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Abstract

The present PhD thesis aims to study in depth the alkali activation potential of
metallurgical and mining wastes, including various types of metallurgical slags and
laterite leaching residues, for the production of alkali activated materials (AAMs) with
desirable chemical and mineralogical composition, and beneficial properties. AAMs were
produced under the optimum synthesis conditions using activating solution consisting of
sodium hydroxide (NaOH) and sodium silicate (Na:5iOs). The effect of various
parameters, namely H20/Na:O and other molar ratios present in the activating solution
and the reactive paste, particle size of raw materials, curing temperature and ageing
period on the main properties of the produced AAMs, including compressive strength,
porosity, water absorption and density was also evaluated. The durability and structural
integrity of selected AAMs were investigated after firing at temperatures between 200
and 1000 °C for 4 or 6 h, immersion in distilled water and acidic solutions (1 M HCl and 1
M H:SOs), and subjection to freeze-thaw cycles for a period of 7-30 days. Several
analytical techniques, namely X-ray diffraction (XRD), Fourier-transform infrared (FTIR)
spectroscopy and Scanning electron microscopy (SEM-EDS) were used for the
identification of the morphology and structure of the raw materials and the produced
AAMs.

Regarding alkali activation of a Polish ferronickel slag (PS), it is underlined that the
AAMs produced acquired compressive strength that exceeds 65 MPa, while after firing
at 400 °C, the compressive strength increased to 115 MPa, and this indicates that they can
be used as fire-resistant materials. On the other hand, the AAMs produced from fayalitic
slags resulted before and after plasma treatment, i.e. FS and FSP, acquired lower
compressive strength values, namely 45 MPa and 27 MPa, respectively, while mixing
them with 50 wt% ferronickel slag (LS) resulted in higher compressive strength, namely
64 MPa (FS50LS50 AAM) and 46 MPa (FSP50LS50 AAM), respectively.

An innovative aspect of this PhD thesis is the production of AAMs from laterite leaching
residues, since until the start of the study no references were available in literature on
this topic. This by-product has very low inherent alkali activation potential. The
experimental results proved that when the leaching residues were mixed with
metakaolin or slags they were successfully alkali activated and under the optimum
synthesis conditions the produced specimens acquired compressive strength values
ranging between 26 MPa and 51 MPa.

The results of this PhD thesis prove that the valorization or co-valorization of
metallurgical wastes is a viable alternative for the production of AAMs with beneficial
properties that can be used as binders or in several construction applications, thus
improving the sustainability of this industrial sector following the principles of industrial

symbiosis and circular economy.
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Abbreviations

AAMs Alkali-Activated Materials

AAL Atmospheric Acid Leaching

BET Brunauer-Emmett-Teller

FS Fayalitic Slag

FSLS Specimens produced by mixing FS with LS

FSP Fayalitic slag after plasma treatment

FSPLS Specimens produced by mixing FSP with LS at ratio 10:90
FTIR Fourier Transform Infrared

ICP MS Inductively Coupled Plasma Mass Spectrometry

L Leaching residues of Polish Laterites

LLR Leaching residues of Greek Laterites from Agios Ioannis
LLRLS Specimens produced by mixing LLR with LS

LLRPS Specimens produced by mixing LLR with PS

LOI Loss on Ignition

LR Leaching residues of Greek Laterites from Kopais lake area
1000LR LR after firing at 1000 °C

LRMK Specimens produced by mixing LR after firing at 1000 °C with MK at ratio
800LR LR after firing at 800 °C

LS Ferronickel Slag

MK Metakaolin

orcC Ordinary Portland Cement

PS Ferronickel Polish Slag

PS120 PS obtained after 120 min of grinding

PS30 PS obtained after 30 min of grinding

PS60 PS obtained after 60 min of grinding

SEM/EDS  Scanning Electron Microscopy/ Energy Dispersive Spectroscopy
XRD X-Ray Diffraction

XRF X-Ray Fluorescence

L/S Liquid to Solid ratio
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1. Introduction
1.1 Background

In recent decades a rapid increase in the produced volumes of metallurgical and mining
wastes is observed. Considerable quantities of various types of wastes are used in
cement and concrete production and other construction related applications, or disposed
of on land or landfills, thus causing various and serious environmental impacts on the
soil, surface- and groundwater as well as the atmosphere (Agnello et al., 2018; Bai et al.,
2018; Mo et al.,, 2017; Munoz et al., 2018). Regarding the Portland cement industry, it is
mentioned that is one the most energy intensive industries, consuming 12 % to 15 % of
the total industrial energy and is responsible for 7 % to 10 % of the global CO: emissions,
while aggregate production poses severe environmental problems in surrounding areas
(Ali et al., 2011; Chen et al., 2010; Komnitsas, 2011; Wong et al., 2018). According to the
Directive 2009/125/EC, the economic value of the produced waste should be calculated
prior to its reuse. The valorization or co-valorization of different wastes, such as
metallurgical slags, fly ash, construction and demolition wastes leads to environmental
benefits and improves the sustainability of the metallurgical and construction sectors,
following the principles of zero waste and circular economy (Akcil et al., 2019;
Baldassarre et al., 2019; Bartzas and Komnitsas, 2015; Liu et al., 2019; Mastali et al., 2020).
Alkali activation is a promising alternative and relatively low-cost technology for the
valorization of various industrial wastes and the production of secondary materials,
often called alkali-activated materials (AAMs) or geopolymers. These materials have an
amorphous to semi-crystalline three-dimensional aluminosilicate microstructure,
chemical composition quite similar to zeolites, beneficial physico-chemical properties,
higher added value and can be used in the construction sector (Bernal et al., 2010;
Davidovits, 1991; Foft et al., 2018; Gebregziabiher et al., 2016; Ghanbari et al., 2015;
Kioupis et al., 2018; Komnitsas et al., 2019a; Mehta and Siddique, 2016; Xu and Van
Deventer, 2000). Aluminosilicate raw materials, including a wide range of virgin
materials and industrial wastes such as construction and demolition wastes, fly ash, red
mud, kaolin or metakaolin, various types of slags (slags from the non-ferrous metallurgy,
ground blast furnace slag, ferronickel slag, steel slag, etc.) while mixtures of these can be
used for the production of AAMSs with tailored properties (Davidovits, 1991; Xu and Van
Deventer, 2002; Komnitsas and Zaharaki, 2007). Apart from raw materials rich in silica
and alumina, the alkali activation requires the use of strong alkaline solutions, mainly
sodium or potassium hydroxide and silicate solutions. Alkaline solutions act as
activators to initiate polymerization of Si and Al present in the raw materials and the
formation of Si-O-Al-O bonds, while the silicate solution is usually added to balance the
Si/Al ratio in the reactive paste. After curing for a few hours at mild temperatures (30-90
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°C) the formation of a matrix with beneficial physical, mechanical and thermal properties
is achieved (Bernal et al, 2010; Davidovits, 1991, Duxson and Provis, 2008;
Gebregziabiher et al.,, 2016; Khale and Chaudhary, 2007; Peys et al., 2019a; Yip et al,,
2005). During the last years, valorization of various wastes through alkali activation has
been studied by many researchers and the results of these efforts are reported in the
literature (Chen et al., 2016; Cui et al., 2019; Furnali et al., 2018; Heah et al., 2013; Huang
et al, 2017, Komnitsas et al., 2007, 2009; Komnitsas, 2016; Maragkos et al., 2009;
Marjanovic et al., 2015; Mo et al., 2014; Onisei et al., 2012; Pontikes et al., 2013; Provis and
Bernal, 2014; Samantasinghar and Singh, 2018; Soultana et al., 2019; Wang et al., 2017;
Zaharaki et al., 2016; Zhang et al., 2016a).

In addition, the produced AAMs may be used for the immobilization of heavy metals
and hazardous wastes or as adsorbents in various industrial processes (Komnitsas et al.,
2013, 2015; Xia et al., 2019). The potential use of AAMs in water and wastewater
treatment and in solidification/stabilization of contaminated sediments was investigated
in recent studies (Alshaaer et al., 2015; Bumanis et al., 2019; Chen et al., 2019; Luukkonen
et al., 2019; Komnitsas, 2016; Wang et al., 2019). The structure and properties of the final
products are determined considering several parameters, such as the mineralogical and
chemical composition of the raw materials (which usually are characterized by the
presence of several mineralogical phases and complex structure), the particle size which
determines the specific surface area and the reaction rate, the synthesis conditions
(curing temperature, ageing period, etc.), the H2O/Na:O and SiO:/Na:O ratios in the
activating solution and the type of additives used to improve the properties of the
produced matrix (Ferone et al., 2013; Gorhan and Kiirklii, 2014; Hanjitsuwan et al., 2014;
Komnitsas et al., 2009, 2015; Mijarsh et al., 2014; Huang et al., 2017; Petrakis et al., 2019;
Traven et al., 2019; Tchadjie and Ekolu, 2018).

Therefore, the characteristics of the raw materials, the selection of additives and the
experimental conditions are important factors which determine the properties of the final
products. In several cases, the final products exhibit beneficial physical, mechanical and
thermal properties, namely low permeability and shrinkage, high compressive strength,
good resistance to acidic solutions, freeze-thaw cycles and firing, as well as good
immobilization potential for several heavy metals (Bernal et al., 2010; Duxson and Provis,
2008; Gebregziabiher et al., 2016, Khale and Chaudhary, 2007; Komnitsas et al., 2007;
Krivenko and Kovalchuk, 2007).
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1.2 Aims and objective of the thesis

The aim of the present thesis is to study in depth the alkali activation/geopolymerization
of different metallurgical/mining wastes, and produce materials with beneficial
properties and thus higher added value.

The specific objectives of the thesis are the following;:

1. The valorization of different metallurgical and mining wastes namely slags and
laterite leaching residues for the production of AAMs.

2. The co-valorization of different slags and other wastes, in order to produce raw
materials with desirable chemical and mineralogical composition and beneficial
properties.

3. The investigation of the factors, which affect the structure and properties of the
produced AAMs. Among others, factors, such as the particle size of the raw
materials (and the related specific surface area), the H:O/Na2O and SiO:/Na20
ratios in the activating solution, the curing temperature, and the ageing period

are investigated.

1.3 Novelty of thesis

The innovative aspects of the thesis are the co-valorization of different slags and the
production of AAMs from laterite leaching residues.

This thesis contributes to the waste management and valorisation as well as the
minimization of the carbon footprint of metallurgical (pyro- and hydro-) industries and

the construction sector.

1.4 Outline of the thesis

This thesis is organized into five chapters: Chapter 1, as an introductory chapter, reports
the aims and objectives and the contribution of the research thesis. Chapter 2 describes
the alkali activation process, the chemistry aspects and reaction mechanisms for the
production of AAMs, as well as the factors affecting their properties and potential
applications. Chapter 3 describes the raw materials, the synthesis of AAMs and the
analytical methods used in this thesis, while Chapter 4 presents and discusses the results.
Finally, Chapter 5 presents the conclusions.
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2. Literature review

2.1 Alkali Activation & Alkali-Activated Materials
2.1.1 Alkali Activation

AAMs are produced through alkali activation which involves the reaction between
aluminosilicate materials (solid phase) and a strong alkaline solution (liquid phase) and
the formation of a reactive paste, which after curing for a few hours at low temperature
(<100 °C) leads to the formation of a final product with beneficial properties (Bernal et al.,
2010; Duxson and Provis, 2008; Khale and Chaudhary, 2007; Komnitsas and Zaharaki,
2007; Peys et al, 2019a; Yip et al., 2005; Davidovits, 1991; Duxson et al.,, 2007a;
Fernandez-Jiménez and Palomo, 2005; Fernandez-Jiménez et al., 2006; Provis and Van
Deventer, 2007). A strong alkaline solution is necessary to increase the dissolution of Si
and Al from the precursors and through polycondensation to assist in the formation of
three-dimensional cross-linked polysialate structures ([-(5i-O)z-AlO-]n) (Davidovits,
2005; Gorhan and Kiirklii, 2014; Komnitsas and Zaharaki, 2007).

The alkaline solution consists mainly of sodium hydroxide (NaOH) and sodium silicate
(NazSiOs) solution or potassium hydroxide (KOH) and potassium silicate (K2SiOs)
solutions. In particular, sodium or potassium hydroxide is required for the dissolution of
raw materials, while sodium (or potassium) silicate solution is used to balance the Si/Al
ratio in the reactive paste and also act as a binder, alkali activator, dispersant or
plasticizer (Bernal et al., 2010; Komnitsas and Zaharaki, 2007; Komnitsas et al., 2020;
Phair, 2001). Previous studies reported that the type of alkaline activator and its
concentration play the most important role in the development of strength and
microstructure in the produced AAMs (Cioffi et al., 2003; Ferone et al., 2013; Komnitsas
et al., 2009). The most common alkaline activator used in such studies is NaOH, due to
its relatively low cost and viscosity compared to KOH (Vickers et al., 2015). Finally, the
alkali activation is considered an environment friendly and energy-efficient process and
studies have shown that if Ordinary Portland Cement (OPC) is replaced by AAMs the
CO: emissions can be reduced by 40-80 % (Komnitsas, 2011; Luukkonen et al. 2018a;
Provis et al., 2015).

2.1.2  Alkali-Activated Materials

AAMs or geopolymers are a class of inorganic polymers formed by the reaction between
an aluminosilicate source and an alkaline activator and have an amorphous three-
dimensional polymeric structure consisting of Si-O-Al bonds (Davidovits, 1991, 1999;
Duxson and Provis, 2008; Duxson et al., 2007a; Provis et al., 2015; Xu and Van Deventer,

18



Vasiliki Karmali

PhD Thesis, “Valorisation of mining and metallurgical wastes through alkali activation”

2000). AAMs are considered as environmentally friendly materials, due to their synthesis
from industrial by-products or wastes as well as their low energy demand during their
production and the associated low CO: emissions. Therefore, these materials can be used
as substitutes for OPC or alternative low carbon binders in several applications
(Mohamed, 2019; Passuello et al., 2017; Scrivener et al., 2016).

In 1940, Purdon used blast furnace slag and NaOH to synthesize new materials (Purdon,
1940). In the 1950s, first Glukhovsky and then Krivenko in Ukraine produced an alkaline
aluminosilicate cementious system first called “soil silicates”. This alkali-activated
system contained hydrated calcium silicate and aluminosilicate phases (Glukhovsky,
1959, 1965, 1989; Krivenko and Kovalchuk, 2007). Davidovits also proposed an one-part
geopolymer consisting of aluminosilicate oxide (i.e. metakaolin), sodium or potassium
silicate and slag, while later he reported that sodium or potassium silicate could be
partially replaced with “synthetic lavas” due to high availability and production issues.
Synthetic lava, namely reactive sodium or potassium aluminosilicate glass, could be
prepared by mixing volcanic tuff and calcium carbonate, followed by melting at 1200-
1350 °C, quenching in water, drying, and grinding (Davidovits, 2020). On the other hand,
Ikeda states that three sources are necessary for the alkali activation process, namely raw
materials, inactive filler (i.e. kaolinite or metakaolinite) and alkali hydroxide solution
(Ikeda, 1998). In particular, raw materials are usually natural (aluminosilicate) sources,
such as pozzolans, kaolin and metakaolin, or industrial wastes, such as fly ash, slags, and
waste glass, etc. (Elimbri et al., 2011; Komnitsas and Zaharaki, 2007; Sarmin et al., 2014;
Xu and Van Deventer, 2002). Kaolin or metakaolin are used for the supply of Al* ions.
Although kaolin and metakaolin are able to be activated by alkaline hydroxide solutions,
the rate at which the process occurs depends on the reactivity of the raw aluminosilicate.
More specifically, metakaolin dissolution rate is much higher than that of the kaolin due
to the higher reactivity in a basic medium. Care should be taken during the selection of
the kaolin’s calcination temperature because, if the temperature is lower than 700 °C, the
produced metakaolin contains unreactive kaolin and exhibits low reactivity, while, if the
calcination temperature exceeds 850 °C, crystallization occurs and, as a result, lower
amorphicity and reactivity are anticipated. Finally, the use of metakaolin is considered
beneficial during alkali activation due to its high amorphous content and its pozzolanic
nature (Kakali et al., 2001; Konan et al., 2009; Shvarzman et al., 2003).

2.2 Reaction Mechanisms

The chemical composition of AAMs, which exhibit a partially amorphous
microstructure, is similar to zeolites (Abdullah et al., 2011; Xu and Van Deventer, 2000).
Several researchers have studied the reaction mechanisms for the production of AAMs
(Komnitsas and Zaharaki, 2007; Li et al., 2010; Rees et al.,, 2008; Zhang et al., 2020a).
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Generally, during polymerization, all the reactions occur simultaneously and affect each
other due to the multiple components present in the liquid phase. Therefore, these
processes are complex compared to the hydration of OPC (Zhang et al., 2011, 2020a).

According to Davidovits (1991, 2005) the AAMs have the following general empirical

formula:
Mn{(Si02)z-AlO2}n e wH-0

where M is a monovalent cation, mainly K* and Na*, or Ca? which may replace two
monovalent cations in the structure; n is the degree of polycondensation; z represents the
silicon to the aluminum ratio (Si/Al) which is 1, 2 or >>3 (up to 32) and w is the amount
of chemically bound water molecules. The AAMs consist of linked SiOs and AlO4
tetrahedra by sharing the oxygen atoms and are divided into three types depending on
the z value, as shown in Figure 2.1. From this Figure, it is observed that the three

monomeric units are:

(i) poly-sialate, PS (-Si-O-Al-O-) with Si/Al=2 (Gel 1),

(ii) poly-sialate-siloxo, PSS (-Si-O-Al-O-Si-O-) with Si/Al=2 (Gel 2),

(iii) poly-sialate-disiloxo, PSDS (-5i-O-Al-O-5i-O-Si-O-) with Si/Al=3 (Gel 3) and

(iv) sialate links with Si/Al >>3. The sialate is an abbreviation for silicon-oxo-aluminate
Chains and rings are formed and cross-linked together always through a sialate Si-O-Al
bridge (Komnitsas, 2011).
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Figure 2.1. AAM structures according to Davidovits (2005).

The reaction mechanism for the production of AAMs involves the following stages,
which describe the processes occurring during the transformation of a solid
aluminosilicate source into a synthetic material (Davidovits, 1991; Duxson et al., 2007b;
Hardjito and Rangan, 2005; Xu and Van Deventer, 2000):
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(i) Dissolution: the solid aluminosilicate material is dissolved in the alkaline activator
solution (MOH where M: alkali metal, mainly Na or K). More specifically, Si-O and Al-O
tetrahedral monomers under the action of the alkali activator are released from the
aluminosilicate materials.

(ii) Diffusion or transport: the dissolved Al and Si complexes diffuse from the particle
surface into the reaction system. The Si and Al concentrations on the surface of the
particles decrease due to the diffusion and so the dissolution process continues,
according to the principle of chemical equilibrium.

(iii) Gelation or polycondensation: the formation of the amorphous -5i-O-Al-O- structure
(gel) or zeolite crystals due to the polymerization of Al and Si complexes which is
assisted by the added silicate solution.

(iv) Re-organization and hardening: the connectivity of the gel network increases and
three-dimensional structures starts to form.

(v) Polymerization and hardening: this process can last from a few hours to several
weeks depending on the raw materials mineralogy and synthesis conditions.

These stages are shown in Figure 2.2. It is also mentioned that these stages are performed
simultaneously, except for the first one which depends on the reaction process. The
reaction mechanisms during alkali activation of aluminosilicates have been reported in
several earlier studies (Komnitsas et al., 2007; Li et al., 2010; Provis et al., 2014).

Speciation .
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Figure 2.2. Stages of alkali activation process (Shi et al., 2011).

The reaction process results in a three-dimensional structure in which the negative
charge of the aluminum units is balanced by the alkali metal, namely Na* or K*. Then,
during the gelation process the released water resides in the pores of the gel and plays

the role of a reaction medium (Duxson et al., 2007a). However, magnesium, calcium and
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iron may also participate in the reactions if they are present in heterogeneous raw
materials and may make the overall reaction more complicated (Bernal et al., 2014;
Walling et al., 2015).

2.3 Properties & Applications of AAMs

According to Duxson et al. (2007c), the microstructure and properties of AAMs depend
on the nature of the raw materials and the formation process. It is known that the raw
materials affect the homogeneity of the structure of the produced AAMs and thus their
compressive strength and other properties (Subaer and Van Riessen, 2007). Several
studies showed that AAMs have excellent physical, mechanical and thermal properties,
such as high compressive strength, low shrinkage which prevents the formation of
cracks, low permeability to fluids and chloride ions, good acid resistance, thermal
stability up to 1000 °C, and excellent ability to immobilize toxic metals (Azimi et al., 2015;
Bakharev et al., 2003; Cheng and Chiu, 2003; Davidovits, 1988; Duxson et al., 2007d;
Kamseu et al., 2012; Martin et al., 2015; Sajedi, 2012; Yan et al., 2016; Zivica et al., 2011).
These properties of AAMs are similar to those of Portland cement, however the
differences of both materials are significant. An important difference is the fast
hardening of AAMs, which may take place at room temperature and result in acquiring
of almost 70 % of the maximum compressive strength within the first 4 h. The final
compressive strength is obtained within a period of 28 days and can reach of exceed 100
MPa (Hermann et al., 1999). Therefore, the AAMs are novel materials that may be used
as alternatives to organic polymers and inorganic cement in various applications. They
can be also used as low energy ceramic tiles (Namkane et al., 2016), protective coatings
(Davidovits, 2020), refractory adhesives (Bell et al., 2005), decorative stone artifacts (Won
and Kang, 2017), thermal insulating foams (Davidovits, 2020; Lach et al., 2016), hybrid
inorganic-organic composites (Li et al., 2005; Zhang et al., 2004), fiber composites, heat
resistant components, or for the external strengthening of existing concrete structures
(Davidovits, 2020). AAMs find also applications in foundry (Thaarrini and Ramasamy,
2016), automotive and aircraft (Nair et al., 2007), cement and concrete industries (Law et
al., 2015) as well as in biotechnological and medicinal applications (Naghsh and Shams,
2017). On the other hand, the environmental applications of AAMs include
immobilization of hazardous elements or encapsulation of toxic waste, surface capping
of waste dumps, and stabilization of tailing dams (Komnitsas et al., 2013; Van Jaarsveld
et al., 1999). Since the AAMs are eco-friendly materials they may be used as alternative
binders to replace OPC, for the production of “green” concrete and construction
materials with lower carbon footprint (Komnitsas, 2011; Nasvi et al.,, 2013). In recent

years, many studies have focused on the use of AAMs, due to their porous structure, as
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adsorbents, for the absorption of heavy metals, such as Cd, Ni, Cu, boron, fluoride,
phosphate, NOx, radionuclides ¥’Cs and *Sr and dyes, such as methylene blue, methyl
violet and methyl orange from wastewaters, as well as novel catalysts and photocatalysts
(Ahmaruzzaman, 2010; Al-Harahsheh et al., 2015; Alouani et al., 2018; Fumba et al., 2014;
Ge et al., 2015; Zhang et al., 2016b). Also, it is important to mention that the above
applications of AAMs depend on their structure which in turn depends mainly on the
Si/Al ratio. More specifically, AAMs with Si/Al ratio 1:1 and 3D network are used in low
technology applications, namely for the production of building materials, including
bricks, ceramics etc., while AAMs with Si/Al ratio of 2:1 and 3D network are used for the
production of low CO2 cements and concrete as well as for radioactive and toxic waste
encapsulation. On the other hand, AAMs with Si/Al ratio 3:1 and 2D network are used
for fire protection (fiber-glass composite) and as heat resistant composites, between 200
°C and 1000 °C, while AAMs with Si/Al greater that 3:1 and 2D network are used as
industrial sealants between 200 °C and 600 °C. Finally, the AAMs with Si/Al ratio
between 20:1 and 35:1 and 2D network are used as fire and heat resistant (fiber

composites) materials (Davidovits, 2005; Nergis et al., 2018).

