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Mineral waste wool represents a significant part of construction and demolition waste (CDW) not yet being
successfully re-utilized. In the present study, waste stone wool (SW) and glass wool (GW) in the form received,
without removing the binder, were evaluated for their potential use in alkali activation technology. It was
confirmed that both can be used in the preparation of alkali-activated materials (AAMs), whether cured at room
temperature or at an elevated temperature in order to speed up the reaction. The results show that it is possible to
obtain a compressive strength of over 50 MPa using SW or GW as a precursor. A strength of 53 MPa was obtained
in AAM based on GW after curing for 3 days at 40 °C, while a similar compressive strength (58 MPa) was
achieved after curing the GW mixture for 56 days at room temperature. In general, the mechanical properties of
samples based on GW are better than those based on SW. The evolution of mechanical properties and recognition
of influential parameters were determined by various microstructural analyses, including XRD, SEM, MIP, and
FTIR. The type of activator (solely NaOH or a combination of NaOH and sodium silicate), and the SiO2/Na0 and
liquid to solid (L/S) ratios were found to be the significant parameters. A lower SiO/NayO ratio and low L/S

ratio significantly improve the mechanical strength of AAMs made from both types of mineral wool.

1. Introduction

Cement production significantly contributes to the global warming
potential, and in 2012 it accounted for 8% of CO; in the environment
[1]. There is a need to decrease the production of ordinary Portland
cement (OPC), which has encouraged researchers to find alternatives to
OPC, such as alkali-activated materials (AAMs) from waste materials.
923 million tons of construction and demolition waste (CDW; refers to
concrete, bricks, gypsum, wood, glass, metal, plastic, solvents, asbestos
and excavated soil) were generated by the construction industry in
2016. CDW represents 30% of all waste generated [2], and in terms of
volume is the largest waste stream in the EU. By 2020, European Union
legislation states that 70% CDW must be prepared for reuse, recycled or
recovered [3]. Unfortunately, less than 50% of such waste is currently
recycled, and the level of recycling should increase [4].

Glass and stone wool are important insulation materials for many
industrial and building applications. Consequently the main source of
mineral wool waste is CDW resulting from demolition. It is estimated
that approximately 2,550,000 tons of mineral wool (including stone,

glass and slag wool) was produced in Europe in 2020 [3]. At the end of
its lifecycle, however, it becomes a waste material which ends up in
landfill. This increase high management costs and has a significant
environmental impact, since mineral wool has a low density and con-
sumes a lot of space in landfill areas, making it relatively expensive to
transport. The production process, use of mineral wool products, and
demolition/dismantling of buildings containing mineral wool may also
release mineral wool fibres into the environment [5]. Mineral wool
products produced after 1998 have a higher bio-solubility, but those
produced before 1998, which are less bio-soluble, are considered as
potentially carcinogenic to humans [6]. Mineral wool has been consid-
ered as carcinogenic due to its similarity to asbestos fibre [7]. However,
it was found no consistent evidence connecting exposure to mineral
wool with the risk of lung cancer. Mineral wool has lower
bio-persistence and is removed more rapidly from the lungs than
asbestos [8,9]. The deposition of inhaled fibres in the respiratory tract is
a function of their physical characteristics (size, shape and density) [7].
Fibres of diameter <3.5 pm and length >5 pm with a length to diameter
ratio >3 can be deposited in the alveolar region of the lungs [8-10].
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Pulmonary fibrosis is caused by mineral wool fibres with low bio-
solubility, which stay in the lungs for longer periods of time [11].

Stone and glass wool contain organic binders to hold all the fibres
together, which can account for up to 5-10% of the material [9]. Phe-
nol-formaldehyde resoles or phenol-formaldehyde-urea resins are the
preferred binders used for mineral wool. Other binders, such as sodium
silicates, polyesters, melamine urea formaldehyde, polyamides and
furane-based resins, can also be used. They may also contain various
additives, which are used to provide the final resin with the properties
desired (e.g. flame retardancy, plasticization and pigmentation), or to
improve processability through the use of release agents, wetting agents,
and other surfactants [12].

The composition of mineral wool is similar to pozzolan materials
such as fly ash, ground granulated blast-furnace slag (GGBS), and silica
fume. Depending on its chemical composition and particle size, it could
be used in many different applications such as to replace coarse and fine
aggregates or ultra-fine fillers in concrete and cementitious materials
[13]. The most commonly used approach for recycling and reusing
mineral wool discussed in the literature is in the concrete industry; e.g.
waste stone and glass wool could be used as supplementary cementitious
materials or ultra-fine fillers [13-17], or used in fibre-reinforced
cement-based mortar as a partial replacement for aggregate [18]. It
has also been used for other applications, such as using stone wool fibres
in hot mix asphalt to improve its dynamic properties [19], or in the
development of building ceramic material, where glass wool has been
reused together with lithium mine tailings from spodumene ore [20].

Due to the amorphous phase contained in waste mineral wool [21], it
is a perfect material for alkali-activation. The chemical composition of
stone and glass wool differs. Stone wool is composed of ~40-45 wt%
SiOg, ~16-18 wt% Aly03, ~16-18 wt% CaO, and ~9-12 wt% MgO,
while glass wool contains ~60-65 wt% SiO,, ~16 wt% NayO, and
~7-wt.% CaO, which resembles the chemical composition of soda-lime
glass [22]. Stone wool has a similar chemical composition to GGBFS, but
with less CaO and MgO (~40 wt% CaO, 1.1-7.5 wt% MgO), and may
form C-(N)-A-H-S gel if silicate is used as an activator [23], while in
GGBFS C-S-H gel is formed, as well as C-A-S-H (at a higher aluminium
content) or C-(N)-A-S-H (at a higher sodium content) [24]. Some studies
have already been conducted where either stone, glass or both types of
wool were used for the production of AAMs. For example, Yliniemi et al.
used pure glass and stone wool for the preparation of AAMs using so-
dium aluminate as an alkali activator, and studied the influence of heat
curing and organic resin removal on the physical and mineralogical
properties of the final materials. A positive effect of organic resin on the
strength of the mineral wool was observed [25]. Stone wool together
with fly ash has also been applied using a sodium aluminate activator
[26]. Additionally, glass wool has been used as a supplementary mate-
rial in the preparation of alkali-activated iron-ore tailings [27].

