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A B S T R A C T   

Waste mineral wool represents a huge amount of construction and demolition waste that is still not adequately 
returned into the value chain but needs to be landfilled. In the present study, waste stone wool (SW) was 
evaluated for the preparation of alkali-activated foams. For this purpose SW was milled and sieved below 63 μm, 
then the activator (sodium silicate) and different amounts of foaming agent (hydrogen peroxide, H2O2), varying 
between 1 wt% and 3 wt%, were added to the slurry and cured in moulds at an elevated temperature (70 

◦

C) for 
three days. In this way, foamed, highly porous materials were obtained whose density and mechanical properties 
were influenced by the amount of foaming agent used. The densities obtained ranged between 1.4 and 0.5 g/cm3, 
with corresponding mechanical properties of between 12.6 and 1.5 MPa and total porosities in the range 
37.8–78.6%, respectively. In the most porous samples with the total porosity of 78.6%, a thermal conductivity of 
0.092 W/(m∙K) was confirmed. The study confirmed the suitability of waste mineral wool (in our case SW) as a 
precursor for alkali-activated foams with potential use in the construction sector or other industrial applications.   

1. Introduction 

Mineral wool is an inorganic material widely used for thermal 
insulation because of its fire resistance and acoustic comfort. The gen-
eral term includes glass wool (GW), stone wool (SW), and slag wool, 
whereby GW and SW are responsible for about 60% of the total wall 
insulation products on the market [1]. The production of SW accounts 
for 70% of the total mineral wool production and the estimated value of 
mineral wool produced in the European Union (data include 28 coun-
tries) is about 3 million tonnes in 2020. It has been estimated that 
Europe generated about 2.55 million tonnes of mineral wool waste in 
2020, a large part of which ended up in landfills [2]. In Austria, about 
20000–30000 tonnes/year of mineral wool waste was generated, in 
Slovenia this number is lower due to the population size, but we estimate 
that it could be in the range of 5000–7500 tonnes/year [3]. Mineral 
wool wastes are mainly generated by the processes of construction and 
demolition (C&D), but a small part is also generated during production 
processes. The composition and cleanliness of the waste differs accord-
ing to how they were generated, with mineral wool wastes generated 
during production being easier to recycle as the composition of the 
waste is known [4]. C&D wool waste can consume a lot of space in 
landfill because the density of mineral wool (waste) is low. It is therefore 

crucial to reduce this waste by using it as a raw material in new products, 
such as foamed products. The majority of foamed products are produced 
at an elevated temperature. Melting is a commonly used method for the 
preparation of lightweight foamed glass. Mineral wool has been ther-
mally treated in addition to waste glass for the synthesis of foam glass 
using calcium carbonate, borax, and sodium phosphate as additives to 
act as the fluxing agent and foam stabiliser. The mixture of 40 wt% 
mineral wool waste, 60 wt% waste glass, 20 wt% borax, 1–2 wt% cal-
cium carbonate, and 2 wt% sodium phosphate was thermally treated at 
800 ◦C. At this optimum condition, the mixture exhibited a uniform 
foam structure and a low bulk density of 0.7 g/cm3 [5]. In a study by 
Chen et al., ceramic foams were prepared through high-temperature 
treatment of waste mineral wool and waste glass, using SiC as a foam-
ing agent. A mixture of 40 wt% mineral wool, 50 wt% waste glass, 10 wt 
% silica sand, and 2 wt% SiC was proposed as the optimum ceramic 
foam, which was thermally treated at 1170 ◦C with a heating rate of 20 
◦C/min and a holding time of 20 min at the selected temperature. The 
ceramic foams produced had a bulk density of 0.71 g/cm3 and a uniform 
pore size distribution. However, with the higher percentage of mineral 
wool (from 30 to 40 wt%), the thermal treatment at 1170 ◦C decreased 
the pore size (from 0.5-1.5 mm to 0.3-0.5 mm) due to the lower number 
of alkali cations (Na+, K+, Mg2+, and Ca2+), which increased the 
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viscosity of the liquid phase [6]. The main advantage of the 
alkali-activated foams (AAFs) over the production of sintered vitreous 
foams is significantly lower energy consumption since AAF can be pro-
duced at the temperatures lower that 100 ◦C while for the productions of 
foamed glass or sintered foams temperature about 800 ◦C or higher 
should be utilized [7,8]. Reported density of foamed glass can go down 
to the 0.15 g/cm3 [8] while reported density of AAF are down to the 0.3 
g/cm3 [9]. Depending on the precursors (e.g. slag, metakaolin) AAF can 
be stable even up to 900 ◦C [10] what is not the case with foamed glass 
neither with AAF based on mineral wool due to the glass softening at 
lower temperatures. Not many studies, however, mention alkali acti-
vation as an approach to produce lightweight mineral wool samples. To 
date there are some studies that address this, however, all of them used 
GW or SW as a co-binder with other precursor(s) in the alkali-activated 
mixture and not solely GW and SW. In the study of Erofeev et al. mineral 
wool production waste was used to prepare alkali-activated lightweight 
material, using NaOH as the alkaline activator, aluminium powder as a 
foaming agent, larger particles of mineral wool waste as a fine aggre-
gate, and a water-holding additive. Average densities for various light-
weight AAFs ranged from 0.61 to 1.13 g/cm3, compressive strength from 
1.7 to 5.4 MPa, and thermal conductivity from 0.144 to 0.345 W/(m∙K) 
[11]. The second study, carried out by Alzaza et al. developed a 
fibre-reinforced alkali-activated lightweight mineral wool-based mortar 
using various premade foam and polypropylene fibres to improve the 
mechanical properties of the alkali-activated material (AAM). To pro-
mote a durable final product, metakaolin was included in all composi-
tions. The lightweight blends varied in the proportion of SW and GW 
(weight ratios SW50:GW10 and SW30:GW30), while the content of 
metakolin was constant at 40 wt%. Densities ranged from 0.77 to 1.51 
g/cm3, compressive strengths from 1 to 9 MPa and bending strengths 
from 2.6 to 8 MPa. A higher SW/GW ratio in the fibre-reinforced AAF 
showed better workability but lower density of mixtures. However, 
higher density in SW50/GW10 compared to SW30/GW30 increased the 
rate of strength [12]. In the study of Kozub et al. 3 or 5 wt% of waste 
glass wool was added to the alkali-activated foamed fly ash (FA) com-
posites. Improvement in compressive strengths and reduction in the 
density and heat conduction coefficient were observed. The reference 
sample without the addition of GW showed a compressive strength of 
2.8 MPa, while an improvement was observed for 10% with 3 wt% and 
for 20% (3.4 MPa) with the addition of 5 wt% GW. The thermal con-
ductivity coefficient with 5 wt% GW added decreased from 0.121 to 
0.113 W/(m⋅K) compared to the reference sample without GW addition 
whereas the density dropped from 0.62 to 0.5 g/cm3 [13]. 

