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High-end application of basic oxygen furnace steel 
slag as sustainable building materials
Air granulation , Reactivity, Leachability,& Application as a binder

M. Jawad Ahmed

Basic oxygen furnace (BOF) slag is the byproduct of the steelmaking 
process. The main challenge lies in the utilization of industrial residues 
to get zero-waste flow sheets. In 2018, the basic oxygen steel-making 
process produced over ~70% of the crude steel globally, generating 
90-150 kg of basic Oxygen furnace (BOF) slag for every tonne of crude 
steel. It is a complex material chemically and mineralogically. To 
achieve the efficient recycling of BOF slag as a partial replacement for 
cement, the cooling process of BOF slag is changed from standard 
cooling to air granulation. The air granulation of the BOF slag is 
investigated as an efficient way to modify material properties for the 
efficient recycling of the building materials. This dissertation aims to 
develop a systematic understanding of the effect of air granulation on 
the BOF slag mineralogy, reactivity, and leaching behaviour. Moreover, 
Cr and V speciation is further investigated by ex-situ mimicking of the 
dicalcium silicate, a slag phase that accounts for 35-45 wt. % of the 
whole slag. Moreover, the application of air granulated BOF slag as a 
binder in different types of cement (ordinary Portland cement and 
Belite calcium sulfoaluminate cement) is investigated to utilize slag as 
a supplementary cementitious material. The work of this research can 
be divided primarily dealing with 1) Air granulation, Cr and V doped 
dicalcium silicate, leaching mechanism (Chapters 3-5) 2) Hydration of 
dicalcium silicate and air granulated BOF (Chapters 6-7) 3) Application 
of BOF slag as a binder for high-end building products (Chapter 8-9).  
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S U M M A RY

Basic oxygen furnace (BOF) slag, also known as Lindz-Donawitz (LD) slag is a byproduct
of the steelmaking process. The recycling and reusing of BOF slag as cementitious
material carries the challenges of low reactivity of dicalcium silicate (C2S) phases,
potential leaching of heavy metals (Cr and V), and low reactivity with binders in general.
To address these challenges, this thesis provides insight into the air granulation of BOF
slag, hydration studies, leaching behaviour as well as the possible substitution in
ordinary Portland cement (OPC) and belite calcium sulfoaluminate cement (BCSA). The
fundamental insight into the synthesis, hydration, and immobilization of heavy metals
(Cr and V) in C2S, as well as possible chemical activation for an understanding of BOF
slag reactivity, is also the focus of this study.

The first Chapter provides insight into the background, motivation, and outline of this
dissertation. The main emphasis on the importance of a systematic understanding of the
chemical and mineralogical composition, C2S reactivity, and leachability for efficient BOF
slag recycling is explained. Subsequently, the second Chapter deals with a detailed
explanation of the physical, chemical, and analytical methods employed throughout the
execution of this study.

In the third Chapter, the air granulation of BOF slag is discussed. Air granulation can
be a promising way to increase the reactivity of BOF slag and enable recycling as a
cement replacement. For this reason, BOF slag was air granulated and separated into
different fractions (0.5-0.25 mm, 1-0.5 mm, 2-1 mm, 4-2 mm) to study the influence of size
and therefore cooling speed on its mineralogy. The results showed that the main minerals
in air granulated BOF slag are the same as in industrially cooled slag, but that additional
perovskite is formed, which has not been reported before. All fractions contained large
phenocrysts of C2S and (Mg, Fe)O surrounded by a dense matrix containing the other
minerals. The three largest slag fractions are very similar to each other in chemical
composition and microstructure, while the smallest fraction (0.5-0.25 mm) contains a
higher content of (Mg, Fe)O even though the starting composition was the same. The
leaching of chromium and vanadium is greatly increased compared to standard cooled
BOF slag indicating that air granulation results in greater dissolution of BOF slag despite
generating very little amorphous content.

The fourth Chapter deals with the sol-gel synthesis of dicalcium silicate. The
predominant phase in BOF slag is dicalcium silicate, comprising 35-50% of the slag.
Therefore, the synthesis of dicalcium silicate (C2S) via sol-gel (acid-catalyzed) process
including the aqueous route, non-aqueous route, and the Pechini method is reported.
The attention has been focused on determining the crystalline polymorphs, amorphous
content as well and impurities. Intermediate dried gels have been investigated via
thermal analysis to monitor changes in the gel structures and precursors at low
temperatures. The synthetic parameters including calcination time and temperature,
Ca/Si molar ratio and mode of cooling have been optimized to get pure β-C2S with low
amorphous content. The dependency of β→γ C2S polymorphic transformation on mean
crystallite size (Dcryst) is studied. Overall, the Pechini method exhibits the most
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promising results for the purity and tuning of β-C2S polymorph. Moreover, the
non-aqueous and aqueous routes require calcining the dried gel at a temperature higher
than 1200 °C due to the presence of CaO precursors as CaCO3. The theoretical
calculations of amorphous content have revealed that the change in the stoichiometry
from 2.0 to 1.7 Ca/Si ratio is not a viable solution to improve the C2S product yield.

Chapter 5 deals with the synthesis of Cr and V doped dicalcium silicate under varying
sintering conditions, reactivity, and leaching behaviour. It is shown that C2S can
incorporate Cr (VI) and V (V) consequently leading to the stabilization of α′- and β-C2S.
Instead, Cr (II, III) and V < (V) tend not to substitute in C2S. Despite reactive polymorphs
(α′- and β-C2S) stability due to Cr (VI) and V (V) incorporation, the early age (48-72 h)
C2S reactivity is drastically reduced due to Cr (VI) and V (V) incorporation. Moreover,
one batch leaching test revealed that the V (V) leaching is inversely proportional to
aqueous Ca2+ ion concentration at pH > 12 while Cr leaching is sensitive to its oxidation
state, and dissolution of C2S. Even though C2S can incorporate Cr (VI) and V (V) ions,
the final leaching is governed by the immobilization potential of C-S-H gel, pH as well as
types of calcium chromate and vanadate complexes.

In Chapter 6, the focus lies on the hydration rate of dicalcium silicate under
sodium-based chemical activators. This study analyses the effect of fixed moles (0.8M)
Na+ bearing OH-, SO4

2-, and CO3

2- anions on β-dicalcium silicate (C2S) hydration at
ambient conditions. These anions were chosen because it is mostly used as an
alkali-based chemical activator for C2S. Therefore, β-C2S synthesized via the Pechini
method and the effect of varying water-to-solid ratio alongside chemical activation on
the β-C2S reactivity. The findings showed that carbonate increased the early hydration by
55% at the early stage which has been attributed to the simultaneous precipitation of
C-S-H and calcite. But at a later stage, no hydration activity is attributed to the lack of
transportable calcium ions between the solid surface and solution as confirmed by in-situ
pH as well as conductivity measurements. The significant effect of sulphate ions was
observed at later ages 14-28 days due to the dissolution of calcium sulphate at high pH
promoting calcium silicate hydrate precipitation. The hydroxide ion exhibited no
significant increase in hydration at any stage due to the early precipitation of portlandite
and high solution pH. Overall, the β-C2S reactivity in water exhibited the highest degree
of hydration at 67% upon curing 28 days.

Chapter 7 deals with the in-depth hydration and leaching behaviour of air granulated
BOF slag. The air granulated slag exhibited higher early-age (4 days) hydration than
standard-cooled BOF slag. The hydration of the slag leads to the formation of hydration
products such as C-S-H, hydrogarnet, and hydrotalcite (sjoegrenite). Moreover, the slag
degree of hydration (DOH) reaches up to 41% after 28 days of curing. The formation of
slag hydration products is controlled by the dissolution of SiO2 and Fe2O3 bearing
phases such as larnite and brownmillerite phases. The 2-1- and 4-2-mm slag fractions of
28 days hydrated slag sample immobilize the V up to 88% and 91% respectively. The
28-day hydrated 2-1 mm slag fraction immobilizes Cr up to 61% due to high DOH
( 41%) while the hydrated 4-2 mm slag fraction decreases Cr leaching up to 42%.

The eighth Chapter aims to understand the potential of air granulated BOF slag as a
binder in mortars. The slag was substituted in OPC at replacement levels of 5, 20, 35 and
50%. The mechanical performance of the cement-slag composites is correlated with the
hydration behaviour through thermal, mineralogical, and microstructural analysis. The
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findings show that the granulation improved the grindability, reactivity, and compressive
strength till 28 days. The 5% slag exhibited the synergy of mechanical performance while
35% performed better than quartz (an inert filler). The performance decline upon 20-50%
replacements is attributed to the absence of brownmillerite reactivity of the slag. Overall,
the granulation did not improve the cement-slag composite performance significantly till
90 days.

Chapter 9 focuses on valorizing the air granulated BOF slag with ye´elimite-based
cement. Basic oxygen furnace (BOF) slag as a binder causes a negative effect on OPC
performance upon exceeding the limit of 5% replacement. At the same time, a
high-volume slag utilization is desired to benefit slag recycling as supplementary
cementitious materials. Therefore, this study aims to optimize the air granulated BOF
slag substitution potential in belite calcium sulfoaluminate cement (BCSA) by
investigating the hydration products in standard mortar. Especially, the reactivity of
BCSA-slag binder is correlated with workability and mechanical performance alongside
volumetric stability. As a result, the 10-30% slag replacement delays the final setting time
by inhibiting the ettringite formation leading to a decrease in mechanical performance
till 28 days. At later ages (28-180), the 30-50% substitution exhibited the synergy of
mechanical performance, which is attributed to the hydrogarnet, C-S-H, and strätlingite
formation. Moreover, all BCSA-slag mortars exhibited heavy metals’ leaching and drying
shrinkage below the permissible limit.

In the final chapter 10, the summary of conclusions and recommendations for future
work is precised. This research provides a detailed insight about the viability of air
granulation of BOF slag, speciation of Cr and V in slag as well as in C2S alongside
leachability for fitness of the material for efficient recycling in building materials.
Moreover, the hydration rate of sodium-based activators is discussed which emphases
the importance of understanding C2S reactivity. Overall, air granulation of BOF slag
exhibited good grindability, high early-stage reactivity, immobilization of heavy metals
as well as synergy of mechanical performance upon replacement in OPC ( 5%) and BCSA
( 30-50%). These characteristics of air granulated BOF slag will provide a fresh prospect
for efficient recycling of the material.

xiii





C O N T E N T S

1 introduction 1

1.1 Background and motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Chemical and mineral composition of BOF slag . . . . . . . . . . . . . 3

1.1.2 Dicalcium silicate (C2S) . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.3 Activation of C2S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.4 Immobilization of Cr and V in C2S . . . . . . . . . . . . . . . . . . . . . 4

1.2 Research aim and strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 materials and methods 9

2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Air granulated BOF slag . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.2 Dicalcium silicate powder . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.3 Types of cement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Analytical and characterization method . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Representative sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 Conventional sieving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.3 Mechanical grinding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.4 Specific density and surface area . . . . . . . . . . . . . . . . . . . . . 10

2.2.5 Particle size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.6 Isothermal calorimetric analysis . . . . . . . . . . . . . . . . . . . . . . 10

2.2.7 Thermal gravimetric analysis . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.8 X-ray fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.9 X-ray diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.10 Average crystallite size . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.11 X-ray photoelectron spectroscopy . . . . . . . . . . . . . . . . . . . . . 12

2.2.12 Fourier transform infrared spectroscopy . . . . . . . . . . . . . . . . . 12

2.2.13 Scanning electron microscopy . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.14 Large area phase mapping . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.15 Flowability and setting time . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.16 Drying shrinkage and mass loss . . . . . . . . . . . . . . . . . . . . . . 13

2.2.17 Mechanical performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.18 Leaching analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 the mineralogy of air granulated basic oxygen furnace slag 15

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3.1 Bulk chemical and mineralogical composition . . . . . . . . . . . . . . 17

3.3.2 Microstructure and mineralogy determined by large area phase
mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.3 Influence of granulation on phase distribution and chemical bulk
composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.4 Vanadium and chromium leaching . . . . . . . . . . . . . . . . . . . . . 26

xv



xvi contents

3.4 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 a quantitative analysis of dicalcium silicate synthesized via

different sol-gel methods 29

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.3.1 Pechini method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.3.2 Non-aqueous method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.3.3 Aqueous method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.4 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.4.1 C2S synthesis via the Pechini method . . . . . . . . . . . . . . . . . . . 33

4.4.2 C2S synthesis via the non-aqueous route . . . . . . . . . . . . . . . . . 36

4.4.3 C2S synthesis via aqueous route . . . . . . . . . . . . . . . . . . . . . . 39

4.4.4 Effect of calcination temperature on C2S mean crystallite size (Dcryst) 41

4.5 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5 vanadium and chromium substitution in dicalcium silicate

under oxidizing and reducing conditions ; synthesis , reactivity,
and leaching studies 47

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.3.1 Non-aqueous method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.4.1 Characterization of the synthesized product . . . . . . . . . . . . . . . 51

5.4.1.1 Cr doped C2S . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.4.1.2 V doped C2S . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.4.2 Hydration studies of Cr and V doped C2S . . . . . . . . . . . . . . . . 62

5.4.3 Leaching behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.5 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6 effect of hydroxide , carbonate , and sulphate anions on the β-
dicalcium silicate hydration rate 69

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.1.1 Hydration studies . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.3.1 Hydration behaviour in varying water-to-solid (w/s) ratio . . . . . . . 72

6.3.2 Characterization and order of hydration product formation . . . . . . 74

6.3.3 In-situ pH and conductivity measurement . . . . . . . . . . . . . . . . 81

6.3.4 Effect of CaCO3 as a nucleation site for Ca2+ ions . . . . . . . . . . . . 82

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7 reactivity of air granulated basic oxygen furnace slag and its

immobilization of heavy metals 85

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86



contents xvii

7.4 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.4.1 Early age hydration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.4.2 Later age reactivity of air granulated BOF slag . . . . . . . . . . . . . . 88

7.4.3 Environmental behaviour of hydrated air granulated BOF slag . . . . 92

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

8 air granulated bof slag application as a binder : effect on

strength , volume stability, hydration study, and

environmental risk 95

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

8.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8.3 Methods and Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8.3.1 Particle size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8.3.2 Oxide composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

8.3.3 Mineralogy of raw materials . . . . . . . . . . . . . . . . . . . . . . . . 98

8.3.4 Mortars study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

8.3.4.1 Mix design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

8.3.5 Leaching analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8.4.1 Physio-mechanical behaviour of cement-slag mortars . . . . . . . . . . 100

8.4.1.1 Workability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8.4.1.2 Mechanical performance . . . . . . . . . . . . . . . . . . . . . 101

8.4.1.3 Drying shrinkage and drying mass loss . . . . . . . . . . . . 101

8.4.2 Reactivity of cement-slag pastes and its correlation with mechanical
performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

8.4.2.1 Early age hydration studies . . . . . . . . . . . . . . . . . . . 103

8.4.2.2 Characterization of hydration products . . . . . . . . . . . . . 105

8.4.3 Correlation of bound water with mechanical performance . . . . . . . 107

8.4.4 Environmental impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

8.5 Conclusions and implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

9 utilization of air granulated basic oxygen furnace slag as a

binder in belite calcium sulfoaluminate cement : a sustainable

alternative 111

9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

9.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

9.3 Methods and characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

9.3.1 Mix design of BCSA-slag mortar . . . . . . . . . . . . . . . . . . . . . . 114

9.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

9.4.1 Workability and its correlation with early age hydration . . . . . . . . 115

9.4.2 Mechanical performance and correlation with BCSA-slag hydration . 117

9.4.3 Microstructure Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

9.4.4 Drying shrinkage and drying mass loss . . . . . . . . . . . . . . . . . . 122

9.4.5 Environmental Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

9.5 Conclusion and summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

10 conclusions and recommendations 127

10.1 Summary of conclusions and recommendations . . . . . . . . . . . . . . . . . 127



xviii contents

10.2 Air granulation, chromium and vanadium doped dicalcium silicate,
leaching mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

10.2.1 Mineralogy of air granulated BOF slag and its leaching behaviour . . 128

10.2.2 C2S synthesis via different sol-gel methods . . . . . . . . . . . . . . . . 128

10.2.3 Ex-situ mimicking of C2S slag phase . . . . . . . . . . . . . . . . . . . . 129

10.3 Hydration rate of dicalcium silicate of and air granulated BOF slag . . . . . . 129

10.3.1 Hydration rate of β-C2S with various sodium salts . . . . . . . . . . . 129

10.3.2 Hydration of air granulated BOF slag . . . . . . . . . . . . . . . . . . . 130

10.4 Application of BOF slag as a cementitious material . . . . . . . . . . . . . . . 130

10.4.1 Air granulated BOF slag replacement in OPC . . . . . . . . . . . . . . 130

10.4.2 Air granulated BOF slag substitution in BCSA . . . . . . . . . . . . . . 130

10.5 Recommendations for future work . . . . . . . . . . . . . . . . . . . . . . . . . 131

a appendix 133

b appendix 137

c appendix 145

d appendix 149

e appendix 151

list of publications 153

bibliography 155

curriculum vitae 179



L I S T O F F I G U R E S

Figure 1.1 Schematic of steel production with the rough estimation of raw
materials and byproduct streams in the parentheses. The arrows
represent the flow of the steel-making process and the addition of
raw materials at every step. Sulphur is an unwanted impurity in the
steel and is removed by a process known as “desulphurisation”.
Overall, the slag rate and subsequent steel production steps vary
with the production sites [1]. . . . . . . . . . . . . . . . . . . . . . . . 1

Figure 1.2 Steel furnace slag production and overall usage in Europe. The
percentage is based on the data obtained from the Netherlands,
Belgium, Bosnia-Herzegovina, Bulgaria, Czech Republic, France,
Finland, Greece, Germany, Italy (partly), Luxembourg,
Netherlands, Poland, Portugal, Romania, Slovak Republic,
Slovenia, Sweden, Spain, and the United Kingdom [8]. . . . . . . . . 2

Figure 1.3 Different polymorphs of dicalcium silicate (C2S) and their transition
temperatures [44, 48]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Figure 1.4 Outline of the thesis with the classification of the chapters. . . . . . . 7

Figure 2.1 Air granulated BOF slag granulation yield. . . . . . . . . . . . . . . . 10

Figure 3.1 Air granulated converter slag 4-2 mm a) SEM greyscale image b)
EDX based phase map. . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Figure 3.2 Air granulated converter slag 0.5-0.25 mm surrounded by other
grains a) SEM greyscale image 1- blast furnace slag 2- quartz b)
EDX based phase map. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Figure 3.3 a) PARC density plot for all data points belonging to the matrix
phase and their division into 3 matrix parts. The intensity of the
Ca Kα peak is plotted against the intensity of Si Kα, the colour
indicates the density of overlapping data points. b) Corresponding
areas in a SI data field of air granulated BOF slag. . . . . . . . . . . . 20

Figure 3.4 Average composition of a) C2S and b) (Mg,Fe)O phenocrysts
related to the grain size of the air granulated converter slag. Note
the difference in scale for major and minor oxides. . . . . . . . . . . . 21

Figure 3.5 Results of PARC analysis a) Phases in air granulated converter slag
in area% and wt. % including the densities used for conversion
from area% into wt. % b) Composition of the CS matrix part c)
Composition of the MF matrix part d) Composition of the CF matrix
part. Note the difference in scale for major and minor oxides. . . . . 21

Figure 3.6 Formation of C2S out of the CS rich matrix with increasing air
granulated BOF slag size fraction/decreasing cooling speed. The
C2S present in the 0.5-0.25 mm fraction is the equilibrium C2S
formed before granulation. The quench C2S forming during
cooling shows a leaf-like structure. . . . . . . . . . . . . . . . . . . . . 22

xix



xx List of Figures

Figure 3.7 Size distribution of a) C2S and b) (Mg,Fe)O crystals in air
granulated BOF slag. The diameter is calculated from the grain
area assuming perfect circular shape. The number of grains is
normalized by the total area measured. . . . . . . . . . . . . . . . . . 23

Figure 3.8 Variation diagram a) addition of (Mg,Fe)O b) addition of C2S to air
granulated BOF slag. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Figure 4.1 The rate of furnace cooling employed for sol-gel (acid-catalysed)
synthesis (cooling Method 1). . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 4.2 Thermal analysis of intermediate dried gels from all sol-gel routes
(a) TG and DTG (b) DTA analysis of the dried gel synthesized from
the Pechini method pre-charred at 250 °C (c) TG and DTG (d) DTA
analysis of the dried gel synthesized via non-aqueous route and
pre-dried at 150 °C (e) TG and DTG (f) DTA analysis of the dried
gel synthesized via aqueous route and pre-dried at 150 °C. . . . . . 34

Figure 4.3 XRD pattern of the dried gel obtained with the Pechini method
after heating to different temperatures. The crystalline phases are
labelled as α′ = α′-C2S, β = β-C2S, γ = γ-C2S, W = wollastonite-2M,
C.N = Calcium sodium Aluminum oxide, G = grossular, Q = quartz. 35

Figure 4.4 XRD pattern of C2S synthesized via non-aqueous route. The
crystalline phases are labelled as β = β-C2S, γ = γ-C2S, W =
wollastonite-2M, W-t = wollastonite-triclinic L = lime, G =
grossular, Cr = cristobalite, Q = quartz. . . . . . . . . . . . . . . . . . 37

Figure 4.5 XRD pattern of C2S synthesized via an aqueous route of the sol-
gel method. The crystalline phases are labelled as Si = as internal
standard β = β-C2S, W = wollastonite-2M, L = lime, G = grossular,
γ = γ-C2S, W1 = wollastonite-1A. . . . . . . . . . . . . . . . . . . . . . 39

Figure 4.6 FTIR spectra of C2S synthesized via Pechini method. b) FTIR
spectra of C2S synthesized via non-aqueous and aqueous routes. . . 42

Figure 4.7 SEM micrograph of C2S synthesized via (a) the Pechini method
calcined at 700 °C (b) non-aqueous route at 1000 °C. . . . . . . . . . . 43

Figure 4.8 Correlation between temperature (°C), mean crystallite size Dcryst

(nm) and polymorphic transition of C2S (α′, β, γ) synthesized by
the Pechini method (∗=the sample is cooled according to Method
1), (∗∗=the sample is cooled down via Method 2). . . . . . . . . . . . 43

Figure 4.9 a) Correlation of calcination temperature with Dcryst size (nm) of
β and γ-C2S polymorphs synthesized via non-aqueous route. b)
Correlation of calcination temperature with Dcryst size (nm) of β

and γ-C2S polymorphs synthesized via aqueous route. . . . . . . . . 44

Figure 5.1 The heating furnace (a) the Gero furnace used for calcination under
reducing conditions (20% CO/80% CO2) (b) furnace cooling rate. . . 50

Figure 5.2 Cr and V doped C2S under oxidizing conditions (a) non-sieved
sample (b) sample sieved between 20-40 µm. . . . . . . . . . . . . . . 51

Figure 5.3 FTIR analysis Cr and V doped C2S (a) oxidizing conditions (b) Cr
doped C2S under reducing conditions (c) V doped under reducing
conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55



List of Figures xxi

Figure 5.4 XPS analysis of Cr and V doped C2S (a) Cr 2p
3/2

scan of Cr doped
C2S (b) V 2p

3/2
scan of V doped C2S (c) relative percentage

oxidation sate of Cr doped C2S under oxidizing and reducing
condition (d) relative Ca/V ratio of V doped C2S under oxidizing
and reducing condition. . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Figure 5.5 SEM (Scanning electron microscopy) analysis of Cr and V doped
C2S under oxidizing conditions (a) Cr5-O (b) Cr10-O (c) Cr15-O
(d) V5-O (e) V10-O (f) V15-O. “white arrow” indicates the grain
boundaries and “circle” indicates the sign of surface relief. . . . . . . 57

Figure 5.6 EDX (Energy dispersive X-ray) analysis of Cr and V doped C2S
under oxidizing conditions-the oxide composition of varying spot
positions (a) Cr5-O (b) Cr10-O (c) Cr15-O (d) V5-O (e) V10-O (f)
V15-O (g) oxide composition of Cr (5, 10, 15) -O (h) oxide
composition of V (5, 10, 15) -O. . . . . . . . . . . . . . . . . . . . . . . 58

Figure 5.7 Heat release of the chromium and vanadium doped C2S under
oxidizing conditions sieved between 20 and 40 µm. with water to
solid ratio (a) 0.5 (c) 1.0 (e) 1.6. Cumulative heat release in J/g of
the (b) 0.5 (d) 1.0 (e) 1.6. TG curve of the synthesized C2S samples
showing the mass loss in function of temperature (e) mass loss of
Cr and V doped C2S samples under oxidizing conditions in first 20

minutes of hydration (f) DTG curve of the synthesized C2S
samples showing the mass loss per minute in function of
temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Figure 5.8 One batch leaching analysis (w/s = 10) of Cr and V doped C2S,
the amount Si, Cr and V has been plotted as a function of Ca (%)
leaching and pH range mentioned on the graph (a) Cr doped C2S
under oxidizing conditions (b) Cr doped C2S under reducing
conditions (c) V doped under oxidizing conditions (d) V doped
under reducing conditions. . . . . . . . . . . . . . . . . . . . . . . . . 65

Figure 6.1 Exothermic heat curve of C2S, hydrated in water-to-solid (w/s)
ratio of 1.6 and 0.5 a) normalized heat flow b) cumulative heat of
hydration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Figure 6.2 Differential thermal gravimetric (DTG) analysis of chemically
activated C2S at curing age of a) 7 b) 14 and c) 28 days with 1.6
w/s ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Figure 6.3 Calculation of chemically bound water over time of chemically
activated C2S a) equivalent anhydrous portlandite (wt. %) via Eq.
6.6. b) calcium silicate hydrate (C-S-H) gel water (wt. %) or
evaporable water (Eq. 6.5). *It is not possible to differentiate
between weight loss event of gypsum and C-S-H in 0.4M Na2SO4

sample (Fig. 6.2). Because the C-S-H volatiles coincides with the
gypsum water of crystallization.). . . . . . . . . . . . . . . . . . . . . . 78

Figure 6.4 Quantitative X-ray diffraction (QXRD) of chemically activated β-
C2S at curing ages of 7, 14, and 28 days. . . . . . . . . . . . . . . . . . 79

Figure 6.5 Degree of hydration (DOH) of chemically activated β-C2S
calculated via QXRD and TGA over 28 days. . . . . . . . . . . . . . . 79



xxii List of Figures

Figure 6.6 Scanning electron microscopy (SEM) micrographs of chemically
activated β-C2S a) 7 b) 28 days cured reference sample c) 0.4M
Na2CO3 14 and d) 28 days cured sample f) 0.8M NaOH g) 0.4M
Na2SO4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

Figure 6.7 In-situ pH, conductivity, and isothermal calorimetric analysis at 20

°C of a) reference b) 0.4M Na2CO3 sample. . . . . . . . . . . . . . . . 82

Figure 6.8 Exothermic heat curve of chemically activated β-C2S in the
presence of 3 wt. % CaCO3 a) normalized heat flow b) cumulative
heat of hydration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Figure 7.1 The PSD (particle size distribution) of 4-2- and 2-1-mm fraction of
air granulated BOF slag. In the inset, the specific surface area (SSA)
obtained via the BET method is given. . . . . . . . . . . . . . . . . . . 87

Figure 7.2 The exothermic heat curve of 2-1- and 4-2 mm fraction of air
granulated BOF slag (a) heat of hydration and (b) cumulative heat
of hydration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Figure 7.3 QXRD of a) 2-1- and b) 4-2-mm fraction of hydrated air granulated
BOF slag cured for 7, 14, and 28 days. Free water value is taken
from the initial water-to-solid ratio and bound water is calculated
from the loss on ignition at 1000 °C. . . . . . . . . . . . . . . . . . . . 89

Figure 7.4 Thermal gravimetric analysis of hydrated air granulated BOF slag
fractions a) 2-1 mm fraction and 1st derivative of thermal
gravimetric analysis of 2-1 mm fractions b) 4-2 mm fractions and
1st derivative of thermal gravimetric analysis of 4-2 mm fraction. . . 90

Figure 7.5 Degree of hydration (2-1-and-4-2 mm slag fractions) of hydrated air
granulated BOF slag cured for 7, 14, and 28 days. . . . . . . . . . . . 91

Figure 7.6 Microstructure analysis of 2-1 mm fraction of air granulated BOF
slag after 28 days of hydration at 512 µm (one spectral image (SI)
field consists of a data set of 512×384 data points) a) backscattered
image (BSI) b) PARC phase map. . . . . . . . . . . . . . . . . . . . . . 92

Figure 8.1 The PSD (particle size distribution) of CEM I 42.5 N (SSA=0.80

m2/g), quartz powder (SSA=1.5 m2/g), and air granulated BOF
slag (SSA=0.84 m2/g) (a) average size fraction (%) (b) cumulative
fine (%). The mentioned SSA is obtained via the BET method. . . . . 97

Figure 8.2 X-ray diffraction (XRD) analysis of CEM I 42.5 N and GSS samples
with labelled peaks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Figure 8.3 Determination of consistency of fresh mortar by flow table
(diameter) for REF and the replacements of 5, 20, 35, and, 50% of
GSS and QP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

Figure 8.4 Compressive strength of mortar specimen of REF, 5, 20, 35, and,
50% of GSS as well as QP mixes. . . . . . . . . . . . . . . . . . . . . . 102

Figure 8.5 Drying shrinkage of mortar specimens of 5, 20, 35, and, 50%
replacement by (a) GSS, (c) QP in comparison to the REF sample.
Mass change of mortar specimens of 5, 20, 35, and, 50%
replacement by (b) GSS, (d) QP, in comparison to the REF sample. . 102



List of Figures xxiii

Figure 8.6 The exothermic heat curve of cement-slag with reference to cement
(a) heat flow of cement-GSS clusters (b) cumulative heat flow of
cement-GSS clusters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Figure 8.7 The mineralogical composition of the cement-slag composite
changing with the increase of cement replacement by BOF slag. . . . 104

Figure 8.8 DTG analysis of cement-slag pastes sample with 5, 20, 35, and 50

% replacement of cement with BOF slag in comparison of REF,
cured for (a) GSS-7 days (b) GSS-28 days (c) GSS-90 days. The
mass loss event is assigned as Ettringite + Calcium silicate hydrate,
AFm (C4A-C hydrate), Ht (hydrotalcite), Portlandite (calcium
hydroxide), and calcite (calcium carbonate). . . . . . . . . . . . . . . . 105

Figure 8.9 XRD analysis of 91 days cured paste sample a) REF, GSS (05, 20, 35,
50). The peak of hydration products is labelled as Et = ettringite,
MC = C4A-monocarbonate hydrate, Ht = hydrotalcite, Zn-/Ht =
Zn-hydrotalcite, P = Portlandite, C = calcite.) . . . . . . . . . . . . . . 106

Figure 8.10 SEM analysis of 28 days cured cement-slag paste (a) REF (50 µm)
sample (b) REF (30 µm) sample (c) GSS05 (30 µm) (e) GSS50 (30 µm).107

Figure 8.11 The correlation between the chemically bound water of cement-slag
pastes and the strength development of mortar samples cured for
7, 28, and 90 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

Figure 9.1 The PSD (particle size distribution) of the raw material. In the inset,
specific surface area (SSA) is obtained via the BET method. . . . . . 113

Figure 9.2 X-ray diffraction pattern of BCSA and air granulated BOF slag with
labelled peaks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Figure 9.3 Workability of BCSA-slag mortar (a) consistency of flowability of
fresh mortar determined by flow table (diameter) and amount of
superplasticizer (b) final setting of fresh mortar determined by Vicat
needle test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Figure 9.4 Thermal analysis BCSA-slag pastes sample with 0-50% BOF slag
substitution in BCSA cement (a) heat of hydration (b) cumulative
heat of hydration (c) DTG analysis of 7 days cured sample (in the
inset, the zoomed version of important mass loss events). . . . . . . . 116

Figure 9.5 Mechanical performance of BSCA-slag mortar specimens
containing 0-50% substitution of air granulated BOF slag (a)
flexural and (b) compressive strength. . . . . . . . . . . . . . . . . . . 117

Figure 9.6 The labelled peak diffractogram of BCSA-slag mortar specimens
containing 0-50% substitution of air granulated BOF slag (a) 28 days
cured mortar sample (b) 90 days cured mortar sample. . . . . . . . . 118

Figure 9.7 Derivative thermogravimetry (DTG) of BSCA-slag mortar
specimens containing 0-50% substitution of air granulated BOF
slag (a) 1 (b) 3 (c) 7 (d) 28 and (e) 90 days cured mortar samples. . . 119

Figure 9.8 SEM analysis of BSCA-slag specimens (a) 7 days cured BCSA paste
sample (b) 28 days cured REF sample (c) 7 days cured 10% BOF
paste sample (d) 28 days cured 10% BOF mortar sample (e) 7 days
cured 50% BOF paste sample (f) 28 days cured 50% BOF mortar
sample (g, h) 90 days cured 50% BOF mortar sample . . . . . . . . . 121



xxiv List of Figures

Figure 9.9 BSCA-slag mortar specimens containing 0-50% substitution of air
granulated BOF slag (a) length variation (b) mass variation. . . . . . 122

Figure A.1 Air granulated BOF slag 2-1 mm a) SEM greyscale image b) Phase
map. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Figure A.2 Air granulated BOF slag 1-0.5 mm, lower right corner shows grain
of industrially cooled BOF slag a) SEM greyscale image b) Phase map.133

Figure B.1 Thermal gravimetric analysis of V15-O. . . . . . . . . . . . . . . . . . 140

Figure B.2 XRD of (a) Cr doped C2S (b) V doped C2S under oxidizing conditions.140

Figure B.3 Average crystallite size of α′/β-C2S in Cr and V doped CβS under
oxidizing condition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Figure B.4 X-ray diffractogram with labelled peaks a) synthesized C2S b) 7 c)
14 and d) 28 days hydrated samples. . . . . . . . . . . . . . . . . . . . 142

Figure B.5 FTIR fingerprint region with labelled peaks a)7 b)14 and c)28 days
hydrated samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

Figure B.6 Mass loss events of chemically activated C2S. . . . . . . . . . . . . . . 143

Figure C.1 XRD of 7, 14- and -28 days hydrated air granulated BOF slag 2-1
mm fractions (a) The peaks of hydrated slag assigned such as Si=
Si (internal standard) 10 wt. %, 1= α′-C2S, 2= β-C2S (Larnite), 3=
(Fe, Mg)-Wüstite, 4= Srebrodolskite, 5= Perovskite, 6= Magnetite,
7= Calcite, 8= Hydroandradite, 9= Fe-katoite, 10= Portlandite, 11=
Pyroaurite/sjoegrenite . (b) The Rietveld fit of 28 days 1-2 mm
hydrated air granulated BOF slag fraction (Rwp= 2.068). (c) XRD
of 7, 14- and -28 days hydrated air granulated BOF slag 2-1 mm
fractions with labeled hydroandradite and Fe-katoite peaks. . . . . . 146

Figure C.2 Microstructure analysis of 4-2 mm fraction of air granulated BOF
slag after 28 days of hydration at 512 µm a) backscattered image
(BSI) b) PARC phase map. . . . . . . . . . . . . . . . . . . . . . . . . . 147

Figure D.1 TGA analysis of 7, 28 and 90 days cured GSS (5, 20, 35, 50) paste
samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

Figure E.1 Thermogravimetric analysis of BSCA-slag paste and mortar
specimens, respectively, containing 0-50 % substitution of air
granulated BOF slag (a) 7 (b) 1 (c) 3 (d) 7 (e) 28 (f) 90 days cured
mortar samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

Figure E.2 Percentage mechanical performance of BSCA-slag mortar
specimens containing 0-50% substitution of air granulated BOF
slag (a) flexural strength (b) compressive strength. . . . . . . . . . . . 152



L I S T O F TA B L E S

Table 1.1 The average oxide composition of BOF slag. . . . . . . . . . . . . . . 3

Table 1.2 The mineral composition of BOF slag. . . . . . . . . . . . . . . . . . . 3

Table 1.3 The permissible emission limit of inorganic elements in three
different types of building materials according to the Dutch soil
quality decree (SQD). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Table 3.1 Mineralogical composition of granulated BOF slag without
contaminants is quantified by QXRD. The error values are
calculated by TOPAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Table 3.2 Chemical bulk composition of air granulated BOF slag size fraction
measured with XRF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Table 3.3 Chemical bulk composition of air granulated converter slag size
fractions determined via PARC. All results are given in wt. %. . . . . 24

Table 3.4 Leaching data ICP analysis of the one batch leaching test and pH
of the leachate. The legal limit is the limit set by the Dutch soil
quality decree for unbound material. Left measured value, right
values corrected for contaminants. All results in mg per kg of dry
solid sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Table 3.5 Total amount of V2O5 (from PARC bulk composition) and Cr2O3

(from XRF bulk composition) in granulated converter slag, the
amount leachable from the slag, and the distribution of these
oxides between the host phases C2S, matrix and (Mg,Fe)O (from
PARC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Table 4.1 Sol-gel synthesis routes and reaction parameters. . . . . . . . . . . . 31

Table 4.2 QXRD of the C2S synthesized via Pechini method with error values. 35

Table 4.3 QXRD of the product synthesized by a non-aqueous route of the
sol-gel method with error values. . . . . . . . . . . . . . . . . . . . . . 38

Table 4.4 QXRD of the product synthesized by aqueous route with error values. 40

Table 4.5 Theoretical amorphous content composition of samples
synthesized via the aqueous route. Both samples were sintered at
1200 °C for 5 h. The theoretical amorphous oxide composition is
the difference between the starting composition and the oxides
contained in the crystalline phases. . . . . . . . . . . . . . . . . . . . . 40

Table 5.1 Sol-gel synthetic parameters as calcined at 1200 °C for 8 h under
oxidizing and reducing conditions. . . . . . . . . . . . . . . . . . . . . 49

Table 5.2 The specific surface area (SSA) of the samples. . . . . . . . . . . . . . 51

Table 5.3 QXRD of the chromium-doped C2S synthesized via the sol-gel
process under oxidizing and reducing (20% CO/80% CO2)
conditions at 1200 °C for 8 h. . . . . . . . . . . . . . . . . . . . . . . . 53

xxv



xxvi List of Tables

Table 5.4 Theoretical composition calculation of vanadium and chromium
distributed among different mineral phases synthesized under
oxidizing conditions. The theoretical composition is the difference
between the starting amount of heavy elements (Cr, V) and the
oxides contained in the C2S + amorphous as well as Cr/V-bearing
phases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Table 5.5 QXRD of the Vanadium doped C2S synthesized via the sol-gel
process under oxidizing and reducing (20% CO/80% CO2)
conditions at 1200 °C for 8 h. . . . . . . . . . . . . . . . . . . . . . . . 60

Table 6.1 Sample labelling of the hydration mediums at 20 ± 0.5 °C and 60%
relative humidity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Table 6.2 QXRD of the C2S synthesized at 1200 °C via the Pechini method
with error values and specific surface area (SSA). . . . . . . . . . . . 72

Table 6.3 General assignments of bands in FTIR fingerprint region. . . . . . . . 75

Table 7.1 Phases identified in 28 days hydrated 2-1 mm granulated slag in
area % via PARC analysis. . . . . . . . . . . . . . . . . . . . . . . . . . 92

Table 7.2 The heavy metals leaching values 2-1 mm and 4-2 mm of air
granulated slag fraction. . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Table 8.1 The density of the used materials. . . . . . . . . . . . . . . . . . . . . 97

Table 8.2 Oxide composition of GSS, CEM I, and QP in wt. %. . . . . . . . . . 98

Table 8.3 QXRD of the GSS, CEM I 42.5 N in (wt. %). . . . . . . . . . . . . . . . 98

Table 8.4 Mix design proportions of the mortars (vol. %). . . . . . . . . . . . . 99

Table 8.5 One batch leaching (NEN: 1245-7) analysis of raw materials. . . . . . 100

Table 8.6 One batch leaching (NEN: 1245-7) analysis of 28 days cured mortar
sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Table 9.1 Oxide composition of air granulated BOF slag and BCSA Cement
(wt. %). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Table 9.2 Mix design proportions of the BCSA-slag mortars (vol. %). . . . . . . 114

Table 9.3 One batch leaching (NEN: 1245-7) analysis of raw material and 28

days cured mortar sample. . . . . . . . . . . . . . . . . . . . . . . . . . 123

Table A.1 Mineralogical composition of BOF slag. P-primary slag phase,
A-Alteration product, N-natural contamination, M–milling
contamination, I-industrial contamination. Stdev. = Standard
deviation as calculated by TOPAS . . . . . . . . . . . . . . . . . . . . . 135

Table B.1 ICSD data code and chemical formulas of crystal structures. . . . . . 137

Table B.2 Quantitative XPS analysis of Cr and V doped C2S (elemental
analysis (atomic %)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Table B.3 The δCa2p-Si2p binding energy values of the sample calculated from
Ca 2p and Si 2p value (XPS spectroscopy). . . . . . . . . . . . . . . . 138

Table B.4 QXRD of the Cr doped C2S synthesized via the sol-gel process
under oxidizing for leached residues. . . . . . . . . . . . . . . . . . . 139

Table B.5 Leaching of elements from Cr and V doped dicalcium silciate . . . . 139

Table C.1 QXRD of the hydrated 2-1 mm and 4-2 mm fractions of air
granulated BOF slag with error values. . . . . . . . . . . . . . . . . . 145

Table D.1 One batch leaching (NEN: 1245-7) analysis of 28 days cured mortar
sample with varying replacement of quartz powder. . . . . . . . . . . 149



C E M E N T C H E M I S T RY N O TAT I O N S

The cement chemistry notation used throughout the dissertation are stated below for a
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1I N T R O D U C T I O N

1.1 background and motivations

The steel industry produces approximately 2 Gt of steel annually worldwide. The annual
global steel production increased from 0.2 Gt of crude steel to 1.8 Gt between 1950 and
2018. It is estimated that steel demand will increase from 1.6 Gt in 2020 to 2.5 Gt of crude
steel by 2100 globally. Most of the steel is manufactured from the integrated routes as
shown in Figure 1.1 [1–4]. In the steel-making process, the iron ores are reduced to molten
iron by using coke as a reducing agent in the blast furnace first. Then, the molten iron
from the blast furnace is poured into a basic oxygen furnace containing scrap metals.

Coal (440 kg)

Iron ore (740 kg)

Limestone (210 kg)

Coking plant

Sinter plant

Lime kilns

Blast 

furnace
Desulphuri

sation
Ladle 

furnace
Casting

Oil (100 kg)

Pellets (350 kg)

Air

Blast furnace slag

(230 kg)

Desulphurisation slag

(20 kg)

Converter process

Ladle slag

(20 kg)

Steel slab

(1000 kg)

O2

Recycled steel 

(240 kg)

Basic Oxygen Furnace slag

(70 kg)

Figure 1.1: Schematic of steel production with the rough estimation of raw materials and
byproduct streams in the parentheses. The arrows represent the flow of the steel-
making process and the addition of raw materials at every step. Sulphur is an unwanted
impurity in the steel and is removed by a process known as “desulphurisation”. Overall,
the slag rate and subsequent steel production steps vary with the production sites [1].