Yliniemi et al. reported that an appropriate alkali activator is
essential in planning the mix design of AAMs made from mineral wool.
Different activators such as sodium hydroxide, sodium silicate, sodium
aluminate, and sodium carbonate solution affect the kinetic reaction,
setting time and compressive strength of AAMs produced using pure
glass and stone wool without organic binders [22]. They also evaluated
the microstructure by predicting which crystal phase and matrix gel may
form in AAMs produced using stone and glass wool activated by NaOH
and sodium silicate. The main reaction product formed in
alkali-activated wool is an X-ray amorphous C-(N-)A-S-H-type gel in
stone wool and N-A-S-H gel in glass wool [23].

In the present work, waste glass and stone wool were used as a
precursor in the production of AAMs. The aim of the present research
was the preparation of different AAMs based on two different types of
waste mineral wool obtained from construction and demolition waste
(glass and stone wool without removal of organic binder) mixed with
NaOH, sodium silicate, or a combination of both activators. The effects
of using two different alkali activators with various water to binder
ratios on the microstructure, porosity and mechanical properties of
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materials after three days of curing at 40 °C was evaluated. Using a
concentrated activator may reduce the water/binder ratio necessary to
provide the alkali content needed in the binder, while dilution of the
alkali activator reduces its alkalinity and thus its effectiveness [28]. This
work presents the results of two different SiO5/Na50 ratios as well as the
addition of extra water to see the effect of dilution and thus different
water/binder ratios on microstructures and mechanical properties.
Moreover, a mixture of both types of waste mineral wool was prepared
at room temperature in order to estimate the optimal mix design with
respect to mechanical properties when using waste material. To date,
there is no study using construction and demolition mineral wool waste
with an organic binder as a precursor for alkali activation, since all
research so far has been based on pure material, mostly without an
organic binder.

2. Materials and methods

Two different types of mineral wool waste (glass and stone wool)
were obtained from an open waste dump belonging to the quartz mining
company Termit d.d. (Slovenia). Samples were first separated, shaken
by hand to remove particles such as pebbles, wood and other con-
struction materials, and then cut into small pieces. Mineral wool samples
were labelled GW for glass wool and SW for stone wool, and will be
referred to as such throughout the rest of the paper. The ball milling
comminution method (a dry milling procedure) was chosen to mill waste
material. About 1 kg of wool waste was placed in a classic concrete
mixer and mixed for 2.5 h using steel balls (27 pieces, 47.5 mm in
diameter). While milling and handling with the mineral wool waste, it
was necessary to wear safety clothes and gloves (to cover and protect the
skin against itching), safety glasses, and an FFP3 mask due to the pres-
ence of small particles (fibres) in the air. After milling, the sample was
homogenized, dried in a drying oven at 105 °C for 24 h and then sieved
with a 63 pm-sized mesh. The residue was again ground in the ho-
mogenizer (powder mixer shaker, Turbola T2F), using a 2L plastic
container, 50 steel balls of diameter 9.8 mm, and sieved below 63 pm.
The final powder material was homogenized. Different milling proced-
ures are available to prepare powder mineral wool. None of the ap-
proaches affect the width of mineral wool fibres but they can reduce the
fibre length [29].

AAMs were prepared using GW and SW sieved below 63 pm, using
NaOH (Donau Chemie Atznatron Schuppen, EINECS 215-785-5) and/or
sodium silicate (12.8% NayO, 29.2% SiOy, Si/Na ratio of 2.35, received
from the mining company Termit) as alkali activators. For the experi-
ments where NaOH was used as an activator, a NaOH solution with a
molar concentration of 5 M was prepared. Mixtures of NaOH and sodium
silicate were prepared in different proportions, by adding NaOH pellets
to sodium silicate and stirring until the liquid became clear. The L/S
ratio (water/binder) was manipulated by the addition of a small amount
of distilled water. Following preparation the alkali activator was
allowed to cool to room temperature and then poured into the sample
while continuously mixing.

The milled waste material was carefully added to the alkali activator
and mixed for 5 min in an overhead mixer (Tehtnica, Zelezniki) at 600
rpm. The paste mixtures (precursors and activators) were moulded into
prisms of 80 x 20 x 20 mm>. Compressive and flexural strength was
measured using a compressive and flexural strength testing machine
(ToniTechnik ToniNORM) following 3 days of curing at 40 °C.

All the AAM mixtures prepared and the characteristics of the alkali
activator are shown in Table 1. The mass of the precursor was the same
in all sample mixtures, while the L/S ratios varied from 0.35 to 0.46 in
order to ensure the prepared pastes had a suitable workability.

XRD analysis of the glass and stone wool samples was performed
under cleanroom conditions in powder sample holders, using an
Empyrean PANalytical X-ray Diffractometer (Cu X-Ray source, 45 kV,
40 MA, Thermo Scientific, Thermo electron SA, Ecublens, Switzerland)
set between 4 and 70° at intervals of 0.0263°. Using XRD peaks
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Table 1
Mix design and liquid to solid ratio (calculated according to the precursor) for AAMs developed from waste glass (GW) and stone (SW) wool.
SwW1 SW2 SW3 SW4 SW5 GW1 GW2 GW3 GW4 GW5

Mineral wool waste (g) 150 150 150 150 150 150 150 150 150 150
NaOH (g) 65 3 / 6 765 3 / / 6
Sodium silicate (g) / 60 120 75 120 / 60 120 75 120
Extra added H,O (g) / 20 / 20 / / 20 / 20 /
HyOrotal (8) 52 54.8 69.6 63.5 69.6 52 54.8 69.6 63.5 69.6
Si05/Na50 (in activator) / 1.8 2.35 2.35 1.8 / 1.8 2.35 2.35 1.8
L/S (water/binder) 0.35 0.37 0.46 0.42 0.46 0.35 0.37 0.46 0.42 0.46
pH of activator solution >14 13.7 13.0 12.7 13.7 >14 13.7 13.0 12.7 13.7

2 NaOH of 5 M concentration was prepared.

crystallites’ sizes smaller from 150 nm present in mineral wool waste
and alkali-activated materials was determined using the Scherrer for-
mula [30], and the percentage mass of amorphous phase and minerals
was estimated with Rietveld refinement [31], using an external standard
(a pure crystal of Al;03) and X Pert Highscore plus 4.1 software (version
4.1, Malvern Panalytical, Surrey, United Kingdom).

