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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 (Na2SiO3). The effect of various
parameters, namely H2O/Na2O 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 oC for 4 or 6 h, immersion in distilled water and acidic solutions (1 M HCl and 1
M H2SO4), 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 oC, 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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Graphical Abstract
1. Slag–based AAMs

2. Laterite leaching residue–based AAMs
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Abbreviations
AAMs

Alkali-Activated Materials

AAL

Atmospheric Acid Leaching

BET

Brunauer-Emmett-Teller

FS
HPC

Fayalitic
Slag
High-Performance
Concrete

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 oC

LRMK
800LR

Specimens produced by mixing LR after firing at 1000 oC with MK at ratio
90:10
LR after firing at 800 oC

LS

Ferronickel Slag

MK

Metakaolin

OPC

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; Muñoz 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 CO2 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; Fořt 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 AAMs 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
15

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

°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;
Marjanović 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/Na2O and SiO2/Na2O ratios in the
activating solution and the type of additives used to improve the properties of the
produced matrix (Ferone et al., 2013; Görhan and Kürklü, 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 H2O/Na2O and SiO2/Na2O
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 oC) 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;
Fernández-Jiménez and Palomo, 2005; Fernández-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 ([-(Si-O)z-AlO-]n) (Davidovits,
2005; Görhan and Kürklü, 2014; Komnitsas and Zaharaki, 2007).
The alkaline solution consists mainly of sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3) solution or potassium hydroxide (KOH) and potassium silicate (K2SiO3)
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
CO2 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 threedimensional 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
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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 CO2 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 12001350 °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 Al3+ 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 οC, 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).
19

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

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{(SiO2)z-AlO2}n•wH2O
where M is a monovalent cation, mainly K+ and Na+, or Ca2+ 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 SiO4 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 (-Si-O-Al-O-Si-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).

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 -Si-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).

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 oC, 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; Živica 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; Łach 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 90Sr and dyes, such as methylene blue, methyl

137

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
o

C and 1000 oC, while AAMs with Si/Al greater that 3:1 and 2D network are used as

industrial sealants between 200 oC and 600 oC. 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; Marjanović et al., 2015;
Rattanasak and Chindaprasirt, 2009; Rovnaník, 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+, Ca2+, Mg2+), 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
23

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

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 CaCO3 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 Ca2+ 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. d90<50 μm) 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/Al2O3,
SiO2/(Al2O3+Fe2O3), and SiO2/Na2O molar ratios present in the activating solution, as well
as the presence of H2O. Several studies report that the increase in the SiO2/Al2O3 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-OSi bonds, which are stronger than Si-O-Al and Al-O-Al bonds, are produced when
increased SiO2/Al2O3 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 SiO2/Al2O3 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,
Χu and Van Deventer (2000) mentioned that the SiO2/Al2O3 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 SiO2/(Al2O3+Fe2O3) ratio. Raw materials rich in Fe could be used for alkaline
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activation since Fe3+ present as Fe2O3 may replace Al3+ 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/Na2O 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 Η2Ο/Νa2O ratio is considered significant during alkaline
activation. It is known that low ratio indicates excess of NaOH solution and thus of OHions, 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 H2O that remains unreacted in
the paste. In each case, the optimum H2O/Na2O 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
H2O 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 Al3+ and Si4+ 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 oC but may range from room temperature up to 100 oC 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 oC 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
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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 oC, 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).

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 H2SO4 as leaching solution, while
leaching residues (L) were obtained after atmospheric acid leaching (AAL) using Polish
laterites and H2SO4 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 [Al2Si2O5(OH)4, Fluka] at 750 oC for 2 h in a laboratory oven (N-8L
Selecta, Abrera, Spain).
Prior to alkali activation, the raw materials were dried at 80 oC 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 (d90) is less than 50 μm for
almost all materials used. The particle size distribution was determined using a laser
particle size analyzer (Mastersizer S, Malvern Instruments, Malvern, UK). The BrunauerEmmett-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 (μm) and specific surface area (m2 g-1) of the raw materials
used are presented in Table 3.1. It is seen from this data that the 90 % passing size (d90) of
almost all materials is less than 50 μm 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 d90 of the three
different PS slag particle sizes obtained after 30, 60 and 120 min of grinding are 154.0 μm,
86.0 μm and 47.0 μm 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 m2 g-1 (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 οC for 4 h. As seen from this data, all slags contain sufficient amounts of SiO2 and
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Al2O3 for successful alkali activation. More specifically, the content of SiO2 is 30.2, 32.7,
30.1 and 51.8 wt% for PS, LS, FS and FSP slags respectively, while their content of Al2O3
is 7.6, 8.3, 2.8 and 5.7 wt%, respectively. It is also observed that the amount of Fe2O3 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 SiO2 and Fe2O3, while their low content in Al2O3 indicates poor
potential for successful alkali activation. Leaching residues of Polish laterite (L) have a
high content of SO3 (30.6 wt%) and this may be due to the atmospheric leaching using
sulfuric acid (H2SO4). Finally, metakaolin has a high content of SiO2 (54.2 wt%) and Al2O3
(40.3 wt%), thus improved SiO2/Al2O3 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.
Raw Materials

Particle size (μm)

Specific surface (m2 g-1)

d90

d50

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

31.2

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 cm3),
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 oC) 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.

(%)

Ferronickel
Slags

Fayalitic
Slags

Greek laterite
leaching
residues

Polish laterite
leaching
residues

Metakaolin

PS

LS

FS

FSP

LR

LLR

L

MK

Na2O

0.4

-

0.5

0.6

-

0.6

8.1

1.3

Fe2O3

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

37.5

23.3

54.2

Al2O3

7.6

8.3

2.8

5.7

2.3

4.1

1.2

40.3

Cr2O3

1.2

3.1

0.1

0.4

2.5

3.3

0.4

0.02

MgO

1.8

2.8

1.3

2.5

2.1

2

5.9

0.3

NiO

0.9

-

0.2

-

0.1

0.3

0.4

-

K2O

0.9

-

0.9

1.2

-

0.3

0.01

2.4

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

P2O5

0.02

-

-

-

-

0.2

0.5

SO3

-

0.4

0.5

-

3

30.6

0.3

2.8

0.03

-

-

-

<0.00003

9.2

10.3

2.9

-

99.5

100.0

100.0

100.1

0.2

ZnO
LOI
SUM

97.7

95.0

97.9

99.8

Specimens were then demoulded, sealed in plastic bags to avoid evaporation of the
remaining water and remained at room temperature (20 oC±0.5 oC) or placed in a
laboratory oven (Jeio Tech ON-02G, Seoul, Korea) and cured at 40-95 oC 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 oC) 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 H2O/Na2O and SiO2/Na2O 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 4ο to 70ο 2theta (θ), with a step of 0.02ο 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−1. 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
ltd., 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 μm 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-1 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
pellets

H2O

wt%

wt%

wt%

wt%

82.1

3.8

11.1

80.0

4.2

80.0

4.2

PS30

80.0

FS

NaOH

Solid

M
PS
PS120
PS60

FSP
LS

8

8

FS30LS70
FSP30LS70

10

LR
MK

8

LR90MK10
LLR
LLR30PS70
LLR30LS70
L70MK30
L80MK20

10
8
10

Na2SiO3

L/S
ratio*

H2O/Na2O**

SiO2/Na2O**

3.0

0.2

14.2

0.3

12.5

3.3

0.2

14.2

0.3

12.4

3.3

0.2

142

0.3

4.2

12.5

3.3

0.2

14.2

0.3

81.0

2.4

7.1

9.5

0.2

17.4

1

81.1

3.6

10.6

4.7

0.2

14.9

0.4

83.2

2.1

6.3

8.4

0.2

17.4

1

82.6

2.2

6.5

8.7

0.2

17.4

1

82.4

2.7

6.2

8.7

0.2

14.6

0.9

75.6

3.1

9.1

12.2

0.3

17.4

1

52.0

6.0

18.0

24.0

0.7

17.6

1

75.8

3.1

9.0

12.1

0.3

17.2

1

71.4

4.3

10.0

14.3

0.3

14.8

1

81.4

4.5

13.2

3.5

0.2

14.1

0.3

81.7

2.3

6.8

9.0

0.2

17.4

1

51.1

7.5

17.0

24.5

0.7

14.6

1

54.2

7.0

15.9

22.9

0.6

14.6

1

AAM Code

*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 oC, in a laboratory furnace N-8L Selecta (JP Selecta,
Abrera, Spain). The heating rate used was 5 oC min-1, 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 (H2O) and acidic solutions (1 mol L-1 HCl, 1 mol L-1
H2SO4) 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 oC for 4 h,
while thawing carried out at room temperature (20±0.5 oC) 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-3) of selected AAMs were
determined

according

to

the

standard

BS

EN

1936:2006

(BSI,

2007).
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4. Results

and discussion

4.1 Characterization of raw materials
4.1.1

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-1 (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 oC). After solid and liquid separation with the use of 0.45 μm 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 SiO2/Al2O3 molar ratios in the raw materials, thus evaluating their
reactivity and subsequently their alkali activation potential (Ascensão 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-1) 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-1) and Al (101.5 mg L) was obtained after leaching of the finer size of PS slag (PS120). The other ferronickel

1

slag (LS) used in this study, exhibits also high reactivity, as shown by the concentration
of Si (335.5 mg L-1) and Al (99.1 mg L-1) 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-1, respectively, whereas
the calcination of these leaching residues at 800 and 1000 oC, resulted in a much lower
concentration of both elements in the eluate. More specifically, the concentration of Si
was 12.9 mg L-1 in the solution after calcination of laterite residues at 800 oC (800LR) and
2.0 mg L-1 after calcination at 1000 oC (1000LR). According to the results of earlier studies,
calcination of laterite at temperatures above 800 oC results in structural modifications
and the formation of spinels (Si3Al4O12) (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-1, respectively. The third laterite leaching residues (L) studied exhibited low
concentration of Al (0.5 mg L-1) in the solution but much higher Si concentration (59.1 mg
L-1). 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-1, respectively, after alkaline
leaching with 8 mol L-1 NaOH. It is noted that the alkaline leaching of metakaolin with 10
mol L-1 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 L-1)

Al (mg L-1)

Si/Al

PS120a

550.0

101.5

5.4

PS60a

281.5

63.4

4.4

PS30a

216.0

57.0

3.8

LSa

332.5

99.1

3.4

FSa

139.5

14.5

9.6

FSPa

100.0

23.9

4.2

20.1

2.4

8.4

800LR

12.9

0.6

21.5

1000LRa

2.0

0.4

5.4

LLRa

0.9

0.1

18.1

Lb

59.1

0.5

118.2

MKa

58.7

41.9

1.4

MKb

61.3

43.4

1.4

LRa
a

a: Leaching with 8 mol L-1 NaOH solution for 24 h.
b: Leaching with 10 mol L-1 NaOH solution for 24 h.
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4.1.2

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 (Fe3O4), fayalite (Fe2SiO4) 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)(SiO3)2], diopside
(CaMgSi2O6) and hatrurite (Ca3SiO5) as a minor phase, while the main mineralogical
phases present in LS are anorthite (CaAl2Si2O8), chromite (FeCr2O4), cristobalite (SiO2),
forsterite (Mg2SiO4) and tridymite (SiO2). It is also mentioned that PS and LS slags have
high amorphous content (~50 %) denoted by the broad hump shown between 2-Theta 2540ο, as also indicated in previous studies (Komnitsas et al., 2009; Zaharaki et al., 2010).

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 (FeSiO3) , 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 (MgCaSi2O6), fayalite (Fe2SiO4), talc [Mg3Si4O10(OH)2]
and zincite (ZnO), while the minor phases are clinochlore [(Mg,Fe) 5Al(Si3Al)O10(OH)8]
and quartz (SiO2). On the other hand, the main mineralogical phases present in the
second leaching residues (LR) are quartz (SiO2) and hematite (Fe2O3), while goethite
[FeO(OH)], clinochlore [(Mg,Fe)5Al(Si3Al)O10(OH)8] and lizardite [(Mg,Fe)3Si2O5(OH)4]
also exist as minor phases. The main Ni containing phases are chromite (Cr2O3 NiO) and
willemseite [(Ni,Mg)3Si4O10(OH)2]. 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

(SiO2),

goethite

(FeO(OH)),

hematite

(Fe 2O3)

and

clinochlore

((Mg,Fe)5Al(Si3Al)O10(OH)8), while chromite [(Fe,Mg)Cr2O4], calcite (CaCO3) and
cryptomelane (KMn8O16) are minor phases. The main Ni containing phase is willemseite
((Ni,Mg)3Si4O10(OH)2). As a result of the acid column leaching of limonitic laterite with
the use H2SO4 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).

4.1.3

FTIR Analysis

The FTIR spectra, over the range 4000-400 cm-1, 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-1 in PS is
ascribed to the overlapping Si-O-Si 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-1, 872 cm-1 and 948 cm-1 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; Rincón et al., 2018). The first band results
from the v1 mode (symmetric stretch), while the others correspond to the asymmetric
stretching vibrations of SiO4 (v3 mode). An additional peak is seen at 668 cm-1, which is
associated with the stretching vibrations of Si-O bands of diopside (Zong et al., 2018).
The weaker band at 1634 cm-1 in PS belongs to the characteristic bending vibrations of HO-H (Bernal et al., 2015; Liu et al., 2017; Palomo et al., 1999), whereas the band at 3744
cm-1 is typical for the OH- stretching region. Concerning the LS slag and in line with XRD
results, the narrow band at 505 cm-1 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−1 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-1 are typical of symmetric and asymmetric -CH2- stretching
vibrations, respectively (Li et al., 2019), while the broad band at 3423 cm-1 is ascribed to
the presence of water, due to the stretching vibration of O-H bonds (Maragkos et al.,
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2009). On the other hand, the band at 457 cm-1 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 SiO-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-1 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-1 in the FS
and 876 cm-1 in the FSP are attributed to the bending modes of CO3−2 (Komnitsas et al.,
2019a, 2019b). The two bands at 1525 cm−1 and 2370 cm−1 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-1 in the FS slag is ascribed to the presence of water, due to bending
vibrations of O-H bonds (Maragkos et al., 2009).

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-1, 694 cm-1, the double bands at 778 cm1

and 796 cm-1, as well as at 1086 cm-1 and 1145 cm-1 are characteristic bands attributed to

quartz (Criado et al., 2016), while the small bands at 528 cm-1 and 910 cm-1 are attributed
to hematite and goethite, respectively (Komnitsas et al., 2018, 2019b; Lemougna et al.,
2017). The band at 460 cm-1 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-1 and 1102 cm-1 in LR residues, 1096 cm-1 in L residues
and 1108 cm-1 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-1 is assigned to hydrocarbon stretches, while the small bands at 3546
cm-1 and 3607 cm-1 can be attributed to Fe3+-OH-Fe3+ stretching and deformation
vibrations (Komnitsas et al., 2018). Finally, the two bands shown at 600 and 650 cm-1 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 οf 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).

4.2.1

Effect of H2O/Na2O 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/Na2O molar ratio in the activating solution
and curing temperature (40 or 80 oC). The SiO2/Na2O molar ratios in the activating
solution are slightly different, and depend on the H2O/Na2O ratios used. It also
mentioned that the d90 (90 % passing) of PS slag used was 57.5 μm (Table 3.1). It is
observed that the effect of temperature does not significantly affect the compressive
strength for all H2O/Na2O 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).

Figure 4.7. Effect of H2O/Na2O 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 H2O/Na2O ratio in the
activating solution decreases from 19.1 to 14.2; it then drops substantially when lower
H2O/Na2O 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
H2O/Na2O 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 oC, increases from 1.9 %
to 3.5 % when lower H2O/Na2O ratios are used in the activating solution. Overall, from
these results it is concluded that the H2O/Na2O ratio in the activating solution is a more
important factor compared to the curing temperature during AAMs synthesis.
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4.2.2

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
Η2Ο/Νa2Ο 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 oC). 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 μm to 47.0 μm after curing at 60 oC. 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 oC and
the particle size decreases from 154.0 μm to 47.0 μm, the compressive strength of the
produced AAMs increases from 20.2 MPa to 60.8 MPa (~200 % increase).

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 μm;
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-3), 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 μm
to 47.0 μm, 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-3 when
the particle size of slag decreased from 154.0 μm to 47.0 μm. 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 οC or 80 οC 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/Na2O, curing
temperature 80 oC, curing time 24 h, ageing period 7 days.
AAM
Code

Particle
size, d90
(μm)

Compressive Strength
(MPa)

Apparent Density
(g cm-3)

Porosity
(%)

Water Absorption
(%)

PS30

154.0

20.2

2.3

13.5

5.9

PS60

86.0

33.8

2.4

10.6

4.5

PS120

47.0

60.8

2.5

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). Ιt is mentioned that the ageing period
practically did not affect the compressive strength of the produced AAMs, while the
longer curing time, when high H2O/Na2O ratio and temperature was used, had an
adverse effect on the compressive strength.
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4.2.3

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 oC (Figure 4.9) and after immersion
in distilled water (H2O), 1 M HCl and 1 M H2SO4 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 μm (90 % passing); H2O/Na2O ratio, 14.2; SiO2/Na2O ratio, 0.3; curing temperature,
80 oC; 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-3) after firing PS-based AAMs at 200, 400, 600, 800 and
1000 oC for 6 h.
Figure 4.9 shows that the integrity of AAMs after firing them up to 400 oC 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 slagbased AAMs exhibited after firing at 500 oC an increase in compressive strength by
almost 30 % to 105 MPa, regardless of the addition of 5 % or 10 % analytical grade Al2O3
in the initial mixture. In this case, the formation of new phases, including laihunite due
to oxidation of fayalite, sodium aluminum silicate (NaAlSiO4), hematite, magnetite and
spinel hercynite (FeAl2O4), 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 oC 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 oC, the
increase in shrinkage is attributed to the release of free water. Then, in Region II,
between 100-250 oC, shrinkage occurs due to pore water released from the formed gel,
whereas in Region III between 250-600 oC, due to the loss of bound hydroxyls, and in
Region IV, at a higher temperature than 700 oC, 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 oC for 6 h;
synthesis conditions: pre-curing and curing time 24 h, curing temperature 80 oC, 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 oC 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−3. These properties were not determined for the AAMs
fired at 1000 oC, 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
(oC)

Compressive
strength
(MPa)

Shrinkage
(%)

Mass Loss
(%)

Apparent Density
(g cm-3)

200

90.2

4.0

5.1

2.2

400

115.2

4.8

7.3

2.7

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 H2SO4 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 HCl and 1M H2SO4 solutions for a period of 30 days. The maximum
mass loss of the specimens immersed in distilled water, H2SO4 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, HCl and
H2SO4 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.

Figure 4.10. Compressive strength of selected AAMs 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 oC, 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.

4.2.4

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/Na2O, 14.2;
SiO2/Na2O, 0.3; curing temperature, 80 οC; pre-curing and curing time, 24 h; ageing
period, 7 days) as well as of those immersed in 1 mol L-1 HCl for 30 days or fired at 400
o

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 oC and this may explain the noticeable increase of its
compressive strength.

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 oC 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/Na2O, 14.2; SiO2/Na2O,
0.3; curing temperature, 80 οC; pre-curing and curing time, 24 h; ageing period, 7 days) as
well as of those immersed in 1Μ HCl for 30 days or fired at 400 oC for 6 h, and the
pattern of the raw PS for comparison. The peak seen at 472 cm-1 in the control AAM is
ascribed to the overlapping Si-O-Si and O-Mg-O bending vibrations (Bakharev, 2005;
Yang et al., 2014). It is seen that this band disappears after firing at 400 oC (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-1 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; Mužek 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-1) for the AAMs immersed in HCl solution or
fired at 400 oC (Figure 4.12c,d, respectively). The sharper peaks seen at 1650 cm-1, 1636
cm-1 and 1644 cm-1 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-1 and ~1490 cm-1 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-1 and 3756 cm-1, respectively (Figure 4.12a,b) are typical for the OHstretching 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-1 and 3700 cm-1 belonging to stretching vibrations of OH groups (Rincón et al., 2018),
due to the hydration processes that took place during alkali activation.

Figure 4.12. FTIR spectra of (a) raw PS (b) AAM control, (c) AAM after immersion in 1M HCl for
30 days and (d) AAM after firing at 400 oC 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 µm) of magnetite. According to EDS point analyses,
other (inter)metallic phases such as chromite (FeCr2O4) and awaruite (Ni3Fe) 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 H2O/Na2O 14.2, SiO2/Na2O 0.3,
curing temperature 80 οC, pre-curing and curing time 24 h and ageing period 7 days
(control AAM) (Figure 4.13b) or firing at 400 oC (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 (Ni3Fe) occurs as inclusion
along with Ni3S2 within the mixed Ni-Fe sulfide matrix. Regarding the AAM produced
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after firing at 400 oC, SEM analysis indicated a more homogenous structure filled with
aggregated slag particles smaller in size (~10 µm) 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 oC (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/Na2O 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).

4.2.5

Toxicity of AAMs

The toxicity of the raw PS, control AAM and control AAM after firing at 400 oC was
assessed according to the EN 12457-3 test. The dissolution rates of the metals were
expressed as mg kg-1 and compared with existing limits for disposal of wastes in various
landfill types; these limits are presented in Table 4.4. Τhe raw PS exhibited reasonable
toxicity in terms of Ni (6.3 mg kg-1) and slight for total Cr (0.6 mg kg-1), by considering its
chemical and mineralogical analyses (Kierczak et al. 2009). On the other hand, the control
48

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

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 oC exhibited an
increase in the dissolution rates of Ni, As and total Cr, namely 2.2, 1.2 and 2.4 mg kg-1
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.

Element

For wastes accepted
at landfills for inert
wastes

Limit values *
For hazardous
For non
wastes accepted at
hazardous wastes
landfills for nonhazardous wastes

For wastes accepted at
landfills for hazardous
wastes

mg kg-1
Al
Cr
Mn

0.5

10

10

50

Fe
Ni

0.4

10

10

40

Cu
Zn

2
4

50
50

50
50

100
200

As
Mo

0.5
0.5

2
10

2
10

25
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.

4.2.6

Conclusions

The experimental results show that the PS-based AAMs produced under the optimum
conditions, namely H2O/Na2O ratio 14.2 in the activating solution, SiO2/Na2O ratio 0.3 in
the activating solution, curing temperature 80 oC, 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 Na2SiO3 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-3) 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
HCl and 1M H2SO4).
A novel aspect of this investigation is the increase of the compressive strength of the
AAMs after firing at 400 oC 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 οf 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 H2O/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 oC for 24 h, as a function of
H2O/Na2O 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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H2O/Na2O 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/Na2O 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 Η2Ο/Νa2O 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 H2O/Na2O 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.

(a)

(b)

Figure 4.14. Effect of H2O/Na2O 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 oC) and SiO2/Na2O 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 oC. 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 H2O/Na2O ratio 22.5
and SiO2/Na2O ratio 1.5, whereas for FSP-based AAMs, the maximum compressive
strength was 27.2 MPa when the H2O/Na2O ratio was 14.6 and the SiO2/Na2O 0.9. In both
cases, the other synthesis conditions were: pre-curing time 6 h, curing temperature 90 oC
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 H 2O/Na2O and
SiO2/Na2O 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.

Figure 4.15. Effect of mixing proportions of FS
and LS on the compressive strength of FSLSbased 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 FSPLSbased 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).
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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 H 2O/Na2O and
SiO2/Na2O 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 2O) and 1M HCl 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 oC, 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).

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.

(a)

(b)

Figure 4.18. Compressive strength of (a) FS30LS70 and (b) FSP30LS70 AAMs after immersion
in distilled water and 1 M (mol L −1) 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-3) of selected AAMs, i.e. FS, FSP, LS, FS30LS70, FSP30LS70 as well as of the
last two after firing them at 250 oC and 500 oC 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 oC. 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-3.

Table 4.5. Physical properties of selected AAMs.
Compressive
strength
(MPa)

Density
(g cm-3)

Porosity
(%)

Water absorption
(%)

FS

44.8

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
250 οC

93.9

4.3

6.3

3.2

FS30LS70 after firing at
500 oC

67.2

2.7

10.3

3.9

FSP30LS70 (control)

57.3

3.8

8.5

2.3

FSP30LS70 after firing
at 250 oC

68.3

3.8

8.8

3.8

FSP30LS70 after firing
at 500 oC

45.4

3.4

9.2

3.8

AAM
Code
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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 oC 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 (Fe 3O4) and fayalite (Fe2SiO4)
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).

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 oC 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−1 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−1 in the FS
slag towards higher wavenumber (465 cm−1) along with a significant reduction in its
intensity in the examined AAMs 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 Fe3+ 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−1 present in the spectra of the raw slags shifts to
higher wavenumbers in FS30LS70, i.e. 1017 cm−1 and 1021 cm−1 before and after firing at
250 oC for 6 h, respectively. Finally, the weaker bands present at 1630 cm −1 and 3423 cm−1
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−1 and
3450 cm−1 in both AAMs, respectively.

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 oC for 6 h are shown in Figure 4.21 (a-d). As shown in XRD patterns
(Figure 4.19), SEM analysis of the polished AAΜ 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).
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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
(Na2SiO3 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 oC 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 (Rincón 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).

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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4.3.5

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-1 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 covalorization 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 oC, 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 AAMs, respectively. The SiO2/Na2O 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 SiO2/Na2O 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 oC 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
Temperature
(oC)

Ageing
period (Days)

Compressive
strength
(MPa)

n.r

80

7

~60

Komnitsas et
al., 2009

Ferronickel slag

n.r

60 oC and
70 % relative
humidity

2

120

Maragkos et
al., 2009

Lead slag and fly
ash

n.r

~20

28

47±4

Onisei et al.,
2012

Slag with a high
Al and Fe content

n.r

ambient
temperature

28

5-60

Pontikes et al.,
2013

Water granulated
fayalitic slag

SiO2/Na2O=1.2
and
SiO2/K2O=1.1

room
temperature

28

60 and 70

Onisei et al.,
2015

n.r

20 oC and
90 % relative
humidity

28

31.5

Iacobescu et al.
2017

Blast furnace
ferronickel slag

0.5

20±1 oC and
95±5 %
relative
humidity

90

70

Wang et al.,
2018

Non-ferrous
metallurgy slags

1.6 or 2.0

20±1

28

50-53

Van De Sande
et al., 2020

Polish ferronickel
slag

0.3

80

7

65

This study

Fayalitic and
ferronickel slags

1.0

90

7

78.5

This study

Fayalitic Slag
after plasma
treatment and
ferronickel slag

0.9

90

7

65.0

This study

Raw Materials

SiO2/Na2O
molar ratio

Low-calcium slag
ferronickel slag

Water quenched
fayalitic slag

Reference

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 % Na2SiO3, curing temperature
of 80 oC 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-1, initial NaOH concentration in
the aqueous phase equal to 7M and initial SiO2 concentration in the aqueous phase equal
to 4M, curing temperature 60 oC, 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 oC 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/Na2O and KO2/Na2O
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 AAMs acquired
compressive strength of 60 MPa and 70 MPa without addition of analytical grade Al 2O3
in the starting mixture. However, the compressive strength exceeded 100 MPa after firing
at 500 oC using K-silicate as activator and regardless of the addition of 5 wt% or 10 wt%
analytical grade Al2O3 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 oC and relative humidity ~20 %, or
at room temperature (20 to 23 oC) and relative humidity ~50 %, or in a humidity chamber
at 20 °C with relative humidity ≥90 %. Then, the samples cured at 60 oC 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 oC, 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),
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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
SiO2/Na2O molar ratio 0.5 after curing at 20±1 oC 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 oC. Sodium silicate solution with molar ratios SiO2/Na2O 1.6 or 2.0
and H2O/Na2O, 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 oC, for an ageing period for 28 days and SiO2/Na2O, 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 SiO2/Na2O molar ratios
varied from 0.3 to 1.0, depending on the different precursor used. The results of covalorization of FS and LS slags prove the beneficial effect of LS in the starting mixture as
precursor.

4.5 Factors affecting valorization οf 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 covalorization 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).

4.5.1

Effect of curing temperature and H2O/Na2O 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 oC for LR-based AMMs and 20, 75 or 95 oC for LLR-based AAMs) and H2O/Na2O
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
SiO2/Na2O 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/Na2O molar ratios tested. In both cases, it is observed that
the compressive strength of LR- and LLR-based AAMs decreases when the H2O/Na2O
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 H 2O/Na2O
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 LRand LLR-based AAMs, respectively. The experimental results may be explained by
considering the low content of Al2O3 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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(a)

(b)

Figure 4.22. Effect of curing temperature and H2O/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 oC for 24 h, and ageing period 7 days. The difference in
H2O/Na2O 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
SiO2/Na2O 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 oC 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 LR95MK5 AAMs from 1.4 to 12.3 MPa,
while with the increase of metakaolin addition to 10 wt%, the LR90MK10 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 (SiO2 54.2 wt%, Al2O3 40.3 wt%, as shown in Table 3.2), as well as the
64

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

concentration of Si and Al in solution after its alkaline leaching (58.7 mg L-1 Si and 41.9
mg L-1 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 m2 g-1, 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 oC
and 10 wt% metakaolin acquired compressive strength equal to 25.8 and 13.2 MPa,
respectively; these values are considered quite good.

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 oC,
curing time 24 h, ageing period 7 days, 800LR: LR calcined at 800 oC for 2 h, 1000LR: LR
calcined at 1000 oC 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/Na2O molar ratio in the activating solution (0.3, 0.5, 1.0 and 1.6) on
the compressive strength of AAM LR90MK10 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 SiO2/Na2O molar ratio
was equal to 1. The maximum compressive strength of AAM LR90MK10, i.e. 45.0 MPa
was obtained when the synthesis conditions used were H 2O/Na2O and SiO2/Na2O molar
ratio in the activating solution 17.2 and 1, respectively, pre-curing time 4 h, curing
temperature 80 oC for 24 h and ageing period 7 days.
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4.5.3

Potential of co–valorization of LLR residues and LS, PS slags – Effect
of curing temperature on the compressive strength

Τhe 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 oC). The H2O/Na2O and SiO2/Na2O 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 H 2O/Na2O and
SiO2/Na2O 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 oC.
More specifically, when the LLR:LS ratio in the starting mixture was 30:70 after curing at
95 oC, 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 oC, 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).