In the alkali activation of foamed/lightweight materials, several 
known and new methods are proposed to produce this type of porous 
material, all of which use a low low-temperature process compared to 
thermal treatment or glass foaming. One possibility is to use pre-
fabricated lightweight granules mixed with alkali-activated ground 
granulated blast-furnace slag (GGBFS) binder [14]. Another option is to 
foam the binder itself, for which mechanical, thermal or chemical 
foaming methods are used. Mechanical foaming, or the direct intro-
duction of air into the mixture, is done using a high-speed mixer. 
Thermal foaming is useful when the precursor’s composition allows the 
material to expand at a higher temperature. Erdoğan studied 
heat-treated perlite activated with NaOH, but there were some disad-
vantages, such as a decrease in pH during heat treatment, resulting in a 
lower porosity [15]. With the heat treatment process controlling 
porosity can be very difficult, due to changes in the viscosity and texture 
of the material. Chemical foaming is mainly used to process foam with a 
predictable pore volume and size distribution, which can be achieved by 
controlling the amount of foaming agent added. Hydrogen peroxide 
(H2O2) is a well-accepted gas releasing agent and one of the agents 
commonly used to foam AAM [12,16–24]. The chemical reaction can 
also produce gases in highly basic media when metals such as Al, Si, or 
Zn are incorporated and cause an expansion of the material [25]. 
Knowing the reactivity rate, the porosity can be formulated, but in the 

case of foaming, physical effects also grow in the expansion region, 
making it critical for air bubbles to collapse or for smaller ones to reform 
into larger ones. For this reason, the resulting density, or corresponding 
heat/noise insulation, can not be achieved. Various surfactants, also 
called stabilisers, are used, and through their addition, the porosity can 
be controlled by reducing the surface tension of the air bubbles. Sta-
bilising agents are added to the mixture to provide stable air bubbles 
from foaming throughout the expansion and while curing. Anionic 
surfactants such as sodium dodecyl sulfate (SDS), which are commer-
cially available for other purposes, are commonly used as a stabilising 
agent in the fabrication of porous structures through alkali activation. 
The effect of SDS on the development of porosity was studied by Korat 
and Ducman, where material foamed with H2O2 was stabilised using 
seven differing amounts of SDS. The authors concluded that the stabil-
ising agent needs to be adjusted in proportion to the quantity of the 
foaming agent [17]. Natural substances such as vegetable oil can also be 
used for stabilization, as confirmed by Bai et al., where different types of 
oil were evaluated and found to be suitable for use in foaming [26]. 

In this study, waste SW was used to prepare AAFs using H2O2 as a 
foaming agent and Triton as a pore stabiliser. This is the first study 
where waste SW has been used as a sole precursor for the preparation of 
lightweight AAFs. Milled mineral wool is composed of fibres and serves 
simultaneously as a binder (smaller particles that dissolved during alkali 
activation) and as fibres to reinforce the foams (not all mineral wool 
dissolves in alkali, as demonstrated in our previous [27] and other 
studies [28,29]), and therefore no additional fibres were added to the 
mixture. The use of powdered SW as a precursor in alkali activation 
increases the bending strength simply because of the elongated shape of 
the parts, which do not react completely. However, smaller particles 
(fibres) are needed for a higher rate of alkali activation. Our previous 
studies have shown that smaller particles of FA and particles of re-
fractory materials improve the mechanical properties due to the larger 
surface area and thus the larger surface area available for alkali acti-
vation [30,31]. Mineral wool fibres below 63 μm were found to have 
much better workability than the particles, e.g. below < 125 μm. Due to 
the variable particle size of the mineral wool, the workability of the 
blends varies, so that in the case of larger particles, more sodium silicate 
was required [32]. In the present study different proportions of H2O2 
and Triton were used in the preliminary research to determine the 
optimal proportions for the mix design. The addition of 1.5 wt% Triton 
with either 2.5 wt% or 3 wt% of H2O2 was found to be the optimal 
choice; the addition of different amounts of H2O2 was also investigated 
in order to evaluate the effect of added a foaming agent on the micro-
structure of the foamed alkali-activated mineral wool. The detailed 
study includes mechanical properties, X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), microstructural properties 
(scanning electron microscopy – SEM micrographs and figures obtained 
using an optical microscope), the porosity of the foams (measured by 
mercury intrusion porosimetry – MIP), and thermal conductivity to 
evaluate the differences in the production of the foamed material. 

2. Materials and methods 

2.1. Materials and sample preparation 

SW needs to be milled to get fine powder material with the properties 
of the binder. SW (the composition of which is given in Table 1) was 
milled in a concrete mixer (Altrad CE-350, United Kingdom) for 4 h and 
then for an additional 2 h in a ceramic dish (Elektrokovina, Slovenia) 
using steel balls. Following milling, all material was sieved to below 63 
μm and homogenised for further use (for sieving Retsch AS200 Control-g 
Vibratory Sieve Shaker, Germany, was used). The particle size distri-
bution of the milled SW is presented in Fig. 1 (measured by Microtrack 
Sync, USA, Pennsylvania). The presence of bigger particles results from 
longer fibres entering perpendicularly through the sieve (Retsch, 
Germany). 
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The data of chemical composition analysis obtained by X-ray fluo-
rescence (XRF), loss on ignition (LOI) and Brunauer–Emmett–Teller 
(BET) analyses of the waste mineral wool are presented in Table 1. 

Lightweight AAM were prepared using 75 g SW sieved to below 63 
μm, 54 g sodium silicate (Geosil 34417, produced by Woellner, SiO2: 
Na2O = 1.68, 55.6 wt% H2O), and 15 g distilled water. The selection of 
the amount of ingredients in the selected mixtures using SW, sodium 
silicate and additional water was based on experience from previous 
work with alkali-activated SW [27] and additional experiments con-
ducted for the purposes of this work. The results of the mechanical 
properties are shown in Table 2. Since the mixture should be workable 
but not too liquid to ensure good AAF performance, water was added to 

the mixture. Not all mixtures showed good workability, and the one with 
good workability and the best mechanical properties was selected (see 
bolded mixture design in Table 2). 

In all mix designs, the water to binder ratio (W/B, SW acts as a 
binder) was 0.60 (the water contained in the sodium silicate and addi-
tional water added were taken into account in the calculation and 
divided by mass of SW). Varying amounts (1–3 wt%) of a hydrogen 
peroxide solution (30% liquid, H2O2, Carlo Erba reagents, Barcelona, 
Spain) was added as a foaming agent, and a non-ionic surfactant, Triton 
X-100 (Dow Chemical Company), was added as the stabilising agent. A 
detailed description of the sample compositions is presented in Table 3. 
Liquid chemicals were chosen as foaming agents and stabilisers because 
the reactive components distribute more evenly than when dry foaming 
agents and stabilisers are used in the reaction. The sample mixtures were 
gently mixed manually then placed in moulds with nominal dimensions 
of 20 × 20 × 80 mm3. The moulds were then placed in an oven at a 
temperature of 70 ◦C for three days to reach the final compressive and 
bending strengths. The resulting hardened test specimens were then 
demoulded and stored at a controlled temperature of 20 ± 2 ◦C. 

2.2. Characterization of the samples 

The mineral composition of the SW waste and alkali-activated SW 
was evaluated using an XRD (Malvern PANalytical Empyrean, Surrey, 
United Kingdom) with a CuKα radiation of λ = 0.154 nm. The intensity 
was scanned in the 2θ range from 4◦ to 70◦, in steps of 0.026◦/min. The 
data was analysed with X’Pert High Score Plus diffraction software from 
PANalytical (Malvern PANalytical Empyrean, Surrey, United Kingdom), 
using database PDF 4 + 2015 RDB powder diffraction files from the 
Inorganic Structure Database (ICSD). 

XRD of alumina oxide powder as an external standard reference 
material (NIST 676a) was performed for quantitative analysis control of 
the multiphase mixtures using Rietveld refinement of the powder XRD. 
Rietveld refinement was performed using X’Pert High Score Plus 
diffraction software, with the goodness of fit determined for each 
measurement. 

The specific surface area (BET) of the milled and sieved SW (below 
63 μm in size) was determined by nitrogen adsorption at 77 K over a 
relative pressure range of 0.05–0.3 (Micromeritics ASAP 2020, Micro-
meritics, Norcross, GA, USA). Before the BET analysis, samples were 
exposed to a temperature of 70 ◦C for 24 h and degassed to 0.133 Pa 
(Micromeritics Flowprep equipment, Micromeritics, Norcross, GA, 
USA). 