For XRF analysis (Thermo Scientific ARL Perform’X Sequential XRF)
powder samples were first treated in a furnace for 2 h at 550 °C
(Nabertherm B 150) in order to remove any organic compounds (sam-
ples were not prepared at 950 °C due to the formation of melt). Next,
they were mixed with Fluxana (FX-X50-2, Lithium tetraborate 50%/
Lithium metaborate 50%) in a ratio of 1:10 to lower the melting tem-
perature. XRF analysis was performed on melted disks using the OXAS
program, while data was quantified with the program UniQuant 5.

The specific surface area (BET) of the milled glass and stone wools
was determined by nitrogen adsorption at 77 K over a relative pressure
range of 0.05-0.3 (Micrometrics ASAP 2020, Micrometrics, Norcross,
GA, USA). Before BET analysis samples were heated at 105 °C for 24 h
and degassed to 0,133 Pa (Micrometrics Flowprep equipment, Micro-
metrics, Norcross, GA, USA).

Scanning electron microscopy (SEM; Jeol JSM-IT500) with a tung-
sten filament cathode as an electron source was used to investigate Au
sputtered samples of the original and milled waste mineral wool samples
under high vacuum. Polished alkali-activated waste mineral wool sam-
ples were prepared in epoxy resin and observed under low vacuum
conditions. SEM-EDXS was performed by energy dispersive X-ray spec-
troscopy (EDXS; Oxford Instruments, Link Pentafet).

The pore size of the materials following alkali-activation was
determined using mercury intrusion porosimetry (MIP). Small repre-
sentative fragments about 1 cm® in size (taken from a depth of
approximately 1 cm), 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 which had been cured at room temperature for 56 days.

Fourier-transform infrared spectroscopy (FTIR, PerkinElmer Spec-
trum two, Kentucky, USA), equipped with an attenuated total reflection
accessory (Universal ATR) with a diamond/ZnSe crystal as a solid
sample support in the range from 500 em 1-4000 cm ™! with a resolu-
tion of 4 cm ! was used to evaluate the influence of different activators
on the alkali-activated mineral wool samples.

Time-dependent contour plots of compressive and flexural strength
were prepared with JMP 15.1.0 statistical software using the data of
alkali-activated mineral wool samples cured at room temperature and
60% relative humidity. The algorithm used behind all contour plots is
Delaunay triangulation of a discrete point set, in our case of the me-
chanical strengths and densities measured. Sample mixtures were pre-
pared using waste stone and glass wool. All waste material contain
organic binders.

3. Results and discussion
3.1. Characterization of the precursors

Data showing the chemical composition, loss of ignition (LOI) at 550
°C, specific surface area and moisture content of the different types of
waste mineral wool is presented in Table 2. LOI at 550 °C is due to the
removal of carbon (organic binder) and water. LOI is higher in glass
wool, suggesting that GW contains a greater amount of organic binder
[32]. BET analysis demonstrates similar results for both precursors, with
SW having a lower specific surface area than GW. XRF analysis shows
the presence of different elements in the mineral wool samples (Table 2).
Mineral wools are mainly composed of silicon, aluminium, calcium,
magnesium and iron (the content of oxides is stated in mass percentage).
GW has a higher content of Na;O and SiO, (15.0 wt% and 58.5 wt%,
respectively) compared to SW (3.8 wt% NayO and 41.8 wt% SiO»), but a
lower amount of Aly03, MgO, Fe;O3 and CaO (Table 2). During the
collection of waste material, however, it is difficult to completely
separate GW and SW, meaning the final material (i.e. GW) may have
traces of SW and vice versa.

SEM pictures before (a and b) and after (c and d) grinding the GW
and SW are presented in Fig. 1. Samples are composed of different fibres
which vary in size and diameter, consisting of cylindrical rods and
irregular randomly-shaped particles. Although all material was put
through a 63 pm sieve, some particles larger than 63 pm remain. Some
particles with a diameter smaller than 63 pm may enter perpendicularly
through the mesh during the sieving process (Fig. 1c and d). SW involves
many so-called “shoots” (rounded particles) as a consequence of its
production process [7]. It is easier to sieve SW compared to GW which
could be attributed to the higher content of organic binder in the GW
waste (Table 2).

3.2. Microstructural and mineralogical analysis of alkali-activated
material

3.2.1. SEM analysis
Backscattered electron (BSE) micrographs of polished alkali-

Table 2

Chemical composition and loss of ignition (LOI) at 550 °C determined by the
gravimetric method, BET analysis and moisture content for both glass and stone
wool.

Chemical component (%) Glass wool [GW] Stone wool [SW]

NayO 15.0 3.82
SiO, 58.5 41.8
Aly03 4.06 15.1
MgO 5.24 11.0
Fe,03 0.90 5.11
CaO 8.95 16.0
Other oxides 1.55 2.55
Total 94.2 95.4
LOI 550 °C (%) 5.80 4.62
BET (m?/g) 0.6331 0.3848
Moisture content (wt. %) 0.57 0.17
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Fig. 1. SEM pictures of GW (a) and SW (b) before pulverizing. After grinding, samples were sieved below 63 pm. Figure c) represents glass wool with different
elongated particles, while in figure d) many randomly-shaped particles next to the stone wool fibres are visible.

activated GW and SW are presented in Fig. 2. The micrographs show that
unreacted fibres remain present in the samples following alkali-
activation. This indicates incomplete dissolution, and the amount of
unreacted fibres is dependent on the type of alkali activator used in the
alkali activation process. All micrographs show uniformly distributed
and randomly oriented fibres in the binder matrix. Alkali-activation
with NaOH results in many unreacted particles (fibres) in both SW1
and GW1 samples. The matrices in SW1 and GW1 differ, showing a
porous structure (Fig. 2). Precursors (GW, SW) activated with sodium
silicate formed a denser and more homogenous matrix than when acti-
vated with only NaOH. The differences between GW and SW are seen in
Fig. 2. GW samples include microcracks in the structure while SW
samples have a more porous structure without any microcracks. GW2
has a lower L/S ratio and shows fewer microcracks while a less porous
structure is observed in SW2 and SW4 compared to the other SW sam-
ples. Micro-cracks, which were primarily observed in the GW samples,
might indicate a loss of water during hardening, sample pre-treatment,
and/or when exposed to the low-vacuum conditions of SEM [23]. Also,
in SW samples, some “shoots” are observed as bigger particles with a
more rounded shape.

