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ABSTRACT: Introduction. The current trend of transition to non-combustible and environmentally friendly thermal insulation and
sound-absorbing materials involves development of research to obtain foamed silicate compositions, particularly those based on
cold-cured liquid glass. The primary advantage of this material is its eco-friendliness throughout both its operational and produc-
tion stages, facilitated by the employment of energy-efficient manufacturing technology. Materials and methods. Cold-cured
liquid sodium glass and cullet-based foam glass were used as main raw materials. To determine optimal curing additive of liquid
glass, Portland cement, slaked lime and sodium ethylsilicate were selected. The thermal conductivity of materials was evaluated
with by means of appropriate coefficient, value of which depended on volume content of pores in material, nature of porosity and
distribution of pores by size. The decrease in water absorption capacity was estimated by value of wetting edge angle. Sorption
humidity was determined in accordance with GOST 24816-2014, and sound absorption coefficient was determined according to
GOST 16297-80. Results and discussion. The prime objective of this study was to examine trends and provide explanations for
the formation of specified performance indicators of thermal insulation and sound-absorbing materials, particularly those based
on cold-cured foamed liquid glass. The issue of increasing water resistance of material by selecting effective additive-hardener was
also investigated. Conclusion. The developed thermal insulation material based on cold-cured liquid glass is eco-friendly, with
presence of large number of small and mainly open pores, giving it good sound-absorbing properties. The problem of high-water
absorption of material was solved by introducing Portland cement as a curing additive.
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INTRODUCTION groups, combustion products toxicity groups. Also, there

is a need for rational use of natural resources.

Each passing year sees an increasing demand for
non-combustible, environmentally friendly thermal
insulation. This trend is accompanied by a steady drive
towards reducing the thermal conductivity coefficient.
The urgency of this problem is also confirmed by the in-
troduction of the technical regulation of the Eurasian
Economic Union “On the safety of building materials
and products”, which notes the need to comply with the
criteria for fire safety of materials, including combustibil-
ity groups, flammability groups, smoke-generating ability

Composite materials based on foamed silicate com-
pounds are a group of materials that meet the require-
ments for modern thermal insulation. Such materials
include foam glass, foam slag glass, glass pore, foam
gypsum, as well as an innovative heat-insulating material
based on cold-cured foamed liquid glass [1—7].

The design of any building material, possessing certain
technical characteristics, is shaped by the intended use of
the structure, and depends on several factors that influ-
ence its final performance attributes.
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One of the primary advantages are the properties of
raw materials — chemical composition, phase composi-
tion, structure parameters of raw materials.

The nature of the raw materials determines the chemi-
cal composition of the material, its chemical nature, reac-
tivity to certain chemical interactions, as well as the fea-
tures of the technological process of obtaining — physical
and chemical effects on the raw materials (mechanical,
temperature, temperature and humidity, electromagnetic
effects, etc.).

At this stage, the formation of the phase composition
of the material itself occurs due to the passage of the main
chemical reactions occurring at the stage of mixing the
components, exposure to high temperatures and electro-
magnetic radiation. The main part of structure formation
occurs, which subsequently sets the parameters of the
material structure: type of porosity, pore volume, pore
size distribution, pore shape, etc.

Let us consider the influence of the above factors on
the example of materials based on silicate compositions
(more details on a heat-insulating material based on cold-
cured foamed liquid glass) [8§—12].

The material obtained after numerous impacts on raw
materials has characteristics that were formed at the en-
tire stage of the technological process of its production.
The reasons for the appearance of certain characteristics
of the material directly depend on the obtained param-
eters of the structure and composition.

Let us reveal in more detail the relationship between
the obtained parameters of the material and its perfor-
mance characteristics using the comparison of foamed
silicate compositions as an example.

For the main performance indicators of a heat-insu-
lating material based on foamed liquid glass, we take its
thermal conductivity, water absorption, sorption activity
and sound absorption.

MATERIALS AND METHODS

1. Formation of the thermal conductivity index
of a material based on foamed liquid glass

As you know, the thermal conductivity of materials
depends on several factors. They can be divided into the
following groups:

— factors determined by the phase composition of the
substance, the degree of crystallization and the size of
the crystals, the characteristics of the porous structure,
the anisotropy of the material and the direction of the
heat flow;

— factors determined by the chemical composition and
the presence of impurities;

— factors that make up the operating conditions of the
material, depending on temperature, pressure and
humidity.

In relatively small material pores, there is less gas con-
vection and a reduced effect of the radiant energy of the
heat transfer component.

Let us compare the thermal conductivity values of
materials based on foamed silicate compositions similar
in chemical composition, but having different structural
parameters due to different production technologies and
differing in the type of basic silicate raw material (cullet
in the case of foam glass and liquid sodium glass in the
case of a porous material based on cold-cured foamed
liquid glass) (table 1).

At the same values of the average density, the materi-
als have a different range of thermal conductivity due to
different parameters of their structure (such as porosity
and pore size distribution). So, at a density of 130 kg/m?,
foam glass has a thermal conductivity range of 0.043 *
0.002 W/(m + K), and at a similar density, foamed liquid
glass has different edge points of the thermal conductivity
range due to the open type of porosity, but not to a large
extent, due to due to the presence of a smaller pore size
in the foam glass composition.

Convective heat transfer increases as the size of the
pores and the air gaps connecting these pores grow.
Therefore, a finely porous structure with the presence of
a closed pore type is the most preferable for heat-insulat-
ing materials. Such a structure of the material slows down
the convective heat transfer [13—15].

To reduce thermal conductivity, it is necessary to cre-
ate an obstacle in the direction of heat transfer, for ex-
ample, by creating a more finely porous material structure
with a pore radius of not more than 1 mm.