After 3 days of curing at 70 ◦C and after 28 days cured at room 
temperature the bending and compressive strengths of the alkali- 
activated SW foams were measured using a Toninorm instrument 
(ToniNORM, ToniTechnik, Berlin, Germany) at a constant force rate of 
0.05 kN/s. Bending and compressive strengths were measured on 4 

Table 1 
Chemical composition of the major oxides present in the SW (wt%), LOI at 950 ◦C, BET specific surface area and humidity of the SW used for the preparation of AAF.   

SiO2 (wt%) Al2O3 (wt%) CaO (wt%) Fe2O3 (wt%) MgO (wt%) Na2O (wt%) Other oxides (wt%) LOI (wt%) BET (m2/g) 

SW 38.4 17.2 16.1 6.45 12.0 2.00 3.25 4.60 0.4852  

Fig. 1. Particle size distribution of the milled waste stone wool (SW).  

Table 2 
The preliminary experiments for various mix designs with the data for 
compressive and bending strengths. Designations for each mix design represents 
the type of used ingredient such as SW, NaSi (sodium silicate) and H2O (water) 
and in the brackets there are the masses of used ingredients (in grams).  

Mix design Compressive 
strength (MPa) 

Bending 
strength 
(MPa) 

Mixing and moulding of the 
mixture 

SW(75)NaSi 
(65) 

16.8 ± 0.31 7.28 ± 0.51 Possible 

SW(75)NaSi 
(60) 

18.3 ± 1.16 6.25 ± 0.87 Hard mixing and moulding 

SW(75)NaSi 
(55) 

27.7 ± 2.70 7.51 ± 0.07 Hard mixing and moulding 

SW(75)NaSi 
(45) 

44.4 ± 2.05 15.3 ± 0.41 Hard mixing and moulding 
(almost impossible) 

SW(75)NaSi 
(54)H2O 
(15) 

19.6 ± 3.25 4.00 ± 0.29 Possible 

SW(75)NaSi 
(50)H2O 
(10) 

17.5 ± 1.05 5.15 ± 0.18 Possible but less workable 
as with SW(75)NaSi(54) 
H2O(15) 

SW(75)NaSi 
(38)H2O 
(10) 

29.7 ± 0.49 4.64 ± 0.15 Hard mixing and moulding 

SW(75)NaSi 
(38)H2O 
(20) 

12.2 ± 1.45 3.47 ± 0.06 Possible  

Table 3 
The sample designations and compositions of the different mixtures prepared.  

Sample SW 
(g) 

Sodium silicate 
(g) 

H2O 
(g) 

H2O2 (wt 
%)a 

Triton X-100 (wt 
%)a 

F1 75 54 15 1 1.5 
F2 75 54 15 1.5 1.5 
F3 75 54 15 2 1.5 
F4 75 54 15 2.5 1.5 
F5 75 54 15 3 1.5  

a Mass calculated on mass of stone wool (SW). 
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prisms (20 × 20 × 80 mm3). After measuring bending strengths, 
remaining prisms’ halfs were used for compressive strengths. 

The macrostructure of the AAM samples was investigated by optical 
microscope (Nikon, SMZ18), while the microstructure was assessed 
using a SEM (JSM-IT500LV, Jeol, Tokyo, Japan) equipped with an en-
ergy dispersive X-ray analyser (EDXS, Link Pentafet, Oxford In-
struments). Back-scattered electron (BSE) detection was applied using 
polished foamed samples prepared in epoxy resin and observed under 
low vacuum conditions. 

For thermal conductivity measurements, samples were prepared in 
100 × 100 × 30 mm3 moulds. The thermal conductivity was measured 
in an air atmosphere using a heat-flow meter (HFM; HFM 446 Lambda 
Small, Stirolab, Sežana, Slovenia) following the EN 12667, ASTM C518 
and ISO 8301 standards. The area of the heat-flow meter was 40 mm ×
40 mm2. The instrument was calibrated by measuring a NIST Standard 
Reference Material® 1450d. The typical accuracy of the HFM is ±1%. 
The measurements were performed at a 10 ◦C middle sample tempera-
ture and a 13 ◦C temperature difference. 

To obtain an infrared spectrum of the alkali-activated SW products 
FTIR (Perkin Elmer Spectrum two, Kentucky, USA) equipped with an 
attenuated total reflection accessory (Universal ATR) was applied, using 
a diamond/ZnSe crystal as a solid sample support in the range from 400 
to 4000 cm− 1 at a resolution of 4 cm− 1. 

Following the processes of curing and drying, MIP was performed on 
the AAM samples using a mercury porosimeter (Micromeritics, Norcross, 
GA, USA). Samples were dried for 24 h before measurement and then 
analysed using Micromeritics®Autopore IV 9500 equipment (Micro-
meritics, Norcross, GA, USA). MIP experiments were conducted on 
samples that had been cured at room temperature up to 28 days. The 
true density of solid powdered samples was measured with an UltraPyc 
1200e (Anton Paar) using an inert gas to measure the sample volume by 
applying Archimedes’ principle of displacement. 

3. Results and discussion 

3.1. Preliminary studies 

The preliminary work was performed using H2O2 as a foaming agent 
and Triton as a pore stabilising agent in order to access the influence of 
their proportions on the mechanical properties (bending and compres-
sive strengths) and density of the AAFs (Fig. 2). The W/B ratio and 
curing temperature were the same in all experiments. Curing at 70 ◦C for 
3 days was selected for all experiments, firstly to prevent the collapse of 

bubbles in the paste, since the stability of the foam depends on the re-
action kinetics and hardening time [33], and, secondly, because in 
alkali-activated waste SW early strength is achieved later compared to in 
other precursors suitable for alkali activation [34]. In previous work 
where ladle and electric arc furnace slags were alkali-activated, almost 
identical (bending/compressive) strength was obtained with a 3-day 
cure at 70 ◦C as with a 28-day cure at room temperature [35]. The 
same conditions were applied to AAFs based on FA, where different 
foaming agents and stabilisers were investigated [36]. Three days at 40 
◦C for alkali-activated mineral wool specimens had similar mechanical 
properties to 28 days of room temperature curing, but did not reach the 
final strength (which increased even after 90 days of room temperature 
curing), as demonstrated in our previous study [27]. Therefore, a 
three-day cure at 70 ◦C was selected for the production of AAFs from 
waste SW assuming that we achieve final strength. The density and 
mechanical properties measured in these foams are presented in Fig. 2. 
The densities measured decrease in line with the increasing percentages 
of foaming and stabilising agents. When 1 wt% H2O2 was used, optimal 
porosity could not develop, and the densities measured were therefore 
the highest (over 1.3 g/cm3). By using 1.5 wt% of H2O2, the measured 
density dropped below 1.3 g/cm3 when at least 1.5 wt% of Triton was 
used. No additional decrease in density was observed, however, when 
the amount of Triton added ranged between 1.5 and 2.5 wt%. A sig-
nificant decrease in density was measured following the addition of both 
2 wt% (0.86–0.88 g/cm3) and 2.5 wt% H2O2 (0.69–0.79 g/cm3). The 
lowest densities, with values between 0.63 and 0.65 g/cm3, were ach-
ieved in the foams where 3 wt% H2O2 was used. The mechanical 
properties of foamed samples correlated with their densities. Compres-
sive strengths were highest when 1 wt% H2O2 was used. A drop in 
compressive strength was observed at elevated proportions of H2O2, 
especially with the addition of 2% H2O2. The amount of stabilising agent 
affects the mechanical properties when 1 or 1.5 wt% H2O2 was added, 
but not at higher proportions of H2O2. Compressive strengths were in the 
range 2.0–2.7 MPa when 3 wt% H2O2 was used. The values of bending 
strength were between 1.5 and 4.0 MPa, with the lowest values, between 
1.5 and 1.8 MPa, being measured in the foamed samples prepared using 
3 wt% H2O2. In general, increasing the amount of foaming or stabilising 
agent had a greater effect on the compressive strength, as can be seen 
from the variable results (1.7–22.5 MPa), resulting in more porous 
samples. Such an impact was not observed so strongly in relation to the 
bending strength, which only varied between 1.5 and 4 MPa across all 
the samples prepared. The improvement in bending strength when using 
waste mineral wool is due to the many unreacted particle-fibres in the 
alkali-activated matrix [27]. 

