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ABSTRACT: Introduction. Mineral wool is one of the widely used materials in the construction industry. A wide range of technolo-
gies and structures with integrated mineral wool is also connected with the following: ventilated facades of buildings, facades 
made using FICS (facade insulation composite system) technology, insulation of roofs and attics, and much more. Methods and 
materials. Under different conditions, the nanostructure durability for mineral wool fibers will vary significantly. Currently, there 
are no scientifically based methods for assessing the durability of the nanostructure. Results. The article proposes to evaluate the 
nanostructure durability for the of mineral wool fibers based on the developed method of chemical destruction of building ceramics. 
The methods of laboratory analysis of the building ceramics material and their modernization for the nanostructure of mineral wool 
fibers are given. Discussion. According to the results of experimental studies, it was found that the corrosion process in the mineral 
wool material occurs by the mechanism of reaction of alkali metal hydroxides with silicon and aluminum oxides in the mineral wool 
material, removing them into solution and leading to chemical destruction of the material, which is generally similar to the studied 
process of destruction of the wall ceramics material. The results obtained allow us to conclude that the process of chemical destruc-
tion of mineral wool has a greater dependence on temperature and less dependence on the concentration of hydroxides than the 
process of destruction of brick material. Conclusions. The results of the conducted studies allow us to calculate the temperature 
coefficient of the destruction process rate in the Van't-Hoff formula, the coefficients in the Arrhenius equation and the value of the 
activation energy of the destruction process. Examples of field studies are given. 
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INTRODUCTION

In the research works [1,2], the process of chemical de-
struction of the wall ceramics material is revealed and 

the possibility of calculating the durability of the material 
in time units based on the laws of physical chemistry is 
proved.

The chemical destruction of bricks and masonry is 
described by a multi-stage process. Humidification of the 
building ceramics material should be considered the first 
non-chemical stage of the process [1].

At the first chemical stage of the process, the forma-
tion of alkalis from oxides of alkaline and alkaline earth 
metals occurs in the brick material, and the formation 

of soluble potassium and sodium silicates is also pos-
sible. The alkali can also enter the brick from a cement-
sand mortar. Basically, it is calcium hydroxide formed in 
a cement-sand solution during the leaching process [3, 6].

At the second chemical stage of the process, the inter-
action of the amorphous phase of the material formed in 
the brick material or / and entering it from the cement-
sand solution, alkalis with silicon and aluminum oxides 
occurs. Since the amorphous component is the binding 
phase of the material, the material of the wall ceramics 
is completely destroyed to the size of crystalline particles 
of the order of 10–5 – 10–6 m.

The theoretical justification of the proposed scheme 
of chemical processes is an analysis based on the laws of 
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chemical thermodynamics. The thermodynamic method 
of studying reactions is an evaluation method for under-
standing the probability of the process as a whole and 
allows us to determine the preference of reactions and 
the stability of the compounds formed in solutions, their 
energetic possibility of proceeding and the direction of 
the processes. The Gibbs – Helmholtz equation makes it 
possible to calculate the estimation of the possibility of a 
chemical process by the value of the isobaric-isothermal 
potential ΔG [4, 5].

It is quite a difficult task to consider the whole com-
plex of reactions that can occur in the mineral wool mate-
rial when it is moistened. The author considers 178 pos-
sible reactions at different stages of the process. Let’s 

consider some stages of the chemical destruction process 
based on thermodynamic calculations.

As noted above, the first stage of the process of inter-
action of mineral wool material with water is described 
by reactions of alkali formation during hydrolysis of ox-
ides of alkaline and alkaline earth metals. The hydration 
reactions and the resulting equations of the isobaric-
isothermal potential of the analyzed reactions are given 
in Table 1. 

The values of the isobaric potential of reactions at 
temperatures ranging from minus 20оС to 100оС, that is, 
in the operating temperature range, are shown in Figure 1. 
As can be seen from the graph, the process of formation of 
potassium and sodium alkalis will be most active. 