2.4 Factors affecting the properties of AAMs

Several factors have been identified as important and affect the mictostructure as well as
the mechanical and chemical properties of AAMs. Some of these factors include the type,
amount, reactivity and particle size of raw materials (mainly mineralogical and chemical
composition), type of activator, liquid-to-solid ratio, curing conditions (i.e. curing
temperature, ageing period, etc.), setting time, etc. (Alonso and Palomo, 2001; Gharzouni
et al., 2015; Duxson et al., 2005; Granizo et al., 2007; Heah et al., 2012; Kamseu et al., 2014;
Komnitsas and Zaharaki, 2007; Kumar and Kumar, 2011; Marjanovi¢ et al., 2015;
Rattanasak and Chindaprasirt, 2009; Rovnanik, 2010; Xu and Van Deventer, 2000). These
factors significantly affect the compressive strength of AAMs and the other properties of
raw materials which are the key criterion for their use in various applications in the
construction industry (Komnitsas and Zaharaki, 2007; Provis et al., 2005). Therefore,
many investigations were focused on the study of these factors. Primarily, the most
important factor affecting the synthesis of AAMs is the selection of suitable raw materials
which determines the dissolution rate of the contained phases and the release of ions
(Na*, K+, Ca%*, Mg?), which participate in the developments of bonds (Duxson and
Provis, 2008). During alkali activation, cations play a catalytic role in all stages of alkaline
activation and especially during the stage of gel solidification and the development of
microstructure of the produced AAMs (Bankowski et al.,, 2002; Van Jaarsveld, 2000).
According to Barbosa et al. (1999), the optimum properties of AAMs are achieved when
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the NaOH concentration is sufficient to supply a charge balancing mechanism. On the
other hand, the excess of Na may causes the formation of unwanted sodium carbonate
due to the atmospheric carbonation. Regarding the presence of Ca, the CaO content of
the raw materials may enhance the mechanical properties of the AAMs, as it reduces the
microstructure porosity and results in the formation of an amorphous gel rich in Ca, Al
and Si (Van Jaarsveld et al., 1998; Xu and Van Deventer, 2002). The positive effect of Ca
on the compressive strength of AAMs has been shown in several previous studies
(Temuujin et al., 2009a; Xu and Van Deventer, 2000; Yip et al., 2005). In the case that the
raw material does not contain sufficient amounts of Ca, it is possible to add CaCOs and
CaO in the form of aqueous suspension to improve the physical and mechanical
properties of AAMs. The excess of CaO in the AAMs based on slag is undesirable since
the Ca? ions replace Na* ions thus affecting the load balance and as a result AAMs with
poor properties are produced (Buchwald et al., 2007; Yip and Van Deventer, 2003).
Another important factor during the synthesis of the AAMs is the particle size
distribution of aluminosilicate materials, which is also interrelated with their reactivity.
Various studies have reported that finer particle sizes (i.e. do<50 pm) result in increased
specific surface area and reactivity of the raw materials, which in tern result in the
formation of stronger bonds and the production of AAMs with more beneficial
properties (Djobo et al., 2016; Komnitsas et al., 2009; Temuujin et al. 2009b; Tennakoon et
al., 2014a; Wei et al., 2017).

The compressive strength of the AAMs, usually depends on the SiO2/ALOs,
S5i02/(Al205+Fe20s), and S5i02/Na:0 molar ratios present in the activating solution, as well
as the presence of H:O. Several studies report that the increase in the SiO2/Al2Os ratio up
to a certain value increases the compressive strength of AAMs (De Silva et al., 2007;
Duxson et al., 2007e; Gualtieri et al., 2015; Komnitsas et al., 2015). This is due to the fact
that increase of this ratio improves the microstructure of the AAMs. Besides, more Si-O-
Si bonds, which are stronger than Si-O-Al and Al-O-Al bonds, are produced when
increased SiO2/Al20s ratios are present (Lahoti et al., 2018). On the other hand, AAMs
produced from materials with high content of Al usually acquire reduced mechanical
strength, due to the formation of amorphous rich in Al macromolecular aluminosilicate
chains (Komnitsas and Zaharaki, 2007). Optimum ratios of SiO:/Al:Os have been
reported to be between 2.0 and 5.5, or in any case higher than 2.5 (Davidovits, 1999;
Provis and Van Deventer, 2014). Other researchers indicated different ranges, for
example from 3.3 to 4.5 (Khale and Chaudhary, 2007; Provis et al., 2009). On the contrary,
Xu and Van Deventer (2000) mentioned that the SiO2/Al20s ratio is not a sufficient factor
for the selection of raw materials which are suitable for alkaline activation, due to the
complexity of the gel formation and the hardening mechanism of AAMs.

Another ratio that also plays an important role in the properties of the produced AAMs
is the SiO»/(Al2Os+Fe20s) ratio. Raw materials rich in Fe could be used for alkaline
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activation since Fe® present as Fe:0s may replace Al** in the AAM matrix (Lemougna et
al,, 2014). In the case that slag is used as raw material, Fe is dissolved during alkaline
activation, and depending on the synthesis conditions, it forms crystalline hydrated
phases on the surface of the grains or colloidal hydrated phases. The formation of
crystalline phases usually does not favor the development of strength due to the
presence of cracks as a result of moisture release, shrinkage or due to the creation of
interfaces. In addition, the SiO2/Na:0O ratio is also important factor during the synthesis
of AAMs, since it may affect the degree of polymerization of dissolved compounds.
Generally, as this ratio increases during the alkaline activation, the compressive strength
of AAMs also increases (Criado et al., 2007; Leong et al., 2016; Tchakoute et al., 2013).
Apart from the above ratios, the H2O/Na:O ratio is considered significant during alkaline
activation. It is known that low ratio indicates excess of NaOH solution and thus of OH-
ions, which may remain unreacted in the paste and result in the production of AAMs
with low compressive strength and other undesired properties. On the contrary, higher
ratios may indicate either OH- ions deficiency or excess of H20 that remains unreacted in
the paste. In each case, the optimum H>O/Na20 ratio depends on the mineralogy of the
precursors and the reaction rate between the raw materials and the alkaline solution as
mentioned in previous studies (Komnitsas et al., 2019a, 2019b, 2020). The presence of
H:O is important during alkaline activation, and it contributes to the absence of cracks in
the structure of the produced AAMs (Komnitsas and Zaharaki, 2007). Curing may often
need to be carried out at relatively low humidity (i.e. 30 %) and temperature to avoid
rapid evaporation of water that results in deterioration of AAMs and inhibits the
development of satisfactory mechanical properties (Komnitsas and Zaharaki, 2007;
Perera et al., 2007). Generally, the presence of water in the initial compositions is directly
linked to the dissolution proess of Si and Al from the raw materials and the formation of
bonds (Lee and Van Deventer, 2002; Panias et al., 2007). Additionally, water affects the
degree of polymerization, since it is involved in poly-condensation, and is a critical factor
for the hardening of the paste. The added water improves the elasticity of the mixture
and contributes to the hydrolysis of Al** and Si* ions. Besides, it ensures good mixing
and homogeneity of the initial paste. Finally, the curing process is a crucial step during
the synthesis of AAMs and includes factors such as curing time, temperature and water
content. Concerning, the curing time and temperature, the most common temperatures
used are 40-80 °C but may range from room temperature up to 100 °C for a few hours to
some days (Alonso and Palomo, 2001; Aredes et al., 2015; Mo et al., 2014; Tippayasam et
al., 2016). In most cases, curing at temperature 30-90 °C for a few hours, enables the
formation of a matrix with beneficial properties (Bernal et al., 2010; Duxson and Provis,
2008; Khale and Chaudhary, 2007; Peys et al., 2019a; Yip et al.,, 2005). Many studies
reported that curing at high temperatures for long period weakens the structure of the
AAMs and results in their dehydration and shrinkage; this indicates that in most cases

25



Vasiliki Karmali

PhD Thesis, “Valorisation of mining and metallurgical wastes through alkali activation”

small amounts of water must be present in order to avoid the formation of cracks and
obtain AAMs with sufficient structural integrity (Bakharev, 2005; Khale and Chaudhary,
2007; Van Jaarsveld et al., 2002). Concerning the ageing time, it may vary from several
hours to 28 days therefore it is comparable to the respective time required for concrete
(Sofi et al., 2007). Longer periods may improve polymerization and result in specimens
with higher compressive strength. However, in several cases no significant increase in
the compressive strength of the produced AAMs is recorded for a curing period longer
than 48 h (Khale and Chaudhary, 2007). The optimum curing period should be selected
depending on the type of the raw materials and the desirable properties of the produced
AAMs.
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3. Materials and Methods
3.1 Raw Materials

The materials used in this thesis are metallurgical slags and laterite leaching residues.
More specifically, the Polish ferronickel slag (PS) produced after pyrometallurgical
treatment of Ni lateritic ores and collected from a waste dump at Szklary Lower Silesia,
in south-western Poland (Kierczak et al., 2009); more information for this slag is
provided in a previous recent study (Komnitsas et al., 2019a). Furthermore, two types of
fayalitic slags were used, namely a fayalitic slag (FS) produced after pyrometallurgical
treatment of copper concentrates in a flash smelting furnace in Finland for the
production of copper cathodes, copper sulphate and various metal concentrates (Saari et
al., 2019), as well as the slag produced after plasma treatment (FSP) of the previous FS.

The plasma treatment was carried out at Tecnalia (Spain), https://www.tecnalia.com/en/,

in a pilot plant furnace at 1650 °C, using coke as a reducing agent and calcium hydroxide
as flux. It is also noted that except FSP two more materials, a Zn-rich fly ash and a Fe-rich
metallic fraction, which are marketable products according to their composition, were
produced (Figure 3.1). Finally, in order to assess the co-valorization potential of different
slags for the production of AAMs, ferronickel slag (LS) produced at LARCO S.A (Greece)
after pyrometallurgical treatment of nickel laterites in electric-arc furnace for the

production of ferronickel (FeNi) was used (Komnitsas et al., 2007).
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Figure 3.1. Plasma treatment of FS slag for the production of FSP slag and two other marketable
products, carried out at Tecnalia, Spain (Komnitsas et al., 2020).
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On the other hand, the leaching residues (LR and LLR) were obtained after laboratory
column leaching tests using Greek laterites and H2SO. as leaching solution, while
leaching residues (L) were obtained after atmospheric acid leaching (AAL) using Polish
laterites and H250: as leaching solution in a 1-3 L stirred reactors. The experimental
conditions used in the column leaching tests of Greek laterites are similar to those
described in previous recent studies (Komnitsas et al., 2018, 2019b). In this case, in order
to regulate the Si/Al ratio, and increase the reactivity of the starting mixtures during
alkaline activation, laterite leaching residues were mixed with ferronickel slags, i.e. PS
and LS, or metakaolin (MK) in different proportions. Metakaolin was obtained after
calcination of kaolin [Al:Si20s(OH)s, Fluka] at 750 °C for 2 h in a laboratory oven (N-8L
Selecta, Abrera, Spain).

Prior to alkali activation, the raw materials were dried at 80 °C in a laboratory oven (Jeio
Tech ON-02G, Seoul, Korea) and then pulverized using a Fritsch-Bico pulverizer (Type
UA, Fritsch, Dresden, Germany) until the 90 % passing size (dw) is less than 50 um for
almost all materials used. The particle size distribution was determined using a laser
particle size analyzer (Mastersizer S, Malvern Instruments, Malvern, UK). The Brunauer-
Emmett-Teller (BET) nitrogen adsorption method was considered for the determination
of the specific surface area of the raw materials, using a Quantachrome Nova 2200
analyser, Anton Paar QuantaTec Inc., Boynton Beach, FL, USA.

The particle size distribution (um) and specific surface area (m? g') of the raw materials
used are presented in Table 3.1. It is seen from this data that the 90 % passing size (d) of
almost all materials is less than 50 um which is considered adequately fine for alkaline
activation (Komnitsas et al., 2009). Polish ferronickel slag (PS) was also pulverized to
obtain three different particle size fractions after 30, 60 and 120 min of grinding in a ball
mill (Sepor, Los Angeles, CA, USA), in order to study the effect of the particle size on the
compressive strength of the produced AAMs. More specifically, the do of the three
different PS slag particle sizes obtained after 30, 60 and 120 min of grinding are 154.0 um,
86.0 um and 47.0 um respectively (Table 3.1). It is noted that more details on the grinding
process in a ball mill and the grinding products are reported in a previous recent study
(Petrakis et al.,, 2019). Concerning the specific surface area of the raw materials, it is
observed that the values range between 1.2 and 65.3 m? g (Table 3.1). It is well known
that the finer particles have larger specific surface and thus the geopolymerization
reactions proceed faster and result in the production of AAMs with denser
microstructure and better properties (Heah et al., 2011; Komnitsas et al., 2009, 2015;
Yahya et al., 2015).

A Bruker-AXS S2 Range Spectroscopic Fluorescence Spectrometer A (XRF-EDS, Bruker,
Karlsruhe, Germany) was used for the chemical analysis of raw materials in the form of
oxides (Table 3.2). Loss on ignition (LOI) was determined by heating the materials at
1050 °C for 4 h. As seen from this data, all slags contain sufficient amounts of SiO2 and
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AlOs for successful alkali activation. More specifically, the content of SiO: is 30.2, 32.7,
30.1 and 51.8 wt% for PS, LS, FS and FSP slags respectively, while their content of Al2Os
is 7.6, 8.3, 2.8 and 5.7 wt%, respectively. It is also observed that the amount of Fe2Os is
high for all studied slags, while the CaO content of PS, LS and FSP slags is higher
compared to that of FS slag. It is worth noting that the only major difference between
ferronickel slags is that PS slag has much higher CaO content (13.0 wt%) compared to LS
slag (3.73 wt%). On the other hand, in the same Table, it is observed that the leaching
residues mainly consist of SiO: and Fe20s, while their low content in Al2Os indicates poor
potential for successful alkali activation. Leaching residues of Polish laterite (L) have a
high content of SOs (30.6 wt%) and this may be due to the atmospheric leaching using
sulfuric acid (H250s). Finally, metakaolin has a high content of SiO: (54.2 wt%) and Al:Os
(40.3 wt%), thus improved SiO2/AlOs ratio and increased reactivity of the initial mixture

is anticipated during alkali activation (Table 3.2).

Table 3.1. Particle size distribution and specific surface area of the raw materials.

Particle size (um)

Raw Materials Specific surface (m? g™)
doo dso
PS 57.5 8.9 2.3
PS30 (30 min of grinding) 154.0 39.9 1.2
PS60 (60 min of grinding) 86.0 23.4 1.6
PS120 (120 min of grinding) 47.0 11.9 2.3
LS 46.0 8.9 1.2
FS 49.0 9.0 3.6
FSP 41.0 5.7 2.8
LR 48.2 9.8 2.1
LLR 312 6.1 19.7
L 13.0 2.3 65.3
MK 25.5 8.8 2.4

4. Experimental methodology

For the production of AAMs, the raw materials were mixed with the activating solution
under continuous slow stirring in a laboratory mixer for about 10-15 min, to produce a
homogenous paste. Then, the fresh paste was cast in metallic cubic molds (5 x 5 x 5 cm?),
which were vibrated for a few minutes to eliminate the presence of air voids in the
reactive mass and thus improve the strength and other properties of the final specimens.
Pre-curing of the reactive paste was carried out at room temperature (20+0.5 °C) for 4 to
48 h to allow initiation of the alkali activating reactions, development of structural bonds,

and sufficient hardening. It is known that the amount of water present in the paste, the
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particle size of the raw materials and the strength of the activating solution affect the

hardening period of the paste (Soultana et al., 2019).

Table 3.2. Chemical composition (wt%) of raw materials.
Greek laterite Polish laterite

Ferronickel Fayalitic leaching leaching Metakaolin
(%) Slags Slags residues residues

PS LS FS ESP LR LLR L MK
Na:O 04 - 05 06 - 0.6 8.1 13
Fe20s  40.6 43.8 57.6 31.0 50.9 37.7 9.0 0.6
SiO2 30.2 32.7 30.1 51.8 30.8 375 23.3 54.2
ALOs 76 8.3 2.8 5.7 2.3 41 12 40.3
Cr20s 1.2 3.1 0.1 0.4 25 3.3 0.4 0.02
MgO 1.8 2.8 1.3 2.5 21 2 59 0.3
NiO 0.9 - 0.2 - 0.1 0.3 0.4 -
K:0 0.9 - 0.9 1.2 - 0.3 0.01 24
TiO2 0.7 - 0.2 0.3 0.6 0.3 0.01 0.4
CoO 0.03 - - - 0.02 0.01 0.02 <0.00097
MnO 0.3 0.4 0.1 0.1 0.3 0.1 0.1 0.01
CaO 13.0 3.7 1.0 5.7 3.7 0.6 17.9 0.1
P:0Os  0.02 - - - - 0.2 0.5
SOs - 0.2 0.4 0.5 - 3 30.6 0.3
ZnO 2.8 0.03 - - - <0.00003
LOI 9.2 10.3 29 -
SUM 97.7 95.0 97.9 99.8 99.5 100.0 100.0 100.1

Specimens were then demoulded, sealed in plastic bags to avoid evaporation of the
remaining water and remained at room temperature (20 °C+0.5 °C) or placed in a
laboratory oven (Jeio Tech ON-02G, Seoul, Korea) and cured at 40-95 °C for 24 or 48 h.
After curing, the produced specimens were removed from the oven and allowed to cool
at room temperature (20 °C+0.5 °C) for an ageing period of 7 or 28 days. The selection of
the curing time was based on previous studies carried out in the laboratory for the
production of AAMs with the use of various industrial wastes (Komnitsas et al., 2015,
2019a; Soultana et al., 2019; Zaharaki et al., 2016). Finally, the compressive strength and
other selected properties of the produced AAMs were determined. All tests and
measurements were carried out in triplicate and mean values are given for each
parameter. It is mentioned that the difference in measurements did not exceed +5 %; with
few exceptions. The AAM codes, the selected mixing proportions for materials used and
the H20/Na20 and SiO2/Na:0 ratios in the activating solution are presented in Table 3.3.

The mineralogical analysis of raw materials and the selected AAMs was performed using
an X-ray Diffractometer (XRD, D8-Advance, Bruker AXS, Karlsruhe, Germany) with a
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Cu tube and scanning range from 4° to 70° 2theta (0), with a step of 0.02° and 0.2 s/step
measuring time. Qualitative analysis was carried out using DiffracPlus Software (EVA v.
2006, Bruker, Karlsruhe, Germany) and the PDF database. Fourier Transform Infrared
(FTIR) spectroscopy was carried out a PerkinElmer 1000 spectrometer (PerkinElmer,
Akron, OH, USA), in the spectra range of 400 to 4000 cm™. Pellets were produced by
mixing a pulverized sample with KBr at a ratio of 1:100 w/w. The identification of the
morphology and structure of the raw materials and selected AAMs were identified by
Scanning Electron Microscopy (SEM) using a JEOL-6380LV scanning microscope (JEOL
Itd., Tokyo, Japan) with an Oxford INCA Energy Dispersive Spectroscopy (EDS) micro
analysis system (Oxford, Instruments, Abingdon, UK). In addition, the toxicity of raw
materials and the selected AAMs was assessed according to the EN 12457-3 test (EN
12457-3:2002; Van der Sloot et al., 2001), which involved leaching (8 L per kg) of the
material in distilled water. The leaching solutions were filtered using 0.45 um membrane
filters and the concentration of the metal ions in the eluate was determined using an
Inductively Coupled Plasma Mass Spectrometry (ICP MS, Agilent 7500 cx) equipped
with an Agilent ASX-500 Autosampler. Also, the concentration of the metals was
expressed as mg kg of raw material and compared with existing limits for disposal of

wastes in various landfill types (European Commission, 2002).

Table 3.3. Test details and selected molar oxides in the activating solutions.