The optimal structure of thermal insulation materials
is obtained by creating a cellular structure with evenly
distributed small pores, mostly closed. At the same time,
a large number of micropores is not desirable, since due

Table 1
Thermal performance of porous silicate compositions
. . Average density, Coefficient of thermal
Material type Porosity type ke/m’ conductivity, W/(m » K)
Material based on cold-cured Open Cellular 130-195 0.049-0.068
foamed liquid glass
Foam glass Closed cell 130—160 0.043—0.062
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to their hygroscopicity, moisture sorption from the air is
possible in them [16—22].

It should be noted that the open porosity of the heat-
insulating material based on foamed liquid glass allows
the material not to collapse when water freezes in an
open cell, since the liquid can expand into neighboring
pores.

The thermal conductivity of porous materials is af-
fected not only by the size of the pores, but also by such
parameters of their structure as the shape and location.
Thus, the maximum volume of porosity with a dense cu-
bic arrangement of spherical pores reaches 52.5%, and
with a hexagonal arrangement it reaches 74%. Therefore,
the goal is to obtain a structure with the most compact
arrangement of pores, which is achieved with an optimal
combination of large and small pores.

2. Formation of water absorption characteristics
of material based on foamed liquid glass

Composite materials based on liquid glass have the
ability to harden in air under normal conditions. At the
same time, due to the evaporation of free water, the con-
tent of colloidal silica increases, which subsequently co-
agulates and compacts [23—27]. Sodium hydroxide in
the composition of liquid glass prevents the precipita-
tion of silicic acid, but carbon dioxide contained in the
air neutralizes it, facilitating the transition of silicic acid
into a colloidal solution. Such a scheme for curing liquid
glass has a number of disadvantages. Among them are
high water absorption due to the appearance of a surface
film due to the action of carbon dioxide, as well as a low
hardening rate [28—31].

The phase composition formed after physicochemi-
cal influences contains free cations of sodium liquid
glass, which, without binding, form soluble compounds
[32, 33].

Thus, it is necessary to select the optimal modifying
additive that promotes accelerated and volumetric hard-
ening of liquid glass.

A decrease in the water absorption of the material was
considered by reducing the surface of its interaction with
drip moisture due to hydrophilization. The comparison
criterion was the wetting angle.

3. Formation of the characteristics of the sorption
activity of a material based on foamed liquid glass

The sorption characteristics of the heat-insulating
material based on foamed liquid glass were determined
by experimental and computational-experimental meth-
ods. Experimental determination of sorption moisture
was carried out according to GOST 24816-2014. In each
desiccator with a relative humidity of 40, 60, 80, and
97%, containing an aqueous solution of sulfuric acid with

a concentration of 47.13, 36.88, 25.23, 5.93, respectively,
3 bottles were placed.

As the material absorbs water vapor from the ambient
air (sorption process), periodic weighing of the weighing
bottles with samples was carried out.

The value of sorption moisture in percent was calcu-
lated using the following formula:

w, =222 100, (1)
My —Mg

where m  is the weight of the bottle with the material
sample after the end of the sorption process, g; m, is the
weight of the bottle with the material sample after drying
the sample to constant weight, g; m, — mass of bottle dried
to constant weight, g.

Based on the obtained indicators of sorption activity,
the specific surface area of the material was calculated
based on the capacity of the monolayer. The calculation
is based on the assumption that the sorption of water
vapor by samples of foamed liquid glass proceeds ex-
clusively by the mechanism of surface adsorption, that
is, only a monolayer of adsorbed water is formed on
their surface.

4. Formation of acoustic characteristics

The process of sound absorption can be represented
in the form of two components — the surface layers of
the acoustic material itself and sound waves in the form
of a front of longitudinal vibrations with a certain kinetic
energy, incident on this surface.

When a sound wave falls on a porous material in the
air in the pores, an oscillatory process is initiated up to
the coincidence of the oscillation frequency, that is, to the
state of resonance. Due to the friction resistance and air
viscosity, part of the sound energy is converted into heat,
and due to the thermal conductivity of the pore walls,
thermal energy is dissipated [34, 35].

The creation of effective porous sound-absorbing ma-
terials is based on some theoretical laws:

— patterns reflecting the propagation of sound waves in
the air;

— regularities of wave energy transfer from air to absorb-
ing material;

— patterns of assessment of the conditions for wave ab-
sorption in the thickness of the material and the re-
laxation conditions resulting from this heat fluxes in
the material.

At a low density of a material having a fully or par-
tially open communicating porosity, similar to the studied
material based on foamed liquid glass, no excess pressure
is formed behind the material layer. This phenomenon
provides a decrease in the resonant nature of sound ab-
sorption. Resonant sound absorption is characteristic
of low frequencies. With an increase in the frequency of
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Frequencies of sound

Fig. 1. The mechanism of sound absorption: I — resonant
sound absorption; II — mixed sound absorption (tran-
sitional); III — sound absorption due to friction losses;
1 — sound absorption in the material, due to the char-
acteristics of the matrix; 2 — sound absorption in the
material, due to the parameters of its porosity; 3 — inte-
gral curve of sound absorption

sound, a transitional section takes place, after which the
developed porosity becomes the determining factor in
sound absorption.

Figure 1 schematically shows the mechanism of sound
absorption depending on its frequency.

In section II1, the sound absorption mechanism is as
follows. The most effective sound absorption is possible
if the dimensions of the wavelength of the incident air
front and the dimensions of the pores and pore chan-
nels coincide. The pressure front of the sound wave
that occurs on the surface of the material is transmitted
inward, gradually weakening due to friction losses. The
optimal porosity in this case will be one at which the
pressure of the elementary wave will ensure the transfer
of compressed air to a more distant pore or pores. In the
process of moving the wave front inside the material,
the change in pressure from pulsating near its surface
will turn into an average excess near the back side. The
damping of sound energy occurs due to two factors.
Firstly, due to the deformation of the volume of air in
the material, and secondly, as a result of friction losses
during the passage of constrictions, channels and in-
ternal pores.

