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Abstract: The development of low-carbon alkali-activated binders based on production waste is one
of the most sought-after areas of development of building materials science. The article examines the
results of studies of the structures of cupola dust and the assessment of its ability to hydrate when
exposed to alkaline activation. Technological preparation of dust by sifting it through a 0.16 mm sieve
and subsequent mechanical activation for 120 s to a specific surface area of 733 m2/kg is proposed.
The best results were shown by the composition of cupola dust with an alkaline activator of 50 wt.%
8.3 M NaOH and 50 wt.% Na2SiO3. After 28 days of natural hardening for this composition, the
bending strength was 12.7 MPa and the compressive strength was 68.3 MPa. The analysis of the
influence of hardening conditions showed that the temperature–humidity treatment of concrete at
a temperature of 90 ◦C for 12 h accelerates the process of curing to 80–90% of natural conditions.
The porosity of the samples after heating was established, which is 24–25%. The mineralogical
composition of the products of the cement matrix structure’s formation, which is represented by
minerals of the zeolite group, was specified.

Keywords: alkali-activated binder; waste of mineral wool production; cupola dust; fineness of
grinding; strength; porosity; mineral composition

1. Introduction

The world is implementing the UN plan [1] to achieve a better and more sustainable
development of mankind, consisting of 17 goals such as combating climate change, re-
sponsible consumption and production, and so on. There are a number of global problems
that hinder the implementation of this plan. Such problems include an increase in green-
house gases, primarily CO2 emissions, depletion of natural resources and the formation
of multi-ton waste as a result of economic activity. Portland cement is one of the main
industries contributing to the escalation of these problems [2]. In turn, Portland cement
is the main binder for concrete and reinforced concrete in the production of products and
structures for industrial, civil and transport purposes. It is currently not possible to opt
out of using it. Moreover, its production volume is constantly increasing. Thus, according
to M. Garside [3], in 1995, cement production in the world amounted to 1.39 billion tons,
and in 2021 it amounted to 4.4 billion tons. The largest cement production is in China [4].
In 2020, 2.4 billion tons of cement were produced on its territory [4,5]. Russia is one of
the 20 largest cement producing countries. In 2020, 51.7 million tons were produced in
Russia [6]. According to IEA [7] forecasts for 2050, cement production in the world will
amount to 4.68 billion tons. In turn, the forecast for CO2 emissions up to 2050 in the cement
industry distinguishes two scenarios [8]. In the first scenario, emissions are stabilized at
the level of 2400 CO2 emissions Mt/year; in the second scenario, there is an increase in
emissions—over 2700 CO2 emissions Mt/year. In the future, the general trend in cement
production tends to fade. Perhaps this is due to the increase in the use of “green” tech-
nologies based on wood and plastics or other factors. In any case, at the current rate of
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Portland cement use and public disregard for the carbon footprint of the materials, this will
lead to a further increase in greenhouse gas emissions in the cement industry. With more
stringent carbon regulation, further technological innovations and increasing the value of
green concrete and other sustainable environmentally friendly solutions, this process can
be slowed down or minimized.

One solution to this problem is the development of low carbon binders based on
an alkaline reaction. Low-carbon binders not only reduce CO2 emissions but are also
more environmentally friendly than Portland cement, as they allow the use of industrial
by-products as feedstock, which emit less of this gas.

Based on the above, concretes based on slag-alkali binders are of scientific interest,
which is confirmed by the conclusions and forecasts of the technical committee RILEM
TC 224-AAM [9]. However, due to the constant demand for finely ground granulated
blast-furnace slag, used as an additive to reduce clinker in Portland cement and separately
constituting the main component of the alkaline binder, this leads to an increase in its cost.
Therefore, the search for alternative components remains a topical issue.

International experience shows that when developing low-carbon binders, two groups
of studies are distinguished:

• development of complex structured composite cements with a decrease in the content
of clinker and an increase in the content of additives of natural and technogenic origin
in them [10–14];

• development of the production of clinker-free binders, alternative in properties to
Portland cement [15–19].

The first group includes traditional binders, which include cement clinker. The cements
of this group are generally classified into five types of cement with mineral additives. These
cements with mineral additives are primarily characterized by the replacement of a part
of Portland cement with active or inert mineral additives (blast furnace slag, fly ash, etc.)
with an inevitable decrease in binder activity and, consequently, subsequent performance
properties [20–22]. Thus, according to Alekseev S.N. and Rosenthal N.K. [21], for cement
with the addition of blast-furnace slag, the carbonization rate is higher than that of ordinary
Portland cement. Basically, these cements are low-quality binders. The peculiarity of such
cements is a long curing and low resistance in various industrial environments. Currently,
a number of researchers [23,24] are focusing on improving the performance properties by
optimizing the technological properties of cement or concrete mixture, namely, reducing the
consumption of cement in concrete, using chemical additives, mineral additives, optimizing
aggregates, etc.

