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ABSTRACT: Introduction. The elaboration of foamed eco-friendly gypsum nanocomposites with low specific gravity, high thermal 
insulation, operational and technical and economic characteristics remains an urgent task. Controlled hardening of gypsum foam 
nanoassemblers using dry foaming agents is a promising direction in the technology of production of heat-insulating building 
materials. Methods and materials. The production of a foam gypsum composition was carried out in an ejector-turbulent mixer 
by mixing a gypsum nanobinder with functional foaming nanoadditives. Building gypsum G5 BII was used as a binder in the 
work; porization of gypsum compositions was carried out using an adsorbed foaming agent PBNS. Results. The transformation of 
liquid-phase foaming agents into solid-phase ones by binding water allows the production of gypsum foam compositions from 
dry mixtures, which gives high dosing accuracy, a good degree of homogenization of components and stable characteristics of 
foamed gypsum nanocompositions. In production conditions, a one-storey small-sized pavilion was built using a pilot 3D printer 
AMT S1160, in which vertical enclosing structures are filled with foamed heat-insulating nanostructured foam gypsum. Monolithic 
foam gypsum nanomaterial with a density of 300–400 kg/m3 was used for insulation and sound insulation of attic floors during 
the overhaul of the historic building of the Veterans Hospital in Ufa. Discussion. The elaboration of technology for obtaining foam 
gypsum from dry mixtures is based on the advantage of manufacturing and using thermal insulation nanocompositions, which 
allows for significant punctuality of dosing and stable characteristics of foam gypsum building materials. Surfactants have a sig-
nificant effect on the kinetics of the structure formation of the foam gypsum nanocomposition and slow down the coalescence 
of air bubbles. Conclusions. Nanoporous foam gypsum concrete, obtained as a result of controlled hardening, with a density of 
400 kg/m3 has a thermal conductivity of 0.12 W/(m•ºС) and a compressive strength of 1.4 MPa. The compressive strength of foamed 
foam gypsum using a dry foaming agent on sorbents is 17% higher than the strength of a heat-insulating nanomaterial prepared 
using traditional technology.
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Effective use of dry foaming agents in the manufacture 
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INTRODUCTION 

As part of the implementation of the national project 
of the Russian Federation “Housing and urban en-

vironment”, modern building materials of nanoporous 
structure are widely used for the construction of individ-
ual residential low-rise buildings [1–5]. The elaboration 
of foamed nanocomposite eco-friendly gypsum binders 
with sufficiently significant strength, low specific gravity, 
high thermal insulation and frost-resistant properties, 
ensuring the production of 3D structures with demanded 

operational and technical and economic characteristics, 
remains an urgent task. 

The purpose of this article is to study the production 
of foam gypsum nanomaterials using effective foaming 
agents based on the raw materials of Bashkortostan for 
the construction of low–rise buildings.

METHODS AND MATERIALS 

The preparation of a foamed gypsum nanocompo-
sition was carried out by mixing a gypsum binder with 
the introduced functional nanoadditives, including a dry 
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foaming agent and water at the installation – ejector-
turbulent mixer ETS-0.5 (Weft company) (Fig. 1).

The method of production of heat-insulating foam 
gypsum is based on one-stage mixing for 6-8 minutes 
of a dosed amount of gypsum composite nano-binder 
and water from a storage reservoir. The mixer ETS-0.5 
is equipped with a flow-through electronic sensor for 
monitoring the water level of the closure and a time relay 
for monitoring the phase of active porization of the na-
nogypsum composition. Metered volumes of air, which 
are supplied by the compressor through an ejector built 
into the mixer, provides bubbling and intensive foaming, 
cavitation of gypsum nanocomposition. The capacity of 
the ETS mixer is 0.5 to 5 m3/hour, with the supply of 
nanocomposite foam gypsum through hoses at a pressure 
of 0.2–2.5 MPa up to 30 meters horizontally and up to 
15 meters vertically.

To measure the thermal conductivity coefficient of 
foam gypsum samples with dimensions of 250•250•50 mm, 
the ITP-MG4 “100” device was used: the test range is 
0.03–1 W / (m•оC), the limit of the relative error in de-
termining the thermal conductivity coefficient is ± 7. The 
determination of the thermal conductivity of a foam gyp-
sum sample provides for the creation of a constant heat 
flow through the sample at a fixed temperature difference 
on its surfaces [6]. 