(a)
(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 LR90MK10, LLR3LS70 and LLR30PS70

The structural integrity of LR90MK10, 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 oC and after immersion in distilled
water and acidic solution (1 mol L-1 HCl) for 7 and 30 days.
Figure 4.25 shows the evolution of the compressive strength of LR90MK10 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 oC 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-3) decreases slightly with increasing
firing temperature, as shown in a recent study (Komnitsas et al., 2020). More specifically,
the fired specimen at 800 oC obtained the lowest compressive strength and apparent
density, i.e. 23.1 MPa and 1.8 g cm-3, 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.

Figure 4.25. Compressive strength of
LR90MK10 AAM after firing between 200 and
800 oC for 2 h; synthesis conditions: pre-curing
time 4 h, curing temperature 80 oC, curing
time 24 h and ageing period 7 days; error bars
indicate
the
standard
deviation
of
measurements obtained from three specimens.

Figure 4.26. Compressive strength of
LLR30LS70 and LLR30PS70 AAMs after
firing between 300 and 1000 oC for 4 h;
synthesis conditions: pre-curing and curing
time 24 h, curing temperature 95 oC and
ageing period 7 days; error bars indicate the
standard
deviation
of
measurements
obtained from three specimens.

In this case, the response of both AAMs to firing up to 300 oC 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 oC, 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 oC, due to increased volumetric shrinkage (16.4
%) and weight loss (14.3 %). Similar behavior is seen for LLR30LS70 specimen which
after firing at 300 oC 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 oC. Τhese results
contradict those obtained for slags-based AAMs, which after firing at 250 oC (FS30LS70
and FSP30LS70 AAMs) and 400 oC (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 LR90MK10 AAMs after immersion in
distilled water or acidic solution (1 mol L-1 HCl) 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-1 HCl 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-1 HCl. A similar trend was noted in a previous
study (Soultana et al., 2019).

Figure 4.27. Compressive strength of LR90MK10 AAMs after immersion in distilled water and
1 M (mol L−1) 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-1 HCl) 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-1 HCl. In particular, the compressive strength of LLR30LS70 and
LLR30PS70 AAMs was 15.4 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.

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

Table 4.7 presents the density (g cm-3), 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
Code

Compressive strength
(MPa)

Density
(g·cm-3)

Porosity
(%)

Water absorption
(%)

LR

1.4

1.8

36.8

20.7

LR90MK10

42.5

2.3

21.3

9.1

LLR

10.2

2.1

15.4

5.5

LLR30LS70

27.5

2.4

11.0

4.6

LLR30LS70 after
firing at 300 oC

25.5

2.4

17.6

7.5

LLR30PS70

50.7

2.7

9.7

3.8

LLR30PS70 after
firing at 300 oC

37.5

2.3

22.6

10.0
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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-3), as well as the highest porosity (36.8 %) and water absorption (20.7 %). AAMs
with 10 wt% metakaolin (LR90MK10) 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-3). 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-3.

4.5.5

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. Α broad amorphous hump between 2-Theta 17o and 40o 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 4.29c), 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 (LR90MK10
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
LR90MK10 AAM, which is significantly lower compared to that present in leaching
residue LR (Figure 4.29d). It is also mentioned that the LR90MK10 AAM acquired the
higher compressive strength (45.0 MPa), which is explained by considering the broad
hump shown between 2-Theta 17o and 40o in the XRD pattern of LR90MK10 (Figure
4.29d) that is typical for metakaolin-based AAMs (Yi et al., 2020). Figure 4.29e presents
the XRD pattern of LR90MK10 after firing at 800 oC 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 27o and 26.5o for LR10MK90 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 oC 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
(LR90MK10 AAM) and (e) LR90MK10 after firing at 800 oC 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 ΑΑΜ (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 (c) 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-1 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 (LR90MK10 AAMs)
before and after firing are presented in Figure 4.32. The characteristic bands at 460 cm-1,
the double bands at 778 cm-1 and 796 cm-1, 1086 cm-1 and 1102 cm-1 which are attributed
to quartz and the small band at 528 cm-1, 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 LR90MK10 AAM in comparison to LR AAM is observed in the region of
450-1250 cm-1 (Figure 4.32c). This difference is due to vibrations belonging to Al-, Fe, Sicontaining 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-1 in the leaching residues LR
and LR AAM (Figure 4.32a,b) and shifted to 466 cm-1 in LR90MK10 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-1 in
the LR AAM was shifted at a higher wavenumber, 538 cm-1 in LR90MK10 AAM, while
the band observed at 910 cm-1 disappeared in the LR90MK10 AAMs before and after
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firing at 800 oC, 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 LR90MK10 ΑΑΜs
is due to the shifting of the pair of strong bands at 778 cm−1 and 796 cm−1 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−1 and 788 cm−1),
thus indicating the formation of inorganic gel in LR90MK10 ΑΑΜ (Kaze et al., 2018b,
2020). The displacement of the band located at 1086 cm-1 in LR AAM to a lower
wavenumber (1078 cm-1) in LR90MK10 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–1 and ~1490 cm–1, present only in the
LR90MK10 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 CO2 during the curing period (Kaze et al., 2020). The weaker peak at
1632 cm-1 in the LR AAM shifted at 1648 cm-1 in the LR90MK10 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 LR90MK10 since a quite wide absorption band region appeared
between 3000 cm-1 and 3700 cm-1 belonging to stretching vibrations of OH groups
(Rincón et al., 2018), as result of the hydration processes that took place during alkali
activation. Finally, in the LR90MK10 AAM, a structural reorganization is observed after
firing at 800 oC, which is indicated by the very broad band shown in the region of 8001200 cm−1 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−1 and 3700
cm−1 compared to LR90MK10 AAM, results in lower compressive strength (Adesanya et
al., 2020). This data is also analyzed in a recent study (Komnitsas et al., 2021).
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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) LR90MK10 after firing at 800 oC 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-1. After alkali activation,
it is observed that the bands at 460 cm-1, 620 cm-1, and 796 cm-1 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).

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-1 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-1 and 1018 cm-1 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-1, 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-1, 1637 cm-1 and 3423 cm-1 in the raw LS and PS slags
(Figures 4.33a, 4.34a), which are attributed to the stretching and bending vibrations of HO-H are shifted to 1647 cm-1 and 3450 cm-1 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 LR90MK10, 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-1 for LR and LLR,
respectively, while the dissolution rate of Cr was 213.4 mg kg-1 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 nonhazardous 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 kg-1), and Cr (0.6 mg kg-1) 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 oC) and the presence of oxides explains
their reduced toxicity.
After alkali activation, the dissolution rates of heavy metals for LR90MK10 and
LLR30LS70 AAMs were below the toxicity limits, while LLR30PS70 AAM exhibited
dissolution rate for Ni (0.4 mg kg-1) 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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4.5.7

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 LR90MK10, 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 oC 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 PSbased AAMs were 86.0 MPa and 80.0 MPa, respectively. On the other hand, calcination
of the leaching residues LR at 800 oC and 1000 oC 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 oC and immersion in distilled water or acidic
solution (1M HCl) 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 AAMs. 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 οf 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 H2SO4 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 H2O/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/Na2O molar ratio (21.4, 17.3, 14.6) in the activating solution and ageing
period (7 and 28 days). The difference in H2O/Na2O 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 oC and curing time
24 h. The SiO2/Na2O 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 Al2O3 and SiO2. So, MK was added to regulate the SiO2 and Al2O3
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/Na2O 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. Τhe maximum
compressive strength obtained was 26.2 MPa for L20MK80 AAM using H2O/Na2O and
SiO2/Na2O ratios 14.6 and 1.0, respectively and after pre-curing period 4 h, curing
temperature 60 oC for 24 h and ageing period 28 days.
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Figure 4.35. Effect of H2O/Na2O 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-3), 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-3.

Table 4.8. Physical properties of selected AAMs1

1

AAMs
Code

Compressive strength
(MPa)

Porosity
(%)

Water Absorption
(%)

Apparent Density
(g cm-3)

L20MK80

25.9

7.0

4.2

1.7

L30MK70

17.6

7.3

4.5

1.6

H2O/Na2O = 14.6, SiO2/Na2O = 1.0, curing at 40 oC 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 oC). In all tests, the curing time and
ageing period was 24 h and 7 days respectively, whereas the H2O/Na2O and SiO2/Na2O
ratios were 14.6 and 1.0 respectively. It is observed that increase in temperature from 40
to 60 oC slightly affects the compressive strength of both AAMs, while a further increase
above 60 oC 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 oC which causes the development of microcracks
and affects the microstructure of the produced AAMs.

Figure 4.36. Effect of curing temperature on the compressive strength of L20MK80 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 ΑΑΜ

The structural integrity of L20MK80 AAM was assessed after firing for a period 2 h at a
temperature range between 200 and 800 oC and after immersion in distilled water (H2O)
and acidic solution (1M HCl) for 7 and 30 days. The control AAM was produced under
the optimum conditions, namely H2O/Na2O molar ratio 14.6; SiO2/Na2O molar ratio 1.0;
curing temperature 40 oC; 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.
Durability test
Control AAM1
Firing at 200 C

Period

Compressive strength
(MPa)

Weight loss
(%)

Shrinkage
(%)

-

25.9

-

-

2h

20.4

0.4

3.5

Immersion in H2O

7 days

21.8

0.2

3.1

Immersion in 1M HCl

7 days

12.0

0.9

4.7

o

1

Curing at 40

oC,

ageing for 7 days, H2O/Na2O = 14.7, SiO2/Na2O = 1.0

81

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

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 oC, because the specimens fired at higher temperatures, i.e
400-800 oC, 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
HCl for the same period. The minimum value of 12.0 MPa was obtained after immersion
in HCl. Moreover, the AAM immersed in HCl 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 ΑΑΜs 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 tilebased 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 HCl solution or distilled water for 30
days. Weight loss and volumetric shrinkage values after immersion in 1M HCl 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 17o
and 40o which is typical for metakaolin based-AAMs, as mentioned earlier (section 4.5.5)
in the case of the LRMK-based AAMs.

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 (L20MK80) 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-1 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-1 in both AAMs are attributed to Si-O-Al deformation vibrations (Ricciotti et
al., 2017). In addition, the small bands at 868 cm-1 in the L20MK80 AAM (Figure 4.38b)
and 873 cm-1 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-1 seen in
both AAMs (Figure 4.38b,c) is attributed to the asymmetric stretching of Si-O-Fe, Si-O-Al
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and Si-O-Si bonds. This band is a characteristic peak of the inorganic polymer network
(Kaze et al., 2017). Moreover, the broad bands at ~1418 cm-1 and 1460 cm-1 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 CO2 during the curing
period (Kaze et al., 2020). The broad bands at ~3400 cm-1 and ~1630 cm-1 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).

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 (L30MK70).

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-1
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-1 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-1, 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 H2O/Na2O molar ratio in the
activating solution is a crucial parameter during alkali activation since higher H 2O/Na2O
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 oC 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/Na2O, 14.6 and SiO2/Na2O, 1.0; pre-curing
time, 4 h; curing temperature, 40 oC, curing time, 24 h and ageing period, 7 days)
exhibited sufficient structural integrity after firing at 200 oC for 2 h or after immersion in
distilled water and 1Μ HCl 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 H3PO4 or NaOH and Na2SiO3 solution. The produced
85

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

specimens acquired low compressive strength, 4 MPa, when the curing temperature was
60 oC 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 Na2SiO3
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
Na2SiO3 solutions.
Τable 4.10.Comparison of results obtained from previous studies for the production of laterite-based AAMs.
Conditions
Raw Materials

SiO2/Na2O
molar ratio

Laterite (calcined
at 700 oC for 2 h)
and metakaolin

Compressive
strength
(MPa)

Reference

Temperature
(oC)

Ageing
period
(Days)

3.0

60

28

4

Gualtieri et al., 2015

Marginal lateritic
soil and fly ash

5.6

27-30

7

7.1

Phummiphan et al.,
2016

Laterite (calcined
at 700 oC for 2 h),
slag

1.6

25

28

65

Lemougna et al.,
2017

Iron - rich laterite
(calcined at 700
oC for 4 h and
bagasse fibers

1.4

room
temperature

28

14-50

Nkwaju et al.,
2019

Laterite (calcined
at 600 oC), and
metahalloysite
(calcined
halloysite clay at
600 oC)

0.75

25±3

28

45

Kaze et al.,
2020

Greek laterite
leaching residues
and metakaolin

1.0

80

7

45

This study

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
and metakaolin

1.0

60

28

26

This study

86

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

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
Na2SiO3 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 Na2SiO3
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/Na2O 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/Na2O 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+Al2O3)/Na2O 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 Al2O3 (Table 3.2), thus with lower SiO2/Al2O3
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and higher (SiO2+Al2O3)/Na2O ratios, obtained higher compressive strength, because the
higher content of Al2O3 in the reactive paste promotes the dissolution of Al and
subsequently the rate of alkali activation reactions.Τhe actual required amounts of SiO2
and Al2O3 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.

AAM
Code

Compressive
strength
(MPa)

PS

67.0

LS

80.1

FS

44.8

FSP

NaOH
(M)

SiO2/Al2O3

(SiO2+Al2O3)/Na2O

Fe2O3/Na2O

Fe2O3/CaO

7.0

8.6

3.7

1.1

7.2

14.9

6.1

4.1

6

20.2

13.8

8.5

20.2

27.2

10

16.3

15.1

3.0

1.9

FS30LS70

77.9

8

8.9

13.1

6.1

5.8

FSP30LS70

57.3

10

8.9

11.3

5.3

5.8

LR

1.43

26.0

8.4

4.4

4.8

MK

55.0

2.8

6.7

0.02

2.1

LR90MK10

41.0

10.4

9.3

3.9

4.8

LLR

10.2

17.8

6.8

2.1

22.0

LLR30PS70

51.0

8.7

7.4

2.9

1.5

LLR30LS70

28.0

9.0

13.2

5.0

5.3

L30MK70

17.6

3.4

4.2

0.1

0.2

L20MK80

25.9

3.1

5.1

0.1

0.2

8

8

10
8

10

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/Al2O3 and (SiO2+Al2O3)/Na2O ratios in the
reactive paste. In addition, the effect of the molar ratios Fe 2O3/Na2O and Fe2O3/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 Fe2O3/Na2O ratio in the activating solution
decreases as the molarity of NaOH solution increases during the production of PS slag88
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based AAMs. Recent studies investigating the behavior of Fe mention that Fe2+ may be
oxidized to Fe3+ 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-Si-O-Fe linkages
(Komnitsas et al., 2009; Peys et al., 2019c). This is confirmed by our data, which show that
the Fe2O3/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
SiO2/Al2O3 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+Al2O3)/Na2O
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 2O3/Na2O range
between 3.0 and 8.5, while optimum ratios of Fe2O3/CaO between 1.1 and 20.2 for slagsbased AAMs. The same ratios range between 0.1-5.0 and 0.2-22.0 for laterite leaching
residue-based AAMs.

4.9 Potential 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.

4.9.1

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 CO2 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 CO2 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 oC.; 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

HighPerformance
concrete

PS

LS

FS30LS70

PS
(400 oC)

FS30LS70
(250 oC)

FSP30LS70
(250 oC)

70

67

80

78

115

94

68

Water
absorption
(%)

2 % to 5 %

4

3

3

4

3

4

w/cb or L/Sc
ratio

0.20-0.45

0.2

0.2

0.2

0.2

0.2

0.2

Properties

Compressive
strength
(MPa)a

a measured

after 7 and 28 days for AAMs and HPC, respectively, bwater to cementing materials ratio for HPC, cliquidto-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 oC 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 oC) 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).

4.9.2

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, FSand 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 oC, reached 115.2 MPa, and meets the
requirements of Category 15 (103.5 MPa). Τhe compressive strength of FS30LS70 and
FSP30LS70 AAMs after their firing at 250 oC 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 (1M HCl and 1M H2SO4) 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 HCl exceeds the requirements of Categories 5 (34.5 MPa) and
4 (27.6 MPa), respectively (see Figures 4.18a,b).

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, L20MK80,
LR90MK10, LLR30LS70 and LLR30PS70 AAMs (sections 4.5.2, 4.5.3, and 4.6.2), before
and after firing at 800 oC, 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
(LR90MK10 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 oC, since their final compressive
strength values satisfy at least the requirements of Categories 2 (14.0 MPa) for
LR90MK10 and 1 (7.0 MPa) for LLR30LS70 and LLR30PS70 AAMs. It is also mentioned
that LR90MK10, L20MK80, LLR30LS70 and LLR30PS70 AAMs maintain sufficient
structural integrity after immersion in distilled water and 1M HCl 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.

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/Na2O ratios in the activating solution 14.2 and 0.3 respectively, curing temperature
80 oC, 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 (1M HCl and 1M H2SO4) for a period of 730 days. A novel aspect of this investigation is the increase of the compressive strength of
the AAMs after firing at 400 oC 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 oC, 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 SiO2/Na2O 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 SiO2/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 oC 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 oC, 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 LRand 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 LR90MK10, 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 oC and immersion in distilled water or 1M HCl for 7 and 30 days, while calcination
of the LR residues at 800 and 1000 oC 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 loadbearing 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.
Funding: Vasiliki Karmali acknowledges funding from the European Union for research
work carried out in the frame of Horizon 2020 project “Metal Recovery from Low-grade
Ores and Wastes”, Grant Agreement nο 690088, https://metgrowplus.eu.
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Abstract: In this study, the alkali activation potential of a Polish ferronickel slag (PS), for the
production of inorganic polymers (IPs), is investigated. The effect of the main synthesis parameters,
i.e., strength of the activating solution, consisting of NaOH and Na2 SiO3 solutions and affecting
(SiO2 + Al2 O3 )/Na2 O and other important molar ratios in the reactive paste, pre-curing period,
curing temperature and time and ageing period was investigated. The structural integrity of the
produced specimens was tested after their (i) immersion in distilled water and acidic solutions for a
period of 7–30 days, and (ii) firing at temperatures between 200 ◦ C and 1000 ◦ C. Several analytical
techniques including X-ray diffraction, X-ray fluorescence, Fourier transform infrared spectroscopy,
Differential scanning analysis-Thermogravimetry and Scanning Electron Microscopy were used for
the characterization of the produced IPs. Results show that under the optimum synthesis conditions
the IPs obtain compressive strength that exceeds 65 MPa. An innovative aspect of this study is that
after heating at 400 ◦ C, the specimens acquire compressive strength of 115 MPa and this indicates that
they can be also used as fire resistant materials. This study highlights the potential of alkali activation
for the valorization of a ferronickel slag and the production of IPs that can be used as binders or in
several construction applications, thus improving the sustainability of the metallurgical sector.
Keywords: ferronickel slag; alkali activation; compressive strength; morphology

1. Introduction
Millions of tons of metallurgical slags, containing fine-grained silicate and glassy phases, are
produced every year from the non-ferrous, ferrous and steel industry. Today, even though considerable
quantities of slags are used in concrete production and other construction applications, large quantities
are disposed on land and elsewhere, thus causing various environmental impacts [1–3].
By taking into account that several slags may be considered hazardous under the existing strict
environmental regulations [4,5], the development of an integrated management scheme that valorizes
slags, produces secondary products with higher added value, minimizes environmental impacts, and
improves the sustainability of the metallurgical sector is under investigation [6–9].
Inorganic polymers (IPs) or geopolymers have an amorphous to semi-crystalline three
dimensional alumino-silicate microstructure and chemical composition quite similar to zeolites [10,11].
They exhibit low permeability and high-unconfined compressive strength, low shrinkage, good
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resistance to acid attack, freeze-thaw cycles and fire, as well as good immobilization potential for
several heavy metals within their structure [12–15]. In addition, some studies have been carried out to
compare the environmental footprint of geopolymer and Portland concrete [16–18].
Inorganic polymers are produced through alkali activation. The source of IPs includes a broad
range of virgin materials and industrial waste [19,20]. The process for the production of IPs starts
with the dissolution of Si and Al from raw materials with the action of alkaline solutions and the
formation of a gel that, after a relatively short setting time, hardens quickly. The presence of a silicate
solution balances the Si/Al atomic ratio in the IP paste and leads to the formation of homogeneous
interconnected structures, which define their final physical, mechanical and thermal properties [21–25].
The alkali activation of various types of metallurgical slags, often in mixtures with other
industrial wastes, for the production of IPs has been widely studied. The materials produced have
diverse properties depending on the characteristics of the source materials, the additives, and the
experimental conditions used. In this context, slags with varying content of Fe, Si, Al and Ca have been
investigated, including ground granulated blast furnace slag mixed with fly ash [26–28], ferronickel
(FeNi) slag [2,29,30] or mixtures of FeNi slag, construction and demolition wastes and red mud [31],
mixtures of steel slag and metakaolin or kaolin [32,33], slags from non-ferrous metallurgy [34], and
mixtures of fly ash and lead slag [35].
The present experimental study aims to investigate the main factors affecting the alkali activation
of an old and subjected to weathering Polish ferronickel slag, assess the structural integrity of the
produced IPs when exposed to various environmental conditions, identify their potential toxicity, and
determine whether they can be used in construction applications.
2. Materials and Methods
The slag, which was produced after pyrometallurgical treatment of nickel (Ni) lateritic ores,
was collected from a waste dump at Szklary, Lower Silesia, in south-western Poland [36]. Mining
was initiated in the area after the discovery of nickel deposits in 1890 and lasted until 1983. During
the period of 1890–1920, ore was excavated using underground mining, while later surface mining
techniques were applied. The Ni content in the ore varied between 1% and 4% in surface and deeper
locations, respectively; it is mentioned that in some ore lenses, the Ni content was as high as 12%.
During the period of 1955–1983, about 4.6 million tons of ore were excavated, of which 2.9 million tons
were treated pyrometallurgically to produce almost 20,000 t of nickel. Today, the mineable deposit is
estimated at 14.64 million tons and the Ni that can be produced is estimated at 120 thousand tons; the
cut-off grade of Ni in the ore is 0.8%.
The as-received slag was pulverized using a Fritsch-Bico pulverizer and then characterized
in terms of mineralogical and chemical composition. The particle size analysis of the ground slag
was determined using a Mastersizer S (Malvern Instruments) analyser. A Bruker-AXS S2 Range
Spectroscopic Fluorescence Spectrometer A (XRF-EDS) was used for chemical analysis, while the
main mineralogical phases were identified through X-ray diffraction (XRD) using a Bruker D8
Advance diffractometer (Cu tube, scanning range from 4◦ to 70◦ 2θ, step 0.02◦ and 2s/step). Fourier
transform infrared (FTIR) spectroscopy, using a Perkin Elmer Spectrum 1000 spectrometer, was used
for the identification of the functional groups present in solid samples, while a Setaram LabSys Evo,
TG-DTA-DSC analyzer was used to carry out differential thermal analysis and Thermogravimetry
(DTA/TG). The identification of the morphology and structure of the raw material and the final
products were identified by Scanning Electron Microscopy (SEM), using a JEOL 6380LV (USA)
microscope equipped with an Oxford INCA energy dispersive X-ray spectrometer (EDS).
For the production of the IPs, the slag was mixed for about 10 min, in a laboratory mixer under
continuous slow stirring, with the alkaline activating solution, which was prepared by dissolving
sodium hydroxide (NaOH) anhydrous pellets (Sigma Aldrich) in distilled water to obtain the required
molarity, namely 6, 8, 10 and 12 mol L−1 (M), followed by the addition of sodium silicate solution
(Na2 O = 7.5 − 8.5%, SiO2 = 25.5 − 28.5%, Merck). The activating solution, which was allowed to
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cool for 24 h prior to use, had molar ratios SiO2 /Na2 O equal to 0.37, 0.26, 0.21 and 0.19, while the
H2 O/Na2 O molar ratios were 19.03, 14.31, 11.16 and 9.26, respectively. The liquid/solid (L/S) ratio in
the initial reactive paste varied slightly between 0.19 and 0.23, depending on the conditions used in
each case, to improve the flowability characteristics of the produced paste before casting. A typical
average indicative composition of the starting mixture was (in wt%): slag 82%, 8M NaOH solution
15% and Na2 SiO3 solution 3%; the wt% of Na2 SiO3 was kept constant in all tests. It is mentioned that
these ratios are some of the lowest reported in the literature for similar studies.
The fresh paste was cast in cubic metal moulds of 5 cm edge, which were vibrated for a few
minutes to remove air from the reactive mass and thus improve the strength of the final specimens.
Pre-curing involved retention of the paste in the moulds at room temperature for a period of 6 h to
48 h to allow initiation of the alkali activating reactions, development of structural bonds and partial
solidification. Then, the formed specimens were demoulded, sealed in plastic bags to prevent fast
evaporation of the remaining water, cured at 40–80 ◦ C in a laboratory oven (Jeio Tech ON-02G) for 24
or 48 h and allowed to cool. This configuration was based on the results obtained from a large number
of previous studies investigating the alkali activation potential of several metallurgical wastes [2,30].
After ageing at room temperature (20 ◦ C) for 7 days or 28 days, the compressive strength of the
specimens was determined with the application of a MATEST C123N load frame. All tests were carried
out in duplicate.
In order to study the structural integrity of the produced IPs, specimens obtained under the
optimum conditions were immersed in distilled water and acidic solutions (1M HCl and 1M H2 SO4 )
for 7, 15 and 30 days. Also, the thermal behavior of the IPs was evaluated after firing them in a
laboratory oven (N-8L SELECTA) at temperatures between 200 ◦ C and 1000 ◦ C. The heating rate used
was 5 ◦ C min−1 , while the retention time at each temperature was very long, namely 6 h. The specimens
were naturally cooled in the oven prior to determination of their final compressive strength. Each
experimental series was also carried out in duplicate.
The determination of the apparent density of selected IPs was carried out in accordance with BS
EN 1936 (2006) [37]. Finally, the toxicity of the as-received slag as well as of the IPs produced was
assessed by subjecting them to the EN 12457-3 test [38,39], involving leaching of 8 L per kg of material
in distilled water for 24 hours. The leaching solutions were filtered using 0.45 µm membrane filters
and the concentration of the metals in the eluate was expressed as mg kg−1 of dry slag or IP and
compared with existing limits for disposal of wastes in various landfill types [40].
3. Results and Discussion
3.1. Slag Characterisation
The particle size distribution of the as-received slag after grinding revealed that the 90% passing
size (d90 ) of the material is 57.50 µm, which is considered adequately fine for efficient alkali activation
and the production of IPs, as indicated in previous studies [41].
Table 1 shows the chemical composition of slag in the form of oxides, as derived by XRF. It is
observed that the slag contains sufficient amounts of SiO2 (30.18%) and Al2 O3 (7.6%) for alkali
activation, while the content of Fe2 O3 and CaO is also high, 40.62% and 13%, respectively.
Table 1. Chemical composition (wt%) of slag.
Fe2 O3 SiO2

Al2 O3 Cr2 O3 MgO

NiO

K2 O

Na2 O TiO2

CoO

MnO

CaO

P2 O5

Total

40.62

7.60

0.95

0.89

0.44

0.03

0.28

13.0

0.02

98.48

30.18

1.98

1.80

0.69

The quality of this slag is comparable with that of Larco S.A slag, derived from pyrometallurgical
treatment of Greek laterites and used in a previous study for the synthesis of IPs [41]. The only major
difference is that Larco slag has much lower CaO content, 3.73%.
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NaOH
Strength
Compressive
Strength(SiO2 + Al2 O3 )/Na2 O
NaOH
Molarity Compressive
/Na
2 O 2O Na/Al
2 O23O
2 O2O
H2O/Na
Na/Al FeFe
3/Na
(SiO2 + Al2O3)/Na2OH2 O/Na
Molarity
(M)
(MPa)
*
(M)
(MPa)*
6 6
8 8
10
10
12

12

63.3 63.3
67.0 67.0
41.7
41.7
30.2

30.2

11.9 11.9
8.6 8.6
6.8
6.8
6.4

6.4

* Curing temperature 80 ◦ C.