The second group includes slag-alkaline, alkaline binders obtained on the basis of
finely dispersed aluminosilicates of natural and technogenic origin by mixing them with
aqueous solutions of alkalis and, in this case, forming low-basic hydrosilicates of cal-
cium, silicic acid, alkaline and alkaline–earth hydroaluminosilicates, hydroaluminates and
hydroferrites [16].

These binders are obtained using alkaline activation, by-products of granulated blast-
furnace and cupola slags, fly ash and bottom ash, metakaolinite and others [25]. As a result,
the use of Portland cement (namely clinker) is excluded and, at a higher level, carbon
dependence is reduced and the environment is improved due to resource saving.

Of the variety of low-carbon binders, the most studied in terms of properties, compo-
sition, structure and durability are Portland cements with the addition of mineral additives
of the “CEM I ... V” types, that is, binders of the first group. In turn, according to Eroshk-
ina N.A. and Korovkina M.O. [26], there is a difficulty in studying the mechanism of
the hardening of binders of the second direction, since there is a large scatter of the ob-
tained experimental data due to the variability of the compositions of raw materials from
by-products of processing.

One of the promising wastes for low-carbon binders is cupola dust from mineral wool
production. This dust is formed during the purification of waste gases from the cupola
furnace of mineral wool production [27–29]. Unlike other waste from this industry, there is
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no cost-effective recycling or reuse program for cupola dust that could significantly reduce
its accumulation [30].

Kubiliute R. et al. [31] proposed to use cupola dust as an additive to Portland cement,
and it was also found that its addition helps to increase the compressive strength of the
cement stone and accelerate the hydration of calcium silicates. The authors recommend
washing the dust to reduce the chlorides in it.

According to Nagrockiene D. [32], for clinker cements modified with dust from mineral
wool production waste in the amount of 5% by weight of cement weight, the compressive
strength increases by 8.3% relative to concrete without additives. With an increase in
the content to 7.5% of the cement weight, a decrease in compressive strength is observed
up to 2.7% higher than the value in relation to concrete without additives. With a dust
content of 7.5% by weight of cement, the samples absorb less water due to low porosity,
which increases frost resistance. In the study [30], it was shown that when developing
compositions of refractory concrete based on calcium aluminate cement, cupola dust could
act as a substitute for technical microsilica. Belov V.V. and others [33] write that in the
compositions of fine-grained concrete using complex waste of mineral wool production,
namely in the optimal composition consisting of 1% of the volume of concrete of fibrous
basalt waste, 10% of the mass of cement of dust-like waste, compared with the composition
without the additive the compressive strength, increases by 11.5 MPa for cube samples
and by 5.3 MPa for prism samples; the increase in tensile strength in bending of the prism
samples is 1.87 MPa.

In slag-alkali binders and geopolymers, as a rule, it is proposed to use either wastes
consisting of mineral elements (beads, slags, dust) formed at different stages [17] or mineral
wool as a recycling process [34].

Erofeev V. et al. [17] found that the process of structure formation in the system
“Mineral wool production waste–Water–NaOH” is most effective at a NaOH/waste ratio
of 2/100–3/100. The best indicators of the physical and mechanical properties of the
obtained binders are achieved with a waste grinding fineness equal to 400–450 m2/kg.
The compressive strength of the developed binder compositions reaches 68 MPa, and,
in bending, at a waste grinding fineness of 300 m2/kg, it is already 13.5 MPa. They
also showed that composites based on binders from mineral wool production waste are
water-resistant and fungus-resistant, and some compositions are fungicidal.

Kinnunen P. et al. [34] have developed a geopolymer consisting of 33% fibre mineral
wool waste and 47% fly ash with a water-binding ratio of 0.4 and a SiO2/Al2O3 ratio of
2.47. The compressive strength of this geopolymer is over 12 MPa.

According to Puertas F. and Torres-Carrasco M. [35], in slag-alkali binders with the
addition of glass waste, as a result of treatment with alkaline activators from NaOH and
liquid glass, blast-furnace slag was activated and, while partially dissolving it, compounds
and a microstructure, observed in a slag-alkali binder based on liquid glass, were formed.

Davidovits J. [16] indicates that hydration products in geopolymers are formed as a
result of the interaction of calcium hydrosilicates and sodium hydroaluminosilicates. In the
presence of clay minerals in the binder when they interact with alkalis, hydroaluminosili-
cates (zeolites) are synthesized,

The mechanism is more complex in geopolymers due to the high content of CaO,
so a number of studies have been carried out to study its role in the polymerization
process [36,37]. It was found that CaO positively affects the strength of geopolymer bonds
and plays an important role in determining the reaction path and the physical properties of
the products of the hydration process. Moreover, the formation of CaO compounds has
been reported to be highly dependent on the SiO2/Al2O3 ratio and the pH value.