NaOH  Solid I;I;;Zi HO  NasSiOs |
AAM Code ratio* H2O/Na20**  SiO2/Na20**
M wt% wt% wt% wt%

PS 821 38 111 3.0 0.2 142 0.3
PS120 800 42 125 33 0.2 142 0.3
PS60 8 800 42 124 33 0.2 142 0.3
PS30 800 42 125 33 0.2 142 0.3
FS 8.0 24 71 9.5 0.2 17.4 1
FSP 811 36 106 47 0.2 14.9 0.4
LS 8 832 21 6.3 8.4 0.2 17.4 1
FS30LS70 826 22 65 8.7 0.2 17.4 1
FSP30LS70 10 824 27 62 8.7 0.2 14.6 0.9
LR 756 3.1 9.1 12.2 0.3 17.4 1
MK 8 520 60 180 240 0.7 17.6 1
LR9OMK10 758 3.1 9.0 12.1 0.3 17.2 1
LLR 10 714 43 100 143 0.3 14.8 1
LLR30PS70 814 45 132 35 0.2 141 03
LLR30LS70 8 817 23 6.8 9.0 0.2 17.4 1
L70MK30 511 75 170 245 0.7 14.6 1
L8OMK20 O s 70 159 2209 0.6 146 1

*Liquid-to-solid ratio in the starting mixture, **molar ratios in the activating solution.
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In order to study their structural integrity, selected AAMs were subjected to firing at a
temperature range of 200-1000 °C, in a laboratory furnace N-8L Selecta (JP Selecta,
Abrera, Spain). The heating rate used was 5 °C min’', while the retention time at each
temperature varied between 2 and 6 h, depending on each AAM type. In addition, they
were immersed in distilled water (H20) and acidic solutions (1 mol L' HC], 1 mol L
H2SOxs) for 7 to 30 days or subjected to freeze-thaw cycles for 7 and 28 days (Standard
C1262-10) (ASTM, 2018). More specifically, freezing was performed at —18+5 °C for 4 h,
while thawing carried out at room temperature (20£0.5 °C) for 12 h (one complete cycle).
Finally, the compressive strength and other selected properties of the AAMs were
determined. The compressive strength was determined using a MATEST C123N load
frame (compression and flexural machine, Matest S.p.A, Treviolo, Bergamo, Italy). The
water absorption (%), porosity (%) and apparent density (kg m?) of selected AAMs were
determined according to the standard BS EN 1936:2006 (BSIL, 2007).
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4. Results and discussion
4.1 Characterization of raw materials
41.1 Reactivity of raw materials

The reactivity of raw materials was assessed through leaching tests; 1.0 g of each raw
material was added in 100 mL of 8 or 10 mol L' (M) NaOH solution and leaching was
carried out in 250 mL conical flasks under continuous stirring for 24 h at room
temperature (20+0.5 °C). After solid and liquid separation with the use of 0.45 um pore
size membrane filters (PTFE, Chromafil), the Al and Si concentration in solution was
determined using ICP. It is known that several studies have focused on the
determination of SiO:/Al:Os molar ratios in the raw materials, thus evaluating their
reactivity and subsequently their alkali activation potential (Ascensao et al.,, 2020;
Aughenbaugh et al., 2015; Bumanis et al., 2017; Hertel and Pontikes, 2020; He et al., 2016;
Lahoti et al.,, 2018). Nevertheless, as mentioned in other studies, this ratio mainly
indicates their reactivity and does not fully define the actual dissolution of Si and Al ions
that participate during alkali activation in the formation of Si-O-Al bonds (Sun et al.,
2020; Tennakoon et al., 2014b; Wang et al., 2020a, 2020b; Zhang et al., 2020b).

Table 4.1 shows the reactivity of raw materials, as denoted by the concentration of Si and
Al (in mg L) and the respective Si/Al molar ratios in solution after alkaline leaching. It is
seen from this data that the highest concentration of Si (550.0 mg L') and Al (101.5 mg L-
1) was obtained after leaching of the finer size of PS slag (PS120). The other ferronickel
slag (LS) used in this study, exhibits also high reactivity, as shown by the concentration
of Si (335.5 mg L) and Al (99.1 mg L) in the final solution; comparative results have
been also produced in earlier studies (Zaharaki and Komnitsas, 2009). On the contrary,
the concentration of Si and especially Al for the FS and FSP slags were much lower
(Table 4.1), but their reactivity is considered sufficient for alkali activation. The Si/Al
ratios were 5.4, 9.6, 4.2 and 3.4 for PS120, FS, FSP and LS, respectively.

On the other hand, the concentration of Si and Al in solution after leaching of LR, LLR
and L residues is very low, thus indicating that their reactivity is not sufficient for
alkaline activation. In particular, it is observed that, after alkaline leaching of LR the
concentrations of Si and Al in the solution were 20.1 and 2.4 mg L, respectively, whereas
the calcination of these leaching residues at 800 and 1000 °C, resulted in a much lower
concentration of both elements in the eluate. More specifically, the concentration of Si
was 12.9 mg L' in the solution after calcination of laterite residues at 800 °C (800LR) and
2.0 mg L after calcination at 1000 °C (1000LR). According to the results of earlier studies,
calcination of laterite at temperatures above 800 °C results in structural modifications
and the formation of spinels (SisAlsO12) (Kpinsoton et al., 2018; Mascarin, 2018). The Si/Al
ratios were 8.4, 21.5 and 5.4 for LR, 800LR and 1000LR, respectively. In addition, it is
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noticed from this data that the other leaching residues investigated (LLR), exhibit even
lower reactivity, since the concentration of Si and Al in the final solution was 0.9 and 0.1
mg L, respectively. The third laterite leaching residues (L) studied exhibited low
concentration of Al (0.5 mg L") in the solution but much higher Si concentration (59.1 mg
L1). It is mentioned that the Si/Al ratios were 18.1 and 118.2 for LLR residues and L
residues, respectively.

Finally, metakaolin (MK) exhibited higher reactivity, as indicated by the concentration of
Si and Al in the final solution, which was 58.7 and 41.9 mg L, respectively, after alkaline
leaching with 8 mol L-* NaOH. It is noted that the alkaline leaching of metakaolin with 10
mol L' NaOH resulted in slightly increased concentrations of both elements in the final
solution as indicated in earlier studies (Komnitsas et al., 2009; Lemougna et al., 2017).
The Si/Al ratio was 1.4 for MK.

Table 4.1. Concentration of Si, Al and Si/Al molar ratio in final solution.

Raw material Si (mg L1) Al (mg L) Si/Al
PS1202 550.0 101.5 5.4
PS602 281.5 63.4 44
PS302 216.0 57.0 3.8
LS? 332.5 99.1 3.4
FS? 139.5 14.5 9.6
FSP= 100.0 239 42
LR® 20.1 24 8.4
800LR> 129 0.6 21.5
1000LR? 2.0 04 54
LLR? 0.9 0.1 18.1
Lb 59.1 0.5 118.2
MKz 58.7 419 1.4
MKP 61.3 434 1.4

a: Leaching with 8 mol L' NaOH solution for 24 h.
b: Leaching with 10 mol L' NaOH solution for 24 h.
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41.2 XRD Analysis

The XRD patterns of ferronickel (PS, LS) and fayalitic (FS, FSP) slags are presented in
Figures 4.1 and 4.2, respectively. Magnetite (FesOs), fayalite (Fe:5iOs) and quartz (SiO2)
are the phases detected in PS and LS slags, as shown in Figure 4.1. In addition, the main
mineralogical phases present in PS slag are hedenbergite [Ca(Fe,Mg)(5iOs)2], diopside
(CaMgSi206) and hatrurite (CasSiOs) as a minor phase, while the main mineralogical
phases present in LS are anorthite (CaAl:5i20s), chromite (FeCr20s), cristobalite (5iO2),
forsterite (Mg2SiOs) and tridymite (SiO). It is also mentioned that PS and LS slags have
high amorphous content (~50 %) denoted by the broad hump shown between 2-Theta 25-
400, as also indicated in previous studies (Komnitsas et al., 2009; Zaharaki et al., 2010).

2-Theta - Scale

Figure 4.1. XRD patterns of ferronickel slags, namely PS and LS. Phases identified are: anorthite
(A), chromite (Ch), cristobalite (Crs), diopside (D), fayalite (F), forsterite (Fo), hatrurite (Ha),
hedenbergite (He), magnetite (M), quartz (Q), tridymite (T).

On the other hand, the main mineralogical phases detected in FS slag are magnetite and
fayalite, whereas in FSP slag the main phase is clinoferrosilite (FeSiOs) , while graphite
(Gr) corresponds to traces of residual carbon due to the carbo-reduction plasma reaction

that took place in the pilot plant furnace (Figure 4.2).
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Figure 4.2. XRD patterns of fayalitic slags, namely FS and FSP. Phases identified are:
clinoferrosilite (Cfs), fayalite (F), graphite (Gr), magnetite (M).

The mineralogical analysis of all laterite leaching residues, as derived by XRD is
presented in Figure 4.3. As seen from the XDR pattern of leaching residues (L) the main
mineralogical phases are diopside (MgCaSi2Og), fayalite (Fe2SiOs), talc [MgsSisO10(OH):]
and zincite (ZnO), while the minor phases are clinochlore [(Mg,Fe)sAl(SisAl)O1(OH)s]
and quartz (SiO2). On the other hand, the main mineralogical phases present in the
second leaching residues (LR) are quartz (S5iO2) and hematite (Fe20s), while goethite
[FeO(OH)], clinochlore [(Mg,Fe)sAl(SisAl)O10(OH)s] and lizardite [(Mg,Fe)sSi20s(OH)4]
also exist as minor phases. The main Ni containing phases are chromite (Cr20s NiO) and
willemseite [(Ni,Mg)sSisO1(OH):]. Finally, in the case of the third leaching residues
(LLR), it is seen from the XRD pattern that the main mineralogical phases detected are
quartz  (Si02), goethite  (FeO(OH)), hematite  (Fe20s) and  clinochlore
(Mg, Fe)sAl(SisAl)O10(OH)s), while chromite [(Fe,Mg)Cr204], calcite (CaCOs) and
cryptomelane (KMnsOis) are minor phases. The main Ni containing phase is willemseite
((Ni,Mg)s5i4010(OH)2). As a result of the acid column leaching of limonitic laterite with

the use H2SOs4 solution, gypsum was also detected in the leaching residues (LR).
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Figure 4.3. XRD patterns of leaching residues of laterites, namely L, LR and LLR. Phases
identified are: calcite (C), chromite (Ch), clinochlore (Cl), cryptomelane (Cr), diopside (D), fayalite
(F), goethite (G),gypsum (Gy), hematite (H), lizardite (L), talc (T), quartz (Q), willemseite (W),

zincite (Z).

413 FTIR Analysis

The FTIR spectra, over the range 4000-400 cm?, of PS, LS and FS, FSP slags are illustrated
in Figures 4.4 and 4.5, respectively. It is observed that the peak at 472 cm™ in PS is
ascribed to the overlapping Si-O-5i and O-Mg-O bending vibrations (Bakharev, 2005;
Yang et al., 2014) as shown in Figue 4.4. In line with the XRD data, the bands observed at
828 cm, 872 cm and 948 cm™ in PS are characteristic peaks of Ca-Fe-Mg-silicate-based
slags dominated by fayalite, diopside and hedenbergite (Marangoni et al., 2016; Nazer et
al., 2016; Onisei et al., 2018; Peys et al., 2018; Rincon et al., 2018). The first band results
from the vl mode (symmetric stretch), while the others correspond to the asymmetric
stretching vibrations of SiOs (v3 mode). An additional peak is seen at 668 cm™, which is
associated with the stretching vibrations of Si-O bands of diopside (Zong et al., 2018).
The weaker band at 1634 cm in PS belongs to the characteristic bending vibrations of H-
O-H (Bernal et al., 2015; Liu et al., 2017; Palomo et al., 1999), whereas the band at 3744
cm™ is typical for the OH- stretching region. Concerning the LS slag and in line with XRD
results, the narrow band at 505 cm™ is typical of Fe-O stretching vibrations and it is due
to the presence of magnetite in raw LS (Muthuvel et al., 2019). The major band observed
at 961 cm™ represents the Si-O asymmetric stretching vibrations with its wide broadness
indicating the high glassy/vitreous content present in LS slag (Chen et al., 2020;
Komnitsas et al., 2009); this band is also observed in FS slag (Figure 4.5). Two narrow
bands at 2845 and 2918 cm™ are typical of symmetric and asymmetric -CHz- stretching
vibrations, respectively (Li et al., 2019), while the broad band at 3423 cm! is ascribed to

the presence of water, due to the stretching vibration of O-H bonds (Maragkos et al.,

37



Vasiliki Karmali

PhD Thesis, “Valorisation of mining and metallurgical wastes through alkali activation”

2009). On the other hand, the band at 457 cm in the FS slag is characteristic of fayalitic
slags and corresponds to in plane Si-O bending and Al-O linkages as well as bending Si-
O-Si and O-Si-O vibrations, as shown in Figure 4.5 (Komnitsas et al., 2013, 2015; Yip et
al., 2008). In the same Figure, the peak seen at 575 cm™ in the FS slag is ascribed in the
stretching vibrations of T-O-T (T=Si, or Al) bonds, while the bands at 689 cm in the FS
and 876 cm in the FSP are attributed to the bending modes of COs? (Komnitsas et al.,
2019a, 2019b). The two bands at 1525 cm™ and 2370 cm™ in the FSP slag are attributed to
the atmospheric carbonation (Gao et al., 2014; Komnitsas et al., 2015). Finally, the broad
band seen at 1382 cm™ in the FS slag is ascribed to the presence of water, due to bending
vibrations of O-H bonds (Maragkos et al., 2009).
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Figure 4.4. FTIR spectra of FeNi slags, Figure 4.5. FTIR spectra of fayalitic slags,
namely PS and LS. namely FS and FSP.

Figure 4.6 shows the FTIR spectra of all laterite leaching residues. In this case and in line
with XRD results (Figure 4.3), the bands at 460 cm!, 694 cm™, the double bands at 778 cm-
Land 796 cm?, as well as at 1086 cm® and 1145 ¢m! are characteristic bands attributed to
quartz (Criado et al., 2016), while the small bands at 528 cm™ and 910 cm™ are attributed
to hematite and goethite, respectively (Komnitsas et al., 2018, 2019b; Lemougna et al.,
2017). The band at 460 cm™ seen in all leaching residues is attributed to the bending
motions of the Al- and Si-containing phases (Komnitsas et al., 2018; Lemougna et al.,
2017). The bands seen at 1086 cm™ and 1102 cm™ in LR residues, 1096 cm™ in L residues
and 1108 cm™ in LLR residues correspond to asymmetric stretching vibrations of the
silicate tetrahedral network (Komnitsas et al., 2018). In addition, the band present in L
residues at 2917 cm! is assigned to hydrocarbon stretches, while the small bands at 3546
cm? and 3607 cm? can be attributed to Fe*-OH-Fe* stretching and deformation
vibrations (Komnitsas et al., 2018). Finally, the two bands shown at 600 and 650 cm in
the L residues can be assigned to the formation of calcium-based sulfates, as also
indicated by the XRD pattern (Figure 4.3) (Komnitsas et al., 2019b).
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Figure 4.6. FTIR spectra of laterite leaching residues, namely L, LR and LLR.

4.2 Factors affecting valorization of PS slag for the production of
AAMs

This section presents the valorization potential of PS slag for the production of AAMs.
Selected factors affecting the compressive strength and other properties as well as the
structural integrity, morphology and microstructure of the produced AAMs are

discussed. More data on this topic are provided in a recent paper (Komnitsas et al.,
2019a).

421 Effect of H:O/Na:0 molar ratio in the activating solution and curing

temperature on the compressive strength of the produced AAMs

Figure 4.7 presents the compressive strength of the produced AAMs after curing for 24 h
and ageing for 7 days as a function of H2O/Na:0 molar ratio in the activating solution
and curing temperature (40 or 80 °C). The SiO:/Na:O molar ratios in the activating
solution are slightly different, and depend on the H>0O/Na:O ratios used. It also
mentioned that the dw (90 % passing) of PS slag used was 57.5 um (Table 3.1). It is
observed that the effect of temperature does not significantly affect the compressive
strength for all H2O/Na20 ratios tested; this indicates that the process is energy efficient,

in terms of heating requirements. It is known that in most cases, the higher curing
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temperature accelerates the rate of reactions between the precursors and the activating
solution, improves condensation and re-solidification so that more aluminosilicate bonds
are formed and a better microstructure is developed, thus a matrix with beneficial
mechanical properties is formed, as indicated in earlier studies (Soultana et al., 2019;
Zaharaki et al., 2016). It is also known from previous studies that consideration is
necessary in order to avoid fast evaporation of water during curing at higher
temperature, otherwise incomplete alkali activating reactions are anticipated
(Gebregziabiher et al., 2016; Sindhunata et al., 2006; Yuan et al., 2016).
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Figure 4.7. Effect of H2O/Na20O molar ratio in the activating solution and curing temperature on
the compressive strength of the produced the AAMs (pre-curing and curing time 24 h, ageing
period 7 days; error bars indicate the standard deviation of measurements obtained from three

specimens).

On the other hand, the compressive strength of the produced AAMs increases slightly
and reaches the maximum value, i.e. 67.0 MPa, when the H>0O/Na2O ratio in the
activating solution decreases from 19.1 to 14.2; it then drops substantially when lower
H>0/Na:0 ratios are used. It is well known that the low ratios indicate high alkalinity
and that OH- ions may remain unreacted and result in the production of specimens with
lower strength, while high ratios may indicate either deficiency of OH- ions or excess of
water which may also remain unreacted under specific synthesis conditions, as
mentioned earlier (section 2.4). However, several studies have reported that an optimum
H20/Naz0 ratio exists and depends in each case on the mineralogy of the precursor and
the rate of the reactions between the raw material and the alkaline solution (Azevedo
and Strecker, 2017; Komnitsas et al., 2015; Mo et al., 2017; Soultana et al., 2019). It is also
noted that the weight loss of the specimens during curing at 80 °C, increases from 1.9 %
to 3.5 % when lower H2O/Na20 ratios are used in the activating solution. Overall, from
these results it is concluded that the H2O/Na:O ratio in the activating solution is a more

important factor compared to the curing temperature during AAMs synthesis.
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422 Effect of particle size on the compressive strength and selected

properties of the produced AAMs

Three different particle sizes of PS slag were selected in order to investigate their effect
vs. curing temperature on the properties of the produced AAMs. The particle sizes of PS
slag studied are presented in Table 3.1, while the other AAMs synthesis conditions were
H:0O/Na:0O and SiO2/Na2O molar ratios in the activating solution 14.2 and 0.3,
respectively, curing time 24 h, ageing period 7 days and constant liquid to solid (L/S)
ratio at 0.25; more details are provided in a recent study (Petrakis et al., 2019). It was also
observed that the setting time of the paste ranges between 3 and 9 h for the different
grinding products tested. The finer particles react faster with the activating solution due
to their larger specific surface area and thus the paste requires much shorter setting time
compared to the paste consisting of coarser particles (Traven et al.,, 2019). Figure 4.8
shows the compressive strength of the AAMs produced as a function of particle size and
curing temperature (60 or 80 °C). It is seen from this data, that the compressive strength
increases from 7.9 to 26.2 MPa (~230 % increase) when the particle size decreases from
154.0 ym to 47.0 um after curing at 60 °C. Regarding the curing temperature, it is
observed that it significantly and positively affects the compressive strength for all
particle sizes tested. In particular, when the curing temperature increases to 80 °C and
the particle size decreases from 154.0 um to 47.0 um, the compressive strength of the
produced AAM:s increases from 20.2 MPa to 60.8 MPa (~200 % increase).
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Figure 4.3. Effect of the particle size of PS and curing temperature on the compressive strength of
the produced AAMs (curing time 24 h, ageing period 7 days, particle sizes of 154.0, 86.0, 47.0 pm;

error bars denote standard deviation of measurements obtained from three specimens.
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Other selected properties of the produced AAMs obtained when three different particle
sizes were used, namely, apparent density (g cm=), porosity (%), and water absorption
(%) are presented in Table 4.2. This Table also shows the compressive strength of the
AAMs produced under the optimum synthesis conditions. It can be seen that all
properties vary, however, the main difference was observed for porosity which
decreased from 13.5 to 6.7 % with the decrease of the PS slag particle size from 154.0 um
to 47.0 um, indicating that this property may have a significant effect on the compressive
strength of the produced AAMs. A similar trend was also observed for water absorption
which decreased from 5.9 to 3.8 % by taking into account the same particle sizes. On the
other hand, the apparent density of the AAMs increased from 2.28 to 2.54 g cm® when
the particle size of slag decreased from 154.0 um to 47.0 um. Based on these results, it is
concluded that when the raw materials are finer, the produced AAMs are denser and
stronger. It is mentioned that the shrinkage of AAMs after curing at 60 °C or 80 °C was
negligible. Another explanation of the results regarding the alkali activation of slag,
when different particle sizes are used, may be due to their different reactivity since
higher dissolution of Si and Al takes place when finer particles react and thus higher
Si/Al ratios are present in the alkaline solution and participate in alkali activation
reactions (Table 4.1). Therefore, the reactivity may predict the magnitude of the

anticipated compressive strength values.

Table 4.2. Selected properties of PS-based AAMs produced under the conditions 14.2 H2O/Na:20, curing
temperature 80 °C, curing time 24 h, ageing period 7 days.

AAM Particl
Code Si;;rel(czle Compressive Strength ~ Apparent Density  Porosity = Water Absorption
s 00 (MPa) (g cm?) (%) (%)
(um)
PS30 154.0 20.2 2.3 13.5 59
PS60 86.0 33.8 2.4 10.6 4.5
PS120 47.0 60.8 25 6.7 3.8

Finally, the effect of pre-curing, curing and ageing period on the compressive strength of
the produced AAMs was also investigated and the results are presented in detail in a
previous recent study (Komnitsas et al., 2019a). It is mentioned that the ageing period
practically did not affect the compressive strength of the produced AAMs, while the
longer curing time, when high H>O/Na20 ratio and temperature was used, had an

adverse effect on the compressive strength.
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423 Structural Integrity of AAMs

The structural integrity of PS-based AAMs produced was investigated after firing them
for a period of 6 h, at a temperature range of 200-1000 °C (Figure 4.9) and after immersion
in distilled water (H20), 1 M HCl and 1 M H2SOx for 7, 15 and 30 days (Figure 4.10). The
AAMs used were produced under the optimum conditions, namely particle size of PS,
57.5 um (90 % passing); H20O/Naz0 ratio, 14.2; SiO2/Na:20 ratio, 0.3; curing temperature,
80 °C; pre-curing and curing time, 24 h; ageing period, 7 days. Control specimens were
also tested for comparison. In addition, Table 4.3 shows the evolution of compressive
strength (MPa), as well as some selected properties, namely shrinkage (%), weight loss
(%) and apparent density (g cm?) after firing PS-based AAMs at 200, 400, 600, 800 and
1000 °C for 6 h.