Subsequently, pure oxygen is blown into the furnace to oxidize carbon in molten iron
to produce low-carbon steel. In the process, burnt dolomite is added to remove
impurities from molten iron and crude steel leading to the formation of slags (a melt
usually covering the surface of the molten metals). The slag from the basic oxygen
furnace is called converter steel slag or Basic Oxygen Furnace (BOF) slag. The slag
formation process is controlled by the reactions of hot metal oxidation products, SiO2,
MnO, P2O5, and FeO/Fe2O3 the fluxes, lime, and doloma (CaO-MgO) forming basic slag
constituents [5]. The slags contain large amounts of calcium silicate alongside other
compounds and can be recycled in various applications. But a significant portion of the
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2 introduction

slag is either stockpiled or land filled due to increasingly tight environmental regulations
[2].

The BOF route accounts for 70% of total steel production globally [6]. Around 70-110 kg
of BOF slag is produced per ton of steel generation [7]. In Europe, the total production
of steel furnace slag was 0.02 Gt in 2018 [8]. Out of all steel furnace slags, the BOF slag
accounts for 52.3% of the total steel furnace slags in Europe as shown in Figure 1.2 [8, 9].
A small portion of BOF slag is recycled with added value in many countries while a high
percentage is stockpiled or recycled at a significant rate, particularly in the Netherlands
at the TATA steel facility. The residual steel slag is recycled in low-end applications in the
construction industry such as aggregates [10, 11]. Considering the rate at which natural
resources are being depleted, and the tremendous quantity of steel slag available, it is of
great importance to take advantage of the material’s properties and recycle steel slag as
an efficient building material to reduce its environmental impact [12].

(a)

 C o n v e r t e r  s t e e l  s l a g
 E l e c t r i c  a r e  f u r n a c e - C
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(b)

5 . 3 %

1 3 . 4 %

4 . 6 %
1 . 3 %
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Figure 1.2: Steel furnace slag production and overall usage in Europe. The percentage is based on
the data obtained from the Netherlands, Belgium, Bosnia-Herzegovina, Bulgaria, Czech
Republic, France, Finland, Greece, Germany, Italy (partly), Luxembourg, Netherlands,
Poland, Portugal, Romania, Slovak Republic, Slovenia, Sweden, Spain, and the United
Kingdom [8].

The recycling and reuse of BOF slag carry many challenges [13, 14]. Several strategies
have been reported to improve the BOF slag valorization, such as mineral modification,
carbonation, weathering, mechanical and alkali-activation as well as high-temperature
curing [15–18]. In particular, efforts are made to valorize BOF slag as fine aggregates for
the development of geopolymer-based materials (high-end application) by mixing it with
other waste streams such as fly ash, mine tailings, and blast furnace slag [19–24].
Moreover, the maximum 5% replacement as an alternative to blast furnace slag in cement
production exhibited a promise for high-end application [6, 25]. However, no profound
economical application has been reported yet. BOF slag contains dicalcium silicate
(35-45 wt. %) and brownmillerite (20-30 wt. %) mineralogically, similar in phase
composition to ordinary Portland cement (OPC) [26]. This makes BOF slag an ideal
candidate for the replacement of clinker, and this approach can reduce the part of the
limestone up to 160 kg/t as well as reduction in energy consumption up to 11.4 kg/t of
clinker production [27]. Several technical problems, such as the intensification of
clinkering reactions due to steel slag addition, discourage this application. However, the
overall low reactivity of the BOF slag compared to Portland cement has hindered its
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widespread use as supplementary cementitious material [28]. Due to the high strength
and abrasion resistance of the BOF slags, it has found some use as aggregate in asphalt
[10, 29, 30]. Other suggested uses include the production of fertilizer [31], the production
of building materials via carbonation [32], or the recovery of vanadium via leaching [33].
However, the first two applications are only suitable for converter slag that contains no or
very little vanadium and chromium due to concerns about leaching [34], while vanadium
recovery is only feasible for slags containing sufficient vanadium.

1.1.1 Chemical and mineral composition of BOF slag

The average chemical oxide composition of the BOF slag has been shown in Table 1.1 [35,
36]. The oxide composition is variable, but converter slag tends to be very rich in CaO and
Fe2O3 (30-50 wt. %), with lower amounts of SiO2 and MgO (10 to 20 wt. %). Components
such as MnO, Al2O3, P2O5, and TiO2 are present as minor oxides (2-5 wt. %). The slag can
contain V2O5 and Cr2O3 depending on the iron ore and recycled steel residues [26, 37].

Table 1.1: The average oxide composition of BOF slag.

 

Chemical Oxide CaO SiO2 Al2O3 Fe2O3 MgO 

BOF slag (wt. %) 38-46 10-15 1-3 20-30 7-9 

 

The main mineral phases in the slag are α′-C2S (α′-Ca2SiO4) βC2S, (β-Ca2SiO4),(Fe,
Mg)O and C2(A, F) (Ca2(Al, Fe)2O5) as presented in cement chemistry notation (1.1) [38].
Additionally, the magnetite (Fe3O4), alite (Ca3SiO5), free lime (CaO), and merwinite
(Ca3Mg(SiO4)2) can be present depending on the varying quality of the converter steel
production [39, 40].

Table 1.2: The mineral composition of BOF slag.

Phase Name Content (wt. %) 

Ca2SiO3 Hatrurite 0-5 

α´, β -Ca2SiO4 Larnite 35-45 

Ca2(Fe, Al)2O5 Brownmillerite/Srebrodolskite (solid solution) 20-25 

CaO Lime 0-10 

(Fe, Mg)O Magnesio-wüstite (solid solution) 20-30 
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1.1.2 Dicalcium silicate (C2S)

C2S is also a minor component of Portland cement clinker (5-10 wt. %) and is becoming
more relevant due to the increasing use of alternative binders (belite clinkers contain
between 40-60 wt. % belite mineralogically) [41, 42]. It is currently being investigated as a
solution to reduce the CO2 emissions of the cement industry as well as building
materials that contain C2S such as BOF steel slag [34, 43–46]. Therefore, it is important to
understand the formation and hydraulic properties of C2S which is complicated by the
existence of five crystalline polymorphs (Figure 1.3) [47, 48]. The most common
modification in the materials is β-C2S. The thermodynamically stable polymorph at
room temperature is γ-C2S, which is highly undesirable in Portland cement due to the
low hydraulic activity. The transition from α (orthorhombic) to β (monoclinic) is
reversible while the transformation from β (monoclinic) to γ (orthorhombic) causes the
irreversible disintegration of the beta phase due to microcracks because of a 14% increase
in lattice volume in a phenomenon known as dusting. The C2S reactivity, in general,
depends on the polymorph, foreign ion substitution, and crystallite size. It is possible to
stabilize polymorphs other than γ-C2S at room temperature by the incorporation of
dopants such as Al3+, B3+, P5+, S6+, Fe3+, and K1+ [49]. The general order of reactivity of
different polymorphs of C2S is as follows [50, 51]:
Amorphous C2S> α-C2S> β-C2S> γ-C2S

α-Ca2SiO4Melting

2130℃

(Hexagonal)

α´H-Ca2SiO4

(Orthorhombic)

α´L-Ca2SiO4

(Orthorhombic)

β-Ca2SiO4

(Monoclinic)

γ-Ca2SiO4

(Orthorhombic)

1425℃ 1160℃

780-860℃ <500℃

Figure 1.3: Different polymorphs of dicalcium silicate (C2S) and their transition temperatures [44,
48].

1.1.3 Activation of C2S

The main drawback that restricts the application of BOF is the low reactivity of β-C2S
leading to slow strength development [52]. The material admixture especially NaOH,
KOH, C-S-H seeds, and commercial oxide nanoparticles, etc. is reported to accelerate the
hydration of belite cement where the excess cumulative heat release is attributed to the
β-C2S reactivity [43, 47, 53]. Thus, a systematic understanding of the β-C2S hydration
rate via chemical activation is a prerequisite for its technical application.

1.1.4 Immobilization of Cr and V in C2S

Cr and V are among the most hazardous heavy metals within the BOF slag [54]. The
presence of V and Cr in BOF steel slag, its toxicity, and the potential mobility in leachate
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have attained significant attention due to environmental implications. The leaching of
several elements with permissible limits has been shown in the Table 1.3.

Table 1.3: The permissible emission limit of inorganic elements in three different types of building
materials according to the Dutch soil quality decree (SQD).

Parameter 
Shaped1 

E 64 (mg/m2) 

Non-shaped2 

(mg/kg of dry mass) 

IBC building materials3 

(mg/kg of dry mass) 

Antimony (Sb) 8.7 0.32 0.7 

Arsenic (As) 260 0.9 2 

Barium (Ba) 1,500 22 100 

Cadmium (Cd) 3.8 0.04 0.06 

Chrome (Cr) 120 0.63 7 

Cobalt (Co) 60 0.54 2.4 

Copper (Cu) 98 0.9 10 

Mercury (Hg) 1.4 0.02 0.08 

Lead (Pb) 400 2.3 8.3 

Molybdenum (Mo) 144 1 15 

Nickel (Ni) 81 0.44 2.1 

Selenium (Se) 4.8 0.15 3 

Tin (Sn) 50 0.4 2.3 

Vanadium (V) 320 4 1.8 4 20 

Zinc (Zn) 800 4.5 14 

Bromide (Br) 670 5 20 5 34 

Chloride (Cl) 110,000 5 616 4, 5 8,800 

Fluoride (F) 2,500 5 55 5 1,500 

Sulfate (SO4) 165,000 5 2,430 5 20,000 

1 Building materials have a minimum volume of 50 cm3 and stable shape under normal conditions. 
2 Building materials are used freely such as aggregates. 
3 Building materials can only be used when isolation, management,  

and control are applied (IBC stands for “Isoleren-Beheersen-Controleren” in Dutch). 
4 Building materials are used in large surface water bodies and for chloride of 1070 mg/kg dry matter (unformed). 
5 Direct contacts with seawater or brackish water with a naturally occurring chloride content of more than 5,000 mg/l:  

a) no maximum emission values for chloride and bromide, and  

b) the maximum emission values for fluoride and sulphate included in the table multiplied by a factor of 4. 

 

V and Cr can get incorporated into the C2S and therefore their mobility, as well as
toxicity, depending on the chemical nature of the host matrix (redox potential, solubility,
reactivity, etc.), oxidation state, and substitutable vacancy in the crystal lattice (Ca or Si-
site) [53]. The aliovalent nature of Cr and V, and their tendency to occupy the Ca or Si
site in C2S dictates the enrichment mechanism in the host matrix and leaching behaviour
[55–58]. Therefore, a good knowledge of V and Cr substitution in C2S under varying
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sintering (oxidizing and reducing) conditions is required to understand their chemical
and environmental impact.

1.2 research aim and strategy

The technical aspects of basic oxygen furnace (BOF) slag as building material are
extensively reported in the literature. But the material understanding especially the
mineral composition, its correlation with reactivity, and speciation of heavy metals are
often overlooked. These properties are highlighted under the effect of mechano-chemical
activation, mineral modification, and varying cooling conditions. Overall, there is
insufficient information available about the contribution of the slag’s minerals specifically
dicalcium silicate in the immobilization of potentially toxic elements (PTEs; Cr and V), its
correlation with reactivity, and leaching behaviour. These properties become more
relevant when BOF slag is subjected to a change in cooling method from standard
cooling to air granulation and its potential application as supplementary cementitious
material (SCM). It is important to mention here that no study has been reported on the
systematic utilization of air granulated BOF slag from the in-depth characterization of
material composition to the application as a binder. This project aims to develop an
understanding of the effect of air granulation on the BOF slag, reactivity, and leaching
behaviour of slag. BOF slag reactivity as well as Cr and V speciation is further
investigated by ex-situ synthesis of the C2S slag phase which accounts for 35-45 wt. % of
the whole slag. Moreover, the mineralogy, reactivity, and application of air granulated
BOF slag as a binder in different types of cement (OPC and BCSA) is investigated to
utilize slag as supplementary cementitious material (SCM). The BOF slag application as a
cementitious material will not only bring low costs of manufacturing to final products,
but it will also assist in reducing the quantity of landfilled materials leading to efficient
use of natural resources. For efficient recycling of BOF slag, a fundamental
understanding of the slag is imperative.

The work of the thesis can be divided primarily into three distinct sections.

1. The first section deals with the impact of air granulation on the BOF slag
mineralogy and leaching with an emphasis on the synthesis of β-C2S via varying
sol-gel methods, ex-situ mimicking of the slag’s C2S phases, immobilization of Cr
and V on Si-site of C2S, reactivity and leaching mechanism.

2. The second section describes the impact sodium oxide activation mechanism of
β-C2S with special reference to anions (OH-, SO4

2-, and CO3

2-) to understand the
hydration rate. Moreover, a detailed insight into the air granulated BOF hydration
and immobilization of heavy metals to understand an efficient strategy for
recycling.

3. The third/last section concerns the high-end application of air granulated BOF as
a binder in OPC and BCSA types of cement with special emphasis on substitution
optimization in mortar mix design.

This thesis provides detailed information about the impact of air granulation on
mineralogy, reactivity, and leaching of BOF slag. The fundamental understanding of the
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dicalcium silicate synthesis, its immobilization of Cr and V, associated reactivity as well
as leaching behaviour. The detailed hydration of C2S has been explored. Moreover, the
substitutional potential of BOF slag as a binder has been optimized in OPC. Additionally,
the high slag volume replacement in BCSA is explored to valorize slag as a building
product.

1.3 outline of the thesis

The main body and connection of the thesis are shown in Figure 1.4. The whole body
of the work has been classified into three sections. The summary of every chapter is as
follows.

Introduction

(Chapter 1)

Air granulation, synthesis, 

ex-situ mimicking of slag´s 

C2S phase, leaching 

mechanism

A quantitative analysis of dicalcium silicate via different sol gel method (Chapter 4)

V and Cr substitution in dicalcium silicate under oxidizing and reducing conditions:

Synthesis, reactivity and leaching behaviour (Chapter 5)

Effect of hydroxide, carbonate, and sulphate anions on the β-dicalcium silicate hydration

rate (Chapter 6)

The minerology of air granulated BOF slag (Chapter 3)

Reactivity of air granulated BOF slag and immobilization of heavy metals (Chapter 7)

Air granulated BOF slag application as a binder: Effect on strength , volumetric stability,

hydration study, and environmental risk (Chapter 8)

Utilization of air granulated BOF slag as a binder in belite calcium sulfoaluminate cement:

A sustainable alternative (Chapter 9)

Analytical Methods

(Chapter 2)

Conclusions and Recommendations

(Chapter 10)

Reactivity and chemical 

activation

Application as a binder

Figure 1.4: Outline of the thesis with the classification of the chapters.

Chapter 2 describes the air granulation of BOF slag that has been used alongside
characterization as well as analytical methods employed to investigate the material.

Chapter 3 deals with the impact of air granulation on the mineralogy of the BOF slag.
The quantification associated with crystalline and amorphous content of every slag
fraction with special emphasis on the influence of size and cooling speed on its
mineralogy e.g., α′, β-C2S. Moreover, the leaching of Cr and V is quantified concerning
its localization in mineral phases.

Chapter 4 summarizes the synthesis of β-C2S via Pechini, non-aqueous, and aqueous
methods. The attention has been focused on comprehending the number of crystalline
polymorphs, amorphous as well as residual and complementary forming phases. The
intermediate dried gels have been investigated via thermal analysis to monitor changes
in the gel structures and precursors at low temperatures. The synthetic parameters
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including calcination time and temperature, Ca/Si molar ratio and mode of cooling have
been optimized to get pure β-C2S with low amorphous content.

Chapter 5 explains the ex-situ mimicking of the slag´s C2S phase via doping Cr and V
on Si-site in C2S under oxidizing and reducing sintering conditions. The C2S polymorphs
stability, the effect of varying calcination conditions on heavy metals (Cr, V)
incorporation as well as the oxidation state, and microstructure along with early age
hydration is reported along with early age (48-72 h) hydration and the leaching
behaviour.

Chapter 6 describes the effect of fixed (0.8M) Na+ balanced by either (OH-, SO4

2-, and
CO3

2- anions on β-dicalcium silicate (C2S) reactivity is investigated. The exothermic
reaction of varying water-to-solid ratios and chemical activation is monitored. The order
of hydration product formation and degree of hydration (DOH) is correlated with the
anionic effect. Furthermore, the heat release is correlated with the concentration of
hydroxyl ions alongside the ionic strength of the hydrating media at an early stage
(1-5 days) to understand the β-C2S dissolution-precipitation reaction events.

Chapter 7 is based on the continuation of the previous one about the characterization
of the air granulation of BOF slag using the same air granulated slag. The two size
fractions from 4-2- and 2-1-mm air granulated BOF slag were chosen as they yield 90% of
air granulation of the BOF slag. The hydration (1-28 days) is investigated with special
emphasis on slag reactivity, degree of hydration, and tendency to immobilize heavy
metals (Cr and V) in hydration products.

Chapter 8 deals with the optimization of the substitutional potential of the air
granulated BOF slag in OPC. The workability, mechanical performance, dimension
stability, and environmental risk of 5, 20, 35, and 50% replacement clusters of OPC with
slag as well as quartz powder were analysed over time. In addition to that, the
cement-slag paste sample having the same mortar substitution factor was evaluated to
understand the hydration behaviour for the novel binder application. Finally, the
correlation between the chemically bound water of cement-slag pastes and the strength
development of mortars as well as the potential leaching of heavy metals were reported.

Chapter 9 describes the high-volume slag utilization desired to benefit slag recycling as
supplementary cementitious materials. For this purpose, the replacement of 10, 20, 30, 40,
and 50% BCSA cement by the slag in mortars is chosen to optimize the substitutional
potential. The effect of the BCSA-slag cluster’s reactivity on workability, mechanical
performance, and drying shrinkage over time is studied to understand the novel binder
application. Moreover, the potential leaching of heavy metals especially V and Cr is
evaluated to assess the environmental risk.

Chapter 10 provides some conclusions derived from the thesis. Moreover, the
recommendation for further study.
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2.1 materials

2.1.1 Air granulated BOF slag

BOF slag is taken from regular production at Tata Steel Europe in Ijmuiden. The slag
granulation was achieved by pouring it in front of a strong air fan. The tap temperature of
the slag at the converter furnace was 1592 °C, and the batch size was 40 tonnes. It is known
that approximately 40 °C drops occur in temperature at tapping. Further cooling of the
slag can be considered negligible during transportation to the slag yard since it develops
a self-insulating freeze lining against the slag pot (TATA proprietary reports). The slag
temperature at granulation can, therefore, be expected to have been around 1550 °C. A
batch of 36 tonnes of slag was granulated while 4 tonnes of freeze-on remained in the slag
pot. As the exact cooling rate during granulation is unknown but predominantly depends
on granule size. Consequently, the larger slag granules get cool slower than the smaller
ones.

2.1.2 Dicalcium silicate powder

C2S powder was synthesized in the lab through the different sol-gel methods exclusively
the Pechini method, the aqueous and non-aqueous route. For this purpose, the calcium
and silica oxide precursors were mixed in a stochiometric ratio (2:1) until stated otherwise
[59]. A detailed information is provided in the section 4.3.

2.1.3 Types of cement

For ordinary Portland cement (OPC), the CEM-I 42.5 N (ENCI Heidelberg cement) was
chosen as a binder replacement for air granulated BOF slag. Belite calcium sulfoaluminate
(BCSA) cement is supplied by Vicat cement.

2.2 analytical and characterization method

2.2.1 Representative sampling

A representative sample was taken from every fraction of granulated BOF slag. For this
purpose, a large-capacity static sample splitter was used equipped with adjustable chute
bars and openings. The sieved sample was poured evenly into the hopper followed by
passing through the gate release hopper. The divided powder sample was collected in two
boxes. The process was repeated until a consistent distribution was achieved.

9
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2.2.2 Conventional sieving

The received slag was sieved between 0.25 and 8 mm using a vibratory sieve shaker
(Restch; AS 450 Basic) as shown in Figure 2.1. The same sieved batch was used for the
mortar study in this whole thesis.

2 . 8 %
0 . 7 %

6 . 5 %

3 9 %

4 7 . 2 %
3 . 8 %

 8 - 4  m m
 4 - 2  m m
 2 - 1  m m
 1 - 0 . 5  m m
 0 . 5 - 0 . 2 5  m m
  < 0 . 2 5  m m

 

 

Figure 2.1: Air granulated BOF slag granulation yield.

2.2.3 Mechanical grinding

The air granulated BOF slag was then dried in an oven at 100 °C before grinding. The
slag is grounded by using a disk mill (Retsch RS 300 XL) as well as a planetary ball
mill (Pulverisette 5, Fritsch). Representative aliquots of 1 kg (0.25-8 mm) were added to a
grinding jar of disk mill for 20-30 minutes at a constant speed of 912 per minute.

2.2.4 Specific density and surface area

The specific density of the milled and hydrated slag is tested by a Helium pycnometer
(AccuPyc II 1340). To understand the impact of specific surface area (SSA) on the
hydration kinetics, the nitrogen adsorption (Tristar II 3020 V1.03 series micrometer) at
77K was measured using BET (Brunauer-Emmett-Teller) methods.

2.2.5 Particle size distribution

The particle size distribution (PSD) was determined using Mastersizer 2000 from Malvern
with Hydro 2000S wet unit and the powder sample was dispersed in isopropanol.

2.2.6 Isothermal calorimetric analysis

Isothermal heat conduction calorimetric measurements were conducted in TAM AIR
isothermal calorimetric device at 20 ± 0.5 °C. Pre-determined amounts of the powders
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were added to the vials. After acclimatization of the materials and hydration media to
room temperature, the sample was mixed ex-situ. After the designated time, the
hydration was stopped by the solvent exchange method (immersing in isopropanol
followed by diethyl ether washing) [60].

2.2.7 Thermal gravimetric analysis

The thermal analysis was done on the samples using a Jupiter STA 49 F1 Netzsch
instrument. The sample was heated from 40 to 1000 °C at the rate of 15 K/min under an
air/N2 environment.

2.2.8 X-ray fluorescence

Before XRF analysis, mass change was measured via heating slag samples at 1000 °C for
2 hours to calculate the loss on ignition (LOI). For the preparation of fused beads, the
residue from the LOI was mixed with borate flux by keeping the sample to flux ratio
(1:12) respectively, a mixture of 67% Li2BO7 and 33% LiBO2 (Claisse). Moreover, 150 µL of
4 M LiBr was added to the mix as a non-wetting agent. The mixture was placed in a borate
fluxer oven (classisse leNeo) for 24 mins at 1065 °C. The chemical oxide composition of
the powder sample was determined with X-ray fluorescence (XRF; PANalytical Epsilon 3,
standardless) using fused beads.

2.2.9 X-ray diffraction

X-ray powder diffractograms were acquired using a Bruker D2 and D4 diffractometer
with an X-ray Co radiation X-ray source. The instrument has a fixed/variable divergence
slit with an opening of 0.5º and 0.04 rad Soller slits. Reflections were measured between
5° and 90° 2 Theta (θ) with a step size of 0.02°. All samples for qualitative and
quantitative analysis were prepared via back-loading. The mineral phases were identified
with X’Pert Highscore Plus 2.2 employing the ICDD PDF-2 database. For QXRD
(quantitative X-ray diffraction), the 10 wt. % Si was added to the hydrated samples. The
samples were homogeneously mixed utilizing a McCrone micronizing mill.
Quantification was done with TOPAS 4.2 software from Bruker. All crystal structures for
quantification were obtained from the ICSD database. The error values given in the
results are calculated by TOPAS.

2.2.10 Average crystallite size

The quantification and determination of the crystallite size of the synthesized product
was measured by using TOPAS 4.2 Bruker software using fundamental peak fitting
parameters. TOPAS applies peak shape (Lorenzt/Gaussian convolution-Voigt profile) to
calculate crystallite size rather than FWHM (Full width at half maximum) at a given
angle (Scherrer equation). LVol-IB was used to calculate FWHM and Integral breadth to
get volume-weighted mean crystallite sizes. The value of dimensionless shape factor
(K=constant) was 0.89 in TOPAS 4.2 Bruker software.
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2.2.11 X-ray photoelectron spectroscopy

The XPS measurements are carried out with a Thermo Scientific K-Alpha, equipped with
a monochromatic small-spot X-ray source and a 180° double-focusing hemispherical
analyzer with a 128-channel detector. Spectra were obtained using an aluminum anode
(Al Kα = 1486.6 eV) operating at 72 W and a spot size of 400 µm. Survey scans were
measured at a constant pass energy of 200 eV and region scans at 50 eV. The background
pressure was 2 x 10

-9 mbar and during measurement 3 x 10
-7 mbar Argon because of the

charge compensation dual-beam source. The quantification was performed by using
CasaXPS (version 2.3.23rev 1.2 k) software.

2.2.12 Fourier transform infrared spectroscopy

The IR spectra were measured with a Fourier transform infrared spectrometer (FT-IR) from
Perkin Elmer Frontier FTIR. The spectrometer was equipped with the diffuse reflectance
device Gladi. ATR. Sixty scans are acquired with optical retardation of 0.25 cm and a
resolution of 4 cm-1 from 400 to 4000 cm-1.

2.2.13 Scanning electron microscopy

Scanning Electron Microscopy (SEM) was performed using a Phenom Pro-X scanning
electron microscope. The sample was prepared by spreading the powder on conductive
carbon adhesive tapes followed by coating with gold employing Quorum 150 TS plus
sputter coater. Micrographs were recorded using a backscattered electron detector (BSE)
at 15 kV with a spot of four.

2.2.14 Large area phase mapping

The sieved slag granules and hydrated samples were embedded in resin (Struers EpoFix),
cut, polished using alcohol-based diamond suspensions, and then coated with carbon
before acquiring spectral imaging (SI) data sets for large area phase mapping. A JEOL
JSM-7001F SEM equipped with two 30 mm2 SDD detectors (Thermo Fisher Scientific)
and NORAN-System 7 hardware with NSS.3.3 software was used, with an accelerating
voltage of 15 kV and a beam current of 6.2 nA. One SI field consisted of a data set of 512

x 384 data points, with a data point size of 1 µm. To get representative data, several SI
fields were measured, and their total area was 30.2 (4-2 mm), 16.7 (2-1 mm), 17.8 (1-0.5
mm), and 9.7 mm2 (0.25-0.5 mm). The SI image sets were analyzed and stitched together
using PhAse Recognition and Characterization (PARC) software developed by Tata Steel
[26, 61]. PARC groups SI data points according to their composition determined with
EDX and generates a phase map, phase amounts in area%, as well as the average
composition of these phases. The chemical composition given here is the average of all SI
fields analyzed, the error is the standard deviation between fields. To determine the size
of the phenocrysts (C2S and Mg-wüstite) in the air granulated BOF slag phase maps,
Image J [62] was used. Areas smaller than 10 µm2 were removed from further evaluation
to avoid artifacts that can occur because the resolution of the EDX is only about 1 µm2

and does not return accurate values for very small grains. The grains were then sorted
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into size bins, normalized by the total area of the BOF slag granules measured for each
size fraction, and recalculated to an equivalent diameter assuming a spherical shape for
each grain. No stereological correction was applied to the data.

2.2.15 Flowability and setting time

The flow table was performed to measure the flowability of fresh paste according to EN
1015-3:2004. The water-to-binder (w/b) ratio was kept constant, and flow was adjusted
with a superplasticizer (Sika ViscoFlow®-37 con. 32% SP-Polycarboxylate ether). The
setting time is measured according to NF EN 196-3 with a Vicat needle.

2.2.16 Drying shrinkage and mass loss

The drying shrinkage and the drying mass loss were measured according to DIN 52450

to determine the long-term stability. For this purpose, the specimens were cured in an
acclimatized room at 21 ± 2 °C and relative humidity of 60 ± 5% RH, where the
measurement was carried out for the time being till a further change in values became
constant.

2.2.17 Mechanical performance

The compressive and flexural strength of the mortar specimens were evaluated after 1, 3,
7, 28, 90, and 180 days. After casting, the specimen surface was covered with a thin film
to prevent water evaporation besides carbonation and placed for curing under standard
conditions (21 ± 3 °C, 95 ± 3% relative humidity). The compressive, as well as flexural
strength, were measured at a speed of 2400 and 50 N/s respectively. The average of three
specimens was calculated to evaluate the reproducibility of results.

2.2.18 Leaching analysis

One batch leaching test was performed on the sample according to EN 12457-2 using
deionized water with a liquid-to-solid ratio of 10. The leaching test (EN 12457-2:2002 E)
is applied for the characterization of granular material below 4 mm. Moreover, the
one-batch leaching test provides comparable results with the column leaching test. The
mixture was placed in plastic bottles and shaken continuously for 24 h at 21 ± 2 ºC. After
the experiment, the liquids were filtered through a 0.2 µm Polyether sulfone membrane
and stored at 5 °C after acidifying with nitric acid (65% supra pure) to prevent
precipitation. Before acidification, the pH was measured. Ion chromatography (IC) was
employed to determine Ca, using a device from Thermo Fischer (Dionex ICS-1100).
ICP-OES spectrometer (Spectroblue FMX36) was used for quantitative analysis of the
leachate.
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abstract

A fast cooling of BOF slag by air granulation would be a promising way to increase the
reactivity of the slag generating amorphous phases. Therefore, air granulated BOF slag is
characterized extensively. In this study, BOF slag was separated into different fractions
(0.5-0.25 mm, 1-0.5 mm, 2-1 mm, 4-2 mm) after air granulation to study the effect of
particle size and associated cooling speed on its mineralogy. The air granulated slag
fractions were characterized using X-ray fluorescence, quantitative X-ray diffraction,
large area phase mapping based on scanning electron microscopy, and energy-dispersive
X-ray spectroscopy as well as leaching behaviour. The findings show that the main
minerals in the air granulated slag are not significantly different from industrially cooled
slag except for perovskite phase. All the fractions contained large phenocrysts of
dicalcium silicate and Mg-wüstite surrounded by a dense matrix of other minerals. The
three largest fractions (4-0.5 mm) exhibited the same oxide composition alongside
microstructure, while the smallest fraction (0.5-0.25 mm) contains a relatively higher
content of Mg-wüstite while having the same starting chemical composition. A negligible
free lime content close to the detection limit 0.1 ± 0.1 wt. % of XRD in all size fractions
was observed. The leaching of chromium and vanadium is increased significantly as
compared to standard cooled BOF slag indicating that air granulation results in the
greater dissolution of phases containing these elements despite low amorphous content.

Major part of this chapter is published elsewhere: K. Schollbach, M.J. Ahmed, S.R. van der Laan, The
mineralogy of air granulated converter slag, Int. J. Ceram. Eng. Sci. 3 (2021) 21–36.
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3.1 introduction

The sustainability goals set by the Netherlands to reduce the use of raw materials 50% by
the year 2030, emphasizes the importance of the efficient slag recycling [63]. One strategy
to enhance the reactivity of BOF for an application in cement, is fast cooling through
granulation to prevent crystallization [64]. This technique is already used to produce
amorphous blast furnace slag that has excellent properties as a pozzolanic material in
Portland cement [65]. Air granulation specifically is also a promising way to recover heat
from the BOF slag that has a temperature between 1250 and 1700 °C when it is removed
from the converter [66]. It could also help to stabilize C3S, which is more reactive than
C2S [67]. The current industrial practice is to pour the liquid slag into pits and cool it
using water. But the bulk of the slag still cools very slowly using this method (up to 24 h),
and the resulting slag is reported to be almost completely crystalline [26, 68].

A few studies have investigated the influence of cooling speed on the BOF slag
mineralogy using different approaches. For example, Choi and Jung [69] re-melted the
BOF slag under an argon atmosphere and then cooled it at speeds between 10-50 °C/min
starting from temperatures between 1600 and 1110 °C. They concluded that these
conditions did not generate significant amounts of amorphous phase because the slag
crystallizes very rapidly. Gautier et al. [69] compared water granulated, industrially
cooled, and intentionally slow cooled BOF slag with each other. They found that the slow
cooling promoted the formation of C2S and MgO, while fast cooling resulted in the
formation of C3S that later converted to free lime and C2S. The cooling speed also
significantly influenced the crystallite size of the mineral phases. The connection between
cooling speed and leaching properties was investigated by Tossavainen et al. [70], who
compared water granulated and air-cooled with industrially produced converter slag.
The results show a clear decrease in Ca, Fe, and Si leaching with increasing cooling
speed. Overall, the literature is limited and to the best of the authors’ knowledge there is
no information available about air granulated BOF slag and a quantitative investigation
of the influence of fast cooling on the BOF slag mineralogy is still missing.

This study investigates air granulated BOF slag sieved into different size fractions (4-2
mm, 2-1 mm, 1-0.5 mm, 0.5-0.25 mm) to gain information about the influence of the
cooling speed. The chemical bulk composition was measured with XRF, while the
mineralogical composition was determined using quantitative XRD, SEM/EDX based
large area phase mapping using PARC (Phase Recognition and Characterization)
software was employed to determine microstructure, phase amounts, and average
compositions. One batch leaching test was carried out to determine the environmental
impact and reactivity of the granulated slag. The results for the different slag sizes were
compared with each other to gain insight into the state of BOF slag before granulation,
its crystallization behavior, and the influence of the cooling speed, which forms the basis
for understanding converter slag reactivity. In turn, this could enable the recycling of
large amounts of BOF slag as a cement replacement material and reduce the CO2

emissions of the building materials industry.
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3.2 materials

BOF slag from regular production at Tata Steel Europe in IJmuiden was granulated at
Harsco Metals Holland B.V. in a make-shift experimental facility by pouring it in front of
a strong air fan (see section 2.1.1). The granulated slag was sieved in the lab and divided
into the following size fractions: >4 mm (3.8 wt. %), 4-2 mm (47.2 wt. %), 2-1 mm
(39 wt. %), 1-0.5 mm (6.5 wt. %), 0.5-0.25 mm (0.7 wt. %) and <0.25 mm (2.8 wt. %)
(Figure 2.1. The fraction >4 mm consisted of welded smaller granules and was not
investigated further. The fraction <0.25 mm was also excluded from further analysis, due
to XRD measurements showing very high amounts of contamination that were likely
introduced while collecting the granules from the slag yard. The fraction 0.5-0.25 mm
also contained some contaminants such as blast furnace slag. Their influence on the
analysis is discussed in the results. The complete mineralogical composition of all
fractions is given in Table A.1 in the Appendix A.

3.3 results and discussion

3.3.1 Bulk chemical and mineralogical composition

The mineralogical composition of the air granulated BOF slag size fractions is given in
Table 3.1. The standard converter slag phases C2S, (Fe,Mg)O, and srebrodolskite
(Ca2(Fe,Al)2O5) [26, 71] were detected. C2S is present as the α′

H and β polymorphs in all
granulated slag fractions, which is commonly the case in the industrially cooled BOF slag
[26]. In addition, several new phases were identified: perovskite CaTiO3, pseudobrookite
Fe2TiO5, rutile TiO2, titanite CaTiSiO5, protoenstatite (Mg,Fe)SiO3, and naquite FeSi.
There were also phases present, especially in the smallest fraction, that are not BOF slag
minerals, e.g., quartz SiO2, calcite CaCO3, or corundum Al2O3. The presence of
corundum is an artefact of the sample preparation with the McCrone XRD mill (Retsch),
using corundum grinding elements. The other phases likely became mixed with the
granulated slag while collecting the granules in the slag yard. Calcite and vaterite are
also weathering products of BOF slag. To compare the fractions with each other the
contamination phases were removed, and the rest recalculated to 100 wt. % as shown in
Table 3.1 and Figure 3.1 show the results, the original quantification including
contaminants is given in Table A.1, Appendix A. It is worth mentioning here that the slag
contains almost no free lime.

The three largest granulated slag fractions are very similar. The overall C2S content is
the same (41 to 44 wt. %), but the β-C2S content in the granulated converter slag
increases with increasing granulated slag size fraction, while the α′

H-C2S decreases (from
28 to 22 wt. %). This is likely an effect of the slower cooling of the larger slag fractions,
which allows for the transformation of more α′

H-C2S, which is stable at higher
temperatures, into β-C2S. Only γ-C2S is stable at room temperature, but the other
high-temperature polymorphs can be stabilized by rapid cooling and the incorporation
of minor ions [72, 73]. The srebrodolskite (Ca2(Fe,Al)2O5) content increases with
increasing fraction size, while the perovskite (CaTiO3) content decreases. The
srebrodolskite (A2B2O5) structure can be regarded as an anion-deficient analogue of
perovskite (ABO3) and a solid solution between both minerals exists [74] that can be
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described by the exchange mechanism Fe3+(B)+0.5(O) ⇆ Ti4+(B)+0.5O2-(O) in conjunction
with the simplified endmember components Ca(A)Fe(B)O2.5 and Ca(A)Ti(B)O3. The
larger slag fractions cool slower, which gives srebrodolskite more time to form. This also
fits with the observation that the sum of srebrodolskite and perovskite stays roughly the
same in the three largest fractions (32 to 35 wt. %). The amorphous content of the three
largest granulated slag fractions is low overall and follows no clear trend.

Table 3.1: Mineralogical composition of granulated BOF slag without contaminants is quantified
by QXRD. The error values are calculated by TOPAS.

Phase Formula 4-2 mm 2-1 mm 1-0.5 mm 0.5-0.25 mm 

Larnite, β-C2S Ca2SiO4 22 ± 0.5 19.4 ± 0.5 14.5 ± 0.5 8.1 ± 0.7 

α´H-C2S Ca2SiO4 21.9 ± 0.9 22 ± 0.9 27.6 ± 1.0 25 ± 1.6 

Mg-Wuestite (Fe,Mg)O 15.5 ± 1.2 15.4 ± 0.9 15.5 ± 0.8 13.5 ± 0.4 

Srebrodolskite Ca2(Fe,Al)2O5 25.2 ± 0.3 22 ± 0.3 21.7 ± 0.3 16.5 ± 0.5 

Perovskite CaTiO3 7.9 ± 0.2 10.3 ± 0.2 13.1 ± 0.2 11.1 ± 0.3 

Magnetite Fe3O4 2.6 ± 0.1 2.1 ± 0.1 2.9 ± 0.1 8.7 ± 0.3 

Pseudobrookite Fe2TiO5 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 

Lime CaO 0.1 ± 0.1  0.1 ± 0.1  

Protoenstatite Mg2Si2O6 1.3 ± 0.1 0.7 ± 0.2   

Naquite FeSi 0.7 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 

Titanite CaTiSiO₅    0.6 ± 0.1 

Rutile TiO2 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.1  

Amorphous  2.1 ±1.8 7 ± 1.5 3.1 ± 1.8 15.9 ± 1.4 

Ca2(Fe,Al)2O5  + CaTiO3 33.1 32.3 34.8 27.6 

 

512 μm 512 μm

a) b)
C2S
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Figure 3.1: Air granulated converter slag 4-2 mm a) SEM greyscale image b) EDX based phase
map.
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The smallest granulated slag fraction (<0.25 mm) contains a noticeably lower amount
of β-C2S, while the amorphous content is much higher than in the other fractions
(15.5 wt. %). This could indicate that the amorphous phase is generated during air
granulation, however, this value is not reliable because the sample is contaminated with
blast furnace slag, which is amorphous (Figure 3.2). The high content of magnetite
(Fe3O4) indicates that this fraction is more oxidized than the larger ones due to the
higher surface area that encounters air during cooling. Iwasaki [38] discusses the effect of
oxidation on BOF slag and also mentions the formation of magnetite as well as a
srebrodolskite/perovskite solid solution. No C3S and practically no free lime (CaO) was
detected in the samples. The absence of these phases could simply be a matter of an
inappropriate chemical composition of the slag for crystallization of these phases.
However 1-2 wt. % free-lime commonly forms in BOF slags at near-solidus conditions
[75, 76], which may have been avoided with the rapid fractional crystallization occurring
during air granulation.

2
1

2

C2S
(Mg,Fe)O

Matrix CF
Matrix MF
Matrix CS

512 μm512 μm

a) b)

Figure 3.2: Air granulated converter slag 0.5-0.25 mm surrounded by other grains a) SEM greyscale
image 1- blast furnace slag 2- quartz b) EDX based phase map.

The oxide composition of all air granulated BOF slag fractions is given in Table 3.2.
The two largest fractions show a small gain on ignition due to the oxidation of Fe2+ to
Fe3+, while the two smallest fractions lost weight, mainly due to the decomposition of
calcite [60]. Around 2/3 of the total iron content in the slag is Fe2+, the rest is present
as Fe3+. Table 3.2 only shows the amount of Fe2O3 because fused beads were made for
the XRF analysis, and the process oxidizes all Fe2+ to Fe3+. Chemically the 4-2 , 2-1, and
1-0.5 mm fractions of air granulated BOF slag are very similar and well within the range
of industrially cooled BOF slag reported in the literature [26, 68, 70]. The 0.5-0.25 mm
fraction however shows a much higher Al2O3 and SiO2 content, while CaO and MgO
are lower. The SiO2 content is likely influenced by the 8.9 wt. % quartz contained in the
sample (Table A.1), while the deviating Al2O3, CaO, and MgO contents are caused by the
presence of amorphous contaminants such as blast furnace slag (Figure 3.1).

3.3.2 Microstructure and mineralogy determined by large area phase mapping

To study the influence of rapid cooling on the microstructure and composition of the
mineral phases large area SEM/EDX phase mapping was carried out using PARC. The



20 mineralogy of air granulated basic oxygen furnace slag

results for the 4-2 and the 0.5-0.25 mm fractions are given in Figure 3.1, Figure 3.2,
respectively. The phase maps of the other two fractions are shown in the Appendix
(Figures A.1 & A.2). Granules of the same size developed strikingly similar
crystallization microstructures and only one representative granule is described here in
detail to highlight the characteristic features of its size fraction. All granulated slag
fractions contained large crystals of C2S and (Mg,Fe)O that are embedded in a
fine-grained matrix that is a mix of different minerals with a size below the EDX
resolution of 1 µm. Similar observations were made by other researchers [69, 70].

Table 3.2: Chemical bulk composition of air granulated BOF slag size fraction measured with XRF.

Fraction MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 LOI *GOI 

4-2 mm 8.9 2.0 15.5 1.5 45.6 1.5 0.6 0.2 4.2 20.5  0.8 

2-1 mm 8.8 2.1 15.4 1.5 45.3 1.5 0.6 0.2 4.2 20.6  0.5 

1-0.5 mm 8.5 2.9 15.3 1.5 44.0 1.5 0.6 0.2 4.1 21.1 0.2  

0.5-0.25 mm 5.8 7.9 19.9 1.0 30.4 1.2 0.4 0.2 2.7 24.9 5.6  

*GOI= Gain on ignition due to conversion of ferrous oxide into ferric oxide 

 

Based on variation in Ca – Si composition the matrix was divided into 3 groups using
a density plot (Figure 3.3). These groups were named Matrix CF (CaFe), CS (CaSi), and
MF (MgFe) according to the major elements present. Very small amounts of CaO and
(Ca,Mg)O phase were also detected. The area% of each phase is given in Figure 3.5a, the
average chemical composition of the major phases in Figure 3.4 and Figure 3.5 (b, c, d).
The results are free from the influence of contaminants because only SI fields containing
BOF slag grains were analyzed.

