup (Fig. 6.2). Nitric oxide (NO) was employed 

as a model pollutant. The mortars were tested before and after accelerated carbonation. 

 

Figure 6.2: The scheme of the PCO experimental set-up. 

The mortars were firstly assembled in the reactor and the position of the samples was 

adjusted to create a 3 mm gap between the sample surface and the top of the reactor. The 

reactor was covered in order to prevent the uncontrolled degradation of pollutants while 

adjusting the measurement parameters. All the measurements were performed under stable 

conditions, described in Table 6.2.  

The desired concentration of NO pollutant was achieved by mixing the NO with the 

synthetic air. Firstly, the gas was allowed to flow through a by-pass until the stabilized values 

of the light radiation, NO concentration and humidity were reached. Afterward, the gas flow 
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was switched from the by-pass to the reactor and the data acquisition was started. During 

the first 15 minutes of the measurements, the reactor was kept covered in order to ensure 

stable conditions. When a steady-state condition was reached, the samples were illuminated 

through the glass plate for 1 hour. An APNA-370 (Horiba) analyzer was used to monitor 

the concentration of pollutants. 

Table 6.2: PCO experimental conditions (at ambient pressure). 
Parameter Value Unit 

Relative humidity 50 % 

Initial NO concentration 1 ppm 

Volumetric flow rate 3 L/min 

Light intensity (UVA) 10 [W/m2] 

Temperature 20 ̊C 

 

The conversion of NO (to nitrate and NO2) was calculated according to the formula 6.2. 

Taking into account the eventual NO2 release, the photocatalytic conversion (efficiency) of 

the designed materials was also characterized by the NOx (NO + NO2) conversion to nitrate 

and calculated according to the formula (6.3). 

% Convertion = 
[cNO]

in
 - [cNO]

out
[cNO]

in
 ∙ 100%            (6.2) 

 

% Convertion = 
[cNOx

]
in

 - [cNOx
]
out

[cNOx
]
in

 ∙ 100%            (6.3) 

Where [𝑐𝑐𝑁𝑁𝑁𝑁(𝑥𝑥)]𝑖𝑖𝑖𝑖 is the average initial concentration [ppm] of the first 5 min before turning 

on the light; [𝑐𝑐𝑁𝑁𝑁𝑁(𝑥𝑥)]𝑜𝑜𝑜𝑜𝑜𝑜 is the average outlet concentration [ppm] of the last 5 min of the 

irradiation period. 

The selectivity of photocatalytic reaction towards the formation of nitrates S(%) [206], [211] 

was calculated with the following formula (6.4). 

S% = 
[cNOx

]
in

 - [cNOx
]
out

[cNO]
in

 - [cNO]
out

 ∙ 100%             (6.4) 

In order to evaluate how the selectivity of NO to nitrates is influenced by the cementitious 

matrix, adsorption of NO2 on the surface of the mortar was also measured with the PCO 

setup. Tests were performed in darkness by flowing a mixture of synthetic gas and 0.5 ppm 
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of NO2 through the reactor. The measurement time, humidity, and gas flow were kept 

identical as for the PCO measurement. 

6.3 Results analysis 

6.3.1 Mortars characterization 

EDX mapping analysis 

In a highly alkaline cement environment, titania nanoparticles tend to agglomerate [221], 

while providing a homogenous dispersion of photocatalyst in the cementitious matrix is 

crucial 1) to ensure a highly effective surface area of the photocatalyst for the air purifying 

reactions to occur and 2) to eliminate the statistical error of the measurements of 

photocatalytic oxidation caused by the local agglomeration of titania particles. This was 

therefore addressed in this study by applying the ultrasonic treatment (see Section 6.2.2). 

The dispersibility of the photocatalysts in cement mortars was examined with EDX mapping 

analysis. It can be seen from Fig. 6.3 that a satisfactory dispersion of titania was achieved. 

The homemade silica-titania photocatalyst was characterized by a larger size variability 

compared to P25 (Fig. 6.3b vs. Fig. 6.3a), which was caused by agglomerates with a size up 

to ~10 µm formed during the manufacture of the composite. Nevertheless, the overall 

distribution of the composite in the mortars was homogenous. The homogenous dispersion 

of the different types of photocatalysts contributed to the maximization of their potential in 

terms of air pollutant removal efficiency.  

   

Figure 6.3: EDX mapping showing the distribution of a) titanium in the cement mortar with the P25 addition 

and b) titanium (in pink) and silicon (in gold) in the cement mortar with the silica-titania composite addition 

(the outlined grains represent silica-titania agglomerates formed during the manufacture of photocatalyst). 