16.316.3
12.912.9
10.3
10.3
8.5

8.5

0.7 0.7
0.9 0.9
1.2
1.2
1.3

1.3

5.15.1
3.73.7
2.9
2.9
2.7

2.7

* Curing temperature 80 °C.
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3.2.3. Effect of Pre-Curing and Curing Period
3.2.3. Effect of Pre-Curing and Curing Period
Figure 3a,b show the effect of pre-curing and curing period on the compressive strength of the
Figures 3a and 3b show the effect of pre-curing and curing period on the compressive strength
produced IPs, respectively. The duration of pre-curing defines the extent to which reactions involved
of the produced IPs, respectively. The duration of pre-curing defines the extent to which reactions
involved in alkali activation of the raw materials, depending on the L/S ratio and the strength of the
activating solution, proceed so that bonds are developed and specimens harden and acquire early
strength.
It is seen in Figure 3a that for a pre-curing period of 6 h or 24 h, the produced IPs obtain
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3.3. Structural Integrity of IPs
3.3. Structural Integrity of IPs
3.3.1. Effect of High-Temperature Firing
3.3.1. Effect of High-Temperature Firing
Figure 4 illustrates the effect of firing of IPs, for a period of 6h, over a temperature range of
Figure
4 illustrates the effect of firing of IPs, for a period of 6h, over a temperature range of 200–
200–1000 ◦ C on their compressive strength. The specimens tested were produced using activating
1000 °C on their compressive strength. The specimens tested were produced
using activating solution
solution consisting of 8M NaOH and Na2 SiO3 , curing temperature of 80 ◦ C, curing period 24 h and
consisting of 8M NaOH and Na2SiO3, curing temperature of 80 °C, curing period 24 h and ageing
ageing period seven days. The compressive strength of the control specimen, which was not subjected
period seven days. The compressive strength of the control specimen, which was not subjected to
to firing, is also shown for comparison. In addition, Table 3 shows some selected properties, namely
firing, is also shown for comparison. In addition, Table−33 shows some selected properties, namely
shrinkage (%), mass loss (%) and apparent density (g cm ) of the fired specimens.
shrinkage (%), mass loss (%) and apparent density (g cm-3) of the fired specimens.
It is seen from this data that the compressive strength of the specimens increases substantially after
It is seen from this data that the compressive strength of the specimens increases substantially
firing up to 400 ◦ C and then decreases sharply. The increase of the compressive strength after firing at
after◦ firing up to 400 °C and then decreases sharply. The increase of the compressive strength after
400 C to 115 MPa may be attributed to oxidation of fayalite and magnetite of the PS and the increase
firing at 400 °C to 115 MPa may be attributed to oxidation of fayalite and magnetite of the PS and the
in the quantity of several phases as shown in the XRD patterns (see below in text). This behavior has
increase in the quantity of several phases as shown in the XRD patterns (see below in text). This
also been observed in a study by Onisei et al. [48], where the IPs produced from alkaline activation
behavior has also been observed in a study by Onisei et al. [48], where the IPs produced from alkaline
of a fayalitic slag (Fe2 O3 49.6%, SiO2 27.1%, Al2 O3 6.8%, ZnO 8.4% and CaO 1.6%) exhibited after
activation of a◦ fayalitic slag (Fe2O3 49.6%, SiO2 27.1%, Al2O3 6.8%, ZnO 8.4% and CaO 1.6%) exhibited
firing at 500 C an increase in strength by almost 30% to 105 MPa, regardless of the addition of 5%
after firing at 500 °C an increase in strength by almost 30% to 105 MPa, regardless of the addition of
or 10% analytical grade Al2 O3 in the starting mixture. This increase in strength was attributed to the
5% or 10% analytical grade Al2O3 in the starting mixture.
This increase in strength was attributed to
formation of new phases, including laihunite [Fe2+ Fe3+ 2 (SiO4 )2 ] as the result of oxidation of fayalite,
2+
3+
the formation of new phases, including laihunite [Fe Fe 2(SiO4)2] as the result of oxidation of fayalite,
as well as sodium aluminum silicate (NaAlSiO4 ), hematite, magnetite and spinel hercynite (FeAl2 O4 ).
as well as sodium aluminum silicate (NaAlSiO4), hematite,
magnetite and spinel hercynite (FeAl2O4).
The compressive strength of the IPs after firing at 1000 ◦ C was extremely low, while the specimens
The compressive strength of the IPs after firing at 1000 °C was extremely low, while the specimens
showed a volumetric expansion of 7.1% and were severely damaged. This sharp drop in strength after
showed a volumetric expansion of 7.1% and were severely damaged. This sharp drop in strength
after firing in very high temperatures is due to dehydroxylation of silanol (Si-OH) and aluminol (Al–
OH) groups that causes development of cracks and pores [49].
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Table 3. Selected properties of the fired specimens.
Table 3. Selected properties of the fired specimens.
Compressive

Temperature (◦ C)
Temperature
Compressive
StrengthStrength
(MPa)
(°C)
(MPa)
200
90
200 400
90115
400 600
11525
600 800
25 11
1000
800
11 2
1000
2

Shrinkage (%)

Shrinkage (%)

Mass
Loss loss
(%)
Mass

4.0
4.84.0
3.64.8
2.23.6
−7.1

2.2

1

NM: not
-7.1measured.

(%)
5.1
7.35.1
9.67.3
10.2
9.6
1
NM10.2
NM1

Apparent Density (g cm−3 )

Apparent Density (g cm-3)
2.2
2.72.2
2.02.7
1.82.0
NM

1.8
NM

NM: notin
measured.
Other factors that contributed to the increase
strength after firing at 400 ◦ C are the volumetric
shrinkage by 4.8% (Table 3), which is the highest at this temperature, and the increase in density to
Other factors that contributed to the increase in strength after firing at 400 °C are the volumetric
2.7 g cm−3 . The bigger changes seen, mainly for shrinkage and mass loss, after firing at temperatures
shrinkage by 4.8%
(Table 3), which is the highest at this temperature, and the increase in density to
higher than 600 ◦ C are mainly due to phase transformations. These properties were not measured
2.7 g cm-3. The bigger changes
seen, mainly for shrinkage and mass loss, after firing at temperatures
for the IP fired at 1000 ◦ C, since as mentioned earlier, it suffered severe damage. The increase in
higher than 600 °C are mainly due to phase transformations. These properties were not measured for
strength of the IPs produced in the present study after firing at 400 ◦ C is a very important finding
the IP fired at 1000 °C, since as mentioned earlier, it suffered severe damage. The increase in strength
and shows that they can be potentially used as fire resistant materials and replace or coat concrete in
of the IPs produced in the present study after firing at 400 °C is a very important finding and shows
specific construction applications; for example, in tunnels, thus allowing more time for rescue teams to
that they can be potentially used as fire resistant materials and replace or coat concrete in specific
intervene in case of fire. Similar, but noticeably smaller increase was also reported in earlier studies
construction applications; for example, in tunnels, thus allowing more time for rescue teams to
investigating the potential of a Greek ferronickel slag for the production of IPs [49,50].
intervene in case of fire. Similar, but noticeably smaller increase was also reported in earlier studies
investigating
potentialofofIPs
a Greek
ferronickel
for theSolutions
production of IPs [49,50].
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5 shows
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period
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seven
days, when
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is °C,
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provided
for comparison.
is seenperiod
that the
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in distilled
distilled
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or
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solutions
(1M
HCl
and
1M
H
2SO4) for 7, 15 and 30 days. The compressive
water, even for a period of 30 days, has a relatively minor effect on their compressive strength. Also,
strength
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for comparison.
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of IPsin
in
the
IPs retain
a veryspecimens
good strength,
varying
between
33.8 MPa and
36.5
MPa,
when immersed
distilled
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even
for a period of 30 days, has a relatively minor effect on their compressive
1M
HCl and
H2 SO
4 solutions for a period of 30 days. The maximum mass loss of the IPs immersed in
strength.
Also,
the
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retain
very good
strength,
varying
between
33.8 MPa
and is36.5
MPa, even
distilled water, H2 SO4 and
HClasolutions
was
0.9%, 3.2%
and 5.6%
respectively,
which
considered
as
when
immersed
in
1M
HCl
and
H
2SO4 solutions for a period of 30 days. The maximum mass loss of
low to very low in all cases. Earlier studies carried out in our laboratory confirm the higher mass loss
2SO4 and HCl solutions was 0.9%, 3.2% and 5.6% respectively,
the
IPs immersed
inimmersed
distilled water,
of
various
IPs when
in HClHsolution.
It is also mentioned that the final pH of the solutions
which
is
considered
as
low
to
very
low
allimmersion
cases. Earlier
studies
carried
in our
laboratory
containing distilled water, HCl and H2 SO4 in
after
of the
specimens
forout
30 days
was
11.0, 2.7
confirm
the
higher
mass
loss
of
various
IPs
when
immersed
in
HCl
solution.
It
is
also
mentioned
that
and 1.7 respectively. These results indicate that the IPs respond well and exhibit very good structural
the
final
pH
of
the
solutions
containing
distilled
water,
HCl
and
H
2SO4 after immersion of the
integrity in corrosive environments.
specimens for 30 days was 11.0, 2.7 and 1.7 respectively. These results indicate that the IPs respond
well and exhibit very good structural integrity in corrosive environments.
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immersed in 1M HCl for 30 days and (d) IP fired at 400 °C.

The FTIR spectra of raw PS and selected IPs are shown in Figure 7. In line with the XRD
The FTIR spectra of raw PS and selected IPs are shown in Figure 7. In line with the XRD data,
data, the spectrum of the raw PS presents the characteristic peaks of Ca-Fe-Mg-silicate-based slags
The FTIR of
spectra
of raw
and selected
IPs are shown
in Figure
7. In line with the XRD
data,
the spectrum
the raw
PSPS
presents
the characteristic
peaks
of Ca-Fe-Mg-silicate-based
slags
dominated by fayalite, diopside and hedenbergite, with bands seen at 828–1 cm−1 , 872
cm−1 and−1
–1 and 948slags
the spectrum
of
the
raw
PS
presents
the
characteristic
peaks
of
Ca-Fe-Mg-silicate-based
dominated
by
fayalite,
diopside
and
hedenbergite,
with
bands
seen
at
828
cm
,
872
cm
cm
948 cm−1 [45,46,51–53]. The first band results from the v1 mode (symmetric stretch),
while
the others−1
–1
–1
dominated by fayalite,
and hedenbergite,
with
bands
seen at 828 stretch),
cm , 872 while
cm and
cm
[45,46,51–53].
The firstdiopside
band results
from the v1
mode
(symmetric
the948
others
correspond to the asymmetric stretching vibrations of SiO4 (v3 mode). An additional peak associated
[45,46,51–53].
Theasymmetric
first band stretching
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the v1of mode
(symmetric
while
the
others
correspond
to the
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SiO4 (v3
mode). An stretch),
additional
peak
associated
with the stretching vibrations of Si-O bands of diopside is also seen at 668 cm−1−1 [54]. The peak seen
correspond
to the asymmetric
stretching
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of SiO
(v3 seen
mode).
An additional
peak
associated
with
the stretching
vibrations of
Si-O bands
of diopside
is 4also
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cm [54]. The
peak
seen at
−1
with the stretching vibrations of Si-O bands of diopside is also seen at 668 cm [54]. The peak seen at
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The behavior of the raw slag and selected IPs, namely the one produced after alkaline activation
The behavior of the raw slag and selected IPs, namely the one produced after alkaline activation
using 8M NaOH, curing temperature of 80 ◦ C and curing period of 24 h (control IP) as well as after
using 8M NaOH,
curing temperature of 80 °C and curing period of 24 h (control IP) as well as after
firing at 400 ◦ C was investigated through DTA/TG analysis (Figure 8a–c). In general, TG-curves
firing at 400 °C was investigated through DTA/TG analysis (Figure 8a–c). In general, TG-curves show
show that the initial mass of the samples decreases as a result of dehydration of free (below 200 ◦ C)
that the initial mass of the samples decreases as a result of dehydration of free (below 200 °C) and
and chemically bound water up to 400 ◦ C for raw PS (Figure 8a) and 570 ◦ C for IPs (Figure 8b,c).
chemically bound water up to 400 °C for raw PS (Figure 8a) and 570 °C for IPs (Figure 8b,c). More
More specifically, Figure 8a shows a clearly visible peak at 742 ◦ C associated to significant mass gain
specifically, Figure 8a shows a clearly visible peak at 742 °C associated to significant mass gain
(~2.3%) of the PS, which can be attributed to the oxidation of fayalite to hematite and silica [53].
(~2.3%) of the PS, which can be attributed to the oxidation of fayalite to hematite and silica [53]. This
This exo-effect is characterized by a continuous increase in mass for the raw PS and involves a
exo-effect is characterized by a continuous increase in mass for the raw PS and involves a four-stage
four-stage mechanism, i.e., (i) oxidation of magnetite and formation of metastable spinel (γ-Fe2 O3 ),
mechanism, i.e., (i) oxidation of magnetite and formation of metastable spinel (γ-Fe2O3), (ii)
(ii) transformation of γ-Fe2 O3 into the stable α-Fe2 O3 ; (iii) oxidation and decomposition of fayalite
transformation of γ-Fe2O3 into the stable α-Fe2O3; (iii) oxidation and decomposition of fayalite
(2FeO·SiO2 ), (iv) decomposition of the residual fayalite and polymorphic transformations of the silicate
(2FeO·SiO2), (iv) decomposition of the residual fayalite and polymorphic transformations of the
and iron phases [63]. On the other hand, the endothermic peak shown at 468 ◦ C in the raw PS is related
silicate and iron phases [63]. On the other hand, the endothermic peak shown at 468 °C in the raw PS
to dehydroxylation/condensation processes [64], which result in a slight mass loss (~0.4%) due to the
is related to dehydroxylation/condensation processes [64], which result in a slight mass loss (~0.4%)
release of residual moisture.
due to the release of residual moisture.
Figures 8b and 8c show that similar TG-curves were obtained for the two selected IPs as a result
of alkali-activation. The control IP (Figure 8b) shows a weight loss ~7%, observed below 200 °C, which
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3.5. IP Toxicity
Table 4 presents the toxicity of the raw PS as well as of the IPs produced after alkali activation
of slag under the conditions of NaOH molarity 8M, curing temperature 80 °C, curing period 24 h,
ageing period 7 days, fired at 400 °C.
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3.5. IP Toxicity
Table 4 presents the toxicity of the raw PS as well as of the IPs produced after alkali activation of
slag under the conditions of NaOH molarity 8M, curing temperature 80 ◦ C, curing period 24 h, ageing
period 7 days, fired at 400 ◦ C.
Table 4. EN 12457-3 results (L/S = 10L kg−1 ).
Polish Slag
(mg kg−1 )

Inorganic Polymer
(mg kg−1 )

Element

Fe
Mn
Al
Ni
Cu
Zn
As
Mo
Cd
Crtotal
Pb

32.1
0.4
9.0
6.3
0.1
3.6
0.1
<DL
<DL
0.6
<DL

Control IP

IP After
Firing at
400 ◦ C

29.1
0.2
88.4
0.3
0.9
0.8
0.4
0.2
<DL
0.3
<DL

164.3
1.0
97.6
2.2
0.7
2.9
1.2
0.5
<DL
2.4
<DL

Limit Values (mg kg−1 ) *
For Wastes
Accepted at
Landfills for
Inert Wastes

For NonHazardous
Wastes

For Hazardous
Wastes Accepted
at Landfills for
Non-Hazardous
Wastes

For Wastes
Accepted at
Landfills for
Hazardous
Wastes

0.4
2
4
0.5
0.5
0.04
0.5
0.5

10
50
50
2
10
1
10
10

10
50
50
2
10
1
10
10

40
100
200
25
30
5
50
50

* Council Decision 19 December 2002 (2003/33/EC). Note: Shaded parts indicate elements that exceed specific
limits, DL: Detection Limit.

It is seen from this data that regarding raw PS, the toxicity limits are exceeded by far only for Ni
and slightly for total Cr. The solubilization of these two elements is anticipated by considering the
chemical and mineralogical analyses of the PS, as given by Kierczak et al. [36]. After alkali activation,
the control IP produced exhibits no toxicity at all, even when the lower limits, which are specified
by the EN 12457-3 test for wastes accepted at landfills for inert wastes, are taken into account. After
firing the control IP at 400 ◦ C, the solubilisation rates of Ni, As, total Cr and As increase and exceed the
lower limit values indicated by this test; it is mentioned though that the indicated limit value is only
marginally exceeded for As. Finally, it is mentioned that the solubilisation rates of Fe and Al increase
noticeably for the IPs produced both at 80 ◦ C and fired at 400 ◦ C, but no limits values are specified for
these two elements by the EN 12457-3 test. These results indicate the potential of alkali activation not
only to contribute to the production of IPs with high compressive strength, but also to bind or trap
potentially hazardous elements in a stable matrix and thus reduce their solubilization rate and overall
toxicity [66].
4. Conclusions
The present experimental study investigated the alkali activation potential of an old Polish
ferronickel slag for the production of IPs. Under the optimum synthesis conditions, namely, NaOH
molarity 8M, curing temperature 80 ◦ C, pre-curing and curing time 24 h and ageing period seven days,
the produced IPs exhibited compressive strength that exceeds 65 MPa. In this case, the molar ratio
SiO2 /Na2 O of the silicate solution was equal to 0.26, while the molar ratios (SiO2 + Al2 O3 )/Na2 O and
H2 O/Na2 O in the reactive paste were 8.6 and 12.9, respectively. An interesting aspect of the present
study is that in the reactive paste, the wt% addition of Na2 SiO3 and the overall L/S ratio were very
low, 3% and ~20% respectively. This means that the IPs are produced using a cost-effective process,
involving a mixture containing a high percentage of solids and limited addition of chemicals.
The main novelty of the study is the increase of the compressive strength of the IPs produced
under the optimum conditions, after firing them at 400 ◦ C mainly as result of phase transformations and
the development of a dense and compact structure filled with inclusions of inter(metallic) phases. After
firing at 400 ◦ C, the IPs exhibited volumetric shrinkage of 4.8% and increased density of 2.7 g cm−3 .
This indicates that the produced IPs have beneficial properties and may find several applications in
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the construction sector, including their use as fire-resistant materials. The produced IPs also show very
good structural integrity when immersed in water or acidic solutions for a period of 30 days. Finally, it
is underlined that alkali activation results in immobilization of hazardous elements present in the raw
slag and the production of IPs with very low toxicity, thus no adverse effects are anticipated from their
use. The findings of this study prove that alkali activation can be used for the valorization of potentially
hazardous wastes, such as metallurgical slags, and the production of high added value materials, thus
improving the sustainability and minimizing the environmental impacts of the metallurgical sector.
Author Contributions: K.K.; designed the experiments, critically analyzed results, and reviewed the paper. G.B.;
V.K. and E.P. performed a literature search, carried out experiments and analytical techniques, analyzed data, and
wrote a first draft of the paper. W.K.; G.P. and J.K.; carried out analytical techniques for the raw materials used.
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Recovery from Low-grade Ores and Wastes”, www.metgrowplus.eu, Grant Agreement n◦ 690088.
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and Co.
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• The selectivity of leaching is good considering the ratio Ni/Fe in the PLS.
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a b s t r a c t
Socio-economic data on nickel and cobalt show their importance throughout the entire metal value chain, from
mining to end use, disposal and recycling. Thus, the extraction of both metals from primary and secondary raw
materials as well as from wastes is currently considered strategically important for the industry and the society.
In this paper heap leaching of Greek low-grade saprolitic laterites, with Ni content 0.97%, was investigated. The
main parameters studied involved the strength of the H2SO4 solution used (49 and 147 g L−1) and the effect of
adding sodium sulﬁte (Na2SO3) in the leaching medium. The pregnant leach solution (PLS) was recycled several
times during leaching in order to minimize acid consumption. The experimental results showed that within a period of 25 days, and under the optimum conditions (147 g L−1 H2SO4 and 20 g L−1 Na2SO3), i) Ni and Co extractions were 72.5% and 47.4%, respectively and ii) Fe and Al co-extractions were 8.7% and 31.3%, respectively.
Furthermore, valorization of the leaching residues through alkali activation using NaOH and Na2SiO3 and the addition of metakaolin (MK) for the production of inorganic polymers (IPs) was explored. X-ray ﬂuorescence (XRF),
X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, Differential scanning calorimetry (DSC/
TG) and Scanning electron microscopy (SEM-EDS) were used to characterize the ore, its leaching residues and the
IPs. The IPs produced demonstrated high compressive strength, almost 40 MPa and are suitable for a wide range
of applications in the construction sector.
© 2019 Elsevier B.V. All rights reserved.
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Nickel and cobalt have excellent physical and chemical properties
and thus they are essential for thousands of products. Both metals are
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also necessary for the most common types of lithium-ion batteries
which power electric vehicles. The annual production and consumption
of nickel exceeds two million tonnes. On the other hand, the annual
European Union (EU) cobalt production is almost 2300 t, while its demand is about nine times higher and is met by imports from third countries (EU Science Hub, 2019; Nickel Institute, 2019).
Nickel laterites are formed through weathering of underlying parent
rocks and the resulting main zones of mineralization include limonites
(with high iron and low magnesium content) and saprolites (with
high magnesium and low iron content). Saprolites, which are more reactive compared to limonites, are located at the bottom of the deposit
and contain nickel-rich serpentines and hydrous magnesium silicates
(Luo et al., 2009; Myagkiy et al., 2017). Due to the complexity of the laterite ores and the presence of nickel in several mineral phases, their
beneﬁciation with the use of traditional mineral processing techniques,
including gravity-, electrostatic-, magnetic-, and density separation, as
well as ﬂotation, is quite inefﬁcient. Selective grinding aiming at separation of the coarse fraction, which normally has a lower Ni content, is
rarely successful (Petrakis et al., 2018; Quast et al., 2015).
The continuous depletion of higher grade nickel sulﬁdes and the increasing demand for nickel, which is used in many industrial products
including Li-ion battery cathodes in electric vehicles, requires the economical treatment of the huge reserves of nickel laterites (MacCarthy
et al., 2015).
Today, most nickel laterites, which represent almost 70% of the
global reserves, are low grade (b1.5%) and account for almost 40% of
nickel production. These ores are mainly treated pyrometallurgically
to produce ferronickel (FeNi) (Pickles and Anthony, 2018). However,
due to the high environmental footprint of pyrometallurgical treatment
(Bartzas and Komnitsas, 2015; Eckelman, 2010), research efforts are focusing on the development of more economical and eco-friendly hydrometallurgical approaches (Khoo et al., 2017; Norgate and Jahanshahi,
2011; Quast et al., 2013).
The main hydrometallurgical techniques include atmospheric
leaching (McDonald and Whittington, 2008), heap leaching (Oxley
et al., 2016), high pressure acid leaching (HPAL) (Loveday, 2008;
Zhang et al., 2015) and bioleaching (du Plessis et al., 2011; Le et al.,
2006). Other alternatives including pre-roasting and acid leaching
have been also investigated (Li et al., 2018a, 2018b; Li et al., 2009).
Atmospheric leaching is carried out at ambient temperature in
stirred reactors and is often characterized by low selectivity. It involves
the use of sulfuric (Luo et al., 2010; Thubakgale et al., 2013), hydrochloric (Guo et al., 2015; Mystrioti et al., 2018) or ammonium chloridehydrochloric acid mixtures (Li et al., 2018a, 2018b). Bioleaching still requires process optimization in order to improve its efﬁciency and economics (Chaerun et al., 2017; Jang and Marjorie Valix, 2017).
HPAL, which is carried out with the use of sulfuric acid, nitric acid or
ferric chloride, is characterized by high recoveries of Ni and Co, low recoveries of Fe and Al, short leaching times but high operating costs (Liu
et al., 2012; Ma et al., 2015; Zhang et al., 2016). An excellent continuous
model for sulfuric acid pressure leaching of laterites has been proposed
by Rubisov and Papangelakis (2000).
Heap leaching, which is considered a feasible alternative for the
treatment of low grade laterite ores, has been intensively investigated
over the last years. It is characterized by slower kinetics, longer leaching
times, which normally vary between 60 and 100 days, and higher selectivity compared to leaching in stirred reactors (Elliot et al., 2009;
Quaicoe et al., 2014; Quast et al., 2013; Watling et al., 2011).
Laterites are treated for N50 years at the pyrometallurgical plant of
Larymna, in central Greece, to produce FeNi (Zevgolis et al., 2010). The
atmospheric and pressure leaching of Greek laterites was ﬁrst studied
in the '80s (Komnitsas, 1983; Komnitsas, 1988; Kontopoulos and
Komnitsas, 1988; Panagiotopoulos et al., 1986). Later, heap leaching
was intensively investigated in laboratory and pilot tests (AgatziniLeonardou and Dimaki, 1994; Agatzini-Leonardou and Zaﬁratos, 2004;
Agatzini-Leonardou et al., 2004; Agatzini-Leonardou et al., 2009).

Recently, by taking into account the gradual depletion of the ore grade
and the increased demand for nickel, research efforts have been again
initiated (Komnitsas et al., 2018; Mystrioti et al., 2018).
In this context, the main aim of this study was to investigate the efﬁciency of column leaching with the use of sulfuric acid (H2SO4) for the
treatment of low-grade Greek saprolitic laterites as well as to study the
effect of the addition of sodium sulﬁte (Na2SO3) in the leaching solution
on the overall efﬁciency of the process. The study also aimed to explore
the potential of alkali activation for the valorization of leaching residues
in order to improve process economics and reduce environmental impacts associated with their disposal.
2. Materials and methods
2.1. Ore
The ore used in this study is a saprolitic laterite (b30 mm, 0.97%wt
Ni) which was obtained from Larco S.A mines in Kastoria (Northern
Greece). The ore (100 kg) was homogenized by the cone and quartering
method and a representative sample of about 1 kg was crushed below
4 mm for the determination of the particle size distribution.
2.2. Leaching tests
Three leaching tests were carried out in laboratory Plexiglas columns, with 5 cm inner diameter and 50 cm height, to study the effect
of (i) H2SO4 concentration and (ii) the addition of Na2SO3 in the
leaching solution on Ni, Co and other elements extraction. The column
experimental conditions are presented in Table 1. 1000 g of laterite
ore (LK) were added in the main column zone so that a bed of 40 cm
height was formed. Two 4 cm layers of silica sand were placed at both
ends of each column to act as ﬁlters. Cotton glass was also added at
the bottom of each column to prevent losses of ultra-ﬁne particles and
avoid clogging of the columns. The experimental conﬁguration is
shown in Fig. 1.
It is important to note that the experimental conditions used were
carefully selected based on the results of earlier tests investigating
leaching of other Greek saprolitic and limonitic ores (Komnitsas et al.,
2018).
Upﬂow transport of the leaching medium with the use of peristaltic
pumps (Masterﬂex L/S economy variable-speed drive, Cole-Parmer Instrument Co) was considered to enable full contact of the leaching medium with the ore. The leaching solution was pumped from 5 L plastic
vessels with a ﬂow-rate of 3 L day−1 and collected in the outﬂow in similar vessels. The duration of each leaching test, which involved daily
recycling of the PLS, was 25 days, while at the end of the tests, columns
were ﬂushed with distilled water so that the ﬁnal PLS volume was ~3 L.
10 mL samples from the outﬂow were initially collected daily and at
later stages every 2 or 3 days to measure pH and Eh with the use of a
WTW pH 7110 inoLab pH/Eh meter and determine the concentration
of Ni, Co, Fe, Ca, Al, Mg and Mn in the PLS by atomic absorption spectroscopy (AAS). Acid consumption was calculated using the titrimetric
method proposed by Quaicoe et al. (2014). The efﬁciency of leaching
was determined by taking into account the extraction percentage of
the useful elements Ni and Co as well as by calculating the ratios Ni/
Fe, Ni/Mg, Ni/Ca and Ni/Al in the PLS, given that Fe, Mg, Ca and Al are
the undesirable elements. All leaching tests were carried out in duplicate and mean values are given for all parameters analysed; it is
Table 1
Column experimental conditions.
Test no.
1
2
3

H2SO4 solution (g L−1)

Na2SO3 concentration (g L−1)

49
147
147

–
–
20
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involves leaching of material in distilled water (8 L kg−1) for 24 h. The
obtained solutions were ﬁltered using 0.45 μm membrane ﬁlters and
the concentration of the metals in the eluate was expressed as
mg kg−1 of dry sample and compared with existing limits for disposal
of wastes in different landﬁlls (European Commission, 2002). Apart
from distilled water a more severe leaching agent, namely an HCl solution with pH 4, was used.
2.4. Use of analytical techniques

Fig. 1. Experimental conﬁguration of column leaching tests.

mentioned though that the variation of measurements was in all cases
around ±1%.
2.3. Valorization of leaching residues
The valorization of the leaching residues (LKr) was investigated
through alkali activation. Τhe residues were ﬁrst dried at 80 °C for
1 day, then pulverized using a FRITSCH BICO pulverizer (d90 = 52.4
μm) and added under continuous slow mixing to the activating solution,
consisting of NaOH and sodium silicate (Na2O = 7.5–8.5%, SiO2 =
25.5–28.5%, Merck). The NaOH solution was prepared by dissolving sodium hydroxide anhydrous pellets (Sigma Aldrich) in distilled water,
until the required molarity was obtained. The effect of the addition of
metakaolin in the starting mixture (5 and 10%wt) as ﬁller, for the supply
of Al3+ ions in the inorganic polymer paste, as well as the calcination of
the LKr at 800 and 1000 °C in order to increase its reactivity were also
examined. Metakaolin was produced after calcining kaolin, Al2Si2O5
(OH)4, (Fluka) at 750 °C for 2 h in a SNOL 8,2/1100 oven. Calcination
of LKr was carried out for 1 h in the same oven. Loss on ignition (LOI)
was determined by heating the materials at 1050 °C for 4 h.
The liquid to solid (L/S) ratio was adjusted in order to improve the
ﬂowability of the paste before casting. A typical indicative composition
of the mixture included (in %wt): leaching residue 69%, metakaolin
7%, 8 M NaOH solution 12% and Na2SiO3 12%. The fresh paste was cast
in cubic metal moulds of 5 cm edge, which were vibrated for a few minutes to eliminate the presence of air voids in the reactive mass. The
moulds remained at room temperature for 2 h to allow early initiation
of the alkali activating reactions, development of structural bonds and
early solidiﬁcation of the paste. Then the specimens were demoulded,
sealed in plastic bags to prevent fast evaporation of water, cured at 80
°C in a laboratory oven (Jeio Tech ON-02G) for 24 h and then allowed
to cool. This conﬁguration was based on the results obtained from previous studies investigating the alkali activation potential of several metallurgical wastes (Komnitsas et al., 2007; Zaharaki et al., 2016). After
ageing at room temperature for 7 days, the compressive strength of
the specimens was determined with the use of a MATEST C123N load
frame. All tests were carried out in triplicate.
Finally, the toxicity of the leaching residues as well as of the specimens produced after alkali activation was assessed by using the EN
12457-3 test (EN12457-3:2002; van der Sloot et al., 2001), which

After grinding with the use of a FRITSCH-BICO pulverizer, the ore
(LK) and the leaching residues (LKr) were chemically and mineralogically characterized using (i) a Bruker-AXS S2 Range type X-ray ﬂuorescence energy dispersive spectrometer (XRF–EDS) and (ii) an X-ray
diffractometer (XRD), D8 ADVANCE type (BRUKER-AXS). Chemical
analysis of the ore and each leaching residue was also carried out after
digestion of 2 g of each sample in aqua regia followed by AAS, with a
Perkin Elmer AAnalyst 100 Flame Atomic Absorption Spectrometer.
Since the differences observed between XRF and AAS results were
minor (±1%), those obtained by XRF are presented in this study. Τhe
functional groups in each solid sample were identiﬁed by Fourier transform infrared (FTIR) spectroscopy, using a Perkin Elmer Spectrum 1000
spectrometer, while a Setaram LabSys Evo analyzer was used for Differential Scanning Calorimetry and Thermogravimetry (DSC/TG).
Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) were used to evaluate the morphology of the ore
and the solid leaching residues. A JEOL-6380LV scanning microscope
(Tokyo, Japan) operating at an accelerating voltage of 20 kV was used.
Back-scattered electron (BSE) examinations were carried out on
polished sections of the samples embedded in epoxy resin to ensure cohesion of the solid residues.
3. Results and discussion
3.1. Characterization of the ore
The cumulative particle size distribution of the −4 mm LK ore is presented in Fig. 2. The results show that the 80% passing size (d80) is
2.1 mm. The chemical composition (Table 2) conﬁrms that the ore is a
saprolitic low grade laterite, with high magnesia and low iron content.
3.2. Leaching efﬁciency
Fig. 3(a–g) show the percent extraction of Ni, Co, Fe, Mg, Al, Mn and
Ca as a function of time. As shown in Fig. (3a) Ni extraction obtained
after 25 days of leaching with the use of 49 g L−1 H2SO4 solution
(0.5 M) is low and does not exceed 14% whereas, the increase of acid

Fig. 2. Particle size distribution of Kastoria laterite (LK) ore.
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Table 2
Chemical composition (%wt) of LK ore.
Ni

Co

Fe2O3

SiO2

Al2O3

MgO

MnO

CaO

Cr2O3

LOIa

0.97

0.031

21.79

34.44

0.35

17.14

0.33

7.16

0.86

16.8

a

LOI: loss on ignition.

strength to 147 g L−1 H2SO4 (1.5 M) improves Ni extraction to 47%. Cobalt extraction follows a similar trend (Fig. 3b) and increases from 11.3%
to 27.9% with the increase in acid strength. Higher extractions of 72.5%
and 47.4% for Ni and Co respectively, were obtained when Na2SO3 was
added to the leaching solution. It is noteworthy that the increase of Ni

and Co extractions in the presence of Na2SO3 was very fast within
2–4 days (Komnitsas et al., 2018; Luo et al., 2015). In the presence of
higher concentrations of Na2SO3 (30 g L−1), the increase of Ni and Co
extractions was only marginal (~1%, data not shown). In the presence
of H2SO4, Na2SO3 reacts with H+ ions to form the intermediate H2SO3
which dissociates to SO2 (Reaction (1):
Na2 SO3 þ H2 SO4 ¼ Na2 SO4 þ H2 O þ SO2 ðaqÞ

ð1Þ

The SO2(aq) from Reaction (1) reacts with iron-based phases (e.g.
goethite), as shown in Reaction (2), accelerates Fe extraction and subsequently Ni release from the iron phases (Das and de Lange, 2011). The
generation of SO2 is clearly visible in the ﬁrst days of leaching through

Fig. 3. Evolution of % metal extraction vs. time during LK leaching, : 49 g L−1 H2SO4, : 147 g L−1 H2SO4, : 147 g L−1 H2SO4 containing 20 g L−1 Na2SO3.
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Table 3
PLS composition and selectivity of leaching.
Test no.