Figure 3.3: a) PARC density plot for all data points belonging to the matrix phase and their division
into 3 matrix parts. The intensity of the Ca Kα peak is plotted against the intensity of Si
Kα, the colour indicates the density of overlapping data points. b) Corresponding areas
in a SI data field of air granulated BOF slag.
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Figure 3.4: Average composition of a) C2S and b) (Mg,Fe)O phenocrysts related to the grain size
of the air granulated converter slag. Note the difference in scale for major and minor
oxides.
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Figure 3.5: Results of PARC analysis a) Phases in air granulated converter slag in area% and wt.
% including the densities used for conversion from area% into wt. % b) Composition
of the CS matrix part c) Composition of the MF matrix part d) Composition of the CF
matrix part. Note the difference in scale for major and minor oxides.

There is a clear correlation between slag size fraction and phase content in area%. The
largest fraction (4-2 mm) contained the highest amount of C2S and the lowest total
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amount of matrix phase, while the opposite was true for the smallest fraction (0.5-0.25

mm). The 0.5-0.25 mm fraction also contained the largest amount of the calcium and
silica-rich Matrix CS, which reduced with increasing size fraction (Figure 3.5a). This is a
clear indication that lower cooling speeds allow for the growth of C2S out of this matrix
part. This is also corroborated by the microstructure itself (Figure 3.6). In the 0.5-0.25 mm
fraction, the C2S is present as large, round phenocrysts. They form in the liquid slag
before granulation at temperatures of around 1550 °C [69] and can be regarded as
equilibrium crystallization. In the larger slag fractions, the C2S shows leaf-like shapes
that are formed during granulation and can be regarded as quench crystallization
because they form after the equilibrium C2S during cooling. These shapes are likely
connected, three-dimensional structures in the slag. It should be noted that PARC cannot
differentiate between C2S polymorphs, because their chemistry is the same.

0.5-0.25 mm 1-0.5 mm

2-1 mm 4-2 mm

C2S Matrix Matrix CS low Matrix CS rich MgO

Figure 3.6: Formation of C2S out of the CS rich matrix with increasing air granulated BOF slag size
fraction/decreasing cooling speed. The C2S present in the 0.5-0.25 mm fraction is the
equilibrium C2S formed before granulation. The quench C2S forming during cooling
shows a leaf-like structure.

The composition of C2S (Figure 3.4) changes with increasing slag size fraction and
becomes more iron rich. The V2O5 and TiO2 contents also increase slightly, because the
quench C2S incorporates more minor ions as the composition of the liquid slag changes
during cooling [77]. We are aware that the Cr2O3 content in the C2S is higher than the
true value by about an order of magnitude due to the Si + Ca sum peak in the C2S
spectrum overlapping with the Cr Kα emission line. No C3S was formed based on the
microstructure of the granulated slag. C3S forms at higher temperatures than C2S as
well-defined euhedral crystals but requires a more calcic slag composition. These C3S
crystal shapes are preserved during cooling even if the C3S itself converts to C2S and
CaO [26, 78].

Most equilibrium C2S phenocrysts in the smallest granulated slag fraction have a
diameter of around 9 µm (Figure 3.7 (a)). It can be assumed that this is very close to the
average size the phenocrysts had in the liquid slag before cooling, because the smallest
fraction cools so quickly that there is little time for further (quench) C2S to form. With
increasing fraction size many small grains (around 2 µm in diameter) appear due to the
formation of quench C2S in leaf-like shapes. At the same time, the number of very large
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(15-30 µm) C2S phenocrysts increases slightly. This shows that C2S continues
crystallizing and growing during cooling. The bigger granulated slag fractions cool
slower and allow more time for the leaf-like patterns to form. This quench C2S also
grows on the equilibrium phenocrysts increasing their average size. According to the
XRD results, the α′-C2S content changes very little in the different granulated slag sizes.
However, the β-C2S content increases with increasing droplet size, which indicates that
the quench C2S in the leaf-like patterns is largely β-C2S. The exact cooling rate of the
granulated slag fractions is unknown, but the amount of quench C2S is similar to that
observed by Gautier et al. [69], who used water quenching and estimates a cooling time
of 3-5 seconds. It is likely that water quenching is less effective for rapid cooling of
converter slag than for blast furnace slag due to its self-insulating properties. The cooling
speeds of air and water granulation could therefore be in a similar range.

4-2
2-1

1-0.5
0.5-0.25

4-2
2-1

1-0.5
0.5-0.25

Figure 3.7: Size distribution of a) C2S and b) (Mg,Fe)O crystals in air granulated BOF slag. The
diameter is calculated from the grain area assuming perfect circular shape. The number
of grains is normalized by the total area measured.

(Mg,Fe)O is the other phenocryst phase present in the air granulated BOF slag.
Calculations with FactSage (a software suite for thermodynamic calculations) show that
it starts crystallizing at around 1840 °C for this slag composition. Some C2S phenocrysts
in the samples contained (Mg,Fe)O inclusions showing that it forms at higher
temperatures than the C2S (Figure 3.6, 1-0.5 mm). This order of crystallization was also
found by other researchers [69]. The (Mg,Fe)O content in the 3 largest granulated BOF
slag fractions was between 6.2 and 6.7 area%, while the 0.5-0.25 mm fraction contained
10.3 area% (Figure 3.4a). There is a clear correlation between the size fraction and
phenocryst size distribution (Figure 3.7b).

The smallest granulated slag fraction (0.5-0.25 mm) shows a bimodal distribution with
maxima at around 3 and 25 µm. This may be due to the fact that some of the (Mg,Fe)O is
present as small inclusions in the C2S, which are prevented from further growth during
cooling of the slag. With increasing droplet size the first maximum increases in intensity
showing that new, small (Mg,Fe)O is formed with decreasing cooling speed. However,
the size of the largest (Mg,Fe)O phenocrysts remains largely unchanged. The amount of
matrix decreases with increasing droplet size and decreasing cooling speed from around
68 area% (0.5-0.25 mm) to 49 area% (4-2 mm). As discussed previously, the Matrix CS
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part forms C2S but does not change its average composition with changing cooling speed
(Figure 3.5b). There is also a clear increase in the amount of Matrix CF with slower
cooling. This matrix part is rich in CaO and Fe2O3 (Figure 3.5d) and contains the
majority of Al2O3 and TiO2 present in the slag. Based on the composition this PARC
phase contains the srebrodolskite (Ca2(Fe,Al)O5) detected in XRD together with the other
TiO2 bearing phases (Table 3.1, Figure 3.2). Srebrodolskite (Ca2(Fe,Al)O5) is the last
phase to form during standard cooling of BOF slag, as can be seen from the texture of
industrially cooled slag. More Matrix CF is generated the slower the granulated slag
cools, while its average composition changes only slightly. With increasing size, it
becomes richer in Al2O3 and TiO2, while the MgO, SiO2, and MnO content decreases.

The amount of MF matrix (6.5-11.5 area%) shows no clear correlation with the slag
fraction size but has the greatest variation in composition. The iron and manganese
content decreases with decreasing slag size, while the CaO, SiO2, and MgO contents
increase. Based on this trend it can be assumed that (Mg,Fe)O grows out of this matrix
phase during cooling. The formation of new (Mg,Fe)O can also be seen in the phenocryst
size distribution (Figure 3.7b). BOF steel slag is generated in batches and can be quite
variable in composition, depending on the quality of steel produced. However, the
general crystallization behaviors described here are expected to apply to other slag
compositions as well, especially those that contain little free lime, even if the phase
proportions may be different.

3.3.3 Influence of granulation on phase distribution and chemical bulk composition

It is possible to calculate the chemical bulk composition of each granulated BOF slag
fraction out of the PARC data if the phases are converted from area% into wt. % using
their densities (Figure 3.5a). For C2S and (Mg,Fe)O the appropriate density can be taken
directly from the Rietveld refinement results. They are 3.3 and 4.3 g/cm3 respectively.
Assigning a density to the three matrix phases is less straightforward because they are a
mix of different minerals. However, it is clear that the Matrix CS phase reacts to C2S during
cooling, the Matrix MF phase contains mostly (Mg,Fe)O, and that the Matrix CF phase
is very rich in srebrodsolskite (Ca2(Fe,Al)O5). For this reason, they can be assigned the
densities of C2S, (Mg,Fe)O and srebrodolskite (3.8 g/cm3 based on Rietveld refinement),
respectively. The phase composition in wt. % can be seen in Figure 3.5 and the calculated
bulk composition in Table 3.3.

Table 3.3: Chemical bulk composition of air granulated converter slag size fractions determined
via PARC. All results are given in wt. %.

Size MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 

4-2 mm 8.7 1.5 15.2 1.2 43.4 1.7 0.6 1.0 4.7 21.7 

2-1 mm 9.1 1.4 15.6 1.2 43.4 1.6 0.6 1.0 4.7 21.1 

1-0.5 mm 10.2 1.0 15.0 0.9 43.1 1.5 0.7 0.9 5.0 21.5 

0.5-0.25 mm 12.6 1.3 14.2 1.1 40.5 1.5 0.7 0.8 4.9 21.5 

 

For the three biggest fractions the measured XRF bulk composition (Table 3.2) matches
the calculated bulk composition very well, but there is a big difference for the
0.5-0.25 mm fraction due to the contamination with other minerals. It is also clear that
the Cr2O3 content is overestimated by an order of magnitude in the calculated
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composition for reasons explained before. But this does not influence the other oxide
amounts in any significant way.

This calculated chemical bulk composition has the advantage of being free from
contaminant influence because non-slag phases can be excluded from phase mapping
with PARC, even if they are amorphous. It also shows that the deviating bulk
composition of the 0.5-0.25 mm granulated slag fraction is not just an effect of
contamination. This is unexpected because all slag fractions were derived from the same
converter slag batch. The likely explanation is an uneven distribution of the C2S and
(Mg,Fe)O phenocrysts in the different droplets, which affects their bulk composition. To
visualize if accumulation/depletion of phenocrysts is the cause of the compositional
differences, variation diagrams have been constructed in which the element-oxide
components are plotted against CaO (Figure 3.8). In these diagrams, the bulk
composition of each converter slag fraction is represented as well as the compositions of
the (Mg,Fe)O and C2S phenocrysts (Figure 3.4). Element oxides that lie on a straight line
indicate a compositional relationship derived by the addition or subtraction of C2S and
(Mg,Fe)O phenocrysts respectively. Relative proportions of each phase can be calculated
with a lever-rule approach. Oxide (Mg,Fe)O/Oxide C2S are the oxide concentrations in
the (Mg,Fe)O and C2S phenocrysts as determined with PARC (Figure 3.4).
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Figure 3.8: Variation diagram a) addition of (Mg,Fe)O b) addition of C2S to air granulated BOF
slag.

The variation diagrams show that the composition of the three largest granulated slag
fractions is consistent with the composition of the smallest slag fraction (0.5-0.25 mm)
containing more (Mg,Fe)O (in the range of 5 to 10 wt. %). If C2S is added to the
0.5-0.25 mm fraction instead, the Fe2O3 and SiO2 concentrations of the larger slag
fraction are relatively far outside the range. This means the different composition of the
smallest slag fraction is likely caused by an enrichment of (Mg,Fe)O phenocrysts and not
by a lack of C2S. The reason for this is unclear, but may be connected to the bimodal size
distribution of the (Mg,Fe)O or the granulation process itself.
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3.3.4 Vanadium and chromium leaching

The environmental properties of the BOF slag were measured using the one batch leaching
test and the results are shown in Table 3.4 along with the pH of the leachate. Chromium
and Vanadium are the only elements above the legal limit defined in the Dutch soil quality
decree for all fractions and much higher than observed for normal industrially cooled slag.

Table 3.4: Leaching data ICP analysis of the one batch leaching test and pH of the leachate. The
legal limit is the limit set by the Dutch soil quality decree for unbound material. Left
measured value, right values corrected for contaminants. All results in mg per kg of dry
solid sample.

  Measured values  Corrected values  

 pH 11 10.8 10.9 9.6   

Element* Legal limit 4-2 mm 2-1 mm 1-0.5 mm 0.5-0.25 mm 4-2 mm 2-1 mm 1-0.5 mm 0.5-0.25 mm 

Sb 0.32 0.19 0.19 0.17 0.18 0.20 0.19 0.18 0.23 

As 0.9 0.21 0.22 0.15 0.15 0.22 0.22 0.16 0.19 

Ba 22 0.11 0.02 0.02 0.11 0.11 0.02 0.02 0.14 

Cr 0.63 1.7 1.83 1.91 2.42 1.75 1.86 1.98 3.05 

Mo 1 0.14 0.14 0.002 0.011 0.14 0.14 0.00 0.01 

V 1.8 11.49 10.84 11.43 8.84 11.83 11.03 11.82 11.13 

Zn 4.5 0.06 0.06 0.07 0.08 0.06 0.06 0.07 0.10 

*Cu, Co, Hg, Ni, Se, Cd, Pb, and Sn was below the detection limit. 

 
This is likely the result of an increased solubility of the slag due to air granulation,

which releases chromium and vanadium. Vanadium leaching decreases with decreasing
slag size, while chromium leaching increases. However, these leaching results are also
influenced by the presence of contaminants such as quartz and calcite. These contaminant
phases do not contain V and Cr as effectively reduce the amount of slag in the sample as
well as the pH. The 0.5-0.25 mm fraction contains the highest amount of contaminants and
has the lowest pH (9.6). But since the amount of crystalline contaminants is known from
XRD (Table A.1 in appendix A) an attempt can be made to correct the leaching values
(Table 3.4). In these corrected values the vanadium leaching turns out very similar for all
granulated slag droplet fractions (11.03 to 11.83 mg/kg ds), while the Cr leaching still
increases with decreasing slag size fraction (from 1.75 to 3.05 mg/kg ds). Table 3.5 shows
how much of the total V2O5 and Cr2O3 present in the slag this represents. It also shows
the distribution of both oxides between C2S, MgO, and the matrix. The total leachable
amount of V2O5 reduces slightly with decreasing slag size. At the same time, we also see
a decrease of the V2O5 bound in C2S as the result of a lower C2S content in the smaller



3.4 conclusions and outlook 27

granules. It is likely that both, C2S and the matrix, leach V2O5, but that C2S contributes
more. The high leaching of vanadium therefore indicates an increased solubility of C2S in
water compared to industrially cooled slag. If this is the case, it can be expected that C2S
hydrates when used as a cement replacement material and could show similar properties
to belite cement [47].

Table 3.5: Total amount of V2O5 (from PARC bulk composition) and Cr2O3 (from XRF bulk
composition) in granulated converter slag, the amount leachable from the slag, and the
distribution of these oxides between the host phases C2S, matrix and (Mg,Fe)O (from
PARC).

V2O5 Cr2O3  

 Total Leachable C2S Matrix MgO  Total Leachable C2S Matrix MgO 

Size (wt.%) (%) (%) (%) (%) Size (wt. %) (%) (%) (%) (%) 

4-2 mm 0.60 0.70 31.4 66.1 2.5 4-2 mm 0.18 0.26 77.6 19.5 2.9 

2-1 mm 0.61 0.65 24.2 73.2 2.5 2-1 mm 0.18 0.27 71.8 25.3 3.0 

1-0.5 mm 0.68 0.62 15.0 82.3 2.6 1-0.5 0.17 0.29 55.1 41.3 3.6 

0.5-0.25 mm 0.66 0.60 11.4 84.0 4.6 0.5-0.25 mm 0.15 0.45 46.6 46.8 6.6 

 

The leachable amount of the total Cr2O3 content in the slag fractions clearly increases
with decreasing slag size from 0.26% to 0.45%. As discussed before the content of Cr2O3 in
C2S is systematically overestimated, but the trend in the distribution between the 3 phases
shown in Table 3.5 is still useful and seems to indicate that the matrix is contributing the
majority of leached Cr2O3.

3.4 conclusions and outlook

Air granulated converter slag was divided into four different size fractions (0.5-0.25, 1-0.5
, 2-1- and-4-2 mm) to study the influence of granule size and therefore cooling speed on
the mineralogy of BOF slag. The three largest fractions are very similar in chemical and
mineralogical composition, with a total Ca2SiO4 (C2S) content of 41-44 wt. % and very
little amorphous phase. The smallest granulated BOF slag fraction (0.5-0.25 mm) is
markedly different in composition. It contains less Ca2SiO4 and shows the highest
amorphous content (15.5 wt. %), which may be caused in part by contamination with
blast furnace slag. This fraction is the most oxidized and contains large amounts of
magnetite (Fe3O4). The chemical bulk composition also shows it contains more MgO and
less CaO and SiO2. All granulated slag fractions contain phenocrysts of Mg-wüstite
((Fe,Mg)O) and C2S that are embedded in a finely grained matrix that formed during
cooling. No individual mineral phases can be discerned in the matrix due to their small
size (<1 µm). The smallest slag fraction contains 5-10% more (Fe,Mg)O phenocrysts,
which is also responsible for the difference in bulk composition. However, the starting
composition was the same for all fractions. Further investigation is required to
understand this phenomenon. The fine-grained matrix of the granulated slag can be
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divided into three types based on the composition: Ca/Si-rich, Ca/Fe-rich, and
Mg/Fe-rich. The amount of Ca/Si-rich matrix reduces with decreasing cooling speed/
increasing granule size and forms quench Ca2SiO4 in the form of leaf-like patterns. The
Ca/Fe rich matrix type contains the majority of Al2O3 and TiO2 alongside the
srebrodolskite and perovskite. The Mg/Fe rich matrix has a highly variable composition,
containing less MnO and Fe2O3 with decreasing slag size and is assumed to be the
source of additional Mg-wüstite that forms during cooling. All slag fractions leach more
Cr and V than industrially cooled BOF slag and surpass the legal limit defined by the
Dutch soil quality decree. The V leaching is very similar for all fractions, while the Cr
leaching increases with decreasing slag size. The main sources of these elements are C2S
and the matrix phase. The increased V and Cr leaching indicate that granulated BOF slag
is more soluble in water than industrially cooled slag. The results show that it is not
possible to create amorphous BOF slag using air granulation. But even if sufficiently
rapid cooling is applied, around 30 wt. % of the slag would remain crystalline, due to the
formation of solid Ca2SiO4 and Mg-wüstite before cooling. However, the air-granulation
may have suppressed the near-solidus crystallization of free-lime. The absence of free
lime would circumvent the problem of volume expansion caused by its hydration. The
leaching results indicate a higher solubility of C2S in water and therefore the potential
for a higher hydraulic reactivity. Further research into the cementitious properties is
currently ongoing, but it seems that an application as a partial cement replacement has
great potential and could make it possible to recycle all steel slag in the future. It may
also solve the problematic leaching of V and Cr, as the hydration products of cement
have a high binding capacity for heavy metals.
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S Y N T H E S I Z E D V I A D I F F E R E N T S O L - G E L M E T H O D S

abstract

In this chapter, the synthesis of dicalcium silicate (C2S) via the sol-gel (acid-catalyzed)
process including aqueous route, non-aqueous route, and the Pechini method is reported.
Before replicating the slag´s C2S in ex-situ environment, it is important to understand
the efficacy of the synthesis method. Therefore, the composition of C2S ( α′, β, and γ)
polymorphs, by-products, and amorphous content is established by employing QXRD
(quantitative X-ray diffraction) studies. The attention has been focused to comprehend
assay-amorphous relationships of C2S yield. Intermediate dried gels have been
investigated via thermal analysis to monitor changes in the gel structures as well as
precursors at low temperatures. The synthetic parameters including calcination time and
temperature, Ca/Si molar ratio and mode of cooling have been optimized to get pure
β-C2S with low amorphous content. The dependency of β to γ-C2S polymorphic
transformation on mean crystallite size (Dcrystallite) is studied. Overall, the Pechini
method exhibits the most promising results for the purity and stabilization of β-C2S
polymorph. Moreover, the non-aqueous and aqueous routes require calcining the dried
gel at a temperature higher than 1200 °C due to the carbonation of CaO leads to solid
state reaction partially. Moreover, the altering stoichiometry from 2.0 to 1.7 Ca/Si ratio is
not a viable solution to improve the C2S product yield as unreacted silica hides as
amorphous content in QXRD measurement.

Major part of this chapter is published elsewhere: M.J. Ahmed, K. Schollbach, S.R. van der Laan, M.V.A Florea,
H.J.H. Brouwers, A quantitative analysis of dicalcium silicate synthesized via different sol-gel methods, Mater.
Des. 213 (2022) 110329.
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4.1 introduction

Dicalcium silicate (C2S) is an important natural mineral known as larnite or belite. It is a
monoclinic (β) polymorph of C2S and exhibits interesting properties such as non-toxic
bioactivity, high energy storage capacity as well as flame and thermal resistance [79–81].
It is used in various applications such as white light-emitting diodes (LEDs),
high-density energy storage and energy production, environmental remediation, and
biomedical engineering [43, 82–84].

C2S can be synthesized by various traditional (solid-state or fusion) processes and
alternatives such as self-combustion or solution combustion synthesis, hydrothermal
synthesis, aerosol flame, spray pyrolysis, or the sol-gel process [85–93]. The sol-gel
methods are widely used and based on the gelation of colloidal particles, hydrolysis,
polycondensation of nitrates or alkoxides, and hypercritical drying of gel [94]. The
resulting product is dried and heated at atmospheric temperature. The sol-gel methods
have the advantage of synthesizing β-C2S that has a high specific surface area (up to
26.5-27 m2/g) and is stable at room temperature without using any additional chemical
stabilizers/dopants. The synthesis temperatures also tend to be lower compared to
solid-state synthesis [89, 95–97]. The stability of β-C2S synthesized via the sol-gel method
has been attributed to the small particle size (1-3 µm) that prevents a transformation into
γ-C2S [97].

Qualitative X-ray powder diffraction (XRD) is the standard analytical tool for identifying
C2S polymorphs [98]. However, diffractograms are typically complex with an overlap of
the diffraction peaks of α, β, and γ-C2S. If the reaction is incomplete, other phases such as
wollastonite, quartz or free lime can also be present, making analysis even more complex.
So, it is often not possible to identify all impurities or C2S polymorphs, especially if their
content is very low. Moreover, the method allows no insight into the amorphous content
meaning it is frequently ignored [99]. However, the amorphous C2S tends to be the most
reactive part of the sample, so its content should be known to reliably design materials for
cementitious applications.

Quantitative XRD (QXRD, Rietveld method) can solve these problems, especially if an
internal standard is applied to determine the amorphous content. It can also be used to
derive additional information about a sample, such as crystallite size, which is an
important parameter that can determine the stability of C2S polymorphs. However this
method is rarely applied [49, 87, 90, 94, 95, 100] and to the best of the author’s
knowledge, not detailed QXRD including amorphous content determination exists of C2S
synthesized via sol-gel (aqueous, non-aqueous, and the Pechini) methods [49, 101–103].

Before replicating the slag´s C2S in ex-situ environment, it is important to understand
the efficacy of the synthesis method. Therefore, the aim of this chapter is to study the
content of C2S (α′, β, γ) polymorphs quantitatively including amorphous phase and
minor phases synthesized via three different sol-gel (acid-catalyzed) methods including
the Pechini, non-aqueous, and aqueous route. The three methods are compared to see
which sol-gel route provides high β-C2S polymorph yield with low amorphous content
[43, 83, 104]. The different calcination temperatures and durations are compared, as well
as changing the Ca/Si stoichiometry [93, 105]. The calcination temperatures and times
have been chosen to get a clear insight into the relationship between amorphous content,
secondary phases, and total C2S content [49, 87, 95, 106, 107]. Moreover, the importance
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of compacting the intermediate dried gel before calcination is shown by comparing loose
powder and pressed pellets. The sol-gel reactions such as polyesterification, silica
nanoparticle polymerization as well as the transformation of calcium oxide precursors
into hydroxide and carbonate are investigated via TG, DTG and DTA analysis. Moreover,
the correlation between mean crystallite size (Dcryst) and the β to γ-C2S transformation is
investigated.

4.2 materials

Ca(NO3)2.4H2O ( Sigma-Aldrich CAS: 13477-34-4 ⩾ 99.0%), colloidal SiO2 ( 30 wt. %
Ludox® AM Sigma-Aldrich), colloidal SiO2 ( 40 wt. % Ludox® AM Sigma-Aldrich),
CH3CO2H glacial (Sigma-Aldrich CAS: 64-19-7), Si(OC2H5)4 (Sigma-Aldrich CAS:
78-10-4, ⩾ 99.0), C6H8O7.H2O (VWR, Analytical grade, CAS: 5949-29-1), HNO3

(Sigma-Aldrich, CAS: 7697-37-2, ⩾ 65%)and C2H5OH (Sigma-Aldrich CAS: 64-17-5) were
used as received. The reagents were added in the stoichiometric ratios corresponding to
the synthesis of C2S unless indicated otherwise.

The molar ratio, calcination temperature, and time, as well as reaction parameters, have
been summarized in Table 4.1 and are based on previously reported synthesis [49, 93].

Table 4.1: Sol-gel synthesis routes and reaction parameters.

Method Molar ratio Reagent Temperature (℃) Time (h) Cooling 

Pechini 2 40 wt. % silica sol. (particle size = 20.0-24.0 nm), 
Ca(NO3)2.4H2O, 85% resin content 700-1400 1-3 1, 2 

Non-aqueous 2 Tetraethyl orthosilicate, Ca(NO3)2. 4H2O, Ethanol 1000-1200 5-8 1 

Aqueous 1.7, 2 30 wt. % silica sol.  (particle size=<150 μm), 
Ca(NO3)2.4H2O 1000-1200 5-8 1 

1 = cooled in the furnace after switching off the heating (Figure 4.1); 2 = cooled in the furnace followed by a sample is removed at 542 ℃ and then 
air quenched. 

 

4.3 methods

4.3.1 Pechini method

The Ca(NO3)2.4H2O and colloidal silica (40 wt. % suspensions in water) were employed as
a cation source of Ca and Si at a 2:1 molar ratio. The citric acid monohydrate was chosen
as a source of α-hydroxy acid to chelate with Ca2+, and ethylene glycol to construct a gel
through esterification. The resin content (Rc) was fixed to 85%, as it gives the best results
according to the literature [49]. The Rc can be adjusted with the Eq.4.1

RC =
mresin

mresin +moxides
� 100 (4.1)

moxide = theoretical yield based on the starting amount of CaO and SiO2, mresin = the
mass of organic precursors

The Ca(NO3)2.4H2O was dissolved in distilled water followed by the addition of citric
acid monohydrate. The colloidal silica suspension was added after that already dissolved
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in ethylene glycol. Then a few drops of nitric acid were added to achieve a pH < 2 to avoid
flocculation. The resin content was composed of 60 wt. % citric acid monohydrate and
40 wt. % ethylene-glycol. The mixture was heated to 80 °C to obtain a gel by evaporating
water for 6-8 h. Then the gel was charred at 250 °C in an oven for 4-5 h. The resultant
xerogel was finely ground into powder and calcined at the desired temperature in an
alumina crucible at a heating rate of 5 °C/min [102]. The sample was cooled naturally in
a furnace. The rate of furnace cooling showed in Figure 4.1. At calcination temperature
1400 °C, the cooling condition was modified in such a way that one sample was removed
from the furnace at 542 °C and air-quenched below the aforementioned temperature.
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Figure 4.1: The rate of furnace cooling employed for sol-gel (acid-catalysed) synthesis (cooling

Method 1).

4.3.2 Non-aqueous method

The TEOS (tetraethyl orthosilicate) and Ca(NO3)2.4H2O were employed as a source of Si
and Ca, respectively, with a 1:2 molar ratio. The following steps were executed; 1) TEOS
was mixed with ethanol (molar ratio C2H5OH: TEOS = 1.5) separately, 2) Ca(NO3)2.4H2O
was dissolved in a minimum amount of ethanol. Then both solutions were mixed followed
by the dropwise- addition of glacial acetic acid to reach a pH < 2-3. The sample was left
overnight, and a translucent gel was obtained. The gel was dried, ground, pressed into
a pellet, and calcined at the desired temperatures using a heating rate of 5°C/min [93,
97]. The sample was cooled according to Method 1 (Table 4.1: Sol-gel synthesis routes and
reaction parameters. and Figure 4.1).

4.3.3 Aqueous method

The Ca(NO3)2.4H2O and colloidal silica (30 wt. % suspensions in water) were employed as
a source of Ca and Si respectively in a 2:1 molar ratio. The Ca(NO3)2.4H2O was dissolved
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in water to complete dissolution followed by the addition of colloidal silica while the
solution was stirring. Then a few drops of nitric acid were added to get a pH ⩽ 2-3. The
sample was heated for 4-6 hours at 70 °C and a translucent gel was obtained. The gel was
stored for 24 hours at 38 °C in the oven. The gel was then dried, ground, and calcined at
the desired temperature with a heating rate of 5 °C/min [86, 97]. The sample was cooled
according to Method 1 (Table 4.1 and Figure 4.1). The information about characterization
methods is presented in Chapter 2.

4.4 results and discussions

4.4.1 C2S synthesis via the Pechini method

The intermediate, amorphous gel produced with the Pechini method was charred at
250 °C, and then TG/DSC was analyzed to determine the lowest calcination temperature
for C2S synthesis (Figure 4.2 (a, b)). The decomposition of the dried gel can be broadly
divided into three main steps. The first mas-loss step from 40 to 250 °C can be attributed
to the loss of water physisorbed on the surface of the dried gel. The second strong
exothermic step (250-600 °C) can be assigned to the resin breakdown and residual carbon
combustion. The mass loss step around 251-350 °C can be attributed to the polymer
fragmentation, formed by polyesterification of citric acid and ethylene glycol. The mass
loss step around 405-445 °C may occur due to the decomposition of the carboxylic group,
carbonates, and nitrates. The exothermic peak of polymer fragmentation may overlap
with the endothermic process of decomposition of nitrates and carbonates in DTA
analysis. The third slight exothermic step (600-700 °C) is attributed to the crystallization
of C2S. The TG signal becomes stable at around 650 to 700 °C. So, 700 °C was chosen as
the lowest calcination temperature [98].

The C2S synthesized via the Pechini method has been investigated after heating the
precursor to temperatures in the range of 700-1400 °C and a calcination time of 1-3 hours
with cooling Method 1 unless stated otherwise. The XRD diffractograms without internal
standard (silicon) are shown in Figure 4.3. And the results of QXRD are shown in Table
4.2.

At 700 °C, the α′-C2S (22.5 wt. %) polymorph and amorphous content (68.3 wt. %) were
the major phases with minor amounts of β-C2S (9.2 wt. %) present. The particles calcined
at 700 °C appeared spherical, porous, and highly agglomerated (Figure 4.7 (a)), which is
in line with the literature [108]. By increasing the calcination temperature to 800 °C, the
dominant crystalline phase became β-C2S (27.5 wt. %) alongside α′-C2S (19.4 wt. %) and
amorphous content (53.1 wt. %). The high amorphous content at 700-800 °C C2S points
out that the (α′ and β) polymorphs matrix is poorly crystalline.

When the calcination temperature was raised to 900 °C, the α′-C2S completely
transformed to β-C2S (83.0 wt. %). The amount of amorphous content decreased from
53.1 to 16.8 wt. % while only β-C2S crystallized out of the amorphous matrix. A further
increase in calcination temperature to 1000 °C led to only a small increase in β-C2S
(83.7 wt. %). At 1100 °C, γ-C2S (2.9 wt. %) started to appear, which increased slightly (3.7
wt. %) at 1200 °C. The γ-C2S formation was observed at a calcination temperature of 1300

°C with natural furnace cooling (cooling Method 1) in earlier studies [103]. Overall,
β-C2S was the dominant product in the range of 900-1200 °C. The sequence of phase
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development was consistent with previous studies [102]. Minor amounts of wollastonite,
quartz, grossular, and CaNaAlO were also observed during the synthesis. The quartz and
wollastonite are likely due to incomplete conversion of reactants, while the impurity
phases of grossular and CaNaAlO may form due to trace amounts of aluminum and
sodium in the reagent or the corundum from the crucible [103].
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Figure 4.2: Thermal analysis of intermediate dried gels from all sol-gel routes (a) TG and DTG (b)
DTA analysis of the dried gel synthesized from the Pechini method pre-charred at 250

°C (c) TG and DTG (d) DTA analysis of the dried gel synthesized via non-aqueous route
and pre-dried at 150 °C (e) TG and DTG (f) DTA analysis of the dried gel synthesized
via aqueous route and pre-dried at 150 °C.
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Figure 4.3: XRD pattern of the dried gel obtained with the Pechini method after heating to different
temperatures. The crystalline phases are labelled as α′ = α′-C2S, β = β-C2S, γ = γ-C2S,
W = wollastonite-2M, C.N = Calcium sodium Aluminum oxide, G = grossular, Q =
quartz.

Table 4.2: QXRD of the C2S synthesized via Pechini method with error values.

Temperature (℃) 700 800 900 1000 1100 1200 1400 1400 *1400 

Calcination time (h) 3 3 1 1 1 1 1 1 1 

Cooling method 1 1 1 1 1 1 1 2 2 

α´-C2S (wt. %) 22.5 ± 0.9 19.4 ± 0.7        

β-C2S (wt. %) 9.2 ± 0.8 27.5 ± 0.6 83.0 ± 0.2 83.7 ± 0.3 85.2 ± 0.3 86.4 ± 0.3 76.1 ± 0.3 92.4 ± 0.3 92.0 ± 0.3 

γ-C2S (wt. %)     2.9 ± 0.2 3.7 ± 0.2 23.4 ± 0.2 5.7 ± 0.2 6.1 ± 0.2 

Wollastonite-2M (wt. %)   0.2 ± 0.1  0.3 ± 0.2     

Quartz low (wt. %)      0.8 ± 0.1    

Grossular (wt. %)     0.7 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 

CaNaAlO (wt. %)    0.3 ± 0.1  0.4 ± 0.1    

XRD-amorphous (wt. %) 68.3 ± 1.6 53.1 ± 1.0 16.8 ± 1.0 15.9 ± 1.4 10.9 ± 1.3 8.0 ± 1.3  1.6 ± 1.5 1.5 ± 1.4 
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At 1400 °C, the amount of γ-C2S reached 23.4 wt. % in the sample cooled via Method 1.
The γ-C2S is not formed at 1400°C, because it is a low-temperature modification. Instead,
it is formed out of β-C2S during cooling. The phenomenon of β to γ-C2S transformation
is dependent upon particle size [103, 105, 107]. With increasing calcination temperature,
the crystallite size of the C2S increases due to sintering effects. Then internal strain is
generated inside the β-C2S crystals during cooling. This strain becomes larger with
increasing crystallite size and will result in the transformation of β-C2S into γ-C2S, once
a critical crystallite size is achieved. The β-destabilization can be restricted by increasing
the cooling speed (physical stabilization) above the γ-stability field temperature or by
incorporating impurities into the crystal structure (chemical stabilization) [105]. The
calcined sample at 1400 °C cooled down via Method 2 decreased in γ-C2S from 23.4 wt.
% to 5.7 wt. % with 92.0 wt. % β-C2S [107]. The metastable β-C2S achieved at 1400 °C
with cooling Method 2 was analyzed 8 weeks later and no conversion into γ-C2S had
taken place. The average crystallite size (Dcrystallite) growth at increasing calcination
temperature and its correlation with C2S polymorphic transformation is discussed in
Section 4.4.4.

A few representative FTIR spectra have been taken to investigate bonding systems
(Figure 4.6 (a)). In the case of the Pechini method, the strong and broadband regions at
896 cm-1 and 509 cm-1 are attributed to (α′

H-C2S (orthorhombic). The band at 997 cm-1

can be attributed to β-C2S. At 900-1000 °C, the new bands 503 cm-1, 540 cm-1 in the
SiO2-bending region and 847 cm-1, 865 cm-1, 895 cm-1, 992 and 1016 cm-1 in the
SiO2-stretching region clearly indicates the presence of β-C2S. As the calcination
temperature is elevated higher than 1000 °C, a new band appears at 497 cm-1 in the
SiO2-bending region indicating the presence of γ-C2S. The strong band regions at
519 cm-1, 541 cm-1, 841 cm-1, 893, and 991 cm-1 indicate the strong presence of β-C2S. The
FTIR studies of C2S synthesized via the Pechini method exhibited complete agreement
with previous studies [107, 109, 110].

4.4.2 C2S synthesis via the non-aqueous route

The thermal events of intermediate gel dried at 150 °C were analyzed via TG and DSC
as shown in Figure 4.2 (c, d). The first endothermic mass loss step occurs due to the loss
of physisorbed water on the dried gel sample. The second strong endothermic event is
comprised of the three mass loss steps. The mass loss of around 440-535 °C occurs due
to the removal of by-products (H2O and C2H5OH) upon completion of TEOS hydrolysis
and condensation. The mass loss around 536-584 °C may be assigned to dehydroxylation
of portlandite (Ca(OH)2) and decomposition of nitrates. The mass loss around 604-670 °C
likely occurs due to the removal of carbon dioxide from calcite (CaCO3). The third slight
exothermic event with no mass loss is attributed to the phase crystallization out of the
amorphous matrix [111]. It is clear from the thermal event analysis that in the first step,
the water evaporates to form xerogel, and calcium nitrates precipitate onto the surface of
the network. In the next step, the calcium nitrate breaks down into the calcium oxide to
react with the silica network to form dicalcium silicate. The surface and internal silanol
groups may convert into the strained siloxane bridges in thermally induced condensation
of hydroxylated silica surface below 500 °C. The strained siloxane bridges are converted
into stable siloxane groups at a temperature higher than 500 °C. The presence of calcite
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visible around 600-700 °C as a calcium source delays the supply of calcium oxide for
the reaction. Moreover, stable siloxane bridges react at a much slower rate than strained
siloxane bridges. Conclusively, the presence of calcite as a calcium source requires a high
calcination temperature for the complete conversion of reactants into a product.

For the C2S synthesis via the non-aqueous route, the precursors were calcined in the
temperature range of 1000-1200 °C and a calcination time from 5 to 8 hours was chosen
[97]. The XRD patterns without internal standards are shown in Figure 4.4 and the results
of QXRD are shown in Table 4.3.
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Figure 4.4: XRD pattern of C2S synthesized via non-aqueous route. The crystalline phases are
labelled as β = β-C2S, γ = γ-C2S, W = wollastonite-2M, W-t = wollastonite-triclinic
L = lime, G = grossular, Cr = cristobalite, Q = quartz.

When the intermediate dried-gel was fired at 1000 °C for 8 h, the major phase was β-C2S
(73.4 wt. %) with wollastonite (5.1 wt. %), unreacted lime (7.6 wt. %), and (12.3 wt. %) XRD
amorphous content. An SEM micrograph of C2S synthesized at 1000 °C is shown in Figure
4.7 (b) and shows the same morphology reported in other studies [102]. The presence of
free-lime and wollastonite indicates that the conversion of reactants was incomplete [87].
Therefore, the calcination temperature was elevated to 1200 °C for 5 h, and γ-C2S (4.5 wt.
%) appeared alongside β-C2S (81.3 wt. %) with a clear decrease in wollastonite (1.7 wt. %)
and free-lime (4.9 wt. %) as well as a decrease of the amorphous content to 5.7 wt. %. A
further increase of the calcination time from 5 to 8 h at 1200 °C yielded more γ-C2S (16.7 wt.
%) and a decrease in β-C2S (from 81.3 to 75.1 wt. %). The 3.8 wt. % of amorphous content at
1200 °C for 8 h calcination suggested that most of the C2S matrix was crystalline. However,
it was successful in further decreasing the lime (2.7 wt. %) and wollastonite (0.6 wt. %)
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content. A small amount of quartz and cristobalite was also visible, as the remaining,
unreacted SiO2 in the amorphous content started to crystallize. It seems clear that the
content of these two phases is only reducing due to solid state sintering reactions taking
place at elevated temperatures as well as longer reaction times. Moreover, the wollastonite
and lime crystallize directly out of the amorphous phase showing an incomplete reaction.
It can be explained based on the thermal events of precursors’ transformation during
calcination. Firstly, the presence of calcium carbonate during thermal events delays the
reaction with the silica network (Figure 4.2 (c, d)). Secondly, the formation of Si-O-Si bonds
traditionally takes place at high temperatures while the condensation reaction between the
-OH group begins at room temperature. However, many of Si-O-Si bonds are not stable
even at a temperature higher than 1000 °C to achieve bonding energy close to bulk fracture
energy [112]. Conclusively, the incomplete polycondensation reaction of Si-O-Si bonding
is completed via high-temperature calcination (act as a solid-state synthesis partially).

Table 4.3: QXRD of the product synthesized by a non-aqueous route of the sol-gel method with
error values.

Temperature (℃) 1000 1200 1200 1200 

Calcination time (h) 8 5 8 5 

Sintered sample morphology Pressed pellet Pressed pellet Pressed pellet Powder 

β-C2S (wt. %) 73.4 ± 0.6 81.3 ± 0.3 75.1±0.3 53.1±0.2 

γ-C2S (wt. %)  4.5 ± 0.2 16.7±0.2 11.1±0.1 

Wollastonite-triclinic (wt. %) 5.1 ± 0.7    

Wollastonite-2M (wt. %)  1.7 ± 0.1 0.6±0.1 0.2±0.1 

Pseudo-wollastonite (wt. %)    4.1±0.2 

Lime (wt. %) 7.6 ± 0.1 4.9 ±0.1 2.7±0.1 3.2±0.1 

Grossular (wt. %) 0.6 ± 0.2 0.6±0.1 0.1±0.06 1.0±0.1 

Quartz (wt. %)  0.2±0.03 0.2±0.03 0.1±0.02 

Cristobalite (wt. %)  1.1±0.07 0.8±0.07  

XRD-amorphous (wt. %) 12.9 ± 1.2 5.7 ±1.5 3.8±1.6 26.8±0.6 

 

An interesting phenomenon was observed when the dried-gel intermediate was
calcined in the form of loose powder at 1200 °C for 5 h as opposed to the standard
pressed pellet. The QXRD showed higher XRD-amorphous content (26.8 wt. %), γ-C2S
(11.1 wt. %) than the pressed pellet results (XRD-amorphous = 3.8 wt. %, γ-C2S = 4.5 wt.
%) as the energy of the constrained particle is different from the isolated particle. That is
why the pressing of the pellet likely contributes toward the matrix constraint for particle
growth and stabilizes more β-C2S [105]. Considering the results, all the intermediate
dried-gel samples synthesized via non-aqueous and aqueous routes are pressed into a
pellet before calcination to obtain optimal results.

The transmittance pattern at the 1459-1460 cm-1 and 3639 cm-1 can be attributed to the
calcium carbonates and hydroxide synthesized via the non-aqueous route due to partial
carbonation of free lime (Figure 4.6 (b)). The bands in the region 992-998 cm-1, 896 cm-1,
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840-870 cm-1 corresponds to β-C2S, and the broadening of peaks can be attributed to the
formation of γ-C2S at 1200 °C for 8 h calcined sample [97].

4.4.3 C2S synthesis via aqueous route

The thermal events of intermediate gel dried at 150 °C via aqueous route exhibited the
mass loss events such as removal of water of nitrates and physisorbed water followed by
the decomposition of nitrates, dehydroxylation of silica network and calcium hydroxide
as well as the removal of carbon dioxide from calcium carbonate respectively (Figure 4.2).
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Figure 4.5: XRD pattern of C2S synthesized via an aqueous route of the sol-gel method. The
crystalline phases are labelled as Si = as internal standard β = β-C2S, W = wollastonite-
2M, L = lime, G = grossular, γ = γ-C2S, W1 = wollastonite-1A.