From most alkaline activators, NaOH, Na2SiO3, Na2CO3, Na2O·nSiO2 and Na2SO4
are common [38–40]. Some potassium compounds (potassium hydroxide) were used in
some studies. However, experience with their use is limited due to economic performance.
According to Sajedi F. and Razak H.A. [40], the properties of alkaline binders based on
sodium and potassium compounds are very similar.
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Rusina V.V. [18] notes the expediency of using liquid glass from microsilica in the
production of clinker-free binders. The strength of the samples obtained as a result of
temperature–humidity processing of the test of normal density of samples of different
compositions using fly ash, slag binder and liquid glass from microsilica is 21.7–92.8 MPa,
and the softening coefficient in all cases exceeds 0.8. The results of fine analysis methods
showed that in such samples the composition of the hydrated phases does not differ from
the products of known alkaline and slag-alkali binders.

Palomo A. et al. [41] found that various fly ash specimens activated with 8–12 M
NaOH cured at 85 ◦C for 24 h produced specimens with compressive strengths ranging
from 35 to 40 MPa. In addition, the strength can reach almost 90 MPa if a water glass is
added to NaOH (SiO2/Na2O = 1.23).

According to Ruengsillapanun K. et al. [42], while using fly ash with a high calcium
content as a binder and alkaline activator from Na2SiO3 and NaOH solution with con-
centrations of 2, 4, 6 and 8 M with an increase in the Na2SiO3/NaOH ratio and NaOH
concentration, the compressive strength of concrete increases. Therefore, at a ratio of
0.5 and a concentration of NaOH 2 M solution after 90 days, the compressive strength
is 27.5 MPa. Shrinkage tends to decrease at higher NaOH solution concentrations and
increase at higher Na2SiO3/NaOH ratios. The heat release of concrete with alkali-activated
fly ash is two times lower than that of concrete made from ordinary Portland cement at the
same compressive strength. Increasing the NaOH concentration and the Na2SiO3/NaOH
ratio resulted in a higher temperature rise of the alkali-activated concrete.

Production waste, as a rule, has a smaller specific surface than the binder, so prepara-
tory work is required to change the particle size distribution. An increase in the fineness of
the grinding of binder particles leads to an increase in their surface area, which contributes
to an increase in the degree of packing of the cement matrix [43]. According to the data of
work [44], when using mechanical activation of industrial wastes used in the compositions
of binder cement mortars, an increase in cement strength is observed (up to 40%).

For alkali-activated binders, the hardening conditions and the period of strength de-
velopment of the alkali-activated binder play an important role in strength. A comparative
analysis by Castillo et al. [45] showed that higher temperatures and holding times promote
intense N-A-S-H gel formation, which leads to an increase in mechanical characteristics.
The greatest strength can be achieved at a temperature of 80–90 ◦C [45,46].

Traditionally, the total period of curing in the natural hardening chamber for clinker
and non-clinker cements is 28 days. However, hydration processes continue after this time.
Thus, according to the data of works [43,47], there is a slight increase in the strength of
alkaline concretes and mortars in 60 and 90 days. However, the main set of strength occurs
within 28 days.

The durability of alkali-activated concretes remains a debatable issue due the large scat-
ter of data caused by the use of different raw materials. Wang A. et al. [48], after reviewing
the work on the durability of concretes from alkali-activated binders and Portland cement,
found that, in general, alkali-activated concretes have a greater durability than those from
Portland cement. At the same time, three groups of binders are distinguished, differing
in the mechanism of concrete corrosion in different working environments: without CaO
content, low in CaO and high in CaO. For example, in work [49], slag-alkali concrete was
prepared. It was based on granulated blast-furnace slag activated with a high-concentration
alkali solution; during hardening, it was found that this concrete, in a short time, reached
a strength comparable to concrete on Portland cement. However, the material showed
an increase in the number of voids, as well as a decrease in speed over time. This can
cause the material to perform worse for longer periods of time. This is due to the fact that
a large amount of CaO is present in the blast-furnace slag, so the corrosion mechanism
will obviously be similar to Portland cement, which is confirmed by the conclusions given
in [48]. According to [48], one of the proposals to increase the durability of alkali-activated
concrete is to reduce the porosity of the structure through the use of nano-SiO2.
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Based on the foregoing, it can be concluded that the development of compositions of
low-carbon binders based on production by-products, including cupola dust as raw materi-
als and their subsequent activation with metal alkalis, is an urgent task that contributes to
the resource saving of materials and the reduction in greenhouse gases.

The main purpose of this study is to develop compositions based on cupola dust of
mineral wool production with mechanical activation, as the main raw material for the
production of alkali-activated binder. This paper presents the results of original studies
of the analysis of the structure of cupola dust in terms of chemical, mineralogical and
granulometric compositions and assessment of the influence of the fineness of grinding
cupola dust on the physical, mechanical and technological properties of the alkali-activated
binder. The results of the selection of compositions with different activators, such as
NaOH, KOH and NaOH+Na2SiO3, are described. A comparative analysis of the influence
of natural and accelerated conditions of concrete hardening on strength indicators has
been made. The structure and products of the cement matrix of the obtained concretes
were studied.