3.2. Mechanical properties of selected AAFs 

To evaluate the effect of different mass percentages of H2O2 on the 
microstructure and porosity of lightweight AAMs, we prepared samples 
with 1.5 wt% of Triton and 1, 1.5, 2, 2.5 and 3 wt% H2O2. Although a 
higher amount of surfactant may lead to a higher porosity, we fixed this 
parameter and evaluate the influence of the foaming agent, as done in 
the study by Masi et al. [22]. All five samples were cured at 70 ◦C for 3 
days and then at room temperature until 28 days. In order to check the 
stability of the prepared samples, mechanical properties were measured 
after 3 and 28 days (Fig. 3). After 3 days, the density dropped in all 
samples with the increasing amount of H2O2. A slight increase in density 
was seen in all samples following curing at room temperature until 28 
days. Significant changes were observed in the samples with 1–2 wt% 
H2O2 added, with densities rising from 1.26 to 1.45, 1.03 to 1.26 and 
0.82–0.90 g/cm3 in samples F1, F2 and F3, respectively. Increased 
densities were also observed in the F4 and F5 samples, from 0.62 to 0.67 
g/cm3 in the F4 sample and 0.50–0.54 g/cm3 in the F5 sample. 

As expected, after 3 days of curing at 70 ◦C the strength values began 
to decline when the foaming agent was increased from 1 to 3 wt%, with 
compressive strength dropping from approximately 11.9 to 1.64 MPa, 

Fig. 2. Density, bending and compressive strength of the alkali-activated 
mineral wool foams (and their standard deviations) made using H2O2 as the 
foaming agent and Triton as the stabilising agent. 
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and bending strength from 5.51 to 1.79 MPa. A similar trend was 
observed in all samples after 28 days, with compressive strength falling 
from 12.6 to 1.47 MPa, and bending strength from 6.35 to 1.73 MPa. 
Following curing for 3 days at 70 ◦C, and then at room temperature until 
28 days, values of compressive strength showed a slight increase in 
sample F1, whereas it almost doubled in F3, and more than doubled its 
initial value in the F2 sample. After 28 days the compressive strength 
had increased in F4 but decreased in F5. An increase in compressive 
strength after 28 days was also observed in another study, where 
circulating fluidised bed fly ash was used to prepare AAFs, with H2O2 
used as the foaming agent [23]. Bending strength slightly increased in 
the F1–F4 samples after 28 days of curing, while in the F5 sample the 
values remained similar to those following 3 days curing at 70 ◦C. The 
experiments show the influence of foaming agents on the mechanical 
properties of foams, where lower densities were achieved in samples 
with an elevated proportion of H2O2, particularly in samples F4 and F5. 
It should be noted that the curing process is not fully complete after 3 
days at 70 ◦C, as indicated by the improved mechanical strengths after 
28 days (Fig. 2). Measurement errors should, however, be taken into 
account at lower values of compressive and bending strength. 

3.3. Macro and microstructures of AAFs 

Fig. 4 and Fig. 5 show images of the foamed samples with 1.5 wt% 
Triton and different mass proportions of H2O2 (between 1 and 3 wt%). 
Fig. 4 shows the macrostructures of samples F1–F5, while the micro-
structures of the foams are presented in Fig. 5. Fig. 4 clearly shows the 
influence of elevated amounts of H2O2, causing an increase in the 
macroporosity of the structure. It can be seen that pores are both 

spherical and non-spherical in shape, and they are non-uniformly 
distributed. It can be seen in Fig. 5 that samples F1 and F2, with H2O2 
concentrations of 1 and 1.5 wt% respectively, share a similar micro-
structure; the addition of 1.5 wt% of H2O2, however, results in the 
presence of bigger pores. In both cases, the larger pores are spherical, 
but many micro-cracks are also observed in the matrix. With the addi-
tion of 2 wt% H2O2 to the mixture, a significantly higher porosity was 
observed, along with the presence of randomly distributed spherical and 
non-spherical pores. The addition of 2.5 wt% H2O2 resulted in many 
irregular interconnected pores compared to when 2 wt% H2O2 was used. 
The pores were much bigger compared to when 1–2 wt% H2O2 was 
added. At 3 wt% H2O2 the interconnection into bigger pores (coales-
cence) was more significant. Non-spherical interconnected pores 
reached a pore size larger than 2 mm. Micro-cracks are present in all 
samples, but fewer micro-cracks are observed in the matrices of the 
samples with 2.5 and 3 wt% H2O2 (Fig. 5). A more compact matrix may 
form in this sample due to the easier evaporation of water and/or 
elevated gas pressure resulting from the decomposition of H2O2. The 
matrix is evident in all samples as a result of alkali activation. Many 
unreacted fibres could, however, also be seen. Although the higher 
proportion of H2O2 increased expansion, causing a higher porosity and 
thus bigger pores, the interpore connections (matrix) are similar in all 
cases. The irregular shape of pores with a large size distribution can lead 
to the formation of a complex network of interlinking air channels. 

SEM-EDXS point analysis was performed to calculate the Si/Na, Si/ 
Al, Na/Al and Ca/Si ratios in the AAFs (presented in Table 3). The 
elemental ratios in the AAMs were also calculated using XRF (Table 1) 
and XRD measurements of SW precursor before alkali activation and 
addition of sodium silicate (calculations were performed using the study 
by Horvat et al. [37]). The data show lower values for Si/Na, Si/Al and 
Na/Al ratios, while the Ca/Si value is higher. The Si/Al ratio influences 
the compressive strength of AAMs, and all foams show a ratio between 
5.30 (F1) and 5.83 (F4). Considering that almost 100% of material is in 
the amorphous phase, a higher Si/Al ratio compared to XRF data in-
dicates a better dissolution of silicon compared to aluminium. This 
statement is also proven by the higher Si/Na and Na/Al ratios. The F1 
sample, which has the highest compressive strength, did not have the 
highest Si/Al ratio. The optimal Si/Al ratio stated for alkali-activated 
metakaolin has varied amongst the literature, from 1.9 [38], to 3.3 
[39] and 4 [40]. In the study by Hajimohammadi et al. it was found that 
in GGBFS an elevated Si/Al ratio (from 3.6 to 4.5) caused wider pore size 
distribution. The higher Si/Al ratio in samples F4 and F5 suggest better 
polymerization compared to samples F1–F3, which may be attributed to 
the formation of small and closed pores that hinder the removal of water 
when cured [41]. Incomplete dissolution was observed in the F1–F5 
foams due to the presence of undissolved fibres, as can be seen in Fig. 5. 
The Si/Na ratio was higher compared to data calculated from XRF, 
however, confirming the dissolution of silicon. Due to the high Na/Al 
ratio in all the foamed samples (greater than 1.65), while the recom-
mended values are around 1 or less [42], the efflorescence was expected, 
as confirmed by the XRD experiments in Fig. 6 (see below in subchapter 

Fig. 3. The results of densities, bending and compressive strength of the 
measured alkali-activated mineral wool foams made by using 1–3 wt% H2O2 
and 1.5 wt% of Triton with the standard deviations. Samples were cured for 3 
days at 70 ◦C and then at room temperature up to 28 days. 