The initial Ca/Si molar ratio was 2 and the sample was calcined at 1200 °C for 5 h. The
major phase was β-C2S (77.6 wt. %) alongside γ-C2S (6.6 wt. %) and a low amount of
XRD-amorphous (3.7 wt. %) phase (Table 4.4). The amount of CaO was rather higher with
9.1 wt. % than with the non-aqueous route (4.9 wt. %). Minor phases like quartz (0.1 wt.
%) and cristobalite (0.8 wt. %) were also observed. The high CaO amount indicated an
incomplete reaction between the calcium and silica precursors similar to the non-aqueous
synthesis route. However, the lime content was much higher and the amorphous content
lower, which seems the point to a problem with the stoichiometry instead (Table 4.5). To
test this hypothesis as well as to avoid unreacted free lime, the Ca/Si ratio was adjusted
from 2.0 to 1.7 was adjusted as reported in a few studies [93, 105]. The intermediate
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dried gel with a 1.7 Ca/Si starting molar ratio was fired at 1000 °C, 1140 °C, and 1200 °C
respectively.

Table 4.4: QXRD of the product synthesized by aqueous route with error values.

Temperature (℃) 1000 1140 1200 1200 

Calcination time (h) 8 5 5 5 

Ca/Si molar ratio (mol) 1.7 1.7 1.7 2 

β-C2S (wt. %) 46.1 ± 0.3 74.3 ± 0.3 78.7 ± 0.3 77.6 ± 0.9 

γ-C2S (wt. %) 2.8 ± 0.2 11.6 ± 0.2 7.8 ± 0.2 6.6 ± 0.3 

Lime (wt. %) 6.1 ± 0.2 7.8 ± 0.1 8.7 ± 0.1 9.1 ± 0.2 

Grossular (wt. %) 0.5 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 2.0 ± 0.3 

Quartz (wt. %)  0.04 ± 0.02 0.04 ± 0.02 0.1 ± 0.05 

Cristobalite (wt. %)    0.8 ± 0.2 

Wollastonite-2M (wt. %)  0.7 ± 0.2 0.6 ± 0.2  

Wollastonite-1A (wt. %) 3.1± 0.2    

XRD amorphous (wt. %) 41.3 ± 1.2 4.6 ± 1.2 3.2 ± 1.3 3.7 ± 2.3 

 

The results clearly show that a reduction in the starting CaO content was not successful
in reducing the free lime content after calcination. To make sure that the results are not
due to an incorrect quantification, the theoretical composition of the amorphous content
was calculated via subtracting all the mineral phases determined with QXRD from the
bulk composition (Table 4.5). If the difference is positive that means the QXRD results
are at least theoretically possible. This calculation was done for two samples, one with a
Ca/Si ratio of 2 and the other with a Ca/Si ratio of 1.7, both calcined at 1200 °C for 5 h.

Table 4.5: Theoretical amorphous content composition of samples synthesized via the aqueous
route. Both samples were sintered at 1200 °C for 5 h. The theoretical amorphous oxide
composition is the difference between the starting composition and the oxides contained
in the crystalline phases.

Ca/Si molar ratio 2 1.7 

 QXRD 

(wt. %) 

CaO 

(mol. %) 

SiO2 

(mol. %) 

QXRD 

(wt. %) 

CaO 

(mol. %) 

SiO2 

(mol. %) 

Starting Composition  66.7 33.3  63 37 

Total C2S 84.2 56.2 28 86.5 54.5 32 

Lime 9.1 9.1  8.7 8.7  

Grossular 2 0.9 0.9 1 0.4 0.4 

Quartz 0.1  0.1    

Cristobalite 0.8  0.8    

Wollastonite-2M    0.6 0.4 0.2 

Total  66.2 29.8  64 32.6 

Amorphous 3.7 0.6 3.5 3.2 -1 4.3 
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The theoretical composition of the amorphous content for the Ca/Si = 2 sample is
CaO = 0.6 mol. % and SiO2 = 3.5 mol. %, showing that a lot of the SiO2 remains
XRD-amorphous while the CaO tends to crystallize. In the Ca/Si = 1.7 sample, the
theoretical composition of the amorphous content is CaO = -1 mol. %, SiO2 = 4.3 mol. %.
The CaO content is negative which is not possible for a real phase. Considering the error
of QXRD, it can be assumed that the real CaO content in the amorphous phase is around
0 mol. %, and thus it consists entirely of amorphous SiO2. Conclusively, the change in
stoichiometry (2.0 to 1.7 Ca/Si molar ratio) is not a viable solution to convert more
reactants into β-C2S.

The TG/DSC analysis of the pre-dried intermediate at 150 °C offers an explanation for
this phenomenon (Figure 4.2 (c, d, e, f)). It clearly shows that the formation of calcium
carbonate and the incomplete Si-O-Si network are the inherent issues of the aqueous and
non-aqueous routes of sol-gel synthesis. Conclusively, the part of the calcium tends to
react with the amorphous silica during high temperature sintering and long calcination
time. This explains the gradual decrease of free lime and wollastonite when the
calcination temperature is raised from 1000 to 1200 °C. Moreover, the alkoxide-assisted
Si-O-Si network as in the case of the non-aqueous route tends to react with calcium
precursors more efficiently than an aqueous route (Table 4.3 and Table 4.4).

The FTIR studies of the aqueous route (1.7 Ca/Si molar ratio at 1140 °C), the broadening
of vibration peaks indicated the change in the symmetry order from β (monoclinic) to
γ (orthorhombic) showing the presence of γ-C2S (Figure 4.6 (b)). All this information
exhibited a compromise with previously reported FTIR studies [107].

4.4.4 Effect of calcination temperature on C2S mean crystallite size (Dcryst)

The idea of mean crystallite size (Dcryst.) helps to understand the C2S polymorphic
transformation at varying calcination temperatures because it is the main factor for the
stabilization of β-C2S without any chemical stabilizer [107]. In the case of the Pechini
method, the Dcryst. increases as the calcination temperature are raised from 700 °C to
1400 °C (Figure 4.8).

The (Dcryst) size can be determined for each C2S polymorph as part of the QXRD and
as such is taken directly from TOPAS. At 700-800 °C, a (Dcryst) size < 27 nm was observed
for the α′- C2S polymorph and would be one of the reasons for the high-temperature
polymorph stabilization. From 700 to 1400 °C, the crystallite size of β-C2S increases from
27 nm to as big 102 nm in the case of cooling Method 1. The γ-C2S started to appear
with a (Dcryst) of about 59 nm alongside β-C2S 83 nm at 1100 °C. In the previous studies,
the critical particle size 5-10 µm was reported for β-C2S stabilization [105, 107]. In the
present studies, the (Dcryst) is considered which is much smaller than the reported critical
particle size. Therefore, the critical (Dcryst) for β-C2S stabilization at room temperature
seems to be below 83 nm in the case of Pechini synthesis. At 1400 °C, the (Dcryst) for β-
C2S can grow to a size of 102 nm approximately at which internal strain generated during
cooling may induce γ-C2S formation (23.4 wt. %) in a naturally cooled sample in a furnace
(cooling Method 1). When the sample was cooled with Method 2 (Pechini method), the
resultant β-C2S (Dcryst) becomes slightly higher 105 nm than the (Dcryst) of γ-C2S cooled
via Method 1. This observation points out that the faster cooling could prevents the larger
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γ-C2S crystal transforming into the γ-C2S and leading to an increase in the overall mean
crystallite size [107].

a)

b)

Figure 4.6: FTIR spectra of C2S synthesized via Pechini method. b) FTIR spectra of C2S synthesized
via non-aqueous and aqueous routes.

In the case of the non-aqueous and aqueous route of the sol-gel method (Figure 4.9
(a, b)), the calculated Dcryst of β and γ-C2S polymorph lies in the range of 36-78 and
91-170 (min. to the max.) nm respectively. The Dcryst also increases with the calcination
temperature and time. It can be concluded that the different route (aqueous, non-aqueous,
and the Pechini method) of sol-gel synthesis results their own critical mean crystallite
size for the β to γ transformation which depends on synthetic route, starting precursors,
calcination temperature, and time as well as cooling conditions and matrix composition



4.4 results and discussions 43

(Ca to Si molar ratio). The critical Dcryst for the β-C2S stabilization can only be defined in
consideration of the aforementioned parameters.

a) b)

Figure 4.7: SEM micrograph of C2S synthesized via (a) the Pechini method calcined at 700 °C (b)
non-aqueous route at 1000 °C.
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Figure 4.8: Correlation between temperature (°C), mean crystallite size Dcryst (nm) and
polymorphic transition of C2S (α′, β, γ) synthesized by the Pechini method (∗=the
sample is cooled according to Method 1), (∗∗=the sample is cooled down via Method
2).

In the case of the non-aqueous and aqueous route of the sol-gel method
(Figure 4.9 (a, b)), the calculated Dcryst of β and γ-C2S polymorph lies in the range of
36-78 and 91-170 (min. to the max.) nm respectively. The Dcryst also increases with the
calcination temperature and time. It can be concluded that the different route (aqueous,
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non-aqueous, and the Pechini method) of sol-gel synthesis results their own critical mean
crystallite size for the β to γ transformation which depends on synthetic route, starting
precursors, calcination temperature, and time as well as cooling conditions and matrix
composition (Ca to Si molar ratio). The critical Dcryst for the β-C2S stabilization can only
be defined in consideration of the aforementioned parameters.

a)

b)

Figure 4.9: a) Correlation of calcination temperature with Dcryst size (nm) of β and γ-C2S
polymorphs synthesized via non-aqueous route. b) Correlation of calcination
temperature with Dcryst size (nm) of β and γ-C2S polymorphs synthesized via aqueous
route.

4.5 summary and conclusion

The synthesis of C2S was investigated via the sol-gel (acid-catalyzed) method including
the aqueous route, non-aqueous route, and the Pechini method. The Pechini method was
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found to be the best method for pure C2S synthesis and tuning of desired polymorphs at
low calcination temperature. This can easily be attributed to the efficient calcium polymer
network as an intermediate, avoiding the formation of calcium hydroxide and calcium
carbonate that only tends to react with the silica network at high temperatures.

The non-aqueous route of the sol-gel method exhibited the second most promising
results to synthesize a high amount of β-C2S (81.3 wt. %) with low lime (2.7 wt. %) and
amorphous (3.8 wt. %) content at 1200 °C calcined for 5 h. The insight about by-products
such as quartz, cristobalite, wollastonite, and lime can easily be overlooked via standard
XRD analysis due to high peak overlapping. The presence of these phases is due to the
formation of calcium carbonate and amorphous silica during calcination leads to an
inherent problem of the non-aqueous route.

The aqueous route of a sol-gel method was found to be the least promising method of
sol-gel synthesis. The lack of alkoxide assisted Si-O-Si efficient network and formation of
calcium carbonate promotes the high amount of unreacted CaO and silica phases after
synthesis. The calculation of QXRD and theoretical composition of amorphous content
concluded that any change in the stoichiometry of Ca and Si precursors lower than 2

would lead to unreacted silica and calcium oxide hiding as XRD amorphous content rather
than facilitation of pure β-C2S synthesis. That’s why the change in stoichiometry is not
recommended.

The Dcryst (mean crystallite size) for β to γ transformation depends on the thermal
history (calcination temperature and time, mode of cooling), route of sol-gel (Pechini,
non-aqueous and aqueous) synthesis, and matrix (calcium or silica-rich) composition.
Considering all these parameters, the critical Dcryst for β-C2S stabilization was recorded
below 83 nm approximately in the case of Pechini method synthesis.

In summary, the present work provides a detailed understanding of the advantages
and disadvantages of the different sol-gel methods. This study shows the importance of
considering the amorphous content, as it can mask impurities/secondary phases in the
synthesized samples. This information will assist to better design the ex-situ mimicking
of slag C2S phase and provide an insight into their potential impact on the leaching and
reactivity.
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abstract

Dicalcium silicate (C2S) is known to incorporate potentially hazardous metals (Cr and V)
in a belite-rich cementitious system. The effect of the electrovalence nature of V and Cr
on C2S polymorphs’ (α′, β, γ) stability under oxidizing and reducing conditions as well
as their reactivity are systematically investigated via analyzing oxidation states, phase
composition, bonding system, and microstructure quantitatively. It is shown that C2S can
incorporate Cr (VI) and V (V) consequently leading to the stabilization of α′, β-C2S.
Instead, Cr (II, III) and V < (V) tend not to substitute in C2S. Despite stabilizing the
reactive polymorphs (α′, β-C2S), the early age (48-72 h) C2S reactivity is drastically
reduced due to Cr (VI) and V (V) incorporation. Moreover, one batch leaching test
revealed that the V (V) leaching is inversely proportional to aqueous Ca2+ ions at
pH > 12 while Cr leaching is sensitive to its oxidation state, and dissolution of C2S. Even
though C2S can incorporate Cr (VI) and V (V) ions, the final leaching is governed by the
immobilization potential of C-S-H gel, pH as well as types of calcium chromate and
vanadate complexes.

Major part of this chapter is published elsewhere: M.J. Ahmed, R. Cuijpers, K. Schollbach, S.R. van der Laan,
M. Van Wijngaarden-Kroft, T. Verhoeven, H.J.H. Brouwers, V and Cr substitution in dicalcium silicate under
oxidizing and reducing conditions – Synthesis, reactivity, and leaching behavior studies, J. Hazard. Mater. 442

(2023) 130032.
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5.1 introduction

Ordinary Portland cement (OPC) is one of the most used artificial materials in the world.
Cement manufacturing requires high energy and resource consumption leading to
significant CO2 footprints [44, 113]. Substantial efforts have been made in developing
alternative raw materials and adjusting clinker composition to address the challenges for
the sustainable development of the cement industry [43, 114–119]. Industrial by-products
such as iron and steel-making slag, electroplating sludge, and metal surface galvanic
sludge are being investigated as alternative raw materials for clinker production [37, 120,
121]. However, these materials contain potentially toxic elements (PTEs) such as Cr, V, Vi,
As, etc. and their content is strictly regulated by European environmental legislation [122,
123]. Therefore, the leaching of PTEs hinders the potential use of these materials for a
sustainable future [124, 125].

Dicalcium silicate (C2S) is a major constituent of basic oxygen furnace (BOF) slag,
belite-based clinker, and a minor constituent of OPC [126, 127]. Cr and V are among the
most abundant PTEs within the BOF slag [54]. The presence of V and Cr in BOF steel
slag, its toxicity, and the potential mobility in leachate have attained significant attention
due to environmental implications. V and Cr can get incorporated into the C2S and
therefore their mobility, as well as toxicity depend on the chemical nature of the host
matrix (redox potential, solubility, reactivity, etc.), oxidation state, and substitutable
vacancy in the crystal lattice (Ca or Si-site) [48]. The aliovalent nature of Cr and V, and
their potential to occupy either the Ca or Si site in C2S dictates the enrichment
mechanism in the host matrix and leaching behaviour [55–58]. Therefore, a good
knowledge of V and Cr substitution in C2S under varying sintering (oxidizing and
reducing) conditions is required to understand their chemical and environmental impact.

C2S exists in several polymorphs such as x, α, α′
L, α′

H, β, and γ [128]. The stable
γ-polymorph at room temperature is well known for its lower reactivity as compared to
other C2S polymorphs (x, α, α′

L, α′
H, β) [95, 114–117, 122]. The incorporation of Cr and

V chemically stabilizes α′ or β-C2S which can affect its reactivity [100]. The substitution
of an ion on Ca or Si-site in C2S can be predicted using the structure difference factor (D)
which is based on the radius, electrovalence, and electronegativity of the substituent. The
D factor indicates that the heavy metal ions with an oxidation state > (II) mostly occupy
the Si-site in C2S [44]. The incorporation and replacement of SiO4

4- in C2S by smaller ions
of higher negative valency (e.g., BO4

5-) is effective in the stabilization of β-C2S [129]. If an
RO4 ion is substitutionally accepted in the C2S lattice for SiO4

4-, a further reorganization
is required to preserve the charge neutrality of the total system [130–132]. The substitution
of anionic position (SiO4

4-) is difficult to study in stochiometric mixes. Alternatively, the
substitution of Cr and V in C2S can be observed by creating a vacancy on the Si-site
when reactants are in a non-stochiometric ratio [133]. It has also been recognized that the
oxidation state of Cr and V is controlled by the oxygen (pO2) partial pressure or sintering
atmosphere. The use of reducing sintering conditions is one of the methods to prevent the
formation of a high oxidation state of Cr (VI) and V(V) [134, 135].

A few studies have been conducted to investigate the doping behaviour of V and Cr in
C2S [56, 115, 136, 137]. However, there is not much information available for V
substitution on Si-site in C2S. For example, at which oxidation state Cr and V prefer to
substitute on the Si-site in C2S is an important question. This also holds for the
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maximum amount of substitution of Cr and V on the Si-site in C2S under certain
oxidizing and reducing conditions. In this regard, the systematic understanding of the Cr
and V occupation on the Si-site in C2S under well-defined calcination (oxidizing and
reducing) conditions, the oxidation state, impact on reactivity, and environmental impact
is necessary for the valorization. Such analytical studies would help to understand the
aliovalent Cr, V distribution in C2S, and its correlation with leaching behaviour in Cr, V
bearing C2S phases in belite-based binders, slags as well as sludges.

This chapter investigates the oxidation state of V and Cr substituted on Si-site in C2S
quantitively under oxidizing (air) and reducing (20% CO/80% CO2) sintering conditions.
The effect of Cr and V doping on C2S polymorphs is correlated with their oxidation
states quantitively by using X-ray photoelectron spectroscopy (XPS), QXRD (Quantitative
X-ray diffraction), FTIR (Fourier transform Infrared spectroscopy), and SEM-EDX
(scanning electron microscopy-energy dispersive X-ray analysis). Furthermore, the
early-stage hydration is studied via isothermal calorimetry and thermal gravimetric
analysis (TGA) to understand the effect of Cr and V substitution on C2S reactivity by
considering the important factors such as lime, water to solid ratio (w/s), type of C2S
polymorphs, and specific surface area (SSA). Lastly, the Cr and V mobility in aqueous
solution is correlated with substitution on Si-site in C2S, oxidation state, the extent of the
C2S dissolution as well as phase composition by using ICP-OES (inductively coupled
plasma-optical emissions spectroscopy), and IC (ion chromatography).

5.2 materials

Ca(NO3)2.4H2O (Sigma-Aldrich CAS: 13477-34-4 ⩾ 99.0%), Cr(III)(NO3)3.9H2O
(Sigma-Aldrich CAS: 7789-02-8, 99.0%), V(IV)O(C5H7O2)2 (Sigma-Aldrich
CAS: 3153-62-2, ⩾ 98.0%), Si(OC2H5)4 (Sigma-Aldrich CAS: 78-10-4, ⩾ 99.0%), HNO3

(Sigma-Aldrich, CAS:7697-37-2, ⩾ 65%) and C2H5OH (Sigma-Aldrich CAS:64-17-5) were
used as received. The reagents were added in the stoichiometric ratios corresponding to
the synthesis of C2S unless indicated otherwise.

The chemical composition, sample labeling, calcination temperature, and time are
summarized in Table 5.1. To avoid confusion between the Oxygen “O” symbol and
sample labeling, the “O” is hyphenated (-O) in this chapter.

Table 5.1: Sol-gel synthetic parameters as calcined at 1200 °C for 8 h under oxidizing and reducing
conditions.

Chemical Composition of the System Calcination condition Short description 

Ca2SiO4 Oxidizing Ref. (-O) 

Ca2SiO4 Reducing Ref. (R) 

Ca2Si(1−x)CrxO4 (X=5, 10, 15) Oxidizing Cr(5, 10, 15)-O 

Ca2Si(1−x)VxO4 (X=5, 10, 15) Oxidizing V(5, 10, 15)-O 

Ca2Si(1−x)CrxO4 (X=2, 4, 6, 8, 10, 15) Reducing (20% CO/80% CO2) Cr(2, 4, 6, 8, 10, 15)R 

Ca2Si(1−x)VxO4 (X=2, 4, 6, 8, 10, 15) Reducing (20% CO/80% CO2) V(2, 4, 6, 8, 10, 15)R 
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5.3 methods

5.3.1 Non-aqueous method

The TEOS (tetraethyl orthosilicate) and Ca(NO3)2.4H2O (calcium nitrate tetrahydrate)
were employed as a source of Si and Ca at molar ratio. TEOS was mixed with ethanol at
a molar ratio of 1:5 separately. After this, the Ca(NO3)2.4H2O, Cr(III)(NO3)3.9H2O, and
V(IV)O(C5H7O2)2 were dissolved in a minimum amount of ethanol. Then both solutions
were mixed followed by the dropwise addition of HNO3 to reach a pH between 2 and 3.
The samples were left overnight, and a translucent gel was obtained. The gel was dried at
150 °C to obtain the intermediate product, which was then ground, pressed into a pellet,
placed in the oven at room temperature, and calcined at 1200 °C for 8 h using a heating
rate of 5 °C/min. For oxidizing conditions, the sample is heated in a Nabertherm
high-temperature furnace HTCT (LC011H6SN) under a standard air atmosphere. After
heating the sample to the desired temperature, it is cooled naturally in the furnace. The
rate of furnace cooling is adapted from the oxidizing furnace as shown in Figure 5.1 (b)
and is also used for synthesis under reducing conditions to rule out the different cooling
rate effects on the end product [138].

For the reducing condition calcination, the furnace was heated to 1200 °C in the heated
zone. The dried intermediate gel was weighed and placed on a ceramic (Corundum) disk
in the cold part, on the bottom, of the furnace, as shown in Figure 5.1 (a).

Gas in

Water cooled

Oxygensensor +

Thermocouple

Furnace

Water cooled

Gas out

Heated zone

Thermocouple

Sample in 

cold zone

Sample in 

cold zone

a) b)

Figure 5.1: The heating furnace (a) the Gero furnace used for calcination under reducing conditions
(20% CO/80% CO2) (b) furnace cooling rate.

The sample was first heated to 700 °C at 5 °C/min. under the oxidizing condition
to complete the hydrolysis of Si(OC2H5)4 through condensation reaction and remove all
the carbon (see appendix B Figure B.1-thermal gravimetric analysis). The furnace was
flushed with Argon gas with a high flow rate to remove the oxygen. After the gas flow
was changed to a reducing gas mixture (2 l/min. 20% CO/80% CO2). The sample was
then lowered into the heated zone, with a speed that corresponds to a heating rate of
5 °C/min. The sample stayed at 1200 °C for 8 h. The furnace was again flushed with
Argon gas before the removal of the sample. The rate of furnace cooling for oxidizing
and reducing conditions is shown in Figure 5.1 (b). To reduce the influence of the particle
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size distribution (PSD) on the hydration kinetics, the synthesized powder was sieved to
narrow the size distribution to 20-40 µm as shown in Figure 5.2 (a and b). The specific
surface area (SSA) was determined via PSD estimation as shown in Table 5.2.

a) b)

Figure 5.2: Cr and V doped C2S under oxidizing conditions (a) non-sieved sample (b) sample
sieved between 20-40 µm.

Table 5.2: The specific surface area (SSA) of the samples.

 unit Ref. (-O) Cr5-O Cr10-O Cr15-O V5-O V10-O V15-O 

SSA (Sieved 20-40 μm) m2/g 3.8 2.1 2.1 2.1 1.8 1.8 1.6 

SSA m2/g 2.9 4.6 4.3 5.3 5.5 4.4 2.9 

 

The sample was first heated to 700 °C at 5 °C/min. under the oxidizing condition
to complete the hydrolysis of Si(OC2H5)4 through condensation reaction and remove all
the carbon (see appendix B Figure B.1-thermal gravimetric analysis). The furnace was
flushed with Argon gas with a high flow rate to remove the oxygen. After the gas flow
was changed to a reducing gas mixture (2 l/min. 20% CO/80% CO2). The sample was
then lowered into the heated zone, with a speed that corresponds to a heating rate of
5 °C/min. The sample stayed at 1200 °C for 8 h. The furnace was again flushed with
Argon gas before the removal of the sample. The rate of furnace cooling for oxidizing
and reducing conditions is shown in Figure 5.1 (b). To reduce the influence of the particle
size distribution (PSD) on the hydration kinetics, the synthesized powder was sieved to
narrow the size distribution to 20-40 µm as shown in Figure 5.2 (a and b). The specific
surface area (SSA) was determined via PSD estimation as shown in Table 5.2.

5.4 results and discussion

5.4.1 Characterization of the synthesized product

5.4.1.1 Cr doped C2S

The QXRD of the Cr-doped C2S under oxidizing and reducing conditions is given in
Table 5.3. The results showed that the replacement of silicon with chromium prevents the
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formation of γ-C2S because only the Ref. (-O) contains this polymorph (16.7 wt. %) (see
appendix B Figure B.2 for XRD pattern and peak assignment). The Cr5-O sample exhibits
a substantial increase in the amount of β-C2S from 75.1 to 87.8 wt. % and stabilization of
α′-C2S (5.3 wt. %) compared to the Ref. (-O) sample.

As the replacement level increases from Cr5-O to Cr15-O, the α′ increases from 5.3 to
43.3 wt. % with a decreasing amount of β-C2S from 87.8 to 24.5 wt. % which indicates
the incorporation of Cr in C2S. The stabilization of high-temperature polymorph α′-C2S
at room temperature is usually associated with the exsolution of impurity ions such as
Na2O, K2O, etc. [131] and Cr2O3 could contribute in the same manner. The impurity ion
hinders the transformation of α′ to γ-C2S during the cooling process. Consequently, the
metastable α′-C2S persists around 675-750 °C, and upon further cooling, to room
temperature, it partially collapses to β-C2S [139]. In addition to high-temperature
polymorphs (α′ and β) of C2S, other chromium-bearing phases formed such as Cr2O3,
the chromium analogue to silicocarnotite (Ca5Cr3-xSixO12) [140] as well as minor phases
such as lime, calcite, cristobalite, and quartz. Moreover, the amorphous content increases
from 2.5 to 26.4 wt. % with an increasing amount of Cr replacing Si in samples.

To understand the maximum Cr-substitution on the Si-site, a theoretical Cr
distribution between C2S + amorphous content and the rest of Cr-bearing phases such as
Cr2O3, chromium analogue to silicocarnotite, etc. was calculated as shown in Table 5.4.
The distribution of Cr has been calculated by considering the starting stoichiometric
composition and the QXRD of the samples. The amount of Cr in Cr-bearing crystalline
phases is calculated. For the chromium analogue, the silicocarnotite composition
(Ca5Cr1.82Si1.176O12) was assumed based on XRD phase information. If this amount of Cr
is subtracted from the total amount of Cr in the system. It follows that the remaining
amount is incorporated into the C2S, the amorphous content, or both. However, it is not
possible to differentiate if the Cr is evenly distributed between C2S polymorphs and
amorphous content. As the amount of total Cr increases from 3.3 to 5 wt. % (Cr10-O and
Cr15-O respectively), a marginal increase of Cr from 2.5 to 2.6 wt. % is calculated for C2S
+ amorphous phase. Therefore, 2.6 wt. % seems to be the maximum that can be
incorporated into the C2S + amorphous phase. For amounts higher than 2.6 wt. % Cr
seems to crystallize as separate Cr phases such as Cr2O3 or the Cr analogue of
silicocarnotite. The comparison between the Cr concentration in C2S + amorphous
content and QXRD analysis of the Cr5-O sample indicates that approximately a
maximum of 1.4 wt. % (4.1 mol. %) Cr can be substituted in C2S theoretically (Table 5.3
and Table 5.4). The Cr5-O contains an amorphous content as low as 3.5 ± 1.5 wt. % which
indicates the Cr is mostly incorporated into α′ and β-C2S.

Under the reducing (20% CO/80% CO2) condition (Table 5.3), the reference sample (Ref.
(R) exhibits a lower total amount of β/γ-C2S (70.4 and 1.4 wt. %) with higher amorphous
content (17.0 wt. %) than the Ref. (-O) sample calcined under oxidizing conditions. The
presence of high amounts of free lime (7.2 wt. %) along with wollastonite (1.2 wt. %)
and quartz + cristobalite (1.7 wt. %) indicates the incomplete reaction of the precursors.
It would originate due to a little hindrance in a sintering reaction between incomplete
Si-O-Si network, wollastonite, and calcium oxide due to reducing condition.
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Table 5.3: QXRD of the chromium-doped C2S synthesized via the sol-gel process under oxidizing and reducing (20% CO/80% CO2) conditions at 1200

°C for 8 h.

 

Phases (wt. %) Ref. (-O) Cr5-O Cr10-O Cr15-O Ref. (R) Cr2R Cr4R Cr6R Cr8R Cr10R Cr15R 

α´-C2S  5.3 ± 0.2 23.1 ± 0.3 43.3 ± 0.6        

β-C2S 75.1 ± 0.3 87.8 ± 0.3 46.9 ± 0.4 24.5 ± 0.6 70.4 ± 0.8 61.2 ± 0.3 64.1 ± 0.3 61.9 ± 0.2 71.02 ± 0.3 59.2 ± 0.2 58.3 ± 0.3 

γ-C2S 16.7 ± 0.2    1.4 ± 0.3       

Lime 2.7 ± 0.1 1.2 ± 0.06 0.7 ± 0.08 0.6 ± 0.1 7.2 ± 0.2 7.5 ± 0.1 5.6 ± 0.1 7.9 ± 0.1 10.2 ± 0.1 6.7 ± 0.1 10.1 ± 0.1 

Calcite  0.7 ± 0.1 0.8 ± 0.1 1.5 ± 0.2 0.4 ± 0.1 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 1 ± 0.1 1.6 ± 0.2 

(Para)Wollastonite 0.2 ± 0.1    1.2 ± 0.3 8.7 ± 0.2 13.4 ± 0.0.2 8.2 ± 0.2 9.0 ± 0.2 11.2 ± 0.1 5.6 ± 0.4 

Cr2O3  0.3 ± 0.06 0.7 ± 0.1 1.3 ± 0.2        

CaCr2(III)O4      0.6 ± 0.1 0.6 ± 0.1 1.2 ± 0.1 1.6 ± 0.1 1.7 ± 0.1 1.8 ± 0.1 

CaCrSi4O10   0.7 ± 0.2         

Ca5Cr1.82Si1.176O12    2.3 ± 0.4        

Quartz+Cristobalite 1.0 ± 0.07 1.1 ± 0.08 0.7 ± 0.1 0.8 ± 0.1 1.7 ± 0.5 0.9 ± 0.07 1.2 ± 0.08 0.9 ± 0.1 1 ± 0.04 1 ± 0.06 0.8 ± 0.08 

Grossular 0.6 ± 0.2 0.1 ± 0.09   0.8 ± 0.2       

XRD amorphous 3.8 ± 1.6 3.5 ± 1.5 26.4 ± 1.2 25.8 ± 2.1 17.0 ± 3.5 20.2 ± 0.8 14.1 ± 1.0 19 ± 0.7 6.0 ± 1.1 19.3 ± 0.8 21.7 ± 1.0 
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The complete conversion of reactants into C2S in sol-gel synthesis partially requires
a sintering reaction between the CaO and Si-O-Si network at high temperatures under
oxidizing conditions as discussed in Chapter 4 [138].

Table 5.4: Theoretical composition calculation of vanadium and chromium distributed among
different mineral phases synthesized under oxidizing conditions. The theoretical
composition is the difference between the starting amount of heavy elements (Cr, V)
and the oxides contained in the C2S + amorphous as well as Cr/V-bearing phases.

Sample 
Total substitution 

(wt. %) 

Cr or V in C2S + Amorphous phases 

(wt. %) 

Cr or V in Chromium and Vanadium phases 

(wt. %) 

Cr5-O 1.7 1.4 0.3 

Cr10-O 3.3 2.5 0.8 

Cr15-O 5 2.6 2.4 

V5-O 1.7 1.3 0.4 

V10-O 3.3 2.3 1 

V15-O 5 3.1 1.9 

 

As the Si was replaced with 2, 4, 6, 8, 10, 15 mol. % Cr under reducing conditions, the
β-C2S (ranging from 58.3 to 71.0 wt. %) was the only C2S polymorph that formed during
cooling. Moreover, a considerable amount of lime (5.6-10.2 wt. %), (Para)wollastonite
(5.6 to 13.4 wt. %) was observed alongside CaCr2(III)O4 (0.6-1.8 wt. %) and high
amorphous (6.0-21.7 wt. %) content. The high amount of unreacted lime and wollastonite
phases point to an imbalanced Ca and Si stoichiometry with a lack of Si available for C2S
synthesis. The stabilization of only β-C2S, the imbalanced stoichiometry, and high
amorphous content under reducing conditions indicate that no Cr was incorporated into
C2S. This could happen due to a change in the Cr oxidation state in reducing conditions
as the addition of Cr on the Si-site in C2S is highly dependent on the oxidation state and
geometry of the Cr ion [136].

FTIR has been chosen to investigate bond systems as shown in Figure 5.3 (a, b).
Usually, the β-C2S has a characteristic absorption band in the range of 990-998 cm-1 and
860 cm-1 due to silica stretching. The intensity of this band decreased, and the broadband
appeared indicating the presence of α′-C2S with an increasing amount of Cr dopant in
Cr5-O, Cr10-O, and Cr15-O, as shown in Figure 5.3 (a). The carbonation of the sample
arising from exposure to air can result in the band at 1490 cm-1, caused by the
asymmetric stretching of carbonate (CO3

2-) ions. The small sharp peak at 3650 cm-1

depicts the presence of calcium hydroxide originating due to lime reaction with moisture.
In reducing conditions, the broadening of the band around 890 cm-1 can be attributed to
wollastonite as shown in Figure 5.3 (b) [110].

To understand the Cr occupancy on the Si-site in C2S, the oxidation state of Cr ions has
been measured quantitatively in the Cr5-O, Cr6R, Cr10-O, Cr10R, Cr15-O, and Cr15R
samples due to approximately the same starting Ca/Si (2.2) molar ratio of the precursors
as shown in Figure 5.4. The binding energies of Ca 2p (2p

3/2
: 347 eV) and

Si 2p (2p
3/2

: 101 eV) agrees with previously reported C2S values (see XPS elemental
analysis, appendix B Table B.2 [130, 141, 142]. The separation between Si 2p and Ca 2p
binding energies (δCa-Si) was calculated as 245.7 eV which is slightly lower than the
246.07 eV value reported for β-C2S (see Table B.3 in appendix B) [141].
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a)

b) c)

Figure 5.3: FTIR analysis Cr and V doped C2S (a) oxidizing conditions (b) Cr doped C2S under
reducing conditions (c) V doped under reducing conditions.

Under oxidizing conditions, a Cr 2p
3/2

peak at binding energy 579.6 eV is assigned as
Cr (VI) which indicates the incorporation of Cr in C2S. The Cr 2p

3/2
peaks at binding

energy 576.6 and 578.1 eV are assigned to Cr (III) which is predominant in the Cr5-O,
Cr10-O, and Cr15-O samples. The shift in binding energy from 576.6 to 578.1 eV indicates
the presence of Cr (III) in two different sites and orientations [143, 144]. No Cr (IV) was
observed. It is worth mentioning here that the Cr was added as Cr (III) for the synthesis
of C2S. The results indicate that as the amount of Cr increases in the samples, a specific
amount of Cr (VI) can be incorporated in C2S on the Si-site which is approximately the
same in all the samples as shown in Figure 5.4 (c). However, most of the chromium stayed
as Cr (III) either in the form of Cr2O3 (576.6 eV) or bound in a different phase as the shift
578.1 eV indicates in the measurement. This is most likely the amorphous phase that was
observed via QXRD. However, the α′-C2S stabilization due to the increasing amount of Cr
in the samples cannot only be associated with Cr incorporation in C2S as the amount of
Cr (VI) is approximately the same in Cr10-O, and Cr15-O samples (Figure 5.4 (c), Table
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5.3 and Table 5.4). Some other factors are also contributing to the Cr (VI) incorporation in
C2S. This observation is sufficiently compelling for further characterization of material to
understand the phenomenon of α′-C2S stabilization.

a) b)

c) d)

Figure 5.4: XPS analysis of Cr and V doped C2S (a) Cr 2p
3/2

scan of Cr doped C2S (b) V 2p
3/2

scan
of V doped C2S (c) relative percentage oxidation sate of Cr doped C2S under oxidizing
and reducing condition (d) relative Ca/V ratio of V doped C2S under oxidizing and
reducing condition.

Under reducing conditions, the samples only contained Cr (II) and (III) oxidation
states as shown in Figure 5.4 (a, c). The Cr 2p

3/2
binding energy peak at 575.4 eV is

assigned as Cr (II) [145]. This observation alone explains a large amount of free lime and
(Para)wollastonite phases. Cr (II) and (III) exist in octahedral geometry and tend not to
substitute on the Si-site in C2S leading to a silica deficit, which creates
(Para)/wollastonite and free lime instead (Table 5.3) [56].
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a) b)

c) d)

e) f)

Figure 5.5: SEM (Scanning electron microscopy) analysis of Cr and V doped C2S under oxidizing
conditions (a) Cr5-O (b) Cr10-O (c) Cr15-O (d) V5-O (e) V10-O (f) V15-O. “white arrow”
indicates the grain boundaries and “circle” indicates the sign of surface relief.

SEM-BS (backscattered image) images were taken of Cr5-O, Cr10-O, and Cr15-O as
shown in Figure 5.5 (a, b, c) to gain information about the microstructure. The two
different kinds of grains were recognized; smooth grains, as well as grains covered with a
glassy layer. The Cr-doped C2S also exhibited small and large grains with lamellar
morphology as previously reported for the incorporation of other ions [146]. The Cr5-O
sample exhibited smooth grain with conspicuous grain boundaries (Figure 5.5a). As the
amount of Cr increased in Cr10-O, the individual grain surface was covered with a glassy
layer as well, and the grain boundary phase precipitated between the striae (Figure 5.5b).
As the Cr amount further increased in Cr15-O, the more grains were covered with a
glassy layer as shown in Figure 5.5 (c). It would happen due to the formation of the
C2S-Cr2O3 glass phase as the Cr amount increases from 5-15 mol. % in the samples. This
glassy phase fits with the fact that an increasing amount of amorphous content is
detected with the increasing replacement of Si with Cr (Table 5.3).
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a) Sample pt1​ pt2​ pt3​ pt4​ pt5​ pt6​ pt7​

​Cr5-O %​ %​ %​ %​ %​ %​ %​

SiO2 31​ 32.5​ 33.4​ 34​ 31.4​ 35.7​ 33.8​

CaO 62.3​ 64.2​ 63.5​ 62.8​ 64.5​ 60.7​ 63.7​

Cr2O3 6.7​ 3.3​ 3.1​ 3.3​ 4.1​ 3.5​ 2.5​

Cr5-O b) Cr10-O
Sample​ pt1​ pt2​ pt3​ pt4​ pt5​ pt6​ pt7​ pt8​ pt9​ pt10​

Cr10-O % % % % % % % % % %

SiO2 34.8​ 34.2​ 34.1​ 34.6​ 32.0​ 29.8​ 29.1​ 29.7​ 30.8​ 30.3​

CaO​ 62.9​ 63.1​ 63.2​ 63.1​ 65.5​ 62.2​ 63.2​ 62.5​ 61.5​ 61.4​

Cr2O3 2.3​ 2.7​ 2.8​ 2.4​ 2.5​ 8.0​ 7.7​ 7.9​ 7.6​ 8.2​

Sample pt1​ pt2​ pt3​ pt4​ pt5​ pt6​ pt7​

Cr15-O % % % % % % %

SiO2 28.4​ 27.5​ 26.7​ 28.8​ 25.6​ 26.7​ 28.3​

CaO​ 63.3​ 63.6​ 64.6​ 62.5​ 65.5​ 64.5​ 63​

Cr2O3 8.3​ 8.9​ 8.8​ 8.7​ 9​ 8.8​ 8.7​

c) Cr15-O d) V5-O Sample​ pt1​ pt2​ pt3​ pt4​ pt5​ pt6​ pt7​ pt8​ pt9​

V5-O % % % % % % % % %

SiO2 21.2​ 34.3​ 33.3​ 20​ 16.4​ 34​ 34.2​ 34.1​ 34.6​

CaO 77.7​ 63.8​ 64.1​ 78.9​ 82.6​ 63.9​ 63.4​ 63.6​ 63.5​

V2O5 1.2​ 2​ 2.6​ 1.1​ 0.9​ 2.1​ 2.4​ 2.3​ 1.9​

e) V10-O Sample​ pt1​ pt2​ pt3​ pt4​ pt5​

V10-O % % % % %

SiO2 30.5​ 35.6​ 34.4​ 33.5​ 31.5​

CaO 60.5​ 63.2​ 62.3​ 65.1​ 60.6​

V2O5 9​ 1.2​ 3.3​ 1.3​ 7.8​

f) Sample​ pt1​ pt2​ pt3​ pt4​ pt5​ pt6​ pt7​ pt8​ pt9​ pt10​

V15-O % % % % % % % % % %

SiO2 28.7​ 28.9​ 30.1​ 30.6​ 30.2​ 34.2​ 30.4​ 32.4​ 29.5​ 29.6​

CaO 58.5​ 62​ 60.8​ 60.8​ 61.2​ 62.5​ 60.7​ 62.6​ 61.3​ 61.4​

V2O5 12.8​ 9.1​ 9.1​ 8.6​ 8.6​ 3.2​ 8.9​ 5.1​ 9.2​ 9​

V15-O

Figure 5.6: EDX (Energy dispersive X-ray) analysis of Cr and V doped C2S under oxidizing
conditions-the oxide composition of varying spot positions (a) Cr5-O (b) Cr10-O (c)
Cr15-O (d) V5-O (e) V10-O (f) V15-O (g) oxide composition of Cr (5, 10, 15) -O (h) oxide
composition of V (5, 10, 15) -O.

The stabilization of α′-C2S in the Cr10-O and Cr15-O samples cannot be attributed to
a change in average crystallite size as the small crystallite size favours the formation of
α′/β-polymorphs over γ-C2S (Figure B.3 in apppendix B) and average crystallite size does
not change with an increasing amount of Cr. Moreover, the α′-C2S stabilization due to the
increasing amount of Cr cannot only be associated with Cr incorporation in C2S as the
amount of Cr (VI) is approximately the same in Cr10-O, and Cr15-O samples (Table 5.3
and Table 5.4, Figure 5.5a). It would rather change due to the matrix constraint (coverage of
individual C2S grain with glass layer) which prevents the α′ → β transformation. The free
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energy of an isolated particle may be considerably different from that of a constrained
particle. The glassy layer constraining the C2S grains restricts the growth of the mean
particle size to below a critical size that would cause the transformation from α → β → γ

otherwise [105, 107]. Therefore, the matrix constraint is one of the main reasons behind
the stabilization of α′-C2S with an increasing amount of Cr in the sample.

In addition to SEM BS imaging, EDX spot analysis was performed on the samples to
determine the composition. An example of the spots measured is shown in Figure 5.6
(a, b, c). All measured spots of the synthesized Cr5-O, Cr10-O, and Cr15-O have been
plotted in the oxide composition diagram shown in Figure 5.6 (g). It is worth mentioning
here that the resolution is 1 µm, therefore it is difficult to measure the small features
like the glassy layer separately because analysis always includes the underlying phase.
However, the amount of Cr increases as the amount of Cr increases in the sample, and
the highest amount was observed in the glass layer of the Cr15-O sample. The oxide
composition diagram indicated that there is not much difference in the composition of
Cr5-O and Cr10-O samples. But in the Cr15-O sample, the distinction between Cr-bearing
C2S phases and Cr-enriched phases became conspicuous which was also observed in the
XRD sample (Table 5.3).