2. Materials and Methods

To achieve this goal, the following tasks were performed:

• study of the structure of cupola dust,
• assessment of the effect of technological parameters on the properties of alkali-activated

binders from cupola dust,
• study of the structure and products of neoplasms of the cement matrix.

As the main component of the binder, cupola dust was taken, which is formed during
the purification of cupola gases in the production of mineral wool boards by Agidel LLC
(Blagoveshchensk, Republic of Bashkortostan, Russia). Dust is a mixture of grey colour,
including fine fractions and large inclusions up to 10 mm. Since the main components
for the production of mineral wool are rocks of the basalt group of the Abzakovo deposit
(Republic of Bashkortostan, Russia), as well as foundry coke, blast-furnace slag, porphyrite,
etc.; obviously, the mineral dust of these components is present in cupola dust.

A general view of cupola dust is shown in Figure 1.
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An alkaline activator was adopted in three types: sodium hydroxide solution NaOH,
a solution of caustic potassium KOH and a 50 wt.% solution of sodium hydroxide NaOH
and 50 wt.%. sodium metasilicate Na2SIO3.
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The study used technical caustic soda flake produced by JSC Bashkir Soda Company
(Sterlitamak, Russia) and caustic potash produced by UNID Co, Ltd. (Ulsan, Republic
of Korea).

Drinking water, according to GOST 23732–2011 [50], was used to prepare alkali solu-
tions. The concentration of solutions of 8.3 M was taken as the working concentration of
NaOH and KOH. The required density of the NaOH solution at a temperature of 20 ◦C was
taken as 1.2840 g/mL and, for the KOH solution, 1.3282 g/mL. Density control was carried
out using an AON-1 hydrometer.

As an additional activator, sodium metasilicate Na2SIO3 of the Universal brand pro-
duced by Teks LLC (Russia) was used. It was a yellow liquid. The density of the solution at
a temperature of 20 ◦C was 1.36 kg/L.

For the manufacture of “reference” control samples for the study, Portland cement
of the brand CEM I 42.5N produced by Magnitogorsk Cement and Refractory Plant LLC
(Magnitogorsk, Russia) was taken. The chemical composition of Portland cement is shown
in Table 1.

Table 1. Chemical composition of Portland cement.

Fe2O3+
FeO Al2O3 SiO2 CaO Na2O SO3 MgO Loss on

Ignition

4.27 5.24 20.80 60.45 0.61 2.81 4.02 1.60

As a fine aggregate, polyfractional quartz sand, composed of quarry sand (Kabakovo
village, Republic of Bashkortostan, Russia) in accordance with the granulometric composi-
tion GOST 30744-2001 [51], was used.

The granulometric composition of polyfractional sand is shown in Table 2.

Table 2. The particle size distribution of polyfractional sand.

Name of Balance Bottom
Particle Size, mm

0.08 0.16 0.5 1.00 1.25 2.0

Residue on sieve, g – 36 580 230 47 107 –
Private balance, % – 3.6 58.0 23.0 4.7 10.7 –
Total balance, % – 100 96.4 38.4 15.4 10.7 –

The content of dust and clay particles in the sand was about 1.8%; therefore, the sand
was additionally washed and dried before the start of the research. The true density of the
sand was 2.97 g/cm3.

The following types of binder compositions were used in the study: C1—reference
composition—Portland cement; C2—cupola dust after screening through a 0.16 mm sieve,
alkaline activator NaOH 8.3 M; C3—cupola dust after screening through a 0.16 mm
sieve and mechanical activation for 60 s in a ball mill, alkaline activator NaOH 8.3 M;
C4—cupola dust after screening through a 0.16 mm sieve and mechanical activation for
120 s, alkaline activator NaOH 8.3 M; C5—cupola dust after screening through a 0.16 mm
sieve and alkaline activation for 240 s, alkaline activator NaOH 8.3 M; C6—cupola dust after
screening through a 0.16 mm sieve and mechanical activation for 120 s, alkaline activator
composition 50 wt.%, NaOH solution 8.3 M and 50 wt.% Na2SIO3; C7—cupola dust after
screening through a 0.16 mm sieve and alkaline activation for 120 s, alkaline activator
KOH 8.3 M.

The determination of strength characteristics was carried out on samples from a
cement–sand mortar with a composition of 1:3. The consumption of components is shown
in Table 3.
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Table 3. Consumption of raw materials for the preparation of cement–sand mortar test samples.

Type of
Composition

Composition
Number

Binding Agent (B),
kg/m3 Water,

kg/m3

Alkaline Activator, kg/m3

W/B 1 Sand,
kg/m3

Portland
Cement

Cupola
Dust

Lye in Dry State Sodium Silicate
Na2SiO3NaOH KOH

C1 C1a, C1b 450 – 189 – – – 0.42 1350
C2 C2a, C2b – 450 214 75 – – 0.41 1350
C3 C3a, C3b – 450 214 75 – – 0.41 1350
C4 C4a, C4b – 450 214 75 – – 0.41 1350
C5 C5a, C5b – 450 214 75 – – 0.41 1350
C6 C6a, C6b – 450 107 37 – 153 0.53 2 1350
C7 C7a, C7b – 450 241 – 130 – 0.42 1350

1 The amount of binder is taken as the sum of cupola dust and alkali in a dry state. 2 To determine W/B, the
amount of water was taken, taking into account Na2SiO3, in the amount of 112.5 kg/m3.