Fig. 4. Macrostructure of five samples with 1–3 wt% H2O2 used as the foaming agent and 1.5 wt% of Triton as the stabilising agent.  
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Fig. 5. SEM micrographs of the five samples with a) 1 wt%, b) 1.5 wt%, c) 2 wt%, d) 2.5 wt% and e) 3 wt% of H2O2 used as the foaming agent and 1.5 wt% of Triton 
as the stabilising agent. SEM microstructures are 50-times magnified on the left and 500-times on the right. 
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3.4. Mineralogical information). Curing at temperatures ≥ 65 ◦C may 
significantly affect efflorescence reduction, leading to higher total 
porosity and larger pore size [25]. Although AAFs were exposed to 70 
◦C, crystallites of thermonatrite were observed after 28 days (Fig. 6). 
Dissolution of calcium is favoured in all foam samples since sodium 
silicate was used, rather than NaOH, which (due to the high pH) hinders 
its dissolution [43,44]. The Ca/Si ratios decrease from F1 to F5, how-
ever, as a result of the dissolution of silicon. 

3.4. Mineralogical information 

XRD analysis was performed to determine the presence of amor-
phous phase in each foamed sample and to identify differences in the 
mineralogical structures after 28 days (Fig. 6). More than 99% of the 
material is in the amorphous phase both before (presented as waste SW) 
and after alkali activation. It was not therefore possible to define Riet-
veld refinement in the F1 and F2 samples. The F3–F5 samples show a few 
small peaks, however, representing the presence of thermonatrite (less 
than 0.7%, obtained by Rietveld refinement) due to efflorescence on the 
surface. The presence of thermonatrite is expected due to the insufficient 
solubility of Si and Al from SW (many unreacted particles are seen in the 
SEM pictures in Fig. 5) and the consequent presence of excess sodium. 
The goodness of fit in samples F3–F5 was between 5.56 and 5.59, which 
is greater than the ideal value (an ideal value is 1), and is a consequence 
of the deconvolution of a very small peak which ends with a bigger error. 
The halo, typical of an amorphous phase, shifted slightly towards higher 
2θ values following alkali activation. 

Our previous study showed more unreacted particles of SW 
compared to GW after alkali activation with sodium silicate, but in both 
cases unreacted wool fibres are present [27]. In another study, it was 
confirmed that more GW dissolves in NaOH than SW [45]. If all SW 

fibres dissolved, there would be only a small excess of sodium, as can be 
seen from the Na/Al ratio, which indicates the value of 1.17 (Table 4, 
first column, where the data obtained from XRF were included in the 
calculation considering 100% amorphous phase for SW). But due to the 
incomplete dissolution, the Na/Al ratio in F1–F5 is higher than 1.17. 
Since the porosity in samples F3–F5 is much higher than in F1 and F2 
despite the comparable or even lower Na/Al ratio (e.g., in sample F5), 
the easier diffusion of sodium due to the larger pores and the larger 
surface area available for the reaction between moisture and CO2 fa-
vours the formation of thermonatrite. As Zhang et al. stated, efflores-
cence is the phenomenon in which the internal alkalis are carried to the 
surface and provide Na+ for precipitation of sodium carbonates until an 
equilibrium state (saturation) is reached between the pore solution and 
the crystals [46]. The phenomenon of subflorescence, on the other hand, 
occurs when crystallisation occurs at depth in the pores of the solid 
matrix, allowing the uptake of dissolved CO2 [47]. Rapid efflorescence is 
related to higher porosity [48], which is consistent with the results in 
Fig. 6, where the more porous samples F3–F5 show thermonatrite, while 
this cannot be confirmed for the less porous samples F1 and F2. Ac-
cording to the study by Yliniemi et al., in SW, activated with sodium 
silicate, a C-(N-)A-S-H type gel with low Ca content and maximum 
incorporation of Al and Na forms as the main binding phase, while the 
excess alkali and freely available Si and Al drive the formation of an 
additional Al-rich N-A-S-H gel reaction product [28]. Although it is 
believed that in a low Ca system, more Al is dissolved and higher Al 
content leads to higher Na+ incorporation [49], in the SW 
alkali-activated system, many fibres did not dissolve during the alkali 
activation process, leaving Na+ in excess, leading to the efflorescence. 
Similar results on efflorescence were found in the study by Alzaza et al. 
where they found that more efflorescence can be expected in the case of 
SW, with a higher SW content in mixtures of SW and GW having a 
greater effect on increasing efflorescence [12]. 

3.5. FTIR analysis 

Fig. 7 shows FTIR results of the lightweight AAFs after preparation (t 
= 0), following curing at 70 ◦C for 3 days, and then after curing at room 
temperature until 28 days. The spectra for sodium silicate and waste SW 
are also shown. The position of the Si-O-T (T = Al, Si) asymmetric 
stretching band for the SW precursor is located at 891 cm− 1. The sodium 
silicate solution shows three overlapping bands, located at about 1100, 
986 and 890 cm− 1, which are assigned to the respective vibrations of 
silicate polymers, smaller molecules (monomer to tetramer), and small 
anionic species [50,51]. The dissolution and polymerization of the 
mixture could be observed at the beginning (FTIR spectra at t = 0), with 
the absorbance band attributed to the stretching of O-H seen at around 
3338–3353 cm− 1, and the bending of the O-H bond at about 1640–1650 
cm− 1. These two peaks disappeared after curing at 70 ◦C for 3 days, due 
to the removal of water. The bands between 980 and 990 cm− 1 can be 
primarily attributed to the stretching of the Si-O-Si bond from sodium 
silicate, and are modified and shifted to lower values (compared to so-
dium silicate) due to the alkali activation of the mixture with the 
polycondensation reaction and rearrangements of the Si-O-T bonds. On 
the other hand, the shoulder of the band at about 872 cm− 1 is attributed 
to the asymmetric stretching vibration band of Si-O-T (T = Al, Si), 

Fig. 6. Diffractograms of waste SW and alkali-activated foams F1–F5 using 1.5 
wt% stabilising agent and 1–3 wt% foaming agent. 

Table 4 
Si/Na, Si/Al, Na/Al and Ca/Si ratios in samples F1–F5, as obtained by point 
analyses on aluminosilicate matrix (SEM-EDXS), and the data of precursor 
calculated from XRF.   

XRF data F1 F2 F3 F4 F5 

Si/Na 2.14 2.80 2.37 2.39 3.23 3.34 
Si/Al 2.52 5.30 5.35 5.34 5.83 5.50 
Na/Al 1.17 1.89 2.26 2.59 1.80 1.65 
Ca/Si 0.30 0.25 0.25 0.21 0.20 0.20  
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explained by the dissolution of the powdered SW. The main band 
changes over time and becomes smoother, with no shoulder present in 
the spectra after 3 days curing at 70 ◦C, at which point most of the alkali 
activation has been completed. 

