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ABSTRACT: This paper is devoted to an overview of the main ways of creating porous composite materials. Porous materials are
solids containing free space in the form of cavities, channels, or pores, which determine the presence of an internal interfacial
surface. The analysis of the general methods of obtaining porous materials. A deposition is one of the most common methods for
producing porous materials. Thermal decomposition, as a method used to obtain porous oxide materials by thermal decomposition
of various compounds. Hydrothermal synthesis is widely used to produce zeolites. Selective dissolution of individual components
of a substance using chemical reactions is also one of the effective methods for creating or increasing porosity. The paper discusses
the methods of forming highly porous refractory materials. There are two main ways of forming refractory ceramic products. The first
way is the direct sintering of dispersions of ceramic fibers. The second method is the use of a binder, which can significantly reduce
the temperature of obtaining a porous product. The possibilities of obtaining porous nanocomposites based on aerogels are shown.
Composite materials are usually obtained by combining two different materials. In general, the creation of composites is used to take
advantage of each type of material and to minimize their disadvantages. Aerogels are fragile substances. But with the introduction
of another component into their structure, it is possible to increase the strength of the material. Such materials have the desired
optical properties, high surface area, and low density like silica aerogel. A review of methods for obtaining porous materials using
the phenomenon of spinodal decomposition has been carried out. Materials whose structure is formed in microphase separation
during polymerization or polycondensation have high permeability and a sufficiently large specific surface. A significant advantage
of such materials is high porosity, which can reach 80% or more.
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INTRODUCTION

he porous material is a solid body containing in its

volume free space in the form of cavities, channels, or
pores, which determine the presence of an internal inter-
facial surface. Of note is the difference between the porous
material and hollow containers. First, this difference lies
in the fact that in porous materials, the average pore sizes
(Dnop> much smaller than the geometrical dimensions
of the solid body:

(D, =17 D(x, y, Do(x, y, )dV <NE+P+Z, (1)

mmop:
where X, y, 7 — average body size V, along the axes.
D(x, y, 7) — pore size at a given point in the body V.
®(x, y, 7) — three-dimensional probability distribution

of the presence of pores at a given point in the body V.
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Pores can be filled with gas or liquid. According
to the classification of dispersed systems according to
the state of aggregation of phases, porous bodies belong
to dispersed systems with a solid dispersion medium and
gaseous or liquid dispersed phases. Unlike porous materi-
als, free-dispersed systems with a solid dispersed phase
are peculiar reversed systems. If in the case of porous
materials, a solid is a dispersion medium, in the second
case, it is a dispersed phase.

The International Union of Pure and Applied Chem-
istry (IUPAC) has recommended the classification of po-
rous materials according to average pore sizes. At the same
time, they are divided into micro-, meso- and macro-
porous materials [1]. In the same way, with increasing
dispersion, porous bodies are transferred from macropo-
rous bodies to meso- and microporous bodies, in which
the pore sizes are comparable with the sizes of molecules.
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In the latter case, and the asymptotic limit, the idea of the
inner surface begins to lose its physical meaning, by anal-
ogy with true solutions [2].

Macroporous materials are materials in which there
are pores with a diameter of more than 50 nm. Meso-
porous materials are materials in which the structure is
characterized by cavities or channels with a diameter in
the range of 2+50 nm. Microporous materials have pores
with a diameter of less than 2 nm. Sometimes micropores
are conventionally divided into thinner ultramicropores
with a diameter of less than 0.7 nm. Such pores are char-
acteristic of zeolites [3], various adsorbents [4], and ion-
sieve inorganic sorbents and some other sorption ma-
terials [5]. The asymptotic variant of such pores can be
considered defects of the crystal lattices of solids, such as
solid solutions of subtraction. Subtraction solid solutions
are formed based on chemical compounds in the crystal
structure of which there are lattice sites that are not oc-
cupied by atoms of one of the components, i.e., vacancies
are formed [6].

In the production of membranes and the implementa-
tion of the processes of membrane transfer of substances
using a different classification. Membranes with a pore
diameter of < 500 nm are considered microporous, and
macroporous > 500 nm are microporous. This classification
is due to differences in the mechanisms of transfer of mol-
ecules. In materials with a pore diameter much smaller
than the mean free path of molecules, a hydrodynamic
process, called the Knudsen flow, is realized. Under these
conditions, the probability of molecules colliding with each
other is less than the probability of their collision and re-
flection from the pore walls. In macroporous membranes,
the transfer occurs through a viscous flow of liquid or gas.

Porous bodies in their structure are divided into cor-
puscular and spongy. The corpuscular porous bodies (for
example, silica gels) consist of fused particles of differ-
ent shapes and sizes, and the pores are the gaps between
these particles and their ensembles. In spongy bodies (for
example, porous glasses), it is impossible to isolate indi-
vidual primary particles. The pores in them are a network
of channels and cavities of various shapes and variable
cross-sections. In most cases, the porous structure is set
during synthesis and depends on the conditions of its im-
plementation. For porous oxide bodies, the role is played
by the type of solvent, the pH of the system, the calcina-
tion temperature, etc. It is possible to modify the materials
even after their synthesis, leading to changes in the pore
system. The main characteristics of porous bodies are po-
rosity, pore size distribution, specific surface area. There
are also open and closed porosity. The system of closed
pores inside the body, in contrast to the open, does not
communicate with the external environment.