Figure 4.9 shows that the integrity of AAMs after firing them up to 400 °C is very good
since the compressive strength increases substantially, from 90.2 to 115.2 MPa whereas it
decreases sharply after firing at higher temperature. Similar behavior has also been
observed in a previous study (Onisei et al., 2015), which indicates that the fayalitic slag-
based AAMs exhibited after firing at 500 °C an increase in compressive strength by
almost 30 % to 105 MPa, regardless of the addition of 5 % or 10 % analytical grade Al:Os
in the initial mixture. In this case, the formation of new phases, including laihunite due
to oxidation of fayalite, sodium aluminum silicate (NaAlSiOs), hematite, magnetite and
spinel hercynite (FeAl:Os), resulted in increase of compressive strength. However, in our
case and in line with XRD data (Figure 4.11d), no new visible major mineralogical phases
in AAMs fired at 400 °C were detected, whereas the increase in compressive strength
could be attributed to the increase in the quantity of several phases (Figure 4.11d). The
compressive strength of the AAMs after firing at 1000 °C was extremely low, while the
specimens showed a volumetric expansion of 7.1 % (Table 4.3) and were severely
damaged. Zaharaki et al. (2010) mention that firing at very high temperatures results in a
sharp drop in compressive strength, due to dehydroxylation of silanol (Si-OH) and
aluminol (Al-OH) groups that causes development of cracks and pores. An earlier study
(Duxson et al., 2007d) reported that the increase of shrinkage occurs stepwise in four
temperature regions. More specifically, in Region I, at temperatures below 100 °C, the
increase in shrinkage is attributed to the release of free water. Then, in Region II,
between 100-250 °C, shrinkage occurs due to pore water released from the formed gel,
whereas in Region III between 250-600 °C, due to the loss of bound hydroxyls, and in

Region IV, at a higher temperature than 700 °C, due to a viscous sintering-like process.
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Figure 4.9. Compressive strength of selected AAMs after firing between 200 and 1000 °C for 6 h;
synthesis conditions: pre-curing and curing time 24 h, curing temperature 80 °C, ageing period 7
days; the compressive strength of control AAM was determined after ageing period of 7 days;

error bars indicate the standard deviation of measurements obtained from three specimens.

Other factors that contributed to the increase in strength after firing at 400 °C are the
volumetric shrinkage by 4.8 % (Table 4.3), which is the highest at this temperature, and
the increase in density to 2.7 g cm=. These properties were not determined for the AAMs
fired at 1000 °C, since as mentioned earlier, they suffered severe damage. The increase in
strength of the AAMs produced after firing at 400 -C is a very important finding and
shows that they can be potentially used as fire-resistant materials and replace or coat
concrete in specific construction applications, as for example in tunnels, thus allowing
more time for rescue teams to intervene in case of fire (Komnitsas et al., 2019a). Similar,
but noticeably smaller increase was also reported in earlier studies investigating the
potential of a Greek ferronickel slags for the production of AAMs (Zaharaki and
Komnitsas, 2012; Zaharaki et al., 2010).

Table 4.3. Selected properties of the fired PS-based specimens.

Temperature Compressive Shrinkage Mass Loss Apparent Density
°C) strength (%) (%) (g cm™)
(MPa) 8
200 90.2 4.0 51 22
400 115.2 4.8 7.3 27
600 25.2 3.6 9.6 2.0
800 10.9 2.2 10.2 1.8
1000 2.0 -7.1 ND* NM

* ND: Not Determined
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On the other hand, as seen in Figure 4.10, the AAMs after immersion in distilled water,
1M HCl and 1M H:SOs solutions exhibit also good behavior for a period of 7, 15 and 30
days. The compressive strength of control specimens is also provided for comparison.
More specifically, it is seen that the immersion of specimens in distilled water, even for a
long period of 30 days, has a relatively minor effect on their compressive strength. Also,
the specimens retain very good strength, varying between 33.8 MPa and 36.5 MPa, when
immersed in 1M HCI and 1M H:SO: solutions for a period of 30 days. The maximum
mass loss of the specimens immersed in distilled water, H.SOs and HCl solutions was 0.9
%, 3.2 % and 5.6 % respectively, which is considered as low to very low in all cases. It is
also mentioned that the final pH of the solutions containing distilled water, HCI and
H:SOs after immersion of the specimens for 30 days was 11.0, 2.7 and 1.7 respectively.
These results indicate that the AAMs respond well and exhibit very good structural

integrity in aggressive environments.
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Figure 4.10. Compressive strength of selected AAMSs after immersion in distilled water or acidic
solutions for a period of 7 to 30 days; synthesis conditions: pre-curing and curing time 24 h,
curing temperature 80 °C, ageing period 7 days; the compressive strength of control AAM was
determined after ageing period of 7 days; error bars indicate the standard deviation of

measurements obtained from three specimens.

424 Morphology-Microstructure of raw PS and selected PS-based AAMs

Figure 4.11 presents the XRD patterns of selected AAMs, namely the control AAMs,
which were produced under the optimum symthesis conditions (i.e. H2O/Na:0O, 14.2;
Si02/Na20, 0.3; curing temperature, 80 °C; pre-curing and curing time, 24 h; ageing
period, 7 days) as well as of those immersed in 1 mol L' HCl for 30 days or fired at 400
°C for 6 h, and the patterns of the raw PS for comparison. It is seen that no new visible
major mineralogical phases for the selected AAMs were detected. However, the

intensities of mineralogical phases of fayalite, hedenbergite and diopside increased in the
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AAMs after firing at 400 °C and this may explain the noticeable increase of its

compressive strength.
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Figure 4.11. XRD pattens of (a) raw PS (b) AAM control, (c) AAM after immersion in 1M HCl for
30 days and (d) AAM after firing at 400 °C for 6 h. Phases identified are: diopside (D), fayalite (F),
hatrurite (Ha), hedenbergite (He), magnetite (M), quartz (Q).

Figure 4.12 presents the FTIR spectra of selected AAMs, namely the control AAM, which
was produced under the optimum synthesis conditions (i.e. H2O/Na:20, 14.2; SiO2/Na:20,
0.3; curing temperature, 80 °C; pre-curing and curing time, 24 h; ageing period, 7 days) as
well as of those immersed in 1M HCI for 30 days or fired at 400 °C for 6 h, and the
pattern of the raw PS for comparison. The peak seen at 472 cm™ in the control AAM is
ascribed to the overlapping Si-O-5i and O-Mg-O bending vibrations (Bakharev, 2005;
Yang et al., 2014). It is seen that this band disappears after firing at 400 °C (Figure 4.12d),
thus indicating that phase transformations took place and resulted in the increase of the
compressive strength. The strong single peak at 1016 cm™ shown in the control AAM
(Figure 4.12b) reveals the formation of reaction products after exposure of AAMs to
highly alkaline solution (Komnitsas et al., 2009, 2019b; Muzek et al., 2012). The structural
reorganization as result of the alkaline activation is more noticeable by the broader bands
shown in the same region (800-1200 cm™) for the AAMs immersed in HCI solution or
fired at 400 °C (Figure 4.12¢,d, respectively). The sharper peaks seen at 1650 cm, 1636
cm™ and 1644 cm in selected AAMs (Figure 4.12b-d) belong to the characteristic bending
vibrations of H-O-H (Bernal et al., 2015; Liu et al., 2017; Palomo et al., 1999). The intense
absorption bands at ~1410 cm™ and ~1490 cm™! shown only in the AAMs are attributed to
stretching vibrations of O-C-O bonds due to carbonation of the remaining Na-silicate
(Abdullah et al., 2012; Liu et al., 2017). Finally, the bands observed in raw PS and control
AAM at 3744 cm™ and 3756 cm’, respectively (Figure 4.12a,b) are typical for the OH-
stretching region, as previously mentioned. However, the presence of water is more

evident in all AAMs since a quite wide absorption band region appeared between 3000
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cm! and 3700 cm! belonging to stretching vibrations of OH groups (Rincoén et al., 2018),

due to the hydration processes that took place during alkali activation.
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Figure 4.12. FTIR spectra of (a) raw PS (b) AAM control, (¢) AAM after immersion in 1M HCl for
30 days and (d) AAM after firing at 400 °C for 6 h.

As shown in XRD analysis, SEM examination of the PS surface by SEM/EDS (Figure
4.13a) revealed a glassy morphology with sharp edges that is heterogeneous in size and
dominated by large quartz, diopside and weathered fayalite crystals (>50 m long) along
with small spherical grains (<15 um) of magnetite. According to EDS point analyses,
other (inter)metallic phases such as chromite (FeCr204) and awaruite (NisFe) were also
detected in minor quantities as small single intergrown drops and inclusions,
respectively (Kierczak et al., 2009). Furthermore, several parallel laths/seams of Cr-spinel
(~2 m thick) embedded in clinopyroxene (diopside) matrix were identified containing up
to 5.2 % Cr.

After alkali activation of slag under the conditions of H20O/Na:0O 14.2, SiO2/Na20 0.3,
curing temperature 80 °C, pre-curing and curing time 24 h and ageing period 7 days
(control AAM) (Figure 4.13b) or firing at 400 °C (Figure 4.13c,d), a moderate to highly
homogenous and dense glassy matrix (dark color) is formed between PS grains (bright
color) and observed in the geopolymeric gel for both AAMs produced. The geopolymeric
gel in the control AAM displayed a quite smooth surface mostly comprised of
unreacted/unaffected quartz particles and an inorganic matrix (P1) containing Ca, Al, Si,
Fe, Mg and Na, provided from the alkaline activator or solubilised from PS slag. As a
result of the NaOH solution attack in the slag, deterioration of reacted diaspore, fayalite
and chromite particles is clearly observed. In addition, based on elemental analysis,
several Ni-Fe sulfides grains scattered/dispersed and aggregated in the geopolymeric
matrix were found containing up to 60 % Ni. A higher magnification image of a Ni-Fe
sulfide grain shown in Figure 4.13b, indicates that awaruite (NisFe) occurs as inclusion

along with NisS: within the mixed Ni-Fe sulfide matrix. Regarding the AAM produced
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after firing at 400 °C, SEM analysis indicated a more homogenous structure filled with
aggregated slag particles smaller in size (~10 um) compared to the control AAM. This
evidence is the synergistic result of alkaline solution attack along with the oxidation of
PS after firing at 400 °C (Komnitsas et al., 2019a).

Figure 4.13. Back-scattered electron images of (a) raw PS surface and cross-sections of selected
AAMs after (b) alkali activation with H2O/Na20 14.2 and (c,d) firing at 400 °C. EDS spectra show
in several spot locations the presence of inter (metallic) phases, the formation of mixed aggregates
and newly formed phases (Q: Quartz, D: Diaspore, F: Fayalite, M: Magnetite, H: Hematite, NFs:
Ni-Fe sulfides, Ch: Chromite, Cr-Sp: Cr-Spinel).

425 Toxicity of AAMs

The toxicity of the raw PS, control AAM and control AAM after firing at 400 °C was
assessed according to the EN 12457-3 test. The dissolution rates of the metals were
expressed as mg kg and compared with existing limits for disposal of wastes in various
landfill types; these limits are presented in Table 4.4. The raw PS exhibited reasonable
toxicity in terms of Ni (6.3 mg kg') and slight for total Cr (0.6 mg kg™), by considering its
chemical and mineralogical analyses (Kierczak et al. 2009). On the other hand, the control
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AAM exhibited no toxicity at all since the dissolution rates of all heavy metals were
below the lower limits, which are indicated by the EN 12457-3 test for wastes accepted at
landfills for inert wastes. However, the control AAM after its firing at 400 °C exhibited an
increase in the dissolution rates of Ni, As and total Cr, namely 2.2, 1.2 and 2.4 mg kg
respectively, exceeding the lower limit values indicated by the EN 12457-3 test (Table 4.4)
(EN 12457-3:2002; Van der Sloot et al., 2001). So, the alkali activation not only contributes
to the production of AAMs with high compressive strength but also binds or traps
potentially hazardous elements in a stable matrix and thus reduces their dissolution rate
and overall toxicity (Komnitsas et al., 2013). More information on toxicity is presented in

a previous recent study (Komnitsas et al., 2019a).

Table 4.4. Limit values for disposal of wastes in various landfill types.

Limit values *

For hazardous

For wastes accepted For wastes accepted at

Element atlandfills for inert Fornon wastes.; accepted at landfills for hazardous
wastes hazardous wastes landfills for non- wastes
hazardous wastes
mg kg!

Al

Cr 0.5 10 10 50
Mn

Fe

Ni 04 10 10 40
Cu 2 50 50 100
Zn 4 50 50 200
As 0.5 2 2 25
Mo 0.5 10 10 30
Cd 0.04 1 1 5
Pb 0.5 10 10 50

* Council Decision 19 December 2002 (2002/33/EC). Note: Shaded parts indicate elements that exceed
specific limits.

42.6 Conclusions

The experimental results show that the PS-based AAMs produced under the optimum
conditions, namely H2O/NazO ratio 14.2 in the activating solution, SiO2/Na20 ratio 0.3 in
the activating solution, curing temperature 80 °C, pre-curing and curing time 24 h and
ageing period 7 days, acquired high compressive strength exceeding 65.0 MPa. An
interesting aspect during alkali activation of this slag is that in the reactive paste the wt%
addition of Na:SiOs and the overall L/S ratio were very low, 3 % and ~20 %, respectively.
Therefore, the AAMs were produced using a mixture containing a high percentage of
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solids and limited addition of chemicals, thus the alkali activation in this case can be
characterized as a cost-effective process.

The results also indicate that the compressive strength of the produced AAMs is
significantly affected by the slag particle size used. The finer particles of the raw slag
have larger surface area and react faster with the activating solution, thus the produced
AAMs acquire higher compressive strength. The determination of selected properties of
the produced AAMs revealed that porosity and water absorption decreased when the
slag particle size decreased, indicating that these properties also affect the compressive
strength. As expected, the apparent density (g cm?) showed an inverse trend. The AAMs
produced under the optimum conditions exhibit good structural integrity after firing for
6 h at high temperatures and after immersion in distilled water or acidic solutions (1M
HCI and 1M H2SOs).

A novel aspect of this investigation is the increase of the compressive strength of the
AAMs after firing at 400 °C for 6 h, due to phase transformations and the development of
a dense and compact structure filled with inclusions of inter (metallic) phases. This
behavior indicates that the produced AAMs have beneficial properties and can find
several applications in the construction sector, i.e as fire-resistant materials. Finally, the
produced AAMs exhibit very low toxicity. So, alkali activation results in the
immobilization of hazardous elements present in the raw slag, and thus no adverse

effects are anticipated from the use of AAMs.

4.3 Factors affecting co—valorization of FS, FSP and LS slags for the
production of AAMs

This section discusses the co-valorization of FS, FSP and LS slags for the production of
AAMs. Selected factors affecting the compressive strength and other properties as well
as the structural integrity, morphology and the microstructure of produced AAMs are

investigated. More results are provided in a recent study (Komnitsas et al., 2020).

4.3.1 Effect of H:O/Na2O molar ratio in the activating solution and ageing
period on the compressive strength of the produced AAMs

Figure 4.14 shows the compressive strength of the AAMs produced from FS slag (Figure
4.14a) and FSP slag (Figure 4.14b), after curing at 90 °C for 24 h, as a function of
H>0/Naz0 molar ratio in the activating solution and ageing period. The SiO2/Na2O molar
ratio in the activating solution was kept constant at 1.0. As seen in Figure 4.14a, the
compressive strength of FS-based AAMs decreases from 26.5 MPa to 14.8 MPa, when the
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H>0/Na20 ratio in the activating solution decreases from 21.6 to 14.8, while the ageing
period, between 7 to 28 days, has only a minor beneficial effect on the compressive
strength of the produced AAMs. The maximum compressive strength (28.0 MPa) was
recorded when the H2O/Na2O ratio was 21.6 after a curing period of 28 days. On the
other hand, the decrease in H2O/Na20 ratio from 19.5 to 11.5 resulted in a noticeable
increase in the compressive strength of the produced FSP-based AAMs (Figure 4.14b).
On the other hand, when the H>O/Na:O ratio decreased to 11.9, the maximum
compressive strength recorded was 19.5 MPa. It is noted that the SiO2/Na2O molar ratio
in alkaline solution was kept constant at 0.4. As in the previous case, the effect of the
ageing period was negligible. The H:0/Na:O ratios play major role during alkali
activation, as already mentioned. The FS-based AAMs exhibit better alkali activation
potential and this may be explained by considering their mineralogy as well as the
leaching of Si and Al from the raw materials in alkaline conditions (Table 4.1). As seen in
Table 4.1, FS exhibits higher activation potential since its Si/Al ratio in the alkaline
solution is more than two times higher compared to the respective ratio obtained after

leaching of FSP slag. It is also possible that the reactivity of FSP slag was reduced after
plasma treatment.
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Figure 4.14. Effect of H2O/Na20 molar ratio in the activating solution and ageing period on the
compressive strength of (a) FS- and (b) FSP-based AAMs (pre-curing time 6 h, curing

temperature 90 °C, curing time 24 h; error bars indicate the standard deviation of
measurements obtained from three specimens).

Finally, the effect of curing temperature (40, 60 and 90 °C) and SiO2/Na:0O molar ratio in
the activating solution on the compressive strength of the produced AAMs was also
investigated and the results are presented in detail in a previous recent study (Komnitsas
et al., 2020). It is noted that curing temperature has a major beneficial effect on the
compressive strength of the AAMs produced from both slags, which increases by more

than 5 times with the increase of temperature from 40 to 90 °C. On the other hand, the
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decrease of SiO2/Na2O ratio resulted in the decrease of compressive strength of the
AAMs produced from both slags. The maximum values of the compressive strength
obtained were 44.8 MPa for the FS-based AAMs produced using H20O/Na20 ratio 22.5
and SiO2/Na2O ratio 1.5, whereas for FSP-based AAMs, the maximum compressive
strength was 27.2 MPa when the H:O/Na20 ratio was 14.6 and the 5i02/Na20 0.9. In both
cases, the other synthesis conditions were: pre-curing time 6 h, curing temperature 90 °C
for 24 h, ageing period, 7 days.

4.3.2 Potential of co—valorization of FS, FSP and LS slags

In order to assess the potential of slag co-valorization through alkali activation,
precursors obtained by mixing FS and FSP slags with different ratios of LS slag were
used, since as mentioned earlier (Table 4.1), LS exhibits higher reactivity during alkali
activation. Figure 4.15 presents the compressive strength obtained for specimens
produced by mixing FS with LS at ratios 10:90, 30:70, 40:60 and 50:50. The synthesis
conditions used for the alkali activation of the mixtures were pre-curing time 6 h, curing
time 24 h, curing temperature 90 °C and ageing period 7 days. The ratios H2O/Na20 and
Si02/Na20 in the activating solution were 17.4 and 1.0, respectively. In the same Figure
the compressive strength of control specimens produced after alkali activation of each

slag, namely FS and LS, are also given for comparison.
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Figure 4.15. Effect of mixing proportions of FS
and LS on the compressive strength of FSLS-
based AAMs (pre-curing time 6 h, curing
temperature 90 °C, curing time 24 h, ageing
period 7 days; error bars indicate the standard
deviation of measurements obtained from
three specimens).

Figure 4.16. Effect of mixing proportions of FSP
and LS on the compressive strength of FSPLS-
based AAMSs (pre-curing time 6 h, curing
temperature 90 °C, curing time 24 h ageing
period 7 days; error bars indicate the standard
deviation of measurements obtained from three
specimens).
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Experimental results prove the beneficial effect of LS addition in the initial mixture on
the subsequent alkali activation, given that the AAMs produced after alkali activation of
LS acquire a compressive strength of 80.0 MPa. It is seen that the specimens produced
after alkali activation of all combinations examined acquire very high compressive
strength which reaches 64.3 MPa also in the case when the mixing ratio FS:LS is 50:50.
This value is almost 70 % higher compared to the value recorded for the AAM produced
using only FS as precursor. It is also important to mention that almost no loss of strength
is noted for the specimens produced from FS:LS mixing ratios 10:90 and 30:70. Figure
4.16 presents the compressive strength obtained for specimens produced by mixing FSP
with LS at ratios and synthesis conditions similar as in the previous case. In the same
Figure the compressive strength of control specimens produced after alkali activation of
each slag, namely FSP and LS, are also given for comparison. The ratios H20/Na:O and
S5i02/Na:0 in the activating solution were 14.6 and 0.9, respectively. Experimental results
also in this case prove the beneficial effect of LS addition in the initial mixture on the
subsequent alkali activation. It is seen that the specimens produced after alkali activation
of all combinations tested acquire high compressive strength which reaches 45.8 MPa
also in the case when the mixing ratio FSP:LS is 50:50. This value is almost 50 % higher
compared to the value recorded for the AAM produced from FSP only. The results of this
series prove the high co-valorization potential for both fayalitic and ferronickel slags
(Komnitsas et al., 2020).

4.3.3 Structural integrity and selected properties of AAMs FS30LS70 and
FSP30LS70

The structural integrity of the FS30LS70 and FSP30LS70 AAMs produced under the
optimum conditions (mentioned earlier, section 4.3.2) were assessed after firing at 250,
350 and 500 °C for 6 h, immersion in distilled water (H-0) and 1M HCI for a period of 7
and 30 days and implementation of freeze-thaw cycles, using —18+5 °C for 4 h and room
temperature (20+0.5 °C) for 12 h, as temperature extremes over a period of 7 and 30 days.
The compressive strength of the control specimens is also shown for comparison.

Figure 4.17 shows that the response of both AAMs to firing is good and FS30LS70
exhibits better behavior since its initial strength was higher. More specifically, the
compressive strength of FS30LS70 specimen increases by ~20 % to 93.9 MPa after firing at
250 °C, due to volumetric shrinkage (5.0 %), and drops slightly by ~12.0 % to 67.2 MPa
after firing at higher temperatures up to 500 °C. Similar behavior is seen for FSP30LS70
which after firing at 500 °C retains a compressive strength of 45.0 MPa. The compressive
strength after firing at higher temperatures, e.g. 800 °C, drops to less than 15.0 MPa (data

not shown), due to phase transformations, deterioration of the structural integrity of the
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specimens as a result of the decomposition of Si-O-Al and Si-O-Si bonds, and the
development of microcracks. It is thus deduced that AAMs produced after firing can be
potentially used as medium fire-resistant materials (Abdel-Ghani et al., 2018; Zaharaki
and Komnitsas, 2012; Komnitsas et al., 2019a, 2019b).
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Figure 4.17. Compressive strength of FS30LS70 and FSP30LS70 AAMs after firing between 250
and 500 °C for 6 h; synthesis conditions: pre-curing time 6 h, curing temperature 90 °C, curing
time 24 h, ageing period 7 days; the compressive strength of control AAM was determined after

ageing period of 7 days; error bars indicate the standard deviation of measurements obtained
from three specimens.