Table 1
Hydration reactions and equations of isobaric-isothermal potential of the analyzed reactions

Reaction equation / equation of isobaric-isothermal reaction potential Reaction number

Na2О + Н2О → 2NaОН
2.7

ΔG = –121320 + 102.76ТlnТ–89.87*10–3Т 2–9.76*105/Т–631.92Т

К2О + Н2О → 2КОН
2.8

ΔG = –195159 + 39.86ТlnТ–32.19*10–3Т 2 + 3.62*105/Т–664.39Т

MgО + Н2О → Mg(ОН)2 2.9
ΔG = –28891 + 40.99ТlnТ–5.61*10–3Т 2 + 0.52*105/Т–237.11Т

СаО + Н2О → Са(ОН)2 2.10
ΔG = –56663 + 21.98ТlnТ + 3.48*10–3Т 2 + 0.36*105/Т–123.42Т

Fig. 1. Calculations results of the dependence of the isobaric potential on temperature for hydration reactions
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At the next stage of the destruction process, chemi-
cal reactions of the interaction of alkalis with silicon and 
aluminum oxide of the amorphous phase of the wall ce-
ramics material take place. It is these reactions that lead 
to destruction, since silicon oxide is the main component 
of the material [21]. For example, Table 2 shows the re-
actions of potassium hydroxide with silicon oxide of the 
brick material. Figure 2 shows a graphical analysis of the 
possibility of reactions and the determination of thermo-
dynamically probable reaction products. 

The analysis of the graphs allows us to conclude 
that the reaction of potassium hydroxide with silicon 
oxide by the reaction mechanism (2.20) with the for-
mation of potassium pyrosilicate K2Si4O9. The course 
of other analyzed reactions is also thermodynamically 
justified.

The resulting potassium and sodium silicates are high-
ly soluble and represent a well-studied “liquid glass”. 
Alkaline silicates are typical electrolytes and almost com-
pletely dissociate in aqueous solutions [7].

Fig. 2. Results of calculations of the dependence of the isobaric potential on temperature for 
chemical reactions of interaction of potassium hydroxide with silicon oxide

Table 2 
The resulting equations of isobaric-isothermal potential for reactions of interaction of potassium hydroxide  
with silicon oxide

Reaction equation / equation of isobaric-isothermal reaction potential Reaction number

2KOH + SiО2 → K2SiO3 + H2O 2.18
ΔG = –98136–57.23ТlnТ + 58.05*10–3Т 2 + 1.51*105/Т + 340.25Т

4КOH + SiО2 → К4SiO4 + 2H2O 2.19
ΔG = –111602–85.08ТlnТ + 123.43*10–3Т 2–12.89*105/Т + 532.59Т

2КOH + 4SiО2 → К2Si4O9 + 3H2O 2.20
ΔG = –716809–138.95ТlnТ–5.61*10–3Т 2–33.46*105/Т + 1141.62Т

2KOH + 2SiО2 → K2Si2O5 + H2O 2.21
ΔG = –78578 + 37.12ТlnТ + 0.3*10–3Т 2 + 3.96*105/Т–278.73Т

2КOH + 3SiО2 → К2Si3O7 + H2O 2.22
ΔG = –36207–48.57ТlnТ + 104.6*10–3Т 2–20.57*105/Т + 230.05Т
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At the next stage, they easily react with calcium ox-
ide or hydroxide, forming insoluble calcium silicates and 
shifting the entire process of destruction of the material to 
the right [8–10]. The process of interaction of liquid glass 
and special additives that cause the formation of insoluble 
reaction products has been well studied and received the 
term “modification” of liquid glass. The mechanism of 
formation of insoluble reaction products of liquid glass 
modified with calcium-containing and magnesium-
containing additives can proceed in two directions: the 
formation of insoluble silicates and calcium hydrosilicates 
and the formation of silicic acid gel in the system. Un-
der the conditions of the ratio of the amount of calcium 
and magnesium in the composition of hydroxides to the 
amount of potassium and sodium in the composition 
of “liquid glass” 0.5 and higher, the reactions will take 
place with the formation of silicates and hydrosilicates of 
calcium and magnesium. Table 3 discusses the reactions 
of calcium hydroxide with potassium silicates.

Figure 3 shows a graphical thermodynamic analysis 
of the chemical reactions of the interaction of calcium 
hydroxide with potassium silicates.

