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� Final products exhibit good strength and thermal properties.
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In the present experimental study, the valorization of construction and demolition (C&D) and industrial
wastes, namely ferronickel slag and red mud, through alkali activation is investigated. Specimens were
produced by mixing various proportions of the raw materials with NaOH and sodium silicate solutions.
The paste was cast in cubic metal moulds with an edge of 5 cm, cured at 80 �C for 24 h and then aged for
7 days at room temperature. The produced specimens were subjected to compressive strength testing.
The effect of the molarity of the activating solution, the mineralogy of the raw materials and the ratios
of SiO2/Al2O3 and SiO2/(Al2O3 + CaO) on the compressive strength of the final products was investigated.
Also, the effect of high temperature heating (400–800 �C) on the structural integrity of the produced
specimens was assessed. The use of analytical techniques, namely X-ray diffraction,
Thermogravimetric Analysis, Fourier Transform Infrared Spectroscopy and Scanning Electron
Microscopy provided insights on the morphology, structure and thermal resistance of the produced
specimens.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Alkali activation of aluminosilicates at relatively low tempera-
ture results in the production of cementitious materials, usually
called geopolymers or inorganic polymers, which are characterized
by a partially or fully amorphous polymeric structure consisting of
Si–O–Al bonds. Their properties such as high early strength, chem-
ical and high temperature resistance, depend mainly on the miner-
alogy of the raw materials as well as on the strength of the alkaline
activator used [1,2]. Other parameters affecting their structure are
the curing process and the aging period [3,4].

Alkali activated materials have attracted considerable attention
in the last three decades due to their properties that render them
suitable as alternative binders in the construction industry, as fire/-
corrosion resistant materials or as matrices for the encapsulation
of hazardous elements. Recent research efforts have mainly
focused on the valorization of a wide variety of wastes and the pro-
duction of materials with appropriate physico-chemical, mechani-
cal and thermal properties [5–10].

The reactivity of rawmaterials during alkali activation is mainly
related to the percentage of their amorphous content [11]. The
mechanisms involved in this process have been elucidated to a cer-
tain extent by the use of several analytical techniques including
Scanning Electron Microscopy (SEM), Fourier Transform Infrared
Spectroscopy (FTIR), X-ray Diffraction (XRD), Nuclear Magnetic
Resonance (NMR) Spectroscopy and Thermogravimetric Analysis
(TG) [12–16].

The alkali activation potential of industrial wastes such as fly
ash from thermal power plants, slag from the steel industry and
red mud from alumina production, has been extensively investi-
gated. Fly ash has been considered for the production of elements
with suitable physico-chemical and mechanical properties that can
be used in the construction industry or for immobilization of toxic
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elements [17–21]. High or low calcium slags have been alkali acti-
vated for the production of materials that can be used in various
industrial applications [22–27]. Other recent studies have shown
that wastes such as fly ash, granulated blast furnace slag (GBFS)
and calcium carbide residue can be alkali activated and used as
binders to replace Ordinary Portland Cement (OPC) for the produc-
tion of ‘‘green” concrete as well as for the production of other con-
struction elements with lower carbon footprint [28–31]. The alkali
activation potential of red mud mixed with other industrial wastes
has been also exploited for the production of bricks, tiles and fire
resistant construction materials [32,33].

On the other hand, the alkali activation potential of C&D wastes
still remains a challenge and a rather limited number of studies
have been carried out so far. More specifically, Allahverdi and Kani
[34,35] produced geopolymer cement using waste bricks and con-
crete in different mixing ratios. They found that waste bricks
exhibited better alkali activation potential compared to concrete.
Ahmari et al. [36] produced geopolymeric binder from mixtures
of waste concrete and fly ash. When high alkaline NaOH solutions
were used (10 M) the compressive strength of the final products
reached almost 30 MPa. Reig et al. [37] investigated the properties
and microstructure of alkali-activated cement pastes and mortars
produced from red clay brick waste. They optimised the type and
concentration of alkali activator to produce mortars with compres-
sive strength up to 50 MPa after 7 days of curing at 65 �C. Sun et al.
[38] produced geopolymer-type materials by activating waste
ceramics. The synthesized products exhibited very good thermal
stability and compressive strength of over 75 MPa. Pathak et al.
[39] investigated two types of C&W wastes, i.e. concrete powder
and brick powder, to produce geopolymers. Calorimetric analysis
showed that brick dust is more reactive than concrete waste and
the final products exhibited maximum compressive strength over
10 MPa. It was deduced from their study that the physico-
mechanical properties of geopolymers obtained from these C&D
waste components were comparable with those of other building
materials. Zedan et al. [40] investigated the effect of mixing cera-
mic, red clay brick and concrete wastes with ground granulated
blast furnace slag (GGBFS) on the properties of the produced alkali
activated slag cement. It is mentioned that GGBFS has a much
lower Fe2O3 and higher CaO content than the ferronickel slag used
in this study.