 

50 µm 

a) 

50 µm 50 µm 

b) 
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Thermogravimetric analysis & Phenolphthalein test 

Fig. 6.4 shows the differential thermogravimetric (DTG) profiles of the mortars before and 

after the accelerated carbonation treatment. The thermogravimetric (TG) data were 

collected from the powdered 3 mm upper layers of mortar plates. After 5 months of 

hydration, two main mass losses were observed in pure cement-based samples due to the 

release of water from C-S-H (AFt/AFm) phases (30-300 °C) and portlandite (400-450 °C), 

whereas no portlandite was observed in the mortars with microsilica addition. The successful 

elimination of portlandite in mortars with microsilica enables differentiation between 

carbonation of C-S-H (AFt/AFm)/ CH (white cement mortars) and C-S-H (AFt/AFm) 

(white cement + microsilica mortars) in this study. 

After 28 days’ treatment in the carbonation chamber (3% CO2), samples revealed an 

additional mass loss in the temperature range between 600-800 °C for the pure cement-

based mortars and a broad peak between 300-700 °C for the mortars with microsilica 

addition. These two new peaks are assigned to the decomposition of calcium carbonates. It 

is evident that the carbonation products of C-S-H gel and AFt/AFm decompose at 

significantly lower temperatures than the carbonates in CH abundant mortars. 

Decomposition of carbonates at lower temperature ranges in mortars with the addition of 

pozzolanic material has been reported in previous studies [184], [183], and this is attributed 

to the formation of amorphous/poorly crystalline carbonates [222], [223]. It should be 

mentioned that whereas portlandite carbonates mostly to calcite [178], carbonation of C-S-

H gel also leads to the formation of vaterite [178], [224], which decomposes at lower 

temperatures than calcite even in the crystalline form [225]. Sevelsted et al. [173] showed 

with 13C{1H} CP/MAS NMR that in a hydrous environment, the formation of calcium 

carbonate hydrates can also take place. Thermal decomposition of these compounds occurs 

between 400 and 500 °C [226]. 

Different mechanisms of carbonation in mortars rich and lean of portlandite led to 

substantial differences in the extent of carbonation. A comparison between the 

phenolphthalein profiles of carbonated samples and the amounts of carbonates formed in 

both systems clearly indicates that pure cement mortars are more resistant to carbonation 

than mortars with microsilica addition. The pure cement mortars still possess high basicity 

throughout, while the mortars with microsilica lost all basicity up to a depth of 3 mm (Fig. 

6.4).  In the cement mortars, crystalline carbonates are formed, whereas in mortars with the 
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pozzolanic material, a predominance of amorphous/poorly crystalline carbonates is 

observed. 
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Figure 6.4: DTG curves of carbonated (dash line) and non-carbonated (solid line) a) white cement, b) white 

cement + microsilica mortars. The carbonation depths measured with phenolphthalein test are representatively 

visualized regardless of the type of titania used. 
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Figure 6.5: Cumulative pore volume derived from Mercury Intrusion Porosimetry of a) white cement mortars 

and b) white cement + microsilica mortars, before and after accelerated carbonation. 

The microstructure of the mortar's surface layer (3 mm), which was altered by the 

carbonation, was investigated via Mercury Intrusion Porosimetry. The cumulative porosity 

results (Fig. 6.5) revealed that the carbonation of portlandite and C-S-H led to a decrease in 

the total porosity of the pure cement mortar's surface, whereas an increase in the total 

porosity was observed in the mortars with microsilica addition. These findings are in 

agreement with the observations made in the previous studies on the carbonation of mortars 

with SCMs [184], [227], and it is worth noting that the addition of photocatalysts did not 

alter the pore structure evolution beyond carbonation. In the pure cement-based mortars, 
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changes in the total porosity were substantially lower than that in microsilica mortars, which 

correlates well with the lower carbonation extent in cement mortars as described with DTG 

and phenolphthalein test data. Changes in the total porosity between the samples with 

different photocatalysts can be explained by slight differences in mortars’ consistency. 

The changes in the pore size distribution for both mortar series during the carbonation are 

presented in Fig. 6.6. For pure cement-based mortars, a clear decrease of the number of 

capillary pores between the 10 and 50 nm, accompanied by slight coarsening of the pores, 

was observed upon the carbonation process. Mortars with microsilica addition initially 

contained higher amounts of pores below 10 nm after carbonation. However, the number 

of capillary pores between 10 and 50 nm drastically increased. Coarsening of the pores 

during the carbonation of mortars with SCMs was also reported elsewhere [181], [185], [183], 

and can be explained by the so-called “decalcification shrinkage.” Decalcification shrinkage 

is particularly visible for C-S-H gels with Ca/Si ratios below 1.2, as reported in the study of 

Chen et al.  [228] where, similar to our system, a paste containing 70% of white cement and 

30% of microsilica was investigated. The appearance of bigger pores of ~1 µm in microsilica 

mortars can be attributed to the formation of cracks during the carbonation of the C-S-H 

gel. Formation of cracks upon C-S-H gel carbonation is found to occur in both accelerated 

and natural conditions [178]. 
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Figure 6.6: Differential pore size distribution in a) white cement mortars and b) white cement + microsilica 

mortars before and after carbonation. 