To assess the rate of destruction of the material, 
a chemical destruction coefficient is introduced – the 
percentage of the sample, determined as a percentage, 
which is destroyed during chemical exposure during the 

time specified in hours, Cd, [%/hour]. The coefficient of 
chemical destruction is equal to the ratio of the chemi-
cal resistance of the material to the time during which 
this value of the chemical resistance of the material is 
achieved. In general, the coefficient of chemical destruc-
tion of the material determines the total rate of chemical 
reactions of the process of destruction of the material.

The results of the research work carried out by the 
author made it possible to determine the main kinetic 
characteristics of the total chemical processes occurring 
in the brick material and on their basis to construct a phe-
nomenological equation of the coefficient of chemical 
destruction of the wall ceramics material (1) [11]:

. (1)

where Сd – coefficient of chemical destruction of the 
material under operating conditions, %/hour;

Сd0 – the coefficient of chemical destruction of the 
material obtained as a result of laboratory studies accord-
ing to the developed method at an alkali concentration 
С0 = 0,5 н and temperature t0 =100оС, %/hour;

γ1 – the temperature coefficient of the rate of the hy-
dration process in the Van't-Goff formula, determined as 
a result of laboratory studies;

Table 3 
Reactions of calcium hydroxide with potassium silicates

Reaction equation / equation of isobaric-isothermal reaction potential Reaction number 
according to Chapter 2

К2SiO3 + Ca(OH)2 → СaSiO3↓ + 2КOH
2.48

ΔG = 58089 + 19.56ТlnТ–49.64*10–3Т 2 + 2.87*105/Т–114.4Т

К4SiO4 + 2Ca(OH)2 → Сa2SiO4↓ + 4КOH
2.49

ΔG = 93983 + 34.07ТlnТ–127.19*10–3Т 2 + 15.16*105/Т–242.94Т

К2Si2O5 + 3Ca(OH)2 → Сa3Si2O7↓ + 2КOH + 2Н2О 2.50
ΔG = 32780–130.45ТlnТ + 11.42*10–3Т 2 + 8.62*105/Т + 827.54Т

К2Si2O5 + 2Ca(OH)2 → 2СaSiO3↓ + 2КOH + Н2О 2.51
ΔG = –1517–112.45ТlnТ + 16.51*10–3Т 2 + 4.79*105/Т + 730.43Т

К2Si3O7 + 3Ca(OH)2 → 3СaSiO3↓ + 2КOH + 2Н2О 2.52
ΔG = –83935–64.43ТlnТ–79.39*10–3Т 2 + 33.7*105/Т + 447.5Т

2К2SiO3 + Ca(OH)2 + 3Н2О → СaSi2O5*2H2O↓ + 4КOH
2.53

ΔG = 154077 + 153.63ТlnТ–74.5*10–3Т 2 + 10.97*105/Т–875.92Т

2К2SiO3 + 3Ca(OH)2 + 2Н2О → Сa3Si2O7*3H2O↓ + 4КOH
2.54

ΔG = 172951 + 106.57ТlnТ–108.37*10–3Т 2 + 16.39*105/Т–589.29Т
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γ2 – the temperature coefficient of the rate of the 
chemical destruction process in the Van't-Hoff formula, 
determined as a result of laboratory studies; 

k – the power-law coefficient of conversion of the 
reaction rate of destruction from the concentration of 
substances;

t22 – laboratory experiment temperature t = 22оС;
t0 – laboratory experiment temperature t0 = 100оС;
t – operating temperature of the material;
С22

∑max – the maximum equilibrium concentration 
obtained as a result of laboratory studies according to the 
developed methodology, at a temperature of t = 22оС;

С0 – concentration of potassium hydroxide in the ex-
periment, С0 = 0,5 н

wmax – maximum humidity of the wall ceramic mate-
rial;

wэ – operational humidity of the wall ceramic mate-
rial.

The durability of the material, in hours, will be equal 
to

D = 1/0,01Cd. (2)

METHODS AND MATERIALS

The chemical composition of the materials of con-
struction ceramics and mineral wool almost completely 
coincide. The composition of both materials includes ox-
ides of silicon, aluminum, oxides of alkaline and alkaline 
earth metals. At the same time, the phase composition of 
the two materials has significant differences [12].