Building gypsum G-5BII (Ufa Gypsum Company) 
was used as a nano-binder in the work. To regulate the ki-
netics of hardening (slowing down the setting time) of the 
gypsum foam mixture, nano–additives – setting retard-
ers were used: Plast Retard PE (firm “Retardan”, Italy) 
0.05% by weight of the gypsum binder. Various hardening 
retarders provide a controlled decrease in the dissolution 

rate of gypsum semihydrate, therefore, reduce the con-
centration of calcium sulfate dihydrate crystallohydrates 
precipitating into an undesirable precipitate [7, 8].

Foaming porization of gypsum compositions was car-
ried out using a dry (adsorbed with expanded clay sand) 
PBNS foaming agent with stabilizing nanoadditives 
(“Plant Technochemsynhtes”, Ufa), which provides the 
necessary air extraction (foam multiplicity of at least 5) 
and the viability of three-phase foam. The PBNS foaming 
agent has the following chemical structure: a hydrocarbon 
chain C10–19 (hydrophobic fragment) and a hydrophilic 
functional group.

Concentrated aqueous solutions of the PBNS foam-
ing agent were converted into a dry solid-phase state by 
the method of joint mixing with expanded clay sand. The 
stability of the dry foaming agent on the adsorbent is ex-
plained by the fact that the microparticles of the expanded 
clay sorbent are positively charged, and the hydrophilic 
part of the foaming agent molecule is negatively charged. 
The adsorbed foaming agent with the sorbent was dried at 
a temperature of 20–150оC to a humidity of 5%; then the 
dried PBNS foaming agent was crushed and added (the 
optimal concentration of 0.25%) to a dry building gyp-
sum mixture. The elaboration of technology for obtaining 
foam gypsum from dry mixes is based on the advantage 
of manufacturing and using dry mixes: high dosing ac-
curacy, a good degree of homogenization of components 
and stable characteristics of foam gypsum nanomaterials 
[9, 10].

During adsorption on the surface of air bubbles 
(Fig. 2), the hydrophobic hydrocarbon part of the foam-
ing agent molecules are arranged in a monomolecular 
layer in the gas phase, forming a 2.5–3 nm diffinyl layer. 

Fig. 1. Technological scheme of production of foam gypsum nanocomposition: 1 – storage reservoir; 
2 – ejector-turbulent mixer; 3 – ejector compressor
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Local micro-heterogeneities and germinal calcium sul-
fate dihydrate nanoclusters crystallohydrates with sizes 
of ≈ 20–70 nm [11] lead to variations in the thickness 
of the molecular layer of the foaming agent in the na-
nogypsum foam composition. Further strengthening of 
the primary nanostructure occurs due to an increase in 
the number of nanocontacts between unrelated growing 
gypsum microcrystals.

The consumption of dry foaming agent in the manu-
facture of foam gypsum thermal insulation nanocomposi-
tions is 1.7–2.8 kg per 1 m3 of foamed mixtures, which is 
proportional to the consumption of liquid-phase foaming 
agent. Foam multiplicity is not less than 7.0; foam stabil-
ity is not less than 360 seconds. The optimal formation 
of a foamed gypsum structure also depends on the ratio 
of water and gypsum nano-binder; in addition, the hy-
drochemical quality of the water component should be 
noted. Increased water hardness leads to overspending of 
the foaming agent, therefore reliable quality management 
of the functioning of the technological water supply line 
is necessary. 

The density and compressive strength of foam gypsum 
samples were determined according to GOST 17177-94 
“Materials and products for building thermal insulation. 
Test methods”, GOST EN 1602-2011 “Thermal insula-
tion products used in construction. Method for deter-
mining apparent density”, GOST 125-2018 “Gypsum 
binders. Technical conditions”. A stereoscopic method 

for studying the shapes and sizes of micropores of foam 
gypsum samples was performed using a Nicon SMZ 1500 
optical microscope.

RESULTS 

Optimal porization of gypsum nanocompositional ma-
terials is associated with significant difficulties due to the 
short setting time of the nano-binder; the introduction of 
a modified PBNS foaming agent optimizes the kinetics of 
hardening. In the process of foaming, the hydrophilic-ori-
ented molecules of the foaming agent create an adsorption 
layer on the hydrated layers of gypsum nanoassemblers, 
sharply slow down the fusion (coalescence) of air bubbles, 
preserve the nanosuspension for a sufficiently long time 
in a colloidal state. The use of surface-active molecules of 
the PBNS foaming agent ensures the involvement of the 
necessary volume of micro-bubbles of air in the produc-
tion of foam gypsum nanosuspension.