Compositions of type C2, C3, C4 and C5 were used to study the effect of mechanical
activation of cupola dust on strength; compositions of type C1, C4, C6 and C7 were used to
compare different alkaline activators. Samples with composition numbers C1a, C2a, C3a,
C4a, C5a, C6a and C7a were kept in a natural hardening chamber for 28 days; samples with
composition numbers C1b, C2b, C3b, C4b, C5b, C6b and C7b were subjected to temperature
and humidity treatment.

The mode of temperature–humidity treatment of the samples was adopted as one-
stage isothermal heating with a duration of 3 + 6 + 3 = 12 h. Samples were heated to a
temperature of 90 ◦C.

A common parameter for all compositions was the mobility of a mixture of cement–
sand mortar, characterized by a cone spread of 106–108 mm. Mobility was determined
according to GOST 310.4-81 [52]. Based on the test results, the water-binding ratio (W/B)
was adjusted until the required mobility parameters were achieved. In addition, for all
compositions, the start and end dates of setting were determined in accordance with
GOST 30744-2001 [51].

The study of the structure of cupola dust included experiments to determine the
particle size distribution and assess the fineness of grinding during mechanical activa-
tion and chemical analysis of the oxide composition. The granulometric composition of
the cupola dust was carried out using the sieve method without washing, according to
GOST 12536-2014 [53].

Mechanical activation or grinding was carried out on raw materials from cupola dust
that passed through 0.16 mm and 0.63 mm sieves. This work was carried out using a
laboratory ball mill consisting of steel balls. The grinding fineness of cupola dust was
determined by the gas permeability method of Kozeny and Karman using the PSH-12
device. Specific surface area (cm2/g) and mass average particle size (µm) were taken as the
main parameters. The true density of the cupola dust was determined in accordance with
GOST 30744-2001 [51] using the Le Chatelier instrument, with dehydrated kerosene as a
liquid to prevent the formation of hydrate phases in the instrument, leading to distortion
of the results. The mass of samples was measured on aVK-300 analytical balance with an
accuracy of 0.01 g.

To study the properties and features of the structure formation of the studied com-
positions, control samples of 40 × 40 × 160 mm in size were taken in accordance with
GOST 30744-2001 [51].

In the manufacture of control samples, a mode based on the recommendations for
slag-alkali cements given in work [15], as well as the requirements for a standard cement
mortar GOST 30744-2001 [51], were developed. The sequence and duration of operations
for standard Portland cement and compositions of alkali-activated binders are given in
Table 4.
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Table 4. Technological regime for making and storing test samples.

Stage Name of Process
Operation Process Characteristic

Operation Duration

Unit Portland
Cement

Alkali-Activated
Binder

1 Binder and lye
(water) dosage

Binder is added to the
propeller stirrer and lye
(water) is poured in.

s 30 30

2
Activation of the
binder with alkali
(water)

Mixing the binder with
lye (water), low paddle
speed

s 30 120 1

3 Dosage of fine
aggregate (sand)

Fine aggregate (sand) is
added to the propeller
mixer

s 30 30 1

4 Mixing the mortar
Mixing sand with
activated binder, high
paddle speed

s 150 150 1

5

Gaining strength
under temperature
and humidity
conditions

Pre-exposure of
samples at normal
room conditions

d – 1

In a 3 + 6 + 3-h
temperature and
humidity chamber.

h 12 12

Gaining strength
in the natural
curing chamber

Pre-exposure of
samples at normal
room conditions

d – 3

Storage in a natural
curing chamber with an
odour trap

d 28 25

1 Total stirring time (steps 2, 3, 4) according to [15], not more than 5 min or 300 s.

To assess the physical and mechanical properties of the samples, the following main
indicators were taken: the bending strength of the beams and the compressive strength
of the halves of these samples. Determination of the compressive strength of samples
of natural hardening was being carried out for 3, 7 and 28 days by a non-destructive
control method using the ONIKS device. Determination of the flexural and compressive
strength by the destructive method was carried out using a PGM-500MG4 hydraulic press
according to GOST 30744-2001 [51] within the following period: for samples of natural
hardening—28 days; for samples subjected to temperature and humidity treatment, the
test time was taken to be 2 h after removal from the chamber.

The average density of the samples after hardening was determined according to
GOST 12730.1-2020 [54] at normal humidity, i.e., when the specimens are removed from
a sealed accelerated curing chamber in which the relative humidity of the air is not less
than 95% and the temperature is (20 ± 2) ◦C. The evaluation of the structure of the cement
matrix of the obtained samples was evaluated in accordance with GOST 12730.4-2020 [55]
according to the following indicators: average density (kg/m3), true density (g/cm3), water
absorption by mass (%), relative density and material porosity.