The absorption of sound waves of higher frequencies is
provided by the presence of finer porosity. Such porosity
is characteristic of porous materials based on silicate com-
positions, in particular, a material based on cold-cured
foamed liquid glass. This is due to the fact that the energy
of the sound wave must be commensurate with the mass
of the volume of air in the pore, which must be sufficient
to ensure the occurrence of excess pressure sufficient to
move air into the next pore.

Porosity of sound-absorbing materials

The values of the sound-absorbing characteristics of
porous materials directly depend on their porosity pa-
rameters: the presence of closed or open pores, the dis-
tribution of pores by size, and also their predominant
shape [36—38]. The theoretical foundations associated
with the identification of regularities in the formation of
pore structures suggest the presence of the following types
of porosity in materials: microporosity, capillary porosity,
as well as contraction and gel porosity.

The sound-absorbing properties of highly porous cel-
lular materials depend primarily on the type of pores in the
surface layer of the material and the nature of the poros-
ity of its inner layers. Highly porous and especially light
materials are characterized by the presence of open and
closed pores, as well as communicating and closed porosity.

According to the manifestation of acoustic properties,
the pores are divided into acoustically active, acoustically
passive and semi-passive.

Open pores, the dimensions of which are commen-
surate with the length of the sound wave, are referred to
as acoustically active. This type of pores prevails in the
material based on foamed liquid glass. Closed pores that
do not have direct access to the surface of the material are
referred to as acoustically passive. Through porosity with
dead-end pores, as well as with open non-communicating
pores, is classified as semi-passive. Such a closed or mixed
type of pores is inherent in porous materials based on
foam glass (Figure 2).

Among the open pores, hydraulically correct pores
are distinguished, which are characterized by low values
of the input resistance to air flows and the sound wave
front. Such porosity is typical for materials with a granular
structure, as well as for materials with special techniques
for forming directional porosity. For classic highly porous
materials with a cellular structure, it is not characteristic.
Pores with constant resistance to the sound wave front
are characteristic of materials with a fibrous structure.
Materials with a cellular structure are characterized by hy-
draulically unstable (irregular) porosity, which has a high
input resistance. This explains the fact that materials with
a traditional cellular structure have obviously lower sound
absorption values than granular or fibrous ones.

To assess the possibility of obtaining effective acoustic
materials, porous materials of various structures were
considered. Foam glass and material based on cold-cured
foamed liquid glass were chosen for the study. As follows
from the theoretical foundations of sound absorption out-
lined in the article, the pore size is closely related to the
sound frequency. An increase in sound absorption at low
frequencies can be achieved by relatively large pores, and
at high frequencies by small pores. Sound absorption in
a wide frequency range involves a combination of large
and small pores in the acoustic material.

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2023; 15 (5):
424-437

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobull

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

L

EREYS

Fig. 2. Types of pores: a — open pores; b — closed pores; 1, 2, 3 — types of acoustically active pores; 4, 5, 6, 8 — types
of acoustically semi-passive pores; 7, 9, 10 — passive porosity

Studies of the porosity of acoustic materials with high
sound-absorbing properties showed that these materials
are characterized by fine-grained, polyreaction porosity
with pore sizes of 100—250 wum. The through porosity of
these materials is in the range of 70—90%. A larger per-
centage of communicating porosity causes a decrease in
the viscous friction of air in the material and, as a result,
a decrease in the efficiency of sound absorption.

RESULTS AND DISCUSSION

1. Materials based on foam glass and foamed liquid
glass have the following porosity parameters.

The total porosity, which refers to the entire volume of
pores in the material, was determined by the experimen-
tal-calculation method according to the formula:

Total = ( - P_m)’ (2)
p
where p, is the average density of the material, kg/m?;
0 is the true density of the material, kg/m?.
The true density of foam glass and on cold-cured
foamed liquid glass was determined by the psychometric
method.

Table 2

Porosity of materials based on foamed silicate compositions

Open porosity refers to pores that communicate with
the external environment. The volume of these pores was
obtained by water saturation of the material and calculated
by the formula:

P,y = (@) (i) 100, 3)

where m, and m are the mass of the sample, respec-
tively, in the saturated and dry state, g; V'is the volume of
material, cm?; ow — water density, g/cm’.

Closed porosity was calculated as the difference be-
tween total porosity and open porosity using the formula:

Pc! = Ptot - Pop' 4)

The results of determining the porosity parameters
of materials based on foamed silicate compositions are
shown in Table 2.

Thus, foam glass has a predominantly closed-pore
structure, while a material based on foamed liquid glass
has a predominantly open-pore structure.

Due to the dense smooth walls of the pores of heat-
insulating materials based on foamed glass compositions,
they have high strength characteristics.

Materials Total Porosity, % Open Porosity, % Closed Porosity, %
Foam glass, p,_ = 130 kg/m’ 92 1.62 90.38
Foam glass, p_ = 160 kg/m’ 87 1.17 85.83
Foamed liquid glass, p,_ = 150 kg/m’ 91 56 35
Foamed liquid glass, p_ = 195 kg/m’ 84 61.6 22.4
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In the studied material based on foamed liquid glass,
the strength of the frame (the inner surface of the pores)
is determined by the chemical nature of the raw materials
themselves — amorphous silica, which creates a strong
crystalline structure of the composite. The structure of
porous materials, departing from the idealized model,
is characterized by the presence of defects in the cellu-
lar structure that violate the closure of pores: these are
cracks in the partitions and branched micropores, which
increases the hygroscopicity and water absorption of the
material. This is one of the arguments to explain the high-
water absorption of the material based on foamed liquid
glass; unreacted particles of soda glass form irregularities
in the partitions.

Thus, the optimal porosity of the cellular material
consists in a combination of open and closed pores, de-
formed into polyhedrons, with the thinnest and densest
interpore partitions. In this case, the porosity of the cel-
lular material can reach = 98% [23, 39, 40].