SEM analysis 

The microscopic observations of the surface of the mortar after accelerated carbonation 

treatment (Fig. 6.7) showed that the carbonation of white cement hydration products led to 
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the formation of a dense layer of carbonate crystals, strongly affecting the effective exposure 

of photocatalyst (Fig. 6.7a). In contrast, in mortars with microsilica addition (Fig. 6.7b), only 

a limited formation of crystalline carbonates was observed and the gel-like structure of the 

C-S-H phase was preserved. Additionally, in agreement with the porosity results, the 

formation of cracks was observed in microsilica mortars. 

a) 

   
b) 

   
Figure 6.7: SEM images of a) pure cement mortar's surface and b) microsilica mortar's surface after 

carbonation. 

6.3.2 Photocatalytic efficiency 

NOx oxidation rate 

The efficiency (conversion %) of photocatalytic oxidation of NO and NOx before and after 

carbonation is presented in Fig. 6.8. Comparison of the results obtained for pure cement-

based mortar and microsilica mortars clearly reveals that both photocatalyst type and matrix 

composition/microstructure strongly influence the photocatalytic performance. In regard 

to the photocatalytic oxidation rate, in un-carbonated white cement mortars, the best 

performance was observed for P25, followed by the SiO2-TiO2 composite and Kronos. 

Furthermore, the photocatalytic efficiency of the mortars with SiO2-TiO2 composite was the 

most sensitive to the surface changes upon carbonation. As SiO2-TiO2 composite formed 

30 µm WHITE CEMENT 10 µm WHITE CEMENT 

30 µm WHITE CEMENT + MICROSILICA 10 µm WHITE CEMENT + MICROSILICA 
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agglomerates (as shown with EDX mapping, see Section 6.3.1), it is apparent that due to the 

microstructural changes, there was a limited exposure of SiO2-TiO2 composite for the 

photocatalytic reaction.  
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Figure 6.8: The NO and NOx conversion by photocatalytic a) white cement mortars and b) white cement + 

microsilica mortars before and after carbonation. 

It is worth mentioning that the photocatalytic oxidation rates of cement mortars before the 

carbonation were similar to those observed in other studies [196], [197]. Upon carbonation, 

a decrease of photocatalytic performance was observed in all pure cement mortars and an 

increase in all microsilica containing mortars, following the observed microstructural 

changes. This behavior will be discussed later in this chapter.  

Selectivity 

The selectivity of the photocatalytic oxidation of NO, which accounts for the formation and 

release of NO2, is presented in Fig. 6.9. The selectivity of photocatalytic conversion observed 

in this study for the mortars before the carbonation (up to 97%) is higher than that observed, 

e.g., by Yang et al. [209], where a similar formulation of the mortar was used. This can be 

an effect of differences in porosity [198], dispersion of titania in the mortar matrix and 

strong carbonation impact, which is unavoidable during standard curing of the samples. 

These effects are later discussed in this chapter.  

Among the investigated photocatalysts, silica-titania composite revealed the highest 

selectivity, followed by carbon-doped Kronos titania and titania P25 as the least selective 

photocatalyst, regardless of the carbonation stage. The superior performance of silica-titania 

composite and Kronos titania over P25 can be a result of around 4 times higher specific 

surface area of these photocatalysts. A higher specific surface area results in a higher NO2 



 
NOx degradation by photocatalytic mortars: The underlying role of the CH and C-S-H carbonation 
 

110 
 

adsorption capacity of the photocatalyst, which is a crucial factor if one considers that NO2 

can be not only further photocatalytically converted but also be adsorbed on the surface 

and, e.g., undergo disproportionation, as shown by Arana et al. [195]. Additionally, silica-

titania composite offers extra hydroxyl groups on the surface and enhanced hydrophilic 

properties [217]. Even though in the study of Hakki et al. [229] it was shown that Ti-O-Si 

binding negatively affects the nitrate selectivity, the abovementioned features seem to 

outbalance this effect. After carbonation, the selectivity of the samples dropped significantly 

for pure cement-based mortars, whereas only a slight drop was observed for microsilica 

mortars. 
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Figure 6.9: Photocatalytic selectivity of NO to nitrate for a) white cement mortar and b) white cement + 

microsilica mortars before and after accelerated carbonation. 
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Figure 6.10: Adsorption of NO2 on the mortars performed in the darkness before and after accelerated 

carbonation. 