3.2.2. SEM-EDXS analysis

Mix designs for all the prepared mixtures (GW1-GW5 and SW1-SW5)
are shown in Table 1.

The L/S ratio slightly differed between mix designs, ranging between
0.35 and 0.46. Mix designs of GW and SW labelled with the same

number (1-5) have the same L/S ratio. GW and SW have different
chemical compositions, which affects the L/S ratio and the amount of
Na, Ca, Si and Al in the AAM, as shown by the different molar ratios of
Si/Na, Si/Al and Ca/Si given in Table 3. Data were calculated using XRF
and XRD data or EDXS data. XRF and XRD data gave the average dis-
tribution of elements in the system, while data obtained by EDXS
considered point analysis of the gel matrix to evaluate the dissolution of
elements during alkali activation and the formation of any gel poten-
tially present in each AAM sample. When high amounts of Na and Si and
a low amount of Al is present in the system (i.e. glass wool), the Si/Na
molar ratio decreases and the Si/Al ratio increases. Since different mix
designs were applied, it was not possible to prepare all samples with the
same L/S ratio while maintaining equal workability.

According to the literature, the optimal Si/Al and Na/Al ratios are
1.9 and 1 respectively, due to the charge balancing nature of the
negatively-charged tetrahedral aluminium centers [33]. The most
appropriate ratios for Si/Al and Si/Na are, however, hard to achieve for
mineral wool waste samples, due to variations in chemical composition,
the amount of amorphous phase, and the behavior of particle-fibres. XRF
and XRD data revealed a noticeable difference between the Si/Al ratios
of the SW and GW samples. EDXS data showed an elevated Si/Al ratio in
all samples, especially in the GW AAMs. The Si/Al ratio was lower when
the material was activated with NaOH, meaning no extra silicon was
introduced into the system, and the Si present in the gel is a consequence
of Si dissolution. The Si/Na ratio obtained by EDXS is lower in SW1,
possibly due to incorporation of Na in the gel matrix, while the ratio of

15105



M. Pavlin et al.

Fig. 2. SEM-BSE micrographs of alkali-activated materials (GW, SW) after 3
days of curing at 40 °C.

Table 3

Ceramics International 47 (2021) 15102-15113

Si/Na in the GW1 sample is the same as from data obtained by XRF and
XRD. The Ca/Si ratio is higher in SW1 samples compared to GW1. GW,
however, contains more Si and less Ca, and dissolution of Ca and Si is
favored, as seen by the increased Ca/Si and Si/Al ratios shown in
Table 4.

Alkali-activation with sodium silicate increases the Si/Al ratio,
particularly in the GW samples. Providing extra silicate in the mixture
by adding sodium silicate led to the formation of sodium silicate gel with
greater connectivity. An increase in the Si/Al ratio was also observed in
the SW samples. EDXS results for AAMs activated with sodium silicate
show Ca/Si ratio values between 0.09 and 0.20 for GW samples and
0.18-0.31 for SW samples. It is known that the higher alkalinity in
GGBFS reduces the dissolution of Ca but increases the solubility of Si and
Al [34-36]. The higher mechanical strength of GGBFS obtained when it
was activated with sodium silicate compared to NaOH was explained by
the consumption of Ca®*, which dissolves during alkali activation and
reacts with silicate species, forming dense C-A-S-H reaction products
[37]. The chemical composition of SW is closer to GGBFS than GW, and
the Ca/Si ratio shown in Table 3 indicates higher values for the SW
samples. C-A-S-H gel is also expected in GGBFS activated with NaOH in a
higher proportion because no extra Si has been added into the system. In
this study, the Ca/Si ratio was slightly higher when samples were acti-
vated with NaOH compared to those activated with sodium silicate. Due
to the increased Na content in the gel matrix, the formation of
C-(N)-A-S-H and N-A-S-H gel would be possible, as observed in the study
by Yliniemi et al. [23]. In AAMs using GGBFS the Ca/Si ratio was be-
tween 0.6 and 0.7 when activated by sodium silicate, compared to
0.9-1.0 in the case of NaOH. Due to the lower Ca content in SW samples,
however, the ratios in this study are lower and C-(N)-A-S-H and N-A-S-H
gels are more likely present [38]. Where GW samples were activated
using sodium silicate it is suggested that Ca was incorporated into the
N-A-S-H gel, as is typical for low calcium precursors. Partial substitution
of Ca in N-(A)-S-H gel, as a consequence of Ca dilution at a higher
alkalinity, is possible [23]. Additional studies are needed to evaluate the
possibility of different gel phases present in the GW and SW systems.

3.2.3. XRD analysis

XRD analyses of the precursors and their alkali-activated counter-
parts are shown in Fig. 3 X-ray diffraction patterns of the precursors (GW
and SW) and alkali-activated materials (GW1-GW5 and SW1-SW5).
AAMs were cured at 40 °C for 3 days. The halo, typical of an amor-
phous fraction, shifted towards higher 20 values after alkali activation
(this is more evident in the case of GW than in SW). The mineral content
of samples before and after alkali-activation, as determined by XRD, is
presented in Fig. 3, alongside crystallite size determined by the Scherrer
equation [39] and data regarding the goodness of fit. The goodness of fit
is between 5.47 and 7.99, which is more than ideal (an ideal value is 1),
because waste material was evaluated avoiding false-positive results,
which could give a lower GOF, but the results would not even fit XRF
data. The minerals common to both types of precursor are quartz,
dolomite and calcite, while, according to Rietveld refinement, more than
97% of the material is amorphous (pt). Most of the SiO5 detected in the
initial materials by XRF was therefore amorphous and readily available
for reaction. Following alkali-activation of GW and SW more than 97%
of amorphous phase still remains in the hardened material. Similar to

Molar ratios between the different elements involved in alkali activation (values calculated according to XRD and XRF data or obtained by SEM-EDXS). The data

obtained by XRF and XRD are normalized to aluminium.