2. To analyze the effect of modifying additives on
liquid glass in order to reduce the water absorption of
materials based on it, three compositions were studied.
The sech for additives is aimed at replacing the common
modifier-hardener of water glass Na SiF,, since it is toxic.

Liquid glass with a density of 1.44 g/cm? and a silicate
modulus of 2.7 was used for the study.

The additives chosen for the study can be divided into
two categories:

1. Liquid water-soluble additive based on organosili-
con (sodium ethyl siliconate (C,H,Si (OH),ONa)).

2. Dry mineral additives (calcium hydroxide Ca (OH),
(slaked lime) and Portland cement (main reactive phase
3Ca0 SiO, (C,S) (alite)).

The investigated compositions are presented in table 3.

The resulting compositions are inorganic polymers
with a developed capillary-porous structure. Such a struc-

ture is characteristic of all porous silicate-based materials.
Figure 3 shows various types of the porous structure of
silicate compositions, differing in shape, size and distribu-
tion of pores over the volume of the material, depending
on the characteristics of the production technology and
raw material composition.

Composition No. 1.

The interaction of liquid glass with an organosilicon
water-soluble water repellent causes the appearance of
a hydrophobic crust. The additive does not interfere with
the foaming process, resulting in a fibrous structure of
the material (Figure 3d). When determining the contact
angle of wetting, a drop on the material surface forms an
angle greater than 110°, but this effect is achieved only
on the formed hydrophobic crust, and when a drop is
applied to the cut surface of a material sample, the drop
is instantly absorbed.

Composition No. 2.

Curing the liquid-glass composition with calcium
hydroxide (slaked lime) led to a slowdown in foaming,
uneven dispersion of particles by volume during process-
ing with electromagnetic waves, and as a result, a smaller
increase in the foaming mass was obtained compared to
other additives (Figure 3e). As a result of the primary
check for a decrease in the water absorption of the mate-
rial by the contact angle method, it was revealed that the
drop penetrates into the thickness of the material after
5—7 s. after application.

Composition No. 3.

Portland cement turned out to be the best option for
modifying the additive for curing the system. Portland
cement in the indicated percentage, when reacting with
liquid glass, acts as a hardener of the liquid glass matrix,
lowering its water absorption performance (Figure 3c).
The contact angle on the surface of this composition was
more than 120°.

Table 3
Compositions of a porous material based on liquid glass with various modifying additives
DI Components Content, % wt.
Number
Liquid glass sodium Na,0+2,7Si0, 85
1 Silicone water repellent sodium ethyl siliconate 15
(C,H,Si(OH),ONa)
Liquid glass sodium Na,0.2,7Si0, 87
2
Slaked lime Ca(OH), 13
Liquid glass sodium Na,0.2,7Si0O, 90
3 Portland cement 10
(Main reactive phase — alit 3Ca0+SiO, (C,S))
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Fig. 3. Structure of various silicate compositions of porous materials: a — foam glass; b — foam glass crushed stone;
¢ — material based on liquid glass with the addition of Portland cement; d — material based on liquid glass and
organosilicon additive; f — material based on liquid glass and additives — calcium hydroxide

On the basis of experimental data, it turned out that
the percentage of Portland cement additives indicated in
Table 3 makes it possible to obtain optimal indicators for
the wetting angle, in comparison with other compositions.

The reason for the decrease in water absorption in the
“liquid glass — Portland cement” system can be described
as follows: when the components interact (free water in
liquid glass binds to Portland cement), low-basic calcium
hydro silicates are formed, as well as calcium hydroxide,
which subsequently binds free cations of sodium liquid
glass into insoluble compounds. The reaction of the in-
teraction of Portland cement tricalcium silicate and free
water in liquid glass can be represented as follows:

2(3Ca0 - Si0,) + 6H,0 =
= 3Ca0 - 2Si0, - 3H,0 + 3Ca0OH,.  (5)

In this case, Portland cement plays the role of not just
a hardening activator of the silicate composition, but also
participates in the formation of a decrease in the water ab-
sorption characteristics of the material due to the formation
of a network of insoluble sodium-calcium compounds.

3. Sorption activity of the material based on cold cur-
ing foamed liquid glass is shown in Table 4.

The beginning of the graph of sorption moisture is
accompanied by the filling of the first monolayer and
the beginning of the formation of polymolecule films.
The point of separation of the isotherm from the straight
section of the polymolecule layer corresponds to the be-
ginning of capillary condensation (Figure 4).

The different mechanism of the sorption and de-
sorption processes of monolayer formation occurs due
to different vapor pressure during its filling. The onset
of capillary condensation, sorption and desorption also
differ both in terms of moisture content and vapor pres-
sure. In this case, the formation of a monolayer occurs at
a sorption vapor pressure lower than the desorption vapor
pressure, and the onset of capillary condensation occurs
at values of a higher sorption vapor pressure. This is also
explained by the different mechanism of filling the surface
layers during sorption and desorption, which is the cause
of the sorption hysteresis.

According to the type of hysteresis, based on the
types of adsorption-desorption isotherms according to
the IUPAC classification, which is compiled on the basis
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Table 4

Indicators of sorption moisture content of the material
based on foamed liquid glass of cold curing at a given
relative humidity

Relative Humidity (¢), % | > Puon ;}uﬁdity (W),
40 1.96
60 2.6
80 4
97 25

of the classical classification of adsorption-desorption
isotherms of Brunauer, Deming, Deming and Teller
(BDDT classification), this type of sorption of a mate-
rial based on foamed liquid glass can be attributed to the

fourth type. This type has a hysteresis loop, which reflects
the process of capillary condensation in mesopores. The
convex and concave nature of the initial section indicates,
respectively, strong and weak interaction of the adsorbate-
adsorbent.