The adsorption of NO2 gas on the surface of the mortar was investigated in darkness 

following the experimental scheme of the PCO test, before and after carbonation. The 
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results shown in Fig. 6.10 express that the highest adsorption capacity was observed for 

mortars with microsilica addition. Furthermore, microsilica mortars maintained their high 

adsorption capacity even after carbonation. In contrast, a drastic drop of NO2 adsorption 

capacity was observed for pure cement-based mortars after carbonation - the measured 

values were only slightly higher than for borosilicate glass which was used as a reference. 

6.4 Discussion 

6.4.1 Influence of carbonation on the photocatalytic performance  

The comparison between the photocatalytic response of mortars with and without 

microsilica addition, and three types of photocatalysts used, enabled the determination of 

the main parameters affecting the photocatalytic performance of mortars upon carbonation. 

The highest photocatalytic activity was observed for pure cement-based mortars before 

carbonation. This could be assigned to the presence of capillary pores in the range between 

10 and 50 nm since for microsilica mortars, with the prevalence of pores below 10 nm, the 

NO oxidation rates were about 3 times lower. The predominant role of porosity was further 

confirmed by the analysis of the microsilica mortars, where as a result of C-S-H (AFt/AFm) 

phase carbonation, an increase of photocatalytic activity was observed. The improved 

photocatalytic activity coincided with the occurrence of capillary porosity between 10-50 nm. 

Therefore, it can be concluded that the microstructural changes caused by C-S-H (AFt/AFm) 

carbonation boost the photocatalytic activity due to the formation of capillary pores in the 

range between 10-50 nm, which can outbalance any shielding effects of the carbonates 

formed (as revealed with thermogravimetric analysis and the phenolphthalein test). In 

contrast, in the cement mortar series, with high portlandite content, the drop of 

photocatalytic activity observed upon carbonation was a result of both structural 

densification and formation of a dense layer of crystalline carbonates, as revealed with SEM 

analysis. Moreover, shielding effects on the hydration and carbonation products, limiting the 

TiO2 exposure on the surface, were substantially stronger when photocatalyst was loaded in 

the form of agglomerates. Whereas the photocatalytic efficiency of cement mortars with P25 

and Kronos titania addition dropped about 1.5-2 times upon carbonation, in mortars with 

SiO2-TiO2 composite agglomerates, photocatalytic performance was reduced more than 10 

times. 
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The impact of capillary pores between 10-50 nm on the photocatalytic properties of mortars 

observed in this study argues with the previous findings on the influence of porosity on 

photocatalytic performance. Contradictory to the optimum porosity ranges for pollutants’ 

oxidation presented, e.g., by Rimenez-Relinque et al. [196] between 50 and 500 nm, it is 

found in this study that the presence of pores in size range between 10-50 nm in the mortars’ 

surface can significantly boost the photocatalytic efficiency. It is shown that capillary 

porosity in the range between 10-50 nm provides satisfying photocatalytic properties to 

cementitious mortars and that the elimination of portlandite enables to avoid the drop of 

the photocatalytic properties upon carbonation.  

6.4.2 Influence of carbonation on selectivity 

The release of NO2 to air is not desired since NO2 is more harmful than NO [230]. Therefore, 

the selectivity of the photocatalytic reaction towards the elimination of intermediate NO2 is 

one of the main issues in the practical application of photocatalytic technology to deal with 

NO removal. During the photocatalytic process, NO2 can be further photocatalytically 

oxidized [231], decomposed via photolysis [232] or be just adsorbed on the surface and, e.g., 

eliminated via disproportionation [195]. The later route is pH-dependent and therefore, the 

impact of carbonation becomes crucial. The observed drop of selectivity after the reduction 

of pH of mortar's surface upon carbonation could be partially explained with this route. 

However, further investigation is needed. This study shows that the amount of the NO2 

released during the photocatalytic experiments depends not only on the photocatalyst itself 

but also on the changes of the cementitious matrix upon carbonation. Before carbonation, 

the selectivity of the photocatalytic reaction was very high for pure cement-based mortars 

