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• Alkali-activated materials (AAMs) were
produced using three metallurgical
slags.

• Use of fayalitic slag (FS), after plasma
treatment (FSP) and ferronickel slag
(LS)

• Mechanical properties of AMMs were
improved when FS and FSP were
mixed with LS.

• AMMs from slag mixtures maintained
very good structural integrity after fir-
ing.

• Alkali activation is a viable option for the
co-valorization of different slags.
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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 slagswhenmixedwith ferronickel (FeNi) slag (LS). The alkaline activating
solution usedwas amixture of sodiumhydroxide (NaOH) and sodium silicate (Na2SiO3). The effect of various op-
erating parameters, such as H2O/Na2O and SiO2/Na2O ratios present in the activating solution, curing tempera-
ture, curing period and ageing period on the compressive strength, density, water adsorption, porosity and
toxicity of the produced AAMswas explored. The structural integrity of selected AAMswas investigated after fir-
ing 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, re-
spectively. Furthermore, selected AAMs produced after co-valorisation of slags retained sufficient compressive
strength after firing at 500 °C, 45–68MPa, and exhibited very low toxicity. These findings prove the alkali activa-
tion potential of fayalitic slags aswell as their co-valorizationwith 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.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.137753&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.137753
mailto:komni@mred.tuc.gr
Journal logo
https://doi.org/10.1016/j.scitotenv.2020.137753
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 K. Komnitsas et al. / Science of the Total Environment 721 (2020) 137753
1. Introduction
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).
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). Re-
garding the Portland cement industry, it is mentioned that the adoption
of low-carbon binders, namely alkali-activated, carbonate, and belite-
ye'elimite-based binders, will play a key role in reducing its carbon foot-
print (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 indus-
trialwastes and theproductionofmaterialswith 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 ad-
dressed before they effectively compete against Portland cement;
these shortcomings mainly include production cost, CO2 emissions
and reduced durability due to efflorescence formation, alkali silica reac-
tion 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
rawmaterials 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 con-
taminated 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 rawmaterials, strong alka-
line 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 lit-
erature. The produced AAMs have various properties depending on
themineralogy and chemistry of the raw slags, the particle size, the syn-
thesis conditions, the silicate modulus in the activating solution and the
type of additives used to improve the properties of the producedmatrix
(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, mix-
tures of slags with other waste types including fly ash from power sta-
tions, bauxite residues, construction and demolition wastes as well as
aluminosilicate minerals such as kaolin or metakaolin in order to regu-
late 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 metal-
lurgical slags with different mineralogy and the optimization of alkali
activation conditions for the production of AAMs with beneficial
properties.
2. Materials and methods

2.1. Materials

The rawmaterials used in this studywere two types of slags, namely
a fayalitic slag (FS) produced after pyrometallurgical treatment of cop-
per 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 °Cwith 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 Fe-
rich 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 Fluores-
cence Spectrometer A (XRF-EDS, Bruker, Karlsruhe, Germany). The par-
ticle 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 adequatelyfine 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 acti-
vation, while their F2O3 content is also high (Van De Sande et al., 2020).
It is also observed that the CaOcontent in FSP and LS slags is higher com-
pared 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 sili-
cate (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



Table 1
Particle size distribution of the three slags.

Particle size (μm) FS FSP LS

d90 48.6 41.3 45.7
d50 9.0 5.7 8.9

Table 3
Test details and selected molar oxides in the activating solution.

AAM
Code

NaOH
(M)

Slag
(wt
%)

NaOH
(wt
%)

H2O
(wt
%)

Na2SiO3

(wt%)
L/S
ratio

H2O/Na2O SiO2/Na2O

FS2 8 81.0 2.4 7.1 9.5 0.20 17.4 1.0
FS3 10 76.2 3.6 8.3 12.0 0.25 14.8 1.0
FS4 6 83.7 1.3 5.2 9.8 0.18 22.5 1.5
FS5 6 85.7 1.9 7.7 4.8 0.14 20.2 0.7
FSP1 6 82.7 2.6 10.4 4.3 0.17 19.5 0.4
FSP2 8 81.1 3.6 10.6 4.7 0.18 14.9 0.4
FSP3 10 80.3 4.5 10.2 4.9 0.18 11.9 0.4
FSP4 10 82.4 2.7 6.1 8.8 0.17 14.6 0.9
FSP5 10 81.4 3.6 8.1 7.0 0.18 13.1 0.6
LS 8 83.2 2.1 6.3 8.4 0.17 17.4 1.0
FS10LS90 8 83.5 2.1 6.2 8.2 0.17 17.4 1.0
FS30LS70 8 82.6 2.2 6.5 8.7 0.18 17.4 1.0
FS40LS60 8 81.9 2.3 6.8 9.0 0.19 17.4 1.0
FS50LS50 8 81.1 2.4 7.1 9.4 0.20 17.4 1.0
FSP10LS90 10 86.7 2.0 4.6 6.7 0.13 14.6 0.9
FSP30LS70 10 82.4 2.7 6.2 8.7 0.18 14.6 0.9
FSP40LS60 10 79.0 3.2 7.3 10.5 0.22 14.6 0.9
FSP50LS50 10 75.0 3.8 8.7 12.47 0.27 14.6 0.9
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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 me-
tallic cubicmolds (5 cm edge) whichwere vibrated for a fewminutes 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 re-
moved 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 ac-
tivating 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 ab-
sorption and apparent density) of selected specimens after each treat-
ment 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 100mL of 8MNaOH solution and leachingwas car-
ried 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 deter-
mined using an Inductively Coupled Plasma Mass Spectrometry (ICP
MS, Agilent 7500 cx) equipped with an Agilent ASX-500 Autosampler.