Ratio SW SW1 SW2 SW3 Sw4 SW5 GW GW1 GW2 GW3 Gw4 GW5
Si/Al (XRD and XRF) 2.32 2.33 2.98 3.62 3.10 3.62 12.1 12.1 14.5 17.0 15.1 16.8
Si/Na (XRD and XRF) 5.59 2.14 2.62 2.37 2.77 1.94 1.99 1.42 1.66 1.66 1.74 1.47
Ca/Si (XRD and XRF) 0.40 0.41 0.32 0.25 0.31 0.25 0.15 0.16 0.12 0.11 0.13 0.12
Si/Al (EDXS) / 2.76 4.65 6.95 5.01 3.77 / 18.6 25.2 32.7 33.4 29.4
Si/Na (EDXS) / 1.55 2.23 2.70 2.43 2.20 / 1.40 2.76 3.22 3.08 1.67
Ca/Si (EDXS) / 0.36 0.31 0.18 0.22 0.31 / 0.18 0.19 0.17 0.20 0.09
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Percentage (pt — mass percentage) of minerals and amorphous phase in GW and SW and their alkali-activated counterparts according to Rietveld refinement, and size of

crystallite domains calculated by the Scherrer equation (S).

Quartz (ICSD 98- Calcite (ICSD 98-

Thermonatrite (ICSD 98-

Dolomite (ICSD 98- Amorphous phase Goodness of

Mohs hardness 016-2490) 003-7241) 000-1852) 018-5049) (%) fit

seale [M] 7 3 1-15 354

GW pt [%] 0.9 1.0 / 1.0 97.0 6.32
S 65 60 / 60
[nm]

SW pt [%] 0.5 0.7 / 11 97.7 5.63
S 65 50 / 60
[nm]

GW1 pt [%] 0.5 / 1.0 0.5 98.0 6.21
S 90 / 70 55
[nm]

GW2 pt [%] 0.8 0.9 / 11 97.2 7.47
S 60 50 / 50
[nm]

GW3 pt[%] 0.8 0.8 / 1.1 97.3 7.94
S 50 50 / 50
[nm]

GW4 pt[%] 1.2 0.8 / 1.1 96.9 7.51
S 90 50 / 50
[nm]

GW5 pt [%] 1.5 / / 1.0 97.5 7.99
S 100 / / 50
[nm]

SW1 pt [%] 0.3 0.6 1.0 / 98.1 5.53
S 70 50 60 /
[nm]

SW2 pt [%] 0.3 / / / 99.7 6.37
S 150 / / /
[nm]

SW3 pt [%] 0.7 0.8 / 1.1 97.4 6.84
S 60 50 / 50
[nm]

SwW4 pt [%] 1.4 / / 0.7 97.9 6.47
S 100 / / 50
[nm]

SW5 pt [%] 0.6 0.8 / 11 97.3 7.02
S 60 50 / 50
[nm]

pt [%] = percentage of the crystalline phase; S [nm] = crystalline size according to Scherer equation.

the precursors, the AAMs contain quartz, dolomite and calcite. When
NaOH was used as an alkali activator, thermonatrite was present in the
samples due to excess sodium in the mixture.

3.3. Mechanical properties of the alkali-activated materials

3.3.1. Mechanical properties after curing at 40 °C for 3 days

The waste mineral GW and SW samples were alkali-activated using
NaOH, sodium silicate or a combination of the two. The effect of the L/S
ratio on microstructure and mechanical strength was studied. Results
detailing the compressive and flexural strength of the various AAMs are
presented in Fig. 4 and Table S1 in the supplement. After 3 days curing at
40 °C, compressive strength was higher in the mixtures prepared with
GW compared to those made from SW. Nevertheless, the sample
strength is dependent on the L/S ratio and the type of activator used.
When using only NaOH (GW1, SW1), the compressive strength was
approximately 15 MPa for GW and 25 MPa for SW after 3 days curing at
40 °C. The better compressive strength observed in the case of SW might
be attributed to the faster hardening compared to GW. SW contains a
higher proportion of calcium, and the dissolution of calcium may affect
its early strength since calcium enables faster setting [22]. As seen by the
SEM pictures in Fig. 2, the SW1 sample has a denser microstrucure than
GW1, as it contains more calcium. Using an NaOH molarity of 6.25 M,
Yliniemi et al. found compressive strength to be 20 MPa after one day of
curing at 40 °C, similar to our findings using 5 M NaOH, where a
compressive strength of 25 MPa was obtained following 3 days of curing
at 40 °C (L/S ratio was the same in both studies). Using 5 M NaOH for the

alkali activation of GW, we achieved a compressive strength of more
than 5 MPa, greater than a sample cured for only one day [22]. In the
present work, all samples were cured at 40 °C for 3 days, and, since
elevated temperature accelerate the reaction process and thus hardening
of materials, the compressive strength of GW1 is therefore higher than in
the study of Yliniemi et al.. Although the extent of reaction is greater
when NaOH is used as an activator, less binder gel is formed because,
unlike in the case of sodium silicate, no external Si is available for
polymerization. The drying process differs from that with sodium sili-
cate, which alters the formation of pores and consequently weakens the
binder.

Using sodium silicate as an activator (GW3, SW3), or a combination
of both activators (NaOH and sodium silicate in GW5 and SW5),
significantly improves the compressive strength (Fig. 4), giving values
above 27 and 31 MPa for SW3 and SW5, respectively, and approximately
38 MPa for GW samples (GW3 and GW5). Since the L/S ratio is the same
in both cases, the addition of NaOH leads to an improvement in the SW5
sample but not in the GW5. The lowest L/S ratio in the GW2 and SW2
mixtures resulted in a significantly improved compressive strength
compared to the SW5 and GW5 samples, with the strength of the SW
samples increasing from 31 MPa to 40 MPa and the GW samples from 38
MPa to 53 MPa. The molar ratios of SiO/Na-O (in activator) were the
same in all AAMs prepared (SW2, GW2, SW5, GW5). A lower amount of
sodium silicate was used in the SW2 and GW2 samples, so the L/S ratio is
the lowest. The workability of the prepared paste was, however, good
enough to prepare AAMs, due to the extra water added to the sodium
silicate. The addition of water in sodium silicate slightly decreases the
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D=Dolomite; Q=Quartz; T=Thermonatrite; C=calcite
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Fig. 3. X-ray diffraction patterns of the precursors (GW and SW) and alkali-
activated materials (GW1-GW5 and SW1-SW5). AAMs were cured at 40 °C
for 3 days.
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Fig. 4. Compressive strength, flexural strength and density (D; kg dm™®) for the
various alkali-activated glass (GW) and stone (SW) wool samples after 3 days
curing at 40 °C.

compressive strength of GW4 compared to GW3, resulting in a value of
around 37 MPa. The standard deviation of measurements for the GW4
samples is greater than in the case of the GW3 samples, however. The
SW3 and SW4 samples show the opposite trend, with a slight increase in
compressive strength in the SW4 sample. The L/S ratio in the SW4 and
GW4 samples is, however, lower than that in SW3 and GW3.