Ni

Co

Fe

Mg

Table 5
Comparative results obtained after leaching of a Greek limonitic and saprolitic laterite ore.
Ca

Al

Ni/Fe

Ni/Mg

Ni/Ca

Ni/Al

mg L−1
1
2
3

501
1600
2825

12.9
30.3
59.3

563
3423
5328

7005
14,002
24,001
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267
269
260

61
186
233

0.89
0.47
0.53

0.07
0.11
0.12

1.88
5.95
10.87

8.21
8.60
12.12

Ore
typea

Ni
(%)

L
L
S
S

0.58
0.58
0.97
0.97

a
b

the production of bubbles within the column bed. It is mentioned that in
other tests carried out in our laboratory using higher solution ﬂowrates,
a synergistic effect of ﬂowrate and bubbles was noted and the ore bed
was split in several parts and lifted
2FeOOHðsÞ þ 2 Ηþ þ SO2 ðaqÞ ¼ 2Fe2þ þ SO2‐
4 þ 2H2 O

147
147b
147
147b

Duration
(days)
33
33
25
25

Extraction (%)
Ni

Fe

Co

60.2
73.5
47.0
72.5

3.9
7.9
6.4
8.7

59.0
84.1
27.9
47.4

Ni/Fe Reference
in
PLS
0.26
0.15
0.47
0.53

Komnitsas
et al., 2018
This study

L: limonitic ore, S: saprolitic ore.
Addition of sodium sulﬁte.

The concentrations of the main elements (mg L−1) in the PLS are
presented in Table 3. This table also compares the selectivity of leaching
as deﬁned by the concentration ratios of Ni/Fe, Ni/Mg, Ni/Ca, and Ni/Al.
Because low Ni and Co extractions are obtained when 49 g L−1 H2SO4
solution is used as leaching medium, the comparison does not include
the results of this test. The results indicate that the addition of Na2SO3
in the leaching medium, apart from the fast extraction of Ni, improves
also the selectivity of leaching since the ratios Ni/Fe, Ni/Mg, Ni/Ca, and
Ni/Al increase by 13%, 9%, 83% and 41%, respectively.
Table 4 presents comparative results of various studies involving column leaching of saprolitic ores, as derived from the related literature. It
is seen that the efﬁciency of leaching depends on Ni grade, ore size, agglomeration of feed, concentration of acid, ﬂowrate of leaching solution
and duration of column tests. Apart from these factors, the type of laterite is also crucial during leaching (MacCarthy et al., 2016; McDonald and
Whittington, 2008). Table 5 presents the results of the this and a recent
similar study that involved column leaching of a Greek limonitic ore (L),
with a much lower Ni grade (Komnitsas et al., 2018). These data show
that despite the higher extraction of Ni and the lower extraction of Fe
from the limonitic ore, a much lower (45–72%) Ni/Fe ratio was recorded
in the PLS due to its much lower Ni grade. Also, much higher Co extractions were obtained during leaching of the limonitic ore in all cases
studied. The results of earlier laterite column leaching studies showed
that for limonitic ores, dissolution of the refractory iron minerals, such
as goethite, is required to obtain high Ni and Co extractions, whereas
for saprolitic ores the Ni and Co bearing silicate minerals are weakly
bound and hence the extraction of both elements contained in them is
much easier (Quaicoe et al., 2014; Watling et al., 2011). However, as indicated in an excellent recent study, given the intrinsic mineral heterogeneity of Ni-laterites, a comprehensive mineralogical characterization
at the mineral grain scale is required in order to assess the overall
leaching behavior of the ore. In the same study it is mentioned that
the scale of leaching tests may also affect Ni and Fe selectivity (Hunter
et al., 2013).

ð2Þ

Reaction (2) requires less acid for the dissolution of goethite than
Reaction (3) which involves direct leaching of iron-based phases
(Georgiou and Papangelakis, 1998)
FeOOHðsÞ þ 3 Ηþ ¼ Fe3þ þ 2H2 O

H2SO4 (g
L−1)

ð3Þ

Fig. 3(c) shows that the extraction of Fe increases in all tests with the
increase of acid strength or the addition of Na2SO3 but it remains in general very low (b9%) and thus the selectivity of leaching is improved. The
low Fe extraction obtained in these column tests is due to the milder
conditions used, namely low temperature and coarser feed size, compared to stirred reactor leaching (Mystrioti et al., 2018).
The maximum co-extraction of other elements, namely Mg, Al, Mn
and Ca, which also assesses the selectivity of leaching, was 58%, 31.3%,
29.1% and 1.3%, respectively, as seen in Fig. 3(d–g).
The similar proﬁles of Ni and Mg extraction indicate that Ni is loosely
bound in Ni-containing phases such as lizardite and thus both elements
can be leached simultaneously (Luo et al., 2010). On the other hand, the
extraction of Ni which is associated to magnetite/maghemite and chromite is difﬁcult since these phases remain practically unleached
(Canterford, 1986).
The pH of the leaching solutions was very low in all tests, increased
slowly with time but did not exceed the value of 1.5. When the leaching
solution contained 147 g L−1 H2SO4 and 20 g L−1 Na2SO3. Eh values decreased gradually with time from 385 to 282 mV (Komnitsas et al.,
2018). The beneﬁcial effect of the reducing agent Na2SO3 in lowering
the potential of the leaching reactions and increasing the extraction of
nickel contained in the iron phases has been also noticed during atmospheric sulfuric acid leaching of limonitic laterites at temperatures between 30 and 90 °C (Luo et al., 2015). The weight loss recorded during
leaching was quite similar in all tests and varied between 16.1%
(when a solution with 49 g L−1 H2SO4 was used) and 18.8% (when a solution containing 147 g L−1 H2SO4 and 20 g L−1 Na2SO3 was used).

3.3. Alkali-activation of residues
After heap leaching, the residues are normally transferred to a lined
facility, which is called spent ore repository and are reclaimed with the

Table 4
Results of various column leaching studies for saprolitic ores.
Ni content (%)

1.94
1.20
0.92
0.92
0.97
0.97
a
b

Particle size (mm)

b15a
b20
b15a
b2a
b4
b4

Agglomerated feed ore.
+ Addition of sodium sulﬁte.

H2SO4
(g L−1)

Duration
(days)

Flow rate
(L day−1)

98
100
200
200
147
147b

10
122
101
100
25
25

4.0
31.4
2.3
2.3
2.5
2.5

Extraction (%)
Ni

Fe

Co

60.0
83.9
97.0
90.0
47.0
72.5

12.6
55.8
–
60.0
6.4
8.7

45.0
55.2
75.0
72.8
27.9
47.4

Ni/Fe
in PLS
0.7–1.0
0.11
–
0.06
0.47
0.53

Acid consumption
(kg t−1 ore)
510
462
502
641
626.2
576.8

Reference

Agatzini-Leonardou and Zaﬁratos, 2004
Büyükakinci, 2008
Nosrati et al., 2014
Quaicoe et al., 2014
This study
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Table 6
Typical composition of LKr obtained after leaching of laterite ore with 147 g L−1 H2SO4 and
20 g L−1 Na2SO3.
Fe2O3

SiO2

Al2O3

MgO

MnO

CaO

Cr2O3

TiO2

LOIa

Total

16.43

39.71

0.54

4.45

0.11

7.96

2.35

0.84

27.11

99.5

a

LOI: loss on ignition.

construction of a vegetative soil cover (Zanbak, 2012). Thus, valorization of the residues and production of added value materials will reduce
the overall cost of the process and minimize its environmental impacts.
The chemical analysis of the residues obtained after LK leaching is
presented in Table 6. It is seen that while the residues contain sufﬁcient
SiO2, the content of Al2O3 remains low.
It is known that alkali activation of Al-Si wastes and residues in relatively low temperature (40–90 °C) results in the formation of dense IPs
with chemical composition similar to zeolites and amorphous to semicrystalline three-dimensional alumino-silicate microstructure. The produced materials are mainly called IPs (also known as geopolymers)
(Komnitsas and Zaharaki, 2007). Fig. 4 shows the compressive strength
of the IPs produced after alkali activation of the residues (LKr) obtained
after LK leaching. The effect of the addition of 5 and 10%wt metakaolin
as well as the calcination of the residues at 800 and 1000 °C is also presented. These results indicate that (i) the residues obtained after laterite
leaching cannot be alkali activated and the compressive strength of the
produced specimens merely reaches 1.3 MPa, (ii) mixing with 10%wt
metakaolin results in a noticeable increase of the compressive strength
of the specimens, to 39 MPa, (iii) calcination of LKr at 800 °C (LKr800)
and 1000 °C (LKr1000) has adverse effect on the compressive strength.
LKr have low content of Al (Table 6) and therefore cannot be alkali
activated. There is no speciﬁc rule about the ratio SiO2:Al2O3 in the
starting mixture but this has to be quite high provided that the content
of both oxides is sufﬁcient. For example, ferronickel slag produced after
pyrometallurgical treatment of the same laterites is well alkali activated
since the aforementioned ratio is ~4 (SiO2 32.74%, Al2O3 8.32%)
(Komnitsas and Zaharaki, 2007). Thus, in order to increase the alkali activation potential of LKr (SiO2:Al2O3 = 73.5, Al2O3 content only 0.54%)
an Al source is required. The results show that the addition of 5% and especially 10%wt MK, with an Al2O3 content of ~30% (Kwon et al., 2017;

Fig. 4. Effect of the addition of metakaolin (MK) (5 and 10%wt) and calcination on the
compressive strength of specimens produced by alkali activation of LKr. Conditions
were: 8 M NaOH, heating at 80 °C for 24 h, curing for 7 days. LKr: Kastoria laterite
leaching residue, LKr800: leaching residue calcined at 800 °C, LKr1000: leaching residue
calcined at 1000 °C).

Sullivan et al., 2018), improves greatly their alkali activation potential,
because calcination of kaolin changes its original crystalline structure.
The dehydration starts at about 100–120 °C, then dehydroxylation of
the structure takes place and ﬁnally metakaolin is produced. The loss
of crystallinity weakens the bonds between crystals and the produced
metakaolin has sufﬁcient amorphous content and thus exhibits increased reactivity during alkali activation. It is also known that calcination of kaolin transforms the octahedral coordinated Al layers into the
more reactive tetrahedral form. It is thus anticipated that Al ions may
dissolve more rapidly from metakaolin than from un-calcined kaolin
(Komnitsas et al., 2009). The percentage of Na2SiO3 used in the present
study was carefully selected after a number of tests in order to balance
the SiO2:Al2O3 ratio.
3.4. Characterization of the leaching residues
Fig. 5 presents the XRD patterns of LK ore and selected LKr. The main
mineralogical phases present in the ore are: quartz (SiO2), goethite (FeO
(OH)) and magnesium-bearing silicates, such as lizardite [(Mg,Fe)
3Si2O5(OH)4], (clino)chrysotile [Mg3Si2O5(OH)4] and saponite [Ca0.5
(Mg,Fe)3(Si,Al)4O10(O,H)2·4H2O], while the main Ni-bearing phases
are nepouite [(Ni,Mg)3Si2O5(OH)4] and chromite (FeCr2O4) as also
mentioned in earlier studies (Brand et al., 1998; Proenza et al., 2008).
Willemseite [(Ni,Mg)3Si4O10(OH)2] and other garnierite minerals may
be also sources of Ni in saprolitic ores (Tauler et al., 2009; VillanovaDe-Benavent et al., 2017; Zhu et al., 2012). Hematite (Fe2O3) and Talc
[Mg3Si2O10(OH)2] are also present in the ore as minor mineral phases.
The XRD patterns of the leaching residues, obtained after leaching
with H2SO4 solution containing Na2SO3, are shown in Fig. 5(b, c). It is
shown that the characteristic peaks of lizardite/nepouite at 2-theta =
12.108 which were present in the initial ore were not present in the
leaching residues, indicating that most of these minerals were leached,
at least to a degree that does not allow their identiﬁcation through
XRD. On the other hand, the intensities of characteristic peaks of quartz
and goethite/hematite increased in the XRD patterns of the residues obtained after H2SO4 leaching, especially in the presence of Na2SO3. H2SO4
leaching without or with the addition of Na2SO3 resulted in the formation in the LKr of bassanite (CaSO4·0.5H2O) or gypsum (CaSO4·2H2O)
respectively, due to the relatively high CaO content (7.16%) in the LK
ore.
The FTIR spectra of LK and LKr are shown in Fig. 6. In all samples,
bending and stretching vibrational bands of Si\\O\\Si and O\\Si\\O
can be observed at 450–460 cm−1 and ∼800 cm−1, respectively
(Andini et al., 2008). The next peaks, seen only in LKr, between 600
and 667 cm−1 are due to the formation of calcium-based sulfates.
These results are consistent with the data derived from the corresponding XRD patterns (Fig. 5). Moreover, the characteristic asymmetric
stretching vibration of Si\\O\\T (T_Al or Si) in the LK at 1014 cm−1
is shifted toward higher wavenumbers (1092 and 1150 cm−1) in LKr.
This upward shift indicates that Si\\O bonds dominate LKr due to the
destruction/decomposition of the initial Mg-Al-silicate matrix
(Baščarević et al., 2013) and the subsequent formation and precipitation
of Ca-sulfates. Two small shoulders at 876 cm−1 and 2512 cm−1 seen in
the LK ore along with a weak band at 1422 cm−1 can be attributed to
stretching vibrations of O\\C\\O bonds indicating the presence of calcite, as shown in XRD patterns. Τhe decrease of the intensity of the
stretching vibration of the inner \\OH group at ~3680 cm−1 means
that most nickel has been extracted from the LK ore (Scholtzová et al.,
2003).
Fig. 7 shows the DSC/TG curves for LK and its residues during
heating. The low-temperature endothermic peaks seen at 110 °C and
140 °C (Fig. 7(a–c)) are associated with the loss of free water. The endothermic peaks seen between 300 and 315 °C in all samples are attributed to the dehydroxylation of goethite (FeOOH) to form hematite (αFe2O3) or the decomposition of other hydroxyls (Elﬁad et al., 2018).
The endothermic peak at 640 °C for LK (Fig. 7a) shows the
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Fig. 5. XRD patterns of (a) LK ore, (b) LKr obtained after leaching with 147 g L−1 H2SO4 solution and (c) LKr obtained after leaching with 147 g L−1 H2SO4 solution containing 20 g L−1
Na2SO3.

decomposition of nickeliferous lizardite which loses its crystal water
and transforms to olivine (Febriana et al., 2018; Mu et al., 2018); this
peak is not shown in LKr since most lizardite has been leached. The
peaks at 590 °C and 840 °C shown in the residues are due to recrystallization of magnesium silicates to forsterite (Mg2SiO4) (Tartaj et al., 2000;
Zevgolis et al., 2010).
BSE images of the LK ore and LKr obtained after leaching with H2SO4
solution without and with the addition of Na2SO3 are shown in Fig. 8(a–d).

SEM analysis of the LK ore along with EDS point analyses (Fig. 8(a,
b)) revealed that nepouite, chromite and vitreous goethite were the
main Ni-bearing mineral phases, containing up to 3.16%, 5.89% and
0.95% Ni, respectively. As shown in XRD patterns, the major mineralogical phases, namely quartz, calcite, and hematite were also detected in
the LK ore; other silicates such as talc and clinochrysotile were also detected in some places. Fig. 8(b) (zoom of rectangular area of Fig. 8(a))
shows in detail the presence of nepouite and lizardite along cracks

Fig. 6. FTIR spectra of (a) LK ore, (b) LKr obtained after leaching with 147 g L−1 H2SO4 solution, and (c) LKr obtained after leaching with 147 g L−1 H2SO4 solution containing 20 g L−1
Na2SO3.
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Fig. 7. DSC/TG curves of (a) LK, (b) LKr obtained after leaching with 147 g L−1 H2SO4 solution, and (c) LKr obtained after leaching with 147 g L−1 H2SO4 solution containing 20 g L−1 Na2SO3.
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Fig. 8. Back-scattered electron images of the LK ore (a and b) and LKr obtained after leaching with c) H2SO4 and d) H2SO4 with the addition of Na2SO3. EDS spectra show in several spot
locations the presence of Ni-bearing mineral phases and the formation of mixed aggregates and newly formed phases after leaching (Q: Quartz, C: Calcite, G: Geothite, H: Hematite, Ne:
Nepouite, Ch: Chromite, L: Lizardite, B: Bassanite, Gy: Gypsum).
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and grain boundaries. As can be seen in Fig. 8(b), nepouite (Ni-rich analogue of lizardite) is observed as ﬂaky-like inﬁllings present at the
boundaries between geothite and quartz, while long tabular lizardite
crystals were found along shrinkage cracks at the internal space of goethite (Zhu et al., 2012) or at the boundaries of calcite. Furthermore,
chromite crystals were usually severely cracked and the cracks were
ﬁlled with Ni-rich goethite.
After LK leaching with H2SO4 without or with the addition of Na2SO3
(Fig. 8(c, d)), LKr displayed quite smooth edges and surfaces which
mostly comprised of newly formed aggregates formed by a large number of small particles of the LK ore that agglomerated (Çetintaş et al.,
2018). It is seen that Ni-rich nepouite and calcite were not observed in
LKr obtained after leaching, thus indicating that they were both depleted after reacting with the leaching medium, while the more refractory particles of hematite, goethite and quartz reacted only partially.
It is important to note that bassanite formed an outer shell of ﬁne
crystals often mixed with silicate aggregates adjacent to quartz or iron
(oxy)hydroxides surfaces, while gypsum almost dominated the whole
interlocking crystalline matrix of the solid residues. Finally, SEM micrographs and EDS analyses of LKr also revealed a porous structure for the
goethite and chromite particles as a result of the acid attack, which resulted in partial or even complete leaching of the contained nickel
(Fig. 8(c, d)). The presence of these Ni-free phases and the absence of
nepouite indicate that most Ni was extracted from the LK ore during
leaching.
3.5. Assessment of toxicity
Table 7 presents the toxicity of LKr as well as of the IPs produced
after alkali activation of the leaching residues, as derived from the application of the EN 12457-3 test.
Regarding LKr it is seen that the toxicity limits are exceeded by far
only for Ni, when both distilled water (pH 7.0) or HCl (pH 4.0) are
used as leaching solutions. In the second case, the degree of dissolution
rate of Ni is almost doubled to 447 mg kg−1. After alkali activation the
dissolution rate of Ni from the IPs decreases dramatically to values
well below the limits, 1.13 mg kg−1. This indicates the potential of alkali
activation not only to result in the production of materials with beneﬁcial properties but also to bind or trap potentially hazardous elements in
a stable matrix and therefore reduce their solubilization potential
(Komnitsas et al., 2013). The results also show that the dissolution of
all other elements from the IPs is well below the lowest limits when
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the leaching solution is water, thus the specimens present no toxicity
according to the EN 12457-3 test. When the leaching solution becomes
more aggressive (HCl solution, pH 4) the dissolution of Ni, As and Pb exceeds slightly the lowest limits, thus suggesting that the structural integrity of the produced specimens is very good.
4. Conclusions
This study conﬁrms the potential of column leaching of a low-grade
Greek saprolitic laterite for the extraction of Ni and Co. Experimental results indicate that within a very short period, 72.5% of Ni and 47.4% of Co
can be extracted from the ore, when leaching is carried out using a solution containing 147 g L−1 H2SO4 and 20 g L−1 Na2SO3. Furthermore, it is
mentioned that the obtained Fe and Al co-extractions are low, 8.7% and
31.3% respectively, thus indicating that the process is characterized by
good selectivity, as also conﬁrmed by the ratios Ni/Fe and Ni/Al in the
PLS.
In addition, the beneﬁcial effect of the presence of H2SO3 in the
leaching medium is due to the fact that the generated SO2 reacts with
iron-based phases, accelerates their dissolution and subsequently results in the extraction of the contained Ni.
Leaching residues can be alkali activated with the use of NaOH and
Na2SiO3 as activators and the addition of 10 wt% metakaolin so that
IPs with high strength, almost 40 MPa, can be produced. These products
have very low toxicity and can be used as binders or building materials
in several applications in the construction sector.
The approach followed in this study is environment friendly since it
treats low grade nickel ores for the production of critical metals such as
Ni and Co and thus contributes to raw materials savings, while it valorizes successfully the leaching residues and produces IPs with high
added value.
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Table 7
Toxicity of LKr and IPs according to the EN 12457-3 (L/S = 10 L kg−1) compliance test.

Element

a

LKr (mg kg−1)a

IP (mg kg−1)a

Toxicity limits (mg kg−1)b
For waste accepted
at landfills for inert
wastec

For
nonhazardous
waste

For hazardous waste
accepted at landfills for
non-hazardous waste

For waste accepted
at landfills for
hazardous waste

H2O

HCl (pH

H2O

HCl (pH

(pH 7)

4)

(pH 7)

4)

Fe

11.53

52.72

9.69

0.04

Mn

24.16

41.16

0.18

0.50

Al

30.00

82.64

165.16

382.46

Ni

256.53

447.11

0.31

1.13

0.4

10

10

40

Cu

1.89

0.31

0.43

0.69

2

50

50

100

Zn

1.89

1.10

0.67

2.51

4

50

50

200

As

0.01

0.02

0.12

1.47

0.5

2

2

25

Mo

0.01

0.32

0.22

0.17

0.5

10

10

30

Cd

<DL

<DL

<DL

<DL

0.04

1

1

5

Crtotal

0.24

1.07

0.38

1.75

0.5

10

10

50

Pb

<DL

<DL

0.15

3.18

0.5

10

10

50

DL: detection limit.
Council Decision 19 Dec. 2002 (2003/33/EC).
Shaded parts indicate elements that exceed limits.

b
c
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Abstract: This study aims to model grinding of a Polish ferronickel slag and evaluate the particle size
distributions (PSDs) of the products obtained after different grinding times. Then, selected products
were alkali activated in order to investigate the effect of particle size on the compressive strength of
the produced alkali activated materials (AAMs). Other parameters affecting alkali activation, i.e.,
temperature, curing, and ageing time were also examined. Among the different mathematical models
used to simulate the particle size distribution, Rosin–Rammler (RR) was found to be the most suitable.
When piecewise regression analysis was applied to experimental data it was found that the particle
size distribution of the slag products exhibits multifractal character. In addition, grinding of slag
exhibits non-first-order behavior and the reduction rate of each size is time dependent. The grinding
rate and consequently the grinding efficiency increases when the particle size increases, but drops
sharply near zero after prolonged grinding periods. Regarding alkali activation, it is deduced that
among the parameters studied, particle size (and the respective specific surface area) of the raw slag
product and curing temperature have the most noticeable impact on the compressive strength of the
produced AAMs.
Keywords: particle size distribution; grinding kinetics; slag; alkali activated materials;
compressive strength

1. Introduction
Very large quantities of slags are generated during steel, ferrous- and non-ferrous metal production.
Even though a certain share of the produced slag volume is used in the construction sector, large
quantities are not properly managed and are considered as sources of environmental pollution. Thus,
the development of an integrated management scheme that can transform this resource into valuable
products is of great importance [1,2].
Slags are mainly used for cement and concrete production. This utilization option eliminates
environmental problems and contributes to the reduction of the environmental footprint of the
construction sector. It is known that cement production is one of the most energy intensive processes,
since it consumes 12% to 15% of the total industrial energy requirements and is responsible for 7% to
10% of the global CO2 emissions [3,4]. Other alternative options for slag management include its use
in road construction as aggregate [5], and in recent years the production of alkali activated materials
(AAMs), called inorganic polymers (IPs) or “geopolymers”, can be used as construction materials or
binders in the construction sector, thus improving its sustainability [6].
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Alkaline activation, which is carried out with the use of NaOH, KOH, and Na2 SiO3 solutions at
relatively low temperature, is considered as a promising option for the management of various waste
streams and the production of AAMs (alkali activated materials) exhibiting beneficial physico–chemical
and thermal properties [7–12]. The potential of wastes for alkali activation depends on their content of
aluminosilicates which defines their reactivity, the strength of the activating solution and the other
synthesis conditions, mainly particle size of the raw material used, curing temperature, curing and
ageing period [13,14].
So far various types of slags, rich in Ca or Fe, produced from various metal and steel production
industries have been successfully alkali activated. Alkali activation involves the use of raw slags or
their mixtures with other waste types to regulate their content of aluminosilicates and enable the
formation of strong bonds [15–18]. It is mentioned that the produced structures may also exhibit other
beneficial properties, including the sorption of contaminants from solutions and immobilization of
hazardous ions [19,20].
Slag, prior to its use in most applications, requires grinding which is an energy intensive process,
characterized by high CO2 emissions and increased processing cost. In addition, grinding is a
low-efficiency process because a large share of the consumed energy is absorbed by the device and only
a small part is used for size reduction [21,22]. Considering these factors, the investigation of grinding
kinetics of any raw material, including slag, is an important aspect.
Among the different approaches used to improve grinding efficiency, phenomenological grinding
kinetics models based on population balance considerations are used. Population balance modeling is
based on two functions, namely the breakage rate and the breakage function [23,24]. Many studies have
reported the advantages of these functions [25,26] and the variation of the kinetic model parameters
under different mill operating conditions [27–32]. Another important issue associated with the grinding
operation is the scale-up of ball mills based on laboratory test work [33].
The determination of the breakage rate for the mass fraction of feed size R is based on the
assumption that grinding follows a first-order law as reported in previous studies [22,24], according to
Equation (1),
dR
= −K·R
(1)
dt
where K is the grinding rate constant and t is the grinding time.
Generally, the first-order hypothesis is the most widely used one to describe the grinding process
in a ball mill, however, many researchers have observed that, in fact, the breakage rate slows down with
increasing grinding time and deviates from the first-order; this breakage is called non-first-order [34–36].
In light of the non-first-order behavior Alyavdin proposed that the following formula (Equation (2))
can be used to describe the grinding process [37,38],
M