On the other hand, both specimens also exhibit very good behavior after immersion in
distilled water or 1 M HCl, respectively for a period of 7 and 30 days. More specifically,
immersion in distilled water affects only marginally the compressive strength of the
specimens, even after a period of 30 days, whereas immersion in HCl solution for 7 days
results in a decrease of compressive strength to 65.0 MPa for FS30LS70 (Figure 4.18a) and
45.0 MPa for FSP30LS70 (Figure 4.18b), respectively.
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Figure 4.18. Compressive strength of (a) FS30LS70 and (b) FSP30LS70 AAMs after immersion
in distilled water and 1 M (mol L) HCl and implementation of freeze-thaw cycles for 7 and 30
days; synthesis conditions: pre-curing time 6 h, curing temperature 90 °C, curing time 24 h and
ageing period 7 days; error bars indicate the standard deviation of measurements obtained
from three specimens.
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Additional retention of both AAMs in HCl solution for 30 days results in higher drop of
compressive strength to 45.0 MPa and 30.0 MPa for FS30LS70 and FSP30LS70,
respectively. Even though this loss of strength is considered big, it is important to
mention that both specimens retain a substantial final strength under such harsh
conditions. Regarding the effect of freeze-thaw cycles for 7 and 30 days, it is seen that
both specimens respond very well and that the decrease in strength after 30 cycles is only
marginal to 66.7 MPa for FS30LS70 (14 % decrease) and 50.2 MPa for FSP30LS70 (12 %
decrease), respectively.

Finally, Table 4.5 shows the properties, namely porosity (%), water absorption (%) and
density (g cm?®) of selected AAMs, i.e. FS, FSP, LS, FS30LS70, FSP30LS70 as well as of the
last two after firing them at 250 °C and 500 °C for 6 h. All AAMs examined were
produced using the optimum synthesis conditions, as shown in the previous graphs. In
this Table the compressive strength of these AAMs is also shown. It is seen from this data
that the main differences were observed for porosity and density. It is observed that the
porosity of FS specimen was 10.8 % and decreased to 6.3 % for FS30LS70 after firing at
250 °C. A similar trend was observed for water absorption which decreased from 3.8 % to
3.2 %. On the other hand, by taking into consideration the same AAMs the density

increased from 2.3 to 4.3 g cm=.

Table 4.5. Physical properties of selected AAMs.

AAM Compressive Density Porosity Water absorption
Code strength (g cm?) (%) (%)
(MPa)
FS 448 2.3 10.8 3.8
FSP 27.2 2.4 9.4 4.0
LS 80.1 2.6 8.0 3.0
FS30LS70 (control) 77.9 2.6 8.6 3.2
FS30LS70 after firing at
. 4. . 2

250 oC 93.9 3 6.3 3
FS30LS70 after firing at
500 °C 67.2 2.7 10.3 3.9
FSP30LS70 (control) 57.3 3.8 8.5 23
FSP30LS70 after firing
at 250 oC 68.3 3.8 8.8 3.8
FSP30LS70 after firing
at 500 °C 454 3.4 9.2 3.8
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4.3.4 Morphology — Microstructure of raw FS, LS slags and selected AAMs

Figure 4.19 presents the XRD patterns of selected AAMs, namely FS30LS70 before and
after firing at 250 °C for 6 h, as well as the patterns of raw FS and LS for comparison. It is
observed that the main mineral phases, namely magnetite (FesOs) and fayalite (Fe2SiOx)
present in FS30LS70 are also present in the specimen after its firing. It is also observed
that silicon containing phases, such as quartz, cristobalite and tridymite present in the
raw materials are not detected in the produced AAMs, due to their dissolution after the
attack of the raw materials by the activating solution. Finally, it is seen that the intensities
of the crystalline phases of fayalite and magnetite present in the produced AAMs are in
general lower than the ones present in the raw slags. The lower intensities of these

dominant phases in the AAMs indicate that they partially participate in the reactions and

thus confirm to some extent the degree of polymerization (Peys et al., 2019b).
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Figure 4.19. XRD patterns of raw (a) LS and (b) FS slags, as well as AAMs (c) FS30LS70 before and
(d) FS30LS70 after firing at 250 °C for 6 h. Phases identified are: anorthite (A), chromite (Ch),
cristobalite (Crs), fayalite (F), forsterite (Fo), magnetite (M), quartz (Q), tridymite (T).

Figure 4.20 presents the FTIR spectra of selected AAMs, namely FS30LS70 before and
after firing at 250 °C for 6 h, as well as the FS and LS for comparison. The FTIR spectra of
the AAMs indicate that polymerization took place and has resulted in the increase of the
compressive strength. In this context and in line with XRD results (Figure 4.19), the
disappearance of major bands in the 450-650 cm™ range, which are attributed to
characteristic T-O-T (T=Si, or Al) deformation vibrations, suggests that the activating
solutions were effective in attacking the glassy content of the raw slags and thus, most of
the dissolved aluminosilicates participated in the synthesis of the AAMs (Bernal et al.,
2011). Moreover, the FTIR spectra of the AAMs show a slight shift to higher
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wavenumbers for most vibration bands compared to raw slags, which is mainly due to
the higher Si content in the C-S-H gel and the higher degree of polymerization
(Ravikumar and Neithalath, 2012). In particular, a shift of the band at 457 cm™ in the FS
slag towards higher wavenumber (465 cm™) along with a significant reduction in its
intensity in the examined AAMSs is observed. Another explanation that is proposed,
apart from the higher Si content of the inorganic matrix, is that the Fe present in the raw
slag partly oxidizes to Fe* after alkali activation and subsequently decreases the amount
of non-bridging oxygens available for the silicate network (Peys et al., 2019a, 2019b; Van
De Sande et al.,, 2020). In this case, higher degree of silicate polymerization is achieved
and the Si-O stretching band at 961 cm™ present in the spectra of the raw slags shifts to
higher wavenumbers in FS30LS70, i.e. 1017 cm™ and 1021 cm™! before and after firing at
250 °C for 6 h, respectively. Finally, the weaker bands present at 1630 cm™ and 3423 cm™!
in the raw LS which are attributed to the characteristic H-OH- bending and stretching
vibrations of O-H are shifted to broader and more intense bands located at 1633 cm™ and
3450 cm™ in both AAMs, respectively.
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Figure 4.20. FTIR spectra of raw (a) LS and (b) FS slags, as well as AAMs (c) FS30LS70 before and
(d) FS30LS70 after firing at 250 °C for 6 h.

Back-scattered electron (BSE) images of selected AAMs, namely FS30LS70 before and
after firing at 250 °C for 6 h are shown in Figure 4.21 (a-d). As shown in XRD patterns
(Figure 4.19), SEM analysis of the polished AAM surfaces along with EDS point analyses
revealed that fayalite and magnetite were the major mineralogical phases identified after
alkali activation. Other phases such as chromite occurred as drop-like inclusions, while

silicates such as forsterite and quartz were also detected in some places (Figure 4.21b,d).

57



Vasiliki Karmali

PhD Thesis, “Valorisation of mining and metallurgical wastes through alkali activation”

Regarding the microstructure of both AAMs, no signs of cracks were observed along the
cross-sectional interfaces examined as a result of the strong bonds that were formed after
the reactions between the slag particles (mostly fayalite) and the alkaline activators
(Na25iOs and NaOH). In this context, the presence of inorganic polymeric gels (G1 and
G2) containing Ca, Al, Si, Fe, Mg and Na and surrounded by radically dissolved particles
of fayalite and quartz after alkali-activation were identified in the specimen before
(Figure 4.21b) and after firing (Figure 4.21d), respectively. However, the FS30LS70 AAM
presents a microstructure which is characterized by several holes/pores scattered in the
inorganic matrix and a greater proportion of unreacted or partially reacted larger
particles compared to FS30LS70 after firing at 250 °C for 6 h. After firing, it seems that the
voids were filled with inorganic gel as result of the dehydration reactions that took place
along with sintering of the unreacted aluminosilicates (Rincén et al., 2018; Xu et al., 2019)
and therefore a denser and more homogenous microstructure was finally formed with a
continuous and embedded gel matrix. This well-established microstructure justifies the
higher compressive strength obtained for the fired AAM (93.9 MPa). Figure 4.21d (zoom
of rectangular area of Figure 4.21c) shows in detail the presence of columnar elongated of
olivine particles (mixed forsterite/fayalite) and fine to coarse-sized euhedral crystals of
anorthite and fayalite embedded in a glassy matrix (Gm) (Lemonis et al., 2015).

X1, 000 1@Mm

20k |
« 5

Figure 4.21. SEM-BSE images of polished cross-sections of selected AAMs (a,b) FS30LS70 and
(c,d) FS30LS70 after firing at 250 °C for 6 h. EDS spectra show in several spot locations the
presence of metallic and oxide phases, the formation of mixed aggregates and newly formed
inorganic gels (Q: Quartz, Fo: Forsterite, F: Fayalite, M: Magnetite, Olv: Olivine, Ch: Chromite,
Gm: Glassy matrix, G1:Gel, G2: Gel).
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435 Toxicity of raw FS, FSP and LS slags and produced AAMs

The toxicity of the FS, FSP and LS slags as well as of produced AAMs was assessed
according to the EN 12457-3 (2002), TCLP (US EPA, 1992) and NEN 7341 (1995) tests. The
only raw material that exhibited some toxicity was the original fayalitic slag (FS) only in
terms of Zn, due to its relatively high content of ZnO (2.8 wt%), as shown in Table 3.2. In
particular, the Zn dissolution rate was 63 mg kg and based on this value, FS as a waste
can be only disposed in a landfill that accepts hazardous wastes (Table 4.4). The data
from the applications of TCLP and NEN 7341 tests are analyzed in a previous recent
study (Komnitsas et al., 2020). So, alkali activation of these wastes apart of their co-
valorization and synthesis of new products that can be used as binders or construction

materials, also results in reduction of their toxicity, in case it exists.

4.3.6 Conclusions

The experimental results show that under the synthesis conditions: pre-curing time 24 h,
curing temperature 90 °C, curing time 24 h and ageing period 7 days, the maximum
values of the compressive strength obtained were 44.8 MPa and 27.2 MPa for FS- and
FSP-based AAMSs, respectively. The SiO2/Na:O molar ratios used in the activating
solution were 1.5 and 0.9 in each case, respectively. The results also show the beneficial
effect of co-valorization potential of FS and FSP slags when mixed with LS slag, since the
AAMs produced after alkali activation of FS-LS and FSP-LS mixtures at 50:50 ratio
acquire compressive strength of 64.3 MPa and 45.8 MPa, respectively; the synthesis
conditions were the same as above and the SiO:/Na:O molar ratio in the activating
solution was 1.0 and 0.9 for FS- and FSP-based AAMs, respectively. The produced AAMs
after alkali activation of slag mixtures also show very good structural integrity after
firing up to 500 °C for 6 h, immersion in distilled water and acidic solution or subjection
to freeze-thaw cycles for a period of 7 or 30 days. Finally, all produced AAMs exhibited
very low toxicity after the application of EN 12457-3 test. In conclusion, these results
confirm that alkali activation is a viable option for the co-valorization of different slags
and the production of AAMs with beneficial properties, thus enabling the minimization
of these wastes and the reduction of the environmental footprint of the metallurgical

sector.
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4.4 Comparison of the present study with other studies aiming the
production of slag-based AAMs

Table 4.6 compares the results of this PhD thesis with those obtained from other selected
studies aiming at the production of AAMs using metallurgical slags.

Table 4.6. Comparison of results of various studies using slag-based AAMs.

Conditions

. Compressive
. Si02/Na20
Raw Materials molar ratio Temperature Ageing strength Reference
°C) period (Days) (MPa)
Low-calcium slag Komnitsas et
ferronickel slag nr 80 7 60 al., 2009
60 °C and
Ferronickel slag nr 70 % relative 2 120 Maraglos et
1. al., 2009
humidity
Lead slag and fly Onisei et al.,
ash n.r ~20 28 47+4 2012
Slag with a high ambient Pontikes et al.,
Al and Fe content e temperature 28 5-60 2013
Water granulated 5102/Na:20=1.2 room Onisei et al.,
fayalitic sla and temperature 28 60 and 70 2015
y & Si02/K20=1.1 P
Water quenched 20°C an.d Tacobescu et al.
L. n.r 90 % relative 28 315
fayalitic slag . 2017
humidity
20+1 °C and
Blast furnace 95+5 % Wang et al.,
. 9 7
ferronickel slag 05 relative 0 0 2018
humidity
-f D
Non-ferrous 1.6 0r2.0 2041 )8 50-53 Van De Sande
metallurgy slags etal., 2020
Polish ferronickel 03 80 7 65 This study
slag
Fayaliti d
ayatthe an 1.0 90 7 78.5 This study
ferronickel slags
Fayalitic Slag
after plasma 0.9 90 7 65.0 This study

treatment and
ferronickel slag

Komnitsas et al.

(2009) produced AAMs through alkali activation of low-calcium

ferronickel slag, using sodium or potassium hydroxide and sodium silicate solutions as
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activators. The produced specimens obtained the highest compressive strength of almost
60 MPa, when the synthesis conditions were 8M NaOH, 8 % Na:SiOs, curing temperature
of 80 °C for 48 h, and ageing period of 7 days. Also, Maragkos et al. (2009) produced
AAMs through alkali activation of ferronickel slag, using sodium hydroxide and sodium
silicate solution as activators. The results showed that the optimum synthesis conditions
of the produced AAMs, i.e. S/L ratio equal to 5.4 g mL-, initial NaOH concentration in
the aqueous phase equal to 7M and initial SiO2 concentration in the aqueous phase equal
to 4M, curing temperature 60 °C, relative humidity 70 % and ageing period 2 days,
resulted in a much higher compressive strength value, namely 120 MPa. On the other
hand, Onisei et al. (2012) investigated the synthesis of AAMs using fly ash and primary
lead slag with different ratios, and sodium hydroxide and sodium silicate solutions as
alkali activators. AAMs produced using a mixture consisting of 70 wt% lead slag and 30
wt% fly ash and acquired compressive strength of 47+4 MPa after curing at 20 °C and
ageing period for 28 days. Pontikes et al. (2013) produced AAMs through alkali
activation of slag with a high Al and Fe content, cooled in four different ways, namely
slag pot, layer, layer+water, and water quenching and used as precursor for the
production of AAMs. The paste was cured at ambient conditions and after ageing for 28
days the produced specimens achieved compressive strength which varied between 5
and 60 MPa. Onisei et al. (2015) investigated the production of fayalitic slag-based AAMs
and their potential to be used as a heat resistant material. Two different types of
activating solutions, i.e. Na-based and K-based also used. The SiO2/Na20 and KO2/Na:0O
molar ratios were 1.2 and 1.1, respectively, while the solid/activating solution ratio was
kept constant at 5.4 and 5.6 for the samples produced with Na-based and K-based
solutions, respectively. The results showed that the produced AAMSs acquired
compressive strength of 60 MPa and 70 MPa without addition of analytical grade Al:Os
in the starting mixture. However, the compressive strength exceeded 100 MPa after firing
at 500 °C using K-silicate as activator and regardless of the addition of 5 wt% or 10 wt%
analytical grade Al:Os in the initial mixture. Furthermore, Iacobescu et al. (2017) studied
the effect of curing conditions on the mechanical properties of fayalitic slag-based AAMs.
Specificially, water quenched fayalitic slag was used as precursor, CEN standardised
sand as fine aggregate and a mixture of sodium silicate and sodium hydroxide solutions
as activator. The pastes cured in a mullfe furnace at 60 °C and relative humidity ~20 %, or
at room temperature (20 to 23 °C) and relative humidity ~50 %, or in a humidity chamber
at 20 °C with relative humidity >90 %. Then, the samples cured at 60 °C were demoulded
after 1 day and left to harden for 27 more days. The samples cured at room temperature
or in the humidity chamber were demoulded after 4 days, and left to harden for 24 more
days. The results showed that the produced AAMs after curing at 20 °C, relative
humidity > 90 % and ageing period 28 days acquired compressive strength of 31.5 MPa, a
similar value obtained by OPC type CEM I 32.5N after 28 days of curing (i.e. 32.5 MPa),

61



Vasiliki Karmali

PhD Thesis, “Valorisation of mining and metallurgical wastes through alkali activation”

according to the European Committee for Standardisation EN 197-1 test. Wang et al.
(2018) investigated the alkali activation of blast furnace ferronickel slag as a cementitious
material, and compared it with alkali-activated blast furnace slag concrete which was
used as reference. ISO reference sand and crushed limestone were also used as fine and
coarse aggregates, respectively, while sodium hydroxide and industrial water glass used
as alkali activators. The mortar samples of blast furnace ferronickel slag produced using
S5i02/Na20 molar ratio 0.5 after curing at 20+1 °C and 95+5 % relative humidity obtained
the highest compressive strength (70 MPa) after an ageing period of 90 days. The results
also showed that the compressive strength value of alkali-activated blast furnace
ferronickel slag mortar is comparable to the alkali-activated blast furnace slag mortar.
Finally, Van De Sande et al. (2020) investigated the optimization of non-ferrous
metallurgy slags as precursors for the synthesis of AAMs. The synthetic slags were
prepared by melting iron (III) oxide, metallic iron, quartz and calcium oxide in an iron
crucible placed in an induction furnace while then the melt was heated up to a
temperature 100+20 °C. Sodium silicate solution with molar ratios SiO2/Na20 1.6 or 2.0
and H2O/Na:0O, 25 were used as activator. The mortars prepared from slags containing
more calcium oxide acquired compressive strength of approximately 50 MPa after curing
in closed plastic boxes at 20+1 °C, for an ageing period for 28 days and SiO2/Na20, 2.0
and 1.6, respectively.

In the present study, the produced AAMs after alkali activation of PS, acquired
compressive strength of 65.0 MPa. In addition, the produced FSLS- and FSPLS-based
AAMs after alkali activation of FS and FSP mixed with 90 wt% LS achieved a high
compressive strength of 78.5 and 65.0 MPa, respectively. The S5iO2/Na:O molar ratios
varied from 0.3 to 1.0, depending on the different precursor used. The results of co-
valorization of FS and LS slags prove the beneficial effect of LS in the starting mixture as

precursor.

4.5 Factors affecting valorization of LR and LLR residues for the
production of AAMs

This section presents the alkali activation potential of LR and LLR obtained after column
leaching tests of Greek laterites. The experimental conditions used were similar to those
described in previous recent studies (Komnitsas et al., 2018, 2019b). It is noted that the
LR and LLR exhibit low reactivity, which is not sufficient for alkaline activation as
mentioned earlier (section 4.1.1). Therefore, precursors obtained by mixing LR or LLR
with different ratios of MK or PS and LS slags were used, in order to assess their co-
valorization potential for the production of AAMs with beneficial properties. The factors

affecting the compressive strength and other properties as well as the structural integrity,
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morphology and microstructure of the produced AAMs were investigated and the
results are also presented in this Chapter. More details on the results of the alkali

activation of LR are reported in a recent study (Komnitsas et al., 2021).

45.1 Effect of curing temperature and H>O/Na:O molar ratio in the
activating solution on the compressive strength of the produced
AAMs

Figure 4.22 presents the compressive strength of the AAMs produced from LR residues
(Figure 4.22a) and LLR residues (Figure 4.22b), as a function of curing temperature (40,
60 or 80 °C for LR-based AMMs and 20, 75 or 95 °C for LLR-based AAMs) and H-O/Na20O
ratio in the activating solution (21.2, 17.4 or 14.8 for LR-based AAMs and 17.2 or 14.8 for
LLR-based AAMs). Curing and ageing times were 24 h and 7 days respectively, while the
5i02/Na:20 molar ratio in the activating solution was kept constant at 1.0 in all tests. It is
seen from this data that the increase of temperature affects positively the strength of the
produced AAMs for all H2O/Na:O molar ratios tested. In both cases, it is observed that
the compressive strength of LR- and LLR-based AAMs decreases when the H20/Na:O
ratio in the activating solution decreases from 17.4 to 14.8 for LR-based AAMs and 17.2
to 14.8 for LLR-based AAMs. This is mainly due to the fact that the lower H20/Na:O
ratios indicate excess of OH- ions which may remain unreacted and result in the
production of specimens with lower strength, as mentioned earlier (section 2.4). The
maximum values of compressive strength acquired were only 1.4 and 10.2 MPa for LR-
and LLR-based AAMSs, respectively. The experimental results may be explained by
considering the low content of Al:Os in the starting materials (Table 3.2), as well as the
low concentration of Al ions in alkaline solution, thus confirming the poor potential for
successful alkali activation. Nevertheless, LLR exhibits higher activation potential since
its Si/Al ratio in the alkaline solution is two times higher compared to the respective ratio
obtained after leaching of LR.

Based on this data, precursors obtained by mixing LR with MK and LLR with LS or PS
slags with different ratios were used for the production of AAMs with good physical and

mechanical properties.
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Figure 4.22. Effect of curing temperature and H20/Na2O molar ratio in the activating solution
on the compressive strength of (a) LR- and (b) LLR-based AAMs (pre-curing time 4 h, curing
time 24 h and ageing period 7 days; error bars indicate the standard deviation of measurements

obtained from three specimens).