After 3 days curing at 70 ◦C, the main Si-O-T asymmetric stretching 
band shifted to higher values, of between 964 and 974 cm− 1, when the 
alkali activation process is introduced. This shift, from about 872 cm− 1 

to higher values, occurs due to the rearrangement of the Si-O-T (T = Al, 
Si) bonds, and indicates polymerization of the Si–O network [52]. The 
Si/Al ratio in the AAFs indicates the exact position of the band, although 
the extent also depends on the type of precursor, reaction time and 
curing conditions [53]. Changes in wavenumber of the main band are 
mainly determined by the polymerization/cross-linking of the silica-rich 
network in C-(N-)A-S-H gel [54,55], which is proposed as the main re-
action product in the alkali activation of SW using sodium silicate [28]. 
It has been stated that the incorporation of H2O2 does not alter the alkali 

activation rate [21]; the position of the band, however, shows slight 
differences in the polymerization of the foamed material. Since the same 
amount of stabilising agent is present in all samples, the only difference 
is in the amount of H2O2. Considering the amount of H2O2 added, the 
main Si-O-T asymmetric stretching band is positioned at similar wave-
numbers in all samples, except for sample F3, which is positioned at 
slightly lower wavenumbers (964 cm− 1). After 28 days the position of 
the bands increases slightly compared to after 3 days in all samples 
except F1, indicating no drastic progression in the polymerization of 
aluminosilicates. Slight shifts towards higher wavenumbers in F4 and F5 
correspond to higher Si/Al ratios, with more Si-O-Si bonds present 
compared to samples F1–F3. Additionally, lower Ca/Si values 
(SEM-EDXS Table 4) indicate the position of the band at higher wave-
numbers [43,52], as observed in samples F4 and F5. The peaks between 
430 and 450 cm− 1 present in all samples are associated with in-plane 
bending vibrations of Si–O–Si and O–Si–O [56,57]. Bands for the sym-
metric stretching of Al–O in Si (AlIV)–O–AlIV linkages are positioned 
between 676 and 684 cm− 1 in all the foamed materials. After 28 days, 
samples F2–F5 show bands in the range 1430–1450 cm− 1, assigned to 
the asymmetric stretching vibrations of C-O-C bonds in CO3

2− , and a 
weak shoulder at approximately 880 cm− 1, which is due to out-of-plane 
bending. These two barely visible bands also appeared after 3 days of 
curing. The peaks become intensive with ageing, especially in samples 
F4 and F5. This indicates the carbonation on the matrix during the 
process, due to the exposure to air, where atmospheric CO2 reacts with 
the excess alkali to form Na2CO3 (efflorescence phenomena) [39,58,59]. 
SEM pictures and MIP analysis (described later in the text) confirmed 
that the F4 and F5 foams contained larger pores, some of which were 
interconnected. Due to the more porous structure, the conditions are 
favourable for carbonation and the formation of thermonatrite, as was 
indicated in samples F3–F5 (Fig. 6). Since the pores are connected in 
samples F4 and F5, it is suggested that open porosity facilitates the 
penetration of CO2 into the internal structure of the specimens. The 
consumption of sodium resulted in an increased formation of crystal 
observed as efflorescence, which increased with the amount of foaming 
agent [12]. Small peaks found by the XRD results matched the peaks of 
(thermo)natrite, which was quantified by Rietveld refinement. The 
detection limit of both methods (FTIR and XRD) with respect to the free 
sodium carbonate (natrite) seems to be similar [60]. The presence of 
other carbonates in the samples, e.g. dolomite or magnesite, may 
interfere with the main band of thermonatrite minerals. There were, 
however, no other carbonates in the AAMs prepared. 

Different gels may be formed during alkali activation, either N-A-S-H 
or C-A-S-H or a combination of the two e.g. C-(N-)A-S-H (high calcium 
content N-A-S-H gels) [61,62], depending on the precursor used. The 
chemical composition of SW differs from FA and slag (but it is closer to 
GGBFS), and N-A-S-H and C-A-S-H gels are not the proposed option, but 
rather a mixture of both [63]. The main band associated with the 
asymmetrical stretching vibrations of Si–O bonds (Si–O–Si) in C-A-S-H 
gel is typically located at around 960 cm− 1, while N-A-S-H gels show 
broader asymmetrical vibration T–O bands (T = Al, Si), which appear at 
higher wavenumbers (1060 cm− 1). The N-A-S-H gel is more porous and 
may carbonate with an alkaline pore solution (without altering the 
nanostructure), while the less porous C-A-S-H type gel has a slower 
carbonation affecting structural alteration during decalcification [64]. 
In our case, broad bands are positioned in between the typical fre-
quencies for N-A-S-H and C-A-S-H gels. According to the ratios obtained 
by SEM-EDS (Si/Al, Si/Na, Ca/Si, Na/Al), the matrix formed corre-
sponds to (C,N)-A-S-H gel [61]. As proven in the study by Yliniemi et al., 
AAMs made of SW have X-ray amorphous C-(N-)A-S-H type gel, which 
displays greater disorder and a lower Ca content compared to C-A-S-H 
gel [28]. This is in agreement with the formation of asymmetric 
stretching vibrations of C-O-C bonds in CO3

2− , and the weak shoulder at 
around 880 cm− 1, which is more intensive in the case of the more porous 
structures of F4 and F5 and that is favourable in N-A-S-H gel. Although 
N-A-S-H gel has been proposed in addition to the C-(N-)A-S-H gel 

Fig. 7. FTIR spectra of the alkali-activated wool waste mixtures F1–F5 after 
preparation (t = 0), following 3 days curing at 70 ◦C, and after curing at room 
temperature until 28 days. 
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predominant in the matrix, the shifts in the present work do not agree 
with it, confirming the consumption of Al in the C-(N-)A-S-H gel and 
thus an excess of Na that can be observed as thermonatrite. N-A-S-H 
could form in the presence of Ca, but it is only stable at lower pH (< 12) 
[61] and due to the high pH of alkali activator used in the present work, 
this is less likely. However, additional studies are needed to confirm this. 

3.6. Mercury intrusion porosimetry (MIP) 

The results of MIP analyses are shown in Fig. 8. In general, by MIP 
analyses minimum pore diameter of 5 nm till 1 mm could be measured, 
whereas artificial air pores with larger sizes, cannot be characterized by 
this method [65]. However, the pore size distributions in the present 
work range between 0.003 and 339 μm. The results mainly represent the 
accessible small pores resulting from the alkali activation of the SW and 
the macropores induced by the foaming process. According to the 
literature, the pore structure in AAFs is usually closed. MIP analysis is 
therefore generally limited, since at low pressure it is unable to reach 
closed pores, while at high pressure it will break the cell between the 
pores [66]. Micro-computed tomography (μ-CT), optical microscopy and 
SEM are commonly used as supplementary methods to MIP analysis 
[17], and the latter two were used in the present work, as can be seen in 
Figs. 4 and 5. In order to compare the porosity between samples, MIP 
analysis was performed on samples F1–F5 after 28 days of curing, where 
the first 3 days took place at 70 ◦C followed by room temperature until 
28 days. 

The results show a wide and scattered pore size distribution in all 
foams (F1–F5), with an increasing number of pores and pore size as a 
consequence of the greater addition of H2O2. The porosity measured by 
MIP ranges between 36.5 and 63.2%. Sample F1, to which 1 wt% of 
foaming agent was added, shows the lowest porosity, while the F5 
sample has the highest porosity, at 63.2%. The higher porosity in the 
alkali-activated matrix may result from a higher amount of foaming 
agent, a higher alkali activator concentration, and/or a higher temper-
ature [67]. The F1 and F2 samples show a similar porosity, while a 
significant increase to 55.5% was observed in the F3 samples, as shown 
in Fig. 8. This is consistent with observations using SEM and an optical 
microscope. The addition of 2% H2O2 seems to be the amount that 
considerably increases foaming in the AAF when using 1.5 wt% stabil-
ising agent. The proportion of pores sized between 10 and 100 μm 
increased in samples F3–F5, which was not observed in the samples 
containing a lower amount of H2O2 (samples F1 and F2). Additionally, 

the presence of pores bigger than 100 μm is observed in F5. Overall, the 
proportion of smaller pores (< 0.1, 0.1–1, 1–2 and 2–10 μm) is similar 
across all samples. 

