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Abstract: Membrane distillation (MD) is a rapidly developing field of research and finds applications
in desalination of water, purification from nonvolatile substances, and concentration of various
solutions. This review presents data from recent studies on the MD process, MD configuration, the
type of membranes and membrane hydrophobization. Particular importance has been placed on the
methods of hydrophobization and the use of track-etched membranes (TeMs) in the MD process.
Hydrophobic TeMs based on poly(ethylene terephthalate) (PET), poly(vinylidene fluoride) (PVDF)
and polycarbonate (PC) have been applied in the purification of water from salts and pesticides, as
well as in the concentration of low-level liquid radioactive waste (LLLRW). Such membranes are
characterized by a narrow pore size distribution, precise values of the number of pores per unit area
and narrow thickness. These properties of membranes allow them to be used for more accurate water
purification and as model membranes used to test theoretical models (for instance LEP prediction).

Keywords: track-etched membranes; membrane distillation; desalination; graft polymerization;
hydrophobic membrane

1. Introduction

According to the World Health Organization, 1 billion people currently do not have
access to clean tap water, and this number may increase to 3.5 billion by 2025 [1-6]. Among
the new technologies for purifying drinking water, membrane processes are the most
efficient and energy-conserving. Membrane water purification processes include micro-
filtration [7], ultrafiltration [8], nanofiltration [9], direct and reverse osmosis [10] and
membrane distillation (MD) [11].

MD is emerging as one of the promising membrane technologies for the purification
of waste and drinking water from various salts of heavy metals [12] and radionuclides [13]
and in applications in food and textile industries [14,15] and pharmaceutics [16]. A typical
MD process is composed of three stages: evaporation of the feed solution from the hot
side of the membrane, transfer of vapor through the pores of the hydrophobic membrane
and condensation of vapor on the permeate side of the membrane. In MD process, the
porous membrane must be hydrophobic, allowing the passing through of only water vapor
molecules but not bulk water. The membrane should also have good thermal stability to
withstand high temperatures and low thermal conductivity to prevent heat loss across
the membrane. Compared to other membrane separation methods, MD has significant
advantages, such as high degree of purification from metal salts (more than 90%) and
other nonvolatile compounds, relatively low operating temperatures and pressures and
simplicity of hardware design.
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The term “membrane distillation” was first introduced by Bodell in a patent [17], and
in 1967, Findley [18] published the first scientific article on membrane distillation. He tested
various types of membrane materials (aluminum foil, cellulose film, glass) in direct contact
membrane distillation (DCMD). Silicone and Teflon have been used as materials to increase
the hydrophobicity of the membrane. On the basis of these results, the requirements
for the membranes to be used in MD were established. The scientific interest in the MD
process, however, quickly faded away in the 1980s. The decline in popularity was due to
several reasons such as the lack of suitable membranes for the process, the high cost of
the membrane module and the poor water flux compared to reverse osmosis. With the
development of new types of membranes and improved membrane modules, interest in
MD began to increase again.

Over the past 20 years, the number of publications on the subject of “membrane
distillation” has been growing every year, as is illustrated in Figure 1 where the numbers
of publications on four types of membrane distillation configurations are shown.
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Figure 1. Number of publications on “membrane distillation” (searched with keywords “membrane
distillation”, “DCMD” (direct contact membrane distillation), “VMD” (vacuum membrane distilla-
tion), “AGMD” (air gap membrane distillation), “SGMD” (sweeping gas membrane distillation))
from 2000 to 2020 (data taken from Science Direct database).

Due to increasing number of publications on this subject, there has been a need for
systematization and analysis of published works. There are a number of published review
articles on this topic in the literature. Alkhudhiri et al. [11] considered mechanisms of heat
and mass transfer, types of MD configurations and membrane characteristics. The review
showed the necessity to collect data from large-scale MD studies, develop membranes with
high hydrophobic character and further investigate the effect of operating parameters.

Nanofiber-based membranes prepared by electrospinning for use in MD were de-
scribed in another review [19]. Membranes made from electrospun fibers showed high
values for salt rejection and water flux. However, authors mentioned that finding the
appropriate membrane structure, design and fabrication method are important to improve
the performance.

Recent advances in electrospun nonfibrous membranes for MD were reviewed by
Pan et al. [20], where both the original nanofiber membranes and its modification (for
instance, with inorganic nanoparticles and fluorine-containing agents) were considered.
Modification of membranes for MD led to enhancement of performance and degree of salt
rejection. However, the authors refer to the problem of large-scale production of modified
electrospun membranes and their fouling behavior.
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Ghaffour et al. [21] presented new MD hybrids with energy efficiency enhancement.
Perspectives of MD hybrid systems and the pros and cons of each hybrid process are
discussed. Other authors [22] reviewed the possibility of using hybrid MD: hybrid MD
bioreactor (MDBR) and MD forward osmosis (MD-FO) are especially successful combina-
tions for wastewater treatment. MD pressure-retarded osmosis (MD-PRO) and MD reverse
electrodialysis (MD-RED) also can be used for simultaneous recovery of water and energy.
Ray et al. [23] evaluated the incorporation of new-generation nanomaterials such quantum
dots, metal-organic frameworks (MOFs), metalloids and metal oxide based nanoparticles
in MD membranes. The recent progress in photothermal membrane distillation (PMD)
was reviewed by Razaqpur et al. [24], who illustrated new PMD mechanisms and mem-
brane requirements. Fabrication and multistep modification of PMD membranes were
also considered.

Achievements in improving the properties of membranes intended for MD have
been presented in reviews [25,26]. The basic principles, configurations and required
characteristics for membranes in MD were discussed to achieve the best results in water
flux and salt rejection. Particular attention was paid to the production of hydrophobic
membranes by phase inversion with different additives for pore formation, perfluorinated
polymers and inorganic nanoparticles.

Advances in membrane modification to obtain omniphobic or Janus surfaces (conven-
tionally, one side/interface of the membrane is lyophilic, whereas its other side/interface
is lyophobic) allowed expanding MD for water purification from oil, surfactants and
surfactant-stabilized emulsions [27,28].

Most of the reviews indicate that the limitations of membranes for large-scale MD
consist in fouling, relatively high thermal conductivity of most popular hydrophobic
polymers used in MD (PVDF, PTFE and PP) in comparison with PET or PS, high energy
cost, expansion of production and improvement of water fluxes and purification degree.

In this review, we concentrate on using track-etched membranes (TeMs) in MD, which
has not been discussed previously in review articles. Recent advances in main aspects of
MD such as membrane distillation configurations, requirements for membranes and types
of membranes are also elaborated. TeMs are characterized by regular pore geometry with
the ability to control them per unit area, a narrow pore size distribution, a narrow thickness
and a tortuosity of 1. Thus, such membranes have potential to be used as model membranes
for development and confirmation of theoretical mass, heat transfer, LEP and fouling. Servi
et al. [29] quantified the effects of initiated chemical vapor deposition polymer coatings
on PC TeM permeability and LEP. Chamani et al. [30] developed a CFD-based genetic
programming model for LEP estimation and tested it on TeMs. Furthermore, as mentioned
above, the unique properties of TeMs can increase the accuracy of water purification.

2. Membrane Distillation Configurations

As shown in Figure 2, there are four known and well-studied membrane distillation
configurations: DCMD, AGMD, SGMD and VMD [31-34]. There are also known three
supplemental configurations: liquid or water gap membrane distillation (LGMD/WGMD),
thermostatic sweeping gas membrane distillation (TSGMD) and vacuum-assisted air gap
membrane distillation (VA-AGMD) [35-37].
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Figure 2. Scheme of typical MD configurations: (a) DCMD; (b) AGMD; (c) SGMD; (d) VMD [38].

Direct contact membrane distillation (DCMD) is the simplest configuration in which
the flow of hot and cold liquids is separated by a hydrophobic membrane. The pressure
difference caused by the temperature gradient between the two sides of the membrane
entails mass transfer through the pores of the membranes. In the MD process, only water
vapor molecules penetrate through the pores of the membrane, while liquid molecules
should not pass through the pores of the hydrophobic membrane. Due to the difference in
vapor pressure, volatile compounds evaporate, while vapor molecules passing through the
pores condense on the cold side (permeate). This configuration of MD is widely used in
practice [39-45]; it is also well represented in Figure 1.

The configuration of AGMD assumes the presence of an air gap located between the
cold side and the surface of the condensing liquid [46-49]. The vapor, passing through
the membrane pores and air gaps, condenses on the surface of the cooling plate. In this
configuration, the air gap is usually the determining factor in mass and heat transfer, which
helps to increase the thermal efficiency of the process [50,51]. The air gap will reduce the
heat loss by conduction through the membrane and decrease the efficiency of process. At
the same time, the vapor should cross the air barrier, so the flux is reduced depending on
the effective thickness of the air gap. The thickness of the air gap is an important factor
that influences the AGMD performance [52]. The water flux increases with the decrease in
the thickness of the air gap. This is probably due to the growing gradient of temperature
inside vapor space [45,53]. It has been stated that when the thickness of the air gap is less
than 5 mm, it significantly affects the membrane distillation process [54,55]. Pangarkar
et al. [53] tested the effect of air gap thickness on the permeate flux using hydrophobic
PTFE membrane in AGMD. The air gap thickness was varied from 1.2 to 3.2 mm. Results
showed that permeate flux was reduced with increasing air gap thickness.

In SGMD, a sweeping gas is used on the permeate side as a carrier to remove vapor or
collect vapor from the membrane surface [56-58]. As with air gap membrane distillation,
the flow of gas reduces heat loss and significantly increases mass transfer. However, the
use of this type of configuration is inappropriate due to poor water flux and the necessity
of large volumes of sweeping gas, which entails additional costs [59].

Vacuum membrane distillation (VMD) is based on the application of vacuum from
the permeate side. In this configuration, the surface on which the vapor condenses is
separated from the membrane by creating a vacuum on the other side of the membrane.
The disadvantages of this configuration are the difficulty in hardware design associated
with the installation of expensive condensers and large pressure drops on the membrane
surface that can lead to a decrease in hydrophobicity [60-65].

In liquid or water gap membrane distillation (LGMD or WGMD), the gap between
the membrane and the plate is filled with distilled water. Water evaporating from the hot
side diffuses through the pores of the membrane and condenses in the liquid gap. Large
heat losses make this method less practical to use [35,66-68].



Polymers 2021, 13, 2520

50f28

In a thermostatic sweeping gas membrane distillation (TSGMD), an inert gas is passed
between the membrane and the condensation surface (cold wall). The presence of a
condensation surface on the cold side lowers the temperature of the sweeping gas, which
leads to an increase in driving force and cleaning efficiency. However, this configuration is
currently not promising since there are difficulties in hardware design [36].

Thus, as can be seen from the published articles, DCMD is the most well studied
and efficient configuration in MD technology. DCMD is characterized by low energy
consumption and simple hardware design, and the process is carried out at relatively low
temperatures. Among the shortcomings, it is worth noting the impossibility of using MD
in the separation of highly volatile mixtures [69-71].

3. Requirements for Membranes to Be Used in MD

The main characteristic of a membrane to be used in MD is high hydrophobicity to
keep the liquid phase from penetrating through the pores of the membrane. In prac-
tice, membranes made of polypropylene (PP), poly(vinylidene fluoride) (PVDF) and
poly(tetrafluoroethylene) (PTFE) perfectly suit to this requirement. Moreover, the mem-
branes must have liquid entry pressure (LEP) of at least 2.5 bar. LEP is the pressure required
for fluid to flow through the pores of the membrane. Usually, membranes with pore diame-
ters from 0.1 to 1 um are used in MD, as a further increase in the pore diameter negatively
affects the LEP value [72].

It has been argued that water flux and mass transfer are reduced with increasing
membrane thickness, while small thickness leads to heat losses that negatively affect the
driving force of the process [73,74]. Therefore, an optimal membrane thickness [75] has
been considered to be from 10 to 400 um for various applications. Porosity is another
important factor for membranes, with a high value leading to an increase in water flux.
Typically for membranes, the porosity varies from 30 to 90%, including for membranes
obtained by the electrospinning method [76].

Thus, the membrane to be used in MD should have the following properties:

LEP value of at least 2.5 bar.

Narrow pore size distribution to reduce the risk of pore wetting.

The recommended pore size of membranes is from 0.1 to 1 um.

The optimum membrane thickness should be between 10 and 60 um. Thicker mem-
branes (>60 um) should be used in the purification of highly concentrated mixtures.
5. The porosity of the membrane should be as high as possible.

6.  The contact angle of membranes must be as high as possible (>90°).

e

4. Membranes for MD
4.1. Type of Membranes
4.1.1. Flat-Sheet Membranes

Various types of membranes are used in the MD process. In the separation and
purification technologies over the past 50 years, flat membranes have been the most studied
and widely used [77]. This type of membrane is suitable for all types of MD configurations
such as DCMD, AGMD, and VMD. The main advantages of flat membranes are ease of
manufacturing, assembly, operation and testing, making them most suitable for use in the
membrane applications.

4.1.2. Spiral-Wound Membranes

Spiral-wound membranes in the MD were investigated for the desalination of brackish
water and seawater [78-82]. The following polymers were used as membrane materials:
PP, poly(vinyl chloride) (PVC), polyethylene (PE), PTFE and synthetic resins [83]. The
structure of rolled membranes includes the material itself, a mesh pad, a permeate carrier
and a membrane support layer that forms a cap which is wrapped and twisted around
a perforated tube for collecting permeate. However, spiral-wound membranes have not
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been preferred in MD because of significant drawbacks (difficulty in cleaning and replacing
contaminated areas) [78,84].