4.5.2 Potential of co—valorization of LR residues and MK

In order to assess the co-valorization potential of LR and MK through alkali activation,
precursors obtained by mixing LR with MK at ratios 95:5 and 90:10 were used, since as
mentioned earlier MK exhibits higher reactivity during alkali activation. Figure 4.23
presents the compressive strength of the AAMs produced by mixing leaching residues,
raw and after calcination, with metakaolin. AAMs synthesis conditions were: pre-curing
time 4 h, curing temperature 80 °C for 24 h, and ageing period 7 days. The difference in
H>0/Na20 molar ratios is due to the slightly different L/S ratios used in each case in the
starting mixture to obtain a paste with optimum flowability (Table 3.3), while the
Si02/Na20 molar ratio in the activating solution was kept constant at 1. In the same
Figure the compressive strength of control specimens produced after alkali activation of
each raw material, namely LR and MK, are also given for comparison. Laterite leaching
residues were also calcined at 800 and 1000 °C for 2 h, in order to study the effect of
calcination. It is observed that 5 wt% metakaolin addition in the starting mixture resulted
in an increase of the compressive strength of LROSMK5 AAMs from 1.4 to 12.3 MPa,
while with the increase of metakaolin addition to 10 wt%, the LR90OMK10 specimen
acquired a much higher compressive strength (45.0 MPa). On the other hand, the AAMs
produced after alkali activation of metakaolin (control specimens) achieve a compressive
strength of 55.0 MPa. Although both materials had similar grain size (Table 3.1), which is
considered beneficial for alkali activation, the value of compressive strength of
metakaolin-based AAMs explains its high alkali activation potential and the beneficial
effect of its addition in the starting mixture. The higher compressive strength of
metakaolin-based AAMs may be also explained by the chemical composition of
metakaolin (5iO2 54.2 wt%, Al2Os 40.3 wt%, as shown in Table 3.2), as well as the
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concentration of Si and Al in solution after its alkaline leaching (58.7 mg L Si and 41.9
mg L1 Al, respectively, as shown in Table 4.1).

In addition, it is seen that calcination of the laterite leaching residues has a detrimental
effect on the compressive strength of the produced specimens. However, the specific
surface area of calcined laterite residues increased to 15 m? g, while the dissolution of Si
and Al was low due to the occurred phase transformations. Therefore, the low reactivity
of calcined laterite leaching residues during alkali activation, as shown in Table 4.1, does
not enable the production of specimens with beneficial properties. Finally, the specimens
produced from mixtures containing 90 wt% calcined laterite residues at 800 or 1000 °C
and 10 wt% metakaolin acquired compressive strength equal to 25.8 and 13.2 MPa,

respectively; these values are considered quite good.
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Figure 4.23. Effect of addition of MK (5 wt% and 10 wt%) and calcination of LR on the
compressive strength of the produced AAMs (pre-curing time 4 h, curing temperature 80 °C,
curing time 24 h, ageing period 7 days, 800LR: LR calcined at 800 °C for 2 h, 1000LR: LR
calcined at 1000 °C for 2 h; error bars denote standard deviation of measurements obtained

from three specimens).

It is also noted that the effect of pre-curing time (4, 12 and 24 h), curing time (24 and 28
h), as well as the SiO2/Na:0 molar ratio in the activating solution (0.3, 0.5, 1.0 and 1.6) on
the compressive strength of AAM LRI90OMK10 were also investigated. The data are
presented in detail in a previous recent study (Komnitsas et al., 2021). In conclusion,
from the experimental data it was observed that the compressive strength decreased
with increasing pre-curing and curing time, while the optimum SiO:/Na:O molar ratio
was equal to 1. The maximum compressive strength of AAM LRIOMKI1O, i.e. 45.0 MPa
was obtained when the synthesis conditions used were H20/Na20 and SiO2/Na20 molar
ratio in the activating solution 17.2 and 1, respectively, pre-curing time 4 h, curing

temperature 80 °C for 24 h and ageing period 7 days.
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453 Potential of co—valorization of LLR residues and LS, PS slags — Effect

of curing temperature on the compressive strength

The co-valorization potential of LLR and LS, PS slags mixtures through alkali activation
was also investigated. Figures 4.24 (a,b) show the compressive strength of AAMs
produced by mixing LLR with LS or PS at ratios 50:50 and 30:70 wt% as a function of
curing temperature (20, 75, 95 °C). The H2O/Na20 and SiO2/Na:O molar ratios used for
LLR and LS were 17.2 and 1.0, while the respective molar ratios used for LLR and PS
were 14.2 and 0.3, respectively. It is known that the difference in H20/Na:O and
Si02/Na20 molar ratios in the activating solution is due to the mixtures used in each case,
in order to obtain a paste with appropriate viscosity and optimum flowability that can be
easily casted. It is also mentioned that the maximum compressive strength obtained
under the optimum synthesis conditions for PS- and LS-based AAMs was 80.0 MPa and
86.0 MPa, respectively. It can be seen from Figures 4.24 (a,b) that the specimens
produced after alkali activation with 30:70 ratio, regardless of the slag used in the
starting mixture obtained high to moderate compressive strength after curing at 95 °C.
More specifically, when the LLR:LS ratio in the starting mixture was 30:70 after curing at
95 °C, the compressive strength value acquired was equal to 27.5 MPa (Figure 4.24a),
while LLR30PS70 AAMs acquired almost similar compressive strength values, i.e. 50.1
and 50.7 MPa, when the curing temperature was 75 and 95 °C, respectively (Figure
4.24b). Therefore, the AAMs produced after alkali activation of LLR-PS mixtures
acquired higher compressive strength, due to the higher reactivity of PS slag (Table 4.1).
Based on these results it is deduced that the addition of metallurgical slag in the starting
mixture and the curing at higher temperature have beneficial effects on the compressive
strength of the produced AAMs, as mentioned in earlier studies (Komnitsas et al., 2020;
Soultana et al., 2019).

W LLR50LS50 & LLR30LS70

H,0/Na;0=14.2
H,O/Na,0=17.2 || si0yNa;0=03

7 Si0./Na,0=1.0

8 8

(MPa)

Compressive strength
(MPa)

Compressive strength

Curing temperature (°C) Curing temperature (°C)
(@ (b)
Figure 4.24. Effect of curing temperature on the compressive strength of (a) LLR50LS50,
LLR30LS70 AAMs and (b) LLR50PS50, LLR30PS70 AAMs (pre-curing and curing time 24 h,

ageing period 7 days; error bars denote standard) deviation of measurements from two
specimens).
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4.5.4  Structural integrity of AAMs LR9OMK10, LLR3LS70 and LLR30PS70

The structural integrity of LR9OMK10, LLR30LS70 and LLR30PS70 AAMs produced
using the optimum synthesis conditions was also assessed after firing for a period of 2 h
or 4 h at a temperature range between 200 and 1000 °C and after immersion in distilled
water and acidic solution (1 mol L' HCI) for 7 and 30 days.

Figure 4.25 shows the evolution of the compressive strength of LROOMK10 AAM after
firing, while the compressive strength of the control specimen, which was not subjected
to firing, is also shown for comparison. It is observed from this data that the compressive
strength decreases gradually with the increase in firing temperature and the minimum
value of strength after firing at 800 °C was 23.1 MPa, which is considered high. Other
factors that contributed to the decrease in compressive strength of fired AAMs are the
weight loss (%), the volumetric shrinkage (%) and the water absorption (%) which
increase gradually, while the apparent density (g cm?) decreases slightly with increasing
firing temperature, as shown in a recent study (Komnitsas et al., 2020). More specifically,
the fired specimen at 800 °C obtained the lowest compressive strength and apparent
density, i.e. 23.1 MPa and 1.8 g cm?, respectively, as well as the highest weight loss (12.1
%), volumetric shrinkage (7.5 %), porosity (27.2 %) and water adsorption (14.8 %). Figure
4.26 shows the evolution of the compressive strength of LLR30LS70 and LLR30PS70
AAMs after firing. The compressive strength of the control specimens is also shown for

comparison.
60
LRIOMK10 H.O/Na-O=17.2 W LLR30LS70 (H,O/Na,O=17.2, SiOx/Na;O = 1.0)
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Figure 4.25. Compressive strength of Figure 4.26. Compressive strength of

LR90OMK10 AAM after firing between 200 and
800 °C for 2 h; synthesis conditions: pre-curing
time 4 h, curing temperature 80 °C, curing
time 24 h and ageing period 7 days; error bars
indicate  the standard deviation of
measurements obtained from three specimens.

LLR30LS70 and LLR30PS70 AAMs after
firing between 300 and 1000 °C for 4 h;
synthesis conditions: pre-curing and curing
time 24 h, curing temperature 95 °C and
ageing period 7 days; error bars indicate the
standard
obtained from three specimens.

deviation of measurements

In this case, the response of both AAMs to firing up to 300 °C is much better since their
compressive strength decreases slightly, while at higher firing temperatures drops
sharply. More specifically, the value of the compressive strength of LLR30PS70 was 47.5
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MPa (6.3 % decrease) after firing at 300 °C, due to volumetric shrinkage 5.0% and weight
loss 10.7 %. On the other hand, the minimum compressive strength recorded was 9.5
MPa (81.2 % decrease) after firing at 1000 °C, due to increased volumetric shrinkage (16.4
%) and weight loss (14.3 %). Similar behavior is seen for LLR30LS70 specimen which
after firing at 300 °C retains an acceptable compressive strength value of 25.5 MPa, while
a much lower value, i.e. 7.7 MPa, was recorded after its firing at 1000 °C. These results
contradict those obtained for slags-based AAMs, which after firing at 250 °C (FS30LS70
and FSP30LS70 AAMs) and 400 °C (PS-based AAMs) for 6 h acquired a higher
compressive strength, as previously mentioned (sections 4.2.3 and 4.3.3).

Figure 4.27 shows the compressive strength of LROOMK10 AAMs after immersion in
distilled water or acidic solution (1 mol L' HCI) for 7 and 30 days. The compressive
strength of the control specimen is also provided for comparison. As seen from this data
the greater compressive strength loss (72.3 %, 12.5 MPa) was recorded for the specimens
immersed in 1 mol L HCI for 30 days, whereas the specimens immersed in distilled
water for the same period exhibited lower loss (23.3 %, 34.5 MPa). The values of the
compressive strength after immersion of the specimens in distilled water for 7 and 30
days were much higher, i.e 37.5 MPa and 34.5 MPa, respectively. It is also mentioned that
an increase in the solution pH was observed after immersion for 30 days; pH increased
from 7.6 to 10.8 after immersion in distilled water, whereas a lower increase from 1.3 to
2.3 observed after immersion in 1 mol L' HCIL. A similar trend was noted in a previous
study (Soultana et al., 2019).

M Distilled water LR9OMK10 H.O/Na,0=17.4
50 + mIMHC Si0,/MNa,0=1 [

40 1

Compresive strength
(MPa)

Control 7
Period (Days)

Figure 4.27. Compressive strength of LROOMK10 AAMs after immersion in distilled water and
1 M (mol L) HCl for 7 and 30 days; synthesis conditions: pre-curing time 4 h, curing time 24 h,
curing temperature 80 °C, ageing period 7 days; error bars indicate the standard deviation of
measurements obtained from three specimens.
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Figure 4.28 presents the evolution of compressive strength of LLR30LS70 and LLR30PS70
AAMs when immersed in distilled water or acidic solution (1 mol L' HCI) for 7 days,
while the compressive strength of the control specimen is also given for comparison. It is
seen that for both AAMs, the maximum decrease in strength was observed after their
immersion in 1 mol L' HCI. In particular, the compressive strength of LLR30LS70 and
LLR30PS70 AAMs was 154 MPa (44.0 % decrease) and 39.1 MPa (22.9 % decrease),
respectively, while after immersion in distilled water lower drop in strength was noticed
(22.5 MPa and 40.4 MPa, respectively). Finally, it is mentioned that even though the loss
in strength for both AAMs after exposure in such harsh conditionsis considered

moderate to big, their values are considered sufficient.

60
B LLR30LS70 (H:O/Na0=17.2, 5i05/Na;O=1.0)
50 RLLR30PS70 (H;O/Na;O=14.1, Si0:/NaxO=0.3) [
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Compressive strength
(MPa)

Control Distilled water IM HC1

Figure 4.28. Compressive strength of LLR30LS70 and LLR30PS70 AAMs after immersion in
distilled water and 1 M (mol L) HCI for 7 days; synthesis conditions: pre-curing and curing
time 24 h, curing temperature 95 °C, ageing period 7 days; error bars indicate the standard
deviation of measurements obtained from three specimens.

Table 4.7 presents the density (g cm), porosity (%) and water absorption (%) of selected
AAMs, produced under the optimum synthesis conditions, as indicated in the previous
graphs.

Table 4.7. Physical properties of selected AAMs.

AAM Compressive strength Density Porosity Water absorption

Code (MPa) (g-ecm?) (%) (%)
LR 1.4 1.8 36.8 20.7
LR9OMK10 425 2.3 21.3 9.1
LLR 10.2 2.1 15.4 5.5
LLR30LS70 27.5 24 11.0 4.6
LLR3OLS70 after 255 24 176 75
firing at 300 °C
LLR30PS70 50.7 2.7 9.7 3.8
LLR30PS70 after

7. 2. 22. 10.

firing at 300 °C 375 3 6 00
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In this Table, the compressive strength of selected AAMs is also presented. It is seen that
the LR-based AAMs obtained the lowest compressive strength (1.2 MPa) and density (1.8
g cm?®), as well as the highest porosity (36.8 %) and water absorption (20.7 %). AAMs
with 10 wt% metakaolin (LR90OMK10) acquired high compressive strength (42.5 MPa)
and thus exhibited lower porosity (from 36.8 % to 21.3 %), and water absorption (from
20.7 % to 9.1 %), and increased density (2.3 g cm?). In addition, the main difference
between porosity and water absorption was observed for the LLR and LLR30PS70
specimens. More specifically, the porosity was 15.4 % for the LLR specimen and
decreased to 9.7 % for the LLR30PS70 specimen. A similar trend was observed for water
absorption which decreased from 5.5 % to 3.8 %. On the other hand, for the same AAMs
the density increased from 2.1 to 2.7 g cm?.

45.5 Morphology-Microstructure of LR, LLR residues and selected AAMs

Figures 4.29-4.31 present the XRD patterns of laterite leaching residues (LR, LLR),
metakaolin (MK), ferronickel slags (PS, LS) and selected AAMs. The main mineralogical
phases present in the LR residues were described in Figure 4.3 (section 4.1.2), while the
main mineralogical phases present in the XRD pattern of metakaolin were quartz and
muscovite. A broad amorphous hump between 2-Theta 17° and 40° is also observed
(Figure 4.29b). After alkali activation, the peaks of quartz and hematite slightly increased
in LR AAM compared to their intensity in the LR residues (Figure 4.29¢), thus confirming
that these phases do not participate in alkali activation reactions (Lemougna et al., 2017).
On the contrary, the addition of 10 wt% metakaolin in the initial mixture (LROOMK10
AAM), as explained earlier, resulted in the dissolution of sufficient Si and Al ions that
participate in alkali activation reactions and the development of the geopolymeric
network. This is confirmed by the intensity of the peaks of the crystalline phases in
LR9OMK10 AAM, which is significantly lower compared to that present in leaching
residue LR (Figure 4.29d). It is also mentioned that the LROOMK10 AAM acquired the
higher compressive strength (45.0 MPa), which is explained by considering the broad
hump shown between 2-Theta 17° and 40° in the XRD pattern of LROOMKI10 (Figure
4.29d) that is typical for metakaolin-based AAMs (Yi et al., 2020). Figure 4.29e presents
the XRD pattern of LROOMKT10 after firing at 800 °C for 2 h. In this case, it is observed that
the amorphous hump is more apparent, but the center of the hump shifted towards
lower 2-Theta, i.e 27° and 26.5° for LRIOMK90 AAM before and after firing, respectively.
According to the results of a previous study, this decrease suggests partial
depolymerization of metakaolin after firing at 800 °C and then reorganization of its
structure which results in a decrease of compressive strength at 23.1 MPa (Tchakouté et
al., 2016).
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Figure 4.29. XRD patterns of (a) leaching residues LR, (b) MK and AAMs produced using (c) only
laterite leaching residues (LR AAM), as well as by mixing (d) LR and MK at mass ratio 90:10
(LR9OMK10 AAM) and (e) LROOMKIO after firing at 800 °C for 2 h. Phases indentified are:
chromite (Ch), clinochlore (Cl), goethite (G), gypsum (Gy), hematite (H), quartz (Q), lizardite (L),
muscovite (M), willemseite (W).

Figure 4.30 presents the XRD patterns of LLR30LS70 AAM which was produced under
the optimum synthesis conditions, as well as the patterns of leaching residues LLR and
LS slag for comparison. After alkali activation, it is seen that the mineralogical phases of
fayalite and magnetite are either not detected or exhibit lower intensity (Figure 4.30c),
indicating that they partially participate in the alkali activation reactions (Peys et al.,
2019b). It is also observed that the silicon containing phases, i.e. quartz, cristobalite and
tridymite, as well as the phases of clinochlore and hematite present in the raw materials
exhibit lower intensities in the LLR30LS70 AAM, due to the reaction of Si and Al with
the strong alkaline solution to form aluminosilicate bonds, resulting in the production of
specimens with beneficial properties and high compressive strength (Zaharaki et al.,
2010). On the contrary, the crystalline phases of fosterite and anorthite present in the raw
slag (Figure 4.30a) are not detected in LLR30LS70 AAM (Figure 4.30c), due to their
dissolution after the attack of the raw materials by the activating solution.
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Figure 4.30. XRD patterns of (a) LS slag, (b) leaching residues LLR and (c) LLR30LS70 AAM.
Phases indentified are: anorthite (A), calcite (C), chromite (Ch), clinochlore (Cl), cristobalite
(Crs),cryptomelane (Cr), fayalite (F), fosterite (Fo), goethite (G), hematite (H), magnetite (M),
quartz (Q), tridymite (T), willemseite (W).

On the other hand, Figure 4.31 presents the XRD patterns of the AAM produced after
mixing leaching residues LLR and PS slag at mass ratio 30:70 under the optimum
synthesis conditions, as well as the patterns of the raw materials. In this case, it is
observed that the intensity of crystalline phases present in the PS slag or LLR residues, i.e
diopside, hendebergite, fayalite (Figure 4.31a), quartz and clinochlore (Figure 4.31b) is
lower in the produced LLR30PS70 AAM. However, the reduction of these intensities is

anticipated, as mentioned in earlier cases.
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Figure 4.31. XRD patterns of (a) PS slag, (b) leaching residues LLR and (¢) LLR30PS70 AAMs.
Phases indentified are: calcite (C), chromite (Ch), clinochlore (Cl), cryptomelane (Cr), diopside
(D), fayalite (F), goethite (G), hatrurite (Ha), hedenbergite (He), hematite (H), magnetite (M),
quartz (Q), willemseite (W).

The FTIR spectra, over the range 4000-400 cm of laterite leaching residues (LR, LLR),
ferronicklel slags (PS, LS) and selected AAMs are presented in Figures 4.32-4.34. It is seen
that the AAMs exhibit different vibrations belonging to Al- and Si-containing phases and
Si-O-Si bonds.

First, the spectra of AAMs produced by leaching residues LR (LR AAM), as well as by
mixing leaching residues LR with metakaolin at mass ratio 90:10 (LR9OMK10 AAMs)
before and after firing are presented in Figure 4.32. The characteristic bands at 460 cm,
the double bands at 778 cm™ and 796 cm?, 1086 cm™? and 1102 cm which are attributed
to quartz and the small band at 528 cm™, which is attributed to hematite are present in
the leaching residues LR (Figure 4.32a), remained almost unaffected after alkali
activation in the LR AAM (Figure 4.32b). This confirms the low reactivity of LR during
alkali activation. A clear difference in the shape, position and intensity of the bands in
the spectrum of LROOMK10 AAM in comparison to LR AAM is observed in the region of
450-1250 cm! (Figure 4.32c). This difference is due to vibrations belonging to Al-, Fe, Si-
containing phases in the raw materials or binder, i.e. leaching residues and metakaolin,
and the respective Si-O-Si, Fe-O-Si and Si-O-Al bonds formed in the produced alkali
activated matrices. In this case, the band present at 460 cm in the leaching residues LR
and LR AAM (Figure 4.32a,b) and shifted to 466 cm in LROOMK10 AAM (Figure 4.32c)
is probably attributed to the bending motions of the Al- and Si-containing phases
(Komnitsas et al., 2018; Lemougna et al., 2017). In addition, the band seen at 528 cm™ in
the LR AAM was shifted at a higher wavenumber, 538 cm™ in LR9OMK10 AAM, while
the band observed at 910 cm™ disappeared in the LROOMK10 AAMs before and after
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firing at 800 °C, possibly due to enhanced dissolution of Fe ions from the crystalline
phase of hematite and goethite, respectively, that were present in the laterite leaching
residues and their subsequent participation in the alkali-activated reactions (Kaze et al.,
2018a, 2020). Moreover, the major difference between LR residues and LROOMK10 AAMs
is due to the shifting of the pair of strong bands at 778 cm™ and 796 cm™ observed in LR
AAM and leaching residues LR, which are associated with the asymmetric stretching
vibrations of the Si-O Al bonds, towards lower wavenumber (770 cm™ and 788 cm™),
thus indicating the formation of inorganic gel in LROOMK10 AAM (Kaze et al., 2018b,
2020). The displacement of the band located at 1086 cm* in LR AAM to a lower
wavenumber (1078 cm) in LROOMK10 AAM, is due to the dissolution of aluminosilicate
phases present in the laterite leaching residues and their subsequent polymerization
during alkali-activation. The bands at ~1410 cm™ and ~1490 cm™, present only in the
LR9OMK10 AAM are attributed to asymmetric vibrations of O-C-O bonds due to the
formation of carbonation products from the reaction between the alkali-activated silicates
and the atmospheric CO: during the curing period (Kaze et al., 2020). The weaker peak at
1632 cm! in the LR AAM shifted at 1648 cm in the LROOMK10 AAM; this shift is due to
the characteristic bending vibrations of H-O-H (Ricciotti et al., 2017). The presence of
water is more evident in LROOMK10 since a quite wide absorption band region appeared
between 3000 cm™ and 3700 cm! belonging to stretching vibrations of OH groups
(Rincén et al.,, 2018), as result of the hydration processes that took place during alkali
activation. Finally, in the LROOMK10 AAM, a structural reorganization is observed after
firing at 800 °C, which is indicated by the very broad band shown in the region of 800-
1200 cm™ as result of the stretching vibrations of the Si(Al)-O groups (Figure 4.32d)
(Lemougna et al., 2017). This change in the polymeric matrix, along with the incomplete
dihydroxylation, represented by a narrower band region between 3000 cm™ and 3700
cm™ compared to LROOMK10 AAM, results in lower compressive strength (Adesanya et
al., 2020). This data is also analyzed in a recent study (Komnitsas et al., 2021).