(Fig. 6.9). Similarly, microsilica mortars revealed high selectivity before carbonation, except 

for the sample with P25 photocatalyst. The lower selectivity of this mortar can be related to 

the significantly lower specific surface area of the P25 photocatalyst, which in combination 

with the low porosity of mortars is insufficient to capture the NO2 when relatively higher 

amounts of NO are photocatalytically oxidized. For carbonated pure cement samples, a 

drastic drop was observed when portlandite reacted with CO2 forming a ‘protective’ layer 

of carbonates on the surface and the selectivity was maintained or only slightly reduced for 

microsilica samples, even though their photocatalytic efficiency increased significantly after 

carbonation (Fig. 6.8). 
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On the other hand, the study on the NO2 adsorption capacity of the mortars in darkness 

revealed superior properties of microsilica samples over cement samples. In the darkness, 

only two routes for NO2 abatement are possible - physical or chemical adsorption. The 

higher NO2 adsorption capacity of microsilica mortars over cement mortars could be related 

to the higher specific surface area of the C-S-H gel compared to the surface area of large 

portlandite crystals. After carbonation, even though a drop of pH was observed (as shown 

with the phenolphthalein test) on the surface of both sets of mortars, microsilica mortars 

maintained their high adsorption capacity. In the study of Thomas et al. [233], it was revealed 

that the specific surface area of C-S-H gel can be even doubled upon carbonation, as 

measured by nitrogen gas sorption and small-angle neutron scattering. Therefore, it is 

suggested that the drop in pH was compensated in this case with the higher specific surface 

area and porosity of the gel. In contrast, the significant decrease in NO2 adsorption capacity 

of cement mortars after carbonation was a result of the formation of a dense layer of 

carbonate crystals on the surface, which are found to have a lower capacity to adsorb the 

pollutants [214]. Following the above discussion, a conceptual description of the adsorption 

of NO2 on the surface of the mortar is proposed, as shown in Fig. 6.11, underlining the high 

NO2 adsorption capacity of microsilica mortars after carbonation, where shielding effects 

are very limited and the effective surface area is maintained or even increased upon 

carbonation due to the changes in gel porosity and crack formation. 

It is therefore proposed that the cementitious matrix supports NO2 elimination due to its 

high NO2 adsorption capacity related to the high pH and specific surface area of the 

hydration products. The C-S-H gel is more favorable over portlandite, being able to maintain 

its high NO2 adsorption capacity even after carbonation. Furthermore, with low oxidation 

rates, the ability of the cementitious products/photocatalysts to adsorb NO2 is the main 

selectivity controlling factor, whereas, with high pollutant oxidation rates, porosity starts to 

play a dominant role. The capillary porosity in the range between 10 and 50 nm is shown to 

increase the selectivity of the photocatalytic reaction. The positive role of open porosity on 

the NO2 capture is in agreement with the observations made by Gauvin et al. [198]. This 

study shows that capillary porosity supports the NO2 adsorption, presumably due to the 

prolonged presence of NO2 close to the sample surface rather than being immediately 

departed. It is postulated that with lower flows than applied in this study (3 L/min) the 

overall selectivity towards the elimination of NO2 would be even higher. The negative 
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influence of high flow rate and high concentration of the pollutants have been reported in 

several studies [209], [234]. Despite the sub-optimal experimental conditions applied in this 

study, the selectivity values were much higher than those observed for pure photocatalysts 

[206], [211].  

 
Figure 6.11: Conceptual model of the adsorption of NO2 on the surface of mortars a) based on pure cement 

and b) with microsilica addition, before and after carbonation process.  

6.5 Conclusions 

The impact of carbonation mechanism on the NOx removal efficiency by cement mortars 

applying heterogeneous photocatalysis was investigated and the underlying roles of 

carbonation of portlandite and C-S-H gel were evaluated in this chapter. Pore structure, 

morphology, and phase composition of the designed mortars were studied. Photocatalytic 

oxidation efficiency of NO and the related selectivity were determined.  

Table 6.3: Carbonation impact on the NOx oxidation rate by photocatalytic mortars. 
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Table 6.3 presents the summarized influence of carbonation on the properties of mortars 

and their effect on photocatalytic performance. The present study shows that the 

photocatalytic properties can be controlled and optimized with the initial mix design of the 

mortars concerning the influence of carbonation on the mortars' microstructure. Pure 

cement is not recommended to be used as a matrix for photocatalysts, and instead, the 

addition of pozzolanic material is suggested. Here, microsilica was chosen as a pozzolanic 

material. The following detailed conclusions are reached by the acquired results: 

• Carbonation of portlandite leads to the structural densification of the mortar in the 

porosity range between 10-50 nm, and to the formation of the layer of crystal 

carbonates on the surface, limiting the exposure of TiO2. In consequence, a drastic 

decrease of photocatalytic oxidation was observed for white cement mortars. 

Additionally, agglomeration of photocatalyst escalated the negative impact of the 

shielding effects and microstructural changes on the photocatalytic activity of 

mortars upon carbonation.  