The chemical analysis of rawmaterials 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 0.5 0.6 –
Fe2O3 57.6 31.0 43.8
SiO2 30.1 51.8 32.7
Al2O3 2.8 5.7 8.3
Cr2O3 0.06 0.40 3.1
MgO 1.3 2.5 2.8
CaO 1.0 5.7 3.7
NiO 0.2 – –
K2O 0.9 1.2 –
TiO2 0.2 0.3 –
MnO 0.06 0.1 0.4
SO3 0.4 0.5 0.2
ZnO 2.8 0.03 –
Total 97.9 99.8 95.0
fluorescence spectrometer (ED-XRF, Bruker, Karlsruhe, Germany),
while their mineralogical analysis was performed using an X-ray dif-
fractometer 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). Datawere then qualitatively an-
alyzed 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 aftermixing a pulverized sam-
ple 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 100mLmin−1 and a heating rate of 10 °Cmin−1. Themor-
phology 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 com-
pressive 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 deter-
mined 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 poten-
tial was assessed after leaching with an 8 mol L−1 NaOH solution.
Table 4 shows the concentration of Al and Si in thefinal 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 139.5 14.5 9.6
FSP 100.0 23.9 4.2
LS 332.5 99.1 3.4

a Leaching with 8 mol L−1 NaOH solution for 24 h.



Fig. 3. FTIR spectra of FS, FSP and LS slags.
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2009). The two fayalitic slags, namely FS and FSP, exhibit lower reactiv-
ity since the concentrations of Si and especially Al aremuch lower, com-
pared to the respective concentrations obtained after leaching of the LS
slag; however, their reactivity is considered sufficient for alkali activa-
tion. 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) wasmainly 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 previ-
ous studies (Komnitsas et al., 2009; Zaharaki et al., 2010).

The FTIR spectra of slags FS, LS and FSP are presented in Fig. 3. Re-
garding 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 CO3

−2 (Komnitsas
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 asym-
metric –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. 2. XRD patterns of slags FS, FSP and LS. Phases identified are: anorthite (A), clinoferrosilite
(M), quartz (Q), tridymite (T).
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
from7 to 28 days has only aminor beneficial effect. Themaximumcom-
pressive 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
(Cfs), chromite (Ch), cristobalite (Cr), fayalite (F), forsterite (Fo), graphite (Gr), magnetite



Fig. 4. Effect of H2O/Na2Omolar 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).
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compressive strength recorded was 19.5MPa when theΗ2Ο/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 whichmay also remain unreacted under specific
synthesis conditions. The optimum H2O/Na2O ratio in each case de-
pends also on the mineralogy of the precursor and the rate of the reac-
tion between the rawmaterial 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 ex-
plained 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 re-
spective 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 pre-
cursor is presented in Fig. 5a and b, respectively. In this series, the
SiO2/Na2Omolar 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 pro-
duced from both slags, which increases by more than 5 times when
the curing temperature increases from 40 to 90 °C. The maximum
Fig. 5. Effect of curing temperature on the compressive strength of (a) FS- and (b) FSP-based A
standard deviation of measurements obtained from three specimens.
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, respec-
tively. It is also mentioned that the weight loss of the specimens during
curing increaseswith increasing temperature from2wt% to almost 6wt
% over the temperature range investigated.

It is well known from previous studies, that higher curing tempera-
ture accelerates the rate of reactions between the precursors and the ac-
tivating 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 proper-
ties (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 respectiveH2O/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 compres-
sive strength of the produced AAMs decreases with decreasing SiO2/
Na2Omolar ratios and this effect is more noticeable for FSP-based spec-
imens. 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
AMs (pre-curing time 6 h, curing period 24 h, ageing period 7 days; error bars indicate the



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).
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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 precipi-
tation 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 pre-
cursors 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 ra-
tios of LS were used, since as mentioned earlier LS exhibits higher reac-
tivity 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 themix-
tures were pre-curing period 6 h, curing period 24 h, curing tempera-
ture 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 pro-
duced 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 sim-
ilar 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 combina-
tions 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 pro-
duced 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 al-
kali 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 opti-
mum synthesis conditions in the frame of slags co-valorization. In par-
ticular, 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 FSPLS-
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).