4.1.3. Tubular Membranes

In addition to flat-sheet and spiral-wound membranes, tubular membranes have been
studied for the desalination of marine, brackish, and waste water. Tubular membranes
have been used in DCMD, VMD and AGMD [85-88]. Among the main advantages, it is
worth noting a low tendency towards contamination, ease of maintenance and a good
contact area, making them attractive for commercial applications. However, with the
development of MD, the use of tubular membranes decreased due to the advent of more
efficient flat-sheet and hollow fiber membranes.

4.1.4. Hollow Fiber Membranes

In recent years, hollow fiber membranes have become the most commonly used mem-
branes in MD process. According to Camacho [43], the materials used for the manufacture
of hollow fiber membranes are mainly made of PP, PVDF and PVDF-PTFE. The hollow
fiber membrane module has the highest component density [11,89], the best effective sur-
face area per unit volume and high efficiency [77]. In addition, hollow fiber membranes
can operate at very high pressures (above 100 bar) [44] and consume much less energy. De-
spite this, hollow fiber membranes have significant disadvantages. Wang and Chung [90]
determined that the main disadvantages of this type of membrane are poor water flux and
inferior mechanical properties. In addition, hollow fibers tend to become dirty [91], and
replacing damaged fibers is a time-consuming and costly process. Besides MD, hollow
fiber membranes are used in liquid extraction, desalination and wastewater treatment.

As a result, various types of membranes are used in the MD process, regardless of
the type of the process itself. Among the promising types of membranes, hollow fiber
membranes are worth noting; however, the inconvenience in operation and the weak
mechanical properties are significant disadvantages. The most optimal types of membranes
used in MD are flat-sheet types.

4.2. MD Membrane Fabrication Techniques

Membranes for MD can be prepared by stretching, phase inversion and electrospin-
ning processes [25,92-94]. Several types of membranes have been prepared using a combi-
nation of different methods. Zhu [95] developed a new hydrophobic hollow fiber PTFE
membrane by cold pressing, including extrusion, stretching and sintering.

Stretching is a solvent-free method in which membranes are made by extruding a
polymer at a temperature close to its melting point to form micropores [96]. This method
of fabrication is cheaper than other techniques. In stretching a polymer with a partial
crystallinity stretched to the axis of crystallite orientation, the polymer is extruded at
temperature below its melting point to produce a film. With this technique, membranes
with high porosity (90%) and uniform porous structure can be produced [97,98].

Phase inversion is a phase separation process involving the controlled transfer of a
polymer from a solution to a solid state. Fabrication by phase inversion can be divided
into the following steps: first, polymer pellets are dissolved in a solvent to form a casting
solution, which is then cast on a plate. Then, the semiliquid film is cast on the plate and
immersed into the bath for precipitation. Finally, a polymeric film is formed with an
asymmetric or symmetric structure [97].

This method can be used to prepare both asymmetric and symmetric porous mem-
branes using various methods, namely nonsolvent-induced phase separation (NIPS),
thermally induced phase separation (TIPS), vapor-induced phase separation (VIPS) and
evaporation-induced phase separation (EIPS). The first two methods are most commonly
used for manufacturing hydrophobic membranes [99].

The preparation of hydrophobic PVDF membranes by the NIPS method is discussed
in[100]. Hydrophobic membranes with a high contactangle (~148°) were obtained with low
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surface energy, without surface modification. First, the nascent membrane was immersed
into alcohol solution and then immersed in water coagulation bath for precipitation of
polymer. Modified membranes were tested in DCMD, and the water flux and salt rejection
were found to be close to those of commercially available PVDF membranes [101].

The electrospinning technology was proposed for the manufacture of nanofiber mem-
branes for MD [19,20,76,93]. Electrospinning is an effective method of fabricating nanofi-
brous membranes with high porosity and roughness. This technique consists of three major
components: a high-voltage electric source, a syringe with a metallic needle and a collecting
roller. A high voltage is used to create an electrically charged jet of the polymer solution.
Polymer membranes obtained by electrospinning have a high surface area to pore volume
ratio [102]. Electrospun membranes have been prepared from various polymers, including
PVDF [103-105], PVDE-5iO2 [106], polystyrene (PS) [107], PTFE-polyvinyl acetate [108]
and PVDF-HFP /SiNP [109]. It should be noted that electrospun membranes, as some of
the most popular membranes, have been tested in all types of configurations.

Kebria [104] and others proposed a method for increasing the hydrophobicity of
nanofiber PVDF membranes by introducing dendritic structures during electrospinning.
Dendritic structures were synthesized by polycondensation between the hydroxyl groups
of boehmite and the carboxyl groups of nitriloacetic acid. The effect of different amounts
of dendritic structures on membrane morphology, elemental composition and surface
hydrophobicity was assessed by SEM and contact angle measurements. The contact angle
increased from about 129 to 139°, and water flux and salt rejection were 11 kg/ m2-h and
99%, respectively.

Ke et al. [107] managed to prepare hydrophobic PS membranes by electrospinning
with a fiber diameter ranging from 150 to 240 nm by varying the polystyrene concentration
from 8 to 12%. Sodium dodecyl sulfate was used as an additive. The modified nanofiber
membrane had a fairly high porosity (more than 80%), a narrow pore size distribution,
and a high contact angle (more than 100”). Hydrophobic membranes were tested in
desalination of sea water by membrane distillation for 10 h of operation with the water flux
of 31 kg/ m?-h. Feng and colleagues [110] were the first to use nanofiber PVDF membranes
in the MD process in the purification of NaCl saline solutions. The water flux and salt
rejection were 11,000-12,000 g/ m?2-h and 99%, respectively. Prince et al. [111] succeeded in
increasing the contact angle of PVDF membranes obtained by electrospinning from 80°
to 154° by embedding hydrophobic clay nanoparticles in the polymer mat. Hydrophobic
membranes showed good salt rejection from 98.2 to 99.9%.

Duong et al. [112] investigated the preparation of nanofiber styrene-butadiene-styrene
membranes (SBS) by electrospinning. Compared to commercially available PTFE mem-
branes, SBS membranes were found to have higher contact angle and salt rejection values.
Among the disadvantages of SBS membranes, poor water flux compared to PTFE can
be mentioned. Khayet et al. [113] studied two-layer nanofiber membranes with different
hydrophobic properties (PVDF-polysulfone) prepared by electrospinning. It was found
that the two-layer type of membranes exhibits better water flux in desalination compared
to single-layer membranes. The water fluxes of two-layer nanofiber membranes at salt
concentrations of 12 and 30 g/L were ~50,000 and ~48,000 g/ m2-h, and salt rejection
was 99%.

It has been concluded that electrospinning is a reliable way to obtain hydrophobic
membranes [26,102,114]. Relatively low cost, variability in the use of various polymers and
materials and the possibility of obtaining fibers with diameters from several nanometers
to several microns make this method of fabrication more effective in comparison with the
others [115].

4.3. Main Membrane Materials

Currently, there are various polymeric membrane materials such as PTFE, PP,
PVDF [116-118] and poly(ethylene terephthalate) (PET) used in MD.
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Among the above-listed materials, PTFE ((-C2F4-)n) has the lowest surface energy
of about 9-20-103 N /m [119]. It is a highly crystalline polymer with excellent thermal
and chemical resistance. PTFE membrane is often manufactured by sintering or melt
extrusion [120,121].

PP ((-CH;,-CH[CHj3-])y) is also a highly crystalline thermoplastic but has a higher
surface energy (30-10~3 N/m) than PTFE [43]. Porous PP membranes are generally manu-
factured by the melt extrusion method [122-124], as well as by thermally induced phase
separation [87,125]. Compared to other membranes used in MD, PP is relatively advanta-
geous in terms of materials and production costs. However, poor water flux and moderate
thermal stability at elevated temperatures complicate its use in MD [126].

PVDF ((-CF,-CH;y-)n) has almost the same surface energy (~30-10-2 N/m) as polypropy-
lene. Unlike the other polymers used in MD applications, PVDF can be easily dissolved
in some solvents such as n-methyl-2-pyrrolidone, dimethylacetamide and dimethylfor-
mamide [127-129], and it can also be melt-processed easily due to its low melting point of
170 °C.

Recently, PET ((-C19pHgOj4-)n) membranes have begun to be investigated in the pro-
cess of MD [130-133]. PET is a polymer with high chemical and heat resistance and
good resistance to organic solvents and acids, and it has a relatively low thermal con-
ductivity in comparison with PTFE. However, the main disadvantage of PET for MD is
its semi-hydrophobic properties (CA 55-83°) [134]. In order to use PET membranes in
MD, it is necessary to significantly increase its hydrophobic properties. Improvement of
hydrophobicity can be achieved by, for example, modifying the surface via application of a
hydrophobic coating or grafting various hydrophobic groups onto the surface, as will be
elaborated further in this paper.

4.4. Membrane Modification Methods

Hydrophobicity is the main property of a membrane that plays an important role in im-
proving the water flux. Basically, membranes with a high contact angle (more than 90°) are
used; however, there are some membranes with less hydrophobic surfaces. Various modifi-
cation methods such as the addition of pore-forming agents [135], perfluorinated polymers
and inorganic nanoparticles [136] were used to improve the hydrophobic properties and
increase the water flux.

Simone et al. [135] modified a microporous hydrophobic fibrous PVDF membrane.
Poly(vinylpyrrolidone) was used as a pore-forming agent. Hydrophobic membranes were
tested in vacuum membrane distillation, with distilled water as the feed. The water flux
varied from 3.5 to 18 kg/ m?2-h at50 °C ata vacuum pressure of 20 mbar. The disadvantages
of this method are the insufficient water flux in salt purification and the necessity to
maintain a vacuum.

Edwie et al. [136] developed a method for the preparation of hydrophilic-hydrophobic
bilayer PVDF hollow fiber membranes using a hydrophobic modifier, silica. The samples
were tested in DCMD of sodium chloride solution with methanol. The maximum water
flux reached 84 kg / m?2-h, and the salt rejection was above 90%. However, the stability of
the two-layer hydrophilic-hydrophobic membrane was low.

Garcia-Payo et al. [137] modified poly(ethersulfone) (PES) membranes using a solu-
tion of trimethylsilyl chloride and trimethylmethoxysilane by the sol-gel method. The
modification of the membrane surface led to an increase in the contact angle to 119°. Hy-
drophobic membranes were tested in the MD process. The water flux and salt rejection
were 4.47 kg /m?-h and 99%, respectively. The main disadvantage of this method was the
nonuniformity of the hydrophobic coating.

Efome [138] prepared PVDF-SiO, hydrophobic membranes by the phase inversion
method. The obtained membranes were characterized by scanning electron microscopy,
measurement of contact angle, and infrared (IR) spectroscopy. The salt rejection was above
98% with a salt concentration of 35 g /L.



Polymers 2021, 13, 2520

9 of 28

Generally, the most effective modification methods are membrane surface modifi-
cations, which allow one to widely change the characteristics of membranes, such as
roughness, hydrophobicity and surface energy. In addition, hydrophilic polymers can be
hydrophobized in this way.

Coating the membrane surface is the simplest way to instantly improve the hydropho-
bicity of membranes by applying a thin functional layer to the surface. Surface coating
is often carried out by sol-gel [139], spinning, immersion [140] and other methods [141].
Graft polymerization is considered one of the effective methods for improving membrane
hydrophobicity. The membrane surface can be modified by the formation of covalent bonds
between the membrane and the grafted chains. Unlike the coating process, graft polymer-
ization improves the chemical stability of the graft layer. In other words, it can completely
solve the problem of hydrophobic layer instability. Surface grafting can be achieved by
using various methods, such as plasma- and radiation-induced graft polymerization [116]
and photo- and thermal-initiated graft polymerization of a single monomer or a mixture of
two or more monomers [116].

Plasma treatment is the process of adsorption and polymerization of ionized gas
onto the membrane surface. Modification of the polymer surface is carried out under the
influence of high-energy ions, reactive species and photons generated during the discharge.
The effectiveness of plasma treatment depends on various parameters such as type of
plasma (DC, radiofrequency, microwave), discharge power density, pressure and flow rate
of the gas mixture in the chamber and treatment time. Plasma treatment of polymers in
inert gases (for instance, He and Ar) is effective for creating free radicals and does not
add new chemical functional groups from the gas phase. Plasma treatment in H,O or O,
atmosphere is used to create polar functional groups that can significantly increase the free
energy of the polymer surface. The main advantage of this method is a uniform surface
treatment is achieved and the depth of the modified layer is several nanometers.

During plasma treatment, the monomer is pumped into a vacuum chamber. Further,
under the action of the lamp, the monomer is ionized with the formation of reactive
species to generate free and active radicals. These radicals are adsorbed and subsequently
polymerize on the membrane surface, creating a dense coating layer [142].

Wei et al. [143] proposed a method of plasma treatment of hydrophilic poly(ethersulfone)
(PES) membranes under carbon tetrafluoride (CF4) atmosphere. The results showed that the
modification resulted in a significant increase in the contact angle above 120°. The water
flux of permeate reached 43 kg/m? h with a salt rejection of more than 98%.

Plasma modification of a PAN membrane by carbon tetrafluoride (CF) was also
applied in VMD [144]. The authors proposed a method for purifying ethyl acetate from an
aqueous solution by vacuum membrane distillation. The influence of plasma modification
conditions, surface porosity and separation efficiency of modified membranes were investi-
gated. It was found that the contact angle of PAN membrane increased from 42 to 124°,
but the water flux was within 8 kg/m?-h.

Tooma [145] studied the modification of PVC with ethyl acrylate by radiation-induced
graft polymerization. The success of grafting ethyl acrylate onto the PVC surface was
confirmed by IR and energy dispersive X-ray (EDX) spectroscopy. The water flux of
permeate was found to increase about 15 times. The maximum water flux was about
37 kg/m?h at a concentrate temperature of 60 °C and a vacuum pressure of 2 mbar.