This article is the completion of a series of articles on
porous nanomaterials published in the journal “Nano-
technology in Construction” [39—43].

1. General Methods for Obtaining Porous Materials

The deposition is one of the most common methods
for producing porous materials, usually accompanied by
transitions: sol-gel-xerogel. Each of these transitions, be
it a sol-gel, gel-xerogel, regardless of the mechanism of its
action, makes a certain contribution to the overall process
of pore formation. These transitions, as shown in [7], are
very sensitive to external influences: the pH of the me-
dium, the nature of the intermicellar fluid, the presence
of surface-active substances, which dramatically affects
the aggregation of particles with the formation of loose
openwork spatial structures or paid formations. Therefore,
reasonably acting on the flow of these processes, adjusting
their depth and direction, you can control the structure
formation, obtaining materials with a predetermined po-
rosity and mechanical stability.

The preparation of the deposition of adsorbents,
catalysts, inorganic ion exchangers has been studied in
detail. To obtain them, the most used solutions of salts
of mineral and carboxylic acids. The deposition can be
carried out with aqueous solutions of ammonia, alkali, or
soluble carbonates. The concentration, temperature, and
deposition rate can be changed within the widest limits
established empirically. Freshly precipitated hydroxides
are usually amorphous (gels MnO,, ZrO,, Nb,O,, Ta,0,),
and only some of them (gels Al,O,, MgO, TiO,) crystallize
with time, turning into cut particles [5]. The aging of the
gel leads to a redistribution of the substance, because
of which the particles approach each other and, in some
cases, become larger, and their contacts grow together.
This leads to the hardening of the skeleton of the gel,
reducing its dispersion and, accordingly, reducing shrink-
age during drying. Gels and xerogels can be divided by
the type and shape of the particles that make them up.
Their constituent particles are globular (silica gel and
aluminum gel), rod-like (tungsten oxide gel), spindle-
shaped (barium sulfate), rod-shaped and filiform (va-
nadium pentoxide), etc. In practice, often used mixed
materials, which in most cases have a synergistic effect [5].

Thermal decomposition, as a method used to obtain
porous oxide materials by thermal decomposition of vari-
ous compounds: hydroxides, carbonates, oxalates, hy-
drides, etc.

The resulting products are highly dispersed substances
with a widely developed system of capillaries, sometimes
quite definite in size and shape. Cases of the topotactic
mechanism of decomposition are not uncommon when
the structures obtained to retain the external dimensions
and shape of the initial crystals with a strictly defined
set of pores. The nature of the structure of such materi-
als depends on the nature of the starting products and
the reaction temperature. Also, this method is widely used
to obtain active carbons. An extensive network of pores
strongly depends on the degree of burnout of the carbon
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matrix, and with its increase, the volume of large pores
increases [8].

By thermal decomposition of some polymers, coals
with a very finely porous structure can be obtained. Ex-
amples include coal-based polyfuryl, formaldehyde, phe-
nol-formaldehyde resins, polyvinylidene chloride, etc. [4].

Hydrothermal synthesis — is widely used to produce
zeolites. To do this, a mixture of aluminum and sodium
silicate is heated in an autoclave at a certain temperature.
The porosity of the resulting materials depends entirely on
the temperature and composition of the solutions. This
method is widely used to modify the porous structure
of gels, xerogels, and some natural aluminosilicates in
the direction of large porosity [9].

The method of selective dissolution of substances.
Selective dissolution of individual components of a sub-
stance using chemical reactions is one of the effective
methods for creating or increasing porosity. This method
is used to obtain a porous nickel catalyst (Raney nickel).
For this purpose, an alloy of nickel with aluminum, con-
taining approximately 50% of each component, is pro-
cessed during cooling with a concentrated solution of so-
dium hydroxide, which dissolves aluminum. Similarly,
Raney cobalt, Raney iron, etc., as well as porous glasses,
can be obtained by treating two-component alkali-silicate
or alkali-borate glasses [10].

Method of burning one of the components. The burn-
ing of the explosive component of hydrogels of various
hydroxides is used to form the porosity of some sorption
materials. This creates the possibility of creating a porous
structure of a strictly defined size. Thus, porous silica gels
with a unimodal micropore size distribution were obtained.
The porous structure of this material, ASKM grade silica
gel, was formed at the stage of burning carbon black from
sodium silicate hydrogel at elevated temperature [11].

There are cases of using non-equilibrium plasma to
create porous materials by burning off the organic matrix
from the initial mixture. This technology is used to pre-
pare for the analysis of biological samples, when necessary
to remove organic matter, without changing the structure
of inorganic components. The ability to remove carbon
from the analyzed material without changing its remaining
components (inorganic compounds) is used in chemical
and crystallographic studies of the mineral components
of coal.