The phase composition of the samples was determined 
using an ARL X'TRA powder X-ray diffractometer. The 

analysis was carried out by interplanar distances in manual 
mode using the Hanawalt method and in semi-automatic 
mode using the Oxford Crystallographica Search Match 
software using the ICDD PDF-2 database. Quantitative 
X-ray phase analysis using the Rietveld method was car-
ried out using Siroquant 3 Sietronics Pty Ltd software.

The results of the study showed that mineral wool is 
an amorphous aluminosilicate [13]. The proportion of 
amorphous matter in the brick material that participated 
in the study is 20%.

It can be assumed that the processes occurring dur-
ing the hydration of mineral wool are identical to those 
studied in this work, and therefore, the developed re-
search methods are applicable to them. It was hypoth-
esized that it is possible to apply the developed theory 
of chemical corrosion of the building ceramics material 
and the calculation method to determine the durability 
of mineral wool.

RESULTS

Based on scientific studies of the kinetics of chemical 
processes occurring in the brick material, two research 
methods have been developed, currently undergoing the 
procedure of approving them as normative documents: 
GOST R “Brickwork enclosing structures. Method for de-
termining the corrosion activity of moisture” and GOST 
R “Enclosing structures made of brickwork. Method for 
determining chemical resistance”. These techniques were 
used for laboratory studies of the process of destruction of 
mineral wool. In addition, some requirements were used 
in the development of the methodology for preparing 
a sample of the material under study [14–15].

Fig. 3. Results of calculations of the isobaric potential dependence on temperature for reactions of 
interaction of calcium hydroxide with potassium silicates
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For testing, a sample of mineral wool material is tak-
en in accordance with the task. The pieces of material 
are combined into a combined sample, pre-ground in 
a mortar and dried in a drying cabinet at a temperature of 
105–115оС to a constant mass. Immediately after drying, 
a weight of 2 g is prepared, weighted with an error of no 
more than 0.001 g.

The technique is based on the process of interaction of 
alkaline and alkaline earth metals present in the mineral 
wool material in the form of oxides with water.

The tests are carried out at a temperature of 22оС and 
100оС as follows: the suspension is placed in a conical 
flask with a capacity of 500 ml and 250 ml of distilled wa-
ter is poured. When conducting an experiment at a tem-
perature of 22оС, the flask is tightly closed with a apped or 
rubber stopper and kept at a temperature of 20–22оС for 
1 hour, 5 hours and 25 hours. During the experiment, the 
flask is periodically shaken at intervals of 5–10 minutes.

When conducting an experiment at a temperature of 
100оС, 250 ml of distilled water is preheated in a flask 
connected to a reverse refrigerator. After the start of boil-
ing, a weight of 2 g is placed in the flask, weighted with an 
error of no more than 0.001 g.

After the end of the holding time, the flask with the 
sample is shaken, the sample of the material is allowed 
to settle, the liquid is transferred to a container for sub-
sequent analysis of the concentration of elements on an 
atomic emission spectrometer with inductively coupled 
plasma and into a container for pH measurement.

Determination of the concentration of the elements 
sodium, potassium, calcium and magnesium by an atomic 
emission spectrometer with inductively coupled plasma is 
carried out in accordance with GOST R 57165-2016 (ISO 
11885:2007) “Water. Determination of the content of ele-
ments by atomic emission spectrometry with inductively 
coupled plasma” [16]. The results of the analysis are pre-
sented in units of mg/l (mg/dm3). The pH is determined 
using a pH meter with an accuracy of 0.1.

The developed method for determining the chemical 
resistance of mineral wool material is based on the process 
of interaction of alkali with mineral wool material with 
repeated exposure to alkali on the sample and determin-
ing the change in the mass of the sample before and after 
exposure and the time for which this change occurred. 
Thus, in the course of a laboratory experiment, the value 
of the coefficient of chemical destruction of the mineral 
wool material is obtained.

During the research, experiments are carried out at 
a process temperature of 22оС and 100оС. The tests are 
carried out in stages. At each stage, the following actions 
are carried out: the suspension is placed in a conical flask 
with a capacity of 500 ml and 250 ml of potassium hydrox-
ide solution is poured. The concentration of potassium 
hydroxide solution in experiments is assumed to be 0.5 n 
and 5.0 n [17].