The flexural strength was below 10 MPa in the SW mixtures tested
and exhibited a similar flexural strength across all mixtures (SW1 9.3,
SW2 8.3, SW3 7.5 and SW5 9.8 MPa), except in GW4, where the flexural
strength was slightly lower at 6.5 MPa. The flexural strength was above
10 MPa in all the GW-based AAMs (GW2 15.7, GW3 12.7, GW4 12.0 and
GWS5 10.7 MPa), except in the mixture activated by NaOH (GW1, 3.8
MPa). It follows that all GW samples prepared show an increase in
flexural strength if either sodium silicate or a mix of both activators were
used simultaneously. The addition of water in the GW4 and SW4

Ceramics International 47 (2021) 15102-15113

samples decreases the flexural strength compared to the GW3 and SW3
samples, which had no added water, despite the fact that the L/S ratio
was lower in sample mixture 4 than in sample mixture 3. This indicates
the importance of the higher amount of silicon added in sample mixture
3 compared to mixture 4. Similar to compressive strength, the GW2
sample has the highest flexural strength amongst all GW and SW sam-
ples. This trend was not observed in the SW2 sample.

The density of the various mixtures is shown in Fig. 4. The density of
the AAMs depends on the type of alkali activator used. The nominal
densities of all samples are higher when using sodium silicate compared
to when using NaOH. With NaOH, the densities are 1.52 for GW1 and
1.67 kg dm™ for SW1. These two samples have lower compressive
strengths than other samples, especially GW1 (Fig. 4), but the flexural
strength of the SW1 sample is the highest among SW samples. The higher
density and mechanical strengths in the SW1 sample compared to the
GW1 sample could be due to the higher degree of reaction and formation
of a denser structure, as seen in Fig. 2. Higher amounts of unreacted
material increase the defect density in the specimens and have a dele-
terious effect on the mechanical strength of the AAMs [33]. Both sam-
ples have many unreacted particle-fibres (Fig. 2); however, the gel
formed between the fibres in SW1 improves the mechanical strength.
The density increased to more than 1.80 kg dm™ in the AAMs made
using either sodium silicate or a combination of both alkali activators (a
mixture of NaOH and sodium silicate). The GW2 and SW2 samples have
the highest densities, consistent with the lowest L/S.

3.3.2. Mechanical properties after curing at room temperature

In the next step, curing at room temperature was studied using GW5
and SW5. The compressive and flexural strengths were measured after
curing for 1, 3, 7, 14, 28, 56 and 90 days at room temperature. The
results are shown in Fig. 5 and Table S2 in the supplement. After 3 days
of curing at room temperature, samples were still too soft to be
demoulded. After one week, the compressive strengths for SW5 and
GWS5 were 9.6 and 6.1 MPa, respectively. Curing at room temperature
for 28 days (Fig. 5) resulted in similar compressive strengths for both
types of wool, with a value of 34.1 MPa in the case of stone wool (SW5)
and 32.2 MPa (GW5) in glass wool. When samples were cured for 3 days
at 40 °C (Fig. 4), the compressive strength of glass wool (38.4 MPa) was
better than that of stone wool (31.6 MPa). The flexural strength after 7
days at room temperature ranged between 2 and 3 MPa in both types of
AAM. After 28 days of curing, the flexural strength increased to 9.6 in
GWS5 and 8.7 MPa in SW5. After curing the AAMs for 3 days at 40 °C the
flexural strength was 10.7 in GW5 and 9.8 MPa in SW5. These differ-
ences indicate that neither curing at 40 °C for 3 days nor 28 days at room
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Fig. 5. The compressive and flexural strength of alkali-activated GW5 and SW5
samples measured after curing at room temperature for 1, 3, 7, 14, 28, 56 and
90 days.
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temperature is sufficient to develop the final compressive or flexural
strength of the AAMs. Fig. 5 clearly shows the compressive and flexural
strengths of GW5 nearly double after 56 days. A higher mechanical
strength is also observed in the SW5 sample. Increases in the compres-
sive and flexural strength were observed after 90 days in both AAMs,
however, with SW5 showing an improvement in compressive strength of
about 6 MPa and GW5 increasing by almost 20 MPa to approximately
76 MPa. Similarly, a significant increase was observed in the flexural
strength of the GW5 sample after 90 days curing at room temperature,
while almost no difference was seen in SW5 (Fig. 5). Improvements in
mechanical strength occur because of the increase in Si-O-Si bonds,
which result from the activation with sodium silicate and dissolution of
silicon from the GW precursor.

A model of time-dependent compressive and flexural strength is
shown in Fig. 6. Contour plots include the data for GW5 up to 90 days of
curing at room temperature, where compressive strength reached almost
80 MPa and flexural strength approximately 27 MPa, and after 90 days
for SW5, which achieved compressive and flexural strengths of
approximately 56 MPa and 13 MPa respectively. A mixture of different
proportions of GW and SW was included in the contour plots in order to
evaluate the most suitable mix design. Compressive strength is highest
when the proportion of GW is more than 75%. The contour plots indicate
far better flexural strength when a mixture of both types of wool was
used. It follows that a mixture of the two types of wool improves the
mechanical properties earlier compared to the use of pure waste mate-
rial (labelled as 0 and 1 in the graph). If the mixture contained more than
50% GW, the compressive strengths were higher after 50 days, while the
highest values of flexural strength after 50 days were observed when the
mix design contained 75% GW. A higher proportion of glass wool im-
proves the mechanical properties, while using a mixture of both types of
wool accelerated the reaction, probably due to the presence and disso-
lution of more Ca from SW, which decreases the setting time. The
increased compressive strength in samples based on GW or mixtures
containing GW may be attributed to a higher Si/Al ratio and thus a
higher number of Si-O-Si bonds [40] compared to the SW mix designs.