5.4.1.2 V doped C2S

The QXRD of V-doped C2S under oxidizing and reducing conditions is shown in Table
5.5. The replacement of V on the Si-site under oxidizing condition (V5-O) prevents the
formation of γ-C2S (16.7 wt. %) that is observed in the reference sample (see Figure B.2 in
appendix B for XRD pattern and peak assignment). Sample V5-O exhibited the
stabilization of α′-C2S (8.3 wt. %) and β-C2S (71.8 wt. %) alongside minor phases such as
free-lime, calcite, quartz, cristobalite, and higher amorphous content (15.4 wt. %) than
the reference sample (3.8 wt. %). As the amount of V increased in V10-O, and V15-O
samples, the more α′-C2S (27.0 and 27.1 wt. % respectively) stabilized pointing to the
incorporation of V on the Si-site. The β-C2S amount decreased from 71.8 to 29.9 wt. % at
the same time with an increasing amount of amorphous content (from 15.4 to 36.2 wt. %).
Additionally, some minor vanadium-bearing crystalline phases like VO2 and CaV2O4

alongside some calcite, quartz, and cristobalite were observed. The theoretical
distribution of V is calculated between C2S + amorphous phases and V-bearing phases as
shown in Table 5.4. The amount of V increases from 1.3 to 3.1 wt. % incorporated in C2S
+ amorphous phases with an increasing amount of V in the sample. Considering the
amount of amorphous content (15.4 ± 1.7 wt. %) and vanadium-bearing crystalline phase
in V5-O, it is difficult to predict the maximum substitution of V on Si- site in C2S
theoretically.

Under reducing conditions, the V-doped C2S exhibits only the β-C2S polymorph as
shown in Table 5.2. This indicates that vanadium is not incorporated into the C2S as
similar behaviour was observed in the case of Cr doping under reducing conditions. The
V2R sample contains 72.1 wt. % β-C2S and 9.4 wt. % lime as observed in Ref. (R) but a
higher amount of (Para)wollastonite (12.4 wt. %).
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Table 5.5: QXRD of the Vanadium doped C2S synthesized via the sol-gel process under oxidizing and reducing (20% CO/80% CO2) conditions at 1200

°C for 8 h.

Phases (wt. %) Ref. (-O) V5-O V10-O V15-O Ref. (R) V2R V4R V6R V8R V10R V15R 

α´-C2S  8.3 ± 0.3 27.0 ± 0.4 27.1 ± 4.8        

β-C2S 75.1 ± 0.3 71.8 ± 0.5 46.3 ± 0.4 29.9 ± 4.3 70.4 ± 0.8 72.1 ± 0.3 60.3 ± 0.3 60.3 ± 0.3 58.9 ± 0.4 67.2 ± 0.9 58.0 ± 0.5 

γ-C2S 16.7 ± 0.2    1.4 ± 0.3       

Lime 2.7 ± 0.1 2.6 ± 0.08 0.1 ± 0.06 1.6 ± 0.3 7.2 ± 0.2 9.4 ± 0.1 5.0 ± 0.1 5.9 ± 0.1 7.7 ± 0.1 5.5 ± 0.1 4.2 ± 0.1 

Calcite  0.3 ± 0.1 1.4 ± 0.2 1.6 ± 0.3 0.4 ± 0.1 0.9 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 0.9 ± 0.2 1.7 ± 0.2 

(Para)Wollastonite 0.2 ± 0.1    1.2 ± 0.3 12.4 ± 0.2 10.3 ± 0.2 7.9 ± 0.2 8.8 ± 0.2 6.5 ± 0.3 6.4 ± 0.3 

Quartz + Cristobalite 1.0 ± 0.1 1.2 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 1.7 ± 0.5 1.5 ± 0.1 1.3 ± 0.1 1.0 ± 0.1 0.8 ± 0.1 0.8 ± 0.03 1.5 ± 0.1 

VO2  0.4 ± 0.08 0.9 ± 0.2 1.0 ± 0.2  0.3 ± 0.1 0.1 ± 0.1  0.1 ± 0.1   

V5O9   0.1 ± 0.3     0.7 ± 0.1 0.7 ± 0.2 1.2 ± 1.0 1.8 ± 0.2 

CaV2O4    0.9 ± 0.3        

CaVO3        0.5 ± 0.2 0.6 ± 0.2 0.3 ± 0.3 0.4 ± 0.3 

CaV3O7        0.8 ± 0.1 0.7 ± 0.2 0.8 ± 0.2 1.2 ± 0.2 

Ca(VO)Si4O10           0.3 ± 0.1 

Grossular 0.6 ± 0.2 0.2 ± 0.1 1.5 ± 0.2 0.8 ± 0.4 0.8 ± 0.2     0.3 ± 0.2  

XRD amorphous 3.8 ± 1.6 15.4 ± 1.7 22.2 ± 1.9 35.2 ± 8.3 17.0 ± 3.5 2.9 ± 1.1 22.5 ± 0.9 21.9 ± 1.0 21.2 ± 1.2 16.7 ± 1.7 24.5 ± 1.2 
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As the amount of V replacement increases under reducing conditions (V4R, V6R, V8R,
V10R, V15R), new V-bearing crystalline phases such as V5O9, CaVO3, CaV3O7,
Ca(VO)Si4O10 are observed alongside a high amount of β-C2S (58.0-67.2 wt. %),
(Para)wollastonite (6.4-10.3 wt. %) and lime (4.2-7.7 wt. %). The high amount of
(Para)wollastonite and lime indicates that the Ca to Si stoichiometry is imbalanced.

Consequently, vanadium is unable to substitute on the Si-site in C2S under reducing
conditions due to a geometrical or oxidation state mismatch between the vacancy (Si-
site) and the substituent. This leads to the Si deficit and promotes the (Para)wollastonite
formation. Such behaviour was observed in Cr under reducing conditions.

XPS analysis was performed to get better insight into the oxidation state of the V5-
O, V6R, V10-O, V10R, V15-O, and V15R samples as shown in Figure 5.4. The V 2p

3/2

peak at binding energy 517.2 eV is assigned as V (V) as shown in Figure 5.4 (b) (see
appendix B, Table B.2 XPS elemental analysis) [147, 148]. The V/Ca atomic concentration
(%) is calculated to make a direct comparison between all the measurements as shown in
Figure 5.4 (d). Moreover, Ca is taken as the denominator because the amount of Ca does
not change in all the V-doped C2S samples. Only V (V) is found in V5-O, V10-O, and V15-
O samples as well as the C2S samples calcined under reducing conditions (V6R, V10R,
V15R) (Figure 5.4 (b, d). An oxidation state lower than V(V) was not observed. Possibly,
the V5R, V10R, and V15R samples fully oxidize to V(V) on cooling because the vanadium
(II-IV) oxide is highly sensitive to air oxidation [148]. The stabilization of α′-C2S with
the increasing amount of V indicates the occupation of the Si-site by V(V) due to V2O5

substituting as the foreign ion (Table 5.5). Usually, the impurity ions such as V(V) in the
present case can only be incorporated as foreign ions at high clinkering temperatures [139].
The absence of α′-C2S and the presence of a high amount of (Para)wollastonite in V6R,
V10R, and V15R indicates that the V was not available as V(V) at high temperatures under
reducing conditions. Therefore, it was not substituted on the Si-site in C2S.

The presence of vanadium species also complicates the assignment of peaks in FTIR. A
representative FTIR spectrum has been chosen to investigate bond systems as shown in
Figure 5.3 (a, c). Usually, the β-C2S has a characteristic absorption band in the range of
990-998 cm-1 and 860 cm-1 due to SiO2-stretching. However, the characteristic V-O-V
asymmetric stretch vibrations, as well as V-O-V octahedral bending, lie in the region of
1010-1040 and 840-860 cm-1 [149, 150]. These two bands´ shoulders are superimposed on
a broad peak around 900 cm-1 in the stretching region. The α′-C2S also has a strong and
broad characteristic absorption at 895 cm-1. This causes peak broadening in the samples
with a higher concentration of α′-C2S as the amount of the dopant increases in the V5-O,
V10-O, and V15-O as shown in Figure 5.3 (a). Moreover, the broadening of the shoulder
around 990-1035 cm-1 can be attributed to V=O isolated double bonds [151]. The
α′- and β-C2S polymorphs both showed a strong absorption around 520 cm-1 with a faint
shoulder at 540 cm-1 in the SiO2-bending region. In the mixture in which both phases are
present, the polymorph-specific absorptions are indistinguishable. The slight carbonation
of the sample arising from exposure to air can result in the band at 1490 cm-1, caused by
the asymmetric stretching of carbonate (CO3

2-) ions. The small sharp peak at 3650 cm-1

can point out the presence of free lime in the sample that was slightly hydrated in the air.
The C2S sample calcined under reducing conditions (V2R, V4R, V6R, V8R, V10R, and

V15R) feature β-C2S as a dominant phase. But the broadening of signal around 840-860,
890, and 990-1040 cm-1 can also be attributed to the presence of wollastonite and
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vanadium-bearing phases in the samples. All these findings showed a good agreement
with QXRD and previous reports [152].

An extensive SEM-EDX analysis was performed to get an insight into the microstructure
and composition of the V-doped C2S under oxidizing conditions. Sample V5-O exhibited
twin domains with distinct grain boundaries and lamellae characteristics (Figure 5.5d)
like the Cr-containing samples. Additionally, a sign of surface relief perpendicular to the
twin domain can also be observed which is the characteristic deformation evolved during
the α′ → β transition due to the doping of foreign ions in C2S [153]. As the amount of
V increases in V10-O and V15-O, more grain is covered with a glassy layer indicating
the presence of V -bearing amorphous phases (Figure 5.5 (e, f)). Moreover, the distinct
grain boundaries also start to disappear indicating the precipitation of new phases after
the formation of C2S. Therefore, the increase in the amorphous content and V-bearing
crystalline phases was observed in V10-O and V15-O samples as it matches with the
QXRD observation (Table 5.5).

The oxide composition of V5-O, V10-O, and V15-O samples was measured with EDX
on random spots including the precipitate at grain boundaries, smooth grain, and grain
covered with a glass layer. A few of the spot data from backscattered images are shown
as an example in Figure 5.6 (d, e, f). It was observed that the V5-O sample gave a slightly
higher average V2O5 concentration in the middle of smooth grains. At high Si
replacement with V, the V10-O and V15-O samples exhibited a vanadium concentration
as high as 36% in the smooth grains while the average was 1-2% in the single grains
covered with a glass layer. Moreover, the V15-O sample showed the highest V2O5

concentration ranges from 5-10% in the grains covered with a glass layer. All these data
points are not coverable in Figure 5.6 (d, e, f) and therefore, are plotted in the form of an
oxide composition diagram as shown in Figure 5.6 (h). The higher concentration of
vanadium in the grains up to 36% than a stoichiometric oxide composition of the mineral
phases in the V5-O, V10-O, and V15-O samples would possibly be observed due to the
relatively small average crystallite size of α′ and β-C2S which leads to an overestimation
of the vanadium concentration (Table 5.5) (see average crystallite size in Figure B.3 in
appendix B). That’s why the oxide composition diagram exhibits some outliers which
leads to the wide range of the composition.

The replacement of Si with V in the C2S matrix leads to the formation of three types
of phase composition such as primary C2S, V-rich C2S, and high V-bearing phases as
encircled in Figure 5.6 (h). In the V10-O and V15-O samples, the vanadium started to
enrich in separate phases which would be the reason for the high amorphous content
(Table 5.5).

5.4.2 Hydration studies of Cr and V doped C2S

Cr and V doped C2S under oxidizing conditions (Cr5-O, Cr10-O, Cr15-O, V5-O, V10-
O, V15-O) were measured via isothermal calorimetry to determine the hydration rate.
The heat flow curves were normalized to the mass of the solid and are presented in
Figure 5.7. The C2S reactivity is highly sensitive to the specific surface area, lime (CaO)
content, water-to-solid ratio (w/s), and the type of C2S (α′, β, γ) polymorph [95, 154].
Therefore, the samples were sieved to between 20-40 µm, and different w/s ratios were
investigated. Usually, the increase in the w/s ratio enhances the degree of dissolution
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of C2S [155]. However, the Ref. (-O) sample does not show any significant increase or
decrease in the heat release with varying w/s ratio. Instead, a constant cumulative heat
56 J/g C2S is observed with increasing w/s from 0.5 to 1.0 as shown in Figure 5.7 (b, f).
All Cr and V-containing samples show almost no heat release in the first 48 hours, except
for an initial strong heat flow for the first twenty minutes that might be attributed to the
dissolution of C2S phases [156]. A similar pattern of early heat release was observed in
all the samples with varying water-to-solid ratios (inset of Figure 5.7 (a, c, e). To exclude
the possible baseline disturbances in the first 20-30 minutes due to the opening of the
calorimeter ampoule, a weighed amount of water was measured alongside all samples
and was labeled as H2O. This way it can be ensured that the exothermic peaks during
the first 20-30 minutes of hydration are indeed coming from the sample as shown in
Figure 5.7 (a, b). The samples were hydrated for 20 minutes and were further investigated
via thermal gravimetric analysis after stopping the hydration. It is concluded that the
initial peak originated from the formation of portlandite due to free lime dissolution as
shown in Figure 5.7 (g, h). That is why, the contribution of heat signal due to free lime
reaction is removed from the cumulative heat release of all the samples. As a result, the
Ref. (-O) sample exhibited the highest cumulative heat release (56 J/g), while a nominal
1-7 J/g cumulative heat of hydration was observed in all the Cr and V doped C2S with
varying water to solid ratio. It is known that the presence of lime decreases the dissolution
of C2S, and the Ref. (-O) (2.7 wt. %) contains the highest amount of free lime (Table
5.3 and Table 5.5) [155] but it is also the most reactive. The incorporation of minor ions
such as potassium or boron into C2S is reported to improve hydration activity due to the
stabilization of high-temperature polymorphs (α′ and β-C2S) [43, 156, 157]. However, Cr
and V-containing samples exhibited minimal reactivity. Even having α′ (5-9 wt. %) and
β-C2S (71-88 wt. %) in the Cr5-O and V5-O sample as compared to Ref. (-O) β (75 wt. %)
γ-C2S (17 wt. %), the early stage (48-72 h) C2S reactivity is not improved.

As the dissolution of solids is a surface phenomenon, the rate of dissolution is
dependent on the total surface area of the dissolving solid as shown in the general rate
law expression (Eq. 5.1).

Rate = k · Sreact(t) · f(∆G) (5.1)

k = rate constant (s-1)
Sreact = reactive surface area (m2/g)
f = unknow priori function for free enthalpy
∆G = Gibbs free energy change (kJ/mol)

The specific surface area (SSA) of the sieved sample Ref. (-O) (3.8 m2/g) contains the
highest available surface for the reaction (Table 5.2). Therefore, the lower reactivity of Cr5-
O and V5-O samples than the Ref. (-O) can also be attributed to the less available surface
for the reaction with water [158]. Persuasively, the early age (48-72 h) of C2S reactivity is
more dependent on the available SSA than lime, w/s ratio, and the type of C2S polymorph.
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Figure 5.7: Heat release of the chromium and vanadium doped C2S under oxidizing conditions
sieved between 20 and 40 µm. with water to solid ratio (a) 0.5 (c) 1.0 (e) 1.6. Cumulative
heat release in J/g of the (b) 0.5 (d) 1.0 (e) 1.6. TG curve of the synthesized C2S samples
showing the mass loss in function of temperature (e) mass loss of Cr and V doped C2S
samples under oxidizing conditions in first 20 minutes of hydration (f) DTG curve of the
synthesized C2S samples showing the mass loss per minute in function of temperature.
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5.4.3 Leaching behaviour

The leaching of Cr and V doped C2S under varying (oxidizing and reducing) calcination
conditions depends on the oxidation state of Cr and V, its substitution amounts, pH, type
of mineral phase as well as the kinetic equilibrium between varying oxides of chromate
and vanadate. Calcium chromate is soluble at > 20 g/L in the water while calcium
vanadate is insoluble at room temperature. The synthesized samples contain C2S
(Ksp = 9.17 × 10

-6), and free lime (CaO) (Ksp = 4.3 × 10
-6) that upon hydration can

increase the pH of the leachate as shown in the following Eqs. 5.2 & 5.3 [158].

CaO + H2O −−→ Ca(OH)2(aq) −−⇀↽−− Ca2+ + 2 OH−(pH = 12.46) (5.2)

Ca2SiO4 + 2 H2O −−⇀↽−− 2 Ca2+ + H2SiO4

2− + 2 OH−(pH = 10− 12.5) (5.3)
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Figure 5.8: One batch leaching analysis (w/s = 10) of Cr and V doped C2S, the amount Si, Cr and
V has been plotted as a function of Ca (%) leaching and pH range mentioned on the
graph (a) Cr doped C2S under oxidizing conditions (b) Cr doped C2S under reducing
conditions (c) V doped under oxidizing conditions (d) V doped under reducing
conditions.
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The pH of the Cr5-O, Cr10-O, and Cr15-O samples after placement in water for 24 h
at a liquid/solid ratio of 10 was found to be in the range of 12.5-13.0. The Cr5-O sample
exhibited the highest percentage of Cr, Si, and Ca leaching as compared to Cr10-O and
Cr15-O samples as shown in Figure 5.8 (a). The Cr leaching is directly proportional to Si
leaching in all the samples synthesized under oxidizing conditions while the aqueous Ca2+

concentration varies slightly in Cr10-O and Cr15-O samples. At pH > 12.0, the dominant
species of chromate ion is CrO4

2-. The solubility product (Ksp) value of CaCrO4 is 5.1×10
-6,

and the chemical reaction between Ca2+ and CrO4

2- has been shown in Eq. (5.4).

Ca2+ + CrO4

2− −−⇀↽−− CaCrO4(pH => 12) (5.4)

The part of Cr (VI) can be immobilized by the formation of the low solubility chromium
complex. The behaviour can be understood with the help of the Cr distribution in mineral
phases and amorphous content in Cr5-O, Cr10-O, and Cr15-O samples. In Cr5-O, the
Cr (VI) can substitute on the Si-site in C2S as shown in Section 5.4.1.1. The highest Cr
leaching from the Cr5-O sample can be attributed to the high dissolution of C2S phases as
the associated Si leaching supports the idea. As the replacement of Cr increases in Cr10-
O and Cr15-O, more individual grains are covered with a glass layer which restricts the
dissolution of C2S (Figure 5.5 (a, b, c) (see Table B.4 for QXRD of leachate residues and
Table B.5 for IC/ICP data in appendix B).

The Ca and Cr leaching in the samples produced under reducing conditions decreased
as compared to the values for samples calcined under oxidizing conditions as shown
in Figure 5.8 (b). The Cr2R sample exhibited the highest Cr leaching value while other
Cr (4-15) R samples showed a clear decrease. This can be attributed to the increasing
stabilization of Cr (II and III) upon incremental addition of Cr to the samples (Table 5.3),
which does not occupy the Si-site in C2S, the Cr (VI) leaching is directly proportional to
the degree of C2S dissolution.

It is shown in Section 5.4.1.2 that the V(V) tends to substitute on the Si-site in C2S
under oxidizing conditions (V5-O, V10-O, V15-O). Upon dissolution, the type of calcium
vanadate precipitates depends on the pH of the leachate. Ca(VO3)2 forms around pH 5-8
while Ca2V2O7, as well as Ca3(VO4)2, are the dominant precipitates in the range of pH
9-10.6 and 10.6-13 respectively [159]. The pH of the V5-O, V10-O, and V15-O samples
was found in the range of 12.6-12.7, the dominant calcium vanadate would be Ca3(VO4)2

(logKsp = -17.97) as shown in Eq. (5.5).

3 Ca2+ + 2 VO4

2− −−⇀↽−− Ca3(VO2)4(pH => 12) (5.5)

The percentage of Si and V leaching from V5-O, V10-O, and V15-O is shown in Figure
5.8 (c). It can be observed that the maximum V concentration in the leachate is inversely
proportional to the aqueous Ca2+ concentration. It seems that the percentage of V
leaching is controlled by the percentage of aqueous Ca2+ in the leachate. The sample
V10-O exhibited the highest percentage of V (0.018%) leaching but the lowest percentage
of Ca2+ (1.16%) leaching, while the V15-O contains the highest amount of V in the C2S
matrix phases. This can be understood by considering the source of Ca2+ in the leachate.
The V10-O sample contains the lowest amount of free lime (0.1 wt. %) as one of the active
sources of aqueous Ca2+. While the V15-O sample exhibited high free lime (1.6 wt. %)
and calcite (1.6 wt. %). The presence of dissolved CO2 in the solution (leads to the
formation of CaCO3 (Ksp = 3.36 × 10

-9)) provides a sink for calcium in the leachate due to
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the lower solubility of calcium carbonate than calcium hydroxide. Moreover, the aqueous
Ca2+ concentration develops from C2S dissolution results in vanadate concentration
either at or very close to the solubility limit of Ca3(VO4)2 which limits the concentration
of vanadate in solution. Conclusively, the amount of V leaching is independent of the
starting amount of V in the C2S matrix. It depends on the active aqueous Ca2+ source in
the solution, the type of calcium vanadate complex, and pH. The amount of Si leaching is
directly proportional to the V concentration in the leachate which is indicated by the
degree of dissolution of C2S phases and active occupation of V2O5 on the Si-site. The
dissolution of C2S leads to the formation of Ca-Si-H which can also actively uptake some
parts of V2O5 on tetrahedral Si-sites [159].

In reducing conditions, overall calcium, silicon, and vanadium concentration decrease
as compared to oxidizing condition samples as shown in Figure 5.8 (b). As we have seen
above, the leaching of vanadium is controlled by the active calcium source in the leachate.
The vanadium leaching is inversely proportional to calcium concentration in the leachate.
The reduced sample contains a high amount of free lime (4.2-9.4 wt. %) that would limit
the solubility of Ca3(VO4)2 like the sample under oxidizing conditions.

5.5 conclusions and outlook

The Cr (0-15 mol. %) and V (0-15 mol. %) incorporation on the Si-site in C2S was
investigated using sol-gel synthesis under oxidizing and reducing (20% CO/80% CO2)
conditions. The C2S polymorphs stability, the effect of varying calcination conditions on
heavy metals (Cr, V) incorporation as well as the oxidation state, and microstructure
were studied along with early age (48-72 h) hydration at different water-to-solid ratios
and the leaching behaviour. The important findings are as follows:

C2S can incorporate Cr (VI) and V(V) on the Si-site in C2S under air-oxidizing conditions.
This led to the stabilization of the high-temperature polymorphs α′ and β-C2S as shown in
the Cr5-O and V5-O samples. A Cr and V content higher than 5 mol. % started to stabilize
in heavy metal (Cr and V) bearing amorphous phases due to the substitution limit. The
stabilization of α′-C2S in Cr-containing samples can be attributed to matrix constraint
induced by the formation of a glassy layer covering individual C2S particles. In addition
to that, the twin domains were observed in the V5-O sample which is the characteristic
deformation that evolves during the α′ → β transition due to doping of foreign ions
in C2S. A constant amount of Cr (VI) can be substituted on the Si-site in C2S which is
independent of the starting amount of Cr in the sample. A maximum of 4.1 mol. % Cr
can be substituted on the Si-site in C2S theoretically while it was difficult to predict the
maximum substitution of V due to high amorphous content in the sample. The remaining
chromium oxide forms separate Cr (III) phases in the most stable oxidation state.

Cr and V oxide tend not to incorporate on the Si-site in C2S under reducing conditions
(20% CO/80% CO2) due to oxidation state mismatch. The Cr was present as (II) and
(III) oxidation states in samples Cr2R-Cr15R samples which led to the formation of high
amounts of CaO and (Para)wollastonite due to a calcium to silica ratio of less than 2. The
V2R-V15R samples also contained calcium vanadate phases with high amorphous content
(2.9-24.5 wt. %), (Para)wollastonite (6.4-12.4 wt. %), and lime (4.2-9.4 wt. %) indicating a
similar Si deficit. The incorrect stoichiometry shows that V and Cr were not available in a
favourable oxidation state to be incorporated in C2S at high temperatures.
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The incorporation of V and Cr into C2S stabilizes the reactive α′, β-C2S but drastically
reduces the early-stage hydration activity of C2S compared to the Ref. (-O) sample. Even
though the reference sample contains a significant amount of γ which is non-reactive as
well as free lime it also reduces the solubility of C2S. The specific surface area for the
reference is higher than for the doped samples making it reactive at early age hydration.
The V (V) and Cr (VI) substituted on the Si-site in C2S exhibited higher mobility than
the Cr (II)(III) containing C2S samples. The Cr leaching is sensitive to the oxidation state
as well as the Cr-bearing amorphous phases in the sample. Despite being present in the
mobile Cr (VI) oxidation state, the coverage of Cr grains with a glass layer decreases
the dissolution degree of the solid and the leaching of Cr. Conclusively, once Cr (VI) is
substituted on the Si-site in C2S, the Cr leaching is directly proportional to the degree
of C2S phase dissolution. The vanadium leaching is controlled by the active source of
aqueous Ca2+ which is independent of the starting amount of V in the sample. The V
leaching is inversely proportional to the aqueous Ca2+ in the leachate due to the formation
of Ca3(VO4)2 at pH > 12. The directly proportional relationship between V and Si leaching
in the V5O, V10O, and V15O samples shows that the V2O5 was released from the Si site of
C2S. The Si leaching from V2R, V4R, V6R, V8R, V10R, and V15R samples was independent
of V leaching indicating the source of V2O5 is not the Si-site of C2S.

This information provides an insight into the oxidation state, speciation, and leaching
mechanism of Cr as well as V from C2S. it has been explained in Chapter 3 that the
air granulated BOF slag leaches a significant amount of Cr and V which requires an
understanding of the speciation and leachability of heavy metals (especially Cr and V) in
a C2S environment. So, this knowledge can assist in controlling the leaching of Cr and V
from the slag.



6E F F E C T O F H Y D R O X I D E , C A R B O N AT E , A N D S U L P H AT E
A N I O N S O N T H E β - D I C A L C I U M S I L I C AT E H Y D R AT I O N
R AT E

abstract

The effect of fixed (0.8M) Na+ balanced by either OH-, SO4

2-, and CO3

2- anions on
β-dicalcium silicate (C2S) reactivity is investigated. The exothermic reaction of varying
water-to-solid ratios and chemical activation is monitored. Subsequently, the hydration
products are characterized via FTIR, TG/DTG, QXRD, and SEM analysis. The findings
showed that the carbonate ions expedited the reactivity up to 55% at 1-7 days due to the
simultaneous precipitation of calcium silicate hydrate (C-S-H) and calcite. At 7-28 days,
the lack of transportable cations between the solid surface and solution impeded further
hydration, as confirmed by in-situ pH and conductivity measurements. The sulphate
ions accelerated the reactivity only upon calcium sulphate dissolution at high pH. The
hydroxide ions decelerated the hydration due to the earlier precipitation of portlandite
than C-S-H. Overall, the β-C2S reaction with water exhibited the highest hydration
degree (67%) after 28 days of hydration. It is envisioned that the chemically activated
β-C2S reaction’s product which tends to precipitate earlier than the C-S-H would limit
the C2S hydration activity. Overall, the β-C2S reaction with water exhibited the highest
hydration degree (67%) after 28 days of hydration.

Major part of this chapter is published elsewhere: M.J. Ahmed, K. Lambrechts, X. Ling, K. Schollbach, H.J.H.
Brouwers, Effect of hydroxide, carbonate, and sulphate anions on the β-dicalcium silicate hydration rate, Cem.
Concr. Res. 173 (2023) 107302.
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6.1 introduction

Dicalcium silicate (C2S) is an important constituent of belite clinker (40-60 wt. %), belite
calcium sulfoaluminate cement (25-50 wt. %), basic Oxygen furnace steel slag
(30-50 wt. %), and ordinary Portland cement (OPC, 10-15 wt. %), where it exists in the
form of β-C2S polymorph, stabilized at room temperature due to presence of impurities
[43, 80, 160–162]. Belite-rich binders offer sustainable growth by lowering the enthalpy of
formation (for alite and belite are 1810 kJ/kg, 1350 kJ/kg, respectively), the kiln
operating temperature (1200-1350 °C) and the associated CO2 emissions [163]. However,
the main drawback that restricts the application of belite cement is the low reactivity of
β-C2S leading to slow strength development owing to not fulfilling the current standards
[52]. The material admixture especially NaOH, KOH, C-S-H seeds, and commercial oxide
nanoparticles, etc. is reported to accelerate the hydration of belite cement where the
excess cumulative heat release is attributed to the β-C2S reactivity [43, 53, 163]. Thus, a
systematic understanding of the β-C2S hydration via chemical activation is a prerequisite
for its technical application.

Several strategies have been reported to improve the C2S hydration by mechanical
grinding, mineralizers, or dopants (NaF, SO3, B2O3, etc.) and chemical activators such as
alkali oxides, salts as well as calcium silicate hydrate (C-S-H) seeds [164–167]. Chemical
activation particularly NaOH, KOH, Na2CO3, and K2CO3, etc. is acknowledged to
accelerate the C2S hydration due to the interaction of calcium silicate hydrate (C-S-H)
with soluble alkali oxides [52, 168–171]. β-C2S reactivity in NaOH and KOH hydration
mediums is reported to increase both the hydration degree alongside associated early
strength development [52, 168, 172][13,17,18]. Especially, a high concentration of 5 M
KOH could significantly accelerate the β-C2S reactivity, while it was demonstrated that
low concentrations of NaOH slow down the dissolution of β-C2S [52, 173]. The improved
hydraulic properties of β-C2S in the KOH environment are attributed to the larger ionic
radius and electronegativity of potassium cation compared to sodium ion [172, 174].
These differences in ionic properties would give different interactions with the C-S-H
formation and associated mechanical properties. Moreover, the addition of carbonate
solutions was reported to shorten the induction period alongside improved hydraulic
activity of C2S, especially at low NaHCO3 concentrations which were more effective than
KOH [172]. Subsequently, a 0.28M Na2SO4-activated C2S exhibited a better 28-day
mechanical strength than Na2CO3 without significant change in hydraulic activity [175,
176]. The emphasis of these studies lies more on the role of cation interaction (Na+, K+)
with C-S-H, especially the Ca/Si ratio, C-(Na/K)-S-H, and the degree of silicate chain
polymerization. But the presence of anions equally impacts the reaction kinetics,
particularly the C-S-H dissolution-precipitation reaction.

Very few studies have investigated the effect of the anions on tuning the β-C2S
reactivity. Especially information about the β-C2S dissolution-precipitation as well as its
correlation with solution ionic strength and hydration degree over time is missing. In
addition to that, the non-systematic concentrations of the activators reported in the
literature make it difficult to compare the effect of cations and anions in the hydration
process [167, 172, 177, 178]. If undersaturation is the leading cause of the C2S dissolution,
then the anions also play a vital role in dictating the C-S-H precipitation alongside
cations [179] as it has been ignored often. Therefore, a systematic approach is desired to
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understand the contribution of anions, pH, and ionic strength to comprehend the
hydration rate at ambient conditions. To the author´s best knowledge, there is no
systematic study reported where the amount of activator is adjusted to have fixed moles
of sodium cations containing hydroxide, carbonate, and sulphate anions for β-C2S
chemical activation.

For this purpose, pure β-C2S was synthesized at 1200 °C via the Pechini method. The
synthesis method and calcination condition are chosen to attain lime-free C2S. To study
the effect of anions on β-C2S activation, the molarity of sodium ion is fixed to 0.8 M to
have comparable Na+ concentration in all samples. The effect of dissolution degree on
the β-C2S reactivity is investigated to promote the forward direction dissolution reaction
at ambient conditions by using the water to the solid (w/s) ratios between 0.5 and 1.6.
Moreover, the order of hydration product formation and degree of hydration (DOH) is
correlated with the anionic effect via the bonding system, and thermal, mineralogical,
and microstructural analysis over 28 days of hydration. Finally, the heat release is
correlated with the concentration of hydroxyl ions alongside the ionic strength of the
hydrating media at an early stage (1-5 days) via in-situ pH and conductivity
measurements to understand the β-C2S dissolution-precipitation reaction events.

6.2 materials

Ca(NO3)2·4H2O (Sigma-Aldrich, CAS: 13477-34-4), colloidal SiO2 (40 wt.%, LUDOX®
AS-40, Sigma-Aldrich, CAS: 7631-86-9), TEOS/Si(OC2H5)4 (Sigma-Aldrich, CAS: 78-10-4),
Citric acid monohydrate (VWR, CAS: 5949-29-1), ethylene glycol (VWR, CAS: 107-21-1),
65% HNO3 (Sigma-Aldrich, CAS: 7697-37-2), ethanol (Sigma-Aldrich, CAS: 64-17-5) were
used as received. The reagents were added in the stoichiometric ratios 2:1 Ca/Si
corresponding to the synthesis of C2S. Dicalcium silicate has been synthesized via the
Pechini method by calcining intermediate charred gel at 1200 °C (Table 6.1). A detailed
synthesis method can be studied in Chapter 4 [138]. Alkali salts NaOH (Merck, CAS:
1310-73-2), Na2CO3 (Sigma-Aldrich CAS: 497-19-8), and Na2SO4 (Merck, CAS: 7757-82-6)
were dissolved in deionized water (DI). The resulting solutions are directly used as
hydration media in this study. Moreover, the CaCO3 from Sigma-Aldrich (CAS: 471-43-1,
⩾ 99.0%) is used to study the filler effect.

6.2.1 Methods

6.2.1.1 Hydration studies

A fixed molar concentration of sodium cations such as 0.8M NaOH, 0.4M Na2CO3, and
0.4M Na2SO4 is used as alkali activators for β-C2S. Isothermal heat conduction
calorimetric measurements were conducted in TAM AIR isothermal calorimetric device
at 20 ± 0.5 °C for 14 days. Pre-determined amounts of the C2S were added to the vials.
After acclimatization of the materials and hydration media to room temperature, the
sample was mixed ex- situ. After the designated time, the hydration was stopped by
solvent exchange method (immersing in isopropanol followed by diethyl ether washing)
and samples are labelled as shown in Table 6.1
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Table 6.1: Sample labelling of the hydration mediums at 20 ± 0.5 °C and 60% relative humidity.

Hydration mediums C2S + water C2S + 0.8 M NaOH solution C2S + 0.4M Na2CO3 solution C2S + 0.4M Na2SO4 solution 

Sample label Reference 0.8M NaOH 0.4M Na2CO3 0.4M Na2SO4 

pH 7.2 13.2 11.3 6.9 

 

In-situ pH and conductivity measurements of the hydrating samples were executed in
a climate-controlled room, which is kept at 20 ± 0.5 °C with 60% humidity. After
acclimatization of the solutions the conductivity probe, the Greisinger GMH 3431, and
the Voltcraft PE-03 pH probe were calibrated. The hydration media was stirred by hand
upon insertion of probes and data logging with a 7.5-minute interval was started. To
prevent water evaporation the beaker was sealed with parafilm and tape. The pH and
conductivity measurements were performed with a 1.6 w/s ratio. As the excess water
increased the volume, ensured the probes were in full contact with the system. The
starting pH values of the alkali activators are presented in Table 6.1.

6.3 results and discussion

6.3.1 Hydration behaviour in varying water-to-solid (w/s) ratio

The QXRD analysis of synthesized sample exhibited high crystallinity (91 wt. %) with low
amount of XRD-amorphous (9 wt. %). C2S synthesized by Pechini method contains a high
amount of beta polymorph 83 wt. % with no free lime alongside 8 wt. % γ-C2S (Table 6.2,
see Figure B.4 for Rietveld refinement fit).

Table 6.2: QXRD of the C2S synthesized at 1200 °C via the Pechini method with error values and
specific surface area (SSA).

Mineral Phases β-C2S γ-C2S Quartz Wollastonite 2-M XRD-amorphous 

Amount (wt. %) 82.7 ± 0.2 8.0 ± 0.1 0.9 ± 0.1 0.1 ± 0.07 8.4 ± 1.2 

BET-SSA (m2/g) 0.85 

 

The 14 days hydration behaviour of β-C2S with water and 0.8 moles of Na+ activators
was monitored via isothermal calorimetry as shown in Figure 6.1. The heat flow is
normalized by the mass of the sample. Two different w/s ratios (1.6 and 0.5) were
investigated to understand the effect of dissolution degree on β-C2S reactivity. The
results for a w/s ratio of 1.6 indicated that the reference sample exhibited no significant
exothermic heat of hydration. However, around 96 h, a clear increase in the heat flow
indicated C-S-H precipitation [180]. A heat flow pattern just like the reference was
observed for 0.8M NaOH as well as 0.4M Na2SO4 samples. The addition of the same
moles of sodium activator did not alter the exothermic heat of C2S hydration till 96 h
except for the 0.4M Na2CO3 sample. The exothermic heat pattern has conspicuous
features of dissolution as well as an induction period followed by an acceleration and
deceleration period featured in the 0.4M Na2CO3 sample. After 48 h, no further
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exothermic heat of hydration was observed in the sodium carbonate sample till 14 days.
Decreasing the w/s ratio from 1.6 to 0.5 resulted in shortening the induction period from
22 to 10 h in the 0.4M Na2CO3 samples indicating that a low dissolution degree is
observed to reach equilibrium till 14 days. Moreover, the 0.5 w/s ratio decreases the
overall C2S exothermic heat flow in the reference sample without significant a change in
the 0.8M NaOH sample (Figure 6.1 (a)).

The 14 days cumulative heat flow exhibited an increase of 45 and 78%, respectively,
upon increasing the 0.5 to 1.6 w/s ratio in the reference as well as the 0.4M Na2CO3

sample. But the overall cumulative heat of hydration is practically the same for sodium
hydroxide activator in all w/s ratios (Figure 6.1(b)). These observations indicated that the
C2S dissolution is dependent on the w/s ratio to achieve the solubility equilibrium. The
increase in cumulative heat of hydration (42-62 J/g, 18-36 J/g) and induction period
(10-22 h) upon increasing the w/s (from 0.5 to 1.6) ratio in reference and 0.4M Na2CO3

sample, respectively, emphasizes the strong dependence of the C2S dissolution rate on
the local ion concentration of OH- and CO3

2- at the C2S-grain surface interface [158, 181].
Contrary to the previous study [178, 182], the 0.4M Na2CO3 sample does not exhibit a
higher exothermic heat of hydration than the reference sample. The variations in the
results can be attributed to the significant difference (∆Eactivation = 20-22 kJ/mol) in
activation energy with varying β-C2S surface area [95]. Consequently, the activation
energy impacts the hydration process in the rate-controlling step.

a) b)

Figure 6.1: Exothermic heat curve of C2S, hydrated in water-to-solid (w/s) ratio of 1.6 and 0.5 a)
normalized heat flow b) cumulative heat of hydration.

At low w/s ratio, the distance from the equilibrium is not high enough and the
solution reaches the solubility equilibrium during dissolution [180]. But in the presence
of a hydroxide-rich medium such as the 0.8M NaOH sample, the change in w/s ratio
does not impact the cumulative hydration heat (26 J/g) indicating a very slow dissolution
of C2S. The relatively higher hydroxide concentration close to the surface restricts further
silicate dissolution due to strong deprotonation at high pH [183]. The dissolution of C2S
will move in the forward direction only upon precipitation of calcium hydroxide such as:

Ca2SiO4hydroxylated−surface −−⇀↽−− 2 Ca2+ + H4SiO4 + 4 OH− (6.1)
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H4SiO4 + OH− −−⇀↽−− H3SiO4

− + H2O (6.2)

H3SiO4

− + H2O −−⇀↽−− H2SiO4

2− + H2O (6.3)

The calorimetric studies indicated that the 1.6 w/s enhances the dissolution degree of
C2S. For this reason, it was adopted for the remaining experiments. Among 0.8M Na+

activators in a 1.6 w/s ratio, 0.4M Na2CO3 exhibited higher reactivity within 24 h while
showing 41% lower cumulative hydration heat than reference after 14 days of hydration.
Moreover, the 0.4M Na2SO4 sample exhibited the same overall cumulative hydration heat
(36 J/g) as the 0.4M Na2CO3 sample at a w/s ratio of 1.6 but showed a steady increase in
the heat of hydration after the first 24h which was not the case for the carbonate sample.
As the standard enthalpy of formation (∆fHθ) suggests a more favorable reaction for
calcium sulphate (CaSO4, ∆fHθ = -1434 kJ/mol) precipitation than calcium carbonate
(CaCO3, ∆fHθ = -1208 kJ/mol) formation [184]. However, the precipitation of the
hydration products seems to be controlled by some other factors such as C2S
dissolution-precipitation equilibrium, ionic strength, and pH of the hydration medium
[185]. These observations require further insights as provided in the next sections.

6.3.2 Characterization and order of hydration product formation

As mentioned above, the exothermic heat signals are very low in intensity and different
anions particularly SO4

2-, CO3

2-, OH- etc. can precipitate as calcium sulphate, calcium
carbonate, and calcium hydroxide respectively. To understand the events of exothermic
hydration reactions, FTIR analysis has been performed on the hydrated sample after 7, 14,
and 28 days (see peak assignment Figure B.5 (a, b, c) in appendix B) as shown in Table 6.3

All samples exhibited similar band positions mostly originating from the β-C2S
vibrations. They have narrow band splitting in the range of 800-1200 cm-1 corresponding
to the Si-O bonds asymmetric and symmetric stretching vibrations of Si-O bands, a band
around 496, 535 cm-1 associated to Si-O-Si bending vibrations, and 450-455 cm-1 vibration
pointing deformation of SiO4 tetrahedra. The interaction with air cannot be avoided in
the sample, thereby, the bands around 1400-1500 cm-1, and 1640-1650 cm-1 are assigned
to an asymmetric stretch of CO3

2- and H-O-H bending vibrations of molecular H2O
respectively. The broad band centered around 3300 cm-1 is due to stretching vibrations of
hydroxyl groups in H2O with varying degrees of hydrogen bond strengths [186–188].

After 7 days of curing, the distinct band of C-S-H Q1 (815 cm-1) is only observed in the
0.4M Na2CO3 with a distinct carbonate band (713 cm-1) indicating the precipitation of
calcium carbonate as a by-product. But mid-IR bands centred 3300 cm-1 exhibited the
strongly ordered hydrogen-bonded samples observed in all the hydrated samples [189].
These bands suggest the presence of C-S-H in all samples, but the not distinct band for
C-S-H can be assigned. After 14 days of curing, the distinct C-S-H Q2 (940-950 cm-1)
bands alongside Q1-type hydration products appear in all the hydrated samples. The
relative intensity of the Q2 (940-950 cm-1) type bands increased in all the hydrated
samples upon 28 days of curing which confirms the polymerization of the silicate chain
[171]. Furthermore, the distinct bands 636, 616 cm-1 and centred around 1100 cm-1

indicate the precipitation of gypsum in the 0.4M Na2SO4 sample [190].
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Table 6.3: General assignments of bands in FTIR fingerprint region.