The development of this method of synthesis of mate-
rials in modern conditions is template synthesis. Template
synthesis refers to the synthesis of materials in the pres-
ence of agents controlling the structure. Template syn-
thesis is a promising method for obtaining materials with
a pre-defined, porous structure. The porous structure
of the future porous material is set by selecting the ap-
propriate template. The term “template” or a control-
ling agent structure is understood to mean additionally
the materials or substances introduced during the syn-

thesis that control the structure of the target material.
A template is a central element surrounded by particles
of a material; the removal of such a template creates a cav-
ity with morphological and/or stereochemical functions
like a template [12].

The possibility of preserving the structure (skeleton)
at the macro and micro levels of inorganic material is
remarkably interesting. It is enough 10—20% of mineral
substances in the studied material to obtain a three-di-
mensional skeleton because of its oxidation in a non-
equilibrium plasma [13].

2. Methods of Forming Highly Porous Refractory Ma-
terial

There are two main ways of forming refractory ceramic
products. The first way is the direct sintering of disper-
sions of ceramic fibers. This way is realized only with
the use of high temperatures T= 0.7+ T _. Here, the T —
melting temperature of the material. In this case, in
the temperature range T = (0.7+-0.9)-Tm, rapid sintering
is realized due to the evaporation of dislocations.Under
these conditions, intense compaction of the material is
observed due to the passage of the processes preceding
melting. The processes associated with using a binder oc-
cur at significantly lower temperatures, corresponding to
the transformation of components into stable chemical
forms.

An example of obtaining material sintering methods
is developed by NASA’s Ames Research Center (USA);
the process of obtaining the FRCI material is schemati-
cally depicted in Figure 1.

Initially, each type of fiber is subjected to conditioning.
To ensure this process, micro-quartz fibers are placed in
a plastic container with deionized water and hydrochlo-
ric acid, after which high purity nitrogen is blown in for
2 hours to remove soluble contaminants and non-fibrous
inclusions. Then the micro-quartz fibers are washed three
times for 5 minutes with deionized water.

For conditioning, Nextel-312 alumina-boron-sili-
cate fibers are calcined at 1090°C for 90 minutes, which
promotes the crystallization of their structure and re-
duces dispersity. The washed fibers of micro quartz and
Nextel-312 are placed in a mixer, 2% silicon carbide,
and enough deionized water is added by weight. Then
for a certain time, depending on the desired composi-
tion of the FRCI material and the desired density value,
the dispersion is mixed in the mixer [16].

After mixing, the resulting dispersion of fibers is
poured into a press, and the excess water is removed by
the pressing method. As a result, receive a wet fibrous
felt. Then the felt is slowly heated to 150 and maintained
at a temperature of 18 hours. The felt obtained by the fe-
male is sintered at 1300°C for 90 minutes and cut to obtain
the required parts.
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Processing of the received blanks by cutting

Fig. 1. The technological process of production of the material FRCI [16]

The second method is the use of a binder, which
can significantly reduce the temperature of obtaining
a porous product. The most technologically advanced
and practical in the manufacture of fibrous material is
the “wet method”, i.e., the method of preparation of the
suspension with a binder with the subsequent operation
of formation.

According to [6], there are three basic binder disloca-
tions within the fiber structure: segmental, agglomerate,

and point. It seems that this classification can also be
extended to compositions with an inorganic binder.
Segment structure corresponds to the placement of the
binder in the fiber-based material in the cells formed by
the mutual intersection of the fibers. An agglomerate
structure is a random aggregation of a binder of various
shapes. Some agglomerates do not participate in the work
of the material since they are located between the sites
of accumulation of fibers. Materials with an agglomer-
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ate structure are characterized by increased rigidity. The
point structure corresponds to the distribution of the main
amount of binder in the fibrous structure of the material
in the form of individual points located at the intersec-
tions of the fibers. This structure corresponds to the most
rational distribution of the binder with the maximum de-
gree of its use.

The best-known binders in fibrous refractory ceramic
materials are hydrated oxides of silicon and aluminum
[14].

The technology for producing fibrous materials con-
sists of the following operations: preparing an aqueous
suspension of fibers, introducing a solution of a binder
into the suspension in an amount necessary to bind the fi-
bers into a strong frame, precipitate a binder in the form
of an aluminum hydroxide dispersed phase with an am-
monia solution to obtain a uniform suspension concentra-
tion, dehydrating it with prepressing to a given volumetric
weight and drying the material, followed by firing.

However, the processes of precipitation of aluminum
hydroxide with the help of precipitating agents lead to
the formation of an uneven solid hydroxide phase, which
complicates its uniform distribution in the volume of the
suspension of fibers. A known method for the homo-
geneous production of hydrated alumina by the tem-
perature hydrolysis of certain substances of precipitating
agents [15]. Such substances includehexamethylenetet-
ramine, biuret, urea. The most common of these is urea
CO(NH,),. The processes of homogeneous precipitation
of hydrated alumina are widely used to produce sorbents
and supports for catalysts. This method is well studied and
may be of interest tointroducing a binder in the prepara-
tion of fibrous materials.