Figure 5 shows different types of capillary-condensa-
tion hysteresis loops.

Each type of loop is associated with a certain type
of porous structure of the substance. H1-type loops are
typical for agglomerates that are uniformly packed and
similar in size. For some globular systems, for example,
silica gels, the H2 type is typical, however, in this case,
the distribution and shape of the pores are ambiguous.
H3 and H4 type loops were obtained for adsorbents hav-
ing slit-like pores or, as in the case of H3, consisting of
plane-parallel particles.

Type I isotherms with type H4 hysteresis indicate the
presence of microporosity. Isotherm type IV is usually
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Fig. 4. Graphs of the sorption and desorption activity of the material based on foamed liquid glass
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The quantity of gas adsorbed

Relative pressure —»

Fig. 5. Types of hysteresis loops

observed for substances containing mesopores or small
macropores.

To calculate some parameters of the structure of a po-
rous material based on foamed liquid glass, we intro-
duce the assumption that the sorption of water vapor on
the surface of foamed liquid glass proceeds exclusively
by the surface adsorption mechanism, that is, only the
monolayer is filled. Therefore, the sorption isotherm can
be described by the equation (6):

w(p) = wp[-3.13/In(p/100)]*/255, (6)

where w_ is the parameter of the equation, which is
the capacitance of the monolayer, %, which can be ap-
proximately calculated by the formula (7):
_ w(40) _ 196

=——=121%. 7
1.615 1615

m

An approximate calculation made it possible to deter-
mine w_=1.21%. The obtained value of w_, in turn, made
it possible to estimate the specific surface of the material
based on foamed glass according to the equation (8):

A =35.5w,, - 103m?/kg = 35.5w,, m?/g. (8)

We got A =42.9 m?/g. This value of the specific sur-
face makes it possible to make an assumption about the
predominance of small pores in the material.

To calculate the specific surface area, the capacitance
of the monolayer was calculated using the formula (9):
Wy, = =2 = 1.35, )
No
where w is the sorption humidity at relative air humi-
dity ¢, = 40%; n, — was determined by the formula:

— ¢Po _
ng = 1t0o=1)00 Ny = 1.45. (10)

Here ¢' was determined by the formula:
c=6+4+(1+5¢y)/¢p, =13.5, (11)

a N, corresponds to the value N at ¢ = ¢, where N
was calculated by the formula:

N = [-3,13/In(¢)]°3° = 1.615. (12)

The specific surface area was calculated by the for-
mula:

A="2% 4, =5-10°m?/g. (13)

The high values of the specific surface area calculated
by the calculation-analytical method provide an explana-
tion for the obtained experimental data on the sorption
activity.

4. Studies of the sound absorption coefficient of ma-
terials based on foamed liquid glass of cold curing and
foam glass were carried out according to the method
of GOST 16297-80. “Materials are sound-proof and
sound-absorbing. Test Methods" on an interferometer
(Knut’s tube). The test equipment consists of a low-
frequency measuring generator, an electronic RMS volt-
meter, a measuring microphone, a microphone ampli-
fier, a loudspeaker, acoustic filters and an electronic
frequency counter (Figure 6).

Testing steps:

— placing a sample of foamed liquid glass and foam glass
into the interferometer holder so that not the front side
is pressed by a rigid piston, but the front side is fixed
on the edge of the holder, fixed in the pipe;

— determination of the voltage value at the output of
the microphone amplifier, recorded by an electronic
voltmeter, corresponding to the first maximum and
minimum sound pressure level in the interferometer
tube;

— testing in the frequency range from 100 to 2000 Hz;

— determination of the normal sound absorption coef-
ficient.

Based on the test results, the average values of the
sound absorption coefficients (SAC) aw at a frequency
of 2000 Hz are shown in Table 5, and the results of the
tests are presented in Figure 7.
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Fig. 6. Sound absorption test apparatus and test material samples

The test results confirmed the assumption that materi-
als of the same density, but differing in different degrees,
types of porosity and pore size distribution, have excellent
sound absorption coefficients. Thus, the material based
on foamed liquid glass showed somewhat higher values of
the sound absorption coefficient compared to foam glass,
especially at higher frequencies due to the predominance
of open porosity and the presence of small pores (Tables 5
and 6, Figure 7).

Comparison of technical characteristics of various
porous silicate compositions is given in table 7.

Ecological factor in the design of heat-insulating material
based on cold-cured foamed liquid glass.

Main advantages/disadvantages:

« at the raw material selection stage:

renewable/non-renewable (mainly raw materials of the
material under study are non-renewable or difficult to
renew);

the presence of components chemically harmful to
humans (the material does not contain substances
harmful to humans);

use of waste (as a filler for a foam glass mixture, it is
possible to use weed waste, including dried dispersed
Sosnowsky’s hogweed);

» technological process:

energy spent on the entire technological process (the
most energy-consuming technological unit is a mixer
and auxiliary devices);

high-temperature and high-frequency effects (high-
temperature regimes are not required for production,
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Table 5
Test results for determining the sound absorption coefficients
Materials Foamed Liquid Glass Foam Glass
Average Density Pm, kg/m3 150 195 130 160
SAC (aw) 0.9 0.7 0.8 0.73
1
0.9 ,..-’\
038 ' :
0.7
06
g 05
0.4
03
02
0.1
© 100 | 125 | 160 | 200 | 250 | 315 | 400 | 500 | 630 | 800 | 1000 | 1250 | 1600 | 2000 | 2500 | 3150 | 4000 | 5000
e=—FB.CCLG 195kg/m* 017 037 036 056 | 06 079 072 072|078 076 079|075 073 07 | 072 078 077 069
——FB.CCLG.150kg/m 022 044 04 068 077 089 08 09 092 083 084 086 087 09 084 083 087 078
‘Foam glass 130kg/m? | 025 041 038 069 076 085 087 09 | 081 084 083 085 088 08 082 083 085 077
e Foam glass 160kg/m® 021 045 033 065 075 078 08 08 085 081 083 085 084 073 083 078 079 075
Requency, Hz
Fig. 7. Test results for determining the sound absorption coefficients of foam
glass and materials based on foamed liquid glass
Table 6
Correlation between the values of porosity parameters and sound absorption coefficients of material samples
. Porosity, % Sound
Materials Avera]ige /(Ilne3n51ty, Absorption
g Open Closed Total Coeflicient
o 150 56 35 91 0.9
Foamed liquid glass
195 61.6 22.4 84 0.7
130 1.62 90.38 92 0.8
Foam glass
160 1.17 85.83 87 0.73

a temperature of 40°C is sufficient for processing the

material in the cold curing mode);