74



Vasiliki Karmali

PhD Thesis, “Valorisation of mining and metallurgical wastes through alkali activation”

Transmittance (%)

(a)

v

1102 1986

L FA e o | S o (R ey [ G L o ) L |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4.32. FTIR spectra of (a) leaching residues LR and AAMs produced using (b) only
leaching residues (LR AAM) as well as by mixing (c) leaching residues and metakaolin at
mass ratio 90:10 (LR90MK10) and (d) LR9OMK10 after firing at 800 °C for 2 h.

Figure 4.33 presents the FTIR spectra of AAMs produced by mixing leaching residues
LLR and LS slag at mass ratio 30:70 (LLR30LS70) as well as the precursors (i.e. LS slag
and LLR residues), while the FTIR spectra of AAMs produced by mixing leaching
residues LLR and PS slag at mass ratio 30:70 (LLR30PS70) and the corresponding
precursors (i.e. PS slag and LLR residues) are presented in Figure 4.34.

A clear difference in the shape, position and depth of the bands of all precursors
compared to both AAMs can be seen in the spectra of LLR30LS70 AAM (Figure 4.33c)
and LLR30PS70 AAM (Figure 4.34c) in the region of 800-3450 cm-!. After alkali activation,
it is observed that the bands at 460 cm™, 620 cm™, and 796 cm present in the LRR
remained unaffected in both AAMs (Figures 4.33c, 4.34c), thus confirming the low
reactivity of LLR during alkali activation; the same bands remained unaffected after
alkali activation of LR, as previously proved (Figure 4.32).
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Figure 4.33. FTIR spectra of (a) LS slag and (b) leaching residues LLR as well as AAMs produced
by mixing (c) leaching residues LLR and LS slag at mass ratio 30:70 (LLR30LS70).
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Figure 4.34. FTIR spectra of (a) PS slag and (b) leaching residues LLR as well as AAM produced
by mixing (c) leaching residues LLR and PS slag at mass ratio 30:70 (LLR30PS70).

However, the small band at 690 cm™ shown only in the LLR30PS70 AAM (Figure 4.34c)
can be attributed to Fe-O and Si-O stretching and deformation vibrations (Kaze et al.,
2018c). The bands at 1012 cm? and 1018 cm in the LLR30LS70 (Figure 4.33c) and
LLR30PS70 AAMs (Figure 4.34c) respectively, which are characteristic peaks of the
inorganic polymer network can be attributed to the asymmetric stretching of Si-O-T

bonds (T=Fe, Al or Si) (Kaze et al., 2017). Moreover, the band at 1473 cm, present only in
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the LLR30LS70 AAM (Figure 4.33c) is attributed to stretching vibrations of O-C-O bonds,
due to carbonation of the remaining Na-silicate or unreacted alkali ions (Liu et al., 2017).
Finally, the bands at 1634 cm, 1637 cm? and 3423 cm in the raw LS and PS slags
(Figures 4.33a, 4.34a), which are attributed to the stretching and bending vibrations of H-
O-H are shifted to 1647 cm™ and 3450 cm™ in both AAMs, thus indicating the presence of
absorbed water in the pores of the hydrated polymeric framework (Adesanya et al.,
2020).

4.5.6 Toxicity of LR, LLR residues and selected AAMs

This section investigates the toxicity of LRO90OMK10, LLR30LS70 and LLR30PS70 AAMs
produced under the optimum synthesis conditions as well as the precursors, i.e. laterite
leaching residues (LR, LLR) and ferronickel slags (PS and LS), using the EN 12457-3 test.
The leaching residues of laterites exhibited noticeable toxicity in terms of Ni and Cr.
More specifically, the dissolution rate of Ni was 256.5 and 719.5 mg kg for LR and LLR,
respectively, while the dissolution rate of Cr was 213.4 mg kg for LLR. These values are
much higher than the limits which are indicated by the EN 12457-3 test for wastes
accepted at landfills for hazardous wastes (Table 4.4). It is also observed that Cu and Zn
exceeded marginally the toxicity limits in case of disposal in landfills for inert and non-
hazardous wastes (Table 4.4). Several other elements such as Al, Mn and Fe exhibited
increased dissolution rates, but no limits exist for these elements in the EN 12457-3 test.
The dissolution rate of some metals was anticipated to be high since laterite leaching
residues were produced after leaching of the ore with a strong acidic medium. On the
contrary, the raw PS and LS slags exhibited much lower toxicity compared to the laterite
leaching residues. The only exception observed was in the case of PS slag where Ni (6.3
mg kg1), and Cr (0.6 mg kg') dissolution rates exceeded the lowest limits set by the EN
12457-3 test (Table 4.4). The fact that the slags were produced after pyrometallurgical
treatment of the ore at high temperature (~1450 °C) and the presence of oxides explains
their reduced toxicity.

After alkali activation, the dissolution rates of heavy metals for LROOMKI10 and
LLR30LS70 AAMs were below the toxicity limits, while LLR30PS70 AAM exhibited
dissolution rate for Ni (0.4 mg kg') equal to the limit set for disposal in landfills for inert
wastes (Table 4.4). So, alkali activation of these wastes results in a reduction of their
toxicity and the production of matrices with beneficial properties. Finally, it is well
known from previous studies that after alkali activation the hazardous elements are
trapped in the matrix and exhibit low release potential as indicated by the application of
the EN 12457-3 or the US EPA test (Zhang et al., 2020c; Gijbels et al., 2019; Komnitsas et
al,, 2013; Wang et al., 2018).
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45.7 Conclusions

The experimental results prove the potential of co-valorization of laterite leaching
residues with the addition of metakaolin or ferronickel slags as well as the main factors
affecting the production of AAMs with beneficial properties. The raw laterite leaching
residues cannot be alkali activated and the compressive strength obtained was very low,
namely 1.4 MPa and 10.2 MPa for LR- and LLR-based AAMs, respectively. On the
contrary, the AAMs produced after alkali activation of LR-MK, LLR-LS and LLR-PS
mixtures with mass ratios 90:10, 30:70 and 30:70 respectively, obtained much higher
compressive strength, i.e. 45.0 MPa for LROOMK10, 27.5 MPa for LLR30LS70 and 50.7
MPa for LLR30PS70. The use of metakaolin which was produced after the calcination of
kaolin at 750 °C resulted in a material with high amorphous content which is appropriate
for alkali activation. The use of ferronickel slags is also considered beneficial due to their
high reactivity by considering that the compressive strength obtained for LS- and PS-
based AAMs were 86.0 MPa and 80.0 MPa, respectively. On the other hand, calcination
of the leaching residues LR at 800 °C and 1000 °C has no beneficial effect on alkali
activation. Furthermore, the AAMs produced under the optimum synthesis conditions
also maintained good structural integrity after firing for a period of 2 h or 4 h at a
temperature range between 200 and 1000 °C and immersion in distilled water or acidic
solution (1M HCI) for 7 and 30 days. These results are important since it is the first time
that the alkali activation potential of laterite leaching residues and the main factors
affecting the compressive strength of the produced AAMs are investigated. Therefore,
the AAMs produced after alkali activation of LLR-PS mixtures acquired very high
compressive strength, due to the high reactivity of PS slag. Based on these results, it is
deduced that the addition of both metallurgical slags in the starting mixture and the use
of higher curing temperature have a beneficial effect on the compressive strength of the
produced AAM:s. It is also underlined that the produced AAMs exhibit very low toxicity,
as indicated by the application of EN 12457-3 test and this results in immobilization of
the hazardous elements present in the initial wastes. Finally, it was proven that the
valorization of laterite leaching residues through alkali activation results in the
production of higher added value products which may be used as binders or

construction elements (see below in section 4.9).

4.6 Factors affecting co—valorization of L residues with MK for the
production of AAMs

This section presents the alkali activation potential of leaching residues (L) which
obtained after atmospheric acid leaching (AAL) of Polish laterites using H2SO: as

leaching solution in a 1-3 L stirred reactor. It is noted that the laterite leaching residues
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exhibit low reactivity, which is not sufficient for alkali activation as mentioned earlier in
section 4.1.1. Therefore, precursors obtained by mixing L with different ratios of MK
were used, in order to produce AAMs with beneficial properties. Factors affecting the
compressive strength and other selected properties are discussed. The structural
integrity, morphology and microstructure of selected AAMs were also investigated and
are presented in this Chapter.

4.6.1 Effect of H:O/Na2O molar ratio in the activating solution and ageing
period on selected properties of the produced AAMs

In order to assess the potential of co-valorization of L residues and MK through alkali
activation, precursors obtained by mixing L with different ratios of MK were used, since
as mentioned earlier MK exhibits higher reactivity (Table 4.1). Figure 4.35 presents the
compressive strength obtained for specimens produced by mixing L with MK at mass
ratios 20:80 (L20MK80 AAM) (Figure 4.35a) and 30:70 (L30MK70 AAM) (Figure 4.35b) as
a function of H2O/Na20 molar ratio (21.4, 17.3, 14.6) in the activating solution and ageing
period (7 and 28 days). The difference in H20/Na:O ratio in the activating solution is due
to the slightly different S/L ratios used. The synthesis conditions used for alkali
activation of the mixtures were pre-curing 4 h, curing temperature 60 °C and curing time
24 h. The SiO2/Na20 ratio in the activating solution was 1.0 in both cases. It is mentioned
that the alkali activation of raw leaching residues was not investigated, because they
contain low amounts of Al2Os and SiO2. So, MK was added to regulate the SiO: and Al:Os
ratio and increases the reactivity of the starting mixture during alkali activation.

It is seen from the experimental results that the increase of MK content in the starting
mixture resulted in an increase in the compressive strength of the produced AAMs. More
specifically, as the H2O/Na:20 ratio in the activating solution decreased, the compressive
strength of both AAMs increased significantly. On the contrary, the ageing period had
practically no effect on the compressive strength of both AAMs. The maximum
compressive strength obtained was 26.2 MPa for L20MK80 AAM using H2O/Na:0O and
Si02/Na:0 ratios 14.6 and 1.0, respectively and after pre-curing period 4 h, curing
temperature 60 °C for 24 h and ageing period 28 days.
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Figure 4.35. Effect of H2O/Na20 molar ratio in the activating solution and ageing period on the
compressive strength of (a) L20MK80 and (b) L30MK70 AAMs (pre-curing time 4 h, curing
temperature 60 °C, curing time 24 h; error bars indicate the standard deviation of

measurements obtained from three specimens).

In order to further explain these findings, the physical properties, i.e. water absorption
(%), porosity (%) and density (g cm?), of L20MK80 and L30MK70 AAMs were
determined and are presented in Table 4.8. It is seen from this data that the differences in
all properties of AAMs were negligible, thus justifying the slight difference in their
compressive strength values. In particular, porosity and water absorption were 7.0 % and
4.2 % respectively for L20MK80 AAM and increased to 7.3 % and 4.5 % respectively for
L30MK70 AAM, while the opposite trend was observed for density which decreased
slightly from 1.7 to 1.6 g cm=.

Table 4.8. Physical properties of selected AAMs!

AAMs Compressive strength Porosity Water Absorption Apparent Density
Code (MPa) (%) (%) (g cm?)
L20MKS80 259 7.0 4.2 1.7
L30MK?70 17.6 7.3 4.5 1.6

"H20/Naz0 = 14.6, Si02/Na:0 = 1.0, curing at 40 °C for 24 h and ageing for 7 days

4.6.2 Effect of curing temperature on the compressive strength of the
produced AAMs

Figure 4.36 presents the compressive strength of L20MK80 and L30MK70 AAMs as a
function of curing temperature (40, 60, 80 and 95 °C). In all tests, the curing time and
ageing period was 24 h and 7 days respectively, whereas the H2O/Na:0 and SiO2/Na:O
ratios were 14.6 and 1.0 respectively. It is observed that increase in temperature from 40
to 60 °C slightly affects the compressive strength of both AAMs, while a further increase
above 60 °C results in a decrease in compressive strength. These results are opposite to
those obtained so far for the effect of temperature on the compressive strength of the
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produced AAMs. This behavior may be explained by the rapid loss of water in the
reactive paste during curing above 60 °C which causes the development of microcracks

and affects the microstructure of the produced AAMs.
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Figure 4.36. Effect of curing temperature on the compressive strength of L20MKS80 and
L30MK70 AAMs (pre-curing time 4 h, curing time 24 h, ageing period 7 days; error bars
indicate the standard deviation of measurements obtained from three specimens).

4.6.3 Structural integrity of L20MK80 AAM

The structural integrity of L20MK80 AAM was assessed after firing for a period 2 h at a
temperature range between 200 and 800 °C and after immersion in distilled water (H20)
and acidic solution (1M HCI) for 7 and 30 days. The control AAM was produced under
the optimum conditions, namely H2O/Na2O molar ratio 14.6; SiO2/Na20O molar ratio 1.0;
curing temperature 40 °C; ageing period 7 days.

Table 4.9 shows the compressive strength (MPa), the weight loss (%) and the volumetric
shrinkage (%) of L20MK80 AAM after durability testing. It is mentioned that the

compressive strength of the control specimen was 25.9 MPa.

Table 4.9. Selected properties of L20MK80 AAM after durability tests.

Compressive strength Weight loss Shrinkage

Durability test Period (MPa) %) %)
Control AAM! - 259 - -
Firing at 200°C 2h 20.4 0.4 3.5
Immersion in H20 7 days 21.8 0.2 3.1
Immersion in 1M HCl 7 days 12.0 0.9 4.7

T Curing at 40 °C, ageing for 7 days, H2O/Na20 = 14.7, SiO2/Na20 = 1.0
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As seen in Table 4.9, the compressive strength of L20MK80 AAM decreased after the
implementation of all durability tests. The only determined value (20.4 MPa) was the one
obtained after firing at 200 °C, because the specimens fired at higher temperatures, i.e
400-800 °C, suffered severe damage and almost disintegrated. This may be explained by
the phase transformations occurred and the resulting deterioration of their structural
integrity after firing at high temperature (Zaharaki et al.,, 2010). On the contrary, the
specimen exhibited better behavior after immersion in distilled water for a period of 7
days, whereas the decrease in its compressive strength was noticeable after immersion in
HCI for the same period. The minimum value of 12.0 MPa was obtained after immersion
in HCl. Moreover, the AAM immersed in HCI exhibited the highest weight loss (0.9 %)
and volumetric shrinkage (4.7 %), whereas after immersion in distilled water exhibited
the lowest weight loss (0.2 %) and volumetric shrinkage (3.1 %); these values are
considered as low to very low in all cases.

Several studies pertinent to the structural integrity of AAMs using as precursors various
types of slags or construction and demolition wastes (i.e. bricks and tiles) have been
carried out. Komnitsas et al. (2015) showed that the final compressive strength of tile-
based AAMs was severely affected when subjected to freeze-thaw cycles for 1 or 2
months. Soultana et al. (2019) showed that the compressive strength of AAMs produced
using a mix ratio of 50 wt% metallurgical slag and 50 wt% brick wastes (B50S50 AAM)
slightly decreased after their immersion in 1M HCI solution or distilled water for 30
days. Weight loss and volumetric shrinkage values after immersion in 1M HCI solution
were 3.5 % and 8 % respectively, while after immersion in distilled water the values were
much lower, 0.5 % and 0.7 % respectively. Komnitsas et al. (2021) showed that the weight
loss of AAMs produced using marble waste and metakaolin at a mass ratio of 0.3 was
higher (12 %) after their immersion in 1 mol/L NaCl solution over a period of 30 days,
while immersion in distilled water for the same period resulted in lowerweight loss (8
%). Mohamed (2019) showed that the alkali-activated slag concrete demonstrates
generally better resistance to freeze-thaw compared to OPC. Luukkonen et al. (2018b)
studied the freeze-thaw resistance of blast furnace slag mortar specimens and showed
that they could withstand 120 cycles.

4.6.4 Morphology-Microstructure of L residues and selected AAMs

The XRD patterns of L residues, MK and selected AAMs produced under the optimum
synthesis conditions are shown in Figure 4.37.

After alkali activation, the crystalline phases of quartz, fayalite, zincite, talc, muscovite
and clinochlore were evident in both AAMs, while diopside was not detected. It is

observed a slight increase in the peaks’ intensity of clinochlore and talc, while the phases
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of quartz, fayalite and zincite appear with lower intensities, in both AAMs. The decrease
of intensity of some peaks is due to metakaolin addition in the starting mixture due to its
high alkali activation potential, as explained earlier (section 4.5.5) in the case of the
LRMK-based AAMs. So, the specimens produced from L and MK with mixing ratio 20:80
(L20MK80 AAM) exhibit lower intensities of mineralogical phases, due to their increased
amorphicity as results from the reactions between Si and Al ions, which are present in
sufficient amounts, with the strong alkaline solution and the formation of aluminosilicate
bonds; this results in the production of specimens with beneficial properties, which
justifies the relatively higher compressive strength acquired by L20MK80 AAM (25.9
MPa). It is seen that the XRD patterns of both AAMs exhibit a hump between 2-Theta 17°
and 40° which is typical for metakaolin based-AAMs, as mentioned earlier (section 4.5.5)
in the case of the LRMK-based AAMs.

(d) cl

(c) Q z QF

(b)

2-Theta -Scale

Figure 4.37. XRD patterns of (a) metakaolin (MK), (b) leaching residues L and AAMs produced by
mixing (c) laterite leaching residues and metakaolin at mass ratio 20:80 (L20MK80) and (d) laterite
leaching residues and metakaolin at mass ratio 30:70 (L30MK70). Phases indentified are:
clinochlore (Cl), diopside (D), fayalite (F), muscovite (M), quartz (Q), talk (T), zincite (Z).

Figure 4.38 presents the FTIR spectra of AAMs produced by mixing leaching residues L
and metakaolin at mass ratios 20:80 (L20MKS80) and 30:70 (L30MK70) as well as the
leaching residue L for comparison. After alkali activation of L, it is observed that the
characteristic band at 460 cm™ which is attributed to quartz remained unaffected, due to
the relative inertness of quartz in the alkaline system. The weaker bands between 600
and 800 cm™ in both AAMs are attributed to Si-O-Al deformation vibrations (Ricciotti et
al., 2017). In addition, the small bands at 868 cm™ in the L20MK80 AAM (Figure 4.38b)
and 873 cm™ in the L30MK70 AAM (Figure 4.38c) can be attributed to the out-of-plane
bending vibrations of the carbonate ions (Kaze et al., 2020). The band at 1015 cm™ seen in
both AAMs (Figure 4.38b,¢) is attributed to the asymmetric stretching of Si-O-Fe, Si-O-Al
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and Si-O-5Si bonds. This band is a characteristic peak of the inorganic polymer network
(Kaze et al., 2017). Moreover, the broad bands at ~1418 cm? and 1460 cm™ in the
L30MK70 and L20MK80 AAMs respectively, are attributed to asymmetric stretching
vibrations of O-C-O bonds due to the formation of carbonation products from the
reaction between the alkali-activated silicates and the atmospheric CO: during the curing
period (Kaze et al., 2020). The broad bands at ~3400 cm™ and ~1630 cm™ in both AAMs
(Figure 4. 38a,b) are due to O-H stretching and bending vibrations of adsorbed molecular
water in the pores of the hydrated polymeric framework (Adesanya et al., 2020).
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Figure 4.38. FTIR spectra of (a) leaching residues L and AAMs produced by mixing (b) L and
MK at mass ratio 20:80 (L20MK80) and (c) L and MK at mass ratio 30:70 (L30MK?70).

4.6.5 Toxicity of L residues and selected AAMs

This section investigates the toxicity of L20MK80 and L30MK70 AAMs produced under
the optimum synthesis conditions as well as the raw leaching residues L, using the EN
12457-3 test. The results show that the toxicity of Polish laterite leaching residues is
noticeable in terms of Ni. More specifically, the dissolution rate of Ni was 449.4 mg kg
and this value is much higher than the limits set even for disposal of this waste in a
landfill for hazardous wastes (Table 4.4). The dissolution rate for Zn was equal to the
limit set for disposal in landfills for inert wastes.

After alkali activation, both produced AAMs exhibited extremely low toxicity, except for
the dissolution rate of Cr which was 0.86 and 0.60 mg kg for L20MK80 and L30MK70
AAMs, respectively. Additionally, the L20MK80 AAM exhibited dissolution rate for Ni
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equal to 0.64 mg kg, thus exceeding the toxicity limit indicated for disposal in landfills
for inert wastes (Table 4.4). Therefore, alkali activation of this laterite leaching residue

results in the production of new products and the substantial reduction of their toxicity.

4.6.6 Conclusions

The experimental results show the beneficial effect of co-valorization potential of laterite
leaching residues L when mixed with metakaolin, due to its high amorphous content and
its pozzolanic nature during alkali activation. AAMs produced from L-MK mixtures at
mass ratios 30:70 (L30MK70 AAM) and 20:80 (L20MK80 AAM) acquire compressive
strength of 17.6 MPa and 25.9 MPa, respectively. The H20O/Na:O molar ratio in the
activating solution is a crucial parameter during alkali activation since higher H.O/Na:0O
ratios indicate excess of water which may remain unreacted under specific synthesis
conditions and thus AAMs with poor mechanical properties are produced. On the
contrary, the ageing period has practically no effect on the compressive strength of the
produced AAMs, whereas the curing temperature when exceeds 60 °C results in a
decrease of the compressive strength, due to the rapid loss of water from the reactive
paste. The results also indicate that the L20MK80 AAM produced under the optimum
synthesis conditions (using molar ratios H2O/Na:0, 14.6 and SiO2/Na20, 1.0; pre-curing
time, 4 h; curing temperature, 40 °C, curing time, 24 h and ageing period, 7 days)
exhibited sufficient structural integrity after firing at 200 °C for 2 h or after immersion in
distilled water and 1M HCI for 7 days. Furthermore, useful insights on the beneficial
effect of metakaolin addition in the initial mixture during alkali activation of laterite
leaching residues were provided from XRD and FTIR analyses. Moreover, both AAMs
exhibited low toxicity, as indicated by the application of the EN 12457-3 test. In
conclusion, these findings prove that alkali activation may be used for the co-valorization
of laterite leaching residues and metakaolin and the production of AAMs with beneficial
properties which may be used as binders or construction elements (see below in section
4.9).

4.7 Comparison of the results of this PhD thesis with those produced

in earlier studies

Table 4.10 compares the results of this PhD thesis, which are related to the alkali
activation of laterite leaching residues (i.e LR, LLR and L), with those obtained in earlier
studies aiming at the alkali activation of lateritic materials.