R = R0 ·e−K·t

(2)

where R0 is the mass fraction in the feed, and M is a constant depending on the material properties and
grinding conditions.
The present study aims, through batch grinding experiments, to model grinding and evaluate
the effect of grinding time on the particle size distribution of the slag products. Then, selected
grinding products were alkali activated, and the effect of particle size, specific surface area, curing
temperature, and ageing time on the properties of the produced AAMs was assessed. The novelty
of the study is that it investigates in depth the grinding kinetics of an industrial waste and the effect
of the particle size of the raw material for the production of AAMs, issues that so far have not been
systematically investigated.
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2. Mathematical Models for the Simulation of PSD
In the literature and also in industrial practice, several models have been tested to simulate
mathematically the particle size distribution (PSD) of the grinding products. These include log-normal,
logistic, Gates–Gaudin–Schuhmann (GGS) and Rosin–Rammler (RR) distributions, while truncated
distributions, e.g., logarithmic distribution, Gaudin–Meloy, log-normal and the truncated version of
RR distribution can also be used to describe particulate materials [39,40]. In addition, fractal geometry
which is based on the idea of self-similarity is also widely used for describing various complex
natural phenomena, including particle size distribution [41,42]. Other studies have used the Swrebec
distribution model as an alternative to traditional distributions because of its goodness-of-fit in both
coarse and fine size ranges [43,44]. The Rosin–Rammler distribution that was used in the present study
is expressed by Equation (3),
  n 
x
(3)
P = 100 − 100· exp − 0
x
where x is the screen aperture size, P is the mass or volume (in %) finer than size x, x’ is the size modulus
(63.2% passing-screen size), and n is the distribution modulus (index of uniformity). The higher the n
value the more uniform is the distribution [45]. The RR distribution can be transformed to:

loglog


100
= n·logx + (logloge − n·logx0 )
100 − P

(4)

Equation (4) indicates that if the data follow the RR distribution, the plot of loglog(100/(100-P))
versus logx will be a straight line from which n and x’ can be calculated.
The PSD of the grinding products can be also mathematically described by the logistic distribution
as follows:
100
P=
(5)
 x λ
1 + x50
where x50 is the 50% passing-screen size and λ (>0) is the distribution modulus (sharpness index).
Equation (5) can be transformed into a straight line as follows:


100
log
− 1 = −λ·logx + (λ·logx50 )
P

(6)

From the straight line of Equation (6) λ and x50 can be calculated.
The GGS model that was used in the present study is expressed by Equation (7),
 m
x
P = 100·
k

(7)

where k is the particle size modulus (maximum particle size) and m is the distribution modulus (index
of uniformity). Lower values of m suggest the production of more fines and large particles, while as
the value of m increases the distribution gets narrower [45,46].
The GGS model follows a power-law and is therefore equivalent to fractal distribution, as proposed
by Turcotte [47]. Logarithmic transformation of Equation (7) results in a linear relationship between
logP and logx from which k and m can be determined using linear regression analysis. Then, the
fragmentation fractal dimension could be calculated as follows,
D = 3−m

(8)

Since simple linear models may not fit the entire dataset, a piecewise approximation could be
used for the description of the PSD of the grinding products [48,49]. Based on this, it is assumed that
there could be two intervals of particle sizes separated by a critical size. This could mean that the
log-transformed data of Equation (7) would yield two straight lines, separated by a breakpoint (logxb )
defined as the transition point between two particle intervals,
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logP = m1 ·logx + b1 ·(logx ≤ logxb ) + m2 ·logx + b2 ·(logx > logxb )

(9)

where m1 and m2 are the slopes and b1 and b2 are the intercepts of the straight lines. Each term in
parenthesis represents a logical operation, i.e., if the term is true it will get the value 1, while if it is
false it will get the value 0.
3. Materials and Methods
The material used in this study is slag produced from the pyrometallurgical treatment of Ni-bearing
silicate ores in Szklary, southwestern Poland [50]. Its chemical composition, as obtained by X-ray
fluorescence in the form of oxides is shown in Table 1. The main mineralogical phases present, as
obtained by X-ray diffraction (XRD), were quartz (SiO2 ), hedenbergite (Ca(Fe,Mg)(SiO3 )2 ), fayalite
(Fe2 SiO4 ), diopside (CaMgSi2 O6 ), and magnetite (Fe3 O4 ), while hatrurite (Ca3 SiO5 ) is present as a
minor phase. More data about the origin and the characteristics of this slag can be found in a previous
recent study [2].
The received sample, approximately 200 kg, with a particle size of –100 mm was homogenized
by the cone and quarter method, and a representative quantity was crushed to less than 0.850 mm
using a Fritsch type jaw crusher (Fritsch pulverisette 1, Fritsch GmbH, Idar-Oberstein, Germany)
for primary and a cone crusher (Sepor, Wilmington, NC, USA) for secondary crushing. The particle
size distribution of the feed material and grinding product was determined using a Malvern type S
Mastersizer (Malvern Instruments, Malvern, UK) (size range: 0.05 to 850 µm) and laser diffraction (LD)
technique. LD was also used for the estimation of the specific surface area (SSA) of the feed material
and grinding products using Equation (10).
Sw =

!
f
1
·
k ρp ·D[3, 2]

(10)

Sw is the specific surface area, ρp is the particle density, D[3,2] is the surface area mean (Sauter
mean diameter), and f, k are the surface and volume coefficients (for spheres f /k = 6).
Table 1. Chemical composition (wt %) of slag.
Fe2 O3

SiO2

Al2 O3

Cr2 O3

MgO

NiO

K2 O

TiO2

CoO

MnO

CaO

P2 O5

Total

40.62

30.18

7.60

1.98

1.80

0.95

0.89

0.69

0.03

0.28

13.0

0.02

98.01

LD involves the detection of the angular distribution of scattered light produced by a laser beam
which passes through a dispersed particulate sample [51]. The data of the angular scattering intensity is
then analyzed and the particle sizes are calculated using the Mie theory of light scattering and expressed
as the volume equivalent sphere diameter [52,53]. Thus, since LD assumes a specific geometry for
the particles without taking into consideration the particle shape, the Brunauer–Emmett–Teller (BET)
nitrogen adsorption method (using a Quantachrome Nova 2200 analyser, Anton Paar QuantaTec Inc.,
Boynton Beach, FL, USA) was considered for the determination of SSA [54].
The techniques used for characterizing raw slag and the produced AAMs are (i) X-ray powder
diffraction, for the identification of the mineral phases using a D8 Advance type (-AXS, Karlsruhe,
Germany) diffractometer and (ii) X-ray fluorescence, for the chemical analysis using a Bruker S2 Ranger
Energy-dispersive ED-XRF (Bruker, Karlsruhe, Germany) Spectrometer. Scanning electron microscopy
(SEM) was also used to define the morphology of the raw slag and the grinding products, using a JEOL
6380LV microscope (JEOL Ltd., Tokyo, Japan) equipped with an Oxford INCA energy dispersive X-ray
spectrometer (EDS).
Grinding tests were carried out in a ball mill (Sepor, Los Angeles, CA, USA) with dimensions
of L × D = 166 × 204 mm using different grinding times (15, 30, 45, 60, 90, and 120 min) under
dry conditions. Stainless steel balls (ρb = 7.85 g/cm3 ) with three different sizes, i.e., 40, 25.4, and
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12.7 mm were used as grinding media. The total ball mass was almost constant at each ball size used
corresponding to ball filling volume J = 20%, while the material filling volume f c was 4%. This means
that 50% of the interstitial filling U of the void spaces of the balls was filled with material, according to
Equation (11). The mill specification data and test conditions are shown in Table 2.
U=

fc
0.4·J

(11)

Table 2. Mill specification data and test conditions.

Mill

Diameter, D (cm)
Length, L (cm)
Volume, V (cm3 )
Operational speed, N (rpm)
Critical speed, Nc (rpm)

20.4
16.6
5423
66
93.7

Balls

Diameter, d (mm)
Number
Weight (g)
Density (g/cm3 )
Porosity (%)
Ball filling volume, J (%)

40, 25.4, 12.7
6, 28, 202
1572.7, 1865.7, 1702.4
7.85
40
20

Material

Bulk density (g/cm3 )
Material filling volume, f c (%)
Interstitial filling, U (%)

1.67
4
50

The reactivity of the products obtained after 30, 60, and 120 min of grinding was evaluated through
leaching of 1.0 g of solids in 100 mL of 8 mol/L (M) NaOH solution for 24 h at ambient temperature
(~22 ◦ C) under continuous magnetic stirring. After solid–liquid separation with the use of 0.45 µm
pore size membrane filters (PTFE, Chromafil, Macherey-Nagel GmbH and Co. Düren, Germany),
the concentration of Al and Si in the eluate was determined using an Agilent 7500cx Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) (Agilent Technologies Inc., Santa Clara, CA, United
States) equipped with an Agilent ASX-500 Autosampler.
The slag products obtained after 30, 60, and 120 min of grinding were alkali activated using a
mixture of sodium hydroxide (NaOH, Sigma Aldrich) and sodium silicate (Na2 SiO3, Merck) as alkaline
activating solution. Pellets (anhydrous) of NaOH dissolved in water to produce solutions with specific
molarity, followed by the addition of sodium silicate solution (8 wt % Na2 O, 27 wt % SiO2 , and 65 wt %
H2 O). The final solution was allowed to cool at ambient temperature for 24 h and then mixed under
continuous stirring with each grinding product to obtain a paste. Six sets of samples were prepared
in order to investigate the effect of slag particle size and curing temperature on the properties of the
produced AAMs, while the liquid/solid (L/S) ratio was kept constant at 0.25. The composition of the
mixture was (wt %): 80% slag, 16.7% 8 M NaOH solution and 3.3% Na2 SiO3 . Under these conditions
the molar ratio of H2 O/Na2 O in the reactive paste was 12.9. According to the procedure followed, cubic
metal molds (5 cm edge) were filled with the fresh paste and vibrated for compaction and removal of
air voids. The molds remained at ambient temperature for a period of 3 to 9 h and when the paste
hardened sufficiently the specimens were removed, sealed in plastic bags to avoid moisture loss, and
cured for 24 h at either 60 or 80 ◦ C in a laboratory oven (Jeio Tech ON-02G, Seoul, Korea). After curing,
specimens were allowed to cool at room temperature, and after the ageing periods of 7 and 28 days
the compressive strength was determined using a Matest C123N load frame (Matest S.p.A, Treviolo,
Bergamo, Italy). The experimental conditions used in this study were based on the results of a previous
study carried out in the laboratory and involving the same slag [2]. All tests and measurements were
carried out in triplicate and the average values are provided in this study. Finally, the apparent density,
porosity, and water absorption of selected AAMs were determined based on the standard BS EN
1936 [55].
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4. Results and Discussion
4.1. Particle Morphology of Raw Slag and Grinding Products
The particle morphology of the raw slag and the grinding products obtained after 30, 60, and
120
min
of grinding, as derived with the use of SEM at different magnifications, is shown in Figure61a–e.
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After prolonged grinding (120 min), even though finer particles are quite irregular, coarser
particles tend to become more rounded due to their subjection to attrition (Figure 1d). At this stage,
it is seen that particles are distinct and no agglomeration is observed. The evolution of particle
morphology during grinding has been investigated in previous studies which reported that the type
of material being ground, the mill type, as well as the mode of breakage may have a large impact on

Minerals 2019, 9, 714

7 of 21

After prolonged grinding (120 min), even though finer particles are quite irregular, coarser
particles tend to become more rounded due to their subjection to attrition (Figure 1d). At this stage, it is
seen that particles are distinct and no agglomeration is observed. The evolution of particle morphology
during grinding has been investigated in previous studies which reported that the type of material
being ground, the mill type, as well as the mode of breakage may have a large impact on the shape of
particles produced [56–58].
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Figure 2. Variation of particle size distribution with grinding time.
Figure 2. Variation of particle size distribution with grinding time.
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Table 3. Parameters of Alyavdin formula (Equation (2)) for seven representative sizes (mm).
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K
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222.3 mm
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65.51 mm
0.0255
1.004
0.0255
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1.004
0.999

19.31 mm
0.0132
0.890
0.0132
0.996
0.890
0.996

5.69 mm
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0.943
0.0039
0.997
0.943
0.997

1.68 mm
0.0015
0.954
0.0015
0.998
0.954
0.998

0.49mm
0.0005
0.952
0.0005
0.997
0.952
0.997

0.15 mm
0.0002
0.652
0.0002
0.850
0.652
0.850
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4.3. Particle Size and Specific Surface Area of Slag Products
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Table 4. Equivalent particle size and specific surface area of slag grinding products at different times.
Table 4. Equivalent particle size and specific surface area of slag grinding products at different
Grinding Time
BET
LD
d10
d50
d75
d90
times.
min
µm
µm
µm
µm
m2 /kg
m2 /kg
Grinding Time
BET
LD
d10
d50
d75
d90
15
221.5
7.9
163.0 μm 252.2
2/kg
min930
m
m2/kg
μm 75.9
μm
μm
30
1200
316.3
4.2
39.9
88.8
153.8
15
930
221.5
7.9
75.9
163.0
252.2
45
1435
416.2
2.7
27.8
62.5
109.5
30
1200
316.3
4.2
39.9
88.8
153.8
60
1598
486.3
2.1
23.4
51.8
86.2
45
1435
416.2
2.7
27.8
62.5
109.5
90
2160
681.5
1.3
15.2
35.2
59.9
60 2260
1598
486.3
2.1
23.4
51.828.1 86.2 47.1
120
780.4
1.0
11.9
90
2160
681.5
1.3
15.2
35.2
59.9
120
2260
780.4
1.0
11.9
28.1
47.1
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This can be also seen from the d90 values (Table 4) which continue to decrease during grinding. More
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considered
and
the BET
size at
in both cases the product particle size decreases with the grinding time, and very strong correlation
each grinding time was determined by using the relation f/k = π/6. The results of Figure 5 show that
between
them
is obtained
with
the use
of inverse
exponential
function.
However, the
of
BET
In this
equation
the SSA
values
of decreases
BET
provided
4 were
considered
the use
BET
size
at
in both
cases
the product
particle
size
with in
theTable
grinding
time,
and veryand
strong
correlation
results
in muchtime
finerwas
particle
sizes inby
comparison
with LD.f/kThe
results
obtained
from
BET
allowthat
the
each
grinding
determined
using
the
relation
=
π/6.
The
results
of
Figure
5
show
between them is obtained with the use of inverse exponential function. However, the use of BET
determination
of the
true grinding
limitdecreases
as already
mentioned
in previous
studies
in both cases the
product
particle size
with
the grinding
time, and
very[63].
strong correlation
between them is obtained with the use of inverse exponential function. However, the use of BET

Minerals 2019, 9, x FOR PEER REVIEW

10 of 21

results in much finer particle sizes in comparison with LD. The results obtained from BET allow the
Minerals 2019, 9, 714
10 of 21
determination of the true grinding limit as already mentioned in previous studies [63].
4.4.4.4.
Modeling
of Particle
SizeSize
Distributions
of Grinding
Product
Modeling
of Particle
Distributions
of Grinding
Product
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the particle
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after
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slagproducts.
products.Figure
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obtained
grinding
for
various
times
and
the
fitted
curves
to
data
points
using
the
RR
(Equation
(3)),
Logistic
after grinding for various times and the fitted curves to data points using the RR (Equation (3)),
modelmodel
(Equation
(5)) and
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Non-linear
least square
analysis
using the
Logistic
(Equation
(5))GGS
and (Equation
GGS (Equation
(7)), respectively.
Non-linear
least square
analysis
Solver
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Microsoft
Excel was
used
toused
fit thetoexperimental
data anddata
the and
values
modelofparameters
using
the Solver
of Microsoft
Excel
was
fit the experimental
theofvalues
model
were estimated,
as seen inasTable
parameters
were estimated,
seen 5.
in Table 5.

(a)

(b)

(c)
Figure
6. Particle
sizesize
distribution
of slag
grinding
products
using
the the
(a) Rosin–Rammler
(RR)(RR)
andand
Figure
6. Particle
distribution
of slag
grinding
products
using
(a) Rosin–Rammler
(b) Logistic
model,
(c) Gates–Gaudin–Schuhmann
(GGS)
distributions.
(b) Logistic
model,
andand
(c) Gates–Gaudin–Schuhmann
(GGS)
distributions.

accuracy
of the
model
distributions
assessed
using
adjusted
correlation
coefficient
TheThe
accuracy
of the
model
distributions
waswas
assessed
using
the the
adjusted
correlation
coefficient
2
R (Ads.).
results
indicate
a particularly
suitable
model
representing
particle
R2 (Ads.).
TheThe
results
indicate
thatthat
RR RR
is a isparticularly
suitable
model
for for
representing
particle
sizesize
distributions
obtained
after
grinding
in
a
ball
mill,
and
fits
the
experimental
data
better
than
the
GGS
distributions obtained after grinding in a ball mill, and fits the experimental data better than the GGS
Logistic
models.ItItisis known
known that
of materials
generated
by comminution
can be dependent
andand
Logistic
models.
thatthe
thePSD
PSD
of materials
generated
by comminution
can be
on a variety
factorsofsuch
as the
initial
particle
and size
the physical
properties
of the material,
dependent
on a of
variety
factors
such
as the
initial size
particle
and the physical
properties
of the as
well
as
the
comminution
mechanisms
applied
by
the
machines.
In
this
regard,
the
comminution
forces
material, as well as the comminution mechanisms applied by the machines. In this regard, the
acting on the
particles
change grinding
depending
on the
machine type,
this affects
comminution
forces
actingduring
on the grinding
particles during
change
depending
on theand
machine
type, the
product
particle
size
distribution.
For
example,
Taşdemir
and
Taşdemir
[45]
mention
that
the
GGS
and this affects the product particle size distribution. For example, Taşdemir and Taşdemir [45]
model
describes
better
the
PSDs
obtained
after
grinding
of
chromite
ores
by
low
energy
events,
mention that the GGS model describes better the PSDs obtained after grinding of chromite ores by i.e.,
jaw and cone crushing, while the RR model is more suitable for PSDs obtained by high energy events,
i.e., hammer crushing and ball milling.
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low energy events, i.e., jaw and cone crushing, while the RR model is more suitable for PSDs obtained
by high energy events, i.e., hammer crushing and ball milling.
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Table 5. Model distribution parameters for the slag grinding products.
Grinding Time (min)
Parameters
Model
Grinding
Time
15
30
45
60 (min) 90
Model
Parameters
15
30
45
60
90
N
1.10
1.42
1.66
1.81
2.16
N
1.10
1.42
1.66
1.81
2.16
x’
116.8
81.5
66.5
60.1
47.6
RR
RR
x'
116.8
81.5
66.5
60.1
47.6
0.998
0.998
0.998
0.998
0.997
R2 (Ads.)
0.998
0.998
0.998
0.998
0.997
R2 (Ads.)
xx5050
65.42
65.42 35.06
35.06 24.29
24.29 20.12
20.12 13.21
13.21
Logistic
Λ
1.28
1.24
1.22
1.23
1.18
Logistic
Λ
1.28
1.24
1.22
1.23
1.18
0.993
0.996
0.996
0.995
0.996
R2 2(Ads.)
R (Ads.)
0.993
0.996
0.996
0.995
0.996
KK
506.8
506.8 418.0
418.0 373.5
373.5 349.4
349.4 310.5
310.5
M
0.42
0.35
0.32
0.30
0.270.27
GGS
GGS
M
0.42
0.35
0.32
0.30
0.956
RR2 2(Ads.)
(Ads.)
0.956 0.928
0.928 0.910
0.910 0.897
0.897 0.877
0.877

120
120
2.41
2.41
41.7
41.7
0.997
0.997
10.30
10.30
1.18
1.18
0.995
0.995
286.9
286.9
0.250.25
0.861
0.861

Size parameters such as size modulus and uniformity index were also determined with the use
Size parameters such as size modulus and uniformity index were also determined with the use
of the RR model to characterize particle size distribution of the slag grinding products. As shown in
of the RR model to characterize particle size distribution of the slag grinding products. As shown
Figure 7, the size modulus decreases with increasing grinding time, while the uniformity index
in Figure 7, the size modulus decreases with increasing grinding time, while the uniformity index
becomes higher as grinding proceeds. These results indicate that the finer the product size the higher
becomes higher as grinding proceeds. These results indicate that the finer the
product size the higher
is the n value, and the PSD becomes narrower. Very strong correlations (R2 = 1.00) are obtained with
is the n value, and the PSD becomes narrower. Very strong correlations (R2 = 1.00) are obtained with
the use of exponential functions between size modulus or uniformity index and grinding time.
the use of exponential functions between size modulus or uniformity index and grinding time.

Figure 7. Size modulus and uniformity index versus grinding time using the RR model.

7. Size
uniformity index versus grinding time using the RR model.
4.4.2. FractalFigure
Features
of modulus
Productsand
PSD

Table
6 presents
the
4.4.2.
Fractal
Features
ofestimated
Products fractal
PSD dimensions D of grinding products obtained after different
grinding times using Equations (7) and (8). Linear regression analysis using the Solver tool of Microsoft
6 presents
theexperimental
estimated fractal
D of grinding
products
after
different
Excel Table
was used
to fit the
data dimensions
and the goodness
of fit was
assessedobtained
using the
correlation
grinding
times
using
Equations
(7)
and
(8).
Linear
regression
analysis
using
the
Solver
toolareof
2
coefficient R . The results indicate that the values of D range between 2.58 and 2.75 which
Microsoft with
Excelthe
wasfindings
used toof
fitCarpinteri
the experimental
data [64],
and the
fit was
assessed
using the
consistent
and Pugno
whogoodness
reportedofthat
the fractal
dimension
2. The results indicate that the values of D range between 2.58 and 2.75 which
correlation
coefficient
R
from comminution experiments ranges between 2 and 3. As reported by Taşdemir [48], the grinding
are consistent
with the
findings
of Carpinteri
Pugno
[64],
who reported
that
theof
fractal
dimension
products
of chromite
ore
had different
rangesand
of D
values,
depending
on the
type
machine
used,
from
comminution
experiments
ranges
between
2
and
3.
As
reported
by
Taşdemir
[48],
the
grinding
which in turn affected their breakage mode. For example, in tumbling mills the ore is subjected to
productsforces
of chromite
orethe
hadretention
differenttime
ranges
of Dthey
values,
the type
of machine
used,
repeated
and since
is long
will depending
eventually on
break.
This results
in higher
which
in
turn
affected
their
breakage
mode.
For
example,
in
tumbling
mills
the
ore
is
subjected
D values, indicating wider particle size distribution and bigger proportion of fines in mill productsto
repeated forces
and
since theTable
retention
is long
theyvalue
will of
eventually
break.
results grinding
in higher
compared
to other
machines.
6 alsotime
shows
that the
D increases
withThis
increasing
D
values,
indicating
wider
particle
size
distribution
and
bigger
proportion
of
fines
in
mill
time, because as grinding proceeds more fines are produced. Due to fact that a large amount ofproducts
energy
machines.especially
Table 6 for
also
that the
value
D increases
withdimension
increasing
iscompared
consumedto
forother
size reduction,
theshows
production
of very
fineofparticles,
the fractal
time, because
as grinding
proceeds more
fines are
produced.
Due
to fact that a large
Dgrinding
is also considered
a factor
of comminution
efficiency.
However,
the
goodness-of-fit
(R2 <amount
0.957)
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fractal dimension D is also considered a factor of comminution efficiency. However, the goodnessof-fit (R2 < 0.957) indicates that the single fractal model may not represent the entire range of
indicates that the single fractal model may not represent the entire range of measured particle sizes.
measured particle sizes. The application of the fractal model to PSDs yielded a certain lack-of-fit
The application of the fractal model to PSDs yielded a certain lack-of-fit which is more apparent
which is more apparent during long grinding periods. This is also confirmed from the log-log plot of
during long grinding periods. This is also confirmed from the log-log plot of particle size distribution
particle size distribution of slag after 15 min of grinding (Figure 8). It can be seen that the measured
of slag after 15 min of grinding (Figure 8). It can be seen that the measured data points cannot be
data points cannot be represented by a straight line and a significant increase in slope at finer sizes
represented by a straight line and a significant increase in slope at finer sizes (below ~0.5 µm) is
(below ~0.5 μm) is observed. To overcome this shortcoming, piecewise regression analysis by the
observed. To overcome this shortcoming, piecewise regression analysis by the quasi-Newton nonlinear
quasi-Newton nonlinear estimation method was used to predict the size distributions derived. Figure
estimation method was used to predict the size distributions derived. Figure 9 shows the presence of
9 shows the presence of two different domains of particle sizes indicating that the PSDs of slag
two different domains of particle sizes indicating that the PSDs of slag products may exhibit multi
products may exhibit multi fractal character. These domains can be clearly identified by applying
fractal character. These domains can be clearly identified by applying piecewise regression analysis,
piecewise regression analysis, using Equation (9). Table 6 shows the estimated fractal dimensions D1
using Equation (9). Table 6 shows the estimated fractal dimensions D1 and D2 for the fine and coarse
and D2 for the fine and coarse region of particle sizes, respectively. It is obvious that when piecewise
region of particle sizes, respectively. It is obvious that
when piecewise regression analysis was applied
regression analysis was applied to PSDs higher R2 are obtained compared to single linear regression.
to PSDs higher R2 are obtained compared to single linear regression. The fractal dimension of coarse
The fractal dimension of coarse region (D2) of particle sizes ranges between 2.29 and 2.49, and
region (D2 ) of particle sizes ranges between 2.29 and 2.49, and increases with increasing grinding
increases with increasing grinding time. However, the values of fractal dimension D1 are negative
time. However, the values of fractal dimension D1 are negative and thus have no physical meaning.
and thus have no physical meaning. It is noted that Mandelbrot [65] introduced the fractal geometry
Ittoisdescribe
noted that
Mandelbrot
[65] introduced
the
geometry
to describe
very irregular
that
very
irregular forms
that cannot
befractal
represented
by classical
geometry.
Fractalforms
dimension
cannot
be represented
by classical
geometry.
Fractal
is not necessarily
is not necessarily
an integer,
and ranges
between
the dimension
values of Euclidean
geometryan
forinteger,
a pointand
and
ranges
between
the
values
of
Euclidean
geometry
for
a
point
and
volume
and
varies
from
[48].
volume and varies from 0 to 3 [48]. Thus, the fine region of particles cannot be represented 0bytoa 3fractal
Thus,
the fine
region
of particles
be represented
by adiffraction
fractal dimension
and thisused,
may be
due to
dimension
and
this may
be duecannot
to limitations
of the laser
(LD) technique
as already
limitations
the
laser diffraction
(LD) technique
used, of
as already
in previous
[66,67].
mentionedofin
previous
studies [66,67].
The validity
particle mentioned
size measurements
instudies
the submicron
The
validity
of
particle
size
measurements
in
the
submicron
range
using
light
scattering
systems
is
range using light scattering systems is questionable, and thus the slope of the fine region of particle
questionable,
and thus
slope of the fine region of particle size distributions may be misleading.
size distributions
maythe
be misleading.
Table 6. Fractal dimensions calculated with the use of simple linear model and piecewise
Table 6. Fractal dimensions calculated with the use of simple linear model and piecewise linear
linear regression.
regression.
LinearLinear
Regression
Regression
Grinding
Time (min)
Grinding
Time (min)
D
R2 R2
D
15
15
2.58 2.58 0.9570.957
30
30
2.65 2.65 0.9290.929
45
45
2.68 2.68 0.9110.911
60
2.70 2.70 0.8990.899
60
90
2.73 2.73 0.8790.879
90
120
2.75
120
2.75 0.8630.863

PiecewiseRegression
Regression
Piecewise
D1 D1
D22
R2 R2
−0.64
2.29
0.9930.993
−0.64
2.29
−1.33
2.32
0.9890.989
−1.33
2.32
−1.39
2.34
0.9880.988
−1.39
−1.45
−1.45
2.37
0.9890.989
−1.73
2.44
−1.73
0.9820.982
−1.92
2.49
−1.92
2.49
0.9800.980

Figure 8. Log-log plot of particle size distribution of slag particles after 15 min of grinding.