The mechanical properties are weak due to the large pore size dis-
tribution (0.5–3.0 mm) formed as a result of the chemical reactions 
which took place during alkali activation. Larger pores are formed as O2 
is released during the decomposition of H2O2. This reaction is catalysed 
by high pH values and high temperatures [68]. If the size of the bubble 
released can be controlled, the mechanical properties will be improved 
[69]. The slow release of gas formed may induce the formation of small, 
uniform pore-size distributions by adding a stabiliser in the mixture 
[21]. Incorporating H2O2 does not alter the alkali activation rate [21]. 
The amount of H2O2, however, affects the final properties of the AAFs 
and the amount of swelling, apparent density, pore size, and homoge-
neity [68]. The chosen surfactant (stabilising agent) influences the size, 
morphology and topology of the microporous network, but has no 
impact on the setting time of the mixture [68]. The volume expansion is 
a consequence of the production of oxygen, and the varying chemical 
nature of the surfactants added to stabilise the gas bubbles may drasti-
cally modify the rheological and interfacial properties of the foams [68]. 
In this work, the same amount of stabilising agent was used in all 
samples in order to evaluate the effect of the foaming agent added. By 
using 2, 2.5 and 3% of H2O2, its efficacy is clearly seen. 

Mechanical properties depend mainly on the porosity of the structure 
(Fig. 2), which is a consequence of the H2O2 and stabilising agent added, 
but can also depend on the parameters of the aluminosilicate matrix 
(influence of Si:Al ratio, influence of other elements [70–72]), on the 
hardness of the filler (in the present study this represents unreacted 
particles of SW), on the distribution of the filler “particles” and their size 
and shape (elongated filler particles can additionally enhance bending 
strength) in the AAM. The larger the particles, the lower the mechanical 
strength [31], and if they are not uniformly distributed, there are parts 
in AAM, which represent stronger or weaker point, just like when pores 
are not uniformly distributed, regardless of their shape. Table 5 shows a 
comparison of the values of compressive and bending strength in sam-
ples F1–F5, measured after 28 days. Bending strength was lower than 
compressive strength in F1, whereas these values were similar in F2, and 
in F3–F5 samples bending strength was greater than compressive 
strength. This is a consequence of unreacted elongated particles, which 

Fig. 8. Pore size distribution in samples F1–F5 prepared using 1–3 wt% H2O2 
as the foaming agent and 1.5% Triton as the stabilising agent. 

Table 5 
Comparison of average compressive and bending strengths, total intrusion vol-
ume, average pore diameter, and densities obtained by MIP bulk and skeletal), 
pycnometer (true density) and measured with calipers (geometrical density). All 
the results represent values after 28 days curing (3 days curing at 70 ◦C followed 
by 25 days curing at room temperature).   

F1 F2 F3 F4 F5 

Average compressive 
strengths (MPa) 

12.62 7.47 3.10 2.11 1.47 

Standard deviation of 
measurements (MPa) 

0.60 0.65 0.31 0.18 0.14 

Average bending 
strengths (MPa) 

6.35 6.08 3.99 2.87 1.73 

Standard deviation of 
measurements (MPa) 

0.43 0.1 0.41 0.29 0.28 

Total intrusion volume 
(mL/g) 

0.26 0.30 0.53 0.63 0.80 

Average pore diameter 
(μm) 

0.07 0.21 0.48 0.38 1.44 

Bulk density (g/cm3) 1.40 1.30 1.04 0.95 0.79 
True density measured by 

pycnometer (g/cm3) 
2.33 ±
0.00 

2.37 ±
0.00 

2.44 ±
0.01 

2.44 ±
0.04 

2.52 ±
0.05 

Geometrical density (g/ 
cm3) 

1.44 ±
0.04 

1.26 ±
0.03 

0.90 ±
0.03 

0.67 ±
0.02 

0.54 ±
0.02 

Skeletal density (g/cm3) 2.23 2.12 2.37 2.31 2.27 
Porosity (%) obtained by 

MIP 
36.5 ±
0.7 

38.6 ±
1.0 

55.5 ±
1.5 

60.0 ±
1.9 

63.2 ±
2.8 

Total porosity (%) 
(calculated) 

37.8 ±
1.0 

46.8 ±
1.3 

63.0 ±
2.2 

72.5 ±
3.4 

78.6 ±
4.0  
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do not dissolve and with getting incorporated into aluminosilicate 
structure contribute to the final mechanical properties. The more porous 
the structure (the higher the number of pores/cracks), the greater the 
number of interconnected pores, the thinner the walls between the pores 
(the walls are the ones that carry the load, and their shape and thickness 
affect the transfer of the applied external forces), the greater is the effect 
on reducing the mechanical strength and geometrical density. In our 
previous study the porosities of non-foamed AAMs prepared of SW were 
in the range 25–32% [27] that is less than in F1 sample. This confirmed 
the influence of foaming agent even with the addition of only 1 wt% of 
H2O2. Table 5 shows the values for total intrusion volume, average pore 
diameter and the various densities. Bulk (obtained by MIP) and 
geometrical (measured by calipers) densities both decrease, while 
porosity increases. On the other hand, the skeletal density of foams 
F1–F5 is similar for all of them (Table 5, varying in the range between 
2.12 and 2.37 g/cm3), which is predicted because the mixture of in-
gredients contributing to the alkali activation is the same and varies only 
by the addition of foaming agents and stabilisers, which affect only the 
geometrical density, i.e., the porosity and, consequently, the mechanical 
strengths. In present work, focus was not put on the influence of the 
stabiliser on the mechanical strengths, but according to our previous 
work [37], it was found out that the mechanical strength decreased 
when the amount of stabiliser was too high, whereas too low amount of 
stabiliser did not stabilise the gas bubbles well enough and many of them 
escaped from the interstices of the forming aluminosilicate matrix. 

Since the MIP can only achieve open and smaller pores, the total 
porosity was determined by measurements with the pycnometer. Total 
porosity (Ф) was calculated using the geometrical (ρg) and true densities 
(ρT), based on the following equation: 

Ф= 1 −
ρg

ρT 

The total intrusion volume and bulk density were similar in samples 
F1 and F2, while the average pore diameter was lower compared to 
F3–F5. The coarsening of the microstructure in all the foams is charac-
terised by increases in the total intrusion volume, average pore diameter 
and total porosity, while the bulk density decreases. As expected, total 
porosity is higher than the porosity obtained by MIP, ranging between 
37.8 and 78.6% since closed pores and bigger pores that cannot be 
identified by MIP analyses (bigger than 339 μm) are included. SEM 
micrographs and images obtained by optical microscope confirm the 
presence of bigger pores that could not be measured by MIP (> 340 μm). 
As observed in Fig. 8, the proportion of pores sized between 10 and 100 
μm and > 100 μm increases in F1–F5 samples, while the proportion of 
pores of other sizes is similar across all samples. These smaller voids are 
seen in the SEM pictures, where the size of micro-cracks decreases as the 
amount of H2O2 added, and thus porosity, increased. Our previous study 
observed that introducing additional water into SW samples accelerated 
the formation of smaller pores [27]. In this work, additional water was 
added to the AAM, while a small part also arises due to the decompo-
sition of H2O2. Voids (small micro-cracks) may also, however, form in 
the matrix due to the partial evaporation of excess water during the 
thermal curing of the specimens. 