Band Position (cm-1) Assigned to 

Signal evolution concerning sample curing age 

(days) 

Reference 0.8M NaOH 0.4M Na2CO3 0.4M Na2SO4 

~3643 ν OH [Ca(OH)2] 14, 28 14, 28 14, 28 14, 28 

~3360-3315, 2970 ν OH (H2O) 7, 14, 28 7, 14, 28 7, 14, 28 7, 14, 28 

~1640-1650 δ OH (H2O) 7, 14, 28 7, 14, 28 7, 14, 28 7, 14, 28 

~1415-1490 ν3 CO (CO3
2-) 7, 14, 28 7, 14, 28 7, 14, 28 7, 14, 28 

~1380-1390, ~1305-1340 δ C-H (aliphatic structure) 14, 28 14, 28 14, 28 14, 28 

~1125-1165 ν Si-O 14, 28 14, 28 14, 28 14, 28 

~1100-1110 ν3 SO (SO4
2-) - - - 7, 14, 28 

~992 ν3 Si-O-Si (β-C2S) 7, 14, 28 7, 14, 28 7, 14, 28 7, 14, 28 

~940-950 ν Si-O (C-S-H) Q2 14, 28 14, 28 14, 28 14, 28 

~897, 885, 863, 844 ν3 Si-O-Si ((γ/β-C2S) 7, 14, 28 7, 14, 28 7, 14, 28 7, 14, 28 

~815 ν Si-O (C-S-H) Q1 14, 28 14, 28 7, 14, 28 14, 28 

~713 ν4 CO (CO3
2-) - - 7, 14, 28 - 

~636, 616 ν4 SO (SO4
2-) - - - 7, 14, 28 

~537, 495, 436 ν4 Si-O-Si (γ/β-C2S) 7, 14, 28 7, 14, 28 7, 14, 28 7, 14, 28 

~450-455 δ Si-O (SiO4 Td) 14, 28 14, 28 7, 14, 28 14, 28 

 

Through FTIR analysis, the exothermic reaction observed via calorimetry can be
interpreted. At the early stage (0-72 h), the 0.4M Na2CO3 sample exhibited Q1-type
hydration products alongside calcium carbonate. After 3 to 14 days, no exothermic heat
event is observed but the silicate polymerization happens, and the Q2-type hydration
product is confirmed. In reference, to 0.8M NaOH and 0.4M Na2SO4 samples, the
hydration reaction proceeds over time by C-S-H precipitation as well as polymerization
as a slow and continuous process. The type of hydration products is further confirmed
by the DTG (see Figure B.6 in appendix B for percentage mass loss events). The mass loss
events 50-220 °C is attributed to dehydration of C-S-H (also gypsum in case of 0.4M
Na2SO4 (Table 6.3)), 430-510 °C corresponds to dehydration of calcium hydroxide
alongside 550-800 °C decarbonation of calcium carbonate (Figure 6.2 (a, b, c)) [191][42].
All samples hydrated at 7 days exhibited the formation of C-S-H with the highest amount
of bound water in 0.4 M Na2CO3 sample which confirms the calorimetric results. Upon
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curing for 14 and 28 days, the C-S-H content was increasing, showing the samples were
continuously hydrating except for 0.4 M Na2CO3. The reference sample exhibited the
highest mass loss associated with C-S-H after 28 days of cured sample (Figure 6.2 (c)).

a) b)

c)

Figure 6.2: Differential thermal gravimetric (DTG) analysis of chemically activated C2S at curing
age of a) 7 b) 14 and c) 28 days with 1.6 w/s ratio.

To understand a correlation between portlandite formation and C-S-H gel-bound water,
the Ca(OH)2 as well as CaCO3 wt.% amount in the hydrated sample is calculated using
the tangential method as expressed by [60, 192]:

mmeasured = weightloss(TGA) �
mmineral

mvolatile
(6.4)

Moreover, the differences in total bound water were calculated by converting the sample
wt. % into portlandite and calcite anhydrous mass by Eq. 6.5.

manhydrous =
mmeasured

1− evaporable water
(6.5)

As the sample has undergone carbonation, the carbonate is recalculated to the
equivalent amount of anhydrous portlandite using Eq. 6.6 under the assumption that the
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calcite in all samples originates from the carbonation of portlandite. Factor 1.35 refers to
the molar mass ratio of CaCO3 (100.09 g/mol) and Ca(OH)2 (74.09 g/mol) [193].

manhydrous Portlandite equiv. =
1.35 ·mmeasured calcite +mmeasured portlandite

1−mmeasured calcite + 1.35 ·mmeasured calcite
(6.6)

Weight loss (TGA) = Portlandite (T = 450-540 °C), Calcite (T = 550-800 °C)
Mmineral = (Portlandite = 74 g/mol), (Calcite = 100 g/mol)
Mvolatile = (Water = 18 g/mol), (Calcite = 44 g/mol)
Evaporable water (wt. %) = TGA weight loss (100- (residual mass + portlandite + calcite)

The comparison between C-S-H gel water and the formation of equivalent dry
portlandite amount helped to understand the formation of hydration products as shown
in Figure 6.3 (a, b). In the reference sample, a clear increase in the C-S-H bound water
and portlandite is observed over time. In the 0.8M NaOH sample, a higher amount of
calcium hydroxide (1.1-4.0 wt. %, 7-14 days hydrated sample) was observed as compared
to the reference (0.3-2.1 wt. %, 7-14 days hydrated sample) sample while significantly
lower (61%) C-S-H bound water indicates the lower reactivity of C2S contrary to previous
study [168]. These results indicate the earlier precipitation of portlandite in 0.8M NaOH
sample compared to the reference would lead to the slow dissolution of C2S. A serious
decrease in the dissolution of C2S is reported in the presence of a high initial
concentration of portlandite [155]. However, if a very high supersaturation with respect
to portlandite could be maintained, the portlandite and C-S-H nucleation can happen
without the need for high dissolution [194]. That is usually observed at high
concentrations of NaOH/KOH activated C2S reaction [168] but low concentration delays
the hydration as observed in 0.8M NaOH sample. Furthermore, the hydroxyl ions-rich
solution promotes the precipitation of calcium hydroxide leading to a possible decrease
in the Ca/Si ratio due to less calcium available for incorporation in C-S-H as the
solubility of calcium hydroxide decreases at high pH.

In the 0.4M Na2CO3 sample, the amount of equiv. calcium hydroxide and C-S-H bound
water remain constant once it is precipitated. After 14 days, a slightly lower mass loss for
the gel water can be attributed to the enriching of C-S-H with Q2-type silicate chains (Table
6.3). In the 0.4M Na2SO4 sample, the calculation of C-S-H volatiles was difficult because
the gel water weight loss overlaps with the bound water of gypsum (100-200 °C). So, the
C-S-H gel amount is high because it also contains gypsum water for crystallization.

C2S hydration reaction products are confirmed via QXRD as shown in Figure 6.4 (see
Figure B.4 (b, c, d) in appendix Bfor new hydration product peak assignment of the
hydrated sample) and normalize to the portlandite (mmeasured) mass from TG analysis.
The presence of β-C2S hydration by-products such as portlandite, calcite, and gypsum
are observed for 28 days. In the 0.4M Na2SO4 sample, gypsum is observed only in 7 days
hydrated sample while at a later stage (14 and 28 days), only portlandite is visible. The
pH of the 0.4M Na2SO4 sample was found to be in the range of 12.5-13.0 measured at
random moments between 5 and 12 days. The dissolution of gypsum increases at pH
12-13 [195] explaining why, no gypsum crystal is observed at later stages (14 and 28 days
cured samples). The degree of hydration (DOH) is calculated by using:

DOH(%)tx =
mXRDβC2St0 −mXRDβC2Stx(1− evaporable water)

mXRDβC2St0

(6.7)
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As the mass increases β-C2S partially consists of evaporable water and is also corrected
from the TGA mass loss.

a)

0 7 1 4 2 1 2 8
0

2

4

6

8

1 0

1 2

1 4

1 6

1 8

 R e f e r e n c e
 0 . 8 M  N a O H
 0 . 4 M  N a 2 C O 3
 * 0 . 4 M  N a 2 S O 4

C-
S-H

 ge
l w

ate
r (w

t. %
)

C u r i n g  a g e  ( d a y s )

b )

Figure 6.3: Calculation of chemically bound water over time of chemically activated C2S a)
equivalent anhydrous portlandite (wt. %) via Eq. 6.6. b) calcium silicate hydrate (C-
S-H) gel water (wt. %) or evaporable water (Eq. 6.5). *It is not possible to differentiate
between weight loss event of gypsum and C-S-H in 0.4M Na2SO4 sample (Fig. 6.2).
Because the C-S-H volatiles coincides with the gypsum water of crystallization.).

At 7 days of hydration, the DOH increased by 60% for 0.4M Na2CO3 compared
reference sample. So, the carbonate is the only suitable hydration medium to accelerate
the early stage β-C2S. In the 0.4M Na2SO4 sample, the highest DOH (223%) increase was
observed at curing age between 14 and 28 days. The increase in hydration can be
attributed to the dissolution of calcium sulphate at high pH (12-13) and promotes C-S-H
precipitation leading to an increase in C2S dissolution. As NaOH is described as an alkali
activator but the present result argues that hydration in 0.8M NaOH lowers the β-C2S
reactivity at every age [167]. Overall, the reference sample exhibited a continuous
increase and reaches 67% until 28 days as shown in Figure 6.5. At 28 days of hydration,
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the addition of various anions lowered the degree of hydration. For 0.8M NaOH, 0.4M
Na2CO3, and 0.4M Na2SO4 samples, a decrease of 54%, 54%, and 30%, respectively, in
hydration degree was measured.
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Figure 6.4: Quantitative X-ray diffraction (QXRD) of chemically activated β-C2S at curing ages of
7, 14, and 28 days.

Figure 6.5: Degree of hydration (DOH) of chemically activated β-C2S calculated via QXRD and
TGA over 28 days.

The morphology of the hydration product under varying anions has been presented in
Figure 6.6. The reference sample exhibited a densely interconnected structure in the early
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stage (7 days) which changes into well distributed wider needle-like structure upon the
later stage curing (Figure 6.6 (a, b)) [194]. In the case of carbonate anion-rich hydration
medium, the C-S-H structure exhibited the crumbled foil structure alongside
rhombohedral agglomerated calcite crystal (Figure 6.6 (c, d)). For the 0.8M NaOH
sample, a fibrous morphology of the C-S-H was observed alongside the hexagonal
crystal of portlandite (Figure 6.6 (e)). A dense aggregated network with possible gypsum
crystal was observed in the sulphate-activated sample (Figure 6.6 (f)). The varying
morphology of C-S-H is dependent on the Ca/Si ratio and type of activator [178, 196].
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Figure 6.6: Scanning electron microscopy (SEM) micrographs of chemically activated β-C2S a) 7

b) 28 days cured reference sample c) 0.4M Na2CO3 14 and d) 28 days cured sample f)
0.8M NaOH g) 0.4M Na2SO4.

By comparing all the anion’s behaviour in C2S activation, it is observed that the 0.4M
Na2CO3 sample exhibited high hydration activity at an early stage (7 days) and
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undergoes an apparent dormant period that lasts for 28 days of curing. On the contrary,
a slow and continuous β-C2S hydration process is observed in the reference sample
which attains a high reaction degree at a later stage (14-28 days). In presence of sulphate
anions, pH seems to play an important role in the dissolution-precipitation of gypsum,
calcite, and portlandite respectively. Moreover, the hydroxyl-rich medium exhibited the
early precipitation of portlandite seriously decreases the β-C2S hydration reaction over
time. To understand the two different β-C2S hydration behaviour in water and sodium
carbonate at an early stage, in-situ pH and conductivity are measured. The conductivity
of the solution is taken as a measure of ions concentration and mobility in a solution at a
given temperature. As the concentration of hydroxyl ions and ionic strength of hydration
mediums play an important role in the C2S reactivity.

6.3.3 In-situ pH and conductivity measurement

The evolution of hydroxyl ion concentration and ionic conductivity was measured for
5 days as shown in Figure 6.7. It is worth mentioning here that the same temperature
condition such as 20 ± 2 °C as well as 1.6 water to solid ratio was chosen to have
comparable results with calorimetric data. In the reference sample, a continuous increase
in pH and conductivity is observed till 60 h observed indicating the continuous
dissolution of C2S. After 60 h, the pH attains a plateau, but the conductivity still
increases which can be attributed to the high activity phase of precipitation of the
hydration product (Figure 6.7 (a)). In the case of the 0.4M Na2CO3 sample, a clear
increase in the hydroxyl ion concentration and conductivity was observed around 15 h
which can be dominantly attributed to the dissolution. After 15 h an acceleration period
of precipitation-dissolution last for a further 6 h followed by a clear decrease in the ionic
concentration in the solution. However, the concentration of hydroxyl ions remains high
(pH = 13.1), and ionic mobility around 40 h attains its plateau indicating the solution
attaining the equilibrium (Figure 6.7 (b)). So, the proposed chemical reaction can be
written as follow:

Ca2SiO4(s) + 2 H2O −−⇀↽−− 2 Ca2+ + 4 OH− + H4SiO4 (6.8)

Ca2(OH)2(aq) + CO3

2−
(aq) −−→ CaCO3(s) + 2 OH−

(aq) (6.9)

A basic dissolution medium does not enhance the dissolution of dicalcium silicate. A
high pH (13) leads to a negative surface charge that would further limit the solubility
(Eqs. (6.2) (6.3)). The high negative surface charge attracts strongly the Ca2+ or Na+ ions.
Moreover, the precipitation of CaCO3 increases at high pH. The simultaneous precipitation
of C-S-H and calcium carbonate deprives the solution of transportable cations between
the solid surface and the solution leading to a longer dynamic equilibrium state for 0.4M
Na2CO3 from 2 to 28 days at high pH (13). The term dynamic equilibrium rather than
steady-state equilibrium is used because no net change in the hydration degree till 28 days
was observed. Moreover, the simultaneous precipitation of calcium carbonate leads to
lesser calcium ions available to get incorporated in C-S-H hydration product.

If the lack of transportable cations is the leading cause for the longer equilibrium period
at high pH and relatively lower Ca/Si ratio, then any solid surface site that has a high
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affinity for the Ca2+ would speed up the dissolution-precipitation reaction. To test the
hypothesis, the 3 wt. % CaCO3 is provided as a nucleation site for the Ca2+ ions.

b)

Figure 6.7: In-situ pH, conductivity, and isothermal calorimetric analysis at 20 °C of a) reference b)
0.4M Na2CO3 sample.
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Figure 6.8: Exothermic heat curve of chemically activated β-C2S in the presence of 3 wt. % CaCO3

a) normalized heat flow b) cumulative heat of hydration.

6.3.4 Effect of CaCO3 as a nucleation site for Ca2+ ions

The exothermic heat of the reaction supplied with 3 wt. % CaCO3 has been presented in
Figure 6.8. In the 0.4M Na2CO3 sample, the presence of solid calcium carbonate shortens
the induction period from 15 to 3 h. Consequently, the time for the heat of hydration peak
maxima reduces from 22 to 11 h and the system early reaches into dynamic equilibrium
state (Figure 6.8 (a)). But overall, the addition of calcium carbonate did not exhibit any
change in the cumulative heat release (36 J/g) (Figure 6.8 (b)). These findings indicate that
the lack of transportable cations between a solid surface and solution leads to a dormant
period from 2 to 28 days making β-C2S dissolution highly discontinuous as compared to a
reference, 0.4M Na2SO4, 0.8M NaOH. In the case of the reference and 0.8M NaOH sample,
the provision of calcium carbonate as an inert material seriously delayed the hydration
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reaction. The delay in the reaction can be attributed to the relatively earlier precipitation
of calcium ions delaying the C-S-H formation and precipitation.

Overall, the C2S reactivity in the presence of anions such as CO2

2-, SO2

2- and OH- etc.
can be broadly divided into three different cases: C2S dissolution-precipitation reaction
(case I), simultaneous precipitation of C-S-H and carbonates (case II): An early
precipitation of reaction byproducts such as portlandite, gypsum, etc. (case III).

Case I: The standard C2S reaction in the reference sample exhibited a dissolution
equilibrium followed by precipitation of C-S-H. The important point to mention here is
that the C-S-H precipitates earlier than the portlandite. That’s why, the least amount of
equivalent anhydrous portlandite (0.3 wt. %) is observed after 7 days of hydration
(Figure 6.3). Moreover, the changes in the w/s ratio markedly shift the dissolution
equilibrium which emphasizes the importance of local ion concentration at the C2S-grain
surface interface that predominantly plays an important role in C2S reactivity [155, 197].

Case II: In the case of 0.4M Na2CO3, simultaneous precipitation of C-S-H and calcite
leaves the solution enriched with hydroxyl ions. Due to the high hydroxyl ion
concentration in the solution, the silicate surface got deprotonated and become
negatively charged. The negatively charged surface not only restricts the C2S dissolution
but also hinders the diffusion of cations between the solid surface and the solution in this
case.

Case III: In the case of 0.8M NaOH, early precipitation of portlandite (equiv.
anhydrous portlandite 1.1 wt. % which is 366 times more than the reference sample)
seriously delays the C-S-H precipitation. The same is observed for the 0.4M Na2SO4

sample at an early stage (7 days). But the calcium sulphate (gypsum) is more soluble at
high pH than portlandite. So, the dissolution of dissolution over time saturates the
solution to promote C-S-H precipitation. Therefore, the highest DOH (223%) increase
was observed in the 0.4M Na2SO4 sample between the age of 14 and 28 days.

6.4 conclusions

The effect of fixed moles of (0.8M) Na+ cations balanced by either OH-, SO4

2- or CO3

2-

anions on β-C2S hydration was investigated at ambient temperature. The important
findings are as follows.

β-C2S reactivity is highly dependent on the water-to-solid ratio. The increase in w/s
ratio from 0.5 to 1.6 significantly increases C2S dissolution leading to a 47 and 100%
increase in cumulative hydration heat (14 days) respectively, in reference as well as 0.4M
Na2CO3. But in 0.8M NaOH, the change in w/s ratio did not alter the cumulative
hydration degree indicating the slowing of C2S dissolution.
β-C2S hydration reaction proceeds over time by dissolution equilibrium,

C-S-H/portlandite precipitation, and silicate chain polymerization as a slow and
continuous process. The β-C2S reactivity exhibited a continuous increase in hydration
degree (DOH) and reaches the highest 67% at 28 days hydrated reference sample.

At 7 days, the carbonate-activated β-C2S exhibited a 55% higher DOH than the
reference. But at later ages (7-28 days), no further hydration activity was observed except
for the polymerization of silicate chains (enrichment with Q2 (C-S-H) type units). The
apparent dormant period is attributed to the simultaneous precipitation of C-S-H and
calcium carbonate depriving the solution of transportable cations between the solid
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surface and hydration medium at high pH (13.1). The idea is further confirmed by the
addition of 3 wt. % calcium carbonate as nucleation site that further reduced the
induction period from 22 to 11 h without changing the overall cumulative heat of
hydration.

The β-C2S hydration of sulphate-rich ions is more dependent on the pH. At first,
gypsum was found to be the only hydration product alongside C-S-H at 7 days. As the
C2S dissolution increases so does the pH of the hydration medium, the gypsum started
to dissolve and portlandite started precipitating at later stages. At curing age between 14

and 28 days, the highest DOH (223%) was observed which is attributed to the dissolution
of calcium sulphate dissolution, and the promotion of C-S-H precipitation.

0.8M NaOH activated β-C2S exhibited no significant increase in hydration degree at any
stage compared to the reference sample leading to the lowest DOH (31%) after 28 days.
This behaviour is attributed to the early precipitation of portlandite and the high pH of
the solution leading to the slow dissolution of β-C2S.
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abstract

Air granulation of basic 0xygen furnace slag can improve its hydraulic potential to
enhance recycling potential. The hydration behavior of the slag has been investigated via
isothermal calorimetry, QXRD, and TG/DTG analysis. The air granulated slag exhibited
improved early-age hydration and led to the formation of C-S-H, hydrogarnet, and
hydrotalcite phases. The slag reactivity is controlled by the dissolution of SiO2 and Fe2O3

bearing phases as observed by SEM-EDX-based PARC analysis and the hydration degree
reaches up to 41% after 28 days curing. The hydrated slag features an improved
immobilization of V and Cr as confirmed by ICP analysis.

Major part of this chapter is summarized elsewhere: M.J. Ahmed, K. Schollbach, S.R. van der Laan, H.J.H.
Brouwers, Reactivity of air granulated basic oxygen furnance steel slag and its immobilization of heay metals
(manuscript submitted).
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7.1 introduction

Chapter 3 explained the effect of air granulations on the mineralogical composition of
BOF slag and concluded that the fast cooling of the slag did not generate a significant
amorphous content. Instead, It impacted crystallite size and mineralogical composition
[198, 199]. The air granulation appears to suppress free lime formation, leading to a
higher content of β-C2S compared to standard cooled BOF slag, and generated
perovskite in addition to brownmillerite. Additionally, a higher Cr and V leaching (300%,
and 640%, respectively, above the permissible legislative limit) was observed indicating
that air-granulated BOF slag exhibited a higher degree of dissolution of Cr and V bearing
phases than standard cooled one [198]. Usually, the reaction products of the air
granulated BOF slag are calcium silicate hydrate (C-S-H), hydrogarnets, and hydrotalcite
that tend to immobilize heavy metals especially potentially hazardous oxidation state V
(V) and Cr (VI) in the hydration matrix [152]. Before applying this material, it is
important to see if air granulated BOF slag can immobilize the heavy metals in the
hydration matrix. Moreover, the high Cr and V leaching connotates for the high
hydraulic activity in the air granulated BOF slag. Therefore, this chapter intends to
follow up on this observation and investigate the hydraulic reactivity of air granulated
BOF slag with water to determine if air granulation is a viable option to make the slag
more reactive. This includes an investigation of the leaching behavior because previous
investigations on standard cooled BOF slag have shown that the hydration products of
BOF slag tend to immobilize the Cr and V [160]. To the author’s best knowledge, no
systematic study about this topic exists.

This study is the continuation of Chapter 3 about the characterization of the
air-granulation of BOF slag [198] using the same air-granulated slag. The two size
fractions from 4-2- and 2-1-mm air granulated BOF slag were chosen as they yield 90% of
air granulation of the BOF slag. Early age hydration is investigated via isothermal
calorimetry with a fixed water-to-solid (w/s) ratio while the later ages of 7-, 14-, and
28-days hydrated sample via QXRD (quantitative X-ray diffraction) and TG (thermal
gravimetric analysis). Furthermore, the microstructure of the 28-day hydrate sample has
been analyzed through large area phase mapping using SEM-EDS using phase
recognition and characterization (PARC) analysis. Moreover, the leaching of heavy metals
(V and Cr specifically) in a 28-day hydrated slag sample has been quantified via ICP-OES
and correlated with the degree of hydration.

7.2 materials

Air granulated BOF slag is taken from regular production at Tata Steel Europe in Ijmuiden.
The most granules were in the range of 4-2 (47.5 wt. %) and 2-1 mm (39 wt. %) as chosen
for the detailed hydration studies.

7.3 methods

Two BOF slag fractions were ground for 40 minutes at 300 rpm to get fine particles via a
planetary ball mill (Pulverisette 5, Fritsch). The PSD and SSA are presented in Figure 7.1.
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Figure 7.1: The PSD (particle size distribution) of 4-2- and 2-1-mm fraction of air granulated BOF
slag. In the inset, the specific surface area (SSA) obtained via the BET method is given.

The 7-, 14-, and 28-day hydrated air granulated BOF slag samples were prepared to
employ a 0.35 w/s ratio. The hydration of cured (7, 14, and 28 days old) samples was
stopped via the solvent exchange (Isopropanol, Diethyl ether) method. The detailed
characterization methods are explained in Chapter 2.

7.4 results and discussions

7.4.1 Early age hydration

The early age (1-4 days) hydration behavior of 4-2 mm and 2-1 mm fractions of air
granulated BOF slag as well as standard cooled BOF slag has been investigated via
isothermal calorimetry as shown in Figure 7.2. The heat flow is normalized by the mass
of the sample.

The 2-1 mm (0.7 m2/g) fraction showed slightly higher heat of hydration
(2.2 mW/g, 67 J/g) than the 4-2 mm fraction (0.2 m2/g) (2.0 mW/g, 64 J/g) due to high
specific surface area (SSA). The obtained exothermic curve of the 2-1 mm fraction is
directly comparable with the standard cooled BOF slag since both have a very similar
specific surface area (0.7 m2/g). The 2-1 mm fraction exhibited 2.7 times higher heat
release than the standard cooled BOF slag, a clear indicator that air granulation increased
the reactivity of the slag (Figure 7.2 (a)).

The main exothermic event in both air-granulated BOF slag samples can be attributed
to the reactivity of calcium aluminoferrite phase such as brownmillerite that can be
observed clearly in the 4-2 mm sample (Figure 7.2 (a)) [200, 201]. It appeared that the
4-2 mm fraction reacted earlier than the 2-1 mm sample which can be attributed to high
percentage fines (D (10)) as shown in Figure 7.1, despite the overall lower SSA after
grinding. The exothermic peak appears around 8-12 h and is caused by the precipitation
of C-S-H (calcium silicate hydrate). The narrow heat flux peak persists for 10-12 h which
is consistent with the previous literature [202–206].
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Figure 7.2: The exothermic heat curve of 2-1- and 4-2 mm fraction of air granulated BOF slag (a)
heat of hydration and (b) cumulative heat of hydration.

7.4.2 Later age reactivity of air granulated BOF slag

The air granulated BOF slag was hydrated, and mineralogical composition change was
determined after 7, 14, and 28 d for both fractions via QXRD as shown in Figure 7.3 (a, b).
The detailed phase amounts with error in Table C.1, as well as the diffractogram with
labeled peaks alongside Rietveld fit, can be found in Figure C.1, respectively. Upon
hydration, the crystalline phases decrease with time while the XRD amorphous content
increases. The new crystalline phases evolved such as portlandite, hydroandradite
(Ca3Fe2(SiO4)3-x(OH)4x), and sjoegrenite (Mg6Fe2(CO3)(OH)16) in both slags’ fractions.

It is evident that portlandite is the byproduct of the C2S phase’s reaction as shown in
Eq. 7.1.

Ca2SiO4(s) + 2 H2O −−⇀↽−− 2 Ca2+ + H4SiO4 + 4 OH− (7.1)

In both slag fractions, the α′ as well as larnite crystalline content decreases (22.1 to 11.7
wt. %, 22-13.3 wt. % respectively) in 28 days hydrated slag. The decrease in crystalline
content of brownmillerite (25.0-9.7 wt. %), Fe, Mg-wüstite (15.5-8.2 wt. %), perovskite
(10.3-3.0 wt. %) and increase in XRD amorphous (7-41 wt. %) content in the slag indicates
the dissolution of the slag phases over time (Table C.1, Figure C.1). The study indicates
that the brownmillerite reaction will lead to the formation of hydrogarnet, Fe-hydroxides
(amorphous), and portlandite (Figure C.1) [207]. So far, we have not considered the
formation of amorphous Fe-hydroxides except amorphous C-S-H (from slag hydration).
Whether Fe could be a substitute for Al in the structure of the hydration products is still
under investigation, but a decrease in the Al/Fe ratio significantly decreases the
brownmillerite hydration [208]. In the presence of iron oxide and silica-rich system due
to the dissolution of dicalcium silicate phases alongside Fe, Mg-wustite, and perovskite,
the brownmillerite favours the formation of Fe-katoite Ca3Fe2(OH)12) and
hydroandradite (Ca3Fe2(SiO4)3-x(OH)4x) as shown in Eqs. 7.2 and 7.3.

3 Ca2+ + 2 Fe(OH)4

− + 4 OH− −−→ Ca3Fe2(OH)12 (7.2)

3 Ca2+ + 2 FeO2− + xHSiO3

2− + xOH− −−→ Ca3Fe2(SiO4)3-X(OH)4X (7.3)
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The solubility product of hydroandradite decreases with increasing silica content in
the solution leading to stabilization of the hydroandradite at room temperature [209–211].
The amount of crystalline Fe-katoite + hydroandradite reaches 5.9 (2-1 mm) and 5.1 wt.%
(4-2 mm), respectively, after 28 days of hydration indicating the high silica and iron oxide
dissolution over time. Less than 1 wt. % of the double-layer hydroxide sjoegrenite
(Mg6Fe2(CO3)(OH)16) was detected likely due to poor crystallinity of the phase.
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Figure 7.3: QXRD of a) 2-1- and b) 4-2-mm fraction of hydrated air granulated BOF slag cured for
7, 14, and 28 days. Free water value is taken from the initial water-to-solid ratio and
bound water is calculated from the loss on ignition at 1000 °C.

To get more insight into the hydration product and XRD amorphous content, the
TG/DTG thermogram of 7, 14, and 28 d hydrated slag fractions is shown in Figure 7.4 (a,
b). The mass loss events below 60-200 °C can be assigned to the dehydration of C-S-H +
Sjoegrenite. The next mass loss events from 260 to 400 °C can be attributed to the
decomposition of silicious hydrogarnets [210, 212, 213]. It is important to mention here
that the hydrotalcite phases start to decompose much earlier than the silicious
hydrogarnet series (Figure 7.4). The decomposition steps include the removal of
interlayer water, dihydroxylation of brucite-like layers, and decarbonation. The
decarbonation steps depend on the bond length of Fe-OH and Mg-OH bond length in
the case of the hydrotalcite layer double hydroxide solid solution series. The increase in
bond length lowers the decarbonation temperature [214, 215]. The mass loss event
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440-520 °C and 540 to 800 °C comprised of dehydration of portlandite as well as
decarbonation of calcite respectively [95, 180].
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Figure 7.4: Thermal gravimetric analysis of hydrated air granulated BOF slag fractions a) 2-1
mm fraction and 1st derivative of thermal gravimetric analysis of 2-1 mm fractions
b) 4-2 mm fractions and 1st derivative of thermal gravimetric analysis of 4-2 mm
fraction.

The 2-1 mm fraction of air granulated BOF slag exhibited a higher degree of volatiles
than the 4-2 mm fraction after 28 d hydrated samples. The enhanced reactivity of the
2-1 mm fraction can be attributed to the higher SSA (0.7 m2/g) than the 4-2 mm (0.2
m2/g) fraction. The QXRD and TGA are correlated to evaluate the degree of hydration
(DOH) of both slag fractions. Firstly, the QXRD is rescaled considering the dilution effect
and incorporation of bound water using Eq. 7.4.

W j,rescaled,dilution corrected = W j,Rietveld(1−BoundwaterTG) (7.4)

The bound water is calculated from TGA. Then, the DOH is calculated by using the Eq.
7.5 and the results are presented in Figure 7.5.

DOH(t) =
1−Wanhydrous,dilution corrected(t)

Wanhydrous(t=0)
(7.5)

Wj = Weight of XRD phases (wt. %)
Bound-waterTG = (mass loss (104-1000 °C) - calcite)

The 2-1 mm slag fraction exhibited higher (18%) DOH than 4-2 mm (15%) after 7 days
of hydration. A slight increase in DOH (18-21%) is observed from 7 to 14 days for 2-1 mm
indicating the slag’s slow reactivity at this time while the 4-2 mm slag fraction keeps
reacting and reaches 27%. After 28 days of hydration, 2-1 mm fraction exhibited higher
overall DOH (41%) than 4-2 mm (36%) can be attributed to the high SSA of 2-1 mm slag
fraction. The DOH and TG bound water (mass loss) are significantly higher than standard
cooled BOF slag which indicates the high reactivity of the slag [160].

To study the influence of air granulated hydration on the microstructure, the
SEM-EDX-based large area phase mapping was carried out on 28 days of hydrated 2-1
and 4-2 mm air granulated slag fraction using PARC software as shown in Figure 7.6 (a,
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b) (also see Figure C.2 (a, b) for 28 d hydrated 4-2 mm fraction) [26]. It is clear from the
PARC image that the 2-1 mm slag fraction contained large crystals of C2S and (Mg, Fe)O
embedded in a fine-grained matrix. The fine-grained matrix or matrix phase is a mix of
different mineral phases with a size below the EDX resolution of 1 µm [198]. Based on
their composition they were divided into 3 parts: Matrix CS (Ca, Si rich), CF (Ca, Fe rich),
and MF (Mg, Fe rich) (see reference [198] for further details).
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Figure 7.5: Degree of hydration (2-1-and-4-2 mm slag fractions) of hydrated air granulated BOF
slag cured for 7, 14, and 28 days.

Contrary to XRD analysis, the C2S polymorphs (α′, β) cannot be differentiated as they
have the same chemical composition. The C2S phase also exhibited the presence of
several minor ions such as P2O5, Cr2O3, V2O5, Fe2O3, TiO2, etc. which tend to occupy
more Si sites according to structure difference factor (D) calculations [216]. It is important
to mention here that a significant amount of V2O5 and P2O5 are incorporated into the
crystal structure of C2S while the detection of Cr2O3 is erroneous due to a sum peak of
Ca + Si = Cr in the EDS spectrum [7, 217]. However, electron probe micro-analyzer
(EMPA) analysis revealed that the C2S contains Cr2O3 < 0.05 wt. % [7]. The “hydration
product” phase is a heterogeneous mix of the crystalline and amorphous hydration
products detected with XRD and TG that cannot be differentiated with SI due to their
size below the spatial resolution. The phase named “Portlandite” also contains calcium
hydroxide and carbonate, as both are present according to TG and XRD, however, they
are difficult to recognize with EDX. The hydrated sample matrix was divided into
hydration products, C2S phases, portlandite, wüstite, matrix CS (CaSi), CF (CaFe), and
MF(MgFe) according to Ca/Si, Ca/Fe, and Mg/Fe, etc. composition by using a density
plot as shown in Figure 7.6 (b) [7, 198, 218].

The area% of each phase and oxide composition of the hydrated 2-1 mm slag fraction
is presented in Table 7.1. The hydration products take up 49 area% of the total. The ratios
of calcium to silica and calcium to iron oxide in the hydration product are 2, and 3.4,
respectively, indicating the dissolution of dicalcium silicate as well as iron oxide bearing
brownmillerite phases.
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Figure 7.6: Microstructure analysis of 2-1 mm fraction of air granulated BOF slag after 28 days of
hydration at 512 µm (one spectral image (SI) field consists of a data set of 512×384 data
points) a) backscattered image (BSI) b) PARC phase map.

Table 7.1: Phases identified in 28 days hydrated 2-1 mm granulated slag in area % via PARC
analysis.

2-1 mm slag 
Phases Amount 

(Area%) 
MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 

Hydration Products 48.8 5.7 1.8 23.5 1.9 46.8 1.4 0.7 0.5 2.9 13.9 

C2S 25.5 0.7 0.3 30.1 2.9 61.1 1.0 0.4 1.3 0.2 1.9 

Matrix 21.3 6.3 3.1 7.4 0.6 36.2 2.5 0.8 0.3 6.7 35.6 

Wüstite 2.8 67.2 0.0 1.6 0.0 2.2 0.1 0.2 0.4 8.2 20.0 

Portlandite 1.4 0.3 0.2 1.2 0.3 94.5 0.7 0.0 0.1 0.5 1.7 

Bulk PARC Composition  16.1 1.1 12.8 1.1 48.1 1.1 0.4 0.5 3.7 14.6 

 

7.4.3 Environmental behaviour of hydrated air granulated BOF slag

The one batch leaching test was performed on the 28 days of hydrated slag of 2-1 mm
and 4-2 mm air granulated BOF slag fractions as shown in Table 7.2 and compared to
the leaching on the slag granulated BOF slag before the milling and hydration. The data
for unhydrated slag was published previously and used for direct comparison [198]. One
can argue that the direct comparison cannot be due to the dilution effect of the hydration
of slag. As 2-1- and 4-2-mm slag has a low value of loss on ignition (LOI) (8 and 6 wt.
% respectively), the dilution effect will not cause much change in elemental composition.
The vanadium element leaching decreases from 11.03 to 1.3 mg/kg for the 2-1 mm fraction
after 28 days of hydration and from 11.83 to 1.1 mg/kg for the 4-2 mm slag fraction.
These vanadium emission (1.1 to 1.3 mg/kg) values are below the permissible (1.8 mg/kg)
emission values. Cr emission decreases from 1.86 to 0.72 and from 1.75 to 1.01 mg/kg,
respectively, in 2-1- and 4-2-mm slag fraction which is above the permissible emission
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(0.63 mg/kg) values. The remaining heavy metals are below the legal limits of the Dutch
soil quality decree.

Table 7.2: The heavy metals leaching values 2-1 mm and 4-2 mm of air granulated slag fraction.

Slag fractions Permissible limit 
Unhydrated 

2-1 mm 

28 days hydrated 

2-1 mm 

Unhydrated 

4-2 mm 

28 days hydrated 

4-2 mm 

 (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

pH (20 ± 2 ℃) 
 

10.8 11.5 11.0 11.8 

Antimony (Sb) 0.32 0.19 L.D. 0.19 L.D. 

Arsenic (As) 0.9 0.22 L.D. 0.21 L.D. 

Barium (Ba) 22 0.02 0.1 0.11 0.6 

Chromium (Cr) 0.63 1.86 0.72 1.75 1.01 

Vanadium (V) 1.8 11.03 1.3 11.83 1.1 

*L.D.= below detection limit 

 
The pH of the hydrated slag sample lies in the range of 11.5-11.8. The equilibrium

formation of Ca-Si-H phases with C2S dissolution would permit the high Ca2+

concentration in the leachate which limits the solubility of vanadium oxide [219]. From
the PARC analysis of the 2-1- and 4-2-mm slag granules, it was concluded that the C2S
contributes more toward V leaching in the slag [198]. That’s why, the V is immobilized in
the hydration product phase upon C2S reactivity as C-S-H actively takes V2O5 on the
tetrahedral Si-site. All these factors contribute toward the immobilization of V in the BOF
slag.

In the case of Cr leaching, the identifiable Cr complex is CaCrO4 at pH 11.5-11.9 as
shown in Eq. 7.6.

Ca2+ + CrO4

2− −−⇀↽−− CaCrO4 (7.6)

The CaCrO4 is soluble species in aqueous media, and the decrease in the Cr leaching
can be attributed to the heavy metal immobilization potential of the hydration product
particularly hydrogarnet and double layer hydroxide which can host large quantities of
Cr6+ [220]. It is worth mentioning that the BOF slag contains Cr3+ in brownmillerite and
wüstite -type phases [221, 222].

Consequently, the 28 days hydrated 2-1 mm slag sample shows a higher decrease (61%)
in Cr-leaching than (42%) 4-2 mm slag sample due to high DOH (41%) value. In
summary, the Cr and V can be immobilized in the slag matrix by enhancing slag
hydration via increasing the reactivity of C2S and brownmillerite phases. As compared to
standard cooled BOF slag, the overall higher leaching of the air-granulated BOF slag is
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probably due to a higher oxidation state of V and Cr since the air-granulated slag is more
oxidized overall. However, further investigation would be required to confirm it.

7.5 conclusions

The hydration of air granulated BOF slag fractions 2-1-and-4-2 mm as well as the
immobilization behaviour of Cr and V, has been investigated. The air-granulated slag
exhibited a significantly (2.7 times) higher reactivity than the standard cooled BOF slag.
The hydration products consisted of C-S-H, a mix of Fe-katoite and hydroandradite,
double-layer hydroxide (sjoegrenite), and portlandite (a byproduct of C-S-H). The
formation of hydration products is controlled by the dissolution of C2S and
brownmillerite which are very similar to the reaction of standard cooled BOF slag. The
calculated reaction degree shows that the 2-1 mm fraction exhibited higher DOH (41%)
than the 4-2 mm (36%) fraction after 28 days of hydration. The high reactivity of 2-1 mm
slag is attributed to higher SSA (0.7 m2/g) than the 4-2mm (0.2 m2/g) slag fraction.

The 2-1- and -4-2-mm slag fractions after 28 days of hydration immobilize up to 88% and
91% of vanadium respectively as compared to the unhydrated slag. The 28-day hydrated 2-
1 mm slag fraction immobilizes Cr up to 61% due to high DOH (41%) while the hydrated
2-4 mm slag fraction decreases Cr leaching up to 42%. The decrease in the V and Cr
leaching is largely attributed to immobilization in hydration products.

In summary, the current chapter provides detailed insight into the hydration of air
granulated BOF slag. This study shows that the air granulation shows the promise of
high reactivity at an early stage alongside immobilizing Cr and V in the hydration
product which confirms the fitness of the material for sustainable building products. The
efforts like mechano-chemical activation, and partial replacement with other industrial
byproducts can enhance its recycling potential for the valorization of the steel slag which
will be the next step of this study.
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abstract

This study evaluates the air granulated BOF slag potential as a cementitious material by
substituting in OPC at replacement levels of 5, 20, 35, and 50%. The mechanical
performance of the cement-slag composites is correlated with the hydration behaviour
through thermal, mineralogical, and microstructural analysis. The findings show that the
granulation improved the grindability, early-stage reactivity, and compressive strength
till 28 days. The 5% slag can be substituted as a binder and 35% as an inert filler. The
performance decline upon 20-50% replacements is attributed to the absence of
brownmillerite reactivity of the slag in cementitious environment. Overall, the
granulation did not improve the cement-slag composite performance significantly till
90 days. All the samples exhibited the leaching of heavy metals below the permissible
limit of the Dutch soil quality decree.

Major part of this chapter is published elsewhere: M. Jawad Ahmed, W. Franco Santos, H.J.H. Brouwers, Air
granulated basic Oxygen furnace (BOF) slag application as a binder: Effect on strength, volumetric stability,
hydration study, and environmental risk, Constr. Build. Mater. 367 (2023) 130342.
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8.1 introduction

Climate change due to anthropogenic CO2 emissions is a critical challenge of this century.
Among the CO2 emission sources, the cement industry contributes 7-8% of
anthropogenic CO2 emissions and 26% of the industrial carbon emissions globally [223,
224]. The worldwide cementitious material partners with the global cement and concrete
association (GCCA), the International Energy Agency (IEA), and the Cement
Sustainability Initiative (CSI) have set out several road maps aiming to be carbon neutral
by 2050 [225–228]. In Europe, the two main construction sectors release 10% of total
European CO2 emissions. The cement industry produces 5% of CO2 emissions while the
same amount is contributed by the steel used in construction [229]. The UN Environment
(2015) report “Eco-Efficient types of cement” identifies the two main routes that can
promise CO2 reduction in the relatively short term as mitigation for emissions. Route
number one is to increase the clinker substitution by supplementary cementitious
material (SCM). And the second one is the more efficient use of cement in the
downstream products such as mortars, concrete, etc. [60].

The recycling and reuse of BOF slag carry many challenges [13, 14]. Several strategies
have been reported to improve the BOF slag valorization, such as mineral modification,
carbonation, weathering, mechanical and alkali activation as well as high-temperature
curing [16–18, 230]. In particular, efforts are made to valorize BOF slag as fine aggregates
for the development of geopolymer-based materials (high-end application) by mixing it
with other waste streams such as fly ash, mine tailings, and blast furnace slag [19–24].
Moreover, the maximum 5% replacement as an alternative to blast furnace slag in cement
production exhibited a promise for high-end application [6, 25]. As explained in
Chapters 4 and 6, one strategy to enhance the slag reactivity is changing the cooling
process from slow to relatively faster cooling by granulation to prevent crystallization.
The studies have concluded that the fast cooling did not generate significant amorphous
content but decreased the crystallite size and stabilized the reactive polymorphs of the
slag phases that would contribute toward the high reactivity of BOF slag [231].
Nevertheless, some important questions need to be addressed systematically, such as to
what extent air granulation enhances the hydration potential of BOF slag. Does air
granulation exhibit more compatibility with OPC? Moreover, can the utilization of air
granulated BOF slag as a filler improve the performance better than inert filler?