X-ray phase analysis consisted in carrying out a qualitative assessment of the miner-
alogical composition of the diffraction patterns of cupola dust and cement stone of composi-
tions C4, C6 and C7, as well as in determining the degree of crystallinity of the cupola dust.
X-ray diffraction patterns were recorded with the help of a D2 Phaser diffractometer in the
angle range of 10–70◦ at a rate of 0.02◦. The diffraction patterns were interpreted using
the Match! program and the IDDC PDF+ database. The degree of crystallinity of cupola
dust was determined with the TOPAS.Bruker program. The chemical composition of the
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cupola dust was measured using an energy-dispersive X-ray fluorescence spectrometer,
EDX-800 HS.

3. Results
3.1. Results of a Study on the Structure of Cupola Dust

The granulometric composition of cupola dust without preparation is shown in
Figure 2.
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Figure 2. The particle size distribution of cupola dust.

There is a small number of large inclusions larger than 2.5 mm. The largest amount of
cupola dust residue is in the range of 0.09–0.375 mm. It should be noted that for Portland
cement, the control indicator is a sieve of 0.09 mm, the residue on which should be 1%,
according to [56]. Obviously, the preparation of raw materials is required, namely, the
grinding of fractions larger than 0.09 mm. However, for this type of raw material, due to
the large amount of residue of 85% on sieves more than 0.09 mm, the researchers decided
to screen the cupola dust through 0.63 mm and 0.16 mm sieves, followed by mechanical
activation to change the grinding fineness.

The results of the study of fineness of grinding are shown in Table 5.

Table 5. Variation in the grinding fineness of cupola dust as a function of mechanical activation time.

Size of Test Sieve for
Sieving Raw Materials, mm Grinding Time, s Specific Surface

Area, m2/kg
Mass Average

Particle Size, µm

0.16

0 429 5.5
60 605 3.9

120 733 3.2
240 771 3.1

0.63

0 265 8.9
60 349 6.8

120 384 6.1
240 442 5.8

Four cases of using cupola dust were taken for further research: sifting through a
0.16 mm sieve, grinding for 60 s, dust passing through a 0.16 mm sieve, grinding for
120 s, dust passing through a 0.16 mm sieve, grinding for 240 s and dust passed through a
0.16 mm sieve. With prolonged grinding for more than 120 s, cementation of the mill walls
with grinding products is noted.

The results of chemical analysis of the content of basic oxides in cupola dust are shown
in Table 6.
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Table 6. Chemical composition of cupola dust.

Fe2O3+
FeO Al2O3 SiO2 CaO MgO TiO2 ZnO SO3 Na2O+K2O Loss on

Ignition

7.38 3.56 53.18 14.82 9.90 0.18 1.39 1.64 7.65 25.76
4.97 74.31 20.70 ← The percentage of basic oxides reduced to 100% of the CaO-Al2O3-SiO2 system

The chemical composition of cupola dust showed the presence of a large amount of
SiO2. The dust is not silica fume or fly ash and tends to the glass area. The basicity modulus
is Mk = 0.44—the dust belongs to the low basic ones.

Obviously, when a traditional binder (Portland cement) is used in mortars and con-
cretes together with this raw material, the latter will be an inert mineral additive. From the
standpoint of an alkali-activated binder, it is one of the promising raw materials.

Figure 3 shows a three-axis diagram of the CaO-SiO2-Al2O3 system, indicating the
points characteristic of Portland cement grade CEM I 42.5N and cupola dust. As the initial
data for constructing this diagram, the data of the study of the phase transformation during
alkaline activation were taken, in which a three-axis diagram is shown, indicating the raw
materials in the CaO-SiO2-Al2O3 system [57].
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When considering the CaO-SiO2-Al2O3 system, cupola dust enters the zone tending
to pure quartz or microsilica and is also located next to the glass zone, which makes it
possible to obtain an alkali-activated binder.

The diffraction pattern of cupola dust with the results of a qualitative X-ray phase
analysis is in Figure 4.
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Figure 4. Diffractogram of cupola dust from mineral wool production.

The diffraction pattern clearly shows two halos in the range of double angles of 10–16◦

(partially) and 17–36◦. This indicates the presence of an amorphous phase. In addition,
the presence of peaks in the diffraction pattern indicates the presence of crystalline phases,
which are apparently subjected to partial melt, which is confirmed by the results of the
melting of basalt [58].

The calculation of the degree of crystallinity of the dust showed that the crystalline
phases make up 36.96% of the total sample volume and the amorphous phases, 63.04%.
Based on this, it can be concluded that the structure of cupola dust includes glassy structures
that contribute to additional hydration in alkaline conditions. According to the results
of qualitative X-ray phase analysis, the presence of akermanite Ca2MgSi2O7, gehlenite
Ca2Al2SiO7 in cupola dust, caused by the action of aluminosilicate melts on minerals of the
gabbro-basalt group of plagioclases in the form of anorthite CaAl2Si2O8, was established.
The presence of wollastonite-2M Ca3(Si3O9) in the dust is possible.