• Decalcification of C-S-H (AFm/AFt) gel in mortars with the addition of pozzolanic 

material results in the formation of capillary pores in size range of 10 to 50 nm and 

an increase of photocatalytic efficiency, indicating dominant effects of porosity 

restructuring on the photocatalytic performance over the shielding effects caused by 

the carbonation products when C-S-H gel carbonates.  

• The selectivity of photocatalytic processes depends on the type of TiO2 

photocatalyst and the matrix properties. The highest selectivity was observed for the 

silica-supported composite and was found to be affected by the specific surface area 

of the photocatalyst. The cementitious matrix can support the elimination of NO2 

due to its high ability to adsorb NO2, associated with the high pH and specific 

surface area. 

• The reduction of the mortar's selectivity upon carbonation is minimized for mortars 

with microsilica addition, where mainly C-S-H (AFm/AFt) gel carbonates. The 

superior impact of the C-S-H gel on the overall reaction selectivity is mainly related 

to the high specific surface area before and after carbonation and, therefore, the high 

capacity to adsorb NO2. 

• High pH together with the high specific surface area of the hydration products, favor 

NO2 elimination and control the selectivity level and are observed to be 
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accompanied by low oxidation rates of NO. With higher oxidation rates, the 

cementitious matrix supports the NO2 elimination. However, the presence of 

porosity becomes a limiting factor - a high capillary porosity improves the overall 

selectivity of the photocatalytic process, possibly due to the prolonged residence 

time. 
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Conclusions and recommendations 

 
This thesis focuses on the development of alternative cementitious binders and 

functionalized materials, aiming at economically and environmentally profitable solutions. 

Within this path, several topics are explored, including the improvement of currently utilized 

alkali activated materials technology, the implementation of new cementitious binders, and 

the assessment of the air purifying potential of concrete. The outcome of this work and 

corresponding recommendations for future research are summarized below. 

7.1 Conclusions 

7.1.1 Ambient cured silica-rich alkali activated materials 

With the aim to eliminate the need for elevated temperature curing of fly ash-based 

geopolymers, the addition of small quantities of cement was proposed. The experimental 

investigation revealed that the partial replacement of fly ash with cement (between 5 and 10 

wt%) enables the manufacture of silica-rich alkali-activated products at ambient conditions. 

While in pure fly ash system setting takes place after a few days of curing, the setting times 

of the samples containing small cement quantities are comparable to those reported for 

cement pastes (according to the Vicat test). The accelerated hardening process is a 

consequence of the fast dissolution of cement phases and precipitation of calcium-enriched 

gel. However, already up to 7 days of hydration, it is notable that the accelerated hydration 

of cement within the first hours after contact with the alkaline solution has an adverse effect 

on its overall reaction degree (in comparison to cement hydrated just with water). The 

optimal dosage of cement in the fly ash ash-based geopolymeric system depends on the total 

initial content of silica in the pore solution. The highest 28-days compressive strength was 

observed with 5 wt% and 7.5 wt% cement addition for silicate-based activator with a silica 
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modulus of 1.2 and 1.5, respectively. Based on this study, it is postulated that the fast 

consumption of activator species in the presence of reactive cement and formation of Ca-

enriched gel products may impede the dissolution and solidification processes of fly ash 

between 7 and 28 days of curing. 

7.1.2 BOF slag as a cementitious binder 

In this thesis, it is demonstrated that despite many technological challenges, BOF slag can 

be successfully applied as a binding material. This is obtained with the use of potassium and 

sodium citrate salts, which exhibit the dual role of superplasticizer and activator. The 

superplasticizing effect of citrates helps to reduce the water demand of the BOF slag, which 

is a critical factor determining the performance of slag-based products if one considers the 

inertness and limited or slow reactivity of BOF slag phases. Owing to the superplasticizing 

properties of potassium and sodium citrates, throughout this research, the BOF slag pastes 

were produced with a w/b ratio of 0.16 and 0.18. The second “activating’’ effect of citrate 

salts is associated with their chelating properties, which enable fast dissolution of phases 

(especially brownmillerite). In addition, the applied activators are found to significantly 

increase the pH of the pore solution (as determined after 30 min and 1 hour of hydration), 

accelerating the reaction of C2S at early ages. The experimental investigation further revealed 

that the overall reaction degree of C2S (after 90 days of hydration) is facilitated in the samples 

containing relatively low concentrations of citrate salts (0.2 M). In contrast, the extent of 

brownmillerite reaction is escalated in the samples with highly concentrated citrate solutions 

(0.6 M).  

The hydration of BOF slag (mainly brownmillerite and C2S) leads to the formation of 

siliceous hydrogarnets, C-S-H gel, portlandite and hydrotalcite. The formation of these 

products results in a dense microstructure, and consequently, outstanding mechanical 

performance of BOF slag pastes (with 28-days compressive strength up to 75 MPa). The 

strength properties are influenced by the activator dosage, w/b ratio and slag fineness. 