To address all the above questions and evaluate the possible fast cooling impact on
the cementitious properties of the BOF slag, the air granulated BOF slags were applied
as a replacement for OPC in mortar. To the author’s best knowledge, there is no direct
information reported about the air granulated BOF slag application as a replacement for
cement. Furthermore, the hydration study of the cement-slag pastes is investigated for a
better understanding of the possible cement-slag reaction.

This chapter investigates the potential of air granulated BOF slag as an OPC
replacement in the mortar and compares it to quartz powder. It was added with the same
degree of replacement to compare the performance of the material with an inert material.
The workability, mechanical performance, dimension stability, and environmental risk of
5, 20, 35, and 50% replacement clusters of OPC with slag as well as quartz powder were
analysed over time. In addition to that, the thermal, mineralogical, and microstructure
analysis of cement-slag paste samples of the mortars were evaluated to understand the
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hydration behaviour for the novel binder application. Finally, the correlation between the
chemically bound water of cement-slag pastes and the strength development of mortars
as well as the potential leaching of heavy metals were investigated.

8.2 materials

Air granulated BOF slag taken from regular production at Tata Steel Europe in Ijmuiden
(see Chapter 2 for details). Moreover, quartz powder (QP) was used as an inert material,
and for the type of ordinary Portland cement (OPC) selected as a reference binder (REF),
CEM-I 42.5N (ENCI Heidelberg cement) was chosen. The sample labelling is shown in
Table 8.1.

Table 8.1: The density of the used materials.

Material Abbreviations Density (g/cm3) 

CEM I 42.5 N REF 3.1 

Quartz powder QP 2.6 

Air-granulated BOF slag GSS 3.6 

 

8.3 methods and characterization

8.3.1 Particle size distribution

The slag distribution was designed and milled to have a similar size as a controlled
parameter. The PSD and SSA have been presented in Figure 8.1.

Figure 8.1: The PSD (particle size distribution) of CEM I 42.5 N (SSA=0.80 m2/g), quartz powder
(SSA=1.5 m2/g), and air granulated BOF slag (SSA=0.84 m2/g) (a) average size fraction
(%) (b) cumulative fine (%). The mentioned SSA is obtained via the BET method.
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8.3.2 Oxide composition

The oxide composition of the raw material has been presented in Table 8.2. The GSS
samples contain a high amount of Fe2O2 (27 wt. %) and MgO (8 wt. %) than CEM I 42.5 N
sample Fe2O2(4 wt. %). The GSS exhibited a mass gain (negative value of a loss on ignition)
due to the conversion of ferrous oxide into ferric oxide.

Table 8.2: Oxide composition of GSS, CEM I, and QP in wt. %.

 

 

*LOI= loss on ignition 

 

Raw Material MgO Al2O3 SiO2 P2O5 SO3 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 Others *LOI 

GSS 7.3 1.3 12.5 1.2  44.6 1.3 0.7 0.3 3.9 26.8  -0.02 

CEM I 42.5N  4.2 17.7  3.1 64.6     3.3 3.2 3.9 

QP  1.5 97.5        0.9  0.01 

8.3.3 Mineralogy of raw materials

The peak assignment of the raw material is shown in Figure 8.2 and a detailed
quantitative analysis is presented in Table 8.3. The mineral phases of all the raw materials
have been presented in Table 8.3. The GSS exhibited almost the same mineralogical
phases as standard cooled BOF slag [191]. The air-granulation of the BOF slag leads to
the formation of a high amount of α′-C2S (22.0 wt. %). Moreover, the iron-rich perovskite
phase was observed only in GSS, which formed due to the breakdown of brownmillerite
due to quick cooling. Air granulation of the slag also suppresses the formation of free
lime [198]. The CEM I sample contains a high amount of hatrurite (tricalcium silicate 60

wt. %) which is responsible for the early age hydration activity of the cement [128]. The
BOF slag sample contains a high amount of larnite + α′-C2S (dicalcium silicate 45 wt. %)
which contributes to the later age strength of the cement [43, 138]. In this regard, the
replacement of the cement with BOF slag could contribute toward the synergy of the
hydration reaction.

Table 8.3: QXRD of the GSS, CEM I 42.5 N in (wt. %).

 

Mineral Phases Hatrurite Larnite α´-C2S Brownmillerite Fe (Mg)-Wüstite +Magnetite Perovskite XRD amorphous Others 

CEM I 42.5 N 59.6 5.71 2.11 11.6 
  

14.1 6.7 

GSS 
 

16.9 22.0 25.7 17.6 6.4 10.1 1.3 

8.3.4 Mortars study

8.3.4.1 Mix design

For the mortars mix design, a reference (REF) of 100% of OPC (CEM I 42.5 N) was adopted,
and replacements of 5, 20, 35, and 50% were done with GSS and QP to evaluate the effect
of replacing cement by GSS and to compare its performance with an inert material QP as
shown in Table 8.4. The replacement percentages were chosen to start from 5%, to include



8.3 methods and characterization 99

in this study the possibility of using BOF slag as a minor additional constituent (MAC) as
well.

Figure 8.2: X-ray diffraction (XRD) analysis of CEM I 42.5 N and GSS samples with labelled peaks.

Table 8.4: Mix design proportions of the mortars (vol. %).

MIX ID CEM I 42.5 N GSS QP Standard Sand Water/binder 
OPC Replacement 

by volume 

Superplasticizer 

(% of total 

binder) 

REF 0.22 - - 0.78 1.2 0% 0.25 

GSS05 0.21 0.01 - 0.78 1.2 5% 0.07 

GSS20 0.17 0.04 - 0.78 1.2 20% 0.07 

GSS35 0.14 0.08 - 0.78 1.2 36% 0.07 

GSS50 0.11 0.11 - 0.78 1.2 51% 0.07 

QP05 0.21 - 0.01 0.78 1.2 5% 0.10 

QP20 0.17 - 0.04 0.78 1.2 20% 0.10 

QP35 0.14 - 0.08 0.78 1.2 36% 0.10 

QP50 0.11 - 0.11 0.78 1.2 51% 0.13 

 

The mixes were designed from a starting reference (REF) with a standard
sand/binder = 3 ratio using a water-to-binder (w/b) ratio of 0.4 by mass. Those ratios
were kept constant for the design of all the other mixes in volume. Samples were
prepared according to EN 196-1, composed of mass (25% of binder and 75% of standard
sand). The value of w/b = 0.4 was chosen due to the low demand for BOF slag. The fresh
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samples were cast in plastic moulds of 160 x 40 x 40 mm covered with a plastic film for
the first 24h, then demoulded and cured at a temperature of 20 °C until their testing age.

8.3.5 Leaching analysis

One batch leaching test was performed on raw material and 28 days mortar sample
according to EN-12457 using deionized water with a liquid-to-solid ratio of 10.

Table 8.5: One batch leaching (NEN: 1245-7) analysis of raw materials.

Sample  CEM I 42.5 N Air-granulated BOF Slag Quartz Powder 

 pH 13.1 12.4 9.8 

Element* Legal limit mg/kg mg/kg mg/kg 

Sb 0.32 0.04 0.04 0.03 

As 0.19 0.02 0.05 0.03 

Ba 22 5.5 0.4 0.09 

Cr 0.63 0.5 0.4 0.06 

Mo 1 0.05 0.08 0.02 

V 1.8 0.003 0.4 0.0 

Zn 4.5 0.007 0.04 0.002 

Fe  0.1 0.001 2.2 

*Cu, Co, Hg, Ni, Se, Cd, Pb, and Sn were below the detection limit 

 

The mortar sample is crushed into a powder for good insight into the leaching behaviour
of slag. The leaching of raw material has been presented in Table 8.5. All the raw materials
exhibited the leaching of heavy metals below the legal limits of the Dutch soil quality
decree.

8.4 results and discussion

8.4.1 Physio-mechanical behaviour of cement-slag mortars

8.4.1.1 Workability

The spread flow values of the fresh mortars for each mix design are plotted in Figure 8.3.
The flowability of the REF was adjusted with 1.4 g of superplasticizer to achieve 120 mm
average diameter. The substitution of OPC by the BOF slags did not increase the fresh
mortar diameter. In comparison to the spread-flow value of 120 mm presented by the
REF mix, the values of GSS05, GSS20, GSS35, and GSS50 samples decreased to 107, 105,
100, and 100 mm respectively. The decreasing trend in fresh mixes in the specific present
case can be attributed to a practical optimization point to avoid later bleeding and
segregation. When compared to the literature [201, 232, 233], the fresh mortars with
replacements of slag presented a relative decrease in the spread flow value. The
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QP05 (100 cm), QP20 (100 cm), QP35 (100 cm), and QP50 (110 cm) also exhibited a
relative decrease in fluidity due to a higher specific surface area (1.5 m2/g) than
REF (0.8 m2/g). Usually, the higher fineness and specific surface area of QP than OPC
increases the water demand of the mixture which leads to a decrease in flowability [234].

Figure 8.3: Determination of consistency of fresh mortar by flow table (diameter) for REF and the
replacements of 5, 20, 35, and, 50% of GSS and QP.

8.4.1.2 Mechanical performance

Compressive strength development of the mortar specimens tested at ages 7,14, 28, and
91 days is presented in Figure 8.4. The 5% OPC replacement with BOF slag in GSS05

samples increased the 7-day compressive strength to 63 MPa. That is notably higher than
the REF mix 56 MPa mechanical performance [6, 235]. At 28 days, the compressive strength
of GSS05 reached 70 MPa showing a significant increase compared to the REF mix of
62 MPa. Upon further curing to 91 days, the GSS05 reached a plateau, and no further
strength gain was observed. In comparison to the mechanical performance of the inert
material (quartz powder), the 5% replacement cement-slag samples at all ages present a
compressive strength considerably higher than QP05. With higher than 5% replacement,
the compressive strength of all mixes starts decreasing with an inversely proportional
relationship to the substitution in comparison with the reference mix. Moreover, the 35%
exhibited a mechanical performance analogous to inert material even having 44-58% lower
specific surface area than quartz powder (Figure 8.4) [16, 203, 236, 237].

8.4.1.3 Drying shrinkage and drying mass loss

To understand the mechanical properties, the length stabilization of all the mortar
specimens was measured till 72 days when reached constant values as shown in Figure
8.5. Regardless of the mixture and replacement percentages, the length changes vary
between 0 to 1 mm/m, and the observed values were close to the REF. The highest
drying shrinkage value of 0.9 mm/m was observed for GSS50 at 23 days of curing and
posing no harm to the volume stability of mortars [238]. In general, most mortar
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specimens reached 95% drying shrinkage by 28 days. Moreover, the GSS05 and GSS20

exhibited high-length stabilization after 37 days similar to the REF mortar specimen.

Figure 8.4: Compressive strength of mortar specimen of REF, 5, 20, 35, and, 50% of GSS as well as
QP mixes.

a) b)

c) d)

Figure 8.5: Drying shrinkage of mortar specimens of 5, 20, 35, and, 50% replacement by (a) GSS,
(c) QP in comparison to the REF sample. Mass change of mortar specimens of 5, 20, 35,
and, 50% replacement by (b) GSS, (d) QP, in comparison to the REF sample.



8.4 results and discussion 103

8.4.2 Reactivity of cement-slag pastes and its correlation with mechanical performance

8.4.2.1 Early age hydration studies

The early age hydration behaviour of cement-slag paste has been investigated via
isothermal calorimetry as shown in Figure 8.6. The exothermic heat of hydration is
normalized with the mass of the sample. The SSA among the samples REF (0.80 m2/g)
and GSS (0.84 m2/g) are almost the same (Figure 8.6) [239]. So, the early-stage (0-72 h)
reaction between air-granulated BOF slag and CEM I is directly comparable. A typical
hydration process of OPC is comprised of five stages; rapid heat release period, dormant
period, acceleration period, deceleration period, and steady period respectively which
can be observed in the REF sample as shown in Figure 8.6 (a, b) [204].

Figure 8.6: The exothermic heat curve of cement-slag with reference to cement (a) heat flow of
cement-GSS clusters (b) cumulative heat flow of cement-GSS clusters.

The first exothermic peak in 1-2 h can be attributed to the partial dissolution of the
cement. Therefore, the cement hydration enters the dormant period after the first
exothermic peak of dissolution[206]. The second exothermic peak around 3-7 h can be
attributed to the reactivity of the calcium aluminate (AFm) phases [200, 201]. The
hydration products such as C-S-H and Ca(OH)2 precipitate only when the concentration
of Ca2+ in the solution reaches a saturation state [205]. The apex point of the exothermic
peak appears around 18 h and is caused by the precipitation of C-S-H (calcium silicate
hydrate) and CH (portlandite). Then, the deacceleration heat flux persists for 20-40 h
which is consistent with the previous literature [203, 238]. The 5% replacement of cement
with the air-granulated slag expedites the precipitation of C-S-H phases that occurred
earlier 13 h indicating the clear synergy between the slag and cement in the GSS05

sample. In addition to that, the cumulative heat release of the GSS05 sample reaches
246 J/g as compared to the CEM I sample at 207 J/g (Figure 8.6 (b)). A further increase
in cement replacement with the air-granulated slag in GSS20, GSS35, and GSS50 samples
decreases the rate of hydration incrementally than in the REF sample which indicates
that the hydration is primarily dominated by the hatrurite (Ca3SiO5-alite) reactivity.
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For a better understanding of the enrichment of cement phases with the slag and
mineral phase’s reaction at an early age, a ternary composition diagram has been
presented in Figure 8.7. To make the composition diagram, the value of the mineral
composition is taken from the QXRD of the raw material and normalized to 100% (Table
8.3). It indicated that the addition of 5% slag in cement does not alter the composition of
cement significantly. Substitution of the cement with slag enriches the cement-slag
composite with brownmillerite, dicalcium silicate, and RO (Mg-wüstite phases) while
decreasing the amount of hatrurite. It is concluded that the early-stage (48-72 h)
hydration of the cement-slag composite is dominated by the reaction of tricalcium silicate
(Figure 8.6). The composition diagram pointed out that the replacement of cement with
slag leads to a new composition. The new phase composition would enhance the chances
of a decrease in reactivity due to the enrichment of slow-reacting phases such as
dicalcium silicate, Fe, Mg-wu̇stite, and a decreasing amount of hatrurite. The possible
hydration synergy between cement and BOF slag at an early age can only be achieved if
the brownmillerite from the slag significantly contributes to the hydration reaction
alongside the hatrurite phase. Unfortunately, that is not the case with the BOF slag
substitution in cement as shown in Figure 8.6. A few studies explained the slag
retardation effect on the early age hydration of cement which has been attributed to low
alkali content, slow depletion of gypsum, and reduction in the formation of ettringite
[203, 240]. However, the ternary composition diagram provides a new perspective to
understand the possible slag activation efforts as a cementitious binder. Moreover, the
hydration of brownmillerite is highly dependent on the Al/Fe ratio in the solid solution
and the amount of added sulfate alongside the presence of possible minor ions [213, 241].
Without this knowledge, the cement-slag composite reactivity at the solution level cannot
be well explained.

Figure 8.7: The mineralogical composition of the cement-slag composite changing with the increase
of cement replacement by BOF slag.
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8.4.2.2 Characterization of hydration products

Differential thermogravimetric analysis (DTG) was used to determine the dominant
hydration phases. The curves for the cement-slag pastes after 7, 28, and 90 days are
shown in Figure 8.8 (a, b, c) (thermal mass loss events can be found in Figure D.1 in
appendix D). The mass loss events have revealed that GSS05 and REF samples exhibited
higher mass loss at 40-200 °C (dehydration of calcium silicate hydrate and ettringite,
AFm), 340-400 °C (dehydration of double layer hydrotalcite), 430-510 °C
(dehydroxylation of calcium hydroxide), and 550-800 °C (decarbonation of calcium
carbonate) than GSS (20-50%) cement-slag paste [242].

a) b)

c)

Figure 8.8: DTG analysis of cement-slag pastes sample with 5, 20, 35, and 50 % replacement of
cement with BOF slag in comparison of REF, cured for (a) GSS-7 days (b) GSS-28 days
(c) GSS-90 days. The mass loss event is assigned as Ettringite + Calcium silicate hydrate,
AFm (C4A-C hydrate), Ht (hydrotalcite), Portlandite (calcium hydroxide), and calcite
(calcium carbonate).

The mass loss events indicated that the cement-slag paste hydration reaction is
dominated by the hydration of tricalcium silicate and dicalcium silicate. The assigned
mass loss events in the thermal analysis of cement-slag paste are further confirmed by
analyzing the X-ray diffraction pattern of 90 days of cured cement-slag paste as shown in
Figure 8.9. The crystalline hydration phases such as ettringite, tetra calcium aluminate
monocarbonate hydrate (C4A-monocarbonate hydrate), as well as hydration products of
C3S and C2S such as calcium silicate hydrate, portlandite, and calcite (formed upon
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carbonation of portlandite), was observed. Moreover, a double-layer hydrotalcite,
especially pyroaurite, and Zn-rich hydrotalcite was observed in the 90 days of hydrated
air-granulated cement-slag paste composite. The type of hydration products is further
complemented by microstructure analysis of 28 days cured past sample as shown in
Figure 8.10. The SEM-BS (backscattered images) of 28 days cured 100% cement sample
exhibited the well-intercalated hydration phases of C-S-H, ettringite, portlandite, and
calcite (Figure 8.10 (a, b)) [230, 243]. The addition of 5% BOF slag substitution in cement
exhibited dense hydration that was significantly distributed all over cement-slag
composite grains. Upon 50% slag replacement, a clear decrease in homogenous hydration
product distribution with unreacted slag particles is observed in the cement-slag
composite (Figure 8.10 (c, d)).

Figure 8.9: XRD analysis of 91 days cured paste sample a) REF, GSS (05, 20, 35, 50). The peak of
hydration products is labelled as Et = ettringite, MC = C4A-monocarbonate hydrate, Ht
= hydrotalcite, Zn-/Ht = Zn-hydrotalcite, P = Portlandite, C = calcite.)

The bound water due to cement-slag hydration decreases incrementally upon the
incremental replacement of cement with the slag as compressive strength drops in the
mortar sample (Figure 8.4). Moreover, the cement-slag composite lacks brownmillerite
reactivity even till 90 days of curing (Figure 8.8 and Figure 8.9). The observation is
further confirmed due to the lack of mass loss event at 260-390 °C usually attributed to
Fe-siliceous hydrogarnet formation upon the reactivity of brownmillerite. A typical
hydrated BOF steel slag usually contains Fe-siliceous hydrogarnet (hydroandradite) and
Fe-katoite alongside calcium silicate hydrate due to brownmillerite hydration [7].
Because the formation of Al-siliceous hydrogarnet (hydrogrossular) is hindered
kinetically at room temperature [244]. The formation of hydrogarnets is usually restricted
under a cementitious system. In addition to that, a significant amount of up to 50%
aluminium in hydrated slag blended-cement is incorporated in C-A-S-H while uptake of
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Fe (III) is negligible as compared to aluminium [213, 244, 245]. All these factors can
contribute to inhibiting the brownmillerite reaction.

By juxtaposing the early-stage hydration as well as the cement-slag composition
diagram (Figures 8.6 & 8.7), the microstructure as well as diffraction pattern of hydration
products and DTG analysis of cement-slag paste cured for 7, 28, and 90 days (Figures 8.8
& 8.10), it is concluded that the enrichment of cement with slag phases inhibits the
reactivity of the BOF slag brownmillerite and restricts the formation of Fe-siliceous
hydrogarnet till 90 days. Moreover, the GSS contains dicalcium silicate alongside
brownmillerite that usually reacts slowly till 28 days leading to a delay in cement-slag
reactivity at a higher replacement than 5% [43].

Portlandite

calcite

C-S-H + ettringite/AFm

Hydration 
products

50 μm 30 μm

calcite

a) b)

C-S-H + Ettringite/AFm

30 μm

Needle like 
hydration products

Cuboidal 
hydration 
products

30 μm

Hydration 
products

c) d)

Figure 8.10: SEM analysis of 28 days cured cement-slag paste (a) REF (50 µm) sample (b) REF (30

µm) sample (c) GSS05 (30 µm) (e) GSS50 (30 µm).

8.4.3 Correlation of bound water with mechanical performance

Considering the importance of cement-slag reactivity on strength development in mortar,
chemical-bound water is calculated from cement-slag paste samples and plotted against
the mortar’s compressive strength as shown in Figure 8.11. Even having the two
independent studies (mortar and paste), the compressive strength of all the mortar
replacement clusters is directly proportional to the chemical-bound water of the
cement-slag paste which indicates the importance of cement-slag reactivity for mixed
design applications. The value of bound water in GSS05 increases from 20 to 21%
between 28 and 90 days respectively which explains the insignificant change of mortar
strength from 28 to 91 days. While the reference sample bound water increases from 19
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to 23% between 28 and 90 days which explains a higher increase in mortar strength from
28 to 90 days. Overall, no significant differences in mechanical performance, as well as
hydration activity of the air-granulated as compared to standard cooled BOF slag are
observed except the former reacts faster than the latter [191]. In addition to that, the
air-granulation BOF slag can save grinding costs and improve the grindability of BOF
steel slag.

Figure 8.11: The correlation between the chemically bound water of cement-slag pastes and the
strength development of mortar samples cured for 7, 28, and 90 days.

8.4.4 Environmental impact

The one batch leaching test was performed on the 28 days cured mortar sample as shown
in Table 8.6 (see Table D.1 in appendix D for QP (5-50%) mortar specimen leaching). All
raw material exhibits heavy metal leaching below the permissible limits (Table 8.5). The
replacement of cement with BOF slag decreases the V leaching significantly as compared
to raw material (0.4 mg/kg for GSS). While the Cr leaching increases in the GSS sample.
The Ca3(VO4)2 and CaCrO4 are the dominant chemical species at pH >12. Usually,
calcium vanadate is insoluble, and calcium chromate is soluble > 20 g/L at room
temperature which indicates that Cr is immobilized by the hydration products [138, 159].
Moreover, the barium leaching increases in mortar samples as compared to raw material
(5.5 mg/kg CEM I) that is released from the cement. Usually, BOF slag exhibits the
problem of heavy metal leaching particularly V and Cr [124, 127]. Moreover, ordinary
Portland cement also contains leachable chromium oxide [115]. The leaching of aliovalent
heavy metals (V and Cr) is highly dependent on the oxidation state. In BOF slag, V
exhibits V (III, IV, V) oxidation state while Cr is present as (II, III) as well as in cement.
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However, it is established that the leached Cr and V contain the potentially hazardous
oxidation state (VI) and (V) respectively [37, 135]. Overall, the leaching values exhibited
that the BOF slag is a suitable candidate to mix with OPC.

Table 8.6: One batch leaching (NEN: 1245-7) analysis of 28 days cured mortar sample.

Sample  REF GSS50 GSS35 GSS20 GSS05 

pH  12.9 12.3 12.6 12.7 12.9 

Element* Legal limit mg/kg mg/kg mg/kg mg/kg mg/kg 

Si  0.17 0.01 0.01 0.02 0.02 

Al  0.14 0.03 0.03 0.01 0.01 

Ba 22 10.3 10.2 11.4 9.2 11.8 

Cr 0.63 0.2 0.5 0.3 0.2 0.19 

Mo 1 0.05 0.07 0.06 0.02 0.01 

V 1.8 0.002 0.001 0 0.001 0.001 

Zn 4.5 0.004 0.03 0.02 0.03 0.02 

*Fe, Sb, As, Cu, Co, Hg, Ni, Se, Cd, Pb and Sn were below the detection limit 

 

8.5 conclusions and implications

The study aimed to demonstrate that air granulation of BOF steel slag can be considered
a viable solution for slag valorisation as a binder as well as filler replacement in mortar
application. For this purpose, cement is replaced by 5-50% air granulated and compared
to inert material (quartz powder). Moreover, a detailed study of the cement-slag pastes
is investigated to understand the correlation between the cement-slag reactivity and the
mechanical performance of the novel binder. The main conclusions are as follows:

Air granulated BOF slag having a 5% replacement in OPC exhibited higher compressive
strength than the reference as well as 5% quartz powder. The substitutions of 20% and
35% of BOF slag resulted in the same strength as the quartz powder. Overall, 5% slag can
be substituted in OPC as a binder and 35% as an inert filler. All 28 days cured cement-
slag mortar samples exhibited the Cr and vanadium leaching below permissible limit
according to the Dutch soil quality decree.

The addition of the slag does not affect the mortars’ stability, since the length variations
were below 1mm/m. All samples replacing 5 and 20% do not show considerably higher
drying mass loss in comparison with the REF. In replacements of 35 and 50%, not only
slags but quartz powder also, show a higher percentage of the mortars drying mass loss
2-3.5%, an effect of the capillary water evaporation. The high drying mass loss in 35 and
50% clusters indicated that the water to solid can be lowered to get better mechanical
performance.

Cement-slag composite study revealed that the degree of hydration is crucial to
understanding the mechanical performance of novel binders. The enrichment of the
cement with the 5% air-granulated BOF slag increases the early-stage hydration reaction
by lowering the precipitation peak maxima from 18 to 13 h in the early stage (0-72 h).
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The incremental addition of more than 5% slag cement delays the hydration reaction of
hatrurite at an early stage. At later stages (1-90 days), the decrease in reactivity can be
attributed to the slow reaction of C2S, and the absence of brownmillerite reactivity in a
cementitious environment inhibiting the formation of Fe-containing siliceous
hydrogarnet. A correlation between the strength development of cement-slag mortar and
chemical-bound water calculated from cement-slag pastes indicated that the compressive
strength development is directly proportional to the degree of cement-slag reactivity at
different ages.

The air granulated BOF slag exhibited better hydration activity and mechanical
performance for up to 28 days. Overall, the air granulation of BOF slag did not affect the
cement-slag composite performance significantly till 90 days. Moreover, the
air-granulated slag exhibited a good grindability that can reduce the cost of
energy-intensive grinding steps of jaw crushing which can enhance the economic
viability of BOF recycling.

In summary, the current study provides a comprehensive understanding of air
granulated BOF slag potential as a binder and filler in building material applications.
This study shows that air granulation shows the promise of grindability, workability,
volume stability, better early-age mechanical performance, and environmentally safe
building products. This knowledge can be used to valorize BOF slag by
mechano-chemical, alkaline activation, and partial replacement with industrial
by-products. The objective of this study was to explore air granulation as a crucial step
for the valorization of BOF slag.



9U T I L I Z AT I O N O F A I R G R A N U L AT E D B A S I C O X Y G E N
F U R N A C E S L A G A S A B I N D E R I N B E L I T E C A L C I U M
S U L F O A L U M I N AT E C E M E N T: A S U S TA I N A B L E
A LT E R N AT I V E

abstract

Basic oxygen furnace (BOF) slag impacts negatively the OPC performance when
replacement levels exceed 5%. This necessitates the exploration of alternative
applications for BOF slag. At the same time, a high-volume slag utilization is desired to
benefit slag recycling as supplementary cementitious materials. Therefore, this study
aims to optimize the air granulated BOF slag substitution potential in belite calcium
sulfoaluminate cement (BCSA) by investigating the hydration products in standard
mortar. Especially, the reactivity of BCSA-slag binder is correlated with workability, and
mechanical performance alongside volumetric stability by thermal, mineralogical, and
microstructure analysis. As a result, the 10-30 vol. % cement replacement delays the final
setting time by inhibiting the ettringite formation leading to a decrease in mechanical
performance till 28 days. At later ages (28-180), the 30-50 vol. % substitution exhibited the
synergy of mechanical performance, which is attributed to the reactivity of slag with
BCSA by forming hydrogarnet, C-S-H, and strätlingite like hydration products. Moreover,
all BCSA-slag mortars exhibited heavy metals’ leaching and drying shrinkage below the
permissible limit indicating the fitness of the material for building products. The
BCSA-slag binder promises a high replacement volume for efficient air granulated BOF
slag recycling.

Major part of this chapter is summarized elsewhere: M.J. Ahmed, S. Durand, M. Antoun, F. Gauvin, S.
Amziane, H.J.H. Brouwers, Utilization of air granulated basic oxygen furnace slag as a binder in belite calcium
sulfoaluminate cement: a sustainable alternative (manuscript submitted).
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9.1 introduction

Belite calcium sulfoaluminate cements (BCSA) has 30% lower associated CO2 emission
than conventional Portland cement. BCSA requires a lower kiln firing temperature of 1250

°C leading to a less amount of NOx emissions and better grindability as compared to
Portland cement clinker. However, the limited availability of raw materials as well as low
demand for these types of cement makes the product expensive and can only be utilized
for special applications. Several parameters need to be considered for appropriate mix
design, for instance, 1) early hydration kinetics and volume stability due to the amount
of calcium sulfate 2) the early setting need to be controlled with admixtures 3) the effect
of altering these parameters on the later age concrete performance and durability [44,
240, 246, 247]. Therefore, a significant amount of industrial side streams such as blast
furnace slag, silica fumes, waste glass, and fly ash, etc. have been added alongside calcium
sulfoaluminate cement in concrete to study the more efficient use of the building materials
[248, 249].

Basic oxygen furnace (BOF) slag is the tremendously available byproduct of steel
making process [250]. In Europe, approximately 10 Mio.t/year of BOF slag is produced,
and approximately 23% directly stacked piles leading to occupy the land resources [251].
As explained in the Chapter 8, our study showed [191] that the air granulation of BOF
slag did not improve the reactivity significantly except for the grindability. Moreover,
only a low percentage of up to 5% by volume can be replaced as a binder in OPC [191,
252] which demands alternative building products. An efficient building product is
desired in which slag can be recycled in a high volume as SCM.

In this regard, a few studies have reported that the steel slag addition in calcium
sulfoaluminate cement (CSA) as SCM brings many benefits of improved workability and
performance [253–255]. However, strength loss of CSA-based cement is reported at later
ages which are attributed to the ettringite decomposition [256]. The BOF slag contains
dicalcium silicate and brownmillerite as main reactive phases which would enrich the
hydration matrix with calcium silicate hydrate, ettringite, hydrotalcite, etc. [160]. These
newly formed hydration products could provide later-age stability besides enhancing the
immobilization potential of heavy metals [257]. The role of BOF slag as a binder is well
understood in OPC but the effect of BOF slag on the BCSA cement hydration,
workability, mechanical performance, shrinkage as well as environmental risks requires a
systematic understanding [203]. To the author’s best knowledge, there is no information
available about a BCSA- (air granulated) BOF slag based novel binder. Therefore, this
study aims to understand the effect of air granulated BOF slag substitution in BCSA
cement. For this purpose, the replacement of 10, 20, 30, 40, and 50% BCSA cement by the
slag in mortars is chosen to optimize the substitutional potential. The effect on
workability, mechanical performance, and drying shrinkage over time is studied through
thermal, mineralogical, and microstructural analysis. Moreover, the potential leaching of
heavy metals especially V and Cr is evaluated by ICP-OES to assess the environmental
risk.
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9.2 materials

Air granulated BOF slag taken from regular production at Tata Steel Europe in Ijmuiden.
The air granulation process of BOF slag has been studied elsewhere in detail [198]. The 4-1
mm fraction that accounts for 90% of total air granulation yield is milled and used for the
study. Belite calcium sulfoaluminate cement (BCSA) cement is supplied by Vicat cement.

9.3 methods and characterization

A representative slag sample was chosen by using a static sample splitter. The PSD and
SSA are presented in Figure 9.1. The BCSA cement contains a higher amount of Al2O3

(15.3 wt. %) as compared to the slag which is considered to be an important elemental
oxide for the mineral modifier to improve the reactivity of the BOF slag as shown in Table
9.1 [258].

Figure 9.1: The PSD (particle size distribution) of the raw material. In the inset, specific surface
area (SSA) is obtained via the BET method.

Table 9.1: Oxide composition of air granulated BOF slag and BCSA Cement (wt. %).

Material MgO Al2O3 SiO2 SO3 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 *LOI 

BCSA Cement 0.7 15.3 8.0 13.5 - 50.6 1.1 - 0.1 0.1 10.6 4.04 

Air-granulated BOF slag 7.3 1.3 12.5 - 1.2 44.6 1.3 0.7 0.3 3.9 26.8 -0.02 

*LOI= loss on ignition 

 The BCSA contains mineral phases ye’elimite, larnite/belite, α′-dicalcium silicate (C2S),
anhydrite, tricalcium aluminate, brownmillerite, calcite etc. with traces of Mg and
Fe-wu̇stite phases as shown in Figure 9.2. The air granulated BOF slag exhibited a high
amount of α′-C2S (high-temperature modification) alongside larnite, brownmillerite,
perovskite, and Mg, Fe- wüstite with traces of calcite. The BCSA cement contains a
significant amount of ye’elimite alongside anhydrite and tricalcium aluminate which is
responsible for early-age reactivity leading to high early strength while the air
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granulated BOF slag contains a high amount of the C2S (α′-modification, larnite) and
brownmillerite that would contribute to the later age strength of the BSCA-slag clusters
[198, 240].

Figure 9.2: X-ray diffraction pattern of BCSA and air granulated BOF slag with labelled peaks.

9.3.1 Mix design of BCSA-slag mortar

The mortar mix design was adopted according to EN 196-1 standard with an effective
water-to-binder ratio (w/b) of 0.5. The mortar sample is composed of 25% binder and 75%
standard sand by volume as shown in Table 9.2. The 100% BCSA sample was chosen as a
reference and replacements by volume of 10, 20, 30, 40, and 50% BOF slag was made to
optimize the effective substitution in BCSA. The fresh sample was cast in plastic molds of
160 × 40 × 40 mm covered with a thin plastic film for 24 h, then demolded and cured at
room temperature until their testing age.

Table 9.2: Mix design proportions of the BCSA-slag mortars (vol. %).

MIX ID 
BCSA 

Cement 

Air granulated 

BOF slag 
Standard Sand water/binder 

BCSA Replacement 

(%) 

Superplasticizer 

(% of total binder) 

REF 0.25 0 0.75 0.5 0 0.24 

10% BOF 0.22 0.03 0.75 0.5 10 0.19 

20% BOF 0.2 0.06 0.74 0.5 20 0.17 

30% BOF 0.17 0.09 0.74 0.5 30 0.14 

40% BOF 0.15 0.12 0.73 0.5 40 0.10 

50% BOF 0.12 0.15 0.73 0.5 50 0.00 
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9.4 results and discussion

9.4.1 Workability and its correlation with early age hydration

The spread flow of fresh mortar with different BCSA-slag compositions was adjusted in a
way to attain approximate consistent flowability as presented in Figure 9.3. For this
purpose, the mixture with 50% slag was chosen as the starting point since it presents the
highest flowability due to the low water demand of the BOF slag [239, 259]. The
remaining BCSA-slag (0-40%) composition was adjusted by the addition of a
superplasticizer to achieve a consistent 20 ± 0.5 cm slump flow (Figure 9.3 (a)). The
substitution of slag in BCSA improves not only the flowability but also delays the final
setting time from 45 to 85 minutes for the 0-30% BOF slag replacement as shown in
Figure 9.3 (b). The 30% slag addition in BCSA exhibited the highest delay in the setting
time, and the further substitution (40 and 50%) did not further delay the setting time of
the mixture. The improvement in the setting time of BCSA by substitution of the slag
could help in diversifying its application [247, 260].

Figure 9.3: Workability of BCSA-slag mortar (a) consistency of flowability of fresh mortar
determined by flow table (diameter) and amount of superplasticizer (b) final setting
of fresh mortar determined by Vicat needle test.

BCSA-slag composite, a detailed thermal analysis was performed on the BCSA-slag
paste with the same composition as used for mortar alongside the same water-to-binder
(0.5) ratio. The 7-day heat of hydration is determined by isothermal calorimetry as shown
in Figure 9.4 (a, b). The first main exothermic heat of hydration maxima appears around
3 h in BCSA as well as 0-50% substitution of the slag sample. Peak 1 is attributed to
the precipitation of tricalcium sulfoaluminate hydrate (C6AS̄3H32, ettringite, AFt) due to
a rapid reaction of ye’elimite (C4A3S̄) with water in the presence of adequate amount of
gypsum (CS̄H2) (9.1) [255]:

C4A3S̄+ CS̄H2 + 34 H −−→ C6A S̄3 H32 + 2 AH3 (9.1)

As the amount of sulfate decreases in the solution, the peak 2 maxima appear around 6

h due to calcium monosulfoaluminate hydrate (C4AS̄H12, AFm) precipitation upon
depletion of gypsum (9.2) [246]:
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C4A3S̄+ CS̄H2 + 18 H −−→ C4AS̄H12 + 2 AH3 (9.2)

After the 14 h activity, BCSA cement, and the slag replacement clusters undergo a
dormant period apparently, and no further exothermic hydration activity was observed.

The 10% slag substitution in BCSA decreases the formation of AFt while promoting the
formation of AFm phases compared to the BCSA sample due to the less gypsum
available in the solution (Figure 9.4 (a)). The further increase from 10-50% slag
substitution decreases the formation of AFt as well as AFm phases. The cumulative heat
release exhibited a significant downward trend upon 20-50% slag substitution in BCSA
from 200 to 130 J/g until 7 days (Figure 9.4 (b)).

c)

Figure 9.4: Thermal analysis BCSA-slag pastes sample with 0-50% BOF slag substitution in BCSA
cement (a) heat of hydration (b) cumulative heat of hydration (c) DTG analysis of 7

days cured sample (in the inset, the zoomed version of important mass loss events).

The type of hydration products in 7-day-old BCSA-slag pastes is further confirmed by
derivative thermogravimetry (DTG) as shown in Figure 9.4 (c) (see Figure E.1 for
percentage mass loss). The overlapping peaks <215 °C can be attributed largely to the
dehydration of ettringite (AFt), monosulfoaluminate hydrate (AFm) alongside a small
amount of C-S-H type phase. The mass loss event 220-300 °C is attributed to the
decomposition of amorphous aluminum hydroxide (AH3). The mass loss event around
700-800 °C occurs due to the decarbonation of calcium carbonate as well as the
decomposition of sulfoaluminates [178, 249, 261]. The mass loss events confirmed that
the 10-50% slag substitution in BCSA significantly decreases the amount of
chemical-bound water leading to a negative effect on early hydration reaction.

It is clear from the thermal analysis that the 10-50% substitution of slag delays the
setting time by inhibiting the early reactivity of BCSA (Figures 9.3 & 9.4). It is important
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to mention here that the addition of slag does not delay the hydration reaction of BCSA but
decreases the degree of hydration. Moreover, the early-stage (7 days) BCSA-slag composite
reactivity is dominated by the BCSA reactivity, and the BOF slag contributes as a dilution
effect [249]. This shows that it is necessary to investigate the long-term BCSA-slag cured
sample to observe the possible synergy of chemical interaction.

9.4.2 Mechanical performance and correlation with BCSA-slag hydration

Mechanical performance of the mortar specimens tested at ages 1,3, 7, 28, 90, and 180 days
has been shown in Figure 9.5 (also see Figure E.2 for percentage flexural and compressive
strength performance with respect to REF sample respectively).

Figure 9.5: Mechanical performance of BSCA-slag mortar specimens containing 0-50% substitution
of air granulated BOF slag (a) flexural and (b) compressive strength.

The BCSA replacement with BOF slag exhibited a decrease in flexural strength till 28

days. At 90 days, 20-50% BOF slag samples exhibited an improvement in flexural
strength. Upon curing for 180 days, all BOF slag replacement samples attained higher
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flexural strength than 100% BCSA (REF) cement. The 30% slag replacement in BCSA
cement provides the best flexural resistance after 6 months of curing (Figure 9.5 (a)).

When 10% of BCSA cement was replaced by the BOF slag in 10% BOF, a slight
decrease up to 11% in the compressive strength was observed till 28 days as compared to
REF specimens (Figure 9.5 (b)). The decrease in the compressive strength becomes more
pronounced 18% at 90 and 180 days of curing of the mortar sample. A clear decrease
from 25 to 46% in the compressive strength of 20-50% BOF samples as compared to the
BCSA specimen was observed at 28 days. At 90 days, the 30-50% BOF slag sample
exhibited a clear increase in compression resistance, and the 40% BOF sample reached 33

MPa similar to the REF (32 MPa) sample. At 180 days, the compressive strength of
30-50% BOF samples reaches 60, 55, and 46 MPa, respectively, as compared to REF 43

MPa (Figure 9.5 (b)). The flexural strength of the 30% BOF sample reaches 9.1 MPa with
the highest compressive strength of 60.3 MPa at 180 days Figure 9.5 (a, b).

Figure 9.6: The labelled peak diffractogram of BCSA-slag mortar specimens containing 0-50%
substitution of air granulated BOF slag (a) 28 days cured mortar sample (b) 90 days
cured mortar sample.
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Figure 9.7: Derivative thermogravimetry (DTG) of BSCA-slag mortar specimens containing 0-50%
substitution of air granulated BOF slag (a) 1 (b) 3 (c) 7 (d) 28 and (e) 90 days cured
mortar samples.

To get insight into the mechanical performance, the hydration products BCSA-mortar
specimens were analyzed by XRD as well as thermal gravimetric analysis. The diffraction
pattern of the BSCA-slag specimens has been shown in Figure 9.6 (a, b). At 28 days, the
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crystalline hydration products were dominated by ettringite, and calcite alongside the
gibbsite. At 90 days, more crystalline hydration products such as strätlingite and
Fe-katoite alongside the main hydration products of BCSA cement were observed. The
labelled peak of strätlingite and Fe-katoite can also be assigned to the layered double
hydroxide (LDH) like compounds containing CO3

2-, OH-, and Cl- ions [262]. Moreover,
the diffraction analysis was performed on the mortar sample that requires mechanical
grinding and contains large amount of quartz peaks making smaller amount of
hydration products difficult to detect. Therefore, the hydration products are further
confirmed through DTG as shown in Figure 9.7 (also see Figure E.1 in appendix D for
percentage mass loss). The 1, 3, and 7 days cured mortar samples exhibited the mass loss
event around 60-220 °C corresponding to the thermal dehydration of the AFt, AFm as
well as C-S-H partially. While the mass loss event 230-300 °C attributed to the
dehydration of gibbsite (AH3) (Figure 9.7). At 28 days, a new mass loss event centered
175 °C which corresponds to the dehydration of strätlingite (C2ASH8) as evident in the
40 and 50% BOF samples (Figure 9.7 (d)) [263].

Upon further curing till 90 days, a new mass loss event 300-420 °C associated with the
dehydration of katoite (hydrogarnet) alongside strätlingite (C2ASH8) was observable in 20,
30, 40, and 50% BOF samples (Figure 9.7 (e)) [264]. The presence of katoite and strätlingite
was not observed in REF, 10% BOF samples. The C2S tends to form strätlingite under an
alumina-rich environment (9.3) [249]:

C2S + AH3 + 5 H −−→ C2ASH8 (9.3)

Moreover, the katoite hydrogarnet is the product of the brownmillerite reaction.
It is clear from the hydration product of BCSA-slag mortar clusters that the

brownmillerite alongside C2S also contributes toward reactivity in 30-50% BOF samples
leading to improved compressive and flexural strength at 90 days (Figure 9.5). While
these phases did not show significant reactivity in BCSA cement, 10 and 20% BOF
samples till 90 days of curing. Among all these samples, the 30% slag replacement cluster
is recommended for the best performance at a later age (28-180 days).