3.2. Results of Research into the Influence of Technological Parameters on the Properties of Alkali
Activated Binders Made from Cupola Dust

The results of technological parameters of mortar mixtures showed the following.
When mixing cupola dust and sand with an alkaline activator, its increased amount is re-
quired in comparison with the use of Portland cement. The cone spread for all compositions
corresponded to the range of 106–108 mm. The beginning of the setting time of the solution
for composition C1 is 170 min and for compositions C2, C3, C4 and C5, 190–195 min. The
end of the setting time for C1 is 260 min and for C2, C3, C4 and C5, more than 480 min. It
should be noted that the composition C4 130 min after alkaline activation had the effect of
false setting of the cement stone.

The visual assessment of the composition showed that the surface structure of the
samples as a whole has a dense structure. However, composition C2 has deep cavities.
Examples of samples of the composition C1, C2 and C3 are shown in Figure 5.
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Curves of the kinetics of hardening compositions C1a, C2a, C3a, C4a and C5a, obtained
from the results of non-destructive testing of compressive strength, are shown in Figure 6.
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Figure 6. Gaining strength kinetics of C1a, C2a, C3a, C4a and C5a control formulations.

The nature of the strength development of C4a generally corresponds to the reference
composition C1a. However, this composition is characterized by a rapid set of strength in
the first two days. In turn, the low strength development of alkali-activated binders in the
initial period is obviously caused by hardening in the open air in the first three days. C4a
showed the highest strength with a characteristic mechanical activation of 120 s. Cupola
dust with mechanical activation of 120 s was adopted for further research.

The results of testing the bending strength of the compositions under consideration
after 28 days of natural hardening and hardening in the temperature–humidity treatment
chamber are shown in Figure 7.

Composition C6 has the highest flexural and compressive strength under different
hardening conditions. The lowest bending and compressive strength was shown by the
composition C2, the highest, C6. The difference in strength in 28 days of hardening between
the reference compositions C1 and C6 was 65% in bending and 33% in compression. The
difference in strength readings between compositions with different alkaline activators C4
and C7 in 28 days of hardening showed almost the same result, 15% for bending strength
and 2% for compression.
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Figure 7. Test results of the specimens: (a) bending strength of the bars; (b) compression strength of
the bar halves.

When considering the influence of hardening conditions, the results of the study
showed that the percentage difference in bending strength during temperature–humidity
treatment for the reference composition C1 is 70% of the strength value in 28 days of
hardening. For samples from compositions C2, C4, C6 and C7, the average value of the
bending strength is 90% and the compressive strength is 90%. The smallest set of strength
was shown by the C2 composition in bending—81%.

3.3. Results of a Study of the Structure of an Alkali Activated Cement Matrix

The main indicators of the formed structure of the samples based on the alkali-
activated binder compositions C4b, C6b and C7b are shown in Table 7.

Table 7. Density and porosity values of samples from compositions C4b, C6b and C7b.

Indicator
Composition Number

C4b C6b C7b

Average density normal humidity state, kg/m3 2121 2130 2179
True density, kg/cm3 2820 2790 2830

Water absorption by mass, % 8.1 6.1 8.1
Relative density 0.75 0.76 0.76

Material porosity, % 25 24 24

The difference in the degree of water absorption by the weight of the samples was
established. Thus, the lowest water absorption is in the composition C6b; in turn, in the
compositions C4b and C7b, the values are the same. The average, true density, relative
density and porosity of the sample material are practically the same.

The results of a qualitative X-ray phase analysis of samples from the compositions
C4b, C6b and C7b are shown in Figure 8.
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Figure 8. Diffractograms of cement–sand mortar samples using compositions C4b, C6b and C7b.

A comparative analysis of the diffraction patterns showed the presence of a distinctive
area in the range from 27 to 32◦. There is a halo of the amorphous phase in the range of 20
to 40◦.

All diffraction patterns show pronounced peaks of quartz SiO2. The presence of
akermanite Ca2MgSi2O7 as a non-hydrated mineral of cupola dust is also noted.

The end products of hardening of binders based on cupola dust and its alkaline
activation are low-basic calcium hydrosilicates of the calcium zeolite type gismondine
Ca2Al4Si4O16*9(H2O), as well as hydroaluminosilicates of the gyrolite type
NaCa16Si23AlO60(OH)8*14H2O, as a product of hydration under temperature and hu-
midity conditions, which are characteristic of slag binders’ processing. It is also possible
that C4b contains laumonite Ca(Si4Al2)O12*4H2O, belonging to the zeolite group, C6b
contains perlialite K9NaCa(Si24Al12)O72*15H2O, which belongs to the zeolite group, and
C 7b contains kalifersite (K,Na)5Fe3+ 7Si20O50(OH)6*12H2O, that belongs to the group of
palygorskites.

Considering the mineralogical composition of the hardening products as a whole, we
can conclude that the main minerals of the cement matrix are zeolites, which is in good
agreement with the results given in [16].