Further optimization of the reaction kinetics and strength development of the slag mixtures 

can be achieved via nanosilica addition. However, it must be noted that while nanosilica 

enhances the precipitation of C-S-H gel, it has a delaying effect on the reaction of 

brownmillerite.  
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Finally, the environmental impact of designed BOF slag products needs to be considered. 

Both brownmillerite and C2S are the hosting phases for heavy metals, mainly vanadium and 

chromium, in BOF slag. Even though the leaching of these elements from hydrated slag 

pastes is insubstantial (as determined with one batch leaching test and tank test), it must be 

noted that the immobilization capability of slag pastes drastically drops upon carbonation 

when hydrogarnets and C-S-H gel (hydration products which potentially incorporate heavy 

metals) react with CO2. Therefore, it is recommended to manufacture slag products with 

low porosity and high contents of portlandite (e.g., by facilitating hydration of C2S), which 

helps to increase the carbonation resistance via the formation of a dense layer of carbonates 

on the surface, impeding the diffusion of CO2. 

7.1.3 The durability of photocatalytically active mortars 

The durability of photocatalytic materials defines its profitability. In this thesis, the effects 

of carbonation, unavoidably occurring at the concrete surface, on the photocatalytic 

performance of mortars were investigated. Two series of mortars containing nanotitania 

particles were prepared. In the first series, white cement was employed as a binder, while in 

the second series, 40 wt% of white cement was substituted with a pozzolanic material 

(microsilica) in order to differentiate between the impact of carbonation of C-S-H gel and 

portlandite on the photocatalytic performance of mortars. The experimental results revealed 

that white cement should not be used as a sole binder for the manufacture of photocatalytic 

materials since a dramatic efficiency decrease will be observed during their service life. 

Carbonation of mortars abundant in portlandite results in structural densification (mainly in 

the porosity range between 10 and 50 nm) and deposition of a dense layer of carbonate 

crystals on the surface, considerably limiting the exposure of TiO2. In contrast, the 

carbonation of C-S-H gel is accompanied by the formation of capillary pores, which in the 

present study, led to the improved photocatalytic properties of mortars containing 

microsilica after accelerated aging. Accordingly, the dominant role of carbonation-induced 

microstructural changes over shielding effects caused by carbonates is concluded. The 

superior photocatalytic properties of mortars with microsilica were further disclosed with 

the evaluation of the selectivity of photocatalytic oxidation. It was found that in contrast to 

portlandite, C-S-H gel maintains its high ability to adsorb NO2 upon carbonation, which can 

be related to its high specific surface area. 
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7.2 Recommendations 

Cement and concrete technology constitutes an industrial sector with tremendous potential 

for solutions protecting the environment. As shown in this thesis, materials from industrial 

waste streams, which are often landfilled, e.g., due to contamination with heavy metals, can 

be utilized for the manufacture of building products, receiving high market value. Concrete 

also serves as a safety material, protecting the environment from exposure to fire or chemical 

attack (e.g. with the use of geopolymers). Finally, with the application of photocatalytic 

technology, concrete constitutes a suitable candidate for the abatement of air pollutants. All 

these outstanding concrete features require the development of technological solutions that 

are economically competitive, easily applicable, and, most importantly, safe. In this context, 

some general recommendations for future research, which were recognized throughout 

performing this work, are given, followed by specific suggestions for each analysed topic. 

• The chemistry and mineralogy of currently utilized supplementary cementitious 

materials (SCMs) are well defined, which guarantees their predictable performance 

and safety. The assessment of the new potential cementitious binders should be 

performed on the level of individual phases in order to foresee the long-term 

properties of the designed building product and to assess the changes in their 

performance when the composition varies within the same by-product/waste. In 

this way, the applicability of the whole range of materials with similar chemistry can 

be easier addressed. 

• Before the real-scale applications, the durability of the newly designed products 

containing by-products/wastes should be thoroughly investigated. Attention should 

be paid to the fact that the methodology employed for durability assessment of 

traditional cementitious products may be insufficient or inaccurate for the materials 

manufactured from industrial wastes, which often contain heavy metals, expansive 

phases, or large quantities of organic components. 

• The research on the durability of concretes designed for air-purifying purposes 

should be extended to prevent large-scale applications with little or no 

environmental profit in the long term perspective. The recognition of the main 

causes for the commonly observed loss of photocatalytic efficiency of building 

products during their service life should be a point of departure for the 

implementation of the new solutions. For the concrete mixtures with nanotitania 
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particles, not only the mechanical damage (including washing or wearing processes) 

but also microstructural and compositional changes upon progressive hydration and 

carbonation during their service life, need to be considered. At the moment, the ratio 

between the research on the durability of photocatalytic products and the research 

on the performance of different photocatalytic products is disconcertingly low. 