3.4. Porosity determined by mercury intrusion porosimetry (MIP)

Porosity values of the alkali-activated GW and SW samples,
measured by MIP, are presented in Table 5, alongside data regarding
compressive strength, L/S ratios and the proportion of gel and capillary
pores. Pore size distribution was between 0.01 and 100 pm, and the total
porosities of samples cured at 40 °C for 3 days are presented in Fig. 7.
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Porosity values are shown as the percentage of total volume. Total
porosity ranged between 25 and 32% in the alkali-activated SW samples
and between 15 and 34% in the GW samples. Porosity for the GW
samples (GW2-GW5) was generally lower than in the SW samples, with
the exception of GW1. The lower porosity in the GW samples (GW2-
GW5) is consistent with the higher mechanical strength in these sam-
ples. The GW2 sample, which had the highest compressive and flexural
strength, does not, however, have the lowest porosity. Samples with the
highest porosity were prepared using waste mineral wool and sodium
hydroxide, while the mixtures prepared with sodium silicate or a com-
bination of both activators have a lower porosity. Comparisons between
SW1, GW1 and SW2, GW2 samples, with L/S ratios of 0.35 and 0.37
respectively (Table 5), reveal that the GW2/SW2 have far better me-
chanical properties and a lower porosity. Using sodium silicate as the
activator not only led to higher strengths but also to a lower-porosity
binder [33,41,42].

The total porosity was lower in samples where only sodium silicate
was used as an activator (GW3, GW4), compared to those with the
addition of NaOH (GW2, GW5). The lowest total porosity was in sample
GW3, at 15.2%, followed by sample GW4 with a value of 16.3%, where a
small amount of water had been added to the sodium silicate to improve
workability. If the total porosity decreases, the pore size distribution
curve shifts to smaller pore sizes, indicating a denser microstructure of
the samples (Fig. 2). The reduced porosity and refined microstructure is
attributed to a higher degree of reaction in the samples. A higher reac-
tion degree of the precursor leads to more reaction products, filling the
pore space and consequently resulting in a denser microstructure [43].
The initial pores in the alkali-activated samples may, however, form
during preparation (mixing), when the paste is gravity-cast in the
moulds, and/or in the early stages of the curing process, when pores and
micro-cracks can form due to drying shrinkage [44]. Additional pores
might form during alkali-activation due to the presence of organic
binder in the SW and GW waste samples. The alkali activator reacts with
the organic material where the self-foaming effect was observed. An
example of an AAM sample with a porous structure in the presence of
organic binder is shown in Fig. S1 in the supplement. Self-foaming has
been observed previously when using other types of waste as a precursor
[45].

According to the literature, a peak with a pore diameter between
0.01 and 0.1 um corresponds to the pore diameter of the gel pore system,
and a pore size larger than 0.1 pm represents the capillary pore system
[43]. In the present work, the largest proportion of pores in the samples
have a pore size of 0.1-1, 1-2 and 2-10 pm. Pore size distribution differs
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Fig. 6. Model prediction of time-dependent flexural and compressive strength in glass wool (1), stone wool (0) and a mixture of the two types of wool (between 0 and
1). The sum of both wools is 1, where O represents 100% SW and 1 represents 100% GW. The distance between contour lines for the compressive and flexural

strengths represents the speed of solidification of the mix.
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Table 5
Sample data showing average pore diameter, porosity, percentage of gel and capillary pores, water/binder ratio (L/S) and compressive strength.
SwW1 SW2 SW3 SW4 SW5 GW1 GW2 GW3 GW4 GW5
Average Pore Diameter (4 V/A) 1.31 0.18 1.81 0.47 1.73 1.11 0.31 0.14 0.13 1.64
Porosity 32.2 25.3 28.4 25.3 31.7 33.8 18.3 15.2 16.3 21.3
Apparent (skeletal) density 2.41 2.45 2.46 2.21 2.41 2.29 2.29 2.24 2.23 2.30
0.01-0.1 pm (%) 0.16 0.74 0 2.34 0.01 0.55 0.30 0.6 0.59 0.03
0.1-100 pm (%) 99.3 96.9 99.9 90.6 99.7 98.1 98.1 94.7 96.9 99.6
L/S 0.35 0.37 0.46 0.42 0.46 0.35 0.37 0.46 0.42 0.46
Compressive strength (MPa) 24.5 40.6 27.2 30.6 31.6 15.2 53.1 38 36.9 38.4
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Fig. 7. Pore size distribution in the GW and SW samples. Samples were cured at
40 °C for 3 days.

between the GW and SW samples. The GW samples show a similar
pattern of pore size distribution, ranging from 2 to 10 pm and decreasing
when only sodium silicate was used. The GW2, GW3 and GW4 samples,
with a lower total porosity, have a reduced proportion of pore size 2-10
pm. A lower proportion of pore size 2-10 pm was observed in the SW2
and SW4 samples compared to the SW1, SW3 and SW5 samples with a
higher porosity. The L/S ratios are lower in SW2 and SW4 compared to
the other samples, and they show a higher proportion of pores sized
0.1-1. These two samples also contain pores <0.1 pm, which are not
present or are present only in a small proportion in other samples. The
microstructures of the SW2 and SW4 samples show the formation of a
different matrix compared to samples SW1, SW3 and SW5 (Fig. 2). A
lower porosity, and the formation of smaller pores, is consistent with the
SEM micrographs, which show less unreacted stone wool fibres in SW2
and SW4 compared to the other three samples (Fig. 2).

Fig. 8 represents the graph of pore size distribution versus the log-
arithms of differential intrusion curves, as derived from MIP. The GW
and SW samples show a unimodal distribution ranging between 0.01 and
10 pm. GW5 has a maximum height of 3.9 pm compared to values of 1.6
and 2.2 pm for GW1 and GW2, respectively. The highest peak among the
GW mixtures is in GW1, indicating the highest porosity in this sample,
while in the case of stone wool SW1, SW3 and SW5 all show comparable
peak heights at similar positions. SW2 and SW4 show a wider pore size
distribution. The addition of extra water in the SW mixtures may induce
the formation of different, smaller pores.

3.5. FTIR analysis

Fig. 9 represents the FTIR spectra of precursors (GW, SW) and their
associated AAMs. Each spectrum of the initial mineral wool waste shows
one wide band, representing the Si-O-T (T = Si or Al) asymmetric
stretching vibration band, which occurs at 905 cm™! in SW and 945 cm™!
in GW. In both cases, the broad bands indicate a disordered silicate

Pore size diameter (um)

Fig. 8. Pore size distribution of GW and SW samples cured for 3 days at 40 °C.

structure. The lower positioned band seen in the SW indicates that the
vitreous phase has more Al-O and Al-O-Si bonds compared to the GW
sample, which is consistent with the chemical composition of the SW
precursor. During the dissolution step, AI-O-Si and Al-O-Al bands are
broken more readily than the Si-O-Si bands, which results in weaker
bonds between network-forming and network-modifying species [46,
47]. This corresponds to the higher reactivity of the SW precursor to
alkali attack in comparison to the GW samples, which was evidenced by
faster hardening and an increase in mechanical strength in the first days
of curing at room temperature, as shown in Fig. 6.