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.
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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 im-
plementation of freeze-thaw cycles, using −18 ± 5 °C and room tem-
perature (~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 in-
creases 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 45MPa. 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 speci-
mens 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 pro-
duced after firing can be potentially used as medium fire-resistant ma-
terials (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 speci-
mens, even after a period of 30 days, whereas immersion in HCl solution
Fig. 10. Compressive strength of (a) FS30LS70 and (b) FSP30LS70 AAMs after immersion in di
30 days; synthesis conditions: pre-curing time 6 h, curing period 24 h, curing temperature 9
obtained from three specimens.
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 30days, it is seen
that both specimens respond verywell 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 resis-
tance to freeze-thaw compared to Ordinary Portland Concrete (OPC).
Luukkonen et al. (2018) studied the freeze-thaw resistance of blast fur-
nace slag mortar specimens and showed that they could withstand
120 cycles.

Finally, Table 5 shows the properties, namely porosity (%), water ab-
sorption (%) 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 synthe-
sis 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 indi-
cated by the application of TCLP (US EPA, 1992), EN 12457-3 (2002) and
NEN 7341 (1995) tests. The only rawmaterial that exhibited some tox-
icitywas 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 appli-
cation of the TCLP test on FS indicated that Zn concentration in the ex-
tract 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 hazardouswastes. The ap-
plication of NEN test indicates that Zn exhibits noticeable solubilisation,
stilled water and 1 M (mol L−1) HCl and implementation of freeze-thaw cycles for 7 and
0 °C, ageing period 7 days; error bars indicate the standard deviation of measurements



Table 5
Physical properties of selected AAMs.

ΑΑΜ code Compressive
strength
(MPa)

Water
absorption
(%)

Porosity
(%)

Density
(kg/m3)

FS 44.8 3.8 10.8 2330
FSP 27.2 4.0 9.4 2400
LS 80.1 3.0 8.0 2580
FS30LS70 (control) 77.9 3.2 8.6 2640
FS30LS70 after firing at 250 °C 93.9 3.2 6.3 4330
FS30LS70 after firing at 500 °C 67.2 3.9 10.3 2650
FSP30LS70 (control) 57.3 2.3 8.5 3754
FSP30LS70 after firing at
250 °C

68.3 3.8 8.8 3800

FSP30LS70 after firing at
500 °C

45.4 3.8 9.2 3428
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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 reduc-
tion 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 solu-
tion. 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 par-
tially participate in the reactions and thus confirm to some extent the
degree of polymerization (Peys et al., 2019b).
Fig. 11.XRD patterns of raw LS and FS slags, aswell as AAMs FS30LS70 before and after firing at
(F), forsterite (Fo), magnetite (M), quartz (Q), tridymite (T).
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 com-
parison. 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 con-
tent 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 to-
wards higher wavenumber (465 cm−1) along with a significant reduc-
tion in its intensity in the examined AAMs is observed. Another
explanation that is proposed, apart from the higher Si content of the in-
organic 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, theweaker bands pres-
ent 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 sur-
faces alongwith EDS point analyses revealed that fayalite andmagnetite
particles were the major mineralogical phases identified after alkali ac-
tivation.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
250 °C for 6 h - phases identified are: anorthite (A), chromite (Ch), cristobalite (Cr), fayalite



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.
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signs of cracks were observed along the cross sectional interfaces exam-
ined as a result of the strong bonds that formed after the reactions be-
tween the slag particles (mostly fayalite) and the alkaline activators
(Na2SiO3 and NaOH). In this context, the presence of inorganic
Fig. 13. SEM-BSE images of polished cross-sections of selectedAAMs (a,b) FS30LS70 and (c,d) FS
of metallic and oxide phases, the formation of mixed aggregates and newly formed inorganic
Glassy matrix, G1:Gel, G2: Gel).
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
30LS70 afterfiring at 250 °C for 6 h. EDS spectra show in several spot locations thepresence
gels (Q: Quartz, Fo: Forsterite, F: Fayalite, M: Magnetite, Olv: Olivine, Ch: Chromite, Gm:
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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 re-
sult 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 (94MPa). Fig. 13d (zoom of rectan-
gular area of Fig. 13c) shows in detail the presence of columnar elon-
gated 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).

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 slagswhenmixedwith 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
64.3MPa and 45.8MPa, respectively; the SiO2/Na2Omolar ratio in the ac-
tivating solution was 1.0 and 0.9 in each case respectively.

Furthermore, the AAMs produced after alkali activation of slag mix-
turesmaintained sufficient structural integrity afterfiring for 6 h at tem-
perature 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 applica-
tion 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 AAMswith
beneficial properties, thus enabling theminimization of these wastes and
the reduction of the environmental footprint of the metallurgical sector.
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