• To enable the widespread application of new cementitious binders, the commonly 

applied methods to assess their reactivity and durability should be revisited and 

revised. Extensive research on the mineralogy of SCMs and the development of the 

test methods for their characterization are needed to constitute new measures for 

quality control and to standardize the testing methodology for their use in concrete. 

More specific recommendations related to this work are as follows. 

7.2.1 Ambient cured silica-rich alkali activated materials 

• Since hydration of cement between 7 and 28 days of curing is suppressed at highly 

alkaline conditions, the mechanical profits as well as the economic aspects of 

analysed hybrid fly ash-cement systems are not optimized. It is therefore 

recommended either to lower the alkalinity of activating solution and increase the 

content of cement in the mixture or to consider other calcium sources (revealing 

high reaction degree under alkaline conditions). The content of the selected additive 

should be regulated not only based on the reactivity of applied precursors but also 

the activator characteristics, e.g., silica modulus, as shown in this thesis. 

• The impact of cement (or other calcium-rich material) addition on the desired 

geopolymeric properties, e.g., fire resistance or chemical attack resistance, should be 

evaluated in order to ensure that with the new formulations, the products maintain 

their outstanding properties. 

7.2.2 BOF slag as a cementitious binder 

• Even though in the present work BOF slag-based products show very promising 

properties, further investigation of the durability aspects is essential for their 

widespread application. In this work, samples were sealed-cured for 90 days before 

being tested for carbonation resistance and for a minimum of 28 days before the 

evaluation of heavy metals leaching. However, in real applications, the exposure of 

these materials to atmospheric conditions is expected to take place much earlier, 
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which might affect the mobility of heavy metals and raise the risk of efflorescence 

formation. Moreover, since slags often contain large quantities of expansive 

components, the volume expansion also needs to be evaluated. 

• In this thesis, BOF-slag products were investigated mostly on the paste level. 

Exemplary mortar formulations revealed substantially lower mechanical 

performance than pastes. Followingly, attention should be paid to the design of 

mortar and concrete mixtures with optimised particle packing and improved 

interfacial transition zone (ITZ) between paste and aggregate.  

• Potassium and sodium citrates have shown to be effective activators and 

superplasticizers enabling the production of high-quality products from BOF slag. 

In this context, other chelators (e.g., lactate, malate, tartrate, or EDTA) should also 

be researched to provide solutions offering superior properties and the best 

economic value. 

7.2.3 The durability of photocatalytically active mortars 

• In this thesis, three types of titania nanoparticles (P25, KRONOclean 7000, and 

SiO2-TiO2 composite), intermixed with the cementitious matrix, were used at a 

constant dosage of 5 wt%. It was revealed that the photocatalytic performance of 

mortars upon carbonation drops more significantly for samples with silica-titania 

composite, where the total TiO2 content is more than 6 times lower than in samples 

with titania P25 and KRONOclean 7000. This behavior indicates that next to the 

phase composition, the dosage of nanotitania (and likely, associated pore structure 

modification) has a strong impact on the photocatalytic performance of mortars 

upon carbonation, which should be further investigated. 
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DEPARTMENT OF THE BUILT ENVIRONMENT

The concrete sector is one of the largest industrial emitters of
CO2. The emission of CO2 is mainly associated with the
combustion processes during the manufacture of traditional
Portland cement. Therefore, attempts are made to minimize or
even eliminate the use of Portland cement in concrete. The wide
availability of industrial by-products (e.g., slags and fly ashes)
render them great candidates for cement substitutes. However,
the chemical and mineralogical composition of by-products and
industrial wastes may vary significantly. Consequently, in-depth
analyses of these materials are needed to produce high-quality
building products. Before being used in concrete, industrial
wastes often require treatments, and in many cases, chemical or
physical activation is necessary to ensure their safe utilization
and sufficient reactivity. Optimization of these processes is
essential to meet the goal of reduced environmental impact.
Since concrete is mostly available in highly urbanized areas, its
eco-friendly aspects can be extended with the use of
photocatalytic technology. Large concrete surfaces can serve as
a matrix for photocatalysts enabling the degradation of air
pollutants.
With a general strategy to provide climate-friendly solutions in
the concrete industry, this thesis offers improvements for
currently utilized eco-efficient technologies in concrete
(including alkali-activated materials and air-purifying concrete)
and investigates the cementitious potential of alternative
binders (steel slag).
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