A method of obtaining a heat-shielding material by
applying hydro mass on specific arcas of the product.
Similar material was developed based on alumina fibers
and aluminosilicate fibers with an inorganic binder. The
material has a high enough heat resistance — 1470+1870 K
(depending on the type of fibers), good physical and
mechanical characteristics with an apparent density
0f 0.30+0.34 g/cm’.

3. Porous Aerogels Based Nanocomposites

Composite materials are usually obtained by combin-
ing two different materials. In a general sense, the cre-
ation of composites is used to take advantage of each type
of material and to minimize their disadvantages. For ex-
ample, silica aerogels are fragile substances. Simultane-
ously, another component in the resulting material can
increase the strength of the material, which, in turn, has
the desired optical properties, high surface area, and low
density as in silica aerogel.

In addition to these synthesis and processing methods,
it is necessary to emphasize that the flexibility of the sol-

gel process allows us to increase the choice of aerogels
other than silicon dioxide, aerogels based on other materi-
als that are currently available. The architecture of massive
materials can be adapted using template methods. The
chemistry of the gel can be changed by grafting, either
during the gelling process or after gelling [17].

Composites and nanocomposites can be created by
impregnating foams or fiber networks, dispersing parti-
cles, powders, or polymers, or by synthesizing silica-based
mixed oxides, or oxides of other metals. Organic hybrids
of silica can also be made by many methods, such as co-
gelling and cross-linking or by interacting with functional-
ized particles [5, 18].

In recent years, a large amount of research has been
carried out to obtain energy materials. There are works on
using materials based on aerogels and sol-gel derivatives
to obtain nanostructured energy composites (for example,
explosives, rocket fuel, and pyrotechnic compositions).
Their characteristics have been studied. Aerogels have
a unique density, composition, porosity, and particle size,
as well as low temperature and mild conditions of chemi-
cal synthesis methods, all of which make them attractive
as candidates for creating energy nanomaterials [19].

The use of these materials and methods in this field
of technology has led to three main types of sol-gel energy
materials [20]:

1. Pyrotechnics — inorganic sol-gel oxidants / metallic
fuel (thermite composites).

2. Sol-gel derivatives of porous pyrophoric metal pow-
ders and films.

3. Organic sol-gel fuel / inorganic nanocomposite
oxidizers (composite solid rocket fuels and explosives).

The behavior of all sol-gel nanostructured energetic
materials largely depends on several factors, includ-
ing surface area, the degree of mixing between phases,
the type of mixing (sol-gel or physical mixing of solids),
the method of loading solids, and the presence of impuri-
ties. Sol-gel methods are attractive for the field of obtain-
ing nanostructured energy materials. These methods offer
many variations in the shape of the materials produced,
such as monoliths, powders, and films, and have a wide
compositional versatility. These attributes, combined with
the rigor of the synthetic control of the microstructural
properties of the sol-gel matrix, provide the preparation
of energy nanocomposites with re-tunable characteristics.

For the past two decades, the field of nano research
has been one of the most active areas of research in vari-
ous scientific disciplines, and energetic materials were no
exception to this [21]. Using nanomaterials and advanced
manufacturing techniques, energy nanocomposites have
been synthesized, which have promising opportunities.
Energy nanocomposites are defined as mixtures of an oxi-
dizer and fuel whose particles have dimensions or at least
one critical size less than 100 nm. Reducing the size in-
creases the contact surface area between the phases of the
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reactants. This has been achieved using various methods,
including methods of vapor condensation, micellar syn-
thesis, chemical reduction, ultrasonic mixing, and me-
chanical methods of mixing. Particularly good results were
obtained. For example, for pyrotechnic nanocomposites
Al/Mo0Q,, burning rates were recorded by almost three
orders of magnitude greater than those of conventional
mixtures. Also, properties of energetic materials, such
as sensitivity to impacts, depending on the size of the
particles. Energy materials with smaller particle sizes
may be less sensitive to ignition and have better safety
properties [23]. These two important examples provide
a powerful incentive for the application of nanomaterials
and technologies in the energy field. Aerogels and other
gel-like materials derived from sols have been investigated
in the last decade as nanostructured energy materials.
Along with good miscibility, energy nanocomposites
have extremely high interfacial areas; the sol-gel method
for producing these materials allows for even larger inter-
facial contact zones. All these favorable attributes have
led to active research on applying sol-gel chemistry to
the research and development of energy materials.
Organic-mineral nanocomposites, based on silica
aerogels, possess a complex of unique optical proper-
ties. The refractive index of an acrogel modified with tri-
methylsilyl groups may be in the range of 1.008+1.060,

depending on their densities. Figure 2 shows the relation-
ship between the density and the refractive index of an
aerogel based on silicon oxide modified with trimethylsilyl
groups. The relative value of the refractive index n is al-
most proportional to the density of the aerogel material
in the high porosity range. This result is consistent with
the theory, namely the Maxwell-Garnet ratio, applied to
nanocomposites composed of organically modified silica
and air [24].

Since the modified acrogels have excellent optical
properties, transparency, extremely low index of refrac-
tive index, and moisture resistance, they were often used
as a medium in Cherenkov counters.When a charged
particle passes through a transparent medium at speed
faster than the speed of light in the material, Cherenkov
luminescence occurs.