« at the operational stage:

— the release of harmful substances or the ability to ab-
sorb them (due to the high rates of sorption activity,
the material has the ability to absorb harmful sub-
stances from the air).

Based on the results of the analysis, it can be con-
cluded that the developed heat-insulating material based
on cold-cured foamed liquid glass is environmentally
friendly, with a carbon footprint close to zero. The rec-

ommended temperature range of application of thermal
insulation material based on foamed liquid glass of cold
curing is from minus 70°C to plus 200°C.

CONCLUSION

The performance characteristics of a heat-insulating
material based on cold-cured foamed liquid glass are
formed due to the chemical and phase composition of
the raw materials used, their structure parameters, as well
as the features of the technological process that form the
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Table 7
Free comparison table of technical characteristics of various porous silicate compositions
Coefficient Vapor Sorption
Materi Main Technological | Of Thermal Ave”.'ge Sounq Perme- At Relative
aterials Structure Compound Di .. Density, absorption o ‘e
ifferences Conductivity, kg/m Coefficient ability, mg/ | Humidity 97%,
W/(m +°C) 8 (m-h-Pa) % W.
Structure For-
mation Occurs
Closed Cullet, Due To The Gas
Foam Porosity Glycerin, | Formation Pro- 0.043— 0.0019—
Glass Prevails Blowing cess Occurring In 0.062 130-160 0.7-09 0.0023 1.62-1.79
=~ 98% Agent Furnaces At High
Temperatures (of
the Order 1200°C)
Liquid Structure Forma-
_ 1qul tion Occurs Due
Cold Op en. Glass, To The Process Of
Cured Porosity . .
Foamed | Predomi- Foaming | Foaming, Process- 0.0556— 150—195 0.73—0.8 0.1763— 19-25
Liquid i Agent, ing Takes Place In 0.068 ’ ’ 0.1788
11qu1 Eag;;, Hardener, | Low-Temperature
Glass Foin Filler Furnaces (About
40°C)

structure of the material. The formation of the follow-
ing performance characteristics was investigated: thermal
conductivity, water absorption, sorption moisture and
sound absorption. Based on the obtained experimental
results, the following conclusions were drawn:

1. With a similar density, foamed liquid glass has dif-
ferent values of the edge points of the thermal conduc-
tivity range than foam glass due to the predominance of
open porosity, but not to a large extent, due to the pres-
ence of a smaller pore size in the foam glass composition.
Thus, foam glass has a predominantly closed-pore struc-
ture (= 98% closed porosity), while the material based
on foamed liquid glass has a predominantly open-pore
structure (= 67% open porosity).

2. The issue of excessive water absorption in cold-
cured foamed liquid glass-based materials was resolved by
incorporating an additive hardener, specifically Portland
cement. This component not only serves as a hardening
activator for the silicate composition but also consider-
ably reduces its water permeability, but also participates
in the mechanism of reducing the water absorption of the
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material due to the formation of a network of insoluble
sodium-calcium connections.

3. High values of the specific surface area, calculated
by the calculation-analytical method, provide an explana-
tion for the experimental data obtained on the sorption
activity (19—25 wt.%) of the developed heat-insulating
material.

4. The results of tests to determine the sound absorp-
tion coefficient confirmed the assumption that materials
of the same density, but differing in different degrees,
types of porosity and pore size distribution, have excellent
sound absorption coefficients. Thus, the material based
on foamed liquid glass showed slightly higher sound ab-
sorption coefficients compared to foam glass, especially
at higher frequencies due to the predominance of open
porosity and the presence of small pores.

An analysis of the environmental factor showed that
the developed heat-insulating material based on cold cur-
ing foamed liquid glass can be characterized as a compre-
hensively environmentally friendly material with a carbon
footprint close to zero.

1. Minko N.I., Bunchka O.V., Stepanova M.N., Weiser S.S. Insulating glass materials. Foamed glass. 2rd edition.

Belgorod: BGTU; 2016.

2. Miriuk O.A. Cellular materials based on liquid glass. Texnicheskie nauki: Technical Sciences. 2015:4-5(17).

http://7universum.com/ru/tech/archive/item/2162.

3. Dushkina M.A. Development of compositions and technology for the production of foam-glass crystal materials based
on silica raw material. PhD, National research Tomsk polytechnical university. Tomsk; 2015.

http://nanobuild.ru 435

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
http://7universum.com/ru/tech/archive/item/2162

Nanotechnologies in construction 2023; 15 (5): U/
HaHoTexHonorum B cTponTenbcTBe 424-437 NanObL" ]

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

4. Htet Z.M., Tikhomirov I.N. Thermal insulation materials based on foamed liquid glass. Advances in chemistry
and chemical technology. 2017:3:34-36.

5. Zabolotskaya A.V. Technology and physical-chemical properties of porous composite materials based on liquid glass
and natural silicates. PhD, National research Tomsk polytechnical university. Tomsk; 2003.

6. Filippov V.A., Filippov B.V. Advanced technologies for processing materials with ultra-high-frequency
electromagnetic oscillations. Bulletin of CSPU them. 1.Y. Yakovlev. 2012:4(76):181-184.