Figure 8. Log-log plot of particle size distribution of slag particles after 15 min of grinding.
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produced AAMs acquire much higher compressive strength which increases by 200%, from 20.2 MPa
to 60.8 MPa, when the median particle size decreases from 39.9 to 11.9 µm. These results indicate
that when the raw material is finer, and thus has larger surface area, the reactions with the activating
solution proceed faster, and thus the produced AAMs are denser and stronger [69,70]. It is noted that
the increase of ageing period from seven to 28 days increases the compressive strength slightly, but the
results are not provided in this study.
Other selected properties of the produced AAMs, namely, apparent density (g/cm3 ), porosity
(%), and water absorption (%) when different slag particle sizes were used are presented in Table 7.
This table also shows the compressive strength of the AAMs produced under the conditions: H2 O/Na2 O
molar ratio in the reactive paste 12.9, curing temperature 80 ◦ C, curing time 24 h, and ageing period
seven days. It can be seen from this data that there is an evident difference in all properties when
three median sizes of slag particles were used. The main difference was observed in porosity which
decreased from 13.5 to 6.7% when the slag median size decreased from 39.9 to 11.9 µm, indicating
that this property may have a significant effect on the compressive strength of the produced AAMs.
A similar trend was observed for water absorption which decreased from 5.9 to 3.8% by taking into
account the same median sizes. On the other hand, the apparent density of the AAMs increased
from 2.28 g/cm3 when slag with median size 39.9 µm was used to 2.54 g/cm3 when the median size
was 11.9 µm. It is mentioned that the shrinkage of AAMs after curing at 60 or 80 ◦ C was negligible.
The reactivity of different slag products, as denoted by the concentration of Al and Si in solution after
8 mole/L NaOH leaching, and the respective Si/Al ratios, is shown in Table 8. It is observed that when
the slag median size decreases from 39.9 to 11.9 µm the concentration of Si and Al in solution increases
from 216 to 550 mg/L and 57 to 101.5 mg/L, respectively. Thus, the Si/Al ratio also increases and reaches
5.4 when the median size of slag was 11.9 µm. These results justify the magnitude of the compressive
strength values obtained.
Table 7. Selected properties of AAMs produced under the conditions 12.9 H2 O/Na2 O, curing
temperature 80 ◦ C, curing time 24 h, ageing period seven days.
Slag Median Size

Compressive Strength

Apparent Density

Porosity

Water Absorption

µm

MPa

g/cm3

%

%

39.9
23.4
11.9

20.2
33.8
60.8

2.28
2.37
2.54

13.5
10.6
6.7

5.9
4.5
3.8

Table 8. Concentration of Si and Al as well as Si/Al ratio in solution after leaching of slag with different
particle size with NaOH.
Slag Median Size

Si
mg/L

µm
39.9
23.4
11.9

Al

216.0
281.5
550.0

57.0
63.4
101.5

Si/Al
3.8
4.4
5.4

Figure 11 shows SEM-back-scattered electron (BSE) images of selected AAMs produced when
different slag particle sizes were used, i.e., 39.9 µm, 23.4 µm, and 11.9 µm. Overall, significant
differences in the microstructure and the associated EDS analyses were observed among the AAMs
studied. More specifically, the AAMs produced using slag with median size of 39.9 µm, obtained after
30 min of grinding, exhibit heterogeneous structures consisting of elongated and large in size unreacted
slag particles (mostly diaspore, quartz, hedenbergite, and fayalite, in accordance with XRD analyses)
surrounded by a porous and spongy inorganic gel matrix formed during alkali-activation (Figure 11a).
EDS analysis of the inorganic gel (P1) revealed the abundance of Ca, Al, Si, and Fe, as well as the
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the microstructure of AAMs produced using slag with a median size of 39.9 µm due to incomplete gel
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Figure 11. SEM-back-scattered electron (BSE) images of cross-sections of AAMs produced using
Figure 11. SEM-back-scattered electron (BSE) images of cross-sections of AAMs produced using slag
slag particles with median size of (a) 39.9 µm, (b) 23.4 µm, and (c,d) 11.9 µm. The presence of
particles with median size of (a) 39.9 μm, (b) 23.4 μm, and (c,d) 11.9 μm. The presence of unreacted
unreacted compounds, crack propagation and void formation is seen in several spot locations.
compounds, crack propagation and void formation is seen in several spot locations. Q: Quartz (SiO2),
Q: Quartz (SiO2 ), D: Diopside (CaMgSi2 O6 ), M: Magnetite (Fe3 O4 ), F: Fayalite (Fe2 SiO4 ),
D: Diopside (CaMgSi2O6), M: Magnetite (Fe3O4), F: Fayalite (Fe2SiO4), Hd: Hedenbergite
Hd: Hedenbergite (Ca(Fe,Mg)(SiO3 )2 ), Cr-Sp: Cr-Spinel, Fe-Dr: Ferrite dendrites, Ch: Chromite
3)2), Cr-Sp: Cr-Spinel, Fe-Dr: Ferrite dendrites, Ch: Chromite (FeCr2O4), Aw: Awaruite
(Ca(Fe,Mg)(SiO
(FeCr2 O4 ), Aw: Awaruite (Ni3 Fe).
(Ni3Fe).
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elemental composition and selected properties of AAMs, a greater conversion of the precursor material
elemental composition and selected properties of AAMs, a greater conversion of the precursor
material (raw slag) to polymeric compounds is achieved in the prolonged grinding (median size 23.4
μm and 11.9 μm) compared to the AAMs produced from a slag median size of 39.9 μm due to the
higher Ca/Si and Al/Si ratios present, as indicated by EDS analyses (P2 and P3, respectively). As a
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(raw slag) to polymeric compounds is achieved in the prolonged grinding (median size 23.4 µm and
11.9 µm) compared to the AAMs produced from a slag median size of 39.9 µm due to the higher Ca/Si
and Al/Si ratios present, as indicated by EDS analyses (P2 and P3, respectively). As a result, higher
solubilization of Si and Al from the raw slag was attained that subsequently caused the formation of
denser reaction products and the increase in compressive strength, up to 60.8 MPa. On the other hand,
the lower
content
CaPEER
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with the higher Na content detected in AAMs produced when16slag
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Figure 12. XRD patterns of produced AAMs when different median sizes of slag particles were used.
Figure 12. XRD patterns of produced AAMs when different median sizes of slag particles were used.
Synthesis conditions were: molar ratio in the reactive paste H2 O/Na2 O 12.9, curing temperature 80 ◦ C,
Synthesis conditions were: molar ratio in the reactive paste Η2Ο/Νa2Ο 12.9, curing temperature 80 °C,
curingcuring
time time
24 h,24
ageing
period
seven
days.
h, ageing
period
seven
days.
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Figure 13. Correlations between compressive strength of AAMs produced and median size (d50 ), BET
Figure 13. Correlations between compressive strength of AAMs produced and median size (d50), BET
specific surface area of slag.
specific surface area of slag.

5. Conclusions
5. Conclusions
The present experimental study studied the ball mill grinding kinetics of Polish slag in order
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The results show that the particle size of slag products decreases with increasing grinding time,
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show that the particle
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evenproducts
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(120 min).grinding
The equivalent
while
particle
not observed
prolonged
grinding
min). the
Theuse
equivalent
particle
sizesagglomeration
(EPSs) are veryiswell
correlatedeven
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that
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rate
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after prolonged grinding particle size can reach a constant value which is defined as the grinding limit.
and
after prolonged
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a constant
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Among
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is seen
that
Newton nonlinear estimation method showed that the PSDs of slag products exhibit multifractal
character. It is seen that when piecewise regression analysis was applied to PSDs higher R2 are
obtained compared to single linear regression.
In addition, grinding of slag exhibits non-first-order behavior and the reduction rate of each size
is time dependent. The deviation from the first order is more evident for the coarse particles
indicating that these particles exhibit higher grinding efficiency than fine particles. Based on breakage

Minerals 2019, 9, 714

18 of 21

when piecewise regression analysis was applied to PSDs higher R2 are obtained compared to single
linear regression.
In addition, grinding of slag exhibits non-first-order behavior and the reduction rate of each
size is time dependent. The deviation from the first order is more evident for the coarse particles
indicating that these particles exhibit higher grinding efficiency than fine particles. Based on breakage
rate constant K values, it is shown that grinding efficiency increases when the particle size increases,
but drops sharply near zero after prolonged grinding.
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 areas and
react faster with the activating solution, and thus the produced AAMs acquire higher compressive
strength, the maximum value of which reached 60.8 MPa under the conditions slag median size
11.9 µm, H2 O/Na2 O 12.9 molar ratio, curing temperature 80 ◦ C, curing period 24 h, and ageing
period seven days. The results also indicate that the curing temperature is a crucial parameter during
alkali activation, since higher temperatures accelerate activation reactions and thus AAMs with better
mechanical properties are produced. The determination of selected properties of the produced AAMs
revealed that porosity and water absorption decreased when the slag median size decreased, indicating
that these properties have also an impact on the compressive strength. As expected, the apparent
density (g/cm3 ) showed an inverse trend. Finally, correlations between particle size/specific surface
area of the raw material and compressive strength of the produced specimens were established.
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a b s t r a c t
The ﬁrst objective of this experimental study is the assessment of the alkali activation potential of two types of
fayalitic slags, an as-received one (FS) and the one obtained after plasma treatment (FSP) of the initial FS, for
the production of alkali activated materials (AAMs). Furthermore, the second objective is the elucidation of the
co-valorization potential of FS and FSP slags when mixed with ferronickel (FeNi) slag (LS). The alkaline activating
solution used was a mixture of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3). The effect of various operating parameters, such as H2O/Na2O and SiO2/Na2O ratios present in the activating solution, curing temperature, curing period and ageing period on the compressive strength, density, water adsorption, porosity and
toxicity of the produced AAMs was explored. The structural integrity of selected AAMs was investigated after ﬁring specimens for 6 h at temperature up to 500 °C, immersion in distilled water and acidic solution or subjection
to freeze-thaw cycles for a period of 7 or 30 days. The results of this study show that FS- and FSP-based AAMs
acquire compressive strength of 44.8 MPa and 27.2 MPa, respectively. When FS and FSP were mixed with LS at
50:50%wt ratios the compressive strength of the produced specimens increased to 64.3 MPa and 45.8 MPa, respectively. Furthermore, selected AAMs produced after co-valorisation of slags retained sufﬁcient compressive
strength after ﬁring at 500 °C, 45–68 MPa, and exhibited very low toxicity. These ﬁndings prove the alkali activation potential of fayalitic slags as well as their co-valorization with ferronickel slag for the production of AAMs, an
approach which is in line with the principles of zero-waste and circular economy.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

2. Materials and methods

The metallurgical industry produces worldwide large quantities of
various types of slags that are mainly used in construction applications.
Some slags may contain hazardous compounds and their direct use, or
uncontrolled disposal, may cause environmental impacts (Agnello
et al., 2018; Gee et al., 1997; Muñoz et al., 2018). On the other hand, it
has to be underlined that several slags possess beneﬁcial physical and
chemical properties and thus their valorization, following the principles
of zero waste and circular economy, results in environmental beneﬁts
and improves the sustainability of the metallurgical and construction
sectors (Bartzas and Komnitsas, 2015; Liu et al., 2019; Mastali et al.,
2020; Pasetto et al., 2017; Ouellet-Plamondon and Habert, 2014). Regarding the Portland cement industry, it is mentioned that the adoption
of low-carbon binders, namely alkali-activated, carbonate, and beliteye'elimite-based binders, will play a key role in reducing its carbon footprint (Shi et al., 2019).
Alkali activation is considered a feasible approach and has received
great interest over the last 30 years for the valorization of various industrial wastes and the production of materials with amorphous or partially
crystalline structure, beneﬁcial physico-chemical properties and higher
added value (Davidovits, 1991; Komnitsas et al., 2019a; Kriven et al.,
2003; Krivenko and Kovalchuk, 2007; Xu and Van Deventer, 2000).
However, it has to be mentioned that alkali activated cement based
binders may exhibit some shortcomings that need to be clearly addressed before they effectively compete against Portland cement;
these shortcomings mainly include production cost, CO2 emissions
and reduced durability due to efﬂorescence formation, alkali silica reaction and corrosion of reinforced steel (Pacheco-Torgal et al., 2017).
The use of alkali activated materials (AAMs), termed as inorganic
polymers or geopolymers, contributes to considerable savings of virgin
raw materials and a noticeable reduction of the environmental footprint
of various industrial sectors (Duxson et al., 2007; Habert et al., 2011;
Komnitsas and Zaharaki, 2007; Komnitsas, 2011; Komnitsas et al.,
2019b; Palomo et al., 2014; Passuello et al., 2017). Recent studies on
AAMs and various binders also explore their beneﬁcial use in water
and wastewater treatment (Alshaaer et al., 2015; Bumanis et al., 2019;
Luukkonen et al., 2019), as well as in solidiﬁcation/stabilization of contaminated sediments and municipal solid waste incinerator ﬂy ash
(Chen et al., 2019; Komnitsas, 2016; Wang et al., 2019). Successful alkali
activation requires the use of aluminosilicate raw materials, strong alkaline solutions such as NaOH and KOH and a silicate solution such as
Na2SiO3 that is usually added to balance the Si/Al ratio in the reactive
paste, which after curing for a few hours at rather mild temperatures
(30–90 °C) 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).
During the last years, alkali activation of various types of slags has
been widely studied and the results of efforts on upcycling these slags
to produce sustainable cementitious binders have been reported in literature. The produced AAMs have various properties depending on
the mineralogy and chemistry of the raw slags, the particle size, the synthesis conditions, the silicate modulus in the activating solution and the
type of additives used to improve the properties of the produced matrix
(Huang et al., 2017; Kaze et al., 2018; Petrakis et al., 2019; Traven et al.,
2019; Tchadjie and Ekolu, 2018; Yan et al., 2017). In other studies, mixtures of slags with other waste types including ﬂy ash from power stations, bauxite residues, construction and demolition wastes as well as
aluminosilicate minerals such as kaolin or metakaolin in order to regulate the mineralogy of the raw materials have been successfully alkali
activated (Furlani et al., 2018; Marjanović et al., 2015; Onisei et al.,
2012; Pontikes et al., 2013; Provis and Bernal, 2014).
The ultimate objective of this study is the co-valorization of metallurgical slags with different mineralogy and the optimization of alkali
activation conditions for the production of AAMs with beneﬁcial
properties.

2.1. Materials
The raw materials used in this study were two types of slags, namely
a fayalitic slag (FS) produced after pyrometallurgical treatment of copper concentrates in ﬂash smelting furnace in Finland for the production
of copper cathodes, copper sulphate and various metal concentrates
(Saari et al., 2019) and a slag produced after plasma treatment (FSP)
of the previous FS. The plasma treatment was carried out at Tecnalia,
Spain, in a pilot plant furnace at 1650 °C with the use of coke as reducing
agent and calcium hydroxide as ﬂux. It is mentioned that apart from
slag, two more materials were produced, a Zn-rich ﬂy ash and an Ferich metallic fraction, which are both marketable products according
to their composition (Fig. 1). In addition, in order to investigate the
co-valorization potential of different slags for the production of AAMs,
a third slag (LS) produced at Larco S.A, in Greece, after pyrometallurgical
treatment of nickel laterites in electric-arc furnace for the production of
ferronickel (FeNi) was used (Komnitsas et al., 2007).
Prior to use, all slags were pulverized using a Bico type pulverizer
(Type UA, Fritsch, Dresden, Germany) and the particle size distribution
was obtained with the use of a laser particle size analyzer (Mastersizer
S, Malvern Instruments, Malvern, UK). The chemical analysis of the slags
was carried out using a Bruker-AXS S2 Range Spectroscopic Fluorescence Spectrometer A (XRF-EDS, Bruker, Karlsruhe, Germany). The particle size distribution and chemical composition in the form of oxides of
the three slags are presented in Tables 1 and 2, respectively.
It is observed from Table 1 that the 90% passing size (d90) of all slags
is less than 50 μm, which is considered adequately ﬁne for efﬁcient alkali
activation and the production of AAMs, as indicated in previous studies
(Komnitsas et al., 2015).
All slags contain sufﬁcient amounts of SiO2 and Al2O3 for alkali activation, while their F2O3 content is also high (Van De Sande et al., 2020).
It is also observed that the CaO content in FSP and LS slags is higher compared to FS slag (Table 2).

2.2. Synthesis of AAMs
The alkali activating solution used for the synthesis of AAMs was a
mixture of sodium hydroxide (NaOH, Sigma Aldrich) and sodium silicate (7.5–8.5 wt% NaOH and 25.5–28.5 wt% SiO2, Merck). The sodium
hydroxide solution was produced by dissolving anhydrous pellets of

Fig. 1. Plasma treatment of FS slag for the production of FSP slag (and two other
marketable products), carried out at Tecnalia, Spain (the main chemical composition of
FSP slag is also indicated).
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Table 1
Particle size distribution of the three slags.
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Table 3
Test details and selected molar oxides in the activating solution.

Particle size (μm)

FS

FSP

LS

d90
d50

48.6
9.0

41.3
5.7

45.7
8.9

NaOH in distilled water so that solutions with different molarity
(6–10 mol L−1, M) were obtained.
The raw materials were mixed with the activating solution under
continuous stirring in a laboratory mixer for about 15 min in order to
produce a homogeneous paste. Then, the fresh paste was casted in metallic cubic molds (5 cm edge) which were vibrated for a few minutes to
remove air. Pre-curing of the reactive paste was carried out at room
temperature for 6 h until sufﬁcient hardening was enabled. Then, the
produced specimens were sealed in plastic bags to avoid moisture loss
and placed in a laboratory oven (Jeio Tech ON-02G, Seoul, Korea) for
curing at 40, 60 or 90 °C for 24 h. After curing the specimens were removed from the oven, allowed to cool at room temperature (~20 °C),
demoulded and left for ageing for a period of 7 and 28 days. All tests
were carried out in triplicate. The AAM codes, the mixing ratios for all
materials used as well as the H2O/Na2O and SiO2/Na2O ratios in the activating solution are presented in Table 3.
The thermal response of selected AAMs was assessed after ﬁring
them at 250, 350 and 500 °C in a laboratory furnace (N – 8 L Selecta)
for 6 h). Also, the structural integrity of selected AAMs was evaluated
by immersing them in various solutions, namely distilled water and
acidic solution (1 M HCl) for 7 and 30 days or subjecting them to
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
28 days (Standard C1262–10) (ASTM, 2018). Finally, the compressive
strength as well as selected physical properties (i.e. porosity, water absorption and apparent density) of selected specimens after each treatment were determined.

2.3. Characterization of slags and AAMs
Τhe reactivity of slags was evaluated through leaching tests carried
out in 250 mL conical ﬂasks under continuous stirring; 1.0 g of ground
solids was added in 100 mL of 8 M NaOH solution and leaching was carried out for 24 h at room temperature (~20 °C). After leaching solid and
liquid separation was done using 0.45 μm pore size membrane ﬁlters
(PTFE, Chromaﬁl). The concentration of Al and Si in solution was determined using an Inductively Coupled Plasma Mass Spectrometry (ICP
MS, Agilent 7500 cx) equipped with an Agilent ASX-500 Autosampler.
The chemical analysis of raw materials and the produced AAMs was
determined using a Bruker S2 Ranger – energy dispersive X-ray

Table 2
Chemical composition (wt%) of slags.
Oxide

FS

FSP

LS

Na2O
Fe2O3
SiO2
Al2O3
Cr2O3
MgO
CaO
NiO
K2O
TiO2
MnO
SO3
ZnO
Total

0.5
57.6
30.1
2.8
0.06
1.3
1.0
0.2
0.9
0.2
0.06
0.4
2.8
97.9

0.6
31.0
51.8
5.7
0.40
2.5
5.7
–
1.2
0.3
0.1
0.5
0.03
99.8

–
43.8
32.7
8.3
3.1
2.8
3.7
–
–
–
0.4
0.2
–
95.0

AAM
Code

NaOH Slag
(M)
(wt
%)

NaOH H2O
(wt
(wt
%)
%)

FS2
FS3
FS4
FS5
FSP1
FSP2
FSP3
FSP4
FSP5
LS
FS10LS90
FS30LS70
FS40LS60
FS50LS50
FSP10LS90
FSP30LS70
FSP40LS60
FSP50LS50

8
10
6
6
6
8
10
10
10
8
8
8
8
8
10
10
10
10

2.4
3.6
1.3
1.9
2.6
3.6
4.5
2.7
3.6
2.1
2.1
2.2
2.3
2.4
2.0
2.7
3.2
3.8

81.0
76.2
83.7
85.7
82.7
81.1
80.3
82.4
81.4
83.2
83.5
82.6
81.9
81.1
86.7
82.4
79.0
75.0

Na2SiO3
(wt%)

7.1
9.5
8.3 12.0
5.2
9.8
7.7
4.8
10.4
4.3
10.6
4.7
10.2
4.9
6.1
8.8
8.1
7.0
6.3
8.4
6.2
8.2
6.5
8.7
6.8
9.0
7.1
9.4
4.6
6.7
6.2
8.7
7.3 10.5
8.7 12.47

L/S
H2O/Na2O SiO2/Na2O
ratio
0.20
0.25
0.18
0.14
0.17
0.18
0.18
0.17
0.18
0.17
0.17
0.18
0.19
0.20
0.13
0.18
0.22
0.27

17.4
14.8
22.5
20.2
19.5
14.9
11.9
14.6
13.1
17.4
17.4
17.4
17.4
17.4
14.6
14.6
14.6
14.6

1.0
1.0
1.5
0.7
0.4
0.4
0.4
0.9
0.6
1.0
1.0
1.0
1.0
1.0
0.9
0.9
0.9
0.9

ﬂuorescence spectrometer (ED-XRF, Bruker, Karlsruhe, Germany),
while their mineralogical analysis was performed using an X-ray diffractometer with a Cu tube and scanning range from 4° to 70° 2theta
(θ), with a step of 0.02°, and 0.2 s/step measuring time (D8-Advance
type, Bruker AXS, Karlsruhe, Germany). Data were then qualitatively analyzed with the DiffracPlus Software (EVA v. 2006, Bruker, Karlsruhe,
Germany) using the PDF database. Fourier transform infrared (FTIR)
spectroscopy was carried out for the wavenumber range 400 to
4000 cm−1, using a Perkin Elmer Spectrum 1000 spectrometer (Perkin
Elmer, Akron, OH, USA), Pellets produced after mixing a pulverized sample of each specimen with KBr at a ratio of 1:100 w/w. The tests were
carried out at atmospheric pressure under nitrogen atmosphere, with
a ﬂow rate of 100 mL min−1 and a heating rate of 10 °C min−1. The morphology of the AAMs was assessed by Scanning electron microscopy
(SEM) using a JEOL-6380LV scanning microscope (JEOL ltd., Tokyo,
Japan) with an Oxford INCA Energy dispersive spectroscopy (EDS)
micro analysis system (Oxford Instruments, Abingdon, UK). The compressive strength of the produced AAMs was determined using a
MATEST C123N load frame (compression and ﬂexural machine, Matest
S.p.A, Treviolo, Bergamo, Italy). The other properties, namely apparent
density, porosity and water absorption, of selected AAMs were determined according to the standard BS EN 1936 (BSI, 2007).
3. Results and discussions
3.1. Characterization of slags
The reactivity of slags which indicates their alkali activation potential was assessed after leaching with an 8 mol L−1 NaOH solution.
Table 4 shows the concentration of Al and Si in the ﬁnal solution derived
after solid: liquid separation, as well as the respective Si/Al ratios. It is
seen from this data that LS exhibits the highest reactivity, as indicated
by the concentration of Si and Al in the leaching solution, which is
332.5 and 99.1 mg L−1, respectively. The high reactivity of ferronickel
slag has been also shown in earlier studies (Zaharaki and Komnitsas,

Table 4
Concentration of Si, Al and Si/Al ratios in solution after leachinga.
Raw material

Si (mg L−1)

Al (mg L−1)

Si/Al

FS
FSP
LS

139.5
100.0
332.5

14.5
23.9
99.1

9.6
4.2
3.4

a

Leaching with 8 mol L−1 NaOH solution for 24 h.
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2009). The two fayalitic slags, namely FS and FSP, exhibit lower reactivity since the concentrations of Si and especially Al are much lower, compared to the respective concentrations obtained after leaching of the LS
slag; however, their reactivity is considered sufﬁcient for alkali activation. Based on this data, the Si/Al ratios in solution are 9.6, 4.2 and 3.4
for FS, FSP and LS, respectively.
The XRD patterns of all slags are presented in Fig. 2. Magnetite
(Fe3O4) and fayalite (Fe2SiO4) were the main phases detected in FS,
while clinoferrosilite (FeSiO3) was mainly detected in FSP (the detected
graphite (Gr) corresponds to traces of residual carbon from the addition
made in the pilot for the carbo-reduction plasma reaction). The main
mineralogical phases present in LS were magnetite (Fe3O4), quartz
(SiO2), anorthite (CaAl2Si2O8), chromite (FeCr2O4), cristobalite (SiO2),
forsterite (Mg2SiO4), fayalite (Fe2SiO4) and tridymite (SiO2). It is also
mentioned that LS has high amorphous content (~50%) denoted by
the broad hump shown between 2θ 25–400, as also indicated in previous studies (Komnitsas et al., 2009; Zaharaki et al., 2010).
The FTIR spectra of slags FS, LS and FSP are presented in Fig. 3. Regarding FS, the rocking band at 457 cm−1 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 (Komnitsas
et al., 2013; Komnitsas et al., 2015; Yip et al., 2008). An additional
peak associated with the stretching vibrations of T-O-T (T = Si, or Al)
bonds is also seen at 575 cm−1, while the bands at 689 cm−1 and
876 cm−1 are attributed to the bending modes of CO−2
(Komnitsas
3
et al., 2019a, 2019b). The narrow band at 505 cm−1, which is typical
of the Fe\\O stretching vibrations, is due to the presence of magnetite
in LS, as also conﬁrmed by XRD analysis (Muthuvel et al., 2019). The
major band observed at 961 cm−1 represents the Si\\O asymmetric
stretching vibrations with its wide broadness indicating the high
glassy/vitreous content present in FS and LS slags (Chen et al., 2020;
Komnitsas et al., 2009). The FTIR spectrum of LS also shows two narrow
bands at 2845 cm−1 and 2918 cm−1, typical of symmetric and asymmetric –CH2- stretching vibrations, respectively (Li et al., 2019), while
the two bands at 1525 cm−1 and 2370 cm−1 in the FSP are attributed
to the atmospheric carbonation (Gao et al., 2014; Komnitsas et al.,
2015). Finally, the broad bands at 1382 cm−1 and 3423 cm−1, which
are related to the presence of water, are due to bending and stretching
vibrations of O\\H bonds, respectively (Maragkos et al., 2009).

Fig. 3. FTIR spectra of FS, FSP and LS slags.

3.2. Factors affecting the compressive strength of the produced AAMs
3.2.1. Effect of H2O/Na2O molar ratio in the activating solution and ageing
period
Fig. 4 presents the compressive strength of the AAMs produced from
FS (Fig. 4a) and FSP (Fig. 4b), after curing at 90 °C, as a function of H2O/
Na2O molar ratio in the activating solution and ageing period (7 or
28 days). The SiO2/Na2O molar ratio in the activating solution was
kept constant at 1.00 in this series. It is seen that as the H2O/Na2O
molar ratio decreases from 21.6 to 14.8, the compressive strength of
the produced AAMs also decreases, while the increase of ageing period
from 7 to 28 days has only a minor beneﬁcial effect. The maximum compressive strength recorded after a curing period of 28 days, was
28.0 MPa, when the H2O/Na2O ratio was 21.6. On the other hand,
when FSP was used as raw material (Fig. 4b), the decrease in H2O/
Na2O molar ratio from 19.5 to 11.9, resulted in a noticeable increase in
the compressive strength of the produced AAMs. The maximum

Fig. 2. XRD patterns of slags FS, FSP and LS. Phases identiﬁed are: anorthite (A), clinoferrosilite (Cfs), chromite (Ch), cristobalite (Cr), fayalite (F), forsterite (Fo), graphite (Gr), magnetite
(M), quartz (Q), tridymite (T).
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Fig. 4. Effect of H2O/Na2O 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 period 24 h; error bars indicate the standard deviation of measurements obtained from three specimens).

compressive strength recorded was 19.5 MPa when the Η2Ο/Νa2O ratio
was 11.9. It is noted that the SiO2/Na2O molar ratio in alkaline solution
in this series was kept constant at 0.4. As in the previous case, the effect
of the ageing period was negligible.
It is known that the H2O/Na2O ratios plays major role during alkali
activation; low ratio indicates excess of OH– ions which may remain
unreacted and result in the production of specimens with lower
strength, whereas high ratio may indicate either deﬁciency of OH–
ions or excess of water which may also remain unreacted under speciﬁc
synthesis conditions. The optimum H2O/Na2O ratio in each case depends also on the mineralogy of the precursor and the rate of the reaction between the raw material and the alkaline solution, as indicated in
earlier studies (Komnitsas et al., 2019a, 2019b; Soultana et al., 2019;
Zaharaki and Komnitsas, 2009).
The results regarding alkali activation of these two slags may be explained by considering their mineralogy as well as the dissolution of Si
and Al from the raw materials in alkaline conditions as presented in
Table 4. 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. It is also possible that the
reactivity of FSP slag has reduced after plasma treatment.
3.2.2. Effect of curing temperature
The compressive strength of the produced AAMs, as a function of
curing temperature (40, 60 or 90 °C), when FS or FSP was used as precursor is presented in Fig. 5a and b, respectively. In this series, the
SiO2/Na2O molar ratio was kept at 1 and 0.4 for FS and FSP respectively,
as shown in Fig. 4. It is seen from these results that temperature has a
major beneﬁcial effect on the compressive strength of the AAMs produced from both slags, which increases by more than 5 times when
the curing temperature increases from 40 to 90 °C. The maximum

values of compressive strength obtained after an ageing period of
7 days were 26.5 and 18.9 MPa for FS- and FSP-based AAMs, respectively. It is also mentioned that the weight loss of the specimens during
curing increases with increasing temperature from 2 wt% to almost 6 wt
% over the temperature range investigated.
It is well known from previous studies, that higher curing temperature accelerates the rate of reactions between the precursors and the activating solution and improves condensation and re-solidiﬁcation so
that more aluminosilicate bonds are formed, a better microstructure is
developed and the matrix acquires more beneﬁcial mechanical properties (Soultana et al., 2019; Zaharaki et al., 2016). On the other hand, it
should be mentioned that special care should be taken during curing
at higher temperature in order to avoid fast evaporation of water
which may result in incomplete alkali activating reactions
(Gebregziabiher et al., 2016; Sindhunata et al., 2006; Yuan et al., 2016).
3.2.3. Effect of SiO2/Na2O molar ratio in the activating solution
Fig. 6 shows the compressive strength of the AAMs produced from
FS (Fig. 6a) and FSP (Fig. 6b) as a function of SiO2/Na2O molar ratio in
the alkaline solution, using a curing temperature of 90 °C and an ageing
period of 7 days. The respective H2O/Na2O ratios are also shown for both
series; these ratios are slightly different in each case as indicated in
Table 3.
The maximum values of the compressive strength obtained were
44.8 MPa for FS-based AAMs with SiO2/Na2O molar ratio of 1.5, while
when FSP was used the compressive strength was 27.2 MPa with
SiO2/Na2O molar ratio of 0.9. It is seen in both cases that the compressive strength of the produced AAMs decreases with decreasing SiO2/
Na2O molar ratios and this effect is more noticeable for FSP-based specimens. This is mainly due to the fact that when lower SiO2/Na2O molar
ratios are used less Si ions are available to react and form Si-O-Si

Fig. 5. Effect of curing temperature on the compressive strength of (a) FS- and (b) FSP-based AAMs (pre-curing time 6 h, curing period 24 h, ageing period 7 days; error bars indicate the
standard deviation of measurements obtained from three specimens.
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Fig. 6. Effect of SiO2/Na2O ratio in the activating solution on compressive strength of (a) FS- and (b) FSP-based AAMs (pre-curing time 6 h, curing temperature 90 °C, curing period 24 h,
ageing period 7 days; error bars indicate the standard deviation of measurements obtained from three specimens).

bonds and thus specimens with decreased strength are obtained (Gao
et al., 2014; Komnitsas et al., 2009). On the other hand, it is known
that excess of NaOH in the activating solution may cause early precipitation of aluminosilicate gel or reduced dissolution of Si and Al from
the precursor and formation of less oligomers, factors which reduce
the compressive strength (Gao et al., 2014; Lee and van Deventer,
2002; Zhang et al., 2009). Also, excess of Na2SiO3, which is a liquid
with high viscosity, may hinder the rate of reactions between the precursors and the activating solution so that the compressive strength is
reduced (Yuan et al., 2016).
3.2.4. Potential of co-valorization of fayalitic and FeNi slags
In order to assess the potential of slag co-valorization through alkali
activation, precursors obtained by mixing FS and FSP with different ratios of LS were used, since as mentioned earlier LS exhibits higher reactivity during alkali activation.
Fig. 7 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 period 6 h, curing period 24 h, curing temperature 90 °C and ageing period 7 days. The ratios H2O/Na2O and SiO2/
Na2O 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.
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 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

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

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.
Fig. 8 presents the compressive strength obtained from 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 H2O/
Na2O and SiO2/Na2O 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 very high compressive strength which reaches
45.8 MPa also in the case when the mixing ratio FSP:LS is 50:50. This
value is 49% 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. Based on this data, AAMs produced
using a mixture consisting of 30 wt% FSP and 70 wt% LS, which was alkali activated under the optimum conditions, namely SiO2/Na2O 0.9,
curing temperature 90 °C, curing period 24 h and ageing period 7 days
were selected to study their structural integrity.
3.3. Structural integrity and toxicity of AAMs FS30LS70 and FSP30LS70
This section investigates the structural integrity of ΑAMs FS30LS70
and FSP30LS70 which represent specimens produced using the optimum synthesis conditions in the frame of slags co-valorization. In particular, Fig. 9 shows the evolution of the compressive strength of both

Fig. 8. Effect of mixing proportions of FSP and LS on the compressive strength of FSPLSbased AAMs (pre-curing time 6 h, curing period 24 h, curing temperature 90 °C, ageing
period 7 days; error bars indicate the standard deviation of measurements obtained
from three specimens).
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Fig. 9. Compressive strength of FS30LS70 and FSP30LS70 AAMs after ﬁring between 250
and 500 °C; synthesis conditions: pre-curing time 6 h, curing period 24 h, curing
temperature 90 °C, ageing period 7 days; error bars indicate the standard deviation of
measurements obtained from three specimens.