Although the monolithic aerogel blocks of silicon
dioxide, produced by supercritical drying methods, are
rather expensive for industrial applications, they have
contributed to the progress in such scientific fields as
high-energy physics. The progress of science has always
contributed to the improvement of research and devel-
opment in the industrial world, so we can expect that
aerogel can become a pioneer of technologies such as
nanocomposites, optics, space research, energy devices,
and so on [20, 26].
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Fig. 2. Correlation between density and refractive indices of silica hydrophobic
aerogels [25]: n — refractive index; p — silica aerogel density (kg/m’)
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Active work is underway in nanoscale engineering
of silica-based composites to create various sensors.
In work [27], they have described “silica composites —
modified silica” prepared after modifying the silica gel
during gelation, catalyzed by the base, with another silica
sol, this time obtained using acid catalysis. This base-
catalyzed acid-modified gel is then treated using carbon
dioxide supercritical extraction to obtain an aecrogel. The
aerogel monoliths obtained because of this process have
bulk properties of silica acrogel obtained in the main cata-
Iytic process, including good transparency. In contrast,
the surface properties are more typical of the aerogel ob-
tained by acid catalysis. Consequently, it is possible to
capture various types of highly polar molecules, including
acid-base indicators, and use them as an interface of inap-
propriate sensors.

In [27], reported on composite acrogels of silicon
dioxide containing metallic colloidal particles (gold or
platinum) and that had optical transparency of silica aero-
gels in combination with the surface and optical proper-
ties of a metallic colloid. Metallic colloidal particles are
evenly distributed throughout the entire volume of the
mixture and, therefore, are isolated from each other.
Simultaneously, the porosity of the silica matrix makes
these metallic colloid particles available to particles that
pass through the matrix. The surface of the metal colloid

can be modified either before or after gelation, to adapt
it to the optical properties of the material.

Preliminary results are described in [28], which dem-
onstrate the inclusion of polyaniline nanofibers in silica
aerogel prepared based on tetracthoxysilane, and carbon
dioxide supercritical extraction leads to an increase in
the strength of materials. In this case, it becomes possible
to use them to detect gaseous acids and bases potentially.
It was found that including the introduction of only about
6% polyaniline by weight of the material, the strength
of the aerogel was increased three times, upon receipt
of the same low density (0.088 g/cm’). When using gold
electrodes on the surface of a composite aerogel, a sharp
decrease in resistance was observed when the aerogel was
exposed to HCl vapor.

After carrying out the entire stages of the synthesis
process, the aerogel is a solid, amorphous, but extreme-
ly porous (75—99% porosity) material. The last step in
the transformation is its compaction by heat treatment.
It is often necessary to transform the material by sinter-
ing the aerogel into solid glass devoid of porosity, with
a relative density of 1. Relative density — the ratio between
the bulk density of aerogel and the density of silica glass
(2.2 g/ecm?). Figure 3 shows a typical evolution of rela-
tive density and specific surface area during sintering by
heat treatment [20, 27]. These curves strongly depend
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Fig. 3. The evolution of aerogel relative density po_(1) and specific surface S (2) as a function

of sintering time at 1000°C [25]
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on the heat treatment temperature and on the content
of hydroxyl groups in the aerogel structure, which affects
the viscosity of the aerogel [27].

Gels that are initially non-crystalline may crystal-
lize during the subsequent heat treatment.The successful
formation of glass results from competition between phe-
nomena that lead to compaction and those that contribute
to crystallization.

These data follow such an important use of nano-
composites based on aerogels of silicon oxide, which
is the sealing of radioactive waste from nuclear power
plants [29]. Actinides and other radionuclides generated
in the nuclear fuel cycle, when reprocessing spent fuel, are
represented as salts in aqueous solutions. Using the fully
open porous structure of the aerogel, it is possible to fill
the entire volume of the aerogel with solutions of these
salts. Then the liquid phase is removed by evaporation,
and the porous composite material (aerogel + salt) is
completely sintered, which leads to the synthesis of a
multi-component material. The porous structure of the
aerogel is used as a receiving volume. Following the small
pore size of the aerogel, the preparation of such a nano-
composite is an amazingly simple process. The size of the
domains will depend on the size of the pores in the acrogel
and on the content of actinides in the solution.

However, if trying to fill an aerogel with a liquid such
as water, capillary forces may destroy aerogel [30]. Due to
the complexity of the texture of the acrogel, it is difficult
to make a detailed calculation of local stresses when it is
filled with liquid; it depends on the surface energy of the
liquid-vapor and the size of the pores. This phenomenonis
called decrepitation. This term originated in the mining
industry as a selective rock opening based on the ability
of individual minerals to break down along the cleavage
planes when heated. It then rapidly cooled or only when
heated. The process of decryption destruction is explained
by the presence of crystallization water, gas-liquid inclu-
sions, low thermal conductivity, and thermal expansion
coeflicients of individual minerals, pronounced cleavage.
Heterogeneous thermal properties of the components
of the mineral during heating also lead to the appear-
ance of many sources of internal stresses. The increase
in internal stresses is achieved by a sharp cooling of the
surface of the pieces of the mineral, which leads either to
its destruction or to a weakening of the bonds between
the minerals. A similar phenomenon is observed in mi-
croporous materials when removing the liquid phase from
the pores. In this case, because of the action of capillary
forces, high internal stresses arise. If these stresses exceed
the strength of the framework of the porous material itself,
then its destruction occurs.