3.7. Thermal conductivity 

Additional experiments were performed to estimate the thermal 
conductivity in the F1–F5 foams, the results of which are presented in 
Table 6. The thermal conductivity of the least porous sample (F1) was 
0.157 W W/(m⋅K), falling to 0.092 W/(m⋅K) for the most porous one 
(F5), with the range of apparent densities for the corresponding samples 
being 1.31–0.74 g/cm3. Total porosity increase with decreasing density 
as could be seen in Table 6. The amount of porosity should be in the 
range of 50–95% to achieve lightweight and thermal insulating prop-
erties [73]. 

Aerated concrete containing 50–80% or more of air bubbles, voids, 

and capillary porosity [74], whose final properties, such as density, 
mechanical strength, and thermal and acoustic conductivity, depend on 
curing conditions and the varying compositions of the initial cement 
slurry [75]. Due to appropriate manufacturing processes, the density of 
aerated concrete (0.3–1.8 g/cm3) varies depending on the application 
[76]. Typical values of thermal conductivity and compressive strength 
in common thermal insulating materials range between 0.030 and 
0.230 W/(m⋅K) and 0.04–1.5 MPa, respectively [77]. Thermal conduc-
tivity values for fire-resistant AAM are in the range 0.1–0.3 W/(m⋅K), 
which is relatively low in comparison to the other commonly used 
structural building materials and almost identical or comparable to the 
marketable fire-resistant materials [78] while foamed material intended 
for insulation use should be close to 0.070 W/(m⋅K) [79]. More detailed 
comparison of various materials typically used for insulation purposes 
and AAF mainly prepared by H2O2 as a foaming agent are presented in 
Table 7. 

The foamed waste mineral wool samples obtained in the present 
work have porosities > 36% and a thermal conductivity coefficient 
lower than < 0.16 W/(m⋅K). In comparison to other studies using SW or 
GW in the AAFs (bolded data in Table 7), our thermal conductivity is the 
lowest although the density is higher [11,13]. However, compressive 
strength is lower compared to the AAF produced by Erofeev et al. and 
Kozub et al. [11,13] but higher than in the study of Alzaza et al. where 
they used premade foam [12]. Our AAFs cannot be compared with the 
commonly used insulation material such as polyurethane foams, SW 
etc., due to their significantly lower thermal conductivities and den-
sities. In general, AAF prepared in this study are comparable with 
foamed concrete and autoclaved aerated concrete s (AAC) showing 
lower thermal conductivity and compressive strength than AAC at 
higher density. On the other hand, bending strength of SW AAF is better 
than with AAC as shown in Table 7. Comparison with other AAF pre-
pared of FA, metakaolin, slags show similar thermal conductivities, 
while densities are mostly lower than foamed SW as well as compressive 
strengths. The improved mechanical properties achieved by decreasing 
the thermal conductivity indicate the suitability of the material for 
thermal-insulation applications that do not demand a high load-bearing 
capacity. 

The pore volume fraction controls the thermal conductivity, as the 
most porous sample exhibits the lowest thermal conductivity [89]. Po-
rosities of AAFs from other studies presented in Table 7 range between 
51.4 and 86.5% (not all data were available). The total porosity of F5 
sample is 78.6% which is among the highest considering other studies. 
However, in the study of Bai et al. where the highest porosity was 
achieved (86.5%), the thermal conductivity was 0.091 W/(m⋅K) similar 
as in our work even the density was much lower than in our study. In the 
study of Kozub et al., where the porosity reach 51.4% at 0.50 g/cm3, the 
thermal conductivity was 0.113 W/(m⋅K) [13]. Thermal conductivity 
depends on the structure of the material, in terms of its pore distribution, 
morphology, pore volume and the nature of the gas filling the pores 
[90]. A higher porosity with more pores resulted in the lowering of the 
material’s thermal conductivity, because the thermal conductivity of air 
within the pores is much lower than that of a solid substance [85], as is 
consistent with the present work. The development of homogenous 
porosity is related to the workability of the initial material [91,92], and 
resulted in the material having a lower thermal conductivity. For low 

Table 6 
Density and thermal conductivity of AAFs (F1–F5) following 3 days curing at 70 
◦C.   

Geometrical density (g/ 
cm3) 

Porosity 
(%) 

Thermal conductivity (W/ 
(m⋅K)) 

F1 1.31 37.8 0.157 
F2 1.22 46.8 0.151 
F3 1.06 63.0 0.123 
F4 0.78 72.5 0.093 
F5 0.74 78.6 0.092  
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thermal conductivity, the presence of high ultra-macroporosity, round-
ness, the dimension of the pores, and a reduction in interpore partition 
thickness are also important [93]. Interpore space is, therefore, reduced 
and more heat is accumulated [94]. In our study, by adding water to the 
mixture, basicity reduced slightly, and workability improved, which 
affects the viscosity of the paste. The present work shows that the 

irregular pore size distributions and the pore coalescence observed as 
interconnected pores in F4 and F5 decrease the thermal conductivity of 
the samples. Since SW fibres vary in size, larger fibres may affect as fine 
aggregate, which could explain the low thermal conductivity, as well as 
the density achieved [11,95]. 

Table 7 
Thermal conductivities, apparent densities, porosities and compressive strengths of different thermal insulation products. Some values are 
missing because they are not available or authors did not provide them. Thermal insulation product are divided into three parts (different colours 
in the table), most commonly used insulation materials (light blue), AAFs using H2O2 as a foaming agent (grey colour) and in the last group (pink 
colour) there are materials where mineral wool waste is used in the foamed mixture [80–84,86–88]. 
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4. Conclusions 

Foamed AAM are a promising alternative to other foamed materials. 
The present research confirms that AAFs produced from waste stone 
wool have good mechanical properties and performance in comparison 
to the typical construction product. Hydrogen peroxide (H2O2) and 
Triton are suitable foaming and stabilising agents leading to randomly 
distributed pores of different sizes. 1 wt% to 3 wt% H2O2, and 1.5 wt% 
stabilising agent was used in all experiments. The amount of H2O2 added 
influences the density and mechanical properties of the final material. 
By properly mixing and adding the foaming and stabilising agents it is 
possible to obtain foamed materials with a density between 0.5 and 0.8 
g/cm3. Adding a greater amount of H2O2 led to the material having a 
lower density, lower compressive strength, and higher porosity (up to 
79%). High porosity foams (F4 and F5) include many interconnected 
pores which decrease the thermal conductivity of the samples to 0.092 
W/(m⋅K), with densities below 0.8 g/cm3. The results prove that waste 
mineral wool could be a suitable precursor for foamed AAM, and that 
foams produced in this way can be used as insulation materials in con-
struction. However, further studies need to be conducted in the future, 
including various durability tests (capillary water absorption, water 
vapour permeability, freeze-thaw test, and eventually also fire resistance 
test, etc.) to confirm the suitability of this type of insulation material. 
Further attempts in lowering density should be also made in order to be 
competitive to the highly insulation products (as the ones listed in first 
part of Table 7). Since a lot of mineral wool ends up in landfills, the 
influence of other types of wool (e.g. GW) on mechanical properties and 
porosity should be studied. In addition, the fibrous structure of the 
material and the milling of the mineral wool itself can significantly 
affect the final properties of the material, and this will also be a focus of 
our next step. Given the large amount of mineral wool waste generated 
and the target that 70% of non-hazardous C&D waste must be prepared 
for reuse, recycling or recovery by 2020 (stated by European Union 
legislation), there is an urgent need to increase the reuse and recycling of 
mineral wool waste and various application options should be tested. 
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