AAMs after ﬁring at 250, 350 and 500 °C for 6 h, while Fig. 10 presents
the evolution of compressive strength after their immersion in distilled
water and 1 M HCl for a period of 7 and 30 days as well as after the implementation of freeze-thaw cycles, using −18 ± 5 °C and room temperature (~24 ± 5 °C), as temperature extremes over a period of 7
and 28 days. The compressive strength of the control specimens is
also shown for comparison.
Fig. 9 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 94 MPa after ﬁring at 250 °C, due to volumetric
shrinkage (5.0%), and drops slightly by ~12% to 68 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 MPa. The compressive strength after ﬁring at higher temperatures,
e.g. 800 °C, drops to less than 15 MPa (data not shown), due to phase
transformations, deterioration of the structural integrity of the 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).
On the other hand, both specimens exhibit also very good to 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

7

for 7 days results in a decrease of compressive strength to 65 MPa for
FS30LS70 (Fig. 10a) and 45 MPa for FSP30LS70 (Fig. 10b), respectively.
Additional retention of both AAMs in HCl solution for 30 days results
in higher drop of compressive strength to 45 MPa and 30 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 67 MPa for FS30LS70 (14% decrease)
and 50 MPa for FSP30LS70 (12% decrease), respectively.
Several studies pertinent to the structural integrity of ΑΑΜs 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 brick-based or
concrete-based AAMs is slightly affected, while the ﬁnal compressive
strength of tile-based AAMs is severely affected when subjected to
freeze–thaw cycles for 1 or 2 months. Mohamed (2019) showed that
the alkali-activated slag concrete demonstrates generally better resistance to freeze-thaw compared to Ordinary Portland Concrete (OPC).
Luukkonen et al. (2018) studied the freeze-thaw resistance of blast furnace slag mortar specimens and showed that they could withstand
120 cycles.
Finally, Table 5 shows the properties, namely porosity (%), water absorption (%) and density (kg m−3) of selected AAMs, i.e. FS, FSP, LS,
FS30LS70, FSP30LS70 as well as the last two after ﬁring at 250 °C and
500 °C. All AAMs examined were produced using the optimum synthesis conditions, as shown in the previous graphs. In this table also 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 was 10.8% for FS4
specimen and decreased to 7.3% 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 2330 to 4330 kg m−3.
Finally, it is mentioned that the solubilisation of heavy metals from
FSP, LS and all produced AAMs is well below all available limits, as indicated by the application of TCLP (US EPA, 1992), EN 12457-3 (2002) and
NEN 7341 (1995) tests. The only raw material that exhibited some toxicity was the original fayalitic slag (FS) and only in terms of Zn, due to its
relatively high content of ZnO (2.80%wt), as shown in Table 2. The application of the TCLP test on FS indicated that Zn concentration in the extract was 10.8 mg L−1 but no limit is indicated for this metal by this
speciﬁc test. The application of the EN 12457-3 test indicated that Zn
solubilisation was 63 mg kg−1 and based on this value FS as a waste
can be only disposed at a landﬁll that accepts hazardous wastes. The application of NEN test indicates that Zn exhibits noticeable solubilisation,

Fig. 10. Compressive strength of (a) FS30LS70 and (b) FSP30LS70 AAMs after immersion in distilled water and 1 M (mol L−1) HCl and implementation of freeze-thaw cycles for 7 and
30 days; synthesis conditions: pre-curing time 6 h, curing period 24 h, curing temperature 90 °C, ageing period 7 days; error bars indicate the standard deviation of measurements
obtained from three specimens.
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Table 5
Physical properties of selected AAMs.
ΑΑΜ code

Compressive
strength
(MPa)

Water
absorption
(%)

Porosity
(%)

Density
(kg/m3)

FS
FSP
LS
FS30LS70 (control)
FS30LS70 after ﬁring at 250 °C
FS30LS70 after ﬁring at 500 °C
FSP30LS70 (control)
FSP30LS70 after ﬁring at
250 °C
FSP30LS70 after ﬁring at
500 °C

44.8
27.2
80.1
77.9
93.9
67.2
57.3
68.3

3.8
4.0
3.0
3.2
3.2
3.9
2.3
3.8

10.8
9.4
8.0
8.6
6.3
10.3
8.5
8.8

2330
2400
2580
2640
4330
2650
3754
3800

45.4

3.8

9.2

3428

since its concentration in the leachate is 355 mg kg−1 at pH 4 and
238,355 mg kg−1 at pH 7; however, it has to be taken into account
that this test is carried out using high L/S ratio, 50:1, and that no limit
is again indicated for this metal. So, alkali activation of these wastes
apart of their co-valorisation and the synthesis of new products that
can be used as binders or construction materials, also results in reduction of their toxicity, in case that such toxicity exists.

3.4. Mineralogy – microstructure of selected AAMs
3.4.1. XRD analysis
Fig. 11 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 (Fe3O4) and fayalite (Fe2SiO4) present in
FS30LS70 are also present 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 identiﬁed in the AMMs indicate that they partially participate in the reactions and thus conﬁrm to some extent the
degree of polymerization (Peys et al., 2019b).

3.4.2. FTIR analysis
Fig. 12 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 indicated that polymerization
took place and has resulted in the increase of the compressive strength.
In this context and in line with XRD results (Fig. 11), the disappearance
of major bands in the 450–650 cm−1 range, which are attributable 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 part of the dissolved aluminosilicate
content has participated in the synthesis of the AAMs (Bernal et al.,
2011). Moreover, the FTIR spectra of the AMMs show a slight shift to
higher wavenumbers for most vibration bands compared to raw slags,
which is typically attributed 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 rocking band at 457 cm−1 in the FS towards higher wavenumber (465 cm−1) along with a signiﬁcant reduction in its intensity in the examined AAMs 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
Fe3+ 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−1 present in the spectra of the raw slags shifts to higher
wavenumbers in FS30LS70, i.e. 1017 cm−1 and 1021 cm−1 before and
after ﬁring at 250 °C for 6 h, respectively. Finally, the weaker bands present at 1630 cm−1 and 3423 cm−1 in the raw LS and 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−1 and
3450 cm−1 in both AAMs, respectively.

3.4.3. SEM analysis
Back-scattered electron (BSE) images of selected AAMs, namely
FS30LS70 before and after ﬁring at 250 °C for 6 h are shown in Fig. 13
(a-d). As shown in XRD patterns, SEM analysis of the polished AAΜ surfaces along with EDS point analyses revealed that fayalite and magnetite
particles 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 (Fig. 13 b and d). Regarding the microstructure of both AAMs, no

Fig. 11. XRD patterns of raw LS and FS slags, as well as AAMs FS30LS70 before and after ﬁring at 250 °C for 6 h - phases identiﬁed are: anorthite (A), chromite (Ch), cristobalite (Cr), fayalite
(F), forsterite (Fo), magnetite (M), quartz (Q), tridymite (T).
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Fig. 12. FTIR spectra of raw slags, namely (a) LS and (b) FS, as well as AAMs (c) FS30LS70 before and (d) FS30LS70 after ﬁring at 250 °C for 6 h.

signs of cracks were observed along the cross sectional interfaces examined as a result of the strong bonds that formed after the reactions between the slag particles (mostly fayalite) and the alkaline activators
(Na2SiO3 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 FS30LS70 before (Fig. 13b) and
after ﬁring (Fig. 13d), respectively. However, the FS30LS70 AAM

Fig. 13. 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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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 holes were ﬁlled with inorganic gel as result of dehydration reactions that took place along with sintering of
the unreacted aluminosilicate content (Rincón 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 (94 MPa). Fig. 13d (zoom of rectangular area of Fig. 13c) shows in detail the presence of columnar elongated of olivine particles (mixed forsterite/fayalite) and ﬁne to coarsesized euhedral crystals of anorthite and fayalite embedded in a glassy
matrix (Gm) (Lemonis et al., 2015).
4. Conclusions
The present study explored the alkali activation potential of fayalitic
slags as well as their co-valorization potential, when mixed with
ferronickel slag, for the production of AAMs.
The experimental results show that under the synthesis conditions:
pre-curing period 24 h, curing temperature 90 °C, curing period 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
AAMs, respectively. The SiO2/Na2O molar ratios used in the activating
solution were 1.5 and 0.9 in each case, respectively.
The results also show the noticeable co-valorization potential of FS
and FSP slags when mixed with LS slag. It is seen that the AAMs produced
after alkali activation of FS-LS and FSP-LS mixtures at ratio 50:50, using
the same as above synthesis conditions, acquire compressive strength of
64.3 MPa and 45.8 MPa, respectively; the SiO2/Na2O molar ratio in the activating solution was 1.0 and 0.9 in each case respectively.
Furthermore, the AAMs produced after alkali activation of slag mixtures maintained sufﬁcient structural integrity after ﬁring for 6 h at temperature up to 500 °C, 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 exhibit very low toxicity, as indicated by the application of TCLP, EN 12457-3 and NEN 7341 tests.
The results of this study proved 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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Abstract: In this experimental study, the alkali activation of acid leaching residues using a mixture
of sodium hydroxide (NaOH) and alkaline sodium silicate solution (Na2 SiO3 ) as activators is investigated. The residues were also calcined at 800 and 1000 ◦ C for 2 h or mixed with metakaolin
(MK) in order to increase their reactivity. The effect of several parameters, namely the H2 O/Na2 O
and SiO2 /Na2 O ratios present in the activating solution, the pre–curing time (4–24 h), the curing
temperature (40–80 ◦ C), the curing time (24 or 48 h), and the ageing period (7–28 days) on the properties of the produced alkali activated materials (AAMs), including compressive strength, porosity,
water absorption, and density, was explored. Analytical techniques, namely X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and elemental
mapping analysis were used for the identification of the morphology and structure of the final
products. The experimental results show that the laterite acid leaching residues cannot be alkali
activated in an unaltered state, and the compressive strength of the produced AAMs barely reaches
1.4 MPa, while the mixing of the residues with 10 wt% metakaolin results in noticeably higher compressive strength (41 MPa). Moreover, the calcination of residues at 800 and 1000 ◦ C has practically
no beneficial effect on alkali activation. Alkali activated materials produced under the optimum
synthesis conditions were subjected to high temperature firing for 2 h and immersed in distilled
water or acidic solution (1 mol L−1 HCl) for 7 and 30 days in order to assess their structural integrity
under different environmental conditions. This study explores the potential of alkali activation of
laterite leaching residues amended with the addition of metakaolin for the production of AAMS that
can be used as binders or in several construction applications in order to enable their valorization
and also improve the environmental sustainability of the metallurgical sector.
Keywords: alkali activated materials (AAMs); laterite acid leaching residues; metakaolin; compressive strength
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1. Introduction
Heap leaching is one of the oldest low-cost hydrometallurgical processes that can
be used for the extraction of base and precious metals, mainly from low-grade ores and
secondary resources [1–4]. The recovery of the metals from the pregnant leach solution
(PLS) generated after leaching is mainly accomplished with the use of solvent extraction
and electrowinning (SX/EW). Heap leaching can be applied for the treatment of various
sulphide and oxide ores, while its efficiency depends on the mineralogical characteristics
of the raw materials, the overall design of the process, and the selectivity of the leaching
agent [5–9]. One of the major environmental concerns associated with heap leaching
is the management of the final leaching residues, the so-called spent ore, which may
contain residual metal values and chemicals. The current industrial practice indicates
that these residues are mainly disposed/stockpiled on site or leached at later periods for
additional metal extraction. However, if residues are not properly managed, e.g., are left
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un-lined or unmonitored, they may cause severe contamination of nearby soils and water
resources, especially in regions with favorable climatic conditions (e.g., high precipitation
and temperature). So far, only a few studies have been carried out to predict or assess risk
in waste disposal areas, while no studies are available for their valorization [10–13].
Laterite ores consist mainly of iron oxides (goethite (FeO(OH)) and hematite (Fe2 O3 )),
aluminum oxides (Al2 O3 ), quartz (SiO2 ), kaolinite (Al2 Si2 O5 (OH)4 ), nontronite (Na0.3 Fe2 ((Si,
Al)4 O10 (OH)2 .nH2 O), serpentine ((Mg,Fe,Ni,Al,Zn,Mn)2−3 .(Si,Al,Fe)2 O5 (OH)4 ), and chlorite ((Mg,Fe,Al)6 (Si,Al)4 O10 (OH)8 ). They account for more than 70% of the world’s nickel
reserves and more than 50% of total Ni production [14–16]. In Greece, the major laterite
deposits are located on the island of Evia and the Lokris region in central Greece, as well as
in Kastoria in northwestern Greece [17]. These deposits are classified into two main types,
namely limonitic, with high iron and low magnesium content (on Evia and in Lokris),
and saprolitic, with high magnesium and low iron content (in Kastoria). Greek laterites
have been treated pyrometallurgically for over 50 years for the production of ferronickel
(FeNi) at the Larco General Mining & Metallurgical Co. S.A (LARCO) plant, located in
Larymna (central Greece) [18]. Due to the decreasing grade of the Greek laterite ores and
the urgent need to reduce environmental impacts, several studies have been carried out
over the last 35 years for the development of alternative treatment techniques involving
atmospheric [19,20], pressure [21], and heap leaching [22–24]. Geopolymers, inorganic
polymers, or alkali activated materials (AAMs) are partially amorphous materials that are
produced by chemical reactions between aluminosilicate raw materials, alkaline (NaOH
and KOH), and/or silicate solutions. They contain Si-O-Al bonds, while the tetrahedral
AlO4 and SiO4 units are built in three dimensional structures [25–29].
Alkali activated materials are partially amorphous and consist of a network of SiO4
and AlO4 tetrahedra, which are linked alternately by sharing all oxygen atoms. Their
production requires reactions between aluminosilicate raw materials and concentrated
alkaline and silicate solutions, often at ambient temperature. The release of Si and Al ions
results in the formation of Mx(AlO2 )y(SiO2 )z.nMOH.mH2 O gel (M: K+ or Na+ ), which
hardens within a few hours. The degree of polymerization of silicate species is mainly
affected by the alkalinity of the activating solution, the temperature, and the liquid to
solid ratio in the starting mixture [30,31]. Raw materials and reagents are mixed together
in order to optimize the SiO2 :Al2 O3 ratio in the reactive paste and then cast and cured
for a few hours at mild temperature so that matrices with the desired microstructure and
properties are obtained [32–36]. Several factors affect the efficiency of alkali activation
and the production of AAMs with beneficial properties, mainly the H2 O/Na2 O and the
SiO2 /Na2 O molar ratios present in the alkali activating solution [33,36,37] and the curing
temperature [38–40]. Alkali activation can be used for the valorization of several industrial
wastes and the production of end-products with tailored physical and chemical properties,
which can be used as building elements or binders, or in several other applications in
various sectors [41–46].
So far, several studies have been carried out, mainly by African scientists, in order
to investigate the alkali activation potential of lateritic soils, which are often used for the
construction of roads and houses in African countries [47,48]. On the other hand, only
a few studies pertinent to valorization of leaching residues through alkali activation are
available [49]. Thus, the objective of the present study was to explore the alkali activation
potential of laterite acid leaching residues in the presence of metakaolin (MK) and develop
an integrated approach that will result in their valorization and the production of high
added value products that can be used as binders or construction elements, in line with the
zero-waste approach and circular economy principles.
2. Materials and Methods
2.1. Materials
The leaching residues (LR) were obtained after the implementation of laboratory
column leaching tests using Greek laterites and H2 SO4 as a leaching medium. The exper-
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imental conditions used are similar to those described in previous recent studies [24,49].
For the production of AAMs, the leaching residues that were used as precursors were first
subjected to solid:liquid separation and were then washed to remove any remaining acidity
and dried at 80 ◦ C for 1 day. In addition, in order to study the effect of calcination of the
precursors on alkali activation, the LR were calcined at 800 and 1000 ◦ C for 2 h. In order to
regulate the Si/Al ratio in the precursors and thus increase their reactivity during alkali
activation, metakaolin (MK) was mixed with the residues in different proportions, e.g., 5
and 10 wt%. Metakaolin was obtained after calcination of kaolin (Al2 Si2 O5 (OH)4 , Fluka) at
750 ◦ C for 2 h in a laboratory oven (N–8L Selecta, Abrera, Spain). The use of metakaolin is
considered beneficial during alkali activation due to its high amorphous content and its
pozzolanic nature. 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 [50–52].
The chemical composition of the raw materials used, in the form of oxides, and their
particle size (expressed as percentage smaller than a specific size) are presented in Table 1.
Loss on ignition (LOI) was determined by heating the materials at 1050 ◦ C for 4 h. Particle
size analysis was determined using a laser particle size analyzer (Mastersizer S, Malvern
Instruments, Malvern, UK).
Table 1. Chemical composition (wt%) and particle size distribution of raw materials.
Component (wt%)

Leaching Residues (LR)

Metakaolin (MK)

SiO2
Al2 O3
Cr2 O3
Na2 O
Fe2 O3
MgO
NiO
K2 O
TiO2
CoO
MnO
CaO
P2 O5
SO3
ZnO
LOI *
Total

30.8
2.3
2.5
50.9
2.1
0.1
0.6
0.02
0.3
3.7
6.2
99.5

54.2
40.3
0.02
1.3
0.6
0.3
2.4
0.4
<0.00097
0.01
0.1
0.5
0.3
<0.00003
100.1

Particle Size

µm

µm

d90
d50

48.2
9.9

25.5
8.8

* LOI: Loss on ignition.

As seen from this table, the leaching residues mainly consist of SiO2 and Fe2 O3 , while
their low content in Al2 O3 (2.7 wt%) indicates poor potential for successful alkali activation.
Thus, the addition of metakaolin with high SiO2 (54.2 wt%) and Al2 O3 (40.3 wt%) content
is anticipated to regulate the SiO2 /Al2 O3 ratio and increase the reactivity of the starting
mixture. Table 1 also shows that both raw materials have adequate and compatible size for
alkali activation because their d90 values are lower than 50 µm [43].
2.2. Synthesis AAMs
The alkali activating solution used for the synthesis of AAMs consisted of sodium
hydroxide (NaOH) and sodium silicate (7.5–8.5 wt% Na2 O and 25.5–28.5 wt% SiO2 , Merck)
solutions. Sodium hydroxide was prepared by dissolving anhydrous pellets of NaOH
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(Sigma–Aldrich, St. Louis, MO, USA) in distilled water so that solutions with different
molarity (6−10 mol L−1 , M) were obtained. The alkali activating solution was left overnight
prior to use.
The synthesis of AAMs was carried out by continuous mixing of the raw materials
and the activating solution for about 10 min in a laboratory mixer until a homogenous
paste was obtained, which was then cast in cubic molds 50 × 50 × 50 mm3 . The molds were
mechanically vibrated for 5 min to eliminate the air voids and then left at room temperature
for 4 to 24 h (pre-curing time) to enable initiation of alkali activating reactions and early
solidification of the paste. The sufficiently hardened specimens were removed from the
molds, wrapped in plastic bags to avoid fast evaporation of water, and cured at 40, 60, and
80 ◦ C for 24 or 48 h in a laboratory oven (Jeio Tech ON−02G, Seoul, Korea). After curing,
the specimens were allowed to cool at room temperature for a period of 7 and 28 days. The
AAM codes of all tests carried out, the mixing proportions, and the different H2 O/Na2 O
and SiO2 /Na2 O ratios in the activating solution are given in Table 2.
Table 2. Alkali activated material (AAM) codes, raw material used, and selected molar ratios in the activating solution.
AAM Code
LR1
LR2
LR3
MK
800LR
1000LR
LR95MK5
800LR95MK5
1000LR95M5
LR90MK10
800LR90MK10
1000LR90MK10
LR90MK10-1
LR90MK10-2
LR90MK10-3

Solids
(wt%)

NaOH
(M)

NaOH
(wt%)

H2 O
(wt%)

Na2 SiO3
(wt%)

L/S Ratio *

H2 O/Na2 O **

SiO2 /Na2 O **

78.1
75.6
73.4
52.0

6
8
10
8

2.2
3.1
4.0
6.0

8.8
9.1
9.3
18.0

10.9
12.2
13.3
24.0

0.25
0.27
0.29
0.92

21.2
17.4
14.8
17.4

1
1
1
1

76.0

8

3.0

8.9

12.0

0.26

17.4

1

74.6

8

3.2

9.5

12.7

0.29

17.4

1

75.8

8

3.1

9.0

12.1

0.27

17.4

1

82.7
80.8
75.0

8

3.5
3.4
2.0

10.4
10.2
7.0

3.4
5.6
16.0

0.16
0.19
0.30

14.8
14.8
21.2

0.3
0.5
1.6

* Liquid-to-solid ratio in the starting mixture, ** Molar ratios in the activating solution. LR1: AAMs produced from laterite leaching
residues using 6 mol L−1 NaOH. 800LR: AAMs produced from calcined at 800 ◦ C laterite leaching residues. LR95MK5: AAMs produced
from laterite leaching residues and metakaolin using mass ratio 95:5. LR90MK10-1: AAMs produced from laterite leaching residues and
metakaolin using mass ratio 90:10 and SiO2 /Na2 O molar ratio 0.3.

For all specimens, the determined properties were compressive strength (MPa), porosity (%), water absorption (%), and density (g cm−3 ). The durability of the selected AAMs
was evaluated after firing them at 200, 400, 600, and 800 ◦ C for 2 h in a laboratory furnace
(N–8L Selecta) as well as after immersion in distilled water or 1 mol L−1 HCl solution for 7
and 30 days.
All tests were carried out in triplicate, and the values given for each parameter are
average; it is mentioned that the difference in measurements was marginal and did not
exceed ±3.8%.
2.3. Characterization of Raw Materials and the Produced AAMs
The laterite leaching residues were first pulverized using a Bico type pulverizer
(Type UA, Fritsch, Dresden, Germany). Prior to alkali activation, their reactivity of raw
materials was assessed through the leaching of 1.0 g of each raw material with 100 mL of
8 mol L−1 (M) NaOH solution for 24 h at room temperature (~20 ◦ C) in 250 mL conical
flasks under continuous stirring. After solid and liquid separation with the use of 0.45 µm
pore size membrane filters (PTFE, Chromafil), the Al and Si concentration in the eluate was
determined using an Inductively Coupled Plasma Mass Spectrometry (ICP MS, Agilent
7500cx) equipped with an Agilent ASX–500 Autosampler (Agilent, Santa Clara, CA, USA).

Environments 2021, 8, 4

5 of 21

The chemical composition of the raw materials and the produced AAMs was determined using a Bruker S2 Ranger–energy dispersive X–ray fluorescence spectrometer
(ED–XRF, Bruker, Karlsruhe, Germany), while their mineralogical analysis using an X-ray
diffractometer (Bruker AXS, D8–Advance, Bruker, Karlsruhe, Germany) with a Cu tube
and a scanning range from 4◦ to 70◦ 2theta (θ) and a step of 0.02◦ , and 0.2 s/step measuring
time. The crystalline phases present in the raw materials and the produced specimens
were identified with the use of the DiffracPlus Software (EVA v. 2006, Bruker, Karlsruhe,
Germany) and the PDF database. Fourier transform infrared (FTIR) analysis was carried
out using pellets produced by mixing the pulverized raw material or AAM with KBr at a
ratio of 1:100 w/w. The analysis was carried out at atmospheric pressure under nitrogen
atmosphere, with a flow rate of 100 mL min−1 and heating rate of 10 ◦ C min−1 using a
PerkinElmer 1000 spectrometer (PerkinElmer, Akron, OH, USA), in the spectra range of 400
to 4000 cm−1 . Microstructural analysis of the produced AAMs was performed with the use
of scanning electron microscopy (SEM) and energy dispersive X–ray spectroscopy (EDS).
For that purpose, a JEOL–6380LV scanning microscope (JEOL Ltd., Tokyo, Japan), operating
at an accelerating voltage of 20 kV equipped with an Oxford INCA EDS microanalysis
system (Oxford Instruments, Abingdon, UK), was used.
The Brunauer–Emmett–Teller (BET) nitrogen adsorption method (using a Quantachrome Nova 2200 analyser (Anton Paar QuantaTec Inc., Boynton Beach, FL, USA)
was considered for the determination of the specific surface area of the raw materials. The
compressive strength of the produced AAMs was determined with the use of a MATEST
C123N load frame (compression and flexural machine, Matest S.p.A, Treviolo, Bergamo,
Italy) with dual range 500/15 kN. Finally, the apparent density (g cm−3 ), the porosity (%),
and the water absorption (%) of the selected AAMs were determined according to the BS EN
1936 standard; 3 measurements using specimens 50 ± 5 mm × 50 ± 5 mm × 50 ± 5 mm
were taken, and average values are given in the paper [53].
3. Results
3.1. Reactivity of Raw Materials
So far, most studies carried out to assess the reactivity and subsequently the potential of various raw materials (i.e., virgin materials, by-products, and wastes) for alkali
activation focused on the calculation of SiO2 /Al2 O3 molar ratios in the raw materials
(precursors) [54–58]. However, this ratio provides only an indication of the reactivity rather
than defines the actual dissolution of the Si and Al that participate during alkali activation
in the formation of Si-O-Al bonds [59–63]. The concentration of Al and Si (in mg L−1 ) in
the eluate after alkaline leaching, using 8 mol L−1 NaOH solution, indicates the reactivity
of the raw materials used in the present study (Table 3); in the same Table, the Si/Al molar
ratio in the eluate is also provided.
Table 3. Concentration of Si, Al, and Si/Al molar ratios in the eluate.
Raw Material

Si
(mg L−1 )

Al
(mg L−1 )

Si/Al
(Molar Ratio)

Leaching residue
Leaching residue calcined at 800 ◦ C
Leaching residue calcined at 1000 ◦ C
Metakaolin