Thus, to avoid cracking the material during filling,
various strategies can be proposed:

1. Aerogel synthesis with large pores that will reduce
the magnitude of the capillary forces.

2. Improving the mechanical strength of the aerogel
due to its partial aging and sintering.

3. Surface functionalization by grafting chelating
groups to the aerogel surface.

4. Production of Porous Materials Using the Phenom-
enon of Spinodal Decomposition

Special materials, the structure of which is formed in
the process of microphase separation during polymeriza-
tion or polycondensation, have high permeability and
a sufficiently large specific surface. A significant advantage
of such materials is high porosity, which can reach 80%
or more. Historically, the first materials of this type were
ion exchange resins. The size of the spherical particles
of the resin is a few micrometers, and the pore diameter is
10+120 nm. Recently, many publications on the synthesis
of polymer macroporous monoliths, which are used in
various fields of chromatography, have appeared. The
basic theoretical positions are formulated, and the tech-
niques are developed, allowing them to change and con-
trol their structure over a wide range. However, the low
chemical resistance and a heat resistance of polymers
somewhat narrow the range of their application. The most
detailed review of the methods of synthesis of such mate-
rials is made in [30].

Macroporous oxide materials obtained by the sol-gel
method are distinguished by high heat resistance [30].
By changing the composition of the reaction mixture,
it is possible to form both spongy and particulate oxide
blocks of large size containing macropores with sizes
ranging from 0.05 to 100 um.Thus, monolithic materials
based on oxides of silicon, aluminum, zirconium, and
titanium, resistant to water vapor and high temperatures,
were synthesized.

Phase separation processes in polymerizing systems
are extremely sensitive to minor changes in the synthe-
sis conditions. This effect is due to the non-equilibrium
of these processes. The non-equilibrium of processes of-
ten leads to the non-reproducibility of the results obtained
and the wide distribution of pores in size. Such defects
are deprived of template synthesis of macroporous sys-
tems. The formation of sol with the subsequent formation
of a gel, in this case, occurs in the free pore space of the
template. Polymeric microspheres, natural materials, and
even ice microcrystals can be used as templates [31]. Ma-
terials synthesized using templates have a highly ordered
structure, which leads to the emergence of new properties
and expands their field of application.

Compared with organic polymers, inorganic oxide
materials have higher strength, thermal stability, and
chemical resistance, which significantly expands the scope
of their application. High-purity and homogeneous oxide
materials can be obtained using sol-gel synthesis, which
controls the structure of products at all stages of the pro-
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cess [32]. Sol-gel processes occur in polar solvents on
a both aqueous and organic basis. Solutions of various
salts and alkoxides of metals can be used as precursors.
When using alkoxides, the final material can be obtained
in a purer form without impurities of alkali metal ions.

In the sol-gel transition process, the growth of metal
oxide oligomers occurs, which form the network of the
gel. After drying and heat treatment of the gel, it is pos-
sible to obtain amorphous and crystalline oxide materials
in the form of films, fibers, or powders. A feature of the
sol-gel method is the formation of pores in the gel phase,
filled with solvent. Therefore, bulk samples of gels during
drying can crack under the action of capillary pressure
forces. To obtain monolithic blocks, it is necessary to
carry out this operation in liquids with low surface ten-
sion or under supercritical conditions. This produces
nanoporous materials, called aerogels, whose porosity
can reach 90%.

The idea of using sol-gel technology to obtain macro-
porous oxide materials was born in the early 90s of the last
century. During the synthesis of macroporous monoliths
based on zirconium and titanium oxides, problems arose
since the hydrolysis reactions of titanium and zirconium
alkoxides proceed at high rates. As a result, the phase
decomposition in the system proceeds via the nucleation
mechanism, which results in the production of dispersed
oxides, sometimes of a spherical shape. At present, meth-
ods have been developed to synthesize macroporous block
materials based on oxides of titanium, aluminum, and
zirconium [33].

The successive stages of the synthesis of macroporous
monoliths and the processes occurring at each stage can
be considered using the example of the hydrolysis of sili-
con alkoxides. The hydrolysis of alkoxides is carried out
in a solvent (usually water), a catalyst, and additives, such
as water-soluble polymers. An open porous structure is
formed by passing phase separation in a system containing
alkoxide oligomers, a solvent, and a pore former, which
in most cases, is a water-soluble polymer. The synthesis
of monolithic macroporous samples requires that the sys-
tem formed because of phase separation contains two
spatially continuous phases: the gel phase and the pore-
forming phase. Only in this case, after removing the blow-
ing agent, the formation of open macropores, penetrating
the entire volume of the monolith, is possible.