4. Discussion

The results of theoretical and experimental studies generally show the possibility of us-
ing cupola dust of mineral wool production as the main raw material for an alkali-activated
binder with obtained physical and mechanical properties characteristic of Portland cement.

When using the actual granulometric composition without preparation of raw ma-
terials, a significant decrease in strength is noted due to the low intensity of hydration
processes that form the cement matrix. The need for additional grinding is also noted
in [17]. It is possible that it is rational to adhere to the known limits of fineness of grinding
in the production of a binder from dust, to carry out sifting through a 0.016 sieve, followed
by mechanical activation for 120 s. With prolonged grinding of dust, a cemented crust is
formed on the walls of the mill, which is a defect in the grinding process. In the future, it
will be necessary to develop a technological mode of grinding which allows us to obtain
the raw materials of the proper fineness of grinding with fewer losses. There is also an
alternative method, such as the joint grinding of dust and mineral additives [59], which
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helps to reduce the harmful factor. This method requires additional verification due to the
changing composition affecting the properties and structure of the cement matrix.

The increase in the strength of concrete on the 28th day of hardening after grinding
by 60, 120 and 240 sec. cupola dust is explained by an increase in the degree of the
chemically active state of the particles, namely due to the activation of dust minerals in an
alkaline solution with the formation of mineral nanosized particles (3.1–3.9 µm), which are
additional centers of crystallization during the formation of the structure of the cement
matrix. Similar processes were observed in the study of Portland cement with varying
degrees of specific surface [60], as well as alkali-activated binders based on slag and fly
ash [43]. A slight decrease in strength after mechanical activation for 240 s is possibly due
to an alkaline activator deficiency caused by a greater degree of water demand. This, in
turn, led to a decrease in the formation of hydration products.

The acceleration of hardening as a result of isothermal heating of the samples showed a
generally positive result and confirmed that there was an increase in the degree of chemical
interaction between cupola dust particles and an alkaline activator. Similar results were
obtained in works [45,46].

The presence of an amorphous phase in cupola dust indicates the possible presence of
aluminosilicate glassy elements. They contribute to a deeper and more intensive process of
hydration of the binder during alkaline activation. As a result, more N-A-S-H gel is formed,
which is responsible for the strength of the cement matrix. Similar results were obtained in
works [35,61].

When using a solution of the composition of 50 wt.% caustic soda and 50 wt.% liquid
glass as an activator, the maximum results of mechanical strength are obtained. The
rheological properties of the mixture and the packing density of the cement matrix are
improved. The introduction of Na2SIO3 promotes the formation of long-chain silicate
oligomers, which, in turn, contribute to the intensive formation of N-A-S-H, increasing the
strength of the cement matrix. In addition, Na2SIO3 is an additional reserve of silica in the
binder. These results generally agree with the results [62] obtained with alkaline activation
of fly ash with a CaO content of 16.6%.

The results are in good agreement with the comparative analysis of a mixture of
Portland cement and slag binders described in [42]. However, due to the peculiarities
of the production of liquid glass, there are factors that contribute to the pollution of the
environment [63]. In the future, it is necessary to look for ways to reduce the use of liquid
glass by replacing it with chemical additives.

Having considered the obtained results, it can be assumed that a binder based on
cupola dust of mineral wool production may well be suitable as a component of a repair or
concrete mixture for concrete and reinforced concrete, with appropriate optimization of the
compositions.

In the future, the authors of this study plan to carry out a series of works on modifying
the obtained compositions by adding various mineral and chemical additives to regulate
the physical, mechanical and technological properties of concrete, such as hardening time,
reducing the water-binding ratio. The key issue remains the decrease in the amount of
liquid glass in the alkaline activator.

A separate direction in the development of this research is the study of the durability
of alkali-activated concretes based on cupola dust from the standpoint of frost resistance
and resistance in gas and liquid media.

5. Conclusions

Based on the results of the research, the following conclusions can be drawn:

• Analysis of the structure of cupola dust of mineral wool production allowed us to
establish its suitability as a raw material for the production of alkali-activated binder
with appropriate technological preparation: screening through a 0.16 mm sieve and
mechanical activation 120 s to a specific surface area of 733 m2/kg.
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• It was experimentally established that the composition of cupola dust with an alkaline
activator is 50 wt.% NaOH concentration 8.3 M and 50 wt.%. Na2SiO3 showed the
best results. The maximum bending strength in 28 days is 12.7 MPa; in compression,
it is 68.3 MPa. The use of temperature and humidity treatment of samples from a
cement–sand mortar together with an alkali-activated binder accelerates strength gain.
At the same time, the difference between the strength values of natural hardening
conditions for 28 days is no more than 20%.

• The mineralogical composition of the products of the structure formation of the cement
matrix from an alkali-activated binder based on cupola dust during temperature–
humidity treatment has been clarified; namely, the presence of minerals of the zeolite
group, such as gismondine and gyrolite, has been noted.
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