Gualtieri et al. (2015) synthesized AAMs by mixing calcined laterite (700 °C for 2 h) with

metakaolin, using as activators HsPOs or NaOH and Na2SiOs solution. The produced
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specimens acquired low compressive strength, 4 MPa, when the curing temperature was
60 °C after an ageing period of 28 days. Phummiphan et al. (2016) produced AAMs by
mixing marginal lateritic soil with fly ash at a mass ratio 70:30, using NaOH and Naz25iOs
solutions as activators. The produced specimens acquired compressive strength of 7.1
MPa after curing at 27-30 °C and ageing for 7 days. Lemougna et al. (2017) prepared
AAMs by mixing calcined laterite (700 °C for 2 h) with slag, using as activator NaOH and
Na25iOs solutions.

Table 4.10.Comparison of results obtained from previous studies for the production of laterite-based AAMs.

Conditions
. Compressive
Raw Materials SICI)Z/NaZ,O Temperature Ageing strength Reference
molar ratio O) period (MPa)

(Days)

Laterite (calcined
at 700 oC for 2 h) 3.0 60 28 4 Gualtieri et al., 2015
and metakaolin

Marginal lateritic Phummiphan et al.,

5.6 27-30 7 7.1

soil and fly ash 2016

Laterite (calcined Lemougna et al

at 700 °C for 2 h), 1.6 25 28 65 & 7

2017

slag

Iron - rich laterite

(calcined at 700 room Nkwaju et al.,
1.4 28 14-

°C for 4 h and temperature 20 2019

bagasse fibers

Laterite (calcined

at 600 °C), and

metahalloysite Kaze et al.,
7 25+3 28 4

(calcined 075 >t > 2020

halloysite clay at

600 °C)

Greek laterite
leaching residues 1.0 80 7 45 This study
and metakaolin

Greek laterite
leaching residues
and Polish
ferronickel slag

0.3 95 7 51 This study

Greek laterite
leaching residues
and metallurgical
ferronickel slag

1.0 95 7 26 This study

Polish laterite
leaching residues 1.0 60 28 26 This study
and metakaolin
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The results showed that the replacement of laterite by 50 % slag resulted in increase of
compressive strength to 65 MPa after curing at 25 °C and ageing for 28 days. Nkwaju et
al. (2019) produced AAMs from iron-rich laterite and sugarcane bagasse fibers using
Na:SiO:s solution. Prior to the production of AAMs the iron-rich laterite was calcined at
700 °C for 4 h. The compressive strength achieved for the produced specimens was 50
MPa and 14 MPa without and with the addition of 7.5 wt% fibers, respectively, after
curing at room temperature and ageing for 28 days. Kaze et al. (2020) produced AAMs
using calcined laterite and meta-halloysite as precursors and NaOH and Na:SiOs
solutions, as activators. The laterite was calcined at 600 °C, while the meta-halloysite was
obtained by calcining the clay fraction of halloysite at 600 °C for 4 h. The produced
AAMs acquired a compressive strength of 45 MPa after curing at 25+3 °C and ageing for
28 days.

In the present thesis, the produced AAMs which were produced by mixing laterite
leaching residues LR with 10 wt% metakaolin acquired a quite high compressive
strength, 41 MPa. On the other hand, the co-valorization of LLR with PS and LS slags at
mass ratio of 30:70 resulted in the production of AAMs with compressive strength of
almost 50 and 26 MPa, respectively. Furthermore, alkali activation of laterite leaching
residues L with the addition of MK at mass ratio of 20:80 resulted in the production of
AAMs with compressive strength of 26 MPa. The SiO2/Na20 molar ratios varied from 0.3
to 1.0, due to the different mineralogy and properties of the starting mixtures. Finally, the
results show that the addition of metakaolin or slags results in the successful alkali
activation and co-valorization of by-products with low reactivity and the production of

AAMs with beneficial properties.

4 8 Effect of selected molar ratios of oxides present in the reactive

paste

In order to further explain the role of synthesis conditions on the alkali activation of the
raw materials tested, selected molar ratios of oxides present in the reactive paste were
calculated and presented in Table 4.11. In this Table, the compressive strength of AAMs
is also given for comparison. The effect of the H2O/Na:0O molar ratio in the activating
solution is a crucial factor and may indicate the compressive strength of the produced
AAMs for each raw material used. Moreover, the (SiO2+Al20s)/Naz0 ratio in the reactive
paste may predict the degree of hydrolysis and dissolution of Si and Al which
polymerize and polycondensate. It is known that lower or higher ratios indicate excess or
deficiency of the activating solution, resulting in the production of AAMs with lower
compressive strength (Tuyan et al., 2018). Regarding the slags valorization, it is observed
that AAMs produced from mixtures rich in Al2Os (Table 3.2), thus with lower 5iO2/Al:Os
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and higher (5iO2+Al:O3)/Na:zO ratios, obtained higher compressive strength, because the
higher content of AlOs; in the reactive paste promotes the dissolution of Al and
subsequently the rate of alkali activation reactions.The actual required amounts of SiO:
and ALlOs for these reactions depend on the reactivity of the mineralogical phases
present in the raw materials tested. For example, it is seen from Table 4.11, that the
FS30LS70 AAM obtained much higher compressive strength (77.9 MPa), compared to the
value obtained (44.8 MPa) for FS-based AAM, due to the increased reactivity of LS slag
(Table 4.1). Similar behavior is seen in AAMs produced from mixtures of laterite leaching
residues (LR, LRR and L) and PS, LS slags or MK.

Table 4.11. Selected oxides molar ratios in the reactive paste of selected AAMs.

Compressive

’éﬁ;\: strength N(“I\?)H SiOJ/ALOs (SiOrALO)Na:0 Fe:0s/Na:0  Fe:05/Ca0
(MPa)
PS 67.0 7.0 86 37 11
LS 80.1 5 7.2 149 6.1 4.1
FS 448 6 20.2 13.8 8.5 20.2
FSP 27.2 10 16.3 15.1 3.0 1.9
FS30LS70 77.9 8 8.9 131 6.1 5.8
FSP30LS70 573 10 89 113 53 5.8
LR 1.43 26.0 8.4 44 4.8
MK 55.0 8 28 6.7 0.02 21
LR90MK10 41.0 104 9.3 3.9 4.8
LLR 10.2 10 17.8 6.8 2.1 22.0
LLR30PS70 51.0 8.7 7.4 2.9 1.5
LLR30LS70 28.0 5 9.0 13.2 5.0 5.3
L30MK70 17.6 3.4 4.2 0.1 0.2
L20MKS80 25.9 10 31 5.1 01 0.2

More specifically, the compressive strength of LLR30PS70 AAM increased by 80 % to
51.0 MPa compared to the compressive strength (10.2 MPa) of the AAM produced after
alkali activation of leaching residues LR. This behavior is justified both by the reactivity
of PS slag (Table 4.1) and the values of the SiO2/Al20s and (SiO2+Al203)/NazO ratios in the
reactive paste. In addition, the effect of the molar ratios Fe:Os/Na2O and Fe20s/CaO
during alkali activation was also investigated. The role of Fe cannot be easily elucidated
although its content is high in several slags of the non-ferrous and steel industry.
According to Komnitsas et al. (2019a), the Fe203/Na20 ratio in the activating solution
decreases as the molarity of NaOH solution increases during the production of PS slag-
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based AAMs. Recent studies investigating the behavior of Fe mention that Fe?" may be
oxidized to Fe* during alkaline activation in the inorganic polymer binder, or
incorporated into the polysialate (Si-O-Al) as network modifier or even participate in
carbonation reactions (Onisei et al., 2018; Peys et al., 2018). In our case, no efflorescence
was noticed on any of the produced specimens. Apart from the amorphous content, the
alkali activation of iron-rich raw materials with lower Ca content, results in the
formation of a stronger bonding network due to the formation of Fe-O-5i-O-Fe linkages
(Komnitsas et al., 2009; Peys et al., 2019¢). This is confirmed by our data, which show that
the Fe:03/CaO ratio is higher for LS specimens compared to the respective ratio for PS
specimens, and thus the compressive strength value of LS based AAMs is higher (81.0
MPa).

These findings indicate that when these ratios obtain optimum values, the produced
AAMs which acquire higher compressive strength. More specifically, optimum values of
SiO:2/Al20s ratio range between 7.0-20.2 for slag-based AAMs and 2.8-26.0 for laterite
leaching residue-based AAMs. On the other hand, optimum ratios of (SiO2+Al20s)/Na:O
range between 8.6 and 15.1 or 4.2 and 13.2 for AAMs produced from slags and laterite
leaching residues, respectively. In addition, optimum ratios of Fe:0s;/Na:O range
between 3.0 and 8.5, while optimum ratios of Fe203/CaO between 1.1 and 20.2 for slags-
based AAMs. The same ratios range between 0.1-5.0 and 0.2-22.0 for laterite leaching
residue-based AAMs.

4 9Potential application of produced AAMs in the construction

industry

This section investigates the potential application of the produced AAMs as alternative
materials in the construction industry. More specifically, it compares the properties of
selected AAMs with those of concrete as well as with the requirements of load-bearing

and engineering bricks.

491 Comparison of produced slag-based AAMs with high-performance

concrete

Concrete is the most important material of the construction sector, due to its availability,
low cost, high structural performance and ability to take any shape or size. However,
concrete is responsible for environmental impacts, since its production emits high
volumes of CO: in the atmosphere. It is well known that OPC is the main binder in

concrete and its production is one the most energy intensive processes, since it consumes
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12 % to 15 % of the total industrial energy requirements and is responsible for 7 % to 10
% of the global CO: emissions, while aggregate production poses severe environmental
problems in surrounding areas, as previously mentioned in section 1.1. There are several
types of concrete suitable for numerous uses, such as reinforced concrete, lightweight
concrete, high-strength concrete, high-performance concrete (HPC) and precast concrete
(Kosmatka et al., 2003). Several studies have indicated that AAMs can be used as an
alternative binder to replace OPC in several applications (Mohamed, 2019; Passuello et
al.,, 2017; Komnitsas, 2011; Nasvi et al., 2013). Table 4.12 presents the compressive
strength (MPa) and water absorption (%) of AAMs produced from only PS or LS slags,
by mixing FS and LS slags at mass ratio 30:70 (FS30LS70) as well as after firing PS,
FS30LS70, and FSP30LS70 AAMs at 400 or 250 °C.; the compressive strength and water
absorption of HPC are also given for comparison (Kosmatka et al. 2003). It is seen from
this Table that the compressive strength values of almost all selected AMMs are similar
or exceed the strength of HPC (70 MPa), while the values of water absorption (%) of
selected AAMs are within the water absorption limits for HPC. It is important to mention
that the compressive strength of HCP reaches 70 MPa after 28 days, while the slag-based
AAMs obtained a similar or higher value after 7 days. In addition, it is observed that the
liquid to solid ratios used for the production of the AAMs are quite similar to the
minimum value of water to cementing materials ratio used for HPC. Therefore, the
produced AAMs can be used in similar applications as HPC including tunnels, bridges

and tall buildings.

Table 4.12. Comparison of selected properties of HPC and slag-based AAMs.

AAMs Fired AAMs
High-
Properties Performance PS FS30LS70 FSP30LS70
P L FS30LS7
concrete S S S30LS70 (400 °C) (250 °C) (250 °C)

Compressive
strength 70 67 80 78 115 94 68
(MPa)>
Water
absorption 2%to5% 4 3 3 4 3 4
(%)

b c
wie or L/S 0.20-0.45 02 02 0.2 0.2 0.2 0.2
ratio

ameasured after 7 and 28 days for AAMs and HPC, respectively, "water to cementing materials ratio for HPC, liquid-
to-solid ratio in the starting mixture for AAMs.

In addition, one important difference between AAMs and concrete production is the raw
materials used in each case. More specifically, limestone which is heated at 1450 °C is the
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major raw material used in cement production to produce clinker and is then blended
with additives. On the other hand, AMMs rely on minimally processed natural materials
and industrial by-products or wastes and their curing takes place at low temperatures
(30-90 °C) for 24 or 48 h. Moreover, AAMs exhibit similar properties to those of Portland
cement, such as permeability, low alkali aggregate expansion, low shrinkage, excellent
resistance to acids, sulphates, corrosion and freeze-thaw cycles (Komnitsas, 2011;
Lemougna et al., 2011; Leonelli et al., 2009; Temuujin et al., 2011). The role of water
during alkali activation is different than its role in hydration reactions taking place
during Portland cement production. In particular, water facilitates workability of the
initial reactive paste during AAM production, but it is not incorporated in the resulting
structure and thus it is not involved in the main chemical reactions and is expelled
during curing and subsequent drying. This has a significant impact on the mechanical
and chemical properties of alkali activated (geopolymer) concrete (Davidovits, 2020).
Finally, as most studies indicate the production of AAMs has lower impact on global
warming than OPC concrete and therefore their use as alternative to OPC will improve
the sustainability of the wider construction industry (Damineli et al., 2010; Huseien and
Shah, 2020; Komnitsas, 2011; Robayo-Salazar et al., 2018; Singh and Middendorf, 2020).

49.2 Comparison of produced slag- or laterite residue-based AAMs with

load-bearing and engineering bricks

The compressive strength of slags-based AAMs produced in this PhD thesis under the
optimum synthesis conditions and the requirements for load-bearing and engineering
bricks according to different classification categories (BS 3921:1965) are presented in
Figure 4.39. It can be seen from this data that almost all produced AAMs exceed the
requirements of the Category 7 (48.3 MPa) for load-bearing bricks. More specifically, FS-
and FSP-based AAMs satisfy the requirements of Categories 5 (34.5 MPa) and 3 (20.7
MPa), respectively. It is also observed that the LS-based AAMs satisfy the requirements
of the Category 10 (69.0 MPa) for load-bearing bricks. On the other hand, the FS30LS70
and FSP30LS70 AAMs produced from FS or FSPand LS slags satisfy the requirements of
higher Categories, namely Category 10 (69.0 MPa) and Category 7 (48.3 MPa)
respectively, compared to AAMs which produced only from FS or FSP slags. Moreover,
AAMs retain sufficient structural integrity after firing at higher temperatures, while their
final compressive strength increased. In particular, the compressive strength of the PS
AAMs increased substantially after firing up to 400 °C, reached 115.2 MPa, and meets the
requirements of Category 15 (103.5 MPa). The compressive strength of FS30LS70 and
FSP30LS70 AAMs after their firing at 250 °C satisfy the requirements of Category 10 (69.0
MPa). On the other hand, the produced AAMs can be used as engineering bricks of
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Categories A and B. It is observed from Figure 4.39 that all AAMs satisfy the
requirements of Category B since the compressive strength is greater than 48.3 MPa and
water absorption is less than 7.0 %. Finally, the fired AAMs as well as the PS and
FS30LS70 AAMs can be also used as engineering bricks of Category A; their compressive
strength is 69.0 MPa and water absorption is 4.0 %. It is also mentioned that PS-based
AAMs maintain sufficient structural integrity even after immersion in distilled water and
acidic solutions (IM HCl and 1M H2SOs) for 30 days. Their final compressive strength
(see Figure 4.10) satisfies the requirements of Categories 4 and 5. Similar behavior was
observed for FS30LS70 and FSP30LS70 AAMs which after immersion in distilled water
for 30 days retain compressive strength values which satisfy the requirements of
Categories 10 (69.0 MPa) and 7 (48.3 MPa), respectively, while the compressive strength
after their immersion in 1M HCI exceeds the requirements of Categories 5 (34.5 MPa) and
4 (27.6 MPa), respectively (see Figures 4.18a,b).
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Category 3 (20.7MPa)
Category 2 (14 MPa)
Category1(7 MPa)

Compressive strength

PS LS FS FSP FS30LS70 FsSp30LS70 PS, FS30LS70, FSP30LS70,
400°C 250°C 250°C

Figure 4.39. Comparison of the compressive strength of slags-based AAMs, with the limits
proposed for different classification categories according to BS 3921:1965 (error bars represent the

standard deviation of three measurements).

Figure 4.40 shows the compressive strength of LR-, LLR- and L-based AAMs, L20MKS80,
LR90MK10, LLR30LS70 and LLR30PS70 AAMs (sections 4.5.2, 4.5.3, and 4.6.2), before
and after firing at 800 °C, as well as the requirements for load-bearing bricks (BS
3921:1965). It is mentioned that concrete loses its structural integrity after firing at
temperature higher than 800 -C (Lahoti et al., 2019). It can be seen from this data that
AAMs produced by mixing leaching residues LR or L with MK at mass ratio 90:10
(LR9OMK10 AAM) and 20:80 (L20MK80 AAM) exceed the requirements of Categories 5
(34.5 MPa) and 3 (20.7 MPa) for load-bearing bricks, respectively. AAMs obtained by
mixing leaching residues LLR with LS or PS slags at ratio 30:70 (LLR30LS70 and
LLR30PS70 AAMs) also satisfy the requirements of specific Categories for load-bearing
bricks. In particular, LLR30LS70 AAMs meet the requirements of Category 4 (27.6 MPa),
while the compressive strength of LLR30PS70 AAMs meets the requirements of Category
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7 (48.3 MPa) for load-bearing bricks. In addition, all AAMs maintain sufficient structural
integrity even after high temperature firing at 800 °C, since their final compressive
strength values satisfy at least the requirements of Categories 2 (14.0 MPa) for
LR9OMK10 and 1 (7.0 MPa) for LLR30LS70 and LLR30PS70 AAMs. It is also mentioned
that LROOMK10, L20MK80, LLR30LS70 and LLR30PS70 AAMSs maintain sufficient
structural integrity after immersion in distilled water and 1M HCI for 7 days, since their
final compressive strength (see Figure 4.27 and Table 4.9) satisfy the requirements of
Categories 1-5.

In conclusion, these findings prove that the alkali activation is an advantageous process
for the valorization or co-valorization of large volumes of metallurgical slags and laterite
leaching residues and the production of sustainable building materials or binders with

beneficial properties and durability.
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Figure 4.40. Comparison of the compressive strength of laterite leaching residue-based AAMs

with the limits proposed for different classification categories according to BS 3921:1965 (error

bars represent the standard deviation of three measurements).
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5. Summary and concluding remarks
The present PhD thesis investigates in depth the alkali activation potential of various
types of metallurgical slags and laterite leaching residues.
The experimental results show that the produced PS -based AAMs exhibited
compressive strength that exceeds 65 MPa under the conditions H2O/Na2O and
SiO2/Na20 ratios in the activating solution 14.2 and 0.3 respectively, curing temperature
80 °C, pre-curing and curing time 24 h and ageing period 7 days. Furthermore, they
exhibited good structural integrity when subjected to high firing temperature for 6 h or
immersed in distilled water or acidic solution (IM HCI and 1M H:SOs) for a period of 7-
30 days. A novel aspect of this investigation is the increase of the compressive strength of
the AAMs after firing at 400 °C for 6 h, due to the development of a dense and compact
microstructure. These results indicate that the produced AAMs may find several
applications in the construction sector, including their use as fire-resistant materials. It is
also noted that they exhibit very low toxicity after the application of EN 12457-3 test, and
thus alkali activation results in immobilization of hazardous elements present in the raw
slag and no adverse effects are anticipated from their use.
FS- and FSP-based AAMs produced under the optimum synthesis conditions, namely
pre-curing time 24 h, curing temperature 90 °C, curing time 24 h and ageing period 7
days, reached maximum compressive strength 44.8 MPa and 27.2 MPa, respectively. It is
also mentioned that the Si02/Na:0 molar ratios in the activating solution were 1.5 and
0.9 in each case, respectively.
AAMs produced after alkali activation of FS-LS and FSP-LS mixtures at 50:50 ratio
acquire compressive strength of 64.3 MPa and 45.8 MPa, respectively; the synthesis
conditions were the same as in the previous case and the SiO»/Na2O molar ratios in the
activating solution were 1.0 and 0.9 for FS- and FSP-based AAMs, respectively. In
addition, AAMs produced after alkali activation of slag mixtures showed very good
structural integrity after firing up to 500 °C for 6 h, immersion in distilled water and
acidic solution or subjection to freeze-thaw cycles for a period of 7 or 30 days. All
produced AAMs exhibited very low toxicity.
Another novel aspect of this thesis is the study of the alkali activation potential of laterite
leaching residues. LR and LLR residues were alkali activated after calcination at 800 and
1000 °C, or after the addition of metakaolin or metallurgical slags at different mass ratios,
in order to increase the reactivity of the starting mixture. The experimental results show
that the raw LR and LLR residues cannot be actually alkali activated and the
compressive strength obtained is very low to low, namely 1.4 MPa and 10.2 MPa for LR-
and LLR-based AAMs, respectively. On the contrary, the AAMs produced from LR-MK,
LLR-LS, and LLR-PS mixtures with mass ratios 90:10, 30:70, and 30:70 respectively,
obtained much higher compressive strength, i.e. 45.0 MPa for LROOMK10, 27.5 MPa for
LLR30LS70, and 50.7 MPa for LLR30PS70. The AAMs maintained good structural
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integrity after firing for a period of 2 h or 4 h at a temperature range between 200 and
1000 °C and immersion in distilled water or 1M HCI for 7 and 30 days, while calcination
of the LR residues at 800 and 1000 °C had no beneficial effect on alkali activation.
Addition of MK, PS or LS in the starting mixture resulted in the production of AAMs
with higher compressive strength. It is also underlined that the AAMs exhibited very
low toxicity indicating the successful immobilization of hazardous elements present in
the initial wastes.

In addition, the experimental results prove the successful alkali activation of laterite
leaching residues L and metakaolin mixtures. More specifically, LR-MK mixtures at mass
ratio 30:70 and 20:80 resulted in the production of AAMs with compressive strength
values 17.6 MPa and 25.9 MPa, respectively.

Finally, it is concluded that the AAMs produced from slags have properties in terms of
strength and durability similar to high-performance concrete and can be used in
demanding applications. Apart from the above applications, the produced AAMs may be
used as binders or construction elements, because they meet the requirements for load-
bearing and engineering bricks for different classification categories.

Finally, the findings of this PhD thesis prove that alkali activation can be used for the
(co)valorization of hazardous wastes, thus improving the sustainability and minimizing
the environmental impacts of the metallurgical industry in line with circular economy

and zero-waste principles.
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