Consider the mechanism of phase separation process-
es during sol-gel synthesis. The change in the free energy
of a binary system containing at least one type of polymer
molecule can be described by the Flory-Huggins equa-
tion [30, 34]:

AG o RT((® /P ))In®, + (D,/P,) In®, +3,,d D), (2)

where @, and P, (i = 1, 2) — respectively, the volume
fraction and degree of polymerization of each component;

X,, — the interaction parameter between the components.
The first two terms in brackets express the entropy contri-
bution to the free energy, and the last is enthalpy.

With a decrease in the absolute value of the negative
entropy component, the system destabilizes, i.e., an in-
crease in the degree of polymerization of any of the com-
ponents makes the mixture less compatible. The magni-
tude of the enthalpy component also depends on the mo-
lecular weight of the inorganic polymer. Because of the
polycondensation of an inorganic polymer, the amount
of hydroxyl groups in its polymer particle decreases. This,
in turn, causes a decrease in the interaction of the inor-
ganic polymer with water molecules or a blowing agent.
Thus, the initial single-phase system, with an increase in
the molecular weight of the polymerizable component,
becomes less stable. As a result, microphase separation
occurs.

By analogy with the processes that occur with de-
creasing temperature in chemically non-reacting sys-
tems, the process of polycondensation, leading to a de-
crease in the mobility of monomer molecules during
the formation of chemical bonds between them, as de-
fined in as “chemical freezing”.This circumstance makes
it possible to use the classical thermodynamic approach
developed by Gibbs and study microphase separation in
cured polymer-oligomeric systems concerning sol-gel
systems [34].

On the concentration dependence of the free energy
G(®D), there are inflection points at which the sign of the
second derivative changes 0*°G/0®?. If 0*G/0d? > 0,
the diffusion fluxes of the components are directed
towards the reduction of composition fluctuations,
whereas as 0°G/0®? < 0 the circulation of diffusion
flows occurs and the so-called “ascending diffusion”
arises. If the intensity of fluctuations increases, then
the single-phase system becomes unstable and should
spontaneously disintegrate into regions having an equi-
librium composition. The region of the instability of a
single-phase system is limited in the phase diagram
of a spinodal (Figure 4). On the “outer” side, a region
of metastable states adjoins the spinodal, bounded by
the binodal, on which the first derivative dG/0® = 0.
On the ordinate axis, a conditional value equivalent to
the temperature and the inverse of the molecular weight
of the siloxane oligomers is plotted.

In the region between the binodal and spinodal,
the diffusion fluxes of the components in the system are
directed towards a decrease in the composition fluc-
tuations. In this case, an energetically unfavorable ef-
fect of forming an interface between the phases leads
to the fact that the system is unstable only concerning
fluctuations whose dimensions are larger than the criti-
cal value. The fluctuations in the composition are close
to the new phase. Such fluctuations are called critical
germs. The resulting critical nuclei increase in size, and
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Fig. 4. Phase diagram of the gel-forming system [94,106]: 1 — spinodal, 2 — binodal

the separation of the phases is carried out according to
the nucleation and growth mechanism.

Sol-gel systems, the phase decomposition of which
is carried out by such a mechanism, are dispersed in
one of the components, making it impossible to obtain
macroporous blocks and monoliths on their basis. Near
the critical point of two-phase equilibrium, the region
of metastable states narrows, contracting to a point. This
circumstance creates favorable prerequisites for achieving
unstable states of the system using the near-critical transi-
tion through the binodal and spinodal, which in Figure 4
is depicted by the arrow.

Caught in an unstable state, the system quickly los-
es spatial homogeneity, and relaxing is a particularly
modulated structure. By spinodal decay, we understand
the development of a continuous inhomogeneous struc-
ture, which is a consequence of thermodynamic insta-
bility. A similar model structure is depicted in Figure 5
[34]. Spinodal decomposition occurs in areas of high
concentrations of both components. A sign of phase
separation by a spinodal mechanism is the appearance
of diffraction maxima on the small-angle X-ray scat-
tering curves.

The transverse size of individual domains at the ini-
tial stage of spinodal decomposition depends on the rate
of transition of the system to an unstable state and does
not exceed 100 nm. Subsequently, inhomogeneities can
be enlarged without losing spatial continuity and reaching

asize of 1 um or more or disintegrate into separate forma-
tions. Studies of the spinodal decay kinetics [35] make it
possible to trace the process of formation, enrichment,
and in some cases, the coalescence of microregions of the
emerging structure.

Spinodal decomposition in a system containing si-
loxane oligomers leads to the formation of two spatially
continuous phases enriched with oligomers, and the other
is depleted of them. In parallel with the phase separation
in the system, the formation of gel crosslinks occurs, lead-
ing to a decrease in the mobility of the components. This
allows you to fix the bicontinuous structure and provides
the possibility of obtaining on its basis of open-cell mono-
lithic materials. The final morphology of the material is
determined by the kinetics of coalescence of microre-
gions formed in the process of spinodal decomposition,
and the kinetics of the sol-gel transition. The structural
parameters of porous monoliths are monitored during
synthesis using small-angle X-ray scattering, scanning
electron microscopy, and laser scanning confocal mi-
croscopy [36].