9.4.3 Microstructure Analysis

The SEM-BS (backscattered images) of 7 and 28-day cured BSCA-slag specimens have
been presented in Figure 9.8. The rod-like crystals of AFt covered with colloidal and
spherical AH3 gel structures form a skeleton during the hydration of BCSA leading to
the high strength of the BCSA sample (Figure 9.8 (a)). Upon 28 days of curing of REF
mortar specimen, the hydration products such as AFt and amorphous intergrown colloidal
AH3 structure seem well distributed all over the mortar matrix, thereby providing high
strength from an early age (1-28 days) hydration (Figure 9.8 (b)). The morphology of
AH3 precipitated particles depends on the gypsum (CS̄H2) concentration in the hydration
media [265] .
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Figure 9.8: SEM analysis of BSCA-slag specimens (a) 7 days cured BCSA paste sample (b) 28 days
cured REF sample (c) 7 days cured 10% BOF paste sample (d) 28 days cured 10% BOF
mortar sample (e) 7 days cured 50% BOF paste sample (f) 28 days cured 50% BOF
mortar sample (g, h) 90 days cured 50% BOF mortar sample
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Upon 10% BOF slag replacement in BCSA, the irregular lamellar morphology AFm
(less distinctive) intercalated with distinctive AFt observed with dominant colloidal AH3

morphology (Figure 9.8 (c)). As the hydration progressed to 28 days, the 10% BOF mortar
matrix contained a uniform distribution of AFt phases (Figure 9.8 (d)). A further 50% BOF
slag in BCSA, a clear decrease in the AFt formation alongside a distinctive decrease in the
formation of amorphous AH3 formation (Figure 9.8 (e, f)). The decrease in the formation
of AFt and amorphous AH3 colloidal network reduces the binding between hydration
products and the BCSA-slag matrix. Thereby, a decrease in mechanical performance slag
substituted mortar is observed upon curing till 28 days (Figure 9.5).

It is worth noticing that the formation of amorphous phases such as gibbsite (AH3)
contributes significantly to the mechanical stability of BCSA-slag binder. The 90-day cured
mortar sample of 40% BOF sample showed a laminar particle of strȧtlingite alongside
katoite well intergrown with the AFt, C-S-H, and gibbsite phases (Figure 9.8 (g, h)) [191].
That is why, the 30-50% BOF replacement exhibited better mechanical performance at 90

days due to equilibrium gibbsite and CSH-C2ASH8 formation which enhances the binding
capacity of BCSA-slag composite. So, the presence of an adequate amount of amorphous
matrix is a prerequisite for the good mechanical resistance of BCSA-slag mortars.

Figure 9.9: BSCA-slag mortar specimens containing 0-50% substitution of air granulated BOF slag
(a) length variation (b) mass variation.

9.4.4 Drying shrinkage and drying mass loss

The drying shrinkage tests were carried out to confirm the volumetric stability of BCSA
due to the addition of air granulated BOF slag over 72 days as shown in Figure 9.9 (a).
The permissible limit for shrinkage on BCSA mortar should not exceed 750 µm at 28 days
according to BCSA cement technical data sheet. In this regard, the highest length variation
value found was 675 µm at 28 days which is below the technical requirement of the cement.
The absence of shrinkage is one of the advantages of the BCSA compared to OPC [266].
The drying mass stability of the BCSA-slag mortar was measured as shown in Figure 9.9
(b). The slag replacement in BCSA cement consistently increases the mass loss till 28 days.
As explained in Section 9.4.1, the addition of slag contributes to a dilution effect till 28 days.
Afterwards, the dicalcium silicate and brownmillerite phases also contribute toward the
hydration reaction leading to the stabilization of water loss from the BCSA-slag mortar
specimens. A high drying mass loss of 3% in 50% BOF slag replacement is observed.
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Considering the compressive strength and hydration product analysis, the water-to-solid
ratio can be lowered to achieve good mechanical performance due to improved particle
packing. Moreover, it shows lesser drying shrinkage than 30-40% slag replacement mixes.
In this way, the 50% slag can be substituted in BCSA cement.

9.4.5 Environmental Impact

The leaching of BOF slag and BCSA cement (raw materials) as well as 28 days cured
mortar sample has been presented in Table 9.3. The BCSA cement exhibited significantly
higher Cr (2.3 ppm) leaching than the permissible limit (0.63 ppm).

The air granulated BOF slag also releases slightly higher Cr (0.64) than the permissible
limit. On the other hand, V leaching of the slag is below the permissible limit of the Dutch
soil quality decree [60]. Upon 28 days of curing, the REF mortar specimen Cr leaching
reduced to 0.59 ppm which gradually decreased with every 10% BOF slag replacement
(Table 9.3). In the case of V leaching, the slag replacement increased the leaching up to
1 ppm except for 50% BOF replacement. The variation of heavy metals leaching can be
explained in terms of pH, mineral source, immobilization potential of hydration products,
and kinetic equilibrium between varying oxides of chromate and vanadate.

Table 9.3: One batch leaching (NEN: 1245-7) analysis of raw material and 28 days cured mortar
sample.

Sample legal limits BOF slag BCSA cement REF 10% BOF 20% BOF 30% BOF 40% BOF 50% BOF 

pH  12.6 11.9 11.9 11.9 11.9 12.1 12.1 12.2 

Elements          

Al (ppm) - 7.5 282.1 242.2 123 145.1 245.3 215.1 142.5 

Ba (ppm) 22 1.2 0.5 0.1 0.3 0.1 0.1 0.1 0.1 

Cr (ppm) 0.63 0.64 2.3 0.6 0.48 0.43 0.39 0.31 0.29 

Fe (ppm) - 0.3 17.6 3.9 3.8 3.8 2.9 2.4 1.7 

Si (ppm) - 26.9 24.5 17.3 22.7 22.2 13.1 13.2 18 

V (ppm) 1.8 0.4 0.1 0.0 0.7 0.9 1.2 1 0.4 

*Sb, As, Cu, Co, Hg, Ni, Se, Cd, Pb, and Sn were below the detection limit 

 

As explained above, the main hydration product of BCSA is AFt which tends to
immobilize the CrO4

2- in the molecular structure [267]. The replacement of BCSA with
BOF slag decreases the Cr leaching partially due to the dilution effect of the slag as
explained above. Moreover, the dominant chromate ion is CrO4

2- at pH 11.9-12.6 which
has very low solubility (Ksp= 5.1 × 10

-6). So, the Cr can also be immobilized partially by
the formation of the low solubility complex. However, the BOF slag also contains a
significant amount of leachable Cr (Table 9.3). It can be argued that the Cr leaching will
be high at the curing age > 28 days upon hydration of slag phases. However, the
hydration products such as katoite (hydrogarnet) that form at later stages can also host
high quantities of Cr6+ alongside strätlingite, AFt, and AFm which would increase the
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immobilization potential of hydration media [266, 267]. Regarding the air granulated
BOF slag leaching, V5+ tends to occupy the Si-site in C2S in BOF slag [159]. So, the
dissolution of C2S also increases the chances of V release in the leachate. Ca3(VO4)2

(logKsp = -17.97) is the dominant precipitate at pH = 11.9-12.6 that is insoluble at room
temperature [124]. The equilibrium formation of C-S-H phases with C2S dissolution
would permit the high Ca2+ concentration in the leachate which limits the solubility of
Ca3(VO4)2 [55]. Moreover, C-S-H can also actively uptake some parts of V2O5 on
tetrahedral Si-sites. As explained above in Section 9.4.2, C2S actively takes part in
hydration reaction at curing age > 28 days in 30-50% BOF samples. So, the
BCSA-composite provides a way to avoid leaching in the novel binder.

9.5 conclusion and summary

In this study, the standard mortar specimens with 0, 10, 20, 30, 40, and 50% air
granulated BOF slag as for BCSA were investigated for the workability, mechanical
performance, drying mass, and length variation as well as immobilization of heavy
metals in relations with the degree of hydration and type of hydration products. The
main hydration products are ettringite, monosulphoaluminate hydrate, and aluminum
hydroxide with C-S-H phase partially for all the ages in BCSA-slag specimens (1, 3, 7, 28,
90, and 180 days). However, the 30-50% replacement with BOF also exhibited the
presence of strätlingite and katoite alongside the major hydration products at 90 days
due to dicalcium silicate and brownmillerite reactivity. At an early age (1- 28 days), the
10-50% slag acts as a dilution effect which decreases the degree of hydration of
BCSA-slag mortar leading to a delay in final setting time on one hand. However, it causes
a loss in mechanical performance at an early age. At 180 days, the 30-50% BOF
replacement clusters showed better mechanical performance than 100% BCSA cement
(5.8 MPa flexural and 43.2 MPa compressive strength). Among all the replacement
clusters, the 30% BOF slag replacement cluster provides the highest flexural and
compressive strength of 9.1 and 60.3 MPa, respectively. The better mechanical of 30-50%
slag mortars can be attributed to the formation of equilibrium gibbsite and CSH-C2ASH8

semi-crystalline amorphous matrix together with katoite, ettringite, calcium
monosulfoaluminate hydrate which enhances the binding capacity between BSCA-slag
specimens. The drying shrinkage of all BCSA-slag specimens does not exceed the
permissible limit of 750 µm/m at 28 days. Moreover, a high drying mass loss of 3% in
50% BOF slag replacement indicates that the water-to-solid ratio can be lowered to get
good mechanical performance. In this way, the BOF substitution potential can be
improved up to 50% as SCM. All BCSA-slag mortar specimens exhibited the Cr and V
leaching below the permissible limit according to the Dutch soil quality decree.

outlook

This study provides a basis for the valorization of air granulated BOF slag in BCSA
cement where a high replacement of 30-50% can be warranted. This study shows that air
granulated slag provides a lot of stability and variability in setting time to belite calcium
sulfoaluminate cement which could help diversify its application in concrete. The
mechanical and chemical activation of the slag approaches can be employed successfully
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to improve the mechanical performance of the new BCSA-slag binder. The air granulated
BOF slag as an ideal match for the BCSA substitution was the main aim of this study.

commercial interest

In Europe, research has focused on the “Belite-Ye′elimite-Ferrite” (BYF) clinkers
containing belite as major content alongside ferrite (C4AF), and ye′elimite content below
35% [60]. Therefore, the manufacturers require much smaller amounts of the most
expensive aliminium-rich raw materials than conventional calcium sulfoaluminate
cement. The BOF slag is a good source of belite and ferrite phases which can be used
alongside BYF clinker. BYF clinkers (e.g., “Aether” or “Ternocem”) have the potential to
replace Portland cement clinker as well as Portland-slag cement in many applications
with a CO2 saving of 20% per unit of clinker in the cement approximately. Using 30-50%
BOF slag as a kiln feed or in mortar application would help mitigate the challenge of
high raw material costs to the commercialisation of BYF technology. Moreover, it would
also help to achieve the sustainability goals set by the Netherlands.
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10.1 summary of conclusions and recommendations

Environmental challenges, such as climate change and resource depletion have put a
spotlight on the need for a low-carbon, resource-efficient, and closed-loop economy for
sustainable development. The main challenge lies in the utilization of industrial residues
to get zero-waste flow sheets [223, 224, 268]. The steel industry is no exception to these
crises. In 2016, the total steel production was reported to be 1666.2 Mt of crude steel with
a worldwide average growth of 5% approximately per annum for the last decade [269].
In 2018, the basic Oxygen steel-making process produced over 70% of the crude steel
globally, generating 90-150 kg of basic Oxygen furnace (BOF) slag for every tonne of
crude steel [270]. As explained in Chapter 1, a small portion is recycled while a high
percentage is stockpiled occupying land resources as the same problem faced by TATA
Steel Netherlands.

To achieve the sustainability goal set by the Netherlands, the recycling of BOF slag
gained much attention in terms of supplementary cementitious materials (SCMs) in
building materials. Because the first choice of SCMs such as granulated blast furnace slag
(GBFS) and fly ashes (FA) sources of adequate quality are limited in Europe and unlikely
to increase [229]. Applying BOF slag as cementitious material will not only diminish the
landfilled/land occupation but also reduce the need for natural resources. To achieve the
efficient recycling of BOF slag as a binder (high-end application), there is a need to
improve BOF slag reactivity as well as leaching especially Cr and V from the slag. BOF is
a complicated material mineralogically. So, the effort to improve the slag reactivity via air
granulation (a relatively faster cooling than standard cooling) requires a systematic
understanding of the cooling speed on chemical and mineralogical composition,
speciation of heavy metals (Cr and V), leaching behaviour of BOF slag is a pre-requisite.

This project aims to develop an understanding of the effect of air granulation on the
BOF slag, leaching, reactivity and leaching behaviour of slag. BOF slag reactivity as well
as Cr and V speciation is further investigated by ex-situ mimicking of the C2S slag phase
which accounts for 35-45 wt. % of the whole slag. Moreover, the mineralogy reactivity
and application of air granulated BOF slag as a binder in different types of cement (OPC
and BCSA) is investigated to utilize slag as SCM. The work of this research can be
divided primarily dealing with 1) Air granulation, Cr and V doped C2S, leaching
mechanism 2) Hydration of C2S and air granulated BOF 3) Application of BOF slag as a
binder for high-end building products. The main conclusions and recommendations for
further research are as follows:

127
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10.2 air granulation, chromium and vanadium doped dicalcium

silicate , leaching mechanism

The section (Chapters 3-5) deals with the effect of cooling speed on the mineralogy of
BOF slag and leaching behaviour quantitatively. Moreover, the synthesis of C2S via
varying sol-gel routs and stabilization of high temperature (α′, β, and γ) concerning
crystallite size and essay-amorphous polymorphs quantitatively. Chapter 5 especially
deals with the ex-situ mimicking of slag C2S doped with Cr and V on Si-site under
varying calcination conditions, the impact on the stability of C2S polymorphs’ as well as
reactivity and leaching behaviour quantitively. The following main conclusion is drawn
from this section.

10.2.1 Mineralogy of air granulated BOF slag and its leaching behaviour

BOF slag is a by-product of steelmaking that is produced in large quantities worldwide.
It currently has few applications, because the presence of free lime often prevents its use
as aggregate, while the low reactivity makes it undesirable as a cement replacement. Air
granulation may help to improve the reactivity of converter slag and enable recycling as
a cement replacement. For this reason, converter slag was air granulated and separated
into different fractions (0.5-0.25 mm, 1-0.5 mm, 2-1 mm, 4-2 mm) to study the influence
of size and therefore cooling speed on its mineralogy. The results showed that the main
minerals in air granulated BOF slag are the same as in industrially cooled slag, but that
additional perovskite is formed. All fractions contained large phenocrysts of C2S and
(Mg, Fe)O surrounded by a dense matrix containing the other minerals. The three largest
fractions are very similar to each other in chemical composition and microstructure,
while the smallest fraction (0.5-0.25 mm) contains a higher content of (Mg, Fe)O even
though the starting composition was the same. The leaching of chromium and vanadium
is significantly increased compared to standard cooled BOF slag.

10.2.2 C2S synthesis via different sol-gel methods

The predominant phase in converter steel slags is dicalcium silicate, comprising 35-45%
of the slag. In this study, the synthesis of dicalcium silicate (C2S) via sol-gel
(acid-catalyzed) process including the aqueous route, non-aqueous route, and the Pechini
method is reported. The composition of C2S (α′, β, and γ) polymorphs, by-products, and
amorphous content is established by employing QXRD (quantitative X-ray diffraction)
studies. The attention has been focused on comprehending the number of crystalline
polymorphs, amorphous as well as residual and complementary forming phases.
Intermediate dried gels have been investigated via thermal analysis to monitor changes
in the gel structures and precursors at low temperatures. The synthetic parameters
including calcination time and temperature, Ca/Si molar ratio and mode of cooling have
been optimized to get pure β-C2S with low amorphous content. The dependency of β →
γ C2S polymorphic transformation on mean crystallite size (Dcryst) is studied. Overall,
the Pechini method exhibits the most promising results for the purity and tuning of
β-C2S polymorph. Moreover, the non-aqueous and aqueous routes require calcining the
dried gel at a temperature higher than 1200 °C due to the presence of CaO precursors as
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CaCO3. The theoretical calculations of amorphous content have revealed that the change
in the stoichiometry from 2.0 to 1.7 Ca/Si ratio is not a viable solution to improve the
C2S product yield.

10.2.3 Ex-situ mimicking of C2S slag phase

C2S is known to incorporate potentially hazardous metals (Cr and V) in a belite-rich
clinker or slag system. The effect of the electrovalence nature of V and Cr on C2S
polymorphs’ (α′, β, γ) stability under oxidizing and reducing (20% CO/80% CO2)
conditions, as well as their reactivity, are systematically investigated via analyzing
quantitative XPS, QXRD, bonding system, and microstructure as well as phase
composition. It is shown that C2S can incorporate Cr (VI) and V(V) consequently leading
to the stabilization of α′, β-C2S. Instead, Cr (II, III) and V < (V) tend not to substitute in
C2S. For reactive polymorphs (α′, β-C2S) with stability due to Cr (VI) and V(V)
incorporation, the early age (48-72 h) C2S reactivity is controlled by the specific surface
area. Moreover, one batch leaching test revealed that the V (V) leaching is inversely
proportional to aqueous Ca2+ ion at pH > 12 while Cr leaching is sensitive to its
oxidation state, and dissolution of C2S. Even though C2S can incorporate Cr (VI) and V
(V) ions, the final leaching is governed by the immobilization potential of C-S-H gel,
types of calcium chromate and vanadate complexes as well as pH of the medium.

10.3 hydration rate of dicalcium silicate of and air granulated bof

slag

The second section (Chapters 6-7) deals with the hydration rate of β-C2S under varying
anions (OH-, SO4

2-, and CO3

2-) qualitatively and quantitively. The main idea is to
understand the possible strategies to understand the chemical activation of larnite/belite
in slag. Furthermore, the in-depth hydration of BOF slag is studied to understand its
hydration products and their tendency to immobilize heavy metals. The following main
conclusion is drawn from this section.

10.3.1 Hydration rate of β-C2S with various sodium salts

The effect of fixed (0.8M) Na+ balanced by either OH-, SO4

2-, and CO3

2- anions on
β-dicalcium silicate reactivity is investigated. The exothermic reaction of varying
water-to-solid ratios and chemical activation is monitored. Subsequently, the hydration
products are characterized via FTIR, TG/DTG, QXRD, and SEM analysis. The findings
showed that the carbonate ions expedited the reactivity up to 55% at 1-7 days due to the
simultaneous precipitation of calcium silicate hydrate (C-S-H) and calcite. At 7-28 days,
the lack of transportable cations between the solid surface and solution impeded further
hydration, as confirmed by in-situ pH and conductivity measurements. The sulphate
ions accelerated the reactivity only upon calcium sulphate dissolution at high pH. The
hydroxide ions decelerated the hydration due to the earlier precipitation of portlandite
than C-S-H. Overall, the β-C2S reaction with water exhibited the highest hydration
degree ( 67%) after 28 days of hydration.
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10.3.2 Hydration of air granulated BOF slag

This study is the continuation of Chapter 3. For the first time, the hydration behaviour of
air granulated basic oxygen furnace slag has been investigated. The hydration of BOF
slag has been analyzed via isothermal calorimetry, QXRD, and TG/DTG. The air
granulated slag exhibited higher early-age (4 days) hydration than standard-cooled BOF
slag. The hydration of the slag leads to the formation of hydration products such as
C-S-H, hydrogarnet and hydrotalcite. Moreover, the slag degree of hydration (DOH)
reaches up to 41% after 28 days of curing. The formation of slag hydration products is
controlled by the dissolution of SiO2 and Fe2O3 bearing phases such as larnite and
brownmillerite phases as confirmed by SEM-EDX-based PARC analysis. The hydrated
slag tends to immobilize heavy metals such as V and Cr into the hydration product
phase confirmed by ICP analysis. The percentage immobilization of V and Cr increases
with increasing DOH.

10.4 application of bof slag as a cementitious material

This section (Chapters 8-9) deals with the application of air granulated BOF slag as a
cement replacement in ordinary Portland cement and belite calcium sulfoaluminate
cement (BCSA) qualitatively and quantitively. The granulation of the BOF slag exhibited
good promise of hydration activity than standard cooled slag as explained in Chapter 7.
It is worth mentioning here that air granulated slag used for the cement replacement is
the new batch of production. The following main conclusion is drawn from this section.

10.4.1 Air granulated BOF slag replacement in OPC

This study demonstrates the air granulated BOF slag potential as a cementitious material
by substituting in OPC at replacement levels of 5, 20, 35 and 50%. The mechanical
performance of the cement-slag composites is correlated with the hydration behaviour
through thermal, mineralogical, and microstructural analysis. The findings show that the
granulation improved the grindability, reactivity, and compressive strength till 28 days.
The 5% slag replacement exhibited the synergy of mechanical performance while 35%
performs better than quartz (an inert filler). The performance decline upon 20-50%
replacements is attributed to the absence of brownmillerite reactivity of the slag. Overall,
the granulation did not improve the cement-slag composite performance significantly till
90 days.

10.4.2 Air granulated BOF slag substitution in BCSA

Basic oxygen furnace (BOF) slag impacts negatively the OPC performance when
replacement levels exceed 5%. This necessitates the exploration of alternative
applications for BOF slag. At the same time, a high-volume slag utilization is desired to
benefit slag recycling as supplementary cementitious materials. Therefore, this study
aims to optimize the air granulated BOF slag substitution potential in belite calcium
sulfoaluminate cement (BCSA) by investigating the hydration products in standard
mortar. Especially, the reactivity of BCSA-slag binder is correlated with workability, and
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mechanical performance alongside volumetric stability by thermal, mineralogical, and
microstructure analysis. As a result, the 10-30% slag replacement delays the final setting
time by inhibiting the ettringite formation leading to a decrease in mechanical
performance till 28 days. At later ages (28-180), the 30-50% substitution exhibited the
synergy of mechanical performance, which is attributed to the reactivity of slag with
BCSA by forming hydrogarnet, C-S-H, and strätlingite like hydration products. Moreover,
all BCSA-slag mortars exhibited heavy metals’ leaching and drying shrinkage below the
permissible limit indicating the fitness of the material for building products. The
BCSA-slag binder promises a high replacement volume for efficient air granulated BOF
slag recycling.

10.5 recommendations for future work

This thesis systematically investigated the mineralogical, hydration and leaching
behaviour of air granulated BOF slag. The investigation of air granulated BOF slag
encompasses the fundamental understanding of the speciation of Cr and V in C2S,
activation strategies, leaching mechanisms and application as a cementitious material.
This knowledge was successfully exploited to design upgrade recycling of air granulated
BOF slag in BCSA. However, the following research aspects require further research.

• The mineralogy and hydration of air granulated BOF slag have been investigated
and explained. The acquired results showed that the formation of slag hydration
products such as C-S-H, Fe-hydrogarnets, hydrotalcite etc. is controlled by the
dissolution of C2S and Fe-bearing phases of slag. This information can be used to
make a kinetic dissolution model of the slag. By using this model, the
slag-admixture chemical reaction can be better exploited.

• The application of air granulated slag as a binder in the standard mortar was
investigated in detail. The 5% slag substitution shows the synergy of mechanical
performance and hydration activity. The decrease in mechanical performance has
been attributed to the absence of slag phase reactivity under a cementitious
environment. These results do not align with the first batch of granulation. So, the
variability of the batch performance needs to be controlled for reproducible results.
Moreover, the addition of a third component such as ye’elimite-based cement or
granulated blast furnace slag would be the next step for the study.

• The role of C2S in relation to potentially toxic elements (Cr and V) was investigated
and explained. The oxidation state-based incorporation of Cr and V in C2S under
well-defined calcination conditions, the impact on the stability of C2S polymorphs’
as well as reactivity and leaching behaviour were studied to understand the
complex nature of slag C2S. The acquired result can further be complemented by
XANES analysis of air granulated BOF slag. This would provide the true oxidation
of Cr and V in the slag which can further validate the findings and confirm the
leaching mechanism. Moreover, the reactivity of brownmillerite is also dependent
on the Fe/Al ratio. Therefore, a synthesis of brownmillerite with varying Al/Fe
ratios will help to understand the slag reactivity.
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• For application purposes, the air granulated BOF slag was substituted in BCSA from
0-50%. A detailed hydration and mechanical performance study was conducted. The
result showed that the addition of slag not only delays the setting time but fulfills
the low drying shrinkage demand of BCSA. The 30-50% air granulated BOF slag can
be substituted in BCSA cement. This study makes a good case for the application of
BOF slag as SCM in BCSA. The BOF slag is a good source of belite and ferrite phases
which can be used alongside “Belite-Ye’elimite-Ferrite” (BYF) clinker. BYF clinkers
(e.g., “Aether” or “Ternocem”) have the potential to replace Portland cement clinker
as well as Portland-slag cement in many applications with a CO2 saving of 20% per
unit of clinker in the cement approximately. Using 30-50% BOF slag as a kiln feed or
in mortar application would help mitigate the challenge of high raw material costs
to commercialisation of BYF technology. Moreover, it would also help to achieve the
sustainability goals set by the Netherlands. Further studies on the durability aspects
of BCSA-slag novel binders can help with the valorization of the slag.
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Figure A.1: Air granulated BOF slag 2-1 mm a) SEM greyscale image b) Phase map.
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Figure A.2: Air granulated BOF slag 1-0.5 mm, lower right corner shows grain of industrially
cooled BOF slag a) SEM greyscale image b) Phase map.
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Table A.1: Mineralogical composition of BOF slag. P-primary slag phase, A-Alteration product, N-natural contamination, M–milling contamination,
I-industrial contamination. Stdev. = Standard deviation as calculated by TOPAS

Phase Type >4 mm Stdev. 2-4 mm Stdev. 1-2 mm Stdev. 0.5-1mm Stdev. 0.5-0.25 mm Stdev. <0.25 mm Stdev. 

Larnite P 22.9 0.5 21 0.5 18.9 0.5 13.9 0.5 6.2 0.5 2.7 0.3 

α’-C2S P 16.5 1 20.9 0.9 21.4 0.9 26.4 1 19 1.2 
  

Mg-Wüstite P 17.1 1.5 14.8 1.1 15 0.9 14.8 0.8 10.2 0.3 5.9 0.2 

Srebrodolskite P 23.9 0.4 24.1 0.3 21.4 0.3 20.8 0.3 12.6 0.4 10.3 0.3 

Perovskite P 6.6 0.3 7.6 0.2 10 0.2 12.5 0.2 8.4 0.2 1.7 0.1 

Magnetite P 1.9 0.2 2.5 0.1 2 0.1 2.8 0.1 6.6 0.2 10.3 0.2 

Pseudobrookite P 
  

0.3 0.1 0.3 0.1 0.3 0.1 0.1 0.1 0.5 0.1 

Lime P 0.1 0.1 0.1 0.1 
  

0.1 0.1 
    

Protoenstatite P 1.2 0.2 1.2 0.1 0.7 0.2 
      

Naquite P 0.9 0.1 0.7 0.1 0.5 0.1 0.6 0.1 0.3 0.1 
  

Hematite I 
        

2.1 0.1 1.9 0.1 

Titanite P 
        

0.5 0.1 
  

Rutile P 
  

0.4 0.1 0.4 0.1 0.5 0.1 
  

0.2 0.1 

Quartz N 0.1 0.04 
      

8.9 0.1 13.3 0.1 

Vaterite A 1 0.2 1.1 0.2 0.8 0.2 1 0.2 0.7 0.2 
  

Calcite A 
      

0.3 0.1 4 0.1 17.9 0.2 

Lepidocrocite A 
        

2.8 0.9 
  

Corundum M 3.3 0.2 2.9 0.2 1.7 0.2 3 0.2 5.6 0.2 0.8 0.2 

Graphite I 0.9 0.1 0.3 0.1 0.2 0.05 
      

Moissanite 2H I 
          

0.3 0.1 

Albite N 
          

1.1 0.3 

Clinoenstatite I 
          

2.1 0.3 

Amorphous 
 

3.5 2.2 2 1.7 6.8 1.5 3 1.7 12.1 1.8 31 0.9 
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Table B.1: ICSD data code and chemical formulas of crystal structures.

Mineral Phases Chemical formula Crystal system/Notation ICSD 

Dicalcium silicate Ca2SiO4 Orthorhombic/α´ 81097 

Dicalcium silicate Ca2SiO4 Monoclinic/β 81096 

Dicalcium silicate Ca2SiO4 Orthorhombic/γ 81095 

Wollastonite CaSiO3 Triclinic, 1-A 23567 

Wollastonite CaSiO3 Monoclinic, 2-M 201538 

Pseudowollastonite CaSiO3 Triclinic, 4-A 26553 

Lime CaO Cubic 60199 

Calcium aluminum oxide Ca2Al2O5 Orthorhombic 89708 

Grossular Ca3Al2(SiO4)3 Cubic 31082 

Cristobalite SiO2 Cubic 44269 

Quartz low SiO2 Trigonal 41446 

Calcium chromosilicate Ca5(Cr1.824Si1.176O12) Orthorhombic 71958 

Calcium chromium phyllo-decaoxotetrasilicate CaCr(Si4O10) Tetragonal 30872 

Calcium divanadium oxide CaV2O4 Orthorhombic 1008146 

Vanadium oxide V5O9 Triclinic 1008536 

Hypo-vanadate CaV4O9 Tetragonal 2106845 

Chromium oxide Cr2O3 Tetragonal 202836 
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Table B.2: Quantitative XPS analysis of Cr and V doped C2S (elemental analysis (atomic %)).

Sample Ca 2p Si 2p O 1s C 1s Cr 2p3/2 V 2p3/2 N 1s 

Cr5-O 13.9 7.6 45.4 32.8 0.4 0.0 0.0 

Cr10-O 14.5 7.5 48.5 29.1 0.5 0.0 0.0 

Cr15-O 13.7 8.1 43.0 34.5 0.8 0.0 0.0 

Cr6R 16.3 8.1 47.7 27.6 0.4 0.0 0.0 

Cr10R 14.9 8.3 45.2 30.8 0.7 0.0 0.0 

Cr15R 13.5 7.9 49.2 24.0 0.8 0.0 4.7 

V5-O 12.9 10.4 43.4 32.5 0.0 0.8 0.0 

V10-O 15.0 10.6 43.6 29.6 0.0 1.2 0.0 

V15-O 14.2 10.5 42.9 31.2 0.0 1.2 0.0 

V6R 14.9 9.2 45.3 30.0 0.0 0.6 0.0 

V10R 15.9 9.1 44.6 29.6 0.0 0.9 0.0 

V15R 16.3 8.8 45.2 28.5 0.0 1.2 0.0 

 

Table B.3: The δCa2p-Si2p binding energy values of the sample calculated from Ca 2p and Si 2p value
(XPS spectroscopy).

Sample Ca 2p (eV) Si 2p (eV) δCa2p-Si 2p 

Cr5-O 346.9 101.1 245.8 

Cr10-O 347.0 101.2 245.8 

Cr15-O 346.9 101.1 245.8 

Cr5R 347.0 101.3 245.7 

Cr10R 346.9 101.1 245.8 

Cr15R 346.8 101.1 245.8 

V5-O 346.8 101.0 245.8 

V10-O 346.9 101.1 245.8 

V15-O 346.9 101.1 245.8 

V5R 347.0 101.2 245.8 

V10R 347.1 101.6 245.5 

V15R 346.9 101.2 245.6 
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Table B.4: QXRD of the Cr doped C2S synthesized via the sol-gel process under oxidizing for
leached residues.

Temperature [°C] 1200 1200 1200 1200 1200 1200 

Calcination time [h] 8 8 8 8 8 8 

Sample (wt. %) Cr5-O 

Cr5-O 

leached Cr10-O 

Cr10-O 

leached Cr15-O 

Cr15-O 

leached 

α´-C2S 5.3 ± 0.2 3.6 ± 0.3 23.1 ± 0.3 17.0 ± 0.4 43.3 ± 0.6 26.3 ± 0.7 

β-C2S 87.8 ± 0.3 73.9 ± 0.5 46.9 ± 0.4 37.6 ± 0.6 24.5 ± 0.6 16.6 ± 0.6 

Lime 1.2 ± 0.06 0.00 0.7 ± 0.08 0.0 0.6 ± 0.1 0.00 

Quartz 0.6 ± 0.09 0.7 ± 0.2 0.4 ± 0.04 0.3 ± 0.09 0.5 ± 0.07 0.4 ± 0.07 

Cristobalite 0.5 ± 0.08 1.0 ± 0.1 0.3 ± 0.1 0.3 ± 0.08 0.3 ± 0.08 0.1 ± 0.1 

CaCr1.824Si1.176O12     2.3 ± 0.4 2.3 ± 0.6 

Calcite 0.7 ± 0.1 1.7 ± 0.2 0.8 ± 0.1 1.6 ± 0.2 1.5 ± 0.2 2.1 ± 0.2 

CaCrSi4O10   0.7 ± 0.2 0.6 ± 0.3 0.2 ± 0.4 0.1 ± 0.7 

Cr2O3 0.3 ± 0.06 0.1 ± 0.06 0.7 ± 0.1 0.4 ± 0.1 1.3 ± 0.2 0.8 ± 0.2 

Portlandite  1.0 ± 0.2  1.6 ± 0.1  0.8 ±0.2 

Grossular 0.1 ± 0.09 0.05 ± 0.09     

XRD amorphous 3.5 ± 1.5 18.1 ± 2.1 26.4 ± 1.2 40.6 ± 2.3 25.6 ± 2.1 50.6 ± 2.3 

 

Table B.5: Leaching of elements from Cr and V doped dicalcium silciate

Sample Ca Si Cr Sample Ca Si V 

 (mg/kg) (mg/kg) (mg/kg)  (mg/kg) (mg/kg) (mg/kg) 

Cr5-O 11520.6 2.8 561.9 V5-O 10579.1 2.05 0.51 

Cr10-O 10943.3 1.69 592 V10-O 8662.6 2.74 8.40 

Cr15-O 10986.1 1.3 603.6 V15-O 10263.9 2.3 4.26 

Cr2R 2228.7 2.9 1.7 V2R 1797.1 0.76 0.01 

Cr4R 1397.4 0.3 1.8 V6R 147.4 0.39 0.05 

Cr6R 197.9 0.5 1.9 V8R 5574.5 0.65 0.02 

Cr8R 227.5 0.5 2.3 V10R 2913.4 0.36 0.01 

Cr10R 8104 2.7 1.9 V15R 8647.2 1.34 0.02 

Cr15R 8601.6 0.4 3.5     

 



140 appendix b

Figure B.1: Thermal gravimetric analysis of V15-O.

Figure B.2: XRD of (a) Cr doped C2S (b) V doped C2S under oxidizing conditions.
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Figure B.3: Average crystallite size of α′/β-C2S in Cr and V doped CβS under oxidizing condition.
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2θ

√𝒚

Rwp= 7.021

a)

Figure B.4: X-ray diffractogram with labelled peaks a) synthesized C2S b) 7 c) 14 and d) 28 days
hydrated samples.
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a)

b)

c)

Figure B.5: FTIR fingerprint region with labelled peaks a)7 b)14 and c)28 days hydrated samples.

Figure B.6: Mass loss events of chemically activated C2S.





CA P P E N D I X : R E A C T I V I T Y O F A I R G R A N U L AT E D B A S I C
O X Y G E N F U R N A C E S L A G

Table C.1: QXRD of the hydrated 2-1 mm and 4-2 mm fractions of air granulated BOF slag with
error values.

Slag Fractions  2-1 mm 2-1 mm 2-1 mm 2-1 mm 4-2 mm 4-2 mm 4-2 mm 4-2 mm 

Hydration Period (days)  0 7 14 28 0 7 14 28 

Mineral phases Chemical Formula (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt.%) (wt. %) 

α´-C2S α´-Ca2SiO4 22 ± 0.9 19.7 ± 0.9 19.0 ± 0.7 11.2 ± 0.9 21.9 ± 0.9 16.7 ± 0.8 15.2 ± 0.8 11.7 ± 0.9 

β-C2S (Larnite) β-Ca2SiO4 19.4 ± 0.5 18.0 ± 0.7 18.0 ± 0.5 13.3 ± 0.6 22 ± 0.5 21.0 ± 0.6 16.9 ± 0.6 13.7± 0.6 

Brownmillerite Ca4Fe2Al2O10 22 ± 0.3 14.0 ± 0.6 11.5 ± 0.4 9.7 ± 0.5 25.2 ± 0.3 13.4 ± 0.4 11.4 ± 0.5 10.8 ± 0.6 

(Fe, Mg)-Wuestite (Fe,Mg)O 15.4 ± 0.9 11.3 ± 0.6 10.6 ± 0.4 8.2 ± 0.4 15.5 ± 0.2 13.7 ± 0.5 9.3 ± 0.4 8.3 ± 0.6 

Perovskite Ca(Ti,Fe)O3 10.3 ± 0.2 8.5 ± 0.4 5.1 ± 0.3 3.0 ± 0.2 7.9 ± 0.2 8.0 ± 0.4 6.7 ±0.4 5.9 ± 0.6 

Magnetite +others Fe3O4 4.0 ± 0.1 3.4 ± 0.3 3.4 ± 0.3 3.2 ± 0.3 5.4 ± 0.1 4.0 ± 0.3 3.9 ± 0.3 4.0 ± 0.3 

Portlandite Ca(OH)2  1.1 ± 0.1 1.3 ± 0.1 2.7± 0.1  1.1 ± 0.1 1.6 ± 0.5 2.7 ± 0.1 

Hydroandradite + Katoite Ca3Fe2(SiO4)3-x(OH)4x + Ca3Fe2(OH)12  4.2 ± 0.4 5.7 ± 0.3 5.9 ± 0.5  2.9 ± 0.6 5.1 ± 0.6 5.1 ± 0.6 

Calcite CaCO3  0.2 ± 0.1 0.2 ± 0.1 0.8 ± 0.2  0.6 ± 0.3 0.2 ± 0.1 0.7 ± 0.3 

Sjoegrenite /pyroaurite Mg6Fe2(CO3)(OH)16  0.9 ± 0.2 0.4 ± 0.2 0.4 ± 0.2  0.9 ± 0.2 0.6 ± 0.5 0.4 ± 0.3 

Amorphous  7.0 ± 1.5 18.1 ± 1.8 23.3 ±1.3 40.4 ± 1.3 2.1 ± 1.8 16.2 ± 1.7 26.5± 1.6 33.7± 1.7 
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Figure C.1: XRD of 7, 14- and -28 days hydrated air granulated BOF slag 2-1 mm fractions (a)
The peaks of hydrated slag assigned such as Si= Si (internal standard) 10 wt. %, 1=
α′-C2S, 2= β-C2S (Larnite), 3= (Fe, Mg)-Wüstite, 4= Srebrodolskite, 5= Perovskite,
6= Magnetite, 7= Calcite, 8= Hydroandradite, 9= Fe-katoite, 10= Portlandite, 11=
Pyroaurite/sjoegrenite . (b) The Rietveld fit of 28 days 1-2 mm hydrated air granulated
BOF slag fraction (Rwp= 2.068). (c) XRD of 7, 14- and -28 days hydrated air granulated
BOF slag 2-1 mm fractions with labeled hydroandradite and Fe-katoite peaks.
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512 μm

a) Hydration Products

C2S

Matrix CS

Matrix CF

Matrix MF

Wüstite

Portlandite

512 μm

b)

Figure C.2: Microstructure analysis of 4-2 mm fraction of air granulated BOF slag after 28 days of
hydration at 512 µm a) backscattered image (BSI) b) PARC phase map.





DA P P E N D I X : A I R G R A N U L AT E D B O F S L A G A P P L I C AT I O N
A S A B I N D E R

Table D.1: One batch leaching (NEN: 1245-7) analysis of 28 days cured mortar sample with varying
replacement of quartz powder.

Sample 
 

REF QP50 QP35 QP15 QP05 

 pH 12.9 12.1 12.4 12.4 12.8 

Element* Legal limit mg/kg mg/kg mg/kg mg/kg mg/kg 

Si  0.17 0.1 0.9 0.2 0.5 

Al  0.14 1.1 0.2 0.3 0.08 

Ba 22 10.3 13.6 14.2 12.0 12.8 

Cr 0.63 0.2 0.5 0.4 0.4 0.1 

Mo 1 0.05 0.09 0.07 0.06 0.02 

V 1.8 0.002 0.00 0.001 0 0.001 

Zn 4.5 0.004 0.04 0.03 0.02 0.03 

*Cu, Co, Hg, Ni, Se, Cd, Pb and Sn were below the detection limit. 
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Figure D.1: TGA analysis of 7, 28 and 90 days cured GSS (5, 20, 35, 50) paste samples.
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EA P P E N D I X : U T I L I Z AT I O N O F A I R G R A N U L AT E D B A S I C
O X Y G E N F U R N A C E S L A G A S A B I N D E R I N B E L I T E
C A L C I U M S U L F O A L U M I N AT E C E M E N T

Figure E.1: Thermogravimetric analysis of BSCA-slag paste and mortar specimens, respectively,
containing 0-50 % substitution of air granulated BOF slag (a) 7 (b) 1 (c) 3 (d) 7 (e) 28 (f)
90 days cured mortar samples.
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Figure E.2: Percentage mechanical performance of BSCA-slag mortar specimens containing 0-50%
substitution of air granulated BOF slag (a) flexural strength (b) compressive strength.
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High-end application of basic oxygen furnace steel 
slag as sustainable building materials
Air granulation , Reactivity, Leachability,& Application as a binder

M. Jawad Ahmed

Basic oxygen furnace (BOF) slag is the byproduct of the steelmaking 
process. The main challenge lies in the utilization of industrial residues 
to get zero-waste flow sheets. In 2018, the basic oxygen steel-making 
process produced over ~70% of the crude steel globally, generating 
90-150 kg of basic Oxygen furnace (BOF) slag for every tonne of crude 
steel. It is a complex material chemically and mineralogically. To 
achieve the efficient recycling of BOF slag as a partial replacement for 
cement, the cooling process of BOF slag is changed from standard 
cooling to air granulation. The air granulation of the BOF slag is 
investigated as an efficient way to modify material properties for the 
efficient recycling of the building materials. This dissertation aims to 
develop a systematic understanding of the effect of air granulation on 
the BOF slag mineralogy, reactivity, and leaching behaviour. Moreover, 
Cr and V speciation is further investigated by ex-situ mimicking of the 
dicalcium silicate, a slag phase that accounts for 35-45 wt. % of the 
whole slag. Moreover, the application of air granulated BOF slag as a 
binder in different types of cement (ordinary Portland cement and 
Belite calcium sulfoaluminate cement) is investigated to utilize slag as 
a supplementary cementitious material. The work of this research can 
be divided primarily dealing with 1) Air granulation, Cr and V doped 
dicalcium silicate, leaching mechanism (Chapters 3-5) 2) Hydration of 
dicalcium silicate and air granulated BOF (Chapters 6-7) 3) Application 
of BOF slag as a binder for high-end building products (Chapter 8-9).  
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