When conducting an experiment at a process tempera-
ture of 100оС, the flask is placed on a preheated electric 
stove, connected to a reverse refrigerator and boiled. The 
boiling time is one hour. After the boiling process, the 
solution is filtered. When conducting an experiment at 
a temperature of 22оС, the sample is placed in a flask, 
closed with a rubber or lapped lid and kept under traction 
for 10–15 days, periodically shaking the flask.

After the end of the experiment time, the solution 
from the flask is filtered. The filter with the sample re-
maining on it is placed in a drying cabinet and dried at 
a temperature of 105–115оС to a constant mass. The dried 
sample is weighed on a scale immediately after drying 
with a measurement error of no more than 0.001 g. The 
sample is returned to the flask after weighing. The tests 
are repeated until the mass of the sample in the two sub-
sequent tests differs by no more than 0.01 g, that is, 0.5% 
of the initial mass of the sample.

DISCUSSION

The study of the hydration process was carried out for 
samples of mineral wool and brick material according to 
the method described above, developed at a temperature 
of 100оС for one hour. Samples of mineral wool and bricks 
from various manufacturers were taken for the study. The 
results of the study are shown in Table 1.

The obtained results on the composition of ions and 
elements in the aliquot, as well as on the value of the hy-
drogen index, confirm the course of hydration reactions 
of mineral wool when it is moistened. At the same time, 
it is obvious that, first of all, hydroxides of alkaline and 
alkaline earth metals, acids and salts of fluorine, chlorine 
and sulfur are formed.

When comparing the concentration of elements in 
the solution for the two materials, it is necessary to note 
a significant excess of the content for all elements for the 
mineral wool material compared with the wall ceramics 
material.

The corrosion process takes place inside the mineral 
wool material in the same way as in the studied process 
of destruction of the wall ceramics material: alkali metal 
hydroxides can actively react with silicon oxides and, 
to a lesser extent, with aluminum oxides in the mineral 
wool material, removing them into solution and lead-
ing to chemical destruction of the material. A signifi-
cant amount of silicon and aluminum in the solution 
(Table 4) indicate the course of this process. Thus, the 
possibility of the chemical destruction process proceed-
ing according to a theoretically justified mechanism is 
confirmed.

Laboratory experiments to determine the coefficient 
of chemical destruction of mineral wool material were 
carried out according to the method described above for 
rock wool and glass wool (Figure 4, 5).
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The results of an experiment to study the process of 
destruction of mineral wool material are shown in Fig-
ure 6. For comparison, Figure 6 shows a graph of the co-
efficient of chemical destruction of brick material. It can 
be seen that the coefficient of destruction of the stone 
wool material is less than for glass wool and brick mate-
rial. This determines that, under equal conditions, stone 
wool will collapse more slowly [22]. However, it should be 
borne in mind that the concentration of alkali and alkaline 
earth metal hydroxides in the mineral wool material, as 
shown in Table 4, is significantly higher than in the brick 
material. According to equations (1) and (2), this will lead 
to a decrease in the durability of the material.

Figure 7 shows the results of the experiment when 
exposed to the material of stone wool and brick with po-
tassium hydroxide with a concentration of 5.0 n. 

The author also conducted studies of the coefficient of 
chemical destruction of brick and mineral wool material 
at a process temperature of 22оС. At the same time, the 
sample holding time for each experiment was 10–15 days. 
The results of the experiment at concentrations of potas-
sium hydroxide 0.5 n and 5.0 n are shown in Figures 8 
and 9.

The analysis of the process of chemical destruction 
of mineral (stone) wool material is presented in Figures 
10 and 11. The graphs compare the rate of chemical de-

Table 4 
The content of ions and elements in an aqueous solution

Element

The content of ions and elements in an aqueous solution, mg/dm3

Sample, № p/p
Mineral wool Brick

1 2 3 4 1 2 3 4
F– 0.55 0.50 0 2.35 – – – –
Cl– 8.58 3.60 4.42 2.42 0.22 0.23 – –
S 0 10.90 2.53 1.74 1.05 1.26 0.38 0.78
K 2.30 0.98 0.52 4.79 1.45 1.17 0.64 0.95