The maturation of the gel should be carried out in
a sealed vessel at a constant temperature. In the process
of maturation, continue the reaction of hydrolysis and
polycondensation. The course of these reactions in the gel
is slower and leads to additional crosslinks in the gel net-
work. The time required for the gel to mature is usually
several times longer than the gel time. The sign of its end
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Fig. 5. A cross-sectional view of the structure formed
by the mechanism of spinodal decomposition [30, 34].
The dark area is gel, the light area is sol

is the shrinkage of the material and the release of a sepa-
rate solvent phase. To obtain pores with a narrow size
distribution, the wet gel must be well matured.

After the gel has matured, the solvent replacement
process begins. This is the next stage of the formation
of macroporous blocks. This replaces the solvent, which
is carried out when the gel is still wet. The essence of this
process consists of immersing the gel in an external
solvent, which differs from that added in the synthesis
process. An aqueous solution of ammonia is often used
as an external solvent since the alkaline medium helps
to accelerate the polycondensation reaction, increase
the strength, and modify the meso- and microporous
structure of the gel. The structure of the gel can change
in the process of dissolution under the influence of an
external solvent, in which amorphous silica has substantial
solubility. In this case, the redeposition of silicon oxide
on the surface of the gel network can occur. Therefore,
increasing the pH of the external solvent is the easiest
way to increase the average pore size while maintaining
the same width of the pore size distribution [37].

Instead of replacing the solvent with aqueous am-
monia, hydrothermal treatment is sometimes used.
In the process of hydrothermal treatment at elevated
temperatures and high pH values, substance transfer and
overgrowth of the contact points of gel particles occur,
which makes the structure more durable and avoids crack-
ing of the samples during drying under normal condi-
tions. A variant is possible with the introduction of urea
at the initial stage of sol-gel synthesis, followed by heating

the material obtained to a temperature above 80°C after its
maturation. At this temperature, urea decomposes with
the release of ammonia.

Drying of wet gel samples is carried out in an oven
with air circulation, while volatile components slowly
evaporate. The required temperature varies from 40 to
80°C, depending on the solvent used.

To obtain monolithic bulk samples, drying is a critical
step. The Young-Laplace equation expresses the depen-
dence of the capillary pressure (P) in a cylindrical pore
on the surface tension () at the liquid-vapor interface,
wetting angle (€), and pore radius (7):

P = (2y cosO)/r. (3)

In small pores, the capillary pressure is high; therefore,
drying of gels with pores measuring at the level of nano-
meters is recommended under supercritical conditions,
when there is no liquid-vapor interface. The capillary
pressure in the macropores is much less, and with slow
evaporation of the solvent, the macroporous gels with-
stand drying under normal conditions. It should be noted
that the violation of the integrity of the sample during
the drying process is caused not so much by the presence
of capillary pressure, as by the appearance of a pressure
gradient, and with an increase in the linear dimensions
of the gel, the risk of cracking increases significantly.
High molecular weight pore-forming agents remaining
in the pores even after the solvent replacement procedure
provide some additional elasticity of the gel and con-

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2020; 12 (5):
256-269

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

Nanobm

INTERNATIONAL EXPERIENCE

tribute to preserving its integrity. Linear shrinkage of the
samples during ripening and drying is 50+70%. In this
case, the pore size is proportionally reduced.

The final stage of the preparation of monoliths is
heat treatment, which ensures the decomposition of or-
ganic components. Heating of materials to temperatures
above 1000°C and their cooling is carried out at a rate
of ~100 deg/h. In the process of heat treatment and
the removal of organic components, the final modifica-
tion of the structure occurs. Heating materials to a tem-
perature of 600°C causes evaporation of nanoscale pores
and decreases the proportion of mesopores. When heat-
ed above 1000°C, the mesopores disappear, and porous
glasses are obtained.

For sol-gel technology, in contrast to the technol-
ogy for producing macroporous polymers, there are no
general regularities relating to the influence of the syn-
thesis conditions and the concentration of one or another
component on the final gel structure. Since acid-base
interactions in the system cause hydrolysis and polycon-
densation, the pore-forming agent is not an inert sub-
stance in the full sense of the word. It can exchange ions
with a solution, which is typical, for example, of sodium
polystyrene sulfonate or polyacrylic acid, and adsorb on
the surface of siloxane oligomers, like polyethylene ox-
ide, or undergo hydrolysis, like formamide. Therefore,
the concentration dependences of the size of macropores
appear peaks associated with changes in the structural
characteristics of the monolith, the formation of spheri-
cal particles in macropores, etc. To date, the systems
in which polyethylene oxide with a molecular weight
10*+10°. It was shown [38] that for polyethylene oxide
with a molecular weight equal to 3.5« 104, an increase
in the system of molar ratio polyethylene oxide: SiO, in
the system from 0.5 to 0.7 leads to a decrease in pore size
from 10 to 0.2 um. An increase in the molecular weight
of the polymer also leads to a decrease in pore size.

CONCLUSION

Porous materials are solids, containing in their vol-
ume free space in the form of cavities, channels, or pores,
which determine the presence of an internal interfacial
surface.

A review of the main methods of obtaining porous
materials. The deposition is one of the most common
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