During the alkali activation of SW and GW, the band representing
asymmetric stretching of T-O-T (T = Si or Al) shifted to higher wave-
numbers (between 953 cm™ and 979 cm™), indicating polymerization of
the Si-O network [48]. A narrowing of the peak was observed in all
AAMs, due to the more condensed tetrahedral species [37]. Shifts in the
SW and GW samples depend on the exact position of the Si/Al ratio.
Increasing the content of the tetrahedrally positioned Al in the system
and substituting Si*" for AI** reduces the T-O-T angle, which results in
the band shifting to lower wavenumbers due to a smaller bonding force
[49]. GW and SW differ in their chemical composition and, accordingly,
their Si/Al ratios also differ (Table 3). The Si/Al ratio is above 5 for all
the GW mix designs (EDXS data in Table 3), where it is suggested that
aluminium is incorporated in the stable cyclic and larger aluminosilicate
species whereas when the Si/Al ratio is smaller than 5, the bulk of all
aluminium is present as monomeric Al(OH)4_ [50]. Since the Si/Al ratio
is much lower in SW than in GW, and that shifts are similar regardless of
which wool was used, parameters other than the Si/Al ratio may influ-
ence the position of the peak.

The extent of the shift depends on the type of precursor, the reaction
time and the curing conditions [51]. The shifts depend on the activator
used, with sodium silicate causing a shift to higher values (967-979
cm'l) compared to the use of NaOH alone (954-960 cm’l). Higher
alkalinity decreases the wavenumber due to the lower extent of
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Fig. 9. FTIR spectra of the precursors and alkali-activated wool waste mixtures
cured at 40 °C for 3 days.

polymerization in the matrix [52] and a decrease in network connec-
tivity [53]. This is seen from the SEM pictures (Fig. 2) when NaOH was
used as the alkali activator, where many unreacted fibres remain present
in the matrix. Moreover, the pH of NaOH is higher compared to other
samples (Table 1), and the position of SW1 and GW1 at lower wave-
numbers are therefore consistent with the pH values. Furthermore, small
differences were also observed between the mixtures where only sodium
silicate or a combination of both activators was used. In AAMs where
NaOH was added to sodium silicate solution the band is positioned at
slightly lower wavenumbers (SW2, SW5, GW2, GW5) compared to the
samples which used sodium silicate only. This indicates a similar degree
of polymerization, although the alkalinity of the activator shifts the
position of these bands to lower values compared to SW3, SW4, GW3
and GW4.

In general, shifts in all the mix designs were similar, regardless of
which wool waste was used, given that the precursors (SW and GW)
contained a sufficient amount amorphous Si. The GW precursor, how-
ever, contained more Si, as determined by XRF, and analysis of the
dissolution of glass wool in NaOH shows a higher concentration of Si in
GW compared to SW [54]. The shift of T-O-T (T = Si or Al) occurs at
lower wavenumbers in SW1 samples than in GW1 samples, which agrees
with the previous statement. It follows that, due to similar shifts in all
mix designs, the soluble silicate in the sodium alkaline activator
significantly contributes to the formation of the framework of the gel
phase in the binders [55].
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A band ranging between 770 and 780 cm™! which indicates a Si-O
band (in the SiO4 tetrahedron), is present in all the GW samples [56].
This band was not observed in the SW samples. In the SW samples, as
well as in the SW precursor, a band was observed at approximately 666
cm_l, which was attributed to symmetrical stretching of Si-O-T [38]. A
transmission band at approximately 1645 cm™! indicates the presence of
H-O-H bending vibration, due to the presence of water in the AAM or
waste adsorbed at the surface of the GW precursor. Some AAM samples
show bands ranging between 1400 and 1500 cm™}, which correspond to
the asymmetric stretching of CO%’ (0-C-0), and a weak shoulder at
around ~870 cm™ due to out-of-plane bending of CO%~. It is not,
however, possible to prevent the incorporation of COs if the sample is
exposed to air [48]. These bands are more pronounced in the GW
samples. A higher Ca/Si ratio may indicate more intensive bands, as
observed in the SW1 and SW2 samples, where, according to EDXS
analysis (Table 3), the Ca/Si ratio is the highest in the matrix.

4. Conclusion

The performance of AAMs depends on the waste mineral wool used.
The key findings are as follows:

- the results confirm that both precursors are suitable for the alkali
activation process,

successful mechanical properties were obtained following both
curing regimes (curing either at 40 °C or at room temperature),
achieving a compressive strength of over 50 MPa in both cases,

the compressive strength after 3 days curing at 40 °C was better in
GW than in SW if sodium silicate or a combination of sodium silicate
and NaOH were used,

L/S affects the final mechanical properties regardless of which wool
was used,

A lower SiO5/Nay0 ratio and low L/S ratio significantly improve the
mechanical strength of both materials,

Contour plots of pure waste GW, SW and a mixture of the two,
showed the highest mechanical properties when the mixture con-
tained 75% of GW,

- XRD analysis of precursors and samples following alkali activation
confirmed more than 97% amorphous phase,

SEM pictures show the differing microstructures of AAMs prepared
from SW or GW. These differences result from the chemical
composition of the precursors themselves, as well as the alkali acti-
vator used. Differences in the porosity are also noticed, with SW-
based materials having a more porous structure.

Many unreacted fibres are present in alkali-activate materials made
from both types of wool waste. The partial dissolution of GW and SW
fibres shows the formation of different binder gels, as expected due to
the different chemical compositions of the precursors, and point
identification made by SEM-EDXS.

This study confirms the potential for the secondary use of mineral
wool waste as a precursor in the development of alkali-activated con-
struction materials. In order to enable the transfer of this technology into
praxis, further investigations will be performed to find a suitable addi-
tive to either accelerate the reaction or increase early strength at room
temperature. Due to the huge amount of waste wool available, its use as
a raw material for various applications would be an important step to-
ward a circular economy.
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