Na 7.64 10.44 4.06 2.80 1.72 0.99 0.40 0.21
Mg 3.45 5.24 1.64 0.54 1.03 1.51 0.46 0.10
Ca 11.79 9.89 11.78 17.08 4.2 6.22 3.30 1.83
Si 17.66 13.86 12.40 15.85 1.67 3.71 5.21 4.09
Al 3.91 2.33 1.66 1.91 0.34 0.30 1.34 0.50
pH 9.37 8.69 10.5 10.70 8.50 9.18 8.15 8.20

Fig. 4, 5. The course of the experiment with mineral wool
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Fig. 6. Chemical degradation coefficient values for stone and glass wool in contact with 0.5 n potassium hydroxide  
at 100оС

Fig. 7. The values of the chemical destruction coefficient for stone and glass wool in contact with 5.0 n potassium 
hydroxide at 100оС
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Fig. 9. The values of the chemical destruction coefficient for stone and glass wool in contact with 5.0 n potassium 
hydroxide at 22оС

Fig. 8. The values of the chemical destruction coefficient for stone and glass wool in contact with 5.0 n potassium 
hydroxide at 22оС
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Fig. 10. Chemical degradation coefficient values for rock wool in contact with 0.5 n and 5.0 n potassium hydroxide at 100оС

Fig. 11. Chemical degradation coefficient values for rock wool in contact with 0.5 N and 5.0 n potassium hydroxide at 22оС

struction of rock wool at a concentration of potassium 
hydroxide of 0.5 and 5.0 N and process temperatures of 
100оС and 22оС.

Based on these studies, the coefficient of chemical 
destruction was calculated for various conditions of the 
chemical corrosion process of the stone wool material. 
The calculation results are shown in Table 5.

These results made it possible to calculate the tem-
perature coefficient of the reaction rate in the Van’t-Hoff 

equation γ = 2,08 and find the power factor k in the equa-
tion of the dependence of the rate of the destruction pro-
cess on the concentration k = 0.202.

For the brick material, these values are equal γ = 1.25 
and k = 0.374. These results allow us to conclude that the 
process of chemical destruction of mineral wool material 
depends more on temperature than the process of destruc-
tion of brick material and depends less on the concentra-
tion of alkali in the material.
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Fig. 12. A sample of mineral wool exposed to moisture
The results of the experiment are shown in the figure 13

Fig. 13. Results of comparison of chemical destruction of natural samples of mineral wool

Table 5 
Values of the chemical destruction coefficient for the rock wool material under different experimental conditions

Concentration of KOH 
in the experiment

Temperature, оС
22 100

0.5 н 0.037 11.5
5.0 н 0.059 18.0

Based on the data obtained, the coefficients in the Ar-
rhenius equation for the rate of destruction of the studied 
mineral wool material were calculated. The Arrhenius 
equation will be written:

ln Cd = –8198.8/T + 24.5. (3)

The activation energy of the destruction process will 
be Е* = 68132.0 J/mol. For the brick material, the pre-
viously calculated activation energy of the destruction 
process Е* = 86450 J/mol. That is, “starting” the process 
of destruction of mineral wool material requires signifi-
cantly less energy.

The results of the research were tested on a full-scale 
experiment. During the dismantling of building struc-
tures, samples of mineral wool were taken. One sample 
was inside the structure, the other on the edge and was 
actively exposed to moisture (Figure 12).

In the graphs shown in Figure 13, the first points are 
of the greatest interest. The active destruction of a sample 
that has already undergone the process of chemical de-
struction under field conditions is recorded experimen-
tally. Presumably, by the difference in the values of the 
chemical destruction coefficient, it is possible to deter-
mine a decrease in the durability of mineral wool.
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CONCLUSION

As a result of the conducted research, it has been 
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eral wool hydration processes and mineral wool degrada-
tion processes under the action of hydroxides is identi-
cal with similar processes occurring in the material of 
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Based on the performed studies and calculations of the 
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and a lesser dependence on the concentration of hydrox-
ides than the process of destruction of brick material.

The activation energy of the process of destruction of 
mineral wool is calculated. The activation energy of the 
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the activation energy of the process of destruction of the 
material of wall ceramics, which gives reason to assert that 
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in the system proceeds much easier.
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To calculate the durability of the mineral wool mate-
rial according to the phenomenological equation (1), it 
is necessary to conduct additional studies of the effect of 
temperature on the rate of the hydration process.
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