7. Kalganova S.G., Lavrentiev V.A., Arkhangelsky Y.S., Vasinkina E.Y., Beloglazov A.P. VCH- Energy in the
production of composite materials. Reshetnevsky readings. 2017:369-371.

8. Habibulin S.A. Development of compositions and technology for the production of modified fluid-based binder and
composite materials based on it. PhD, National research Tomsk polytechnical university. Tomsk; 2015.

9. Htet Z.M. Composite materials based on liquid-based binder for thermal insulation. PhD, Russian University of
Chemical Technology named after D.I. Mendeleev. Moscow; 2020.

10. Mustafa W.S., Szendefy J., Nagy B. Thermal Performance of Foam Glass Aggregate at Different Compaction
Ratios. Buildings. 2023:13(7):1844. https://doi.org/10.3390/buildings13071844

11. Li X., Cao Z., Xu L., Liu B. Sound Absorption of the Absorber Composed of a Shunt Loudspeaker and Porous
Materials in Tandem. Polymers. 2023:15(14):3051. https://doi.org/10.3390/polym 15143051

12. Silva A., Gaspar F., Bakatovich A. Composite Materials of Rice Husk and Reed Fibers for Thermal Insulation
Plates Using Sodium Silicate as a Binder. Sustainability 2023:15(14):11273. https://doi.org/10.3390/sul51411273

13. Bessonov 1.V., Sapelin A.N. Structural coefficients as a criterion for evaluating the thermal quality of building
materials. Stroitel’nye materialy. 2012:6:1-2.

14. Sapelin N.A., Sapelin A.N. Impact of void structure on strength of insulation materials. Stroitel’nye materialy.
2011:5:1-5.

15. Zhukov A.D., Bessonov, 1.V., Sapelin A.N., Mustafaecv R.M. Composites with adjustable porosity. Promyshlennoe
i grazhdanskoe stroitel’stvo. 2014:6:76-79.

16. Lesovik V.S., Alekseev S.V., Bessonov 1.V., Vajsera S.S. Management of structure and properties of foam-glass
acoustic materials. Stroitel’nye materialy. 2018:6:41—44.

17. Vajsera S.S. Breathability coefficient as parameter for the evaluation of foam structure. Vestnik BGTU
im. V.G. Shuhova. 2016:3:70-74.

18. Kudryavcev P.G., Figovskij O.L. Research of transition ash-gel by rheological methods. Part 1. Methods of
experiments. Nanotekhnologii v stroitel’stve: nauchnyj Internet-zhurnal. 2017:4:75-92.

19. Puchka O.V., Vajsera S.S., Lesovik V.S., Sergeev S.V. Structuring process management as a factor in the formation
of glass composites of functional purpose. Stroitel’stvo i arhitektura. Vestnik BGTU im V.G. Shuhova. 2017:9:6-14.

20. Shen L., Tan H., Ye Y., He W. Using Fumed Silica to Develop Thermal Insulation Cement for Medium—Low
Temperature Geothermal Wells. Materials. 2022:15(14):5087. DOI: 10.3390/ma15145087

21. Gomes M.d.G., Bogas J.A., Real S., Moret Rodrigues A., Machete R. Thermal Performance Assessment of
Lightweight Aggregate Concrete by Different Test Methods. Sustainability. 2023:15(14):11105. https://doi.org/10.3390/
sul51411105

22. Wang D., Zhuang Q., Li K., Wang Y. Study on Correlation of Mechanical and Thermal Properties of Coal-
Based Carbon Foam with the Weight Loss Rate after Oxidation. Materials. 2022:15(14):4887. https://doi.org/10.3390/
mal5144887

23. Hong S., Yoon M., Hwang H. Fabrication of Spherical Silica Aerogel Granules from Water Glass byAmbient
Pressure Drying. Journal of the American Ceramic Society. 2011:94(10):3198—3201. https://doi.org/10.1111/j.1551-
2916.2011.04765.x

24. Inoue S., Morita K., Asai K., Okamoto H. Preparation and properties of elastic polyimide-silica composites using
silanol sol from water glass. Journal of Applied Polymer Science. 2004:92(4):2211—-2219. https://doi.org/10.1002/app.20239

25. Kantro D., Brunauer S., Weise C. Development of surface in the hydration of calcium silicates. The Journal
of physical chemistry. 1962:66:(10):1804-1809.

26. Kmita A., Hutera B. The influence of physical and chemical parameters of modified water glass on the strength
of loose self-setting sands with water-glass. Metallurgy and foundry engineering. 2012:38:(1):67—71. https://doi.
org/10.7494/mafe.2012.38.1.67

27. Zellmann H., Kaps Ch. Chemically modified water-glass binders for acid-resistant mortars. Journal of the
American Ceramic Society. 2006:89(4):1369—1372. https://doi.org/10.1111/5.1551-2916.2005.00887.x

28. Maliavski N.I., Zhuravlova O.I. On the possibility of replacing fluorosilicate hardeners of water glass with
calcium-silicate ones in the technology of obtaining alkali-silicate heat insulators. The Eurasian Scientific Journal.
[online]. 2018:5(10). https://esj.today/PDF/04SAVNS518.pdf

http://nanobuild.ru 436 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
http://dx.doi.org/10.3390/buildings13071844%22 %5Ct %22_blank
https://doi.org/10.3390/polym15143051
https://doi.org/10.3390/su151411273
http://dx.doi.org/10.3390/ma15145087%22 %5Ct %22_blank
https://doi.org/10.3390/su151411105
https://doi.org/10.3390/su151411105
https://doi.org/10.3390/ma15144887
https://doi.org/10.3390/ma15144887
https://doi.org/10.1111/j.1551-2916.2011.04765.x
https://doi.org/10.1111/j.1551-2916.2011.04765.x
https://doi.org/10.1002/app.20239
https://doi.org/10.7494/mafe.2012.38.1.67
http://dx.doi.org/10.1111/j.1551-2916.2005.00887.x%22 %5Ct %22_blank

Nanotechnologies in construction 2023; 15 (5): U/
HaHoTexHonorum B cTponTenbcTBe 424-437 NanObL" ]

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

29. Malyavsky N.I., Zvereva V.V. Calcium-silicate hardeners of liquid glass for the production of water-resistant
alkaline silicate insulation. Internet-vestnik VolgGASU. 2015:2(38). http://www.vestnik.vgasu.ru/

30. Lotov V.A., Habibulin S.A. Use of modified liquid-ecological, astringent in the production of building
materials // Stroitel’nye materialy. 2015: 1:72-75.