The addition of a gypsum binder foam agent PBNS 
concentration of 0.1–0.2% leads to a decrease in the water 
gypsum ratio. The study of the technological parameters 
of foaming made it possible to determine the conditions of 
the kinetic stability of the foam: a decrease in the angular 
velocity of mixing the foam causes thinning of the inter-
stitial partitions of the foam gypsum with the formation of 
through porosity. The set of structural strength with foam 
gypsum concrete takes from two to three hours. The com-

Fig. 2. Scheme of adsorption of foaming agent molecules on the surface of foam gypsum air bubbles: 1 – gas phase; 
2 – monomolecular layer of foaming agent; 3 – gypsum crystallohydrates
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pressive strength of foamed foam gypsum with a density 
of 400 kg/m3, prepared using a dry foaming agent PBNS 
(on sorbent), is 17% greater than the strength of the ther-
mal insulation material made using classical technology 
with the same foaming agent in the form of an aqueous 
solution. It is established that the optimal production of 
closed porosity of nanostructured foam gypsum (Fig. 3) 
is provided under the condition that the foam dispersion 
rate and the mixing rate do not change.

It should be noted that the use of only prefabricated 
blocks and slabs based on light, cellular concrete or foam 
ceramics with the best thermal efficiency indicators for 
objective reasons cannot satisfy all the needs of the con-
struction industry in structural and thermal insulation 
building materials. In particular, in the conditions of ma-
jor repairs and restoration of architectural heritage ob-
jects, only monolithic methods of construction work are 
possible. The choice of structural and thermal insulation 
materials for monolithic technologies presented on the 
construction market is in reality small and is practically 
limited only to the use of expanded clay backfills and ex-
panded clay concrete of various densities in screeds under 
floors and for the deconstruction of flat low-slope roofs.

Nanostructured foam gypsum is the most popular and 
promising building material for the monolithic method 
of production of construction and installation works and 
the use of structural and thermal insulation composites. 
Comprehensive studies of thermal insulation and sound 
insulation characteristics of nanostructured foam gypsum 
obtained using monolithic technology (Table 1) have con-
firmed its sufficiently high technological characteristics.

Monolithic foam gypsum nanomaterial was used to 
insulate attic floors during the overhaul of the Veterans 
Hospital building in Ufa to replace the slag filling that 
had become unusable, as well as a sound-proofing and 
fire-retardant building material of the interstory floor. The 
practical effectiveness of using nanostructured monolithic 
foam gypsum in attic and interstory floors is as follows:
–	 nanocomposite foam gypsum (density 300–

400 kg/m3) is much lighter than slag backfill (density 

900–1100 kg/m3), and its use in floors has significantly 
lightened the weight of the floor and reduced the load 
on the main load-bearing structures of the historic 
building (walls and foundations), which for almost 
1.5 centuries of operation have received significant 
physical wear;

–	 monolithic nanofoam gypsum provides both suf-
ficient sound insulation of interstory floors and fire 
protection of existing steel beams without additional 
treatment with very expensive flame retardant swelling 
paint compositions;

–	 it is especially important in the production of repair 
and restoration works to fill with monolithic nano-
composite foam gypsum, which allows you to meet 
almost any requirements for geometric characteristics; 
in particular, during the overhaul of the building of the 
Hospital of War Veterans after the dismantling of old 
building structures: boardwalk, wooden beams and 
slag filling, it turned out that the steel main beams of 

Table 1
Physico-mechanical and thermal characteristics of nanocomposite foam gypsum

No. The name of the indicator Average values of the indicator

1 Density, kg/m3 300 400
2 Thermal conductivity in the dry state at t = 25оC, W/(m•оC) 0.10 0.12

3

Calculated characteristics
of thermal conductivity, W/(m•оC):
– under operating conditions of construction “A”,
– under operating conditions of construction “B”

0.14
0.23

0.17
0.26

4 Vapor permeability, mg/(m•h•Pa) 0.28 0.25
5 Compressive strength, MPa 1.1 1.4

Fig. 3. Microstructure of nanostructured foam gypsum 
with a density of 400 kg/m3 
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the floor-to-floor overlap have different heights and 
accordingly, the thickness of the foam gypsum layer 
varied from 25 to 40 cm;

–	 at the restored facility, internal repair work due to 
production necessity was carried out in the autumn-
winter period with the heating system not working; at 
the same time, the fast setting time (20–30 minutes, 
even taking into account the introduction of a mod-
erator) made it possible to pour nanogypsum at nega-
tive temperatures (there was a need to heat the sealing 
water).
The use of monolithic nanocomposite foam gypsum 

has made it possible to reduce the cost of major repairs 
of the historical object (compared with semi-rigid min-
eral wool slabs, the cost of foam gypsum is several times 
lower) and accelerate construction work. The technology 
of preparation of foam gypsum concrete directly at the 
construction site and the possibility of supplying foam 
gypsum nanocomposition using flexible hoses under pres-
sure of 0.2–2.5 MPa can significantly reduce the cost of 
lifting mechanisms.