All these studies prove that most components of C&D waste
entail a noticeable alkali activation potential. This potential may
be enhanced if specific ratios of components are mixed to adjust
the mineralogical composition of the starting raw materials prior
to alkali activation [41]. It has to be underlined that the European
Commission has identified C&D wastes as a priority waste flow for
reuse and highlighted the noticeable environmental benefits of
their valorization (Directive 2008/98/EC) [42,43]. These benefits
Table 1
Particle size (lm) of raw materials.

Slag Tiles Bricks Concrete Red mud

Size (lm) <120 <140 <140 <190 <76
d50 (lm) 12 14 7 10 4

Table 2
Chemical composition (%) of raw materials.

Material Fe2O3 SiO2 Al2O3 CaO Na2O

Slag 43.83 36.74 9.32 3.73 –
Tiles 5.39 70.54 9.80 8.78 –
Bricks 6.00 57.79 14.95 8.79 1.03
Concrete 0.75 5.81 1.49 65.42 0.57
Red mud 41.65 9.28 15.83 10.53 2.26
include among others reduction of the consumption of natural
resources, minimization of the volume of wastes that will ulti-
mately be landfilled and reduction of the emission of greenhouse
gases (GHGs) [44–46].

The present experimental study aims to investigate the co-
valorization of C&D and industrial wastes, namely ferronickel slag
and red mud, through alkali activation and define the main factors
that affect the properties of the produced materials. The proposed
approach is in line with the ‘‘zero-waste” and ‘‘circular economy”
principles of the European Commission and contributes to ‘‘closing
the loop” of product lifecycles through greater recycling and re-
use, while it brings maximum benefits for both the environment
and the economy.
2. Experimental procedure

2.1. Materials

The raw materials used in the present study were:

(i) electric arc furnace slag from the ‘‘LARCO S.A” ferronickel plant in Larymna,
prefecture of Lokris, central Greece,

(ii) C&D waste components i.e. tiles, bricks and concrete collected from various
demolished buildings in the city of Chania, island of Crete, Greece and

(iii) red mud from ‘‘Aluminium of Greece”, Agios Nikolaos plant, prefecture of
Veotia, central Greece.

All materials were pulverized using a BICO Type UA pulveriser and a FRITSCH
pulveriser and homogenized. Grain size analysis was determined using a Master-
sizer S (Malvern Instruments) particle size analyser (Table 1). The chemical compo-
sition of the raw materials, as derived from an X-ray fluorescence energy dispersive
spectrometer (XRF–EDS) Bruker-AXS S2 Range type, is presented in Table 2. Loss on
ignition (LOI) was determined by heating each raw material at 1050 �C for 4 h.
2.2. Methodology

In the present study, raw materials were used after grinding in various mix-
tures. The % w/w of each raw material subjected to alkali activation as well as
the codes of all specimens are presented in Table 3. The percentage of each raw
material was selected by taking into account its mineralogical composition and pre-
vious studies carried out by the authors.

Raw materials were mixed under continuous stirring with the activating solu-
tion, which was prepared by dissolving NaOH anhydrous pellets (Sigma Aldrich)
in distilled water and then adding sodium silicate solution (Na2O = 7.5–8.5%,
SiO2 = 25.5–28.5%, Merck). The final solution was allowed to cool at room temper-
ature for 24 h prior to use.

The required amount of NaOH pellets was dissolved in distilled water to obtain
solution molarity 8, 10 or 12 M. The liquid/solid (L/S) ratio varied slightly between
0.27 and 0.33 in order to improve the flowability characteristics of the produced
paste before casting. 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 and improve the properties of the final specimens. The moulds
remained at room temperature for 4 h to allow early initiation of reactions which
favour the development of structural bonds and solidification of the paste. Then
the specimens were demoulded and sealed in plastic bags to prevent fast evapora-
tion of water during curing.

The specimens were then heated at 80 �C in a laboratory oven (ON-02G) for
24 h, allowed to cool and after aging at room temperature for 7 days were subjected
to compressive strength testing using a MATEST C123N load frame. The thermal
behaviour of the specimens was evaluated after heating at high temperature
(400, 600 and 800 �C) for 1 h in a laboratory furnace N-8L Selecta; weight loss, vol-
umetric shrinkage and porosity (using a Micromeritics AutoPore 9400 porosimeter)
were also recorded. All tests and measurements were carried out in triplicate.
K2O MgO TiO2 Cr2O3 LOI SUM

– 2.76 – 2.82 – 99.2
1.37 4.46 0.77 – – 101.1
2.80 4.75 0.85 – 1.89 98.9
1.26 4.21 0.03 – 21.59 101.1
0.21 – 4.73 – 16.77 101.3



Table 3
% w/w of each raw material used for the production of each alkali activated specimen.

Code Slag Tiles Bricks Concrete Red mud

S 100 – – – –
T – 100 – – –
B – – 100 – –
C – – – 100 –
R – – – – 100
50S-20T-20B-10C 50 20 20 10 –
25S-30T-30B-15C 25 30 30 15 –
50S-10T-10B-30C 50 10 10 30 –
90S-10R 90 – – – 10
80S-20R 80 – – – 20
70S-30R 70 – – – 30
60S-40R 60 – – – 40
50S-50R 50 – – – 50
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XRD analysis of the raw materials and the produced specimens was performed
using a Bruker AXS (D8 Advance type) diffractometer with Cu tube, scanning range
from 4� to 70� 2h, step 0.02� and measuring time 0.2 s/step. The qualitative analysis
was assessed with the use of the DIFFRACplus EVA v. 2006 software and the Powder
Diffraction File (PDF-2) database. TG analysis was carried out using a TGA-6/DTG
Perkin Elmer differential thermogravimetric analyser (temperature measurement
precision ±2 �C, microbalance sensitivity <5 lg). The experiments were carried
out at atmospheric pressure under nitrogen atmosphere, with a flow rate of
100 mL/min and a heating rate of 10 �C/min. FTIR analysis was carried out using
pellets produced after mixing a pulverized sample of each specimen with KBr at
a ratio of 1:100 w/w, using a Perkin-Elmer Spectrum 1000 spectrometer (USA).
SEM analysis was performed with a JEOL 6380LV scanning electron microscope
equipped with an EDS INCA microanalysis system with low vacuum, pressure
30 Pa, voltage 20 kV and 10–12 mm working distance from the detector. Samples
were mounted in resin and thin polished sections were prepared and used for
SEM studies.

3. Results and discussion

3.1. Effect of activating solution molarity on compressive strength

Fig. 1 shows the compressive strength of the specimens pro-
duced by mixing ferronickel slag with C&D wastes in various per-
centages as a function of the molarity of the activating solution (8,
10 or 12 M NaOH); specimen codes are presented in Table 3. It also
shows the indicative compressive strength of the control speci-
mens (S, T, B and C) produced at 10 M NaOH, for comparison.

It is seen from Fig. 1 that the strength of alkali activated speci-
mens is affected by the molarity of the activating solution. At 8 M
NaOH the strength of the specimens for all mixing combinations
tested is around 55 MPa, 30% lower than the strength of the control
slag specimen S. When the molarity of the alkaline solution
increases to 10 M NaOH a noticeable beneficial effect on the com-
pressive strength for all specimens is shown. The highest values,
around 76 MPa, are obtained for specimens which are produced
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Fig. 1. Compressive strength of specimens produced by mixing slag with C&D
wastes (error bars denote standard deviation of three specimens).
from raw material mixtures containing lower percentages of con-
crete, i.e. 10 and 15% w/w (specimens 50S-20T-20B-10C and 25S-
30T-30B-15C, respectively). When the percentage of concrete
increases to 30% w/w (specimen 50S-10T-10B-30C) the strength
drops to just below 60 MPa. When the molarity increases to
12 M NaOH, the strength is slightly decreased compared to 10 M
NaOH, by almost 4%, for all alkali activated combinations tested.
This is maybe due to the presence of unreacted residual alkalis
which makes solidification more slow and results in partial loss
of strength. Lower molarity of NaOH (8 M) does not seem to pro-
vide the overall required alkalinity in the initial paste and thus less
Si and Al ions are dissolved from the raw materials and participate
in the formation of stronger bonds. It is thus deduced that the opti-
mum NaOH molarity for alkali activation of slag and C&D waste
components is 10 M.

Fig. 2 shows the compressive strength of slag-red mud speci-
mens for various mixing ratios vs. the molarity of NaOH. It is
shown from this figure that the optimum NaOH molarity is also
10 M, as discussed in Fig. 1. The compressive strength of the pro-
duced specimens decreases gradually when increased red mud
addition percentages are used in the initial mixtures and reaches
almost 40 MPa when the slag:red mud ratio is 1:1 (50S-50R spec-
imen), which is still an acceptable value for several construction
applications. By taking into account that red mud alone cannot
be alkali activated, as indicated by the compressive strength of
the control R specimen which is just 2.5 MPa, it is deduced that
in order to obtain materials with adequate compressive strength
that can be used in the construction industry, red mud should be
mixed with other suitable raw materials that improve the proper-
ties of the initial mixture.

3.2. Effect of the molar ratios of oxides present in the initial paste

Table 4 shows the molar ratios of various oxides present in the
initial paste, aiming to elucidate the role of the mineralogy of the
rawmaterials during alkali activation. In this table the compressive
strength of all specimens, including the control ones produced
from slag, single components of C&D waste and red mud during
alkali activation with 10 M NaOH are also presented for
comparison.

First of all, it is seen that since slag, tiles and to a lesser degree
bricks are successfully alkali activated, the compressive strength of
the specimens produced using noticeable percentages of these raw
materials is also high. On the other hand, it is shown that higher
percentage of concrete and red mud in the initial paste results in
decrease of the compressive strength.

It is known that specimens with high compressive strength are
usually obtained when high SiO2/Al2O3 molar ratios are present in
the initial paste [41]; these ratios are for example 7.33 and 12.67
when only slag (S) or tiles (T) are alkali activated. High SiO2/Al2O3
80 oC, 24 h
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Fig. 2. Compressive strength of slag-red mud specimens as a function of NaOH
molarity (error bars denote standard deviation of three specimens).



Table 4
Molar ratios of oxides present in the initial paste (10 M NaOH) and compressive
strength of alkali activated products.

Code SiO2
Al2O3

SiO2
CaO

SiO2
ðAl2O3þCaOÞ

SiO2
ðAl2O3þFe2O3Þ

H2O
ðNa2OþK2OÞ

Strength
(MPa)

S 7.33 8.97 4.03 1.68 8.30 76.1
T 12.67 7.76 4.81 9.38 9.03 57.8
B 6.84 6.38 3.30 5.44 8.32 39.4
C 9.86 0.12 0.12 7.47 6.62 7.8
R 1.33 1.10 0.60 0.50 8.11 2.5
50S-20T-

20B-10C
8.5 3.62 2.54 3.18 6.89 76.0

25S-30T-
30B-15C

8.86 2.95 2.21 4.54 6.10 74.1

50S-10T-
10B-30C

8.26 1.38 1.18 2.67 6.96 59.2

90S-10R 6.26 7.04 3.31 1.55 7.80 65
80S-20R 5.44 5.76 2.80 1.43 7.42 56
70S-30R 4.74 4.77 2.38 1.32 7.16 53.2
60S-40R 4.07 3.93 2.00 1.19 6.84 39.8
50S-50R 3.53 7.20 1.70 1.08 6.66 38
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Fig. 3. Compressive strength of selected specimens subjected to high temperature
heating (error bars denote standard deviation of three specimens).
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molar ratios facilitate the formation of dense and strong Si–O–Al
and Si–O–Si bonds.

When the SiO2/Al2O3 ratio is very low, such as the one present
in red mud paste (1.33), very few aluminosilicate bonds are formed
and thus the final strength is also low (2.5 MPa for R specimen), as
discussed in Section 3.4 and in other studies [47,48]. The very low
strength of red mud specimens is also related to the low values of
the ratios SiO2/CaO and SiO2/(Al2O3 + CaO) as shown in Table 4
(1.10 and 0.60, respectively), due to the low SiO2 content (9.28%)
of red mud. Also, the SiO2/(Al2O3 + Fe2O3) molar ratio is very low,
just 0.5 for the R paste. It is thus deduced that when both ratios
SiO2/Al2O3 and SiO2/(Al2O3 + Fe2O3) are low in the starting mixture
the final compressive strength of the specimens will be low. When
both these ratios increase the compressive strength also increases
as also shown for all combinations of mixtures between slag and
red mud (90S-10R to 50S-50R). When the SiO2/(Al2O3 + Fe2O) ratio
is low, specimens can only acquire high strength if the SiO2/Al2O3

ratio is high, as shown for the S specimen.
Regarding concrete, it is deduced from Table 4 that SiO2/Al2O3

and SiO2/CaO are the critical ratios. Concrete has by far the lowest
SiO2 (5.81%) and Al2O3 (1.49%) and the highest CaO content, thus
despite the fact that the SiO2/Al2O3 ratio is high in the initial paste
(9.86) both SiO2/CaO and SiO2/(Al2O3 + CaO) ratios are extremely
low (0.12), and since no alkali activation occurs to dissolve raw
materials and generate Si and Al ions that result in the formation
of aluminosilicate bonds, the compressive strength of the produced
specimens is very low.

On the other hand, as Table 4 data shows concrete can be mixed
with slag and other C&D components, up to 30% w/w in the start-
ing mixture, and alkali activated without affecting noticeably the
final strength of the produced specimens. This is due to the fact
that both critical ratios, as mentioned earlier, are improved (spec-
imens 50S-20T-20B-10C, 25S-30T-30B-15C and 50S-10T-10B-30C).

The ratio H2O/(Na2O + K2O) in the initial paste does not seem to
affect the final compressive strength since it is high in all combina-
tions of raw materials used. It only shows that adequate water was
available in the reactive paste allowing the initiation of alkali acti-
vation reactions. Whether or not these reactions will progress and
to which degree depends on the presence of appropriate percent-
ages of the required mineralogical phases so that optimum ratios
among SiO2, Al2O3 and CaO are present, as discussed earlier, under
the condition that sufficient concentration of alkali activator is
used.

It has to be underlined though that apart from the above men-
tioned ratios, which indicate the alkali activation potential of
specific raw materials, the strength of alkali activation solution
and the reactivity of the most important phases present in raw
materials define the properties of the final products. It is known
that the solubility of Si, Al, and Fe is very important [2,49]. It is also
known that NaOH dissolves more Si and Al from raw materials
compared to KOH [50]. The role of calcium is also important and
the formation of C-S-H and C-A-S-H phases is also possible if the
raw materials contain elevated calcium content, as in the case of
recycled concrete and red mud. On the other hand, it has to be
taken into account that the solubility of calcium decreases at ele-
vated pH and results in the formation of unstable calcium hydrox-
ide, which induces atmospheric carbonation and thus specimens
with lower strength are obtained [51,52].
3.3. Thermal stability

Fig. 3 presents the compressive strength of selected specimens
prepared from slag (S) as well as from mixtures of slag with C&D
waste (25S-30T-30B-15C) or red mud (90S-10R, 50S-50R) and then
subjected to high temperature heating at 400, 600 and 800 �C for
one hour. The compressive strength of the control specimens,
which were not subjected to high temperature heating, is also
given for comparison.

It is shown that for all specimens strength decreases gradually
when temperature increases from 400 to 800 �C. The best beha-
viour is shown for specimens S, prepared only from slag, and
25S-30T-30B-15C, prepared by mixing slag with C&D waste com-
ponents; despite the fact that their strength decreases by almost
60% at 800 �C, it still remains at acceptable values for structural
materials when subjected to thermal heating, close to 30 MPa.
Thus, these materials may be used for passive fire protection in
constructions, as also reported by Sakkas et al. [53]. It is also shown
in Fig. 3 that the slag-red mud specimen 90S-10R which was pro-
duced from a starting mixture with higher slag content (90% w/w)
also retains an acceptable strength value after heating at 800 �C
(�20 MPa) which is much higher than the strength of 50S-50R
specimen (�8 MPa), in which the slag to red mud weight ratio is
1:1.

The decrease in the compressive strength of specimens that
were subjected to high temperature heating is mainly related to
the increased weight loss and volumetric shrinkage that reach
11% and 8%, respectively. Also the decrease in porosity, which for
example for specimen 50S-50R heated at 800 �C reaches 25%, is
an important factor that affects the mechanical properties of the
produced specimens since it is accompanied by the development
of easily visible microcracks. The same behaviour has been also
observed in one of our recent studies [41]. All these factors cause
deterioration of the structural integrity of the specimens as a result
of the partial decomposition of Si–O–Al and Si–O–Si bonds, as also
discussed in other studies [54–58].
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Table 5
FTIR spectra band assignments.

Band number,
cm�1

Assignment

3440, 2950,
2340, 1830

H–O–H stretching and bending vibrations

1490, 1420, 880 Atmospheric carbonation, out of plane bending of CO3

1050 Si–O stretching vibrations and Si–O–Si or Al–O–Si
asymmetric stretching vibrations

710–460 In plane Si–O bending and Al–O linkages as well as
bending Si–O–Si and O–Si–O vibrations
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3.4. Morphology of final products

Our previous studies show that the mineralogy of ferronickel
slag is dominated by the presence of amorphous silicate or alumi-
nosilicate phases exceeding 50% w/w. C&D waste components con-
T
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R
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1440880
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Fig. 6. FTIR spectra of selected specimens produced from slag, C&D waste
tain various crystalline phases such as quartz and calcite, while red
mud consists mainly of hematite, goethite and diaspore [2,41].

Fig. 4 presents the XRD patterns of three selected specimens
produced from mixtures of slag, C&D waste components and red
mud as well as of the respective control specimens produced after
alkaline activation with the use of 10 M NaOH. It is seen from this
figure that all specimens consist of partially reacted or unreacted
crystalline phases, such as quartz, calcite, hematite and albite,
which were also present in the raw materials. The formation of
2950

1830
34402340

0

1900 2400 2900 3400

cm-1

components and red mud (specimen codes are presented in Table 3).
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pirssonite, (Na2Ca(CO3)2�2H2O), in specimens T, C and B is due to
atmospheric carbonation.

It is also seen in Fig. 4 that slag-based specimens (S) which
acquire the highest compressive strength are characterized by cer-
tain degree of amorphicity [59]. In specimens produced from C&D
components which also exhibit quite high degree of amorphicity,
Fig. 7. SEM images and EDS analysis of selected specimens produced from slag, C&
such as B and T, and acquire also high strength, the peaks between
27� and 42� 2-theta become broader. On the other hand, limited
amorphicity is shown in the XRD patterns of C and R specimens
which acquire low strength; in these specimens only unreacted
crystalline phases are present. It is also shown that no significant
changes are present in the XRD pattern of 50S-50R specimen
D waste components and red mud (specimen codes are presented in Table 3).
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heated at 600 �C, compared to the respective non-heated 50S-50R
specimen, apart from the fact that the crystallinity of some peaks
seems to be slightly reduced.

Fig. 5 presents the TG curves, which denote the % weight loss
versus temperature, for the control specimens produced from slag,
bricks, tiles and concrete as well as for specimen 25S-30T-30B-15C
produced after alkaline activation of a mixture comprising specific
percentages of these rawmaterials with the use of 10 M NaOH. It is
shown from this figure that weight is gradually lost for S, T, B and
25S-30T-30B-15C specimens. Up to 200 �C weight loss ranges
between 5 and 8% and is due to the loss of free water, while the
total weight loss has also a narrow range, between 8 and 13%,
indicating that water is bound tightly in the hardened specimens.
Therefore, the noticeable strength of these specimens, ranging
between 39 and 76 MPa, apart from the favourable mineralogical
composition of the raw materials is also due to the appropriate
water content present in the initial paste that initiates favourable
reactions and results in the formation of a dense structure,
Mn((SiO2)z–AlO2)n�wH2O.

Similar results (not shown) derived for slag-red mud specimens
90S-10R, 80S-20R and 70S-30R, for which the total weight loss var-
ies between 9 and 18% and the acquired strength is high, ranging
from 53 to 65 MPa. On the other hand, the control concrete speci-
men (C) which acquires low compressive strength (7.8 MPa) shows
entirely different behaviour. For this specimen, 9% of free water is
lost at around 200 �C while the total weight loss, when the temper-
ature reaches 800 �C, increases to 41% due to the partial decompo-
sition of calcite.

Fig. 6 shows the FTIR spectra of selected specimens produced
from slag, the components of C&D wastes and red mud, while
the respective spectra band assignments are summarized in
Table 5. FTIR analysis confirms the presence of the major finger-
prints of the aluminosilicate matrix around 1050 cm�1 which is
more obvious for high strength specimens, namely B, T, S and
25S-30T-30B-15C. These bands are attributed to Si–O stretching
vibrations and Si–O–Si or Al–O–Si asymmetric stretching vibra-
tions and their presence indicates higher dissolution of the starting
materials, increased amorphicity and thus formation of specimens
with high compressive strength, as also discussed in other relevant
studies [15,60–62].

The band at 1050 cm�1 is also shown, with a lower intensity, for
the 50S-50R specimen and the one heated at 600 �C for one hour,
indicating that most of the aluminosilicate bonds are not broken
during heating at this temperature. A slight shift though of the FTIR
spectra to the left implies that several chemical reactions have
occurred. On the other hand, for the concrete specimen C that
acquires low strength only a small peak at around 1050 cm�1 is
visible.

The bands at 3440, 2950, 2340 and 1830 cm�1 are assigned to
stretching and bending H–O–H vibrations of bound water mole-
cules. The bands between 1420 and 1490 cm�1 as well as at
880 cm�1 are due to atmospheric carbonation and are attributed
to the modes of CO3 in CaCO3. These bands are quite strong in C
and 25S-30T-30B-15C specimens. The bands at around 460–
710 cm�1 which are detected in all specimens are due to in plane
Si–O bending and Al–O linkages as well as Si–O–Si and O–Si–O
bending vibrations [63,64].

SEM images of selected specimens produced from slag, compo-
nents of C&Dwastes and red mud are shown in Fig. 7. It is seen that
the matrix of specimens which acquire the highest compressive
strength is homogeneous due to the sufficient dissolution of the
raw materials and the formation of aluminosilicate gel (e.g. slag
specimen S, Fig. 7a).

The high strength acquired for the B and T specimens, that
ranges between 40 and 58 MPa, is due to the development of net-
works which act as binders between the raw material grains, as
illustrated in Fig. 7b and c, respectively. High content of Si and
Al, which are the main elements required for the formation of alu-
minosilicate bonds, is detected in these specimens. In Fig. 7d an
indicative EDS spectrum is shown for specimen 25S-30T-30B-15C
(Si and Al are the main elements) for which the SEM image is pre-
sented in Fig. 7f.

Finally, a certain degree of homogeneity is shown in 50S-50R
specimen (Fig. 7f) where dispersed angular grains of slag are visi-
ble. It is mentioned that the matrix of specimen R (Fig. 7g), that
is not well solidified and acquires very low strength (2.5 MPa) is
quite different; various voids and pores are identified, while almost
no gel is formed due to limited alkali activation of red mud grains.
In this case Fe is the dominant element, while Si and Al are
detected in very small quantities, as deduced from the EDS analysis
shown in Fig. 7h.
4. Conclusions

The results of this study show that successful alkali activation of
C&D wastes, slag and red mud can be achieved at 80 �C, using
NaOH as alkali activator, for the production of construction mate-
rials. More specifically, the final products acquire optimum proper-
ties only if appropriate ratios of specific mineralogical constituents,
namely SiO2/Al2O3 and SiO2/CaO, are present in the starting mix-
ture, provided of course that sufficient concentration of alkali acti-
vator is used. In this case, alkali activation facilitates the formation
of Si–O–Si and Al–O–Si bonds and the produced materials obtain
beneficial properties. Furthermore, it has been also shown that
final products obtained from specific starting mixtures exhibit
good thermal behaviour and can be used for fire protection.
Another important parameter during alkali activation is the pres-
ence of sufficient water in the reactive paste which facilitates early
initiation of alkali activation reactions.

The use of analytical techniques provides very useful insights
for the characterization and microstructure of the produced speci-
mens. XRD analysis indicates the degree of amorphicity, as well as
the presence of partially reacted or unreacted crystalline phases in
all specimens. TG analysis shows the presence of tightly bound
water in the matrix indicating if specimens will acquire a notice-
able strength. FTIR analysis confirms the presence of the major fin-
gerprints of the aluminosilicate alkali activated matrix. SEM
analysis shows that the matrix of specimens with improved prop-
erties is more homogeneous as a result of the sufficient dissolution
of the raw materials used and the formation of aluminosilicate
bonds.
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