31. Usova N.T., Lotov V.A., Lukashevich O.D. Water-resistant, non-autoclactive silicate building materials based
on sand, liquid compositions and sludge water treatment. Vestnik TGASU. 2013:2:276-284.

32. Borilo L.P., Lutova E.S. Effect of titanium oxide additive on the bioproperties of silicate materials. Bulletin
TSU. Chemistry. 2015:2:101-110.

33. Lukashevich O.D., Lotov V.A., Usova N.T., Lukashevich V.N. Production of water-resistant, durable silicate
materials based on natural and technogenic material. Vestnik TWASU. 2017: 6:151-160.

34. Vajsera S.S., Puchka O.V., Lesovik V.S., Aleksejcev S.V. Influence of moisture content, air permeability and
material density on its sound absorption characteristics. Stroitel’nye materialy. 2017:6:24-27.

35.Zhang Z., Wang J., Li Z., Zhang X. Broadband Sound Insulation and Dual Equivalent Negative Properties of
Acoustic Metamaterial with Distributed Piezoelectric Resonators. Materials. 2022:15(14):4907. https://doi.org/10.3390/
mal5144907

36. Kerch H. M., Cosandey F., Gerhard R. A. Imaging of fine porosity in colloidal silica: potassium silicate gel by
defocus contrast microscopy. J. Non-Cryst. Solids. 1991:136:119—125.

37. Gajanan Deshmukh, Preeti Birwal, Rupesh Datir and Saurabh Patel. Thermal Insulation Materials: A Tool for
Energy Conservation. J Food Process Technol. 2017:8 (4):1—4. https://doi.org/10.4172/2157-7110.1000670

38.YunT.S., Jeong Y.J., Han T.S., Youm K.S. Evaluation of thermal conductivity for thermally insulated concretes.
Energy Build. 2013: 61:125—132. https://doi.org/10.1016/j.enbuild.2013.01.043

39. Papadopoulos A.M. State of the art in thermal insulation materials and aims for future developments. Energy
Build. 2005:37:77—86. https://doi.org/10.1016/j.enbuild.2004.05.006

40. Al-Homoud M.S. Performance characteristics and practical applications of common building thermal insulation
materials. Build. Environ. 2005:40:353—366. https://doi.org/10.1016/j.buildenv.2004.05.013

INFORMATION ABOUT THE AUTHORS

Igor V. Bessonov - Cand. Sci. (Eng.), Main Scientific Employee, Research Institute of Building Physics Russian Academy
of Architecture and Construction Sciences, Moscow, Russia, bessonoviv@mail.ru, https://orcid.org/0000-0002-9234-4075

Boris I. Bulgakov - Cand. Sci. (Eng.), Associate Professor, Associate Professor, Department of “Building Materials Science”, Institute
of Industrial and Civil Engineering, National Research Moscow State University of Civil Engineering, Moscow, Russia,
fakultetst@mail.ru, https://orcid.org/0000-0002-4737-8524

Olga V. Aleksandrova - Cand. Sci. (Eng.), Associate Professor, Associate Professor, Department of “Technologies
and Construction Process Management’, Institute of Industrial and Civil Engineering, National Research Moscow State University
of Civil Engineering, Moscow, Russia, aleks_olvi@mail.ru, https://orcid.org/0000-0003-1791-8515

Elina A. Gorbunova - engineer, Research Institute of Building Physics Russian Academy of Architecture and Construction
Sciences, Moscow, Russia, Bachelor of Civil Engineering, National Research Moscow State University of Civil Engineering,
Moscow, Russia, eg15082000@mail.ru, https://orcid.org/0000-0002-7241-4136

CONTRIBUTION OF THE AUTHORS

Igor V. Bessonov - conceptualization, validation, formal analysis, resources, supervision, project administration, funding
acquisition.

Boris I. Bulgakov — methodology, validation, data curation, writing—review and editing, project administration.

Olga V. Aleksandrova - methodology, validation, visualization, project administration.

Elina A. Gorbunova - conceptualization, software, investigation, writing—original draft preparation.

The authors declare no conflicts of interests.
The article was received by the editors 21.08.2023; approved after reviewing 25.09.2023; accepted for publication 29.09.2023.

http://nanobuild.ru 437 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
mailto:bessonoviv@mail.ru
https://orcid.org/0000-0002-9234-4075
mailto:fakultetst@mail.ru
https://orcid.org/0000-0002-4737-8524
mailto:aleks_olvl@mail.ru
https://orcid.org/0000-0003-1791-8515
mailto:eg15082000@mail.ru
https://orcid.org/0000-0002-7241-4136
http://www.vestnik.vgasu.ru/
https://doi.org/10.3390/ma15144907
https://doi.org/10.3390/ma15144907
http://dx.doi.org/10.4172/2157-7110.1000670%22 %5Ct %22_blank
http://dx.doi.org/10.1016/j.enbuild.2013.01.043%22 %5Ct %22_blank
http://dx.doi.org/10.1016/j.enbuild.2004.05.006%22 %5Ct %22_blank
http://dx.doi.org/10.1016/j.buildenv.2004.05.013