3D printing technology has made it possible to con-
struct a two-storey residential building in which the in-
terior space of the exterior walls is filled with monolithic 
foam gypsum. In production conditions, the employees 
of the Ufa Gypsum Company and USPTU using the 3D 
printer AMT S1160 (“SPETSAVIA” Yaroslavl) printed 
fragments of vertical enclosing structures of a one-story 

small-sized pavilion; then filled with foamed thermal in-
sulation nanocomposite foam gypsum (Fig. 4).

Technological filling of nanocomposite thermal insu-
lation foam gypsum should be carried out preferably in 
the warm season for natural drying to a humidity of 12% 
and strengthening of building constructions. In case of 
industrial necessity, accelerated drying with heat guns 
(infrared emitters) can be used until the foam gypsum 
nanocomposite is completely dry.

DISCUSSION 

The molecules of the PBNS foaming agent participate 
in the formation of the microcellular structure of the foam 
gypsum and determine the most important characteristics 
of the thermal insulation nanocomposite: density, thermal 
conductivity, strength and durability. The supramolecular 
mechanism of action of the foaming agent consists in the 
formation of stable air bubbles (gas phase) in a gypsum 
suspension with a diameter of several tens of micrometers 
to several millimeters. On the physico-chemical charac-
teristics of three-phase foam in nanocompositional foam 
gypsum: multiplicity, stability, etc. many variable factors in-
fluence – variations in the values of surface tension, pH of 
the medium, temperature [12]; the intensity of mixing and 
bubbling on the installation of an ejector-turbulent mixer.

It should be noted that the formation of the nano-
structure of gypsum foam compositions in the process 
of synergetic self-assembly [13] of gypsum crystallohy-
drates proceeds quite quickly in parallel with the hydration 
of CaSO4•0,5H2O semihydrate. The colloidal solution 
CaSO4•2H2O crystallizes fairly quickly, and the grow-
ing microcrystals of gypsum form a coagulation nanoset; 
gypsum crystallohydrates are fractal and have sizes from 
47 nm to 138 nm.

Difficulties in pore formation gypsum nanosystems 
represent a technological problem of designing cellu-
lar building materials with an average density of 300–
400 kg/m3, characterized by optimal microstructure and 
providing functional purpose: sound absorption, thermal 
resistance and other indicators. It is necessary to strive 
for the creation of a finely porous structure with a uni-
form distribution of micropores [14] in the volume of 
foam gypsum thermal insulation material; and in the case 
when the formation of a porous microstructure in foam 
gypsum is achieved by traditional methods of introducing 
gas-forming agents into the molding mixture (aluminum 
powder, hydrogen peroxide, etc.), due to the rapid kinetics 
of the reaction with water of the gypsum binder, the mix-
ture turns into a monolith in a short time, not allowing the 
gas-forming agents to fully pore formation the molding 
composition. In some cases, to increase the porosity of 
gypsum, a method is used consisting in the direct addition 
of pre-made foam to gypsum suspensions.Fig. 4. Filling with foam gypsum nanocomposition 

of vertical enclosing 3D constructions
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For the technological production of stable foam in the 
liquid-phase component, in addition to water, a special 
surface-active component (foaming agent) must be pres-
ent able to be adsorbed on the interfacial surface. The ef-
fectiveness of foaming agents is determined by the ability 
of the foam to retain fine mineral particles of gypsum 
nanowires on its surface for a long time. The transfor-
mation of liquid-phase foaming agents into a dry state is 
based on the binding of water molecules: by the physico-
chemical (sorption) method – by mixing the foaming 
agent with a powdered or granular porous sorbent; by the 
hydration method – by mixing the foaming agent with 
semi-hydrated gypsum of the G-2 brand, quicklime and 
Portland cement PC 500. 