Liu et al. [146] prepared a hydrophobic membrane based on PES by radiation graft
polymerization of 1H,1H,2H,2H-perfluorodecyl methacrylate. After grafting the monomer,
the contact angle was found to increase to 114°, and the pore diameter of the membrane
slightly decreased. Membrane distillation was carried out in vacuum mode; the water flux
was 50 kg/m?-h, and the salt rejection was more than 90%. Among the disadvantages, the
short operating time of the membrane may be noted.

UV graft polymerization has been a frequently used grafting method recently.
Salehi et al. [147] developed a method for chemical modification of PP flat sheet mem-
brane surface by UV graft polymerization of acrylic acid, 2-hydroxyethyl methacrylate
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and ethylene glycol dimethacrylate. Hydrophobic membranes were tested in membrane
distillation; the water flux at different ratios of monomers varied from 3 to 8 kg/ m?2-h, and
the salt rejection was more than 98%.

A brief summary of results for the modification of various types of membranes is
presented in Table 1.

Table 1. Properties of some membranes used in MD modified by different methods.

Typeof Modification Method C°“t"“°§ Feed Solution salt Rejection; WaterzFlux Ref.
Membrane Angle, % g/m*-h
PVDF NIPS 148 NaCl 9 87,400 [100]
Nanofiber PVDF Electrospinning 139 NaCl 999 10,700 [104]
Nanofiber PS Electrospinning 113 NaCl 999 31,000 [107]
Nanofiber PVDF Electrospinning 154 NaCl 9 5800 [111]
Nanofiber SBS Electrospinning 132 NaCl 99 10,500 [112]
PVDF-polysulfone Electrospinning 130 NaCl 999 49,000 [113]
PES Sol-gel 119 NaCl 99.3 44,700 [118]
Addition of
Bilayer PVDF perfluorinated ~135 NaCl 999 83,400 [127]
polymers
PVDF-SiO; Phase inversion 92 NacCl 999 2900 [138]
PES Plasma treatment 120 NaCl 999 42,000 [143]
Ve Radlatlonqm:,luce.:d 9% Wiker / 37,500 [145]
graft polymerization
PES Radiation-induced 114 Nacl 99.98 50,500 [146]
graft polymerization
PP UV gats 138 NaCl 97 30008000 [147]
polymerization

Thus, it can be concluded that there are many modification methods, such as graft
polymerization (photo- and thermal-initiated, plasma, radiation), the sol-gel method and
the method of coating the membrane surface. Modification of membranes can significantly
increase and diversify the properties of the material. The choice of the modification method
depends on the convenience, simplicity of hardware design and cost-effectiveness.

4.5. Fouling Phenomena

Membrane fouling is the process of precipitation of solutions or particles on the surface
or in the pores of a polymer that causes a decrease in permeate flux. Although membrane
fouling is one of the key problems in membrane distillation, it is still poorly understood.
Typically, there are several types of fouling in membrane distillation: biological, inorganic
and organic fouling [148,149].

45.1. Biological Fouling (Biofouling)

The presence of bacteria or microorganisms on the membrane surface leads to the
appearance of biofouling. However, biofouling in MD occurs extremely rarely in compar-
ison with other types of fouling. Since the feed solution has a high salinity and the MD
process occurs at relatively high temperatures, the probability of the survival of bacteria is
extremely small. This type of fouling is less studied in MD [150,151]. Krivorot et al. [152]
studied biofouling behavior using hydrophobic PP membranes in the MD process. Results
showed that there was a small drop in water flux when operating at 40 °C with cross-flow
DCMD. Under these conditions, SEM images show the presence of microorganisms on
the membrane surface. Anincrease in temperature from 40 to 70 °C led to a decrease in
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biofouling on the membrane surface. Nthunya et al. [153] researched the influence of silver
nanoparticles (AgNPs) on the biofouling in MD. Modified nanofiber PVDF-AgNPs might
be a good choice for the mitigation of biofouling.

4.5.2. Inorganic Fouling

Inorganic fouling occurs quite frequently in the MD process and is one of the key
problems in water desalination. Inorganic fouling in MD forms due to precipitation and
crystallization of salts present in feed solutions. In the MD process, the main scales are
sodium chloride (NaCl), sulfates of basic metals (CaSO4, BaSO4, MgSOy), phosphates and
calcium carbonates, aluminum and iron oxides, etc. Gryta et al. [154] studied the effect
of salt concentration (NaCl solution) on the permeate flux in MD. Authors observed that
there is a significant decrease in permeate flux at concentrations up to ~48.9 g/L. The
effects of calcium carbonate in the feed solution on the permeate flux were studied by
Qin et al. [119]. Decomposition of calcium carbonate in VMD and SGMD was faster than
in DCMD. This is related to the solubility of CaCOj3, which is inversely proportional to
temperature. Therefore, the high temperature of the feed solution promotes CaCO3 crystal
formation.

4.5.3. Organic Fouling

Deposition of organic matter such as polysaccharides, proteins, carboxylic acid and
humic acid on the membrane surface leads to the appearance of organic fouling in MD [155].
Organic fouling in DCMD was investigated by Naidu et al. [156]. They studied organic
fouling with the use of model solutions of humic acid (HA), polysaccharide and bovine
serum albumin (BSA). Results showed that polysaccharide demonstrated minimal fouling
due its hydrophobic nature, whereas BSA and HA on the membrane surface significantly
reduced permeate flux by 50%. Khayet et al. [157] used HA solutions with various concen-
trations by DCMD using PTFE and PVDF membranes. The obtained results showed that
permeate flux decreased by 8% after 30 h of work.

5. Track-Etched Membranes in Membrane Distillation

Track-etched membranes (TeMs) are prepared by irradiation of polymer thin films
with swift heavy ions and subsequent photosensitization and chemical etching for pore
size control [158-165]. A top view of the DC-60 cyclotron complex at the Nuclear Physics
Institute in Nur-Sultan, Kazakhstan, and typical SEM images of cross-section and the
top-surface view of PET TeMs are shown in Figure 3.

This technique is known for its ability to accurately control narrow pore distribution
and pore size. The size and density of pores can be adjusted in a wide range: from a few
nanometers to 15 um for size and from 10° to 10° pores/cm? for density. The porosity of the
membrane is mainly determined by the duration of irradiation and the pore size, and pore
geometry is mainly determined by the etching time, temperature, concentration, additives
and etching bath configuration [166-170]. It should be noted that the mechanical properties
of PET film may change during TeM fabrication. With an increase in membrane porosity,
mechanical properties of the membrane decrease. For instance, for PET TeMs with a pore
size of 400 nm and pore density of 4 x 107, the burst strength is 304.1 + 7.0 kPa [171],
which is quite high for practical use. The chemical composition of the surface of PET
also changes during the etching process. In [164], it was shown that the concentration
of carboxyl groups increases from 0.84 nmol/cm? for pristine PET to 6 nmol/cm? after
photosensitization and chemical etching.

Manufacturing of TeMs in Kazakhstan has been performed in the laboratories of the
Institute of Nuclear Physics in Nur-Sultan in the DC-60 accelerator complex (Figure 3a).
This complex is composed of three channels, one of which is being used for irradiation of
polymers for TeM production.
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Figure 3. DC-60 cyclotron complex (a); SEM image of cross-sectional view of the membrane (b); SEM
image of PET TeM surface (c).

A characteristic feature and advantage of TeMs is the regular geometry of pores with
the ability to control their number per unit area and narrow distribution of pore sizes.
This, in turn, provides the target selectivity and water flux of membranes [172]. TeMs are
widely used, for example, in the processes of precision ultrafiltration and microfiltration of
liquids and gases; in the analytical control of substances; and in food and pharmaceutical
industries, microelectronics and other areas of science and industry [173-175].

PC, PVDF and PET are the most widely used polymer films (5-24 pum) for the produc-
tion of TeMs. These polymer films have differences in contact angle, thermal conductivity
and cost. PVDF film is more expensive in comparison with PET and PC; moreover, etching
PVDF membranes is more complex and requires high temperature (150 °C) and pressure
(4 atm), which makes it difficult to use them in large-scale production.

PET has the lowest thermal conductivity (0.15 W/mK, whereas that of PCis 0.2 W/mK
and that of PVDF is 0.19 W/mK) [176]. The lower the thermal conductivity, the more
energy-efficient the MD process will be.

PVDF is a more hydrophobic polymer (90°) in comparison with PET (73°) and PC
(82°). However, after channel formation, contact angle of PET TeMs varies from 40 to
55° [164], depending on pore size, while that of PC TeMs is ~55° [177] and that of PVDF
TeMs is ~49-72° [158]. Thus, all films need to be hydrophobized to meet the requirements
for membranes in MD.

Laricheva et al. [158] used unmodified PVDF TeMs with CA of 49-72° in AGMD of
salt solutions. They achieved a water flux of 38,100 g/ h-m?2 with salt retention of 99%.
The authors explain this by the fact that the observed contact angle of the surface does
not correspond to reality, but represents the apparent contact angle itself. The porosity of
the solid surface of the membrane reduces the apparent contact angle. However, in this
work, there are not enough data to conclude whether such a hydrophilic membrane can be
used in MD. The authors did not present LEP analysis, which can show the applicability
of the membrane for MD and the possible leakage of water. Moreover, slat rejection was
calculated only by changes in the conductivity of feed solution; permeate solution was not
analyzed, which can lead to overestimated results in terms of the degree of salt rejection.

Methods of PET TeMs hydrophobization for MD were developed by the authors
of [133] and our group [130,131,178,179]. PET has high strength and chemical and heat
resistance. Itis resistant to various low-concentrated or nonconcentrated acids and alkalis
and is practically insoluble in most organic solvents. Moreover, it has low cost and low
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thermal conductivity properties. Thus, PET is an attractive membrane material for the
TeMs to be used in MD.

The effective use of TeMs in MD and also in the processes of direct osmosis and
filtration requires the expansion of the range of their characteristics (pore size and structure,
hydrophobicity /hydrophilicity, the creation of special chemical groups on the surface). The
development of methods for the intended modification of PET TeMs while preserving the
pore structure to achieve specific physicochemical properties and performance characteris-
tics is a challenging technological task [29,158]. Below, we consider the current methods of
hydrophobization of TeMs for use in MD.

5.1. Hydrophobization of PET Track-Etched Membranes by Covalent Bonding of Silanes

Hydrophobization of PET TeMs by covalent bonding of silanes is a simple and effective
way to change the hydrophilic-hydrophobic properties of the surface without altering
the pore structure by creating a thin layer of a hydrophobic agent. Scheme of PET TeMs
modification by covalent bonding shown in Figure 4.
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Figure 4. Scheme of modification of PET TeMs by covalent bonding of DCDMS (a) and FDTS (b);
contact angle of modified PET TeMs (c); water flux (d) and conductivity (e) for NaCl solutions with
concentrations of 1.5 and 10 g/L. Adapted from [178].

The polycondensation reaction between the surface of PET TeMs and 1H,1H,2H,2H-
perfluorododecyltrichlorosilane (FDTS) or dichlorodimethylsilane (DCDMS) proceeds due
to the high reactivity of the Si—-Cl bond, which is sensitive to hydrolysis and interaction
with hydroxyl groups on the PET TeMs surface. The etching process introduces numerous
hydroxyl and carboxyl groups on the etched surface of PET.

Various reaction parameters affecting the grafting degree and the value of the contact
angle have been studied. The morphology of the membrane surface also depends on
the modification conditions. With an increase in concentration and time, an increase
in roughness occurs. It was found that effective grafting with preservation of the pore
structure was achieved by using 20 mM FDTS solution in 2-propanol and a reaction
time of 24 h. In this case, the water contact angle was 109°. The obtained hydrophobic
membranes were tested in the purification of a saline solution of NaCl with a concentration
of 1.5-30 g/L. The average water fluxes were 1005 and 97 g/ m2-h at concentrations of 1.5
and 30 g/L, and the salt rejection was 99.5% and 98.4%, respectively. A significant decrease
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in water flux has been observed with increasing salt concentration, which is probably due
to the gradual contamination of the membrane surface [178].

5.2. Hydrophobization of PET Track-Etched Membranes by Photo-Initiated Graft Polymerization

Photo-initiated graft polymerization is characterized by the fact that it does not sig-
nificantly affect the substrate by changing its properties since the radiation energy is low
and the grafting takes place under mild conditions [180]. Moreover, during graft polymer-
ization, stable covalent bonds are formed with the surface, which brings stability to the
hydrophobic layer. Thus, it appears as a convenient method suitable for hydrophobization
of membranes for use in MD. Graft polymerization usually takes place in two stages: im-
mobilization of the photoinitiator /photosensitizer at the inner walls of the nanochannels of
the membrane and then graft polymerization of the monomers from the membrane surface.
Results of some recent studies on graft modification of PET TeMs for MD applications from
this laboratory are briefly described in the following section.

5.2.1. Photo-Initiated Graft Polymerization of Triethoxyvinylsilane (TEVS)

As shown in Figure 5, photo-initiated graft polymerization was carried out in several
stages: the photosensitizer benzophenone (BP) was first adsorbed onto the membrane
surface from a 5% dimethylformamide (DMF) solution. BP-immobilized PET TeMs were
then soaked in TEVS solution and UV irradiated. The degree of grafting was found to be
very low as this monomer has a low tendency toward graft polymerization [181].
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Figure 5. Scheme of surface modification of PET TeMs with TEVS (a); water flux (b) and electrical
conductivity (c) for NaCl solutions with concentrations of 15 and 30 g /L. Adapted from [130].