20.1 ± 1.7
12.9 ± 0.9
2.0 ± 0.3
58.7 ± 3.2

2.4 ± 0.4
0.6 ± 0.1
0.4 ± 0.1
41.9 ± 2.3

8.4 ± 2.2
21.5 ± 5.1
5.4 ± 2.0
1.4 ± 0.2

It is observed from this data that, after alkaline leaching of laterite residues, the
concentrations of Si and Al in the eluate were 20.1 and 2.4 mg L−1 , respectively. Calcination
of laterite residues at 800 ◦ C significantly reduced the concentration of Si and Al in the
eluate to 12.9 and 0.6 mg L−1 , respectively, while the increase of the calcination temperature
to 1000 ◦ C resulted in a much lower concentration of both elements in the eluate. Previous
studies have shown that, after calcination of laterite at temperature higher than 800 ◦ C,
structural modifications occur, mainly due to the formation of spinels (Si3 Al4 O12 ) [64,65].
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On the other hand, metakaolin exhibits much higher reactivity, as also indicated in earlier
studies [66–68]. In our case, the concentration of Si and Al in the eluate after alkaline
leaching of metakaolin was 58.7 and 41.9 mg L−1 , respectively, values that indicate high
reactivity during alkali activation and provision of sufficient Si and Al ions that can
participate in the formation of aluminosilicate bonds.
3.2. Properties of AAMs
3.2.1. Alkali Activation of Laterite Leaching Residues
Figure 1 shows the compressive strength of laterite residue based AAMs as a function
of curing temperature (40, 60, and 80 ◦ C) in relation to the H2 O/Na2 O molar ratios (21.2 for
LR1, 17.4 for LR2, and 14.8 for LR3) in the activating solution. The difference in H2 O/Na2 O
molar ratios is due to the slightly different S/L ratios used in each case to obtain a paste
with optimum flowability. In all tests, the curing and ageing periods were 24 h and 7 days,
respectively, while the SiO2 /Na2 O molar ratio in the activating solution was kept constant
at 1. It can be seen from this figure that the effect of temperature is important for all
H2 O/Na2 O molar ratios tested, but the maximum compressive strength recorded is only
1.4 MPa for LR2 (curing temperature, 80 ◦ C, and H2 O/Na2 O molar ratio in the activating
solution, 17.4). It is therefore evident that the laterite leaching residues cannot be effectively
alkali activated in an unaltered state, mainly due to their low content of Al2 O3 (2.7 wt%.),
as shown in Table 1. As a result of this, the concentration of Al ions in the alkaline solution
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defines the extent to which alkali activation reactions proceed so that bonds are developed
and specimens
sufficient
early strength.
pre-curing
may cause
and specimens
acquireacquire
sufficient
early strength.
LongerLonger
pre-curing
periodsperiods
may cause
higher
evaporation
of
water,
which
in
turn
results
in
incomplete
reactions,
development
of
higher evaporation of water, which in turn results in incomplete reactions, development
internal
stresses,
and
voids,
which
hinder
the
development
of
high
strength
during
curing.
of internal stresses, and voids, which hinder the development of high strength during
after
prolonged
curing
periods.
It isIt mentioned
thatthat
optimum
curing.Similar
Similarissues
issuesare
areanticipated
anticipated
after
prolonged
curing
periods.
is mentioned
pre-curing and curing periods, which play a major role in the properties of the produced
optimum pre-curing and curing periods, which play a major role in the properties of the
AAMs, depend on the characteristics of the precursors, the S/L ratio during mixing, and
produced AAMs, depend on the characteristics of the precursors, the S/L ratio during
the curing temperature, need to be carefully defined during alkali activation [36,70–73].
mixing, and the curing temperature, need to be carefully defined during alkali activation
[36,70–73].
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of Selected
AMMs AMMs
3.2.5. Porosity,
Water Absorption,
and Apparent
of Selected
Table 4 shows
porosity
(%), water
(%), and
density
(g cm(g−3)cm−3 ) of
Table 4the
shows
the porosity
(%), absorption
water absorption
(%),apparent
and apparent
density
of the selected
AMMs,
i.e., LR2,
and LR90MK10;
the compressive
strength
val- values
the selected
AMMs,
i.e.,LR95MK5,
LR2, LR95MK5,
and LR90MK10;
the compressive
strength
ues are also
given.
It canItbecan
observed
from this
data
thethat
LR90MK10
specimen,
which which
are also
given.
be observed
from
thisthat
data
the LR90MK10
specimen,
acquiresacquires
the maximum
compressive
strength
(41 MPa),
has the
porosity
(21.3%)
the maximum
compressive
strength
(41 MPa),
haslowest
the lowest
porosity
(21.3%) and
water
absorption
(5.1%),
while
its apparent
density
g −3cm
) is almost
identical
and water
absorption
(5.1%),
while
its apparent
density
(2.3(2.3
g cm
) is−3almost
identical
to to the
one obtained
by LR95MK5.
Thespecimen,
LR2 specimen,
produced
byactivation
alkali activation
of laterite
the one obtained
by LR95MK5.
The LR2
produced
by alkali
of laterite
using
a 2H
O/Na2ratio
O molar
in the 17.4activating
is characterized
residuesresidues
using a H
2O/Na
O2molar
in theratio
17.4activating
solution is solution
characterized
by
by the
highest
porosity
and water(30.7%)
adsorption
(30.7%)
and
the lowest
the highest
porosity
(36.8%)
and (36.8%)
water adsorption
and the
lowest
apparent
den-apparent
−3 ). These values are anticipated by considering the poor alkali activation
−3
density
(1.8
g
cm
sity (1.8 g cm ). These values are anticipated by considering the poor alkali activation
of leaching
and low
the compressive
very low compressive
strengthbyacquired
potentialpotential
of leaching
residues residues
and the very
strength acquired
the re- by the
AAM.
spectiverespective
AAM.
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Table 4. Porosity, water absorption, and apparent density of selected AAMs.
Compressive strength
Porosity
Water Absorption Apparent Density
AAM Code
(MPa)*
(%)
(%)
(g cm-3) Density
Compressive Strength
Porosity
Water Absorption
Apparent
LR2
1.43
36.8
30.7
1.8
(MPa) *
(%)
(%)
(g cm−3 )
LR95MK5
13.3
27.9
13.1
2.2 1.8
1.43
36.8
30.7
LR90MK10
41.0
21.3
5.1
2.3 2.2
13.3
27.9
13.1
*Curing temperature,
80 °C; curing time,
41.0
21.324 h; ageing period, 7 days.
5.1
2.3
* Curing temperature, 80 ◦ C; curing time, 24 h; ageing period, 7 days.

3.2.6. Structural Integrity of LR90MK10 AAM

The
structural
integrity
of LR90MK10
AAMs
was assessed after firing for a period of
3.2.6.
Structural
Integrity
of LR90MK10
AAM
2 h at a broad
temperature
range
varying
between
200 and
800
°C andafter
afterfiring
immersion
in
The structural integrity of LR90MK10 AAMs
was
assessed
for a period
of
−1 HCl) for 7 and 30 days. All◦ AAMs tested were
distilled
water
and
acidic
solution
(1
mol
L
2 h at a broad temperature range varying between 200 and 800 C and after immersion in
produced
underwater
the optimal
conditions,
2O/Na
molar
curing
temperadistilled
and acidic
solutioni.e.,
(1 H
mol
L−12O
HCl)
forratio,
7 and17.4;
30 days.
All
AAMs tested
ture, 80were
°C; and
ageing
period,
7
days.
produced under the optimal conditions, i.e., H2 O/Na2 O molar ratio, 17.4; curing
◦ C; evolution
Figure
5 presents
ofperiod,
the compressive
temperature,
80 the
and ageing
7 days. strength of LR90MK10 AAMs after firing. The
compressive
strength
of
the
control
which
was not
subjected toAAMs
Figure 5 presents the evolution of the specimen,
compressive
strength
of LR90MK10
firing, is
also
shown
for
comparison.
It
is
seen
from
this
data
that
the
compressive
after firing. The compressive strength of the control specimen, which wasstrength
not subjected
decreases
gradually
with
the increase
of firing temperature
and finally
drops
23.1compressive
MPa
to firing,
is also
shown
for comparison.
It is seen from
this data
thattothe
at 800 °C,
whichdecreases
is considered
sufficient
theincrease
use of these
AAMs
as fire resistant
mate- drops
strength
gradually
withfor
the
of firing
temperature
and finally
◦ C, which that
rials. Ittois 23.1
mentioned
thermal-stressing
(from
ambient
to as fire
MPa atfor
800comparison
is considered
sufficient
for the
use oftemperature
these AAMs
1000 °C)
results
in
a
reduction
of
the
unconfined
compressive
strength
(UCS)
of
highresistant materials. It is mentioned for comparison that thermal-stressing (from ambient
◦ C) about
strength
concrete byto96%,
to aboutof5 the
MPaunconfined
[74].
temperature
1000from
results110
in MPa
a reduction
compressive strength
(UCS) of high-strength concrete by 96%, from about 110 MPa to about 5 MPa [74].

Figure 5.
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strengthstrength
of LR90MK10
AAMs after
firing
between
200 and 200 and
Figure
5. Evolution
of the compressive
of LR90MK10
AAMs
after
firing between
oC; ageing ◦period, 7
◦
800 oC for
2
h
(pre-curing
time,
4
h;
curing
time,
24
h;
curing
temperature,
80
800 C for 2 h (pre-curing time, 4 h; curing time, 24 h; curing temperature, 80 C; ageing period,
days; error
barserror
indicate
standard
deviationdeviation
of measurements
obtainedobtained
from three
specimens.
7 days;
bars the
indicate
the standard
of measurements
from
three specimens.

Table 5Table
presents
the evolution
of weight
loss (%),
volumetric
shrinkage
(%), porosity
5 presents
the evolution
of weight
loss
(%), volumetric
shrinkage
(%), porosity
−3
−
3
(%), water
(%), and
apparent
density
(g cm (g) of
It is seen
from
(%), absorption
water absorption
(%),
and apparent
density
cmthe)fired
of theAAMs.
fired AAMs.
It is
seen from
◦ C acquire
this data
thethat
specimens
after firing
800 oatC 800
acquire
the lowest
compressive
strength
thisthat
data
the specimens
after at
firing
the lowest
compressive
strength
−3on
(23.1 MPa)
apparent
density
(1.8 g (1.8
cm−3g), cm
and
the on
other
highest
weightweight
(23.1 and
MPa)
and apparent
density
), and
thehand
otherthe
hand
the highest
loss (12.
1%),
shrinkage
(7.5%),(7.5%),
porosity
(27.2%),
and water
(14.8%).
As Duxson
loss
(12.
1%), shrinkage
porosity
(27.2%),
and adsorption
water adsorption
(14.8%).
As Duxson
et al. [75]
mention,
the increase
of shrinkage
takes place
stepwise
in four temperature
reet al.
[75] mention,
the increase
of shrinkage
takes
place stepwise
in four temperature
◦
regions:
inI,Region
I, at temperatures
below
C,iswhich
is attributed
to the release
gions: in
Region
at temperatures
below 100
°C, 100
which
attributed
to the release
of free of free
at Region
II, between
100–250
pore released
water released
from
the formed
water; water;
at Region
II, between
100–250
°C, due◦ C,
to due
poretowater
from the
formed
gel; gel;
at Region
III, between
250–600
to the
of bound
hydroxyls;
at Region
IV,
at Region
III, between
250–600
°C, due◦ C,
to due
the loss
of loss
bound
hydroxyls;
and at and
Region
IV,
at temperatures
than
to a viscous
sintering–like
process.
As a of
result of
at temperatures
higherhigher
than 700
°C700
due◦ C
to due
a viscous
sintering–like
process.
As a result
these processes,
the specimens
also acquire
the lowest
density.
these processes,
the specimens
also acquire
the lowest
density.
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Table 5. Selected properties of LR90MK10 AAMs after firing at high temperatures.
Water
Temperature
Compressive
Weight Shrinkage
Porosity
Water
ApparentApparent
Density
Compressive
Weight
Absorption
Porosity
(%)
Shrinkage
(%)
Strength
(%) (gDensity
(°C
)
Absorption (%)
cm−3 ) (g cm−3) (%)
Strength
(MPa)
Loss (%)(MPa) Loss (%)
(%)
41.0 AAM
-41.0
2.3 2.3
21.3
5.1
Control
21.3
5.1
34.8
6.3
3.2
2.0 2.0
24.8
8.2
200
34.8
6.3
3.2
24.8
8.2
32.1
7.6
4.3
2.1
25.1
10.8
400
32.1
7.6
4.3
2.1
25.1
10.8
28.5
11.2
7.3
1.8
25.0
11.3
600
28.5
11.2
7.3
1.8
25.0
11.3
23.1
12.1
7.5
1.8
27.2
14.8
800
23.1
12.1
7.5
1.8
27.2
14.8

Figure 6 Figure
shows the
compressive
strength of
LR90MK10
AAMs after
immersion
in
6 shows
the compressive
strength
of LR90MK10
AAMs
after immersion
in
−1 HCl) for 7 and 30 days. The compressive
distilled water
or
acidic
solution
(1
mol
L
−
1
distilled water or acidic solution (1 mol L HCl) for 7 and 30 days. The compressive
strength of
the control
is also provided
for comparison.
As seen from
this from
data, this data,
strength
of thespecimen
control specimen
is also provided
for comparison.
As seen
the compressive
strength of
the specimens
drops slightly
37.5 MPa
and MPa
34.5 MPa
(23.3%
the compressive
strength
of the specimens
dropstoslightly
to 37.5
and 34.5
MPa (23.3%
decrease)decrease)
after theirafter
immersion
in
distilled
water
for
7
and
30
days,
respectively.
A
bigger A bigger
their immersion in distilled water for 7 and 30 days, respectively.
decrease decrease
in compressive
strengthstrength
is observed,
as anticipated,
whenwhen
specimens
are are
im-immersed
in compressive
is observed,
as anticipated,
specimens
−1 −
1
mersed inin1 1mol
L
HCl.
The
recorded
values
are
27.5
MPa
and
12.5
MPa
(72.3%
decrease),
mol L HCl. The recorded values are 27.5 MPa and 12.5 MPa (72.3% decrease), when
when thethe
specimens
areare
immersed
forfor
7 and
30 30
days,
respectively.
It is
mentioned
specimens
immersed
7 and
days,
respectively.
It also
is also
mentioned that a
that a slight
to to
moderate
is noted
noted after
afterimmersion
immersionfor
for3030
days.
slight
moderateincrease
increaseofofsolution
solution pH
pH is
days.
Immersion
Immersion
distilled
water
results
in an
increase
of pH
from
to 10.8,
while
immersion
in in
distilled
water
results
in an
increase
of pH
from
7.6 7.6
to 10.8,
while
immersion
in 1 mol L−1
−1 HCl results in a pH increase from 1.3 to 2.3, as also shown in earlier studies
in 1 mol LHCl
results in a pH increase from 1.3 to 2.3, as also shown in earlier studies with the use of
with the use
of
produced
from different
precursors
AAMsAAMs
produced
from different
precursors
[36,40].[36,40].

Figure 6. Compressive
of LR90MK10
AAMs
after immersion
in distilled
water
and 1 mol L−1
Figure 6. Compressive
strength ofstrength
LR90MK10
AAMs after
immersion
in distilled
water and
1 mol
-1
L HCl forHCl
7 and
synthesis
conditions:
pre-curingpre-curing
time, 4 h; curing
24 h;period,
curing 24 h; curing
for307days;
and 30
days; synthesis
conditions:
time, period,
4 h; curing
temperature,
80 oC; ageing
7 days;
error
barserror
indicate
standard
deviation
of measuretemperature,
80 ◦ period,
C; ageing
period,
7 days;
bars the
indicate
the standard
deviation
of measurements
ments obtained
from
three
specimens.
obtained
from
three
specimens.

3.2.7. Comparison
with
Other Studies
3.2.7. Comparison
with Other
Studies
Table 6 compares
theofresults
of this
to those obtained
from
otherthat
studies that
Table 6 compares
the results
this study
to study
those obtained
from other
studies
investigated
the
production
of
laterite
soil-based
AAMs
using
pre-cursors
with
investigated the production of laterite soil-based AAMs using pre-cursors with different different
mineralogical
composition
that
not subjected
acid leaching
that affects
their nature.
mineralogical
composition
that were
notwere
subjected
to acid to
leaching
that affects
their naGualtieri et al. [76] produced AAMs by alkali activation of calcined laterite (700 ◦ C for
ture.
2 h) and
metakaolin
with the
use ofbyphosphoric
acid, sodium
hydroxide,
and
sodium
Gualtieri
et al.
[76] produced
AAMs
alkali activation
of calcined
laterite
(700
°C silicate
solutions
as
activators.
The
results
showed
that
the
highest
compressive
strength
for 2 h) and metakaolin with the use of phosphoric acid, sodium hydroxide, and sodium achieved
was low,asmore
specifically,
4 MPa,showed
when the
curing
temperature
was 60 ◦strength
C and the ageing
silicate solutions
activators.
The results
that
the highest
compressive
period
was
28
days.
Phummipham
et
al.
[77]
produced
AAMs
by
mixing
achieved was low, more specifically, 4 MPa, when the curing temperature was 60marginal
°C and lateritic
soil with fly ash at a mass ratio of 70:30, using sodium hydroxide and sodium silicate
solutions as activators. The produced specimens acquired slightly higher compressive
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strength, 7.1 MPa, after curing at 30 ◦ C and ageing for 7 days. Furthermore, Nkwaju
et al. [78] investigated the potential of sugar cane bagasse as reinforcement of laterite
soil-based geopolymer cement. The laterite soil, which was the precursor, was calcined at
700 ◦ C for 4 h prior to use. The produced specimens acquired compressive strength that
varied between 15 and 50 MPa, after curing at room temperature and ageing for 28 days.
Lemougna et al. [67] produced AAMs using a mixture of calcined laterite (700 ◦ C for 2 h)
and ground granulated blast furnace slag (50 wt% by weight) as precursors, while the
activators were sodium hydroxide and sodium silicate solutions. The paste cured at 25 ◦ C
and, after ageing for 28 days, the produced specimens acquired a compressive strength
of 65 MPa. This high value is due to the beneficial effect of slag, which is a by-product
with noticeable alkali activation potential. Kaze et al. [73] produced AAMs using laterite
calcined at 600 ◦ C and meta–halloysite as precursors and sodium hydroxide and sodium
silicate solutions as activators. Meta-halloysite was produced by calcining halloysite at
600 ◦ C for 4 h. The produced AMMs acquired a compressive strength of 45 MPa after
curing at 25 ± 3 ◦ C and ageing for 28 days. Finally, Obonyo et al. [79] investigated the
geopolymerization potential of two lateritic soils, also after calcination at 700 ◦ C for 4 h in
the presence of river sand, also using sodium hydroxide and sodium silicate solutions as
alkali activators. The paste was pressed and cured at room temperature for 7 days in order
to produce disks of 40 mm diameter and 6–9 mm thickness. The authors studied in depth
the mechanisms involved in the process as well as the mineralogy and morphology of the
produced specimens.
Table 6. Comparison of results of various studies using laterite-based AAMs.
Conditions

Compressive Strength
(MPa)

Reference

28

4

[76]

27–30

7

7.1

[77]

1.4

25

28

14–50

[78]

Laterite (calcined at
700 ◦ C for 2 h) and slag

1.6

25

28

65

[67]

Laterite (calcined
at 600 ◦ C) and
metahalloysite (calcined
halloysite clay at 600 ◦ C)

0.75

25 ± 3

28

45

[73]

Laterite leaching
residues and metakaolin

1.0

80

7

45

This study

Raw Materials

Sio2 /Na2 O Molar
Ratio

Laterite (calcined at
700 ◦ C for 2 h) and
metakaolin

Temperature
(◦ C)

Ageing Period
(Days)

3.0

60

Marginal lateritic soil
and fly ash

5.6

Iron-rich laterite
(calcined at 700 ◦ C for
4 h) and bagasse fibers

In the present study, the produced AAMs, after alkali activation of laterite leaching
residues amended with 10 wt% metakaolin, acquired a relatively high compressive strength
of 41 MPa. The SiO2 /Na2 O molar ratios used varied from 0.3 to 1.6 due to the different
configurations used. The results show that the use of metakaolin enables the successful
alkali activation of a by-product that has very low inherent alkali activation potential.
3.3. Mineralogy-Morphology of AAMs
3.3.1. XRD Analysis
The XRD patterns of laterite leaching residues and selected AAMs are shown in
Figure 7. It is observed that the main mineralogical phases present in the leaching residues
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are quartz (SiO2 ) and hematite (Fe2 O3 ), while other minor phases are goethite (FeO(OH)),
clinochlore
((Mg,Fe)
5Al(Si3Al)O10(OH)8), and lizardite ((Mg,Fe) 3Si2O5(OH)4) (Figure 7a).
clinochlore
((Mg,Fe)
5 Al(Si3 Al)O10 (OH)8 ), and lizardite ((Mg,Fe) 3 Si2 O5 (OH)4 ) (Figure 7a).
The The
mainmain
Ni-bearing
phases
detected
in the
residues
are chromite
(Cr 2(Cr
O3 NiO)
Ni-bearing
phases
detected
in leaching
the leaching
residues
are chromite
2 O3 NiO)
and and
willemseite
((Ni,Mg)
3Si4O10(OH)2). As a result of the acid column leaching of limonitic
willemseite ((Ni,Mg)3 Si4 O10 (OH)2 ). As a result of the acid column leaching of limonitic
laterite
(CaO(CaO
content,
3.7 wt%;
Table
1) with
the the
use use
H2SO
solution,
gypsum was also
laterite
content,
3.7 wt%;
Table
1) with
H24 SO
4 solution, gypsum was also
detected
in the
On the
hand,
the main
mineralogical
phases
present
in the
detected
inresidues.
the residues.
Onother
the other
hand,
the main
mineralogical
phases
present
in the
XRDXRD
pattern
of
metakaolin
are
quartz
and
muscovite
with
a
broad
amorphous
hump
seenseen
pattern of metakaolin are quartz and muscovite with a broad amorphous hump
between
17° and
(Figure
7b). 7b).
between
17◦ 40°
and2-Theta
40◦ 2-Theta
(Figure

Figure 7. XRD patterns of (a) laterite leaching residues, (b) metakaolin, and (c) AAMs produced
Figure 7. XRD patterns of (a) laterite leaching residues, (b) metakaolin, and (c) AAMs produced
using only leaching residues (LR2 AAM) as well as by mixing (d) leaching residues and metakaolin
using only leaching residues (LR2 AAM) as well as by mixing (d) leaching residues and me◦ C for 2 h.
at mass
ratioratio
90:1090:10
(LR90MK10)
and and
(e) LR90MK10
afterafter
firing
at 800
takaolin
at mass
(LR90MK10)
(e) LR90MK10
firing
at 800
°C for 2h.

After alkali activation (LR2 AAM), which, as explained earlier in this paper, is poor
After alkali activation (LR2 AAM), which, as explained earlier in this paper, is poor
due to the low content of Al2 O3 , a slight increase in the intensity of the peaks of the
due to the low content of Al2O3, a slight increase in the intensity of the peaks of the cryscrystalline phases such as quartz and hematite is observed, compared to the ones present
talline phases such as quartz and hematite is observed, compared to the ones present in
in the laterite leaching residues (Figure 7c). This observation confirms that these phases do
the laterite leaching residues (Figure 7c). This observation confirms that these phases do
not participate in the alkali activation reactions [67].
not participate in the alkali activation reactions [67].
On the contrary, the intensity of the peaks of the crystalline phases present in LR90MK10
On the contrary, the intensity of the peaks of the crystalline phases present in
AAM is significantly lower compared to the ones present in the leaching residues; this
LR90MK10 AAM is significantly lower compared to the ones present in the leaching resiis due to metakaolin addition, which has a high alkali activation potential as a result of
dues;the
this
is due to metakaolin
hasAl
a high
alkaliparticipate
activationin
potential
as a
dissolution
of sufficientaddition,
number which
of Si and
ions that
alkali activated
result
of
the
dissolution
of
sufficient
number
of
Si
and
Al
ions
that
participate
in
alkali
reactions and the development of the geopolymeric network (Figure 7d). Thus, a broad
activated
the 40
development
the
geopolymeric
network
(Figurethe
7d).
Thus,
◦ 2-Theta inof
humpreactions
betweenand
17 and
the
XRD
pattern, which
represents
amorphous
a broad
hump
between
17
and
40°
2-Theta
in
the
XRD
pattern,
which
represents
the
amorcontent typical for metakaolin-based AAMs, is seen [80], which justifies the high compresphous
content
typical
for metakaolin-based
AAMs,
is seenAfter
[80], which
justifies
the high
sive
strength
acquired
by LR90MK10 AAM
(45 MPa).
firing the
leaching
residues
compressive
acquired hump
by LR90MK10
AAM (45 AAM
MPa). isAfter
the leaching
at 800 ◦ C,strength
the amorphous
of the LR90MK10
morefiring
apparent
(Figure 7e).
residues
at 800 the
°C, the
amorphous
hump
of the
LR90MK10
AAM
is more
However,
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of the hump
shifts
towards
lower
2-Theta,
i.e.,apparent
from 27◦(Figure
2-Theta to
◦
7e). However,
the
center
of
the
hump
shifts
towards
lower
2-Theta,
i.e.,
from
27°residues,
2-Theta re26.5 2-Theta for the specimen before and after firing of the laterite leaching
to 26.5°
2-ThetaThis
for the
specimen
and
after depolymerization
firing of the laterite
leaching residues,
spectively.
slight
decreasebefore
implies
partial
of metakaolin
after firing
◦
respectively.
This
slight
decrease
implies
partial
depolymerization
of
metakaolin
after
firat 800 C and the subsequent reorganization of its structure resulting in partial
reduction
o
ing at
C and thestrength
subsequent
itsbeen
structure
resulting
in partial
reducof800
compressive
(23.1reorganization
MPa), as has of
also
reported
in earlier
studies
[81]. In
tion all
of compressive
strength
(23.1
MPa),
as has
also been
reported
earlier
studiesquantities
[81].
laterite leaching
residue
based
AAMs
(before
firing),
minorin
but
detectable
In alloflaterite
leaching
residue
based
AAMswere
(before
firing),inminor
but detectable XRD
quantities
crystalline
chromite
and
gypsum
detected
the corresponding
patterns,
of crystalline
chromite
and
gypsum
were
detected
in
the
corresponding
XRD
patterns,
indicating their partial dissolution after alkali activation.
indicating their partial dissolution after alkali activation.
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3.3.2. FTIR Analysis
3.3.2. FTIR Analysis
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bands at ~1410 cm–1 and ~1490 cm–1 , shown only in the LR90MK10 AAM, 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 CO2
during the curing period [73]. The weaker band located at 1632 cm−1 in the LR2 AAM,
which shifted as a sharper peak at 1648 cm−1 in the LR90MK10 AAM, corresponds to the
characteristic bending vibrations of H-O-H [85]. The presence of water is more evident
in LR90MK10 AAM because a relatively wide absorption band region appeared between
3000 cm−1 and 3700 cm−1 belonging to stretching vibrations of the OH groups as a result
of the hydration processes that took place during alkali activation. After firing the laterite
leaching residues at 800 ◦ C, a structural reorganization of the LR90MK10 AAM was noticed,
which is indicated by the very broad band shown in the region of 800–1200 cm−1 as result
of the stretching vibrations of the Si(Al)–O groups (Figure 8d) [67]. This change in the
polymeric matrix, along with the incomplete dihydroxylation, represented by a narrower
band region between 3000 cm−1 and 3700 cm−1 compared to LR90MK10 AAM, results in
lower compressive strength [86].
3.3.3. SEM Analysis
Figure 9 shows SEM-back-scattered electron (BSE) images of selected AAMs produced using only laterite leaching residues (LR2) as well as by mixing leaching residues
and metakaolin at mass ratio 90:10 (LR90MK10) both as is and after firing at 800 ◦ C for
2 h. Among the AAMs examined, significant differences in the microstructure and the
associated EDS analyses were noticed, depending on the nature of the starting raw materials/binders used. As also shown in the XRD analysis, the examination of LR2 AAM by
SEM/EDS (Figure 9a) revealed a heterogeneous and porous structure with a poor cohesion
between the paste and the raw material that is dominated by large quartz and hematite
crystals (>30 µm) with sharp edges, along with small tabular crystals (<10 µm) of gypsum
and some grains of goethite. It is important to note that some chromite particles with loose
connections were also present inside the pore cavities of the inorganic matrix (dark areas)
of the LR2 AAM. The large number of hollow cavities, irregular voids, and un-reacted or
partially reacted particles indicate a low alkali activation degree, which is confirmed by the
low compressive strength acquired by this specimen (1.3 MPa) [87].
On the other hand, as shown in Figure 9b,c, the microstructure of the AAMs produced
by mixing laterite leaching residues and metakaolin at mass ratio 90:10 (LR90MK10)
is mainly characterized by a more dense and homogeneous polymeric network when
compared to LR2 AAM. Additionally, less voids and fewer unreactive particles, mainly
round in shape, that exhibit better cohesion with the inorganic matrix of the LR90MK10
AAM as well as the presence of mixed aggregates, are shown (Figure 9b). As the alkaliactivation reactions progressed, gel products filled the hollow cavities and voids and
strongly bonded the solid particles together with the precursors to form a compact matrix,
with significantly reduced porosity and water absorption, as shown in Figure 9c (zoom of
rectangular area of Figure 9b). SEM-EDS analyses confirmed the formation of (N,C)–A–S–H
gel with high ratios of Al/Si and Na/Si, 0.32 and 0.43, respectively, and a Ca/Si ratio of
0.15. This microstructure justifies the higher compressive strength of the LR90MK10 AAM
(41 MPa) among all specimens examined in this study (Table 4).
The microstructure of the LR90MK10 AAM was further evaluated using EDS elemental
mapping analysis in order to elucidate the alkali activation mechanisms and the subsequent
formation of reaction products in the polymeric matrix (Figure 10). The results of elemental
mapping show a quite homogenous distribution of the main elements Ca, Fe, Al, Si, S, and
Na throughout the polymeric matrix, thus suggesting the formation of strong bonds due
to reactions between leaching residues, metakaolin, and alkaline activators (NaOH and
Na2 SiO3 solutions). In this context, the elemental maps of Al, Ca, and S indicate that the
high Al content of metakaolin (40.3% as oxide) as well as gypsum formed during the column
acid leaching of the limonitic laterite with the use of H2 SO4 were evenly distributed in the
formed gel. The uniform distribution of gypsum inside the polymeric network indicates
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the synergistic interaction with the metakaolin added in the starting mixture, which results
in the production of specimens with beneficial mechanical properties [88]. However, and
in line with the XRD results, elemental mapping shows that some unreacted particles of
quartz, hematite, and chromite are still present (bright spot areas) in the produced AAMs.
It is important here to note that, despite the fact that laterite leaching residues have a
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Cr indicates that its dissolution from the raw material is extremely limited.
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Figure 10. Elemental mapping analysis of LR90MK10 AAM produced by mixing laterite residues and metakaolin at mass
ratio 90:10.
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