The study of the mechanism of regulation of micro-
structural characteristics of nanocomposite foam gyp-
sum obtained by the method of dry mineralization of 
foam has established that the kinetic stability of foam 
is a reliable way of regulating porosity. The main tech-
nological indicators of foam gypsum: average density, 
pore size, strength are determined by the characteristics 
of the nano-binder and foaming agent. Analysis of the 
microstructure of structural and thermal insulation foam 
gypsum samples showed that in foam gypsum with a den-
sity of 300 kg/m3, the average diameter of micropores is 
0.47 mm, the pore size distribution is dimodal, the pores 
have a spherical shape. With an increase in the average 
density to 400 kg/m3, the size of micropores of foam gyp-
sum decreases and is about 0.38 mm.

To obtain a highly porous foam gypsum with a total 
porosity of 65–70% and a uniform bimodal pore size 
distribution, the authors [15] used 1.7 wt. % of nonionic 
surfactant. Based on the changes in viscosity and tempera-
ture in the solidifying foam gypsum, it was found that the 
nonionic surfactant slows down the crystallization of the 
gypsum nanocomposition. The increase in viscosity dur-
ing the crystallization of gypsum stabilizes the micropores 
formed during foaming. Gypsum foams with a submicron 
pore size of the matrix and a relatively uniform micropore 
size of ≈ 92–100 microns were obtained due to a shorter 
coalescence time of air bubbles.

The use of the PBNS foaming agent reduces the wa-
ter-gypsum ratio, therefore increases the strength and 
improves other technological characteristics of the foam 
gypsum product; ensures the formation of air bubbles 
uniform in diameter; reduces the viscosity of the foam 
gypsum composition; slightly slows down hardening, 
which reduces the time to stripping by 20–25%. The re-
duced water resistance of foam gypsum products, which 
manifests itself in a decrease in strength in humid environ-
mental conditions, can be compensated by modifying the 
gypsum nano-binder by introducing mechano-activated 
cement and siliceous fillers. 

Surfactants have a significant effect on the kinetics of 
the structure formation of the foam gypsum nanocom-

position; the first stage of foaming was the appearance 
of adsorption layers on the interfacial surface-films of 
molecules of foaming agents. It should be noted that the 
regulation of the hardening of gypsum foam binders is 
considered promising in the design of the initial com-
ponents of 3D technologies [16–18]; and the determin-
ing factor of the aggregate stability of the suspension is 
the electrostatic barrier of interaction of microparticles. 
An effective approach to enhance the performance char-
acteristics of building nanocomposites for 3D additive 
technologies based on gypsum binders is the implementa-
tion of controlled hardening with mineral nanoadditives.

The pumpability of foamed gypsum nanocomposi-
tions in 3D printing can be enhanced by the addition of 
0.8% highly effective superplasticizers based on comb-like 
polycarboxylate esters, which can significantly increase the 
consistency retention time [19]. The advantage of 3D print-
ing technology in the construction of buildings using dry 
foaming agents is: robotization of the construction process, 
reduction of labor costs for the production of works.

The most popular in the innovative construction indus-
try are cellular wall blocks with a density mark in the range 
of 300–800 kg/m3: 300...500 kg/m3 – thermal insulation 
foam gypsum, 500...800 kg/m3 are used as structural and 
thermal insulation building materials. The elaboration of 
chemical additives that improve water-repellent charac-
teristics allows the use of porous wall blocks on gypsum 
binders for the construction of load-bearing internal walls. 
The volume of cellular porosity of nanostructured foam 
gypsum is determined by the pore size distribution, the 
maximum and average size of micropores, their shape, and 
the thickness of the interpore partitions. The characteristic 
of micropores in size, which vary from tens of nanometers 
to millimeter, is a significant factor that determines the 
compressive strength, thermal conductivity and water per-
meability of the gypsum foam material.

Positive characteristics of foam gypsum composite 
nanomaterials (low cost, environmental cleanliness, rapid 
strength gain, good heat and sound insulation properties, 
absence of shrinkage deformations, good thermal insu-
lation and sound-absorbing ability, fire resistance, etc.) 
[20–23] increase the operational qualities of residential 
buildings. It should also be noted that the use of mono-
lithic gypsum composite nanofoam makes it possible to 
increase by three times the distance between the racks of 
thin-walled steel structures of the frame. Reducing the 
consumption of construction steel is especially in demand 
in the current aggravated interstate relations and the most 
difficult conditions for the functioning of the Russian 
building industry.

CONCLUSION 

Technological advantages of using dry mixes: high 
dosing accuracy, a good degree of homogenization of the 
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