In order to increase the degree of grafting, a monomer (N-vinyl imidazole) with a high
tendency towards graft polymerization was introduced into TEVS solution in amounts
from 0.3 to 6.6%. Various parameters (time, concentration of monomers and additives)
influencing the degree of grafting were studied, as the degree of grafting significantly
affects the membrane morphology and pore size. A high degree of grafting may lead to
complete clogging of pores in the polymer. In radiation-induced grafting of acrylic acid
inside the nanochannels of PVDF TeMs, it was observed that the pores were completely
filled after 40% of grafting [182].

The use of VIM together with TEVS made it possible to obtain membranes with a high
CA value of 104.9°. The LEP value for modified membranes was >0.43 MPa, which makes
them applicable for MD. The prepared samples were tested in the purification of 15 and
30 g/L NaCl saline solution by the MD method. The average water fluxes were 295 and
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88 g/m?h for solutions with concentrations of 15 and 30 g/L with purification degrees of
99.3% and 95.2%, respectively [130].

5.2.2. Photo-Initiated Graft Polymerization of Styrene

Scheme of modification PET TeMs by styrene grafting is shown in Figure 6. The
method of modification by graft polymerization of styrene on the surface of PET TeMs was
also studied in [179]. Various parameters influencing the degree of grafting were studied.
After the graft modification, the surface morphology was found to become smoother than
that of the pristine PET TeMs. A slight decrease in the pore diameter was observed, which
is expected due to the formation of a polystyrene layer inside the channels. With an increase
in the concentration of styrene, the value of the CA was found to increase significantly;
at a concentration of 40%, the value reached was 98°. Analysis of previously published
works on using styrene as a hydrophobic agent shows us that the contact angle of different
materials can be increased up to 94-104° [158-160]. Thus, full coverage of PET TeMs
was achieved. From the AFM images presented in [179], it can be seen that roughness
increased from 2.15 & 0.04 nm to 5.16 + 1.01 nm with grafting. Thus, the hydrophobicity
of the membrane is almost totally due to the grafting of hydrophobic polystyrene, and full
coverage of PET TeMs was achieved.
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Figure 6. Scheme of surface modification of PET TeMs by styrene grafting (a); contact angle of the
pristine and modified PET TeMs (b); water flux (c) and electrical conductivity (d) of NaCl solution
with a concentration of 15 g/L. Adapted from [179].

Hydrophobized membranes with different pore diameters were used in the purifica-
tion of saline solution with a concentration of 7.5-30 g/L by MD. The average water fluxes
were 286, 238, and 219.3 g/ m?-h for solutions with concentrations of 7.5, 15 and 30 g/L,

respectively, for membranes with pore diameters of 220 nm, and the salt rejection varied
from 97.5 t0 98.9% [179].

5.3. Hydrophobization of PET Track-Etched Membranes by Immobilization of Silica Nanoparticles

Another strategy to introduce hydrophobic properties of PET TeMs is simultaneously
applying hydrophobic agents together with increasing the roughness. For this purpose,
the possibility of immobilization of silica nanoparticles (Si NPs) on the membrane surface
was studied. Hydrophobization of PET TeMs by immobilization of silica nanoparticles
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is shown in Figure 7. First of all, Si NPs with C=C bonds were synthesized from TEVS
by the sol-gel method [183]. The resulting solution of silica nanoparticles in ethanol was
subsequently used to modify PET ion-track membranes. The modification of PET ion-track
membranes was performed according to the scheme presented in Figure 7.
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Figure 7. Scheme of modification by immobilization of silica nanoparticles (a); CA of the pristine
and modified PET TeMs (b); AFM surface images of pristine PET TeMs (c) and modified PET TeMs
with Si NPs (size 5 x 5 pm) (d); the water flux (e) and electrical conductivity (f) of NaCl solution
with a concentration of 30 g/L with different pore diameters. Adapted from [131].

In the first stage, 2,2"-azobis(2-methylpropionamidine) hydrochloride (AAPH) was
covalently bonded with COOH end-groups of PET via activation with pentafluorophenol
and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC).

In the second stage, the ethanol solution of prepared Si NPs was passed through the
membranes from both sides, using a vacuum pump to fill the nanochannels with Si NPs.
Membranes with Si NPs were immersed in an ethanol solution of 0.2% AAPH. The solution
was purged with argon and kept at 75 °C for 3 h to initiate immobilization of Si NPs on
the surface of PET ion-track membranes. After the reaction, membranes were washed in
ethanol to flush away loose NPs and dried.

In the third stage, prepared membranes were modified with 1H,1H,2H,2H-perfluorodecyl
triethoxysilane (PFDTS). Hydrophobization led to a significant increase in the CA up to 143°.
The morphology of the membrane was investigated by AFM, and it was found that the
roughness of modified membranes increased from 3.7 to 15.5 nm. Testing of hydropho-
bic membranes in the purification of saline NaCl by the MD showed the water flux of
~15 kg/ mz-h, and salt rejection reached 99%.

Thus, an increase in roughness together with the immobilization of hydrophobic
chemical groups made it possible to obtain hydrophobic membranes with high water
flux [131].
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5.4. Hydrophobization of PET Track-Etched Membranes by Plasma Deposition of Fluoropolymers

Another method of PET TeMs surface hydrophobization is the plasma deposition
of fluoropolymers [133]. Due to their unique properties, fluoropolymers are well suited
for plasma surface polymerization. This method has several advantages, such as high
deposition degree and relatively safe and simple process. The modification was carried out
on PET TeMs using various plasma parameters (reaction time, distance between electrodes,
pressure). The deposition degree was proportional to the plasma treatment time. The
values of the CA varied in the range of 85-95° £ 3. The hydrophobic membranes were
used in concentrating apple juice by MD. At the same time, the membrane modified with
perfluorohexane showed a higher value of water flux (~2850 mL/ m?2-h) than commercial
analogs made from PTFE for fruit juice solution (~2100 mL/m?-h). The degree of sugar
removal was 98-100%.

5.5. Application of Hydrophobized PET TeMs in Water Contaminated with Pesticides

Hydrophobization of PET TeMs described above was carried out in two ways: by
UV-induced graft polymerization of TEVS and covalent binding of PFDTS. Scheme of
modification and water flux for mod189ified PET TeMs are shown in Figure 8.
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Figure 8. Scheme of surface modification of PET TeMs (a); water flux for modified PET TeMs-PDFTS and PET TeMs-g-TEVS
(b) of pesticide solution (carbendazim) with different concentrations. Adapted from [184].

Hydrophobized PET TeMs membranes were tested to decontaminate water from
pesticides (carbendazim) with concentrations of 5, 10 and 20 mg/L. Table 2 shows the
contact angle and pore size values before and after modification. The average water
fluxes at these concentrations of carbendazim for PET TeMs-PFDTS were 214, 142.85 and
119 g/m? h, respectively. The average water fluxes for PET TeMs-g-TEVS were 95.2,119.2
and 142 g/ m2-h for the above-listed concentrations. It was found that the concentration of
carbendazim measured by UV spectroscopy in all selected samples was below the detection
limit (100 pg /L) [184].

Table 2. Properties of PET TeMs before and after hydrophobization.

Sample Contact Angle, +4° Effective Pore Size, nm Pore Size (from SEM Analysis), nm LEP, MPa
Initial PET TeMs 58 198 + 5 220+ 8 0.12
PET TeMs-g-TEVS 89 167 + 8 216 + 3 >0.43
PET TeMs—PFDTS 134 148 + 6 174 + 4 >0.43
Initial PET TeMs 55 302+ 8 310 £ 15 0.015
PET TeMs-g-TEVS 85 287 + 10 292 + 20 0.04
PET TeMs—PFDTS 115 274 +12 285+ 18 0.04
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5.6. Application of Hydrophobized PET TeMs in Liquid Low-Level Radioactive Waste Treatment

MD is an effective method for water treatment of liquid low-level radioactive waste
(LLLRW). In our previous work [179], LLLRW samples were taken from the secondary
circuit of the WWR-K research reactor (Almaty, Kazakhstan, Institute of Nuclear Physics)
and concentrated by the MD method using modified PET TeMs-g-PS. The efficiency of
salt rejection was monitored by atomic emission spectroscopy for the analysis of the main
ions in LLLRW, such as Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo and Cs (Table 3). The gamma
spectrometer was used to monitor the activity of some radioisotopes: 6OCo, 137Cs and
21 Am. In the experiment, membranes with different pore diameters (142, 206, and 242 nm)
were tested. According to Table 3, all degrees of rejection were higher than 90%, most of
them being close to 100%.

Table 3. Chemical composition of the LLLRW sample and the effluent after DCMD process.

Concentration in

Concentration in Concentration in Concentration in the P 6
Concentrationin  the Permeate (PET the Permeate (PET the Permeate (PET i CREALE
Element (PTFE Nanofiber
the Feed (ug/L) TeMs-g-PS, TeMs-g-PS, TeMs-g-PS, Membrane
d =268 nm) (ug/l) d=220nm) (ug/L) d=135nm) (ug/l) ,_,, nm) (ug/L)
Cs (0 == 26%) 304 145 0.33 <0.05 34.3
Mo (o =+ 15%) 458 1.11 <03 <03 76.0
Sr (0 ==+ 15%) 136 <0.5 <05 <05 11.1
Sb (0 =+ 15%) 46.3 <0.3 <03 <03 8.96
Al (0 == 16%) 660 <3 <3 <3 <30
Ca (0 == 16%) 1780 55.3 52 4“4 208
Fe (0 ==+ 10%) 383 <0.6 <0.6 <0.6 <6
K (0 ==+ 15%) 249,200 377 414 150 7476
Mg (o =+ 15%) 1046 252 4 2 <10
Na (0 = =+ 15%) 4,710,000 13,200 3200 540 601

Results of water flux and electrical conductivity during DCMD are shown in Figure 9.
The average water fluxes for membranes with pore diameters of ~135 and 268 nm were
198.5 and 980 g/ m2-h, respectively.
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Figure 9. Water flux (a) and electrical conductivity (b) during continuous DCMD tests using hydrophobized PET TeMs-g-PS
with different pores for radioactive waste solution. Adapted from [179].

Results on decontamination factors of radioisotopes are presented in Table 4. PET
TeMs-g-PS with pore diameters of 220 nm showed decontamination factors of >85 for 60Co,
>1727 for '¥Cs and 5 for 2! Am. It should be noted that in most cases the results obtained
were below detection limits.
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Table 4. Radioisotope composition of feed waste solution and permeate solution after DCMD process.
Activity of the Activity of the
Radioisot Activity of the Permeate (PET Decontamination Permeate (PTFE Decontamination
L Feed (Bq/kg) TeMs-g-PS, Factor (D) Nanofiber Membrane Factor (D)
d =220 nm) (Bq/kg) d =220 nm) (Bq/kg)
#co 85.4 + 6.1 <1.0 85 165+ 1.1 10
137 @y 1900 + 27 <11 1727 433 439
#1Am <22 <045 5 >0.49 2

LLLRW was also purified with MD by using other types of membranes (see Table 5).
However, it is difficult to compare various results with each other, since the source of
contaminated waters was different, and therefore the composition of LLLRW was also
different. However, our group made a comparison between TeMs and nanofiber PTFE [179],
and relevant results are presented in Tables 3 and 4. The decontamination factor of PTFE
membrane is 10 for ®Co, 439 for 137Cs and >2 for 2! Am; the degree of purification is
several times lower than that of TeMs.

Table 5. A comparative analysis of the water flux, salt rejection and decontamination factor for some isotopes for different
types of membranes used in LLLRW applications.

Water Flux of LLLRW, s e e Decontamination
Type of Membrane g/m2.h Salt Rejection, % Faictor for Tsotopes Reference

60Co—85

Hydrophobic PET TeMs-g-PS 980 99.9 Bce 1727 [179]
HlAm—5
0Co—10

PTFE membrane 5000 90-95 137Cs—439 [179]
HlAmM >2

60
. Co—4336.5 y
PTFE spiral-wound membrane 1300-1800 >93 137Cs 438 [13]
60Co—400-1000
PES membrane 70,000-159,000 >90 137Cs—900-1400 [185]
855r—400-800

PP hollow fiber membrane 6300 99.6 Co (simulated) [186]

Ceramic NF membrane 20,000 99.9 Co (simulated) [187]
8sr—10°

Hydrophobic PP membrane 7100-30,300 / 60Cco—10% [188]
137Cs—103
85513700

PP hollow fiber membrane 5000-50,000 >90 0Co—8300 [189]

137Cs—6000

The results of the modification of PET TeMs for use in membrane distillation are
summarized in Table 6.

It was observed that the immobilization of silica nanoparticles leads to the highest
hydrophobization of the TeM surface, which makes it possible to modify membranes with
large pore diameters (up to 350 nm), which allows achieving water flux of 15 kg/m? h.
The main challenge of membrane hydrophobization is to find methods that allow the
hydrophobization of membranes with the largest pore diameter, which in turn will lead
to high porosity and water flux while maintaining a high degree of purification. As can
be seen from Table 6, covalent bonding of FDTS, photo-initiated graft polymerization of
TEVS, photo-initiated graft polymerization of styrene, immobilization of Si nanoparticles
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and plasma deposition of fluoropolymers led to sufficient hydrophobization of TeMs
with pore diameters of 220, 200, 220, 315 and 400 nm, respectively. Thus, the last two
methods have prospects for further use, since modified membranes have high values of
performance and purification degree, and they can compete with other types of membranes
(see Table 1). It should be noted that the main disadvantage of TeMs is their low porosity,
which limits water fluxes. However, as shown in [179], TeMs with narrow pore size
distribution led to better water purification from salts and LLLRW in comparison with
nanofiber PTFE membranes.

Table 6. Dependence of the LEP values and the contact angle on the pore size of the PET TeMs modified with different
methods and their performance in MD process.

Contact Water Flux, Salt

Modification Method Pore Size, nm Angle, ® gl h Rejection, % LEP, MPa  Reference
Covalent bonding of FDTS 410+ 14 104 / / 0.012 [178]
Covalent bonding of FDTS 305+ 13 107 / V4 0.039 [178]
Covalent bonding of FDTS 220+ 11 109 97_f§; (3;(1) 8/L 98.4 0.340 [178]

Photo-initiated graft 88—for 30 g/L
polymerization of TEVS and VIM 20k 10 10 NacCl 2 2l L)
Photo-initiated graft 1254—for
polymerization of styrene 20kl 2L 30 g/L NaCl 82 040 (223
Photo-initiated graft 219.3—for
polymerization of styrene 2= 1 # 30 g/L NaCl b cl (73]
Photo-initiated graft 107.7—for
polymerization of styrene P12 1 30 g/L NaCl At D0 [173]
Immobilization of silica 15,000—for
nanoparticles o6 L 30 g/L NaCl 2 00 [131]
Immobilization of silica 6500—for
. 3
nanoparticles 263+5 132 30 g/L NaCl % 0430 [234]
Immobilization of silica 2200—for :
nanoparticles . 135 30 g/L NaCl % >0430 [131]
Flasmzidepaitioniot 400 85-95 1100-2900 95-100 / [133]

fluoropolymers

There is also the problem of evaluation of the degree of salt rejection. This parameter
has been estimated in different ways by different authors. Some of them take into account
changes in conductivity only in the feed solution, while others use the following equation:
R% = 1-TDSpermeate / TDSgeeq- This equation gives an overestimated value of the degree of
salt rejection, since it does not take into account the volume of liquid from the permeate
side, and evaporation of water from the hot side is also possible.

In our works, for a more accurate evaluation of the degree of salt rejection (R), the use
of the following equations is proposed [131]:

R = 100 — (C’ea‘ X 100%) 1)
Cfic
Ao x 1000
Creal B T (2)
Am X Cfeed
Che = —————=¢ 3
1C mp

where R—degree of salt rejection,%; C,ey—concentration of NaCl in permeate side after
MD, g/L, calculated according to conductivity (conductivity of 1 mg/L NaCl solution is
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2.3 uS/cm); Cg—theoretical concentration of NaCl (provided that feed solution passed
without purification), g/L; Ac—difference in conductivity of permeate solution before and
after MD, uS/cm; 2.3 mS/cm—change in the conductivity of the solution with the addition
of 1g/L of NaCl; Am—permeate gain after MD, g; Cfeeg—initial concentration of salt in
feed solution, g/L; mp—mass of water from the permeate side before MD, g.

Thus, different methods for estimation of the degree of salt rejection do not allow
direct and reliable comparison of the data obtained. Therefore, it is necessary to adopt and
use a universally agreed method of calculation of salt retention.

6. Conclusions

The studies presented in this review allow us to say that TeMs have the prospect of
being used in membrane distillation. Specific features of TeMs such as controlled pore size
and narrow pore size distribution and thickness lead to more efficient water purification,
and this is clearly seen in the purification of low-level liquid radioactive waste. On the
other hand, the low porosity of such membranes limits their water flux; nevertheless, water
fluxes have an average value in comparison with nanofiber or electrospun membranes.
Thus, we are confident that TeMs can be used in the precision treatment of hazardous
wastes. Moreover, further developments in the modification of track-etched membranes
for membrane distillation may result in the formation of omniphobic and Janus surfaces
with the aim to expand the use of such membranes in the separation of oil- and surfactant-
containing aqueous systems.

Moreover, we would like to emphasize that such membranes can be obtained with
precisely defined channel sizes and porosity; that is, the number of these channels per cm?
can be controlled with high accuracy. Thus, such membranes have the potential to be used
as model membranes for the development and confirmation of models, including for the
MD process. For instance, they have been used to confirm a model for LEP prediction.
We believe that by grafting biocidal polymers and polymers showing affinity to specific
compounds and metals, research in this field will widen the use of TeMs in MD applications.
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AbcTpakT: MeM0OpanHas auctuaaanys (M) ssasercs OypHO pas3BMBalOIIeiicss 001acThIO Mccae-
AOBaHUII ¥ HAXOAWUT MpVUIMeEHeHNe B OIIPeCHEHNN BOABI, OUMCTKe OT HeAeTY4NX BeIecTB U KOHIIeH-
TpUPOBaHUN Pa3ANIHBIX PacTBOPOB. B ToM 0030pe IpeAcTaBAeHbI AaHHbBIE HeJaBHIX MCCAeA0Ba-
Huii nponecca M/, xkongurypaunn MA, tnna meMOpaH n ruapododbusanun MeMmOpan. Ocoboe
3HaveHNe MPUJAeTcs MeToaM IuapododusaIuy 1 UCI0Ab30BaHNIO TpeKOoBEIX MeMOpaH (TM) B
npornecce MA. I'mapodobusie TM Ha ocHoBe moamsTmaeHTtepedrasara ([19TD), moausuHU-
angendpropuga (ITBADP) n moankapbonara (ITK) Haman mpuMeHeHne B O4MCTKE BOABI OT COAEN 1
IeCTUIINAOB, a TaK’Ke B OUVICTKe KMAKIX PaAMIOaKTUBHBIX 0TX0A0B HU3Koit akTusHOCTH (JKPO). Ta-
K1te MeMOpaHBI XapaKTepU3yIOTCsl Y3KIM paclipejeleHneM IIOp IO pa3MepaM, TOYHBIMU 3HaUeHU-
SIMU 4MCAa TIOP Ha €AVHUILY IIAOIIAAM M MaAOM TOAIIMHOM. DTU CBOVICTBAa MeMOpaH IO3BOASIOT
JICTIOAB30BaTh UX 4451 001€ee TOYHON OUMCTKM BOABI, a TAK’Ke B KauecTBe MOJEeAbHBIX MeMOpaH A4s

IIPOBEPKN TEOPETUIECKIX MOAeAeI?I.

Karouesbie caoBa: TpeKOBbIE MeM6paHLI, MeM6paHHafI ANCTUAASIIVSL, O6ECCOAI/IBaHI/Ie, IIpMBUBOY-

Has moanMepusanysl, ruapododHas MeMOpaHa

1. Beeaenue

ITo ganubIM BcemupHOI opraHmsanuy 3ApaBoOXpaHeHNs, B HacToslee Bpems 1
MAPJ 4eA0BeK He MMEeIOT AOCTyIa K YMCTOM BOAOIIPOBOAHOM Boge, a K 2025 T. 9TO uncao
MOKeT yBeANInUThest 40 3,5 Mapa [1-6]. Cpeant HOBBIX TEXHOAOTUII OYMCTKU IUTHEBOM
BOABI MeMOpaHHBIe IIPOLIeCCH ABASIOTCI Hanboee 5GPeKTUBHEIMI 1 DHeprocoeperaro-
mumMu. K MeMOpaHHBIM IIpolleccaM OYMCTKYU BOABI OTHOCATCSI MUKpoduabTpanus [7],
yasTpadpuasTpanys [8], HanHopmasTpans [9], mpsamoit n oOparHsIil ocMoc [10] 1 MmeM-
opanHas aucruaasuusa (MA) [11].

M/ cTraHOBUTCSI OAHOM 13 NePCIeKTUBHBIX MeMOPaHHBIX TeXHOAOTUI 4451 OYMCTKA
CTOYHBIX ¥ IUTLEBBIX BOZ OT Pa3AMUHBIX COAeN TAKeAbIX MeTaaaoB [12], paagnoHyKANA0B
[13], mpuMeHeHNs B NNIEBON U TEKCTUABHON IpoMbliiileHHoctu [14,15] u ¢papmaries-
tuke [16]. ITponiecc M/ coctouTt 13 Tpex cTaguii: UcIapeHe MCXOAHOTO pacTBOpa ¢ Trops-
gell CTOpOHBI MeMOpaHBI, IIepeHoC Iapa yepe3 MOophl InapodpoOHON MeMOpaHbl 1 KOH-
AeHcall/s Ilapa Ha IepMeaTHOl CTOpoHe MeMOpaHul. B mponecce M/ nopucras mem-
6paHa 401kHa OBITh TMAPOPOOHOT, TO3BOASAIONIE N IIPOXOAUTH TOABKO MOAEKYAaM BOAS-
HOTO Iapa, HO He caMoli Boge. MeMmOpaHa TakKe 404>KHa 004ajaTh XOpOIleli TepMude-
CKOJI CTabMABHOCTBIO, YTOOBI BEIA€PKMBATh BEICOKIIE TeMIIEPaTyPhl, ¥ HU3KOI TEILA0IIPO-
BOZHOCTBIO, UTOOBI IIpeAOTBPAaTUTh IHOTepHu Terda depes MeMmOpany. Ilo cpasHenmio c
ApyruMu MeMOpaHHBIMU MeToJaMM pasdedeHns M/ uMeeT cyljecTBeHHbIe ITpenMyle-
CTBa, TaKye KaK BBICOKasl CTeIIeHb OUMCTKI OT coAeil MeTaaA0s (6oaee 90%) 1 Apyrux He-
AeTYYMX COeAVHeHNII, OTHOCUTeAbHO HMU3KIe paOoure TeMIlepaTyphl U JaBAeHUsI, IIPo-
CTOTa anmapaTypHOI KOHCTPYKIIMH.



Tepmun «MeMmOpaHHas AMCTUAAALNA» BIlepBble Obla BBegeH bogeaaom B maTeHTe
[17], a B 1967 1. PunAAM [18] onybaAMKOBaA MepBYIO HAyYHYIO CTAThIO IO MeMOpaHHOI
neperouke. OH NCIIBITaA pa3AMdHble TUIIBI MeMOpaHHBIX MaTepualoB (aAIOMIHIeBasd
doasra, 11€4110103Has T1A€HKA, CTEKAO) B YCAOBUAX IPSIMON KOHTaKTHON MeMOpaHHOI
auctunaasauu (I1TIKMA). B kagecTse MaTepnaa0B A1 TIOBBIIIEHNS TUAPOPOOHOCTI MeM-
OpaHbI MCII0AB30BAANCH CUANKOH 1 Tepa0H. Ha ocHoBaHMM 9THUX pe3yabTaToB OBLAM yCTa-
HOBAeHBI TpeboBaHI K MeMOpaHaM A5 ucrioas3osanst 8 M. OaHako Hay4HBIN MHTe-
pec k mporeccy M/ 6sicTpo yrac 8 1980-x rogax. CHUIKeHMe MOMyASPHOCTU OBIAO BBI-
3BaHO HECKOABKMMIU IpMYMHAMM, TaKUMU KaK OTCYTCTBUE IOAXOAAIINX MeMOpaH A5
Ipoliecca, BHICOKas CTOMMOCTh MeMOPaHHOIO MOAYAs M HU3KNE 3HaYeHNs IIPOM3BOAM-
TeABHOCTU TI0 CpaBHEHUIO ¢ 0OpaTHEIM ocMocoM. C pa3pabOTKOI HOBBIX TUIIOB MeMOpaH
U yAY4YILIEHHBIX MeMOpaHHBIX MOAyAeit nHTepec K M/ cHOBa cTaa Bo3pacTars.

3a nocaeanne 20 aeT KOAMIECTBO IMyOAMKALIMII IO TeMe «MeMOpaHHas AVCTUAAS-
LST» C Ka’KABIM T'OAOM POCA0, KaK IIOKa3aHO Ha PUCYHKe 1, Tde IOKa3aHO KOAMYECTBO
Iy0AMKAaIIII 10 YeThIpeM TUIIaM KOHPUTYpanuii MeMOpPaHHON AVCTUAASIINIL
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Pucynox 1. Koamyectso myOAMKamuii o TeMe «MeMOpaHHast AUCTUAAAIA» (IIOMCK IO KAIoJe-
BBIM CA0OBaM «MeMOpaHHasA AUCTUAAAIUA», «DCMD» (mpsiMast KOHTakTHas MeMOpaHHas AUCTIUA-
aanu), «VMD» (BakyymHas MeMOpanHas guctuaaanus), «cAGMD» (MeMOpaHHas AUCTUAAALINA C
BO3AYIIHABIM 3a30poM), «<SGMD» (MeMOpaHHas aucTuaaAnus ¢ rasoHocuteaem)) ¢ 2000 mmo 2020 r.
(aaHHDIe B3sTHI 13 Oa3bl gaHHBIX Science Direct).

B cBs3m ¢ yBeamdeHneM KoAMdecTBa IMyOAMKaIMii IO AaHHOM TeMaTuKe BO3HMKAA
HeOoOXOAMMOCTb B CHCTeMaTU3aliuM ¥ aHaAlM3e OIyOAMKOBaHHBIX paboT. B amreparype
UMeeTcsl psJ, OIyDAMKOBaHHBIX OO30PHEIX CTaTel Mo ®Toit Teme. Aaxyaxupu u Ap. [11]
PaccMOTpPeHBl MeXaHU3MBI TeIlA0MaccollepeHoca, TUIbl Konurypaunii M/ u xapakre-
puctuxku MmeMOpas. O030p Mokasaa HeoOX0AMMOCTh cOOpa AaHHBIX KPYITHOMAaCIIITaOHBIX
nccaeaosasnii M/, paspabotku MembpaH ¢ BRICOKUMM THAPOGOOHBIMU CBOVICTBAMU 1
AAAbHENINero U3ydeHns BAVSAHNIS pabounx IIapaMeTpoB.

B apyrom oG3ope [19] ommcaHsl MeMOpaHBI Ha OCHOBE HaHOBO/OKOH, ITOAyYeHHBIE
MeTOAOM 9AeKTPOCINHIUHIA AAsl IpuMeHeHMst B M/. MeMmOpaHbl, M3rOTOBAEHHBIE 3
HaHOBOAOKOH, ITOKa3aAy BBICOKIE TTIOKa3aTeAN B OUMCTKe COAell U IIPOU3BOANTEABHOCTIA.
TeM He MeHee, aBTOPBI OTMETMAM, YTO MOVCK IIOAXOAAIIEN T MeMOpaHHO CTPYKTYPBI, AU-
3alfHa U MeTOAa M3TOTOBAEHNs Ba’KeH AAsl yYAYUIIeHNs XapaKTepUCTUK.

Heaasumne agoctiokenns B 061acTy AeKTPOCIMHIHTA HEBOAOKHICTEIX MeMOpaH A5
MD 6s1au paccmotpens [1an u ap., [20], rae paccmaTtpuBaanch Kak MCXOAHbIEe HAHOBOAO-
KOHHBIe MeMOpaHBI, TaK 11 X MOAUpUKaIy (HaIpuMep, HeopraHMIeCKMMI HaHOYacTH-
naMu u Ppropcodep>KamiuMu areHTamn). Moandunxkanns memOpan Aag M/ npuseaa x



MOBBIIIEHNIO ITPOU3BOAUTEABHOCTH 1 CTEIIeHN OYMCTKH coaeit. OgHaKo aBTOPHI CChlaa-
IOTCs Ha Ip0o0AeMy KpyITHOMAacIITaOHOIO IIPOM3BOACTBA MOAM(PUIIMPOBAaHHBIX HaHOBO-
AOKOHHBIX MeMOpaH 1 IX IIOBeAeHle B OTHOIIIeHN 3arpsA3He L.

TF'apPyp u ap. [21] mpeacTaBrAM HOBbIE TMOPUABI MEMOPAHHON AVCTUAASILINY C II0-
BBIIIIEHHOI »HeprosP¢PeKTUBHOCTHIO. ONMCcaHbl MepCreKTUBb TMOPUAHBIX cucteM M,
IIAIOCHI ¥ MUHYCHI Ka’KAOTO TMOpMAHOTO mporiecca. Apyrie aBTopsl [22] paccMoTpean
BO3MOXKHOCTD MCII0AB30BaHMs TnOpuAHoit M/: rubpuanas 6mopeakropHas MeMOpaH-
Has auctnaasuus (MABP) u 6uopeakTopHast MeMOpaHHasT AUCTUAAAIUS TIPSIMOTO OC-
Moca (MAITO) mpeacraBasior coboit 0cOOEHHO yAauHYI0O KOMOMHAIIMIO A4S OYMCTKU
CTOYHBIX BOA. MeMOpaHHas AMCTUAASIINSA C TIOHMKeHHBIM AaBaeHueM (MAITA) n obpart-
HBIIl DA€KTPOAMAaAN3 Tak’Ke MOTYT MCII0Ab30BaThCs A4 OAHOBPEMEHHO pereHeparnmu
BOABI U dHeprum. Poit u gp. [23] onleHnAN BKAIOYeHNe HaHOMaTep1aa0B HOBOTO ITOKO/e-
HISI, TaKMX KaK KBAHTOBBIE TOUKY, MeTaAl00pranndeckue Kapkacsl (MOK), meTaaaouast
U HAHOYaCTHITBI Ha OCHOBE OKCIAOB MeTaA10B B MeMOpansl 241 M. Hegasamit mporpecc
B obaactu goTtorepMmudeckoir MembpanHoi guctuaasiuu (PTA) 6s1a paccmotpen Pa-
3armyp u Ap. [24], KoTopble MPOUAAIOCTPUPOBAAN HOBbIE MEXaHU3MBI M TpeOOBAHMS K
MeMOpaHaM. Takke paccMaTpuBaANCh M3rOTOBAEHME VI MHOTOCTyIIeHYaTasl Moguduka-
uus MeMOpaH 445 POTOTepMUIECKON MeMOpPaHHON AVCTUAASIIINIL.

JocTiKkeHns B yAy4IIeHUN CBOICTB MeMOpaH, TpeAHasHaueHHHIX 4451 M/, nipea-
cTaBAeHHI B 0030pax [25,26]. brran 06cy>k4eHbl OCHOBHBIE ITPMHLINIIB, KOHPUIYPAIIUN I
TpeOyeMble XapaKTepUCTUKU MeMOpaH B M/ 4451 40CTVKeHNsT HaMAYYIINX Pe3yAbTaToB
B IIPOM3BOAUTEABHOCTU U CTETIeHN OYUCTKM coaelt. Ocoboe BHUMaHUE YAeAsSA10Ch TOAY-
9eHMIO IMApo¢dpOoOHEIX MeMOpaH MeTOA0M MHBepcun (a3 ¢ pasAMIHEIMU 400aBKaMU 4151
HOpoOOpa3oBaHsl, ITeppTOPUPOBAHHBIX II0AMMEPOB U1 HEOPTaHMYECKUX HAaHOYaCTULI.

Ycnexn 8 Mogudukanuy MeMOpaH 4451 IToAydeHn:a oMHIPOOHBIX nan SIHyc mosepx-
HOCTell (YCAOBHO OZHAa CTOPOHA/IIOBEPXHOCTh MeMOpaHbI AMO(]UAbHAs, a Apyras CTO-
poHa/TI0BepXHOCTh AMOPOOHAS) IO3BOAUAU paclmputsh M/ Aad OYUCTKU BOABI OT
Macaa, ITAB n crabuansnposannasix [TAB smyabcnii [27, 28].

B 6oab1nHCTBE 0030pOB YKa3bIBaeTCsl, UYTO OTpaHUYeHUs] MeMOpaH 445 KpyITHOMac-
mtabHoro M/ 3aka1049aroTcsl B 3arpsA3HeHNN IIOBePXHOCTY, OTHOCUTEABHO BBICOKOI Tell-
AOTIPOBOAHOCTI HamboJee IOIMYASPHBIX IMAPOPOOHEIX IIOAMMEPOB, MCIOAb3yeMBIX B
MJ (nmoansuanazedpropua, noAuTeTpapTOPOTUAEH U OAUIIPOIINAEH) IIO CPaBHEHUIO C
[I9T® nan nmoankapbonat (1K), BBICOKMX DHeprozaTparax, pacIpeHny IPOU3BOACTBa,
yAy4IIeHUs TPOU3BOAUTEABHOCTY U CTEIIEHM OUMCTKM BOABIL.

B »TOM 0630p€e MBI COCpes0TOUMMCs Ha UCII0AL30BaHNH TpeKoBbIX MeMOpan (TM) B
MA, uto paHee He 00CY>KAa10Ch B OO30PHBIX CTaThsX. Tak’ke paccMaTpUBaIOTCA IOCAEA-
HIe JOCTVKEHNS B OCHOBHBIX acriektax M/, Takux Kak KoH}purypanum MmeMOpaHHON AU-
cTnaasnuy, TpedoBaHMs K MeMOpaHaM 1 sl MeMOpan. TM xapakTepusyIioTcst reomMeT-
pMeli Iop ¢ BO3MOKHOCTBIO peryANMpPOBaHNs X Ha e AMHUITY T110Iaal, Y3KUM pacipeje-
A€HMeM IIOp IO pasMepaM, MaAoi TOAIIMHOM U U3BUANCTOCTBIO, paBHO 1. CepBu 1 Ap.
[29] xoaMYeCTBEHHO OLIeHNAY BAUSHIE TTOAMMEPHBIX MOKPBITUM, MHULIMUPOBAHHBIX X1-
MMYEeCKUM OCaXkKAeHueM I3 Iaposoit ¢asbl, Ha npoHurjaemocts TM Ha ocHose ITK.
Yamanu n ap. [30] pazpaboTaan MoAeAb TeHETMYECKOTO IIPOTPaMMIPOBaHIA Ha OCHOBE
CFD 241 o1leHKM KpUTUYeCKOTo gaBAeHns nmpoHnkHoseHus (LEP) u mpoTtectuposaan ee
Ha TM. Kpome Toro, Kak ylmoMiHaA0Ch BhIIIe, YHUKaAbHbIE cBOVicTBa TM ITO3BOASIOT I10-
BBICUTD CTeIIeHb OYMCTKY BOABL.

2. Konpurypanym MeMOpaHHOM AVICTUAASIIINA

Kak rmokasaHoO Ha pUCyHKe 2, CyIIIeCTBYIOT YeTbhIpe M3BeCTHbIe I XOPOIIIO M3ydeHHbIe
KoHuUrypauym MeM6pansoi ancruaasuym: DCMD (mpsAMast KoHTakTHas MeMOpaHHas
auctunaaanus), AGMD (meMOpaHHas AMCTUAASILINSA C BO3AYLIHBIM 3azopoM), SGMD
(MeMOpaHHas1 AMCTUAAANNA ¢ TazoHOCUTeaeM) 1 VMD (BakyymMHas MeMOpaHHas AMCTIA-
aanus) [31-34]. Taxxe M3BECTHHI TpU AONOAHUTEAbHBIE KOH(PUIYpaLMI: >KMAKOCTHAs
MeMOpaHHasl AUCTUAAAIIAS UAM MeMOpaHHas AMCTUAASLNS C BOASHBIM 3a30pPOM
(LGMD/WGMD), TtepmocraTmdecKkasi MeMOpaHHas AMCTUAASALNA C IPOAYBKOM Trasa
(TSGMD) n BakyyMHas1 MeMOpaHHas AMCTUAASIINSA C BO3AYIIHBIM 3a3opoM (VA-AGMD)
[35-37].
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Water vapor Water vapor condenser ~ Water vapor Water vapor

Membrane Membrane  Condensed Membrane shetbrase
water Sweep gas Vacuum

Pucynoxk 2. Cxema TUImmaHbIX KOHUrypammm MmemopanHoi ancruaasmym: (a) DCMD; (b)
AGMD; (c¢) SGMD; (d) VMD [38].

MembOpanHas auctuaasnus npsamoro kontakra (DCMD) npeacrasasiet coboit mipo-
CTENIIYIO CXeMY, B KOTOPOI IIOTOK Topsyeii U XOA0AHOM JKUAKOCTU Pa3aeAseTcs: Iuapo-
$obuoit mMemOpanoil. Pa3HOCTD JaBAeHMI, BBI3BaHHAs TeMIlepaTypHBIM TIpajlieHTOM
MeXXAY ABYM:sI CTOpOHaMM MeMOpaHBI, BAedeT 3a CoD0i MaccoIlepeHoC 4epe3 IIOPLl MeM-
Opan. B mporiecce M/ yepes ropsl MeMOpaHbl IPOHUKAIOT TOABKO MOAEKYAbl BOASHOTO
Iapa, a MOAeKyAbl KMAKOCTU He JO/AKHBI IIPOXOAUTD depe3 MOPH IMAPOPOOHOIT MeM-
Opansl. V3-3a pasHuIIbl B JaBAeHNY [Tapa AeTy4dle COeAMHeHIs VCIIapIOTCs, a MOAeKY.Abl
Iapa, IpOoXoAs Yyepes3 IOpbl, KOHAEHCUPYIOTCA Ha XOA0AHON CTOpoHe (mepMmear). Takas
koHurypanusa M/ mmpoxo ucroansyercs Ha npakTuke [39—45]; oH Takke XOpOIIO
IpeJcTaBAeH Ha PUCyHKe 2a.

Kondurypanns AGMD npeariosaraer Haaudme BO34yIITHOTO 3a30pa, PACIIOA0XKEeH-
HOTO MeXXAy XOA04HOM CTOPOHOI M MOBEPXHOCTLIO0 KOHACHCUPYIOIIeICS SKUAKOCTH [46—
49]. T1ap, mpoxoas depe3 IOpH MeMOpaHbI 11 BO3AYIITHEIE 3a30PbI, KOHAEHCUPYeTCs Ha
IOBEPXHOCTU OXAaXKAAIOIIel I1AacTUHBL B Takoit kondurypamum BO3AYIIHBIN 3a30pD
OOBIYHO SIBASETCA OlpeAeASIoniuM GpakTOpOM Macco- U Ter1000MeHa, 9TO CITOCOOCTBYeT
MOBHIIIEHNIO TepMimrdecKoit ag¢exrusHOCTU ITporiecca [50,51]. BozaymHerit 3a30p yMeHb-
IINT IIOTEPU TeIlla 3a CYeT IIPOBOAMMOCTH Yepe3 MeMOpaHy U cHU3UT 9 PeKTUBHOCTh
nporecca. [Ipn sToM map Ao04>keH IepeceKaTb BO3AYIIHYIO IIperpaay, IosTOMY ITOTOK
YMEeHBIIIaeTCs B 3aBUCUMOCTH OT 9P PeKTUBHON TOAIUHEI BO3AYIITHOTO 3a3opa. ToamnuHa
BO3AYIIIHOTO 3a30pa sABASETCS BaKHBIM (aKTOPOM, BAMAIOIIMM Ha XapaKTepMCTUKUI
AGMD [52]. ITpon3BoauTeABHOCTh YBEAMIMUBAETCS C YMEHBIIEHeM TOAIIVHEI BO3AYIII-
HOTO 3a30pa. BeposTHO, 9TO CBsA3aHO ¢ pacTymuM IpalleHTOM TeMIlepaTyphl BHYTPU I1a-
poBoro npocrpaHcrsa [45,53]. YcraHOBA€HO, UTO TOAIMHA BO3AYIIIHOIO 3a30pa MeHee 5
MM CYyIIeCTBEHHO BAMAET Ha IIpoIjecc MeMOpaHHOI auctnaaanuu [54,55]. [lanrapkap n
Ap. [53] mposepuan BAMAHME TOAIIMHEL BO3AYIITHOIO 3a30pa Ha IPOM3BOAUTEALHOCTD
repmeara ¢ MCI0Ab30BaHueM Iuapododnoit memOpansl u3 IITOD 8 AGMD. Toammuna
BO3/YIIIHOTIO 3a30pa Bapbuposadack oT 1,2 40 3,2 MM. PesyapTaTsl mokasaau, 4TO IMOTOK
IepMeara yMeHbIIIaACs C yBeArdeHrieM TOALMHbI BO3AYIITHOTO 3a30pa.

B SGMD npoayBouHSbIII a3 UCIOAB3YeTCs Ha CTOPOHe IIepMeaTa B KaueCTBe HOCH-
TeAs AAsl yAaZeHM Tlapa 1AM cOopa Iapa ¢ HoBepXHOCT MeMOpaHs!I [56-58]. Kak 1 mpu
MeperoHKe ¢ MeMOpaHOIl ¢ BO3AYIIHEIM 3a30pOM, IIOTOK Ta3a CHMXKAeT IIOTepU Teraa U
3HaYMTeALHO yBeAndnBaeT MaccoreperHoc. OgHaKo MCII0Ab30BaHNMe TaKOTo TUIIa KOMIIO-
HOBKM Helle4ecooOpa3Ho 13-3a I110X0i BOJOIPOHMUIIaeMOCTI ¥ HeO0OXOAMMOCTH 00Ab-
mux 00beMOB IIPOAYBOYHOTIO Ta3a, YTo BAedeT 3a OO0t 4OIIOAHUTeAbHbIe 3aTpaThl [59].

Baxyymuasa memOpanHas guctuaaanus (VMD) ocHoBaHa Ha ITpUMeHeH!UN BaKyyMa
CO CTOPOHHI ITepMeata. B 9Tol1 koHpuUIypalumu IoBepXHOCTh, Ha KOTOPOM KOHAEHCUPY-
eTcs Iap, oTdeleHa OT MeMOpaHBI 3a CdeT CO3JaHMsI BaKyyMa Ha APYTOJi CTOpOHEe MeM-
6panbl. HegocTatkamm Takol KOHPUIYpPAIIUM SBASIOTCA CAOXKHOCTD alllapaTHOTO IIPO-
eKTUPOBaHM:, CBA3aHHAs C YCTAHOBKOI AOPOTOCTOSINNX KOHAEHCATOPOB M OOABIIMMU
reperajaMiu 4aBAeHIs Ha IIOBEPXHOCTY MeMOpaHBI, YTO MOXKET IIPUBECTH K CHVU>KEHMIO
ruapododbuoctu [60-65].

IMpu xmaxocTHOI MAM MeMOpPaHHON AMCTUAASIINU C BOASHBIM 3aszopoMm (LGMD
nau WGMD) 3a3zop mMexxay MeMOpaHOI U ILAaCTUHOI 3aII0AHAETCA AVCTUAANPOBAHHON



BoAoI. Boga, ucnapsomasicst ¢ ropstaeri cTopoHsl, AupPyHAUPYET depe3 MOPHl MeM-
OpaHBl 1 KOHAEHCUPYETCs B XKMAKOCTHOM 3a3ope. boabime rorepu teraa AeaaioT 9TOT
MeTOJ, MeHee ITPaKTUYHBIM B MCII0Ab30BaHNM [35,66—68].

B TepmocTatiueckoit mpoAyBodHOII razoBoii MeMOpanHoi Anctuaasauym (TSGMD)
MHEPTHBIN a3 MPOIyCcKalOT MeXXAy MeMOpaHOIl 1 ITOBEPXHOCTHIO KOHAEHCAIINN (XOA0A-
Hol creHKoI1). Haamune rmoBepXHOCTM KOHAEHCAIIMI Ha XOA04HOM CTOPOHe CHUKaeT TeM-
IepaTypy IpOAYyBOYHOTO Ia3a, YTO IIPUBOAUT K YBeANIEHUIO ABVDKYIIEN c1ABI U DPek-
TuBHOCTM ouncTKi. OAHAKO ®Ta KOHQPUIypauus B HacTOsIIee BpeMs He IepCleKTUBHa
U3-3a TPYAHOCTeN aIlllapaTHOTO IPOeKTUpoBaHus [36].

Takum oOpa3zoM, Kak BUAHO M3 OIMyOAMKOBAHHEIX CTaTell, MeMOpaHHas AVCTUAAS-
nus npsiMmoro kKoHtakra (DCMD) sasasiercs HanbOoaee n3ydeHHOM U 9P PEKTUBHON KOH-
¢urypanmeit B rexnosorun M/. OHa xapakrepusyeTcss HUSKUM DHeprornorpedieHneM 1
IIPOCTOM amrapaTHOV KOHCTPYKIIMEN, a IIPOLIeCC OCYIECTBASETCs IIPY OTHOCUTEABHO
HUBKMX TeMIlepaTypax. V3 HegoCcTaTKOB CTOUT OTMETUTh HEBO3MOKHOCTH MCIIO/Ab30Ba-
Hus M/ npu pasgeaennn aerkoaeTydmx cMeceit [69-71].

3. TpeboBaHMsI K MeMOpaHaM A4sI MICIIOAb30BaHISI X B MeMOpPaHHOM! AVICTUAASIIINN

OcHOBHOIT XapaKTepIUCTUKON MeMOpaHBbl, MCII0Ab3yeMoll B M/, siBAsIeTCsT BRICOKAs
rnapo¢dpoOHOCTS, HMPEIITCTBYIONIasl IIPOHMKHOBEHUIO XMAKON (asbl uyepe3 IIOPHl MeM-
Opansl. Ha mpaktuke memOpans! u3 noanmnpormaena (I1I1), moan(suananaendropnaa)
(IIBA®) n noau(rerpaproparusena) (IITTOD) naeaabHO MOAXOAAT 4451 DTOTO TpeOOBa-
Hus. Kpome Ttoro, MeMOpaHBl A40AKHBI UMeTh KpUTHUECKOe JaBAeHle ITPOHUKHOBEHM:
(LEP) ue menee 2,5 6ap. LEP — 570 aaBaeHMe, He0OX0AUMOE 4451 IPOXOXKAEHVL SKUAKOCTU
gyepe3 nTopsl MeMOpanbl. O6pr4HO B M/ 1c110463y10T MeMOpaHbI ¢ guameTpom 1op ot 0,1
40 1 MKM, Tak Kak JaabHellIllee yBeArdeHne AraMeTpa Iop OTpuIjaTeAbHO BANIET Ha Be-
anmauny LEP [72].

YTBepkaaeTcs, 4TO MPOU3BOAUTEABHOCTh M MacCOOOMEH CHMKAIOTCS C yBeAnde-
HIeM TOAIIVHBI MeMOpaHbl, a Malasl TOAIIVHA IPUBOAUT K TEILAOBBIM IIOTEPSM, YTO
HeraTuBHO BAMSET Ha ABVDKYIIYIO cuay npouecca [73,74]. IlosTomy onTmMaabHOM TOA-
muHoI MeMOpans! [75] canraercs ot 10 20 400 MKM A4s pa3AMdHBIX MpuMeHeHnit. ITo-
PUCTOCTD ABASIETCS eIlle OAHVM Ba’KHBIM (PAaKTOPOM 4151 MeMOpaH, BRICOKOe 3HaueHVe KO-
TOPOTO MPUBOAUT K yBeANUEHUIO ITpou3BoauTeabHoCT. OOBIUHO A4 MeMOpaH Iopu-
crocts Koaebaetcs ot 30 20 90 %, B ToM uncae A4 MeMOpaH, II0AyJYeHHBIX METOA0M DAeK-
TpOCIIMHHMHTIA [76].

Taxum obpaszom, MmeMOpaHa, ncroassyemasn 5 M/, g0axHa 061a4aTh CAe AYIOITIMI
CBOVICTBAMMU:

1. 3nauenne LEP ne menee 2,5 Gap.

2. Y3K0e pacrpejeaeHne IOp 10 pa3MepaM AAsI CHIUDKEHUs PUCKa CMadMBaHUSI IIOP.

3. Pexomenayemerit pasmep nop memo6pan ot 0,1 20 1 MKM.

4. OnTMazbHas TOAIIMHA MeMOpaHHl A0AKHA OBITh B ITpedeaax oT 10 20 60 MKMm.
Boaee Toacteie MeMOpans! (>60 MKM) caedyeT UCIIOAB30BaTh IPU OUMCTKE BBICOKOKOH-
LeHTPUPOBAHHBIX CMECEeNL.

5. ITopucrocts MeMOpaHBI 404>KHa OBITh KaK MOXKHO BHIIIIE.

6. KonrakThsii yroa cmaunsanns (KYC) memOpan 4045keH OBITh KaK MOSKHO D0OAbIIIe

(>90°).

4. MeMOpaHBI 4251 MeMOpPaHHOM AVICTUAAALIAN

4.1. Tunovt membpar

4.1.1. ITaockue MeMOpaHBbI

B mporjecce M/ ncroan3yiorcs pasandHble TUIIBI MeMOpaH. B TexHoA0TIIX pase-
A€HUA U OYNUCTKM 3a rocaeanne 50 AeT HanOoAee U3YYeHHBIMI U IIMPOKO UCIIOAb3Yye-
MBIMU SBASIOTCA ILAOCKMe MeMOpaHEI [77]. DTOT Tun MeMOpaH OAXOAUT AA51 BCEX TUIIOB
koHpurypauuii MD, Takux kak DCMD, AGMD 1 VMD. OcHOBHBIMU IIpeuMYyIIleCTBaMU
IIA0CKMX MeMOPpaH SBASIOTCA IIPOCTOTa M3TOTOBAEHNS, COOPKM, DKCIIAyaTaI[UM M MCIIBI-
TaHMWIL, 9TO JeAaeT MX Hanbo.ee IIOAXOAAIIMHI A5 ICITOAB30BaHMS B MEMOPaHHBIX IIPU-
AO>KEeHVISIX.



4.1.2. CoupaabHO-HaBUTbIe MeMOpaHBI

CrupaabHo-HaBUTEIe MeMOpaHsl B M/l 11ccaeA0Baauch AAs1 OIIPeCHEHNST COA0HOBa-
TOJI 1 MOPCKOJI BOAHI [78—82]. B kauecTBe MeMOpaHHBIX MaTep1a10B MCIIOAb30BaAVICE CAe-
aymormue noanMepsr: TI1, noansunnaxaopug, (I11BX), noanstuaen (119), ITT®D u cunTe-
Tigeckre cMosl [83]. B coctas pyA10HHBIX MeMOpaH BXOANUT caM MaTepuad, cerdaras Ipo-
KJdaAKa, HOCUTeAb IlepMearta VM OIIOPHBIN cA0¥1 MeMOpaHbl, 00pa3yIomnii KOAIadoK, Ko-
TOPBINI HaMaTbhIBAETCS U 3aKpydMBaeTCs BOKPYT NepdOpUpOBaHHON TPyOKU Aasl cOopa
nepmeara. OgHaKo CIIMIpaAbHO-HAaBUTHIM MeMOpaHaM He OTAaBaAll IIPeAIIouTeHe B IIPO-
necce M/ n3-3a cyIiecTBeHHBIX HE40CTaTKOB (CAOXKHOCTb OYMCTKM M 3aMeHBI 3arps3HeH-
HBIX yJacTKOB) [78,84].

4.1.3. Tpybuatsie MeMOpaHBI

IToMMMO MAOCKMX ¥ CHIMPaAbHO-HABUTBIX MeMOpaH, 4451 OIIPeCHEeHIsT MOPCKOI, Co-
/AOHOBATON U CTOYHBIX BOJ M3y9aANCh TpyOuaThie MeMOpaHBbl. TpyOuaTsie MeMOpaHBI 11C-
noas3osaauch npu DCMD, VMD 1 AGMD [85-88]. Cpeayt OCHOBHBIX 4OCTOMHCTB CTOUT
OTMeTMUTDb HU3KYIO CKAOHHOCTH K 3arps3HEHNIO, IIPOCTOTY OOCAY>KMBaHM ¥ XOPOIIYIO
IA1o011aAb KOHTaKTa, 9TO AelaeT UX MpUBAeKaTeABHBIMU 445 KOMMepPUYecKoro IpumeHe-
Husa. OgHako ¢ passurueM M/, mcrnoas3oBaHme TpyO4daThIX MeMOpaH COKpaTHAOCh B
CBA3U C ITOsIBAeHMeM 0oaee 9PpPeKTMBHBIX ITA0CKIX U IT010BO10KOHHBIX MeMOpaH.

4.1.4. TloA0BOAOKOHHbBIE MeMOpPaHBI

B rocaeaHume roabl M0A0BOAOKOHHBIE MEMOpaHbI CTaAl Hanboee 4acTo UCI0Ab3Ye-
MbIMU B iporiecce M. Coraacno Kamauo [43], MaTepuaabl, MCIIOAb3yeMble 4451 U3TOTOB-
A€eHMsI TT0A0BOAOKOHHBIX MeMOpaH, B ocHOBHOM coctosT u3 I1I1, IIBA® u IIBAD-TITDD.
MeMOpaHHBI MOAYADb U3 TTOABIX BOAOKOH IMeeT CaMyIO BEICOKYIO II10THOCTh KOMITOHEH-
ToB [11,89], Hanayumyio 8$pPeKTUBHYIO I10Ijalb ITOBePXHOCTI Ha eAMHMILy oO0beMa 1
BBICOKYIO 9 PeKTnBHOCTS [77]. KpoMe TOro, 1010BOAOKOHHBIE MeMOpaHbI MOTYT pabo-
TaTh IPM OYeHb BBICOKUX AaBaeHUsAX (0oaee 100 Oap) [44] 1 moTpeOASATH TOpasA0 MeHbIIe
sHeprun. HecMoTps Ha 9TO, 11010B0O10KOHHEIE MeMOpaHbI MMeIOT CyIlleCTBeHHbIe He0-
cratku. Banr u Uynr [90] onpeaeanan, 9To OCHOBHBIMI HeAOCTaTKaMM 9TOTO TUIIa MeM-
OpaH SIBASIOTCSI HU3Kas IPOU3BOAUTEABHOCTD VI HU3KIE MeXaHIIecKue csorictea. Kpome
TOTO, MO/ble BOAOKHA MMEIOT CBOMCTBO 3arpssHATLCS [91], a 3aMeHa IOBpe>KAeHHBIX BO-
AOKOH — TPYA0eMKMUII 1 goporocroAmuii mpoitecc. [Tomumo MJ, Takue meMOpaH»I 1c-
MOAB3YIOTCS B XKMAKOCTHOM SKCTPaKLIVM, OIIPECHEHUN ¥ OYMCTKE CTOYHBIX BOA.

Taxum oOpasom, B mporiecce M/l 1CII0Ab3YIOTCS pasAMdHbIe TUIIBI MeMOpaH, He3a-
BICUMO OT THIIa camoro mporecca. CpeAn epcIIeKTMBHBIX TUIIOB MeMOpaH caeayeT OT-
MeTUTD IT010BOAOKOHHbIE MeMOpaHbl; 04HAKO CyIleCTBeHHBIMI HeAOCTaTKaMM SABASIOTCS
HEeyAO0OCTBO B DKCIIAyaTaluu u caabble MexaHmdeckue cporictsa. Hamnboaee onrumasn-
HBIMU TUIIaMM MeMOpaH, UCII0Ab3yeMBbIX B M/, SIBASIOTCA 11A0CKe MeMOpaHBI.

4.2. Memodvt uszomoséaeruss Memopar OAs MemOparHHot QUCUAAAYUY

Mem6pansr 4451 M/, MOTYT OBITh M3IOTOBAEHBI C IIOMOIIBIO IIPOLIECCOB PaCTSIKEHIL,
mHBepcyn a3 1 daeKTpocnHNHTa [25,92-94]. Heckoabko TuIIoB MeMOpaH OBLAM IPUTO-
TOB/EHBHI C UCIOAb30BaHMEeM KOMOUHAIIMM pa3ANMIHbIX MeToa0B. XKy [95] paspaboTaa HO-
BYIO TUApOo¢dOOHYIO IT0A10BOAOKHUCTYIO MeMOpany 13 ITTPD MeToa0M X0104HOTO TIpec-
COBaHI, BKAIOYasI DKCTPY3UIO, pacTs>KeHNe U CITIeKaHIe.

Pacrarusanue — 910 MeT0Z, 6€3 MCII0AB30BaHIS pacTBOpUTeAeli, IPU KOTOPOM MeM-
OpaHBI M3rOTaBAMBAIOTCA IIyTeM DKCTPY3UM ITOAMMeEpa IpHU TeMIleparype, OAM3KON K
TeMIlepaType ero IldaBAeHus, ¢ oOpa3oBaHueM MUKpOIop [96]. DTOT MeToA M3roToBAe-
HIA JellleBae, ueM Apyrue MeToasl. [Ipu pacTsskeHun rnoammMepa ¢ 9aCTMYHONM KpucTad-
AMYIHOCTBIO, BBITSHYTOTO K OCM OpMEHTallMM KPWUCTaAAWUTOB, IOAMMEpP DKCTPYAUPYIOT
Ipu TeMIlepaType HU>Ke ero TOUKM IAaBAeHMs ¢ oOpa3oBaHueM ItdeHKHU. C ITOMOIIbIO
HTOTO MeTOJa MOJKHO I10Ay4aTh MeMOpaHBI C BEICOKOI ITOpucTocTsio (90%) 1 ogHOpOA-
HOW IOPUCTOM CTPYKTypoi [97,98].

Musepcus ¢pas — »T0 mpornecc pazaeaenHns a3, BKAIOYAIOMNI KOHTPOANPYEMbII
Iepexo/, IoAnuMepa U3 pacTBopa B TBepA0e COCTOsIHMe. JI3TOTOBAeHNe IIyTeM MHBEPCHUI
(a3 MOXKHO pa3AeAnTh Ha cAeAyIOIIye BTaIlbl: CHayala I'paHyAbl IIOAUMeEpa pacTBOPSIOT
B pacTBOpMTeAe, YTOOBI ITOAYIUTD AUTEIHBIN pacTBOP, KOTOPHIN 3aTeM OTAMBAIOT Ha I1Aa-
CTMHY. 3aTeM MOAYKMAKYIO IIAeHKY OTAMBAIOT Ha IAaCTUHY U IIOTPY>KalOT B BaHHY A



ocakaeHms1. B urore obpasyercs noaumMepHas I4eHKa C aCUMMeTPUYHON 1AM CUMMeT-
pU4HOI cTpyKTypOi [97].

DTOT MeTO4 MOKHO MCIIOAB30BaTh 445 IPUTOTOBAEHMS KaK aCMMEeTPUYHBIX, TaK I
CMMETPUYHBIX IOPUCTHIX MeMOPaH C UCII0Ab30BaHNEeM Pa3ANIHBIX METOA0B, a IMEHHO
daszosoro pasaeaenns 6e3 pactsoputeas (NIPS), Tepmudeckoro ¢paszosoro pasaeaeHns
(TIPS), maposoro ¢azosoro pasgeaenus (VIPS) u ¢pasosoro pasgeaeHust, MHAYIIMPOBAH-
Horo ucnapenueM (EIPS). ITepsrie 4Ba MeTOAa HanboOAee YacTO UCIIOAB3YIOTCA A4S U3TO-
TOBAeHVLI TUAPOPOOHBIX MeMOpaH [99].

INoaygyenne ruapodpobunix [IBAP membpan metogom NIPS oGcyxaaercsa B pabote
[100]. I'mapodobHEle MeMOpaHBI C BHICOKMM KpaeBBIM yraoM (~148°) Oplay MoAydeHBI C
HU3KOI IIOBEPXHOCTHOI BHeprueit, 6e3 Mogudukanmy nosepxHoctr. OOpasoBaBIIVIOCs
MeMOpaHy CHadyala IOTPy>KaaM B CIIMPTOBOI pacTBOp, a 3aTeM MOTPy>KaAl B BOASHYIO
KOaryAsSLVIOHHYIO BaHHY 4451 OCayKAeHus rnoanMepa. MoauduumpobaHHsle MeMOpaHbI
6b1a1 ucpitansl B DCMD, n 65110 0OHapy>KeHO, YTO ITPOM3BOAUTEABHOCTD W CTEIIEHb
OUIICTKM OAM3KM K [TOKa3aTeAssM KomMepuecku AocTynHbeix [IBAP memOpan [101].

A5 M3TOTOB/AEHNSI HAHOBO/OKOHHBIX MeMOpaH 4451 M/ 6blaa mpeAa0>KeHa TeXHO-
aorys daexTpocnyHHyHrIa [19,20,76,93]. DaexTpocnnHHUHT — 5P PEeKTUBHBIN METOZ U3~
TOTOB/€HIsI HaHOBO/OKHMCTEIX MeMOpaH C BBLICOKOJ IMOPMCTOCTBHIO U IIePOXOBaTOCTBIO.
DTOT MeTOA COCTOUT M3 TpeX OCHOBHBIX KOMIIOHEHTOB: MCTOYHMKA BBICOKOTO HaIlpsKe-
HIA, IIIPUIIa C MeTaAAMIeCcKol Ura0i u cobupalomniero 6apadana. Bricokoe Hampsoke-
HI1€ UCTIOAB3YeTCsI A5 CO3AAHII DAEKTPUIECKN 3aps>KeHHOM CTPYH pacTBopa IIoArMepa.
IToanmepHble MeMOpaHBI, IT0Ay4eHHbIE METOA0M DAeKTPOCIMHHIHTIA, MeIOT BHICOKOe
OTHOIIIeHIe I110I11aAM IIOBEPXHOCTH K 00bemy 1mop [102]. MeMOpaHbI M3roTaBAMBAIOT 13
Ppa3AMYHBIX IT0AMMepoB, B ToM uncae [1BAD [103-105], I[IBAP-S5iO: [106], moauctupoaa
(ITC) [107], ITT®D-nmoansuamMAanerara [108] n IIBAP-SINP [109]. CaeayeT oTMeTHUTS,
9TO TaKye MeMOpaHBbI ObLAM MCII0AB30BaHbI BO BCeX THUIIaX KOH(PUIYPaLIIIL.

KebOpus n ap. [104] mpeaaoKmam MeTO/, MOBLIIIEHNS FI/IApOCl)O6HOCTI/I MeMOpaH 13
HaHOBOAOKOH IIBA® myrtem BBeseHUS ACHAPUTHBIX CTPYKTYP 3AEKTPOCIIMHHUHIOM.
JeHAPUTHBIE CTPYKTYPBI OBLAYM CUHTE3UPOBAHbI IIyTeM ITOAUKOHAEHCAIIUN MEXAY TUA-
POKCMABHBIMI TpynmamMy OeMmuTa U KapOOKCMABHBIMM TPYHIIaMM HUTPUAOYKCYCHOI
KICAOTHL. BamsHme pazamyHoro xoamdecrsa A€HAPUTHBIX CTPYKTYp Ha MOP(OAO0TMIO
MeMOpaHBl, 91€MeHTHBIIT COCTaB U IMAPOPOOHOCTD ITOBEPXHOCTH OLIEHIBAAY C [IOMOIIIBIO
COM n usMmepeHns KpaeBoro yraa cMadusanmst. Kpaepoit yroa cMadmBaHus yBeAMIMUACS
npumepHo co 129 a0 139°, a mpou3BOAUTEABHOCTD U CTEIIEHb OYMUCTKI COAeN COCTaBUAN
11 xr/m249 1 99% COOTBETCTBEHHO.

Ke u ap. [107] yaaaocs noayuuts ruagpodobHble IOAUCTUPOAbHBIE MeMOpaHbl Me-
TOAOM DAEKTPOCIMHHMHIA C AaMeTpOoM BoAoKHa oT 150 20 240 HM nIpu M3MeHeHnI KOH-
LIeHTpalum moAncTupoaa ot 8 20 12%. B xauecTse 400aBKM MCITOAB30BAAN J0AETIVLACY Ab-
dar marpua. MoauduimpopaHHas HaHOBOAOKOHHas MeMOpaHa 064ajada AOCTaTOYHO
BBICOKOII IOPMCTOCTHIO (00aee 80%), y3kuM pacrpedeeHneM II0Op IO pasMepaM U 604b-
IIMM 3HAYeHMeM KpaeBoro yraa cmauusanus (6oaee 100°). I'mapodobuble MeMOpaHBI
OBLAM VICITBITAHBI 4151 OYUCTKM MOPCKOI BOABI METOAOM MeMOpPaHHOM AUCTUASILINU B Te-
genne 10 g paboTer mpu nponssogureasHoct 31 xr/m?>4. @oH n ero koaaern [110] Opran
IepBBIMY, KTO MCII0Ab30Baa MeMOpaHbl 13 HaHosoaokHa [IBA® B mpouecce MJ mpu
ounctke coaesblx pacTsopos NaCl. ITponssoaureapHOCTN 1 O4NCTKA coan cocTasuan 11
000-12 000 r/m29 1 99 % cootsercTBeHHO. ITpuaI 1 ap. [111] yaaa0ck yBeAMduTs KpaeBoit
yroa cmaumsanus [1BA® meMOpaH, ToAy4eHHBIX ®A1eKTpOCHMHHMHTOM, ¢ 80° 20 154° 3a
CJyeT BHEAPEH!sI B ITOAMMEPHBIN MaT HaHOYACTUL] IMApo¢dpoOHOI ranHbl. ['napodobHse
MeMOpaHBI IIOKa3aAM XOpolllee 3Ha4eHUs CTeIleHy o9ncTKu coan (98,2 - 99,9%).

Ayonr n Ap. [112] usyunan moaydeHre HaHOBOAOKOHHBIX CTHUpPOA-OyTajueH-CTU-
poabHbIX MeMOpaH (CbC) MeToA0M saeKTpocIMHHMHTA. Bh1A0 OOHapY>KeHO, UTO IO CpaB-
HEHUIO ¢ KOMMepuecK! 40cTynHbIMU MeMOpaHamu us ITTOD memOpansr ns CbC nMeror
Goaee BEICOKME 3HAUYEHNs yIla CMadMBaHIA M CTelleHN o9ncTky coan. Cpeau HejocTaT-
ko CbC-meMOpaH MOXHO OTMETUTh HM3KYIO IPOM3BOAUTEALHOCTh IO CpaBHEHMIO C
[ITPD.

Xaitet u Ap. [113] uccaesoBaHBI ABYXCAOVHBIE HAHOBOAOKOHHEBIE MeMOpaHBbI C pas-
AMIHBIMU TUApodoOHBIMU cBovicTBaMu (IIBAP-110amcyapdoH), 10AydeHHBIE METOAOM
9AEKTPOCIIMHHIHTA. BBIIBAEHO, YTO ABYXCAOHBIE MeMOpPaHBI Aydllle IIPOITyCKalOT BOAY
IpY OIIpeCHeHNM 10 CpaBHEeHMIO C OAHOCAOMHEIMM MeMOpaHamu. IIponssoanTeabHOCTD



ABYXCAOVIHBIX HAHOBOOKOