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A B S T R A C T   

The production of alkali-activated materials with excellent mechanical performance requires the use of water 
glass, which has a significant carbon footprint. Such materials can have a lower carbon footprint if we replace 
water glass with alternative activators sourced from waste. In this study, we assessed the suitability of locally 
available amorphous waste materials (stone wool, glass wool, bottle glass and cathode-ray tube glass) as a source 
for the preparation of alternative alkali activators. We quantified the amount of silicon and aluminium dissolved 
in the activator solutions via inductively coupled plasma-optical emission spectrometry. The alternative acti-
vators were then used to produce alkali-activated fly ash and slag. The compressive strength values of alkali- 
activated fly ash specimens upon the addition of NaOH, water glass and the most promising alternative acti-
vator were 38.98 MPa, 31.34 MPa and 40.37 MPa, respectively. The compressive strength of slag specimens 
activated with alternative activators with the highest concentration of dissolved silicon (21 g/L) was, however, 
70% higher than the compressive strength of slag specimens activated with only 10 M sodium hydroxide. The 
compressive strength of slag specimens with the addition of the most promising alternative activator was 
significantly lower (3.5 MPa) than the compressive strength of those that had been activated by commercial 
water glass (34.3 MPa).   

1. Introduction 

Alkali-activated materials (AAM) are formed when amorphous 
aluminosilicate precursors react with alkali activator solutions [1]. The 
materials most studied as precursors have been natural raw materials 
(metakaolin), industrial by-products (fly ash and different slags), recy-
cled aluminosilicate sources (glass and mineral wool waste), and com-
binations thereof [2]. Aqueous solutions of alkali metal hydroxides and 
silicates (water glass) have usually been used as activators. 

Alkali-activated materials have been widely studied over the last 
decade, as they present a technically acceptable alternative to ceramics 
or concrete. Moreover, when compared to other technically competitive 
products, alkali-activated materials have a number of environmental 
benefits, as has been proven through life cycle assessment (LCA) [3]. 
Their environmental benefits are particularly apparent if they are pro-
duced from locally available waste materials, since they then do not 
present a burden to the environment [4,5]. 

There are also, nevertheless, some less favourable calculations with 
respect to the individual ingredients of alkali activated materials. In 

particular, the production of water glass requires significant energy, and 
is responsible for the largest overall contribution to the final carbon 
footprint of alkali activated materials [6,7]. The cost of such commercial 
activators is also high when comparing alkali-activated materials to 
cement-based solutions. 

More recently, special attempts have therefore been made to either 
partially or fully replace water glass in alkali-activated materials. One 
possibility to achieve this is to reuse glass [8] and mineral wool waste 
generated at their end-of-life disposal for the production of 
alkali-activated materials [9]. In this respect, these wastes can be used as 
1) precursors for the production of alkali-activated materials or 2) as raw 
materials for the preparation of alternative activators. 

Glass waste has already been used many times as a precursor in 
alkali-activated materials. Glass is highly amorphous, and has pozzo-
lanic properties. Types of glass which have been successfully used in the 
production of alkali-activated materials are municipal glass, industrial 
glass, glass derived from lighting equipment, fluorescent lamps, solar 
panel waste glass, thin-film transistor liquid display panels, borosilicate 
glass from pharmaceutical packaging, and glass from the vitrification of 
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municipal residues [10]. 
Due to its high alkali and silica content, recycled glass used as a 

precursor in combination with potassium and sodium hydroxide solu-
tions has been shown to be an adequate substitute for water glass in the 
synthesis of alkali-activated materials in certain situations. In this 
instance a silicate activator is not needed to achieve high compressive 
strength, thus noticeably lowering the cost of production [11–13]. In 
one study, for example, green soda-lime-silica waste glass with a high 
content of silica (ca. 72%) was utilised as a precursor and activated by 
alkali hydroxide solutions. The resulting alkali-activated material had a 
compressive strength of up to 60 MPa after 56 days of curing [11]. In 
another case, mechanical strength of 30 MPa was achieved by using only 
recycled glass as a precursor, but the material was not hydrolytically 
stable, thus severely reducing strength in moist conditions [10]. 

Recycled glass cannot be used alone in the processing of alkali- 
activated materials, because it does not provide a suitable SiO2/Al2O3 
molar ratio. It can, however, still be used in addition to other solid 
aluminosilicate sources. As the amount of glass in the alkali-activated 
product increases, the degree of polymerisation decreases, and conse-
quently negatively impact the mechanical properties [10,14,15]. In a 
comparative study where glass powder, fly ash and mixtures of these 
two materials were activated, it was found that the glass powder-based 
activated cements developed higher strengths than activated fly ash 
cements, when each of which were solidified at room temperature. For 
structure stabilisation, tetrahedral aluminium had to be introduced, i.e. 
glass was mixed with fly-ash to increase the usually low content of 
alumina in the waste glass. A source of calcium can also be added to 
create an insoluble gel [16]. When boron-silicate glass was used as a 
precursor together with fly ash, boron was proven to be in the inorganic 
polymeric chain, where it partially replaced aluminium [10,17]. 

Mineral wool waste has also been used as a precursor in alkali acti-
vation [18–21]. The chemical composition of stone wool and glass wool 
differs, with glass wool with an SiO2 content of 60–65 wt % falling into 
the compositional region of soda-lime silicate glasses such as glass 
waste, whereas stone wool is closer to ground granulated blast furnace 
slag. However, ground granulated blast furnace slag contains more 
calcium and less magnesium than stone wool [22]. 

To date, there have been no publications using mineral wool waste 
for the preparation of alkali activators. On the contrary, glass waste has 
already been utilised successfully as a raw material for producing cost- 
effective sodium silicate solutions to be used as alternative alkali acti-
vators [23,24]. Urban waste glass has been used for the production of 
sodium silicate solutions with “dissolution” in sodium 

hydroxide/sodium carbonate solutions [25]. These solutions were used 
as an alkali activator for synthesising cements based on alkali-activated 
slag [13] and alkali-activated fly ash, yielding compressive strengths 
similar to those obtained when using commercial sodium silicates 
(water glass) [26]. 

Bouchikhi et al. tested the residual waste from recycled glass as an 
alternative activator in a metakaolin based geopolymer matrix. Among 
three treatment programs used, treatment in highly alkaline media (10 
M NaOH) at an elevated temperature (90 ◦C) resulted in leachates with 
the highest quantity of silica. Furthermore, the mechanical properties of 
the geopolymers produced with this alternative activator were 2.3-times 
higher than the mechanical properties of geopolymers activated with 
only 10 M NaOH [27]. 

Keawthun et al. studied hydrothermal and fusion methods to prepare 
a sodium silicate solution from waste glasses of three different colours. 
The hydrothermal method was more promising for bottle waste glass of 
all colours due to a better Na2O/SiO2 molar ratio (white bottle glass 
exhibited the best performance, t. i. Na2O/SiO2 = 1/7.74). Nevertheless, 
60 min of alkaline fusion treatment at 650 ◦C with 90 wt % of NaOH also 
resulted in an appropriate composition of liquid sodium silicate 
composition [28]. The potential of the solution for alkali activation 
depends on the type of glass, time, temperature, size of the glass parti-
cles and the pH of the solution during preparation. Pastes composed of 
blast furnace slag and an activator based on waste glass and sodium 
hydroxide/sodium carbonate had similar rheological properties to 
pastes composed of blast furnace slag and commercial water glass. 
Alkali-activated slag materials using waste glass as an activator showed 
high performance, durability, and shear stress stability. 

Alternative alkali activators derived from rice husk ash have also 
been proven as an effective substitute for commercial sodium silicate in 
the production of alkali-activated materials based on fly ash and ground 
granulated blast furnace slag [29]. Similarly, activators produced from 
rice husk ash have been successfully applied in the production of met-
akaolin based geopolymers [30,31]. 

The goal of the present research was to evaluate the suitability of 
various waste glassy materials mixed with sodium hydroxide as alter-
native activators in the preparation of alkali-activated materials. Four 
locally-available materials were selected for the study: waste bottle 
glass, waste glass wool, waste stone wool and cathode-ray tube glass. 

2. Experimental 

2.1. Raw materials for the preparation of alternative activators 

Four different waste materials were obtained from a waste disposal 
centre for the preparation of alkali activators; glass wool (GW), stone 
wool (SW), bottle glass (BG) and cathode-ray tube glass (CRTG). Both 
types of mineral wool were milled, homogenised and dried in a drying 
oven at 105 ◦C for 24 h and then sieved to a particle size below 63 μm. 
Bottle glass and cathode-ray tube glass were milled, homogenised and 
sieved to a particle size below 90 μm. 

2.2. Precursors for the preparation of alkali-activated materials 

Fly ash from a thermal power plant and electric arc furnace slag from 
the metallurgical industry in Slovenia were used as precursors for the 
preparation of alkali-activated materials. Fly ash was used as received, 
whereas slag was milled, homogenised and sieved to a particle size 
below 90 μm. 

2.3. Characterization of raw materials 

The chemical composition of the raw materials was determined by a 
sequential X-Ray fluorescence (XRF) spectrometer (ARL PERFORM’X, 
Thermo Fisher Scientific Inc., USA) using UniQuant software. Before 
measurement, the powder samples were heated to 950 ◦C and then fused 

Table 1 
Chemical composition of raw materials presented as mass percentages in oxide 
form (wt. %, XRF) and specific surface area of raw materials. LOI is loss on 
ignition at 950 ◦C.   

Oxide [wt. 
%] 

waste glassy materials for the preparation of 
alternative activator solutions 

solid precursors 

Stone 
wool 
(SW) 

glass 
wool 
(GW) 

bottle 
glass 
(BG) 

CRT 
glass 
(CRTG) 

fly ash 
(FA) 

slag 
(SLAG) 

LOI 
(950◦◦C) 

/ / / / 0.51 14.31 

Na2O 3.85 15.31 13.47 7.61 1.19 0.13 
MgO 11.70 4.10 1.68 0.46 2.80 14.87 
Al2O3 16.09 3.11 0.91 2.07 22.98 8.54 
SiO2 43.60 65.44 72.37 58.49 44.82 21.05 
K2O 0.57 0.85 0.73 7.35 2.20 0.17 
CaO 16.77 8.99 10.07 1.15 12.38 20.87 
Fe2O3 5.34 0.73 0.21 0.16 10.65 11.37 
BaO / 0.05 0.07 7.72 0.08 0.017 
PbO / / 0.06 3.92 / 0.017 
BET 

surface 
area 
[m2/g] 

0.37 0.44 0.45 0.53 2.85 7.61  
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beads were prepared at 1050 ◦C–1100 ◦C using commercially available 
flux composed of 50% lithium tetraborate and 50% lithium metaborate 
(FX-X50-2, Fluxana GmbH & Co. KG, Germany). The mass ratio of 
powder to flux was 1:10. 

Nitrogen sorption at a temperature of 77 K (ASAP 2020, Micro-
meritics, Norcross, USA), in the relative pressure range between 0.05 
and 0.3, was used to determine the specific surface area of the powders. 
Before each measurement the powders were heated to 70 ◦C–105 ◦C for 
at least 3 h and degassed to 10− 3 Torr (Flowprep equipment, Micro-
meritics, Norcross, GA, USA). The specific surface area was calculated 
using the Brunauer–Emmett–Teller (BET) method. 

The chemical compositions and BET surface areas of the raw mate-
rials are shown in Table 1. The initial waste materials for the preparation 
of alternative activators contained differing amounts of SiO2. Bottle 
glass contained the highest amount of SiO2 (72.4 wt %), while glass wool 
contained 65.4 wt % SiO2, cathode-ray tube glass 58.5 wt % SiO2, and 
the stone wool contained the lowest amount of SiO2 (43.6 wt %). Stone 
wool contained the highest amount of Al2O3 (16.1 wt %), while the other 
waste glasses contained between 1-3 wt %. All four milled and sieved 
waste glassy powders had BET specific surface areas between 0.37 m2/g 
and 0.53 m2/g. 

The precursors also contained different amounts of SiO2 and Al2O3. 
Fly ash contained 44.8 wt % SiO2 and 23.0 wt % Al2O3, while slag 
contained only 16.8 wt % SiO2 and 8.1 wt % Al2O3. Slag had higher 
contents of CaO (21.4 wt %) and MgO (16.8 wt %). The specific surface 
area of fly ash and slag was 2.85 m2/g and 7.61 m2/g, respectively. The 

mass percentage of amorphous phase in fly ash and slag has previously 
been reported as 78.7% [32] and 63.2% [33], respectively. 

2.4. Preparation and characterization of alternative alkali activators 

Either 5 g or 20 g of the glassy waste powders were added to 200 mL 
of 10 M sodium hydroxide solution, resulting in ratios of powder mass to 
volume of 10 M NaOH (mpowder/VNaOH) of 0.025 g/mL and 0.1 g/mL, 
respectively. The 10 M NaOH solution was prepared in the laboratory 
from distilled water and NaOH flakes (Donau Chemie AG, Austria). The 
suspensions were left boiling at 120 ◦C for either 4 h or 24 h while 
subject to constant mixing with a magnetic stirrer at 400 rpm. The 
suspensions were then cooled and filtered through a cellulose filter with 
a retention capacity of 4 μm–12 μm (MN 640 m, (Macherey-Nagel GmbH 
& Co. KG, Germany). The filtrates obtained were analysed by induc-
tively coupled plasma-optical emission spectrometry (ICP-OES; Varian, 
Model 715-ES) in order to determine their silicon and aluminium con-
tent and then later used as alternative activator solutions. 

2.5. Preparation and characterization of alkali-activated materials 

In order to evaluate their effectiveness, the alkali activator solutions 
prepared were used for the alkali activation of 1) fly ash and 2) slag 
precursors. The pastes of the precursors and alternative activators were 
prepared at a constant mass ratio of alternative activator to the pre-
cursor. The paste formulations, presented as mass percentages of the 
precursors and activators (wt. %), nominal Si/Al molar ratio, and Na/Al 
molar ratio, are reported in Table 2. 

The mass of the fly ash m(FA) was 150.0 g. For the mixtures with fly 
ash, the mass of the alternative activators m(AA) was 40.4 g, giving a 
mass ratio m(AA)/m(FA) of 0.27. Two reference specimens were pre-
pared with fly ash: a) 150.0 g fly ash mixed with 40.4 g of 10 M NaOH (m 
(NaOH)/m(FA) = 0.27) and b) 150.0 g fly ash mixed with 58.5 g of 
water glass (WG), (m(WG)/m(FA) = 0.39). The mass of the slag m(slag) 
was 150.0 g. For the mixtures with slag, the mass of the alternative 
activators was 74.0 g, giving a mass ratio m(AA)/m(slag) of 0.49. Two 
reference specimens were prepared with slag: a) 150.0 g of slag mixed 
with 74.0 g of 10 M NaOH (m(NaOH)/m(FA) = 0.49) and b) 150.0 g of 
slag mixed with 68.1 g of water glass (m(WG)/m(FA) = 0.45). As a 
reference alkali activator, commercially available sodium silicate solu-
tion, water glass (Na2O; 15.4%, SiO2; 30.4%, H2O; 54.2%), was used 
(Crystal 0112, Tennants Distribution Ltd, United Kingdom). 

The pastes were mixed manually for 2 min and then cast into silicon 
rubber moulds of dimensions 80 x 20 x 20 mm3. In the unsealed moulds, 
the pastes were then put in a heating chamber in a natural atmosphere 
for 72 h at a temperature of 70 ◦C in order to accelerate the alkali- 
activation process and thus harden the structure. The hardened 
binders were then demoulded and their mechanical strength was 
measured. The mechanical strength (compressive and bending strength) 
was determined using a compressive and bending strength testing ma-
chine (ToniTechnik ToniNORM, Berlin, Germany) at a force application 
rate 0.05 kN/s. The bending strength of the specimens was assessed 
using the three-point bending test/method, and the compressive 
strength was assessed using the two broken portions from the bending 
test. The reported bending strength values represent the average results 
obtained from 3 test specimens of dimensions (20 × 20 × 80) mm3. The 
reported compressive strength values represent the average results ob-
tained from 5 test specimens. 

The porosity of the hardened binders was analysed using a mercury- 
intrusion porosimeter (AutoPore IV 9500, Micromeritics, Norcross, 
USA) in the pressure range 0.004 MPa–414 MPa. Before the measure-
ment, representative fragments of the alkali-activated materials with a 
volume of approximately 1 cm3 were dried in a heat chamber at 70 ◦C 
for 24 h. 

Infrared spectra of the raw precursors and hardened binders were 
recorded using a Fourier transform infrared (FTIR) spectrometer 

Table 2 
The paste formulations presented as mass percentages of the precursors and 
activators (wt. %), nominal Si/Al molar ratio and Na/Al molar ratio.   

Precursor (wt. %) Activator (wt. %) Si/Al Na/ 
Al 

SWA-4h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

SWA-24h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

GWA-4h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

GWA-24h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

BGA-4h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

BGA-24h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

CRTGA-4h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

CRTGA-24h-FA 78.8 21.2 1.4/ 
1 

0.4/1 

Ref 10 M NaOH-FA 78.8 21.2 1.4/ 
1 

0.4/1 

Ref-Water glass-FA 71.9 28.1 1.7/ 
1 

0.4/1 

SWA 4h-SLAG 67.0 33.0 1.6/ 
1 

2.4/1 

SWA 24h-SLAG 67.0 33.0 1.6/ 
1 

2.4/1 

GWA 4h-SLAG 67.0 33.0 1.7/ 
1 

2.4/1 

GWA 24h-SLAG 67.0 33.0 1.6/ 
1 

2.4/1 

BGA 4h-SLAG 67.0 33.0 1.6/ 
1 

2.4/1 

BGA 24h-SLAG 67.0 33.0 1.7/ 
1 

2.4/1 

CRTGA 4h-SLAG 67.0 33.0 1.6/ 
1 

2.4/1 

CRTGA 24 h-SLAG 67.0 33.0 1.6/ 
1 

2.4/1 

Ref-10 M NaOH-SLAG 67.0 33.0 1.5/ 
1 

2.4/1 

Ref-Water glass-SLAG 68.8 31.2 3.0/ 
1 

1.6/1  
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(Spectrum Two, PerkinElmer, USA) equipped with an attenuated total 
reflection accessory (Universal ATR) with a diamond/ZnSe crystal as a 
solid sample support in the range from 450 cm− 1–4000 cm− 1 and with a 
resolution of 1 cm− 1. The precursors were analysed as they were pre-
pared for the alkali-activation process, whereas the hardened binders 
were ground before the analysis. 

The microstructures of the hardened binders were observed at 

polished cross-sections in a scanning electron microscope (SEM; JEOL 
JSM-IT500 LV, Tokyo, Japan). The SEM was equipped with an energy- 
dispersive X-ray spectrometer (EDS, Oxford Instruments) coupled with 
Aztec software for the quantitative analyses of elemental compositions. 
Before SEM scanning, the specimens were vacuum-dried at 40 ◦C in a 
vacuum drier. 

Table 3 
The concentration of silicon [g/L] and aluminium [mg/L] in the alternative activators under different dissolution conditions. The numbers in brackets represent the 
dissolution efficiency of silicon and aluminium as percentages. The dissolution efficiency was calculated from XRF and ICP-OES results.  

dissolution conditions SW activator (SWA) GW activator (GWA) BG activator (BGA) CRTG activator (CRTGA) 

Boiling time [h] mpowder/VNaOH [g/mL] c(Si) [g/L] c(Al) [mg/L] c(Si) [g/L] c(Al) [mg/L] c(Si) [g/L] c(Al) [mg/L] c(Si) [g/L] c(Al) [mg/L] 

4 0.025 4 (77) 1334 (61) 6 (77) 310 (74) / / / / 
0.1 5 (24) 730 (8) 18 (58) 547 (33) 11 (32) 213 (43) 5 (18) 214 (19) 

24 0.025 5 (95) 701 (32) 6 (77) 326 (78) / / / / 
0.1 7 (34) 362 (4) 11 (35) 232 (14) 21 (61) 418 (85) 11 (39) 433 (39)  

Table 4 
Density, porosity and mechanical strength of the hardened binders prepared by alkali-activation of fly ash using various alternative activators, after curing for 72 h at 
70 ◦C. Standard deviations for the compressive and bending strength are shown in parentheses.  

Specimen name The molar ratio Na/Al/Si in the 
formulations 

Density [g/ 
cm3] 

Open porosity 
[%] 

Total pore area 
[m2/g] 

Compressive strength 
[MPa] 

Bending strength 
[MPa] 

SWA-4h-FA 0.4/1/1.4 1.67 15.63 15.628 40.37 (7.42) 9.78 (0.51) 
SWA-24h-FA 0.4/1/1.4 1.65 27.40 17.360 38.28 (3.81) 10.16 (1.5) 
GWA-4h-FA 0.4/1/1.4 1.75 21.18 21.176 31.02 (7.44) 6.14 (0.69) 
GWA-24h-FA 0.4/1/1.4 1.76 32.61 23.261 30.95 (3.28) 5.88 (1.66) 
BGA-4h-FA 0.4/1/1.4 1.64 21.14 21.136 23.86 (1.86) 6.11 (1.70) 
BGA-24h-FA 0.4/1/1.4 1.67 27.81 19.041 31.31 (2.81) 7.39 (0.60) 
CRTGA-4h-FA 0.4/1/1.4 1.67 28.06 21.835 33.36 (7.24) 8.16 (1.16) 
CRTGA-24h-FA 0.4/1/1.4 1.63 30.82 22.597 32.97 (7.99) 3.78 (0.25) 
Ref 10 M NaOH- 

FA 
0.4/1/1.4 1.67 30.67 21.828 38.98 (7.55) 9.16 (0.32) 

Ref-Water glass- 
FA 

0.4/1/1.7 1.74 26.56 2.546 31.34 (3.86) 9.08 (1.49)  

Fig. 1. Pore size distribution of the hardened binders composed of alkali-activated fly ash, after curing at 70 ◦C for 72 h.  
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3. Results and discussion 

3.1. The concentration of dissolved silicon and aluminium in the 
alternative alkali activators 

Table 3 shows the concentration of dissolved silicon and aluminium 
in the prepared alternative alkali activators based on stone wool (SWA), 
glass wool (GWA), bottle glass (BGA) and cathode-ray tube glass 
(CRTGA), as determined by ICP-OES analysis. As the amount of SW 
powder in the starting suspension (mpowder/VNaOH) increased, there was 
a slight increase in the concentration of silicon in the SWA solution, but 
the dissolution efficiency of the silicon decreased at both dissolution 
times studied (4 h and 24 h). As the amount of SW powder in the starting 
suspension increased, both the concentration of aluminium and the 
dissolution efficiency for the SWA solution decreased. As the amount of 
GW powder in the starting suspension increased, the concentration of 
dissolved silicon in the GWA solution increased dramatically, but the 
dissolution efficiency of silicon decreased, at both dissolution times 
studied (4 h and 24 h). As the amount of GW powder increased, the 
concentration of aluminium in the GWA solution increased when the 
dissolution duration was 4 h and decreased when the dissolution time 
was 24 h. Nevertheless, in both cases, the dissolution efficiency of 
aluminium in the GW powder decreased. 

In the case of SW, with a constant quantity of powder in the starting 
suspension, the concentration and dissolution efficiency of silicon 
slightly increased as the dissolution time increased. On the contrary, the 
concentration and dissolution efficiency of aluminium decreased with a 
longer dissolution time. When a low amount of GW powder was used in 
the starting suspension (mpowder/VNaOH = 0.025 g/mL), the concentra-
tion and dissolution efficiency of silicon and aluminium remained 
almost unchanged with a greater dissolution time. When a higher 
amount of GW powder was used in the starting suspension (mpowder/ 
VNaOH = 0.1 g/mL), the longer dissolution time decreased the dissolu-
tion efficiency of both silicon and aluminium. 

The waste bottle glass had a higher amount of silicon and slightly less 
aluminium than glass wool, while the quantities of both silicon and 
aluminium were lower in the cathode-ray tube glass compared to glass 
wool (Table 1). In contrast to the mineral wool activators, the concen-
trations and dissolution efficiencies of silicon and aluminium increased 
with a prolonged dissolution time in the case of both waste glass 
activators. 

Si–O–Si bonds are stronger than those of Si–O–Al and Al–O–Al [34]. 
Alkali dissolution/precipitation reactions are controlled by the Si-rich, 
Al-deficient surface precursor species at the mineral surface. Al prefer-
entially dissolves from aluminosilicate glasses and minerals by Al-proton 

exchange reactions, which results in a Al-deficient layer on the surface. 
Silicon that had previously bonded to the aluminium then becomes 
exposed, and the liberated silicon dissolves [35]. 

Due to weaker nature of the Al–O bonds, and the higher concentra-
tion of aluminium in the SW powder, a higher concentration of 
aluminium in the solution was expected. This was partly true at a lower 
mpowder/VNaOH ratio, after 4 h of boiling. The concentration of 
aluminium halved after 24 h of boiling at the same mpowder/VNaOH ratio. 
A similar trend was observed when a higher amount of stone wool was 
added to the NaOH solution, as well as with glass wool at a higher 
mpowder/VNaOH ratio. The phenomena of decreasing silicon and 
aluminium concentrations in the glass and stone wool solutions when a 
higher amount of precursor and/or longer dissolution time applied 
could be explained by the formation of various solid species. A disor-
dered phase could be present at relatively high supersaturation [36], 
which may precipitate at different equilibrium Al/Si ratios [37]. A 
decrease in Al and/or Si concentration may also be related to the 
accumulation of ions on the surface which disable or slow down the 
dissolution process. Due to readsorption and formation of different un-
stable complexes (condensation process), ionised silanol group Si–O- on 
the surface attracts cations, which provide a barrier for further disso-
lution [38]. 

It follows that in alternative activators made of stone and glass wool 
a longer dissolution time does not provide a significantly higher amount 
of silicon and aluminium compared to alternative activators made of 
cathode-ray tube and waste bottle glass. It is proposed that after a 
certain period of time the dissolution of silicon and aluminium reach 
steady-state conditions. Since glass wool has a similar chemical 
composition to waste cathode-ray tube and bottle glass, additional 
studies are needed to evaluate the effect of other ions on the dissolution 
process, as well as the possible formation of precipitation. The silicon 
concentrations in the alternative activator based on bottle glass (11 g/L 
after 4 h and 21 g/L after 24 h of dissolution) are in good agreement with 
previous studies performed on the dissolution of waste glass in highly 
alkaline media [13,27,39]. When Puertas et al. used 0.1 g/mL and 0.25 
g/mL of waste glass powder of particle size 45 μm and heated it in a 
NaOH/Na2CO3 solution for 6 h at 85 ◦C, the concentrations of SiO2 were 
2.83 g/100 mL (13.16 g Si/L) and 4.54 g/100 mL (21.23 g Si/L), 
respectively. Moreover, temperature is a crucial variable in the solubi-
lisation of glass. When SiO2 was dissolved at 80 ◦C and 50 ◦C, for both 6 
h and 24 h, the highest amount of SiO2 was leached when the highest 
temperature was applied for the longest dissolution time, i.e. 80 ◦C for 
24 h. 

Fig. 2. Infrared spectra (transmittance) of the hardened binders composed of alkali-activated fly ash after curing at 70 ◦C for 72 h.  
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3.2. Mixtures of the alternative activators with fly ash 

In the next step, the alkali-activated materials were prepared by 
mixing fly ash with the activators obtained by dissolution of waste 
powders in 10 M NaOH at a mpowder/VNaOH ratio of 0.1 g/mL, while 
maintaining a fixed mass ratio of activator solution to precursor and the 
same curing regime. Table 4 summarises the density, porosity and me-
chanical strength of the hardened binders. The Na/Al ratio of 0.4 was 
equal in all mixtures, while the Si/Al ratio was 1.4 in all mixtures except 
the one containing water glass, in which it was 1.7. It should be noted 
that these numbers indicate the ratio of elements in the whole mixture 

and not only in the formed gel. 
Table 4 shows the a) compressive strength, and b) bending strength 

of hardened fly ash specimens synthesised from alternative activators 
and 10 M sodium hydroxide. It is clear that the specimen produced from 
BGA (silicon concentration of 11 g/L, aluminium 213 mg/L) has the 
lowest compressive strength, while the specimen produced from CRTGA 
(silicon concentration of 11 g/L, aluminium 433 mg/L) exhibits the 
lowest bending strength. In contrast, specimens prepared by sodium 
hydroxide (Ref. 10 M NaOH-FA) and SW activators (silicon concentra-
tions of 5 g/L and 7 g/L) exhibit the highest levels of compressive (~ 40 
MPa) and bending (~ 10 MPa) strength. Fly-ash specimens produced 
from activators with the highest concentration of dissolved silicon 
(GWA; 18 g Si/L and BGA; 21 g Si/L) exhibit solid mechanical proper-
ties. It is clear that the silicon concentration in the activators did not 
obviously impact the mechanical strength of the fly-ash specimens. For 
this reason, evaluation of the effectiveness of alternative activators in 
the fly ash specimens is not sufficient. Namely, a high inherent content 
of amorphous silicon and aluminium in the fly ash makes it possible to 
achieve good mechanical strength of the alkali-activated specimens only 
by the addition of 10 M sodium hydroxide. It is essential to use a long 
enough curing time for fly ash particles to be sufficiently bonded [40]. 

Fig. 1 shows the pore size distribution of solid binders composed of 
alkali-activated fly ash. Pore size is approximately the same in almost all 
specimens except the fly ash specimen activated with water glass, which 
has slightly larger pores. Since the total pore area is inversely propor-
tional to the pore diameter, the total pore area of the fly ash specimen 
activated with water glass is much lower than in the other specimens 
(Table 4). It can be seen in Table 4 that the open porosity of the speci-
mens ranges between 16% and 33%. Since the density of the specimens 
is similar (from 1.63 g/cm3 to 1.76 g/cm3), the difference in open 
porosity values could be attributed to closed porosity, which could not 
be detected by mercury intrusion porosimetry. 

The process of alkali-activation was further assessed via infrared 
spectroscopy (FTIR), through which solidified binders, as well as both 
precursors, were analysed. In the IR spectrum of the unreacted fly-ash 
precursor, the Si–O-T (T = Si or Al) asymmetric stretching vibration 
band is present at 992 cm− 1, as shown in Fig. 2. This main band shifts to 
lower values when the alkali-activation process is introduced and is 
quite similar in all the spectra of the final alkali-activated binders (be-
tween 974 cm− 1 and 980 cm− 1), since inherently there is already a 
sufficient amount of amorphous Si in the precursor. Silicon coming from 
the alternative activators is therefore not the principal factor influencing 
the band shift in the IR spectra. 

Scanning Electron Microscopy (SEM) with energy-dispersive X-ray 
spectroscopy (EDS) provided useful information regarding the micro-
structure and elemental composition of the specimens. In the case of the 
fly-ash-based alkali-activated materials, a similar pattern was observed 
in all specimens. A representative micrograph of the SWA-4H-FA spec-
imen is presented in Fig. 3a. Besides AAM gel, which constitutes a major 
part of the surface (see Fig. 3a, blue arrows), there are also numerous 
unreacted fly-ash particles (see Fig. 3a, yellow arrows). The particles are 
generally spherically shaped with a diameter ranging between 1 and 
100 μm. Some hollow fly-ash particles are also visible (see Fig. 3a, green 
arrow). Calcium-rich parts also exist (see Fig. 3a, orange arrows), where 
the formation of C(A)SH gel is also possible. Fe-rich parts are marked 
with red arrows, while micro-cracks generated in the AAM gel are 
marked with purple arrows (Fig. 3a). The molar ratio of Na/Al/Si was 
confirmed via EDS analysis of the AAM gel (Fig. 3b and c), which 
complies with the calculations based on the XRF measurements 
(Table 1). 

3.3. Mixtures of the alternative activators with slag 

The alternative activators obtained in the dissolution of waste 
powders in 10 M NaOH at mpowder/VNaOH ratio of 0.1 g/mL were mixed 
with slag while maintaining a fixed mass ratio of the activator solution 

Fig. 3. (a) SEM micrograph of SWA-4H.FA, b), EDS spectrum of SWA-4H-FA 
and c) EDS spectrum of Ref-Water glass-FA specimens. 
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Table 5 
The molar ratio of Na/Al/Si in the prepared mixtures and the density, porosity and mechanical strength of the hardened slag binders.  

Specimen name The molar ratio Na/Al/Si in the 
formulations 

Density [g/ 
cm3] 

Open porosity 
[%] 

Total pore area 
[m2/g] 

Compressive strength 
[MPa] 

Bending strength 
[MPa] 

SWA 4h-SLAG 2.4/1/1.6 1.69 42.16 7.896 2.11 (0.08) 0.75 (0.38) 
SWA 24h-SLAG 2.4/1/1.6 1.76 41.11 6.851 2.31 (0.18) 0.43 (0.58) 
GWA 4h-SLAG 2.4/1/1.7 1.80 40.63 6.386 3.38 (0.31) 1.32 (0.23) 
GWA 24h-SLAG 2.4/1/1.6 1.77 40.55 6.883 3.35 (0.18) 0.59 (0.84) 
BGA 4h-SLAG 2.4/1/1.6 1.76 40.47 11.350 3.03 (0.37) 1.76 (0.18) 
BGA 24h-SLAG 2.4/1/1.7 1.82 39.68 6.216 3.47 (0.12) 1.65 (0.04) 
CRTGA 4h-SLAG 2.4/1/1.6 1.67 43.47 10.991 2.09 (0.29) 0.47 (0.62) 
CRTGA 24 h-SLAG 2.4/1/1.6 1.71 42.26 9.079 2.92 (0.54) 1.53 (0.02) 
Ref-10 M NaOH- 

SLAG 
2.4/1/1.5 1.63 41.34 7.545 2.01 (0.21) 1.07 (0.10) 

Ref-Water glass- 
SLAG 

1.6/1/3.0 1.90 24.81 1.850 34.28 (4.03) 7.94 (0.19)  

Fig. 4. Pore size distribution of the hardened binders composed of alkali-activated slag after curing at 70 ◦C for 72 h.  

Fig. 5. Infrared spectra (transmittance) of the solid binders composed of alkali-activated slag after curing at 70 ◦C for 72 h.  
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to the precursor and the same curing regime. Table 5 summarises the 
calculated molar Na/Al/Si ratios in the prepared reaction mixtures and 
the density, porosity and mechanical strength of the hardened binders. 
The Na/Al and Si/Al ratios in all the mixtures were 2.4 and 1.6, 
respectively, except in the slag mixture with water glass where the Na/ 
Al and Si/Al ratios were 1.6 and 3.0, respectively. 

It can be seen in Table 5 that the sample produced from the NaOH 
solution has the lowest compressive strength. In contrast, when alter-
native activators were added to slag, a difference in the mechanical 
strength of hardened specimens was observed. The specimens produced 
from BGA (silicon concentration of 21 g/L) and GWA (silicon concen-
trations of 11 g/L and 18 g/L) have the highest compressive strength. 
Table 5 also shows the bending strength of the hardened slag specimens 
prepared with alternative activators. The specimens produced from SWA 
(silicon concentration of 7 g/L) and CRTGA (silicon concentration of 5 
g/L) have the lowest bending strength. In contrast, the specimen pro-
duced from BGA has the highest bending strength. Given that the slag 
contains less amorphous phase compared to the fly ash, the amount of 
silicon in the alternative activators used for the alkali activation of slag is 
critically important to increase the mechanical strength of hardened slag 
specimens. With less silicon available for a given reaction, the resulting 
compressive and bending strength automatically decreased. 

Fig. 4 shows the pore size distribution of the solid binders composed 
of alkali-activated slag. The pore sizes of the specimens prepared with 
alternative activators are of a similar size to those prepared with 10 M 
NaOH, with intrusion peaks at approximately 0.1 μm and some pores 
larger than 10 μm. It can be seen in Table 5 that the open porosity of the 
specimens ranges between 25% and 44%. The lowest open porosity was 
shown in the slag specimen activated by water glass. 

In this case an Si–O-T asymmetric stretching vibration band is visible 
in the IR spectra of raw slag at a lower value (973 cm− 1) than in the case 
of raw fly ash. In the case of slag, a major band is also observed at 1435 
cm− 1, corresponding to the vibrating modes of CO3 (contained in 
CaCO3), as well as a sharp peak at 875 cm− 1, which corresponds to the 
carbonation band. The band of main interest (the Si–O-T asymmetric 
stretching vibration band) also shifts to lower values when the alkali- 
activation process is introduced (Fig. 5), with the difference between 
the values of the highest and lowest bands being much more apparent in 
the case of slag-based alkali-activated materials. The highest band value 
of 967 cm− 1 is therefore attributed to the mixture, where also the 
highest amount of Si is added to the process (mixture Ref-Water glass- 
SLAG) when commercially available activator was used. In the case 
when a higher amount of Si is added among alternative activators 
(GWA-4h and BGA 24h–18 and 21 g/L, respectively), the values shift to 
953 and 951 cm− 1, respectively. In all other mixtures, the band value is 

the lowest where the concentration of Si added was 11 g/L or less, falling 
at around 930 cm− 1. From the results above, we can conclude that in the 
case of slag-based alkali-activated materials, where there is not a suffi-
cient amount of Si present in the raw precursor, the Si coming from the 
alternative activator is the dominant factor influencing the band shift in 
IR spectra as well as the mechanical strength of the hardened structures. 
Additionally, we can further conclude that the assessment of the suit-
ability of alternative activators is more precise when Si-deficient mate-
rials are used as precursors. The suitability is then closely dependent on 
the amount of Si present in the alternative activator and can also be 
monitored by FTIR spectroscopy. 

A similar pattern was observed in the SEM micrographs of all spec-
imens of the slag based alkali-activated materials. A representative 
micrograph of the GWA-4H-SLAG specimen is presented in Fig. 6. Be-
sides AAM gel, which constitutes a major part of the surface (see Fig. 6, 
blue arrows), there are numerous unreacted particles from the precur-
sor, which have crystalline nature and are thus unreactive in the alkali- 
activation process: calcium-rich, iron-rich, chromium-rich parts as well 
as magnesium-rich particles (Fig. 6). The most significant difference 
among specimens was observed between the EDS analysis of the AAM 
gel matrix in the reference specimen Ref-Water glass-SLAG and the other 
specimens. There is an undeniable difference in the molar ratio of Na/ 
Al/Si, which is favourable in the case of the Ref-Water glass-SLAG 
specimen (1.63/1/3.00; see Fig. 7b). The sodium content in relation to 
silicon is much higher in other specimens (2.43/1/1.68; see Fig. 7a), 
however, which is further reflected in the weak mechanical strength of 
these specimens. 

4. Conclusion 

Waste stone wool, glass wool, bottle glass and cathode-ray tube glass 
were exposed to a leaching process in an NaOH solution in order to 
develop an alternative activator which could replace commercial so-
dium silicate. After leaching in 10 M NaOH at different ratios of powder 
mass to liquid volume and at different dissolution times, the amount of 
Si and Al released in the filtrates was determined by ICP-OES. Prepared 
solutions were then further used for the preparation of alkali-activated 
specimens from two different precursors, fly ash and slag. The me-
chanical strength of fly ash-based mixtures with each of the alternative 
activators were compared to a blank sample, where only 10 M NaOH 
was used, and only in the case of the stone wool activator was a slight 
increase in mechanical properties observed (app. 3.9% for bending 
strength and 3.6% for compressive strength). When each of these acti-
vators were applied to the slag precursor, whose blank sample me-
chanical properties are much lower than the one from fly ash (slag 
contains just over a third of Al and Si than fly ash), the greatest increase 
in mechanical properties was observed in the case of the activators based 
on waste bottle glass and waste glass wool; the release of Si was also the 
highest in these specimens. When the mechanical strength of the slag- 
based mixtures with each of the alternative activators were compared 
to the blank sample, where only 10 M NaOH was used, an increase in 
mechanical properties was observed when activators from waste bottle 
glass and waste glass wool were used (app. 23% and 54% for bending 
strength and 68% and 72% for compressive strength). Use of the waste 
materials selected for the preparation of alternative activators might not 
be as promising as expected, since the concentration of Si in leachate is 
much lower than in commercial sodium silicate. When each of these 
waste-based activators are used in combination with precursors like 
slag, and then compared to the blank sample activated solely with NaOH 
(and not sodium silicates), an improvement in mechanical properties is 
seen. In future investigations, it is recommended to clarify the hardening 
mechanism of slag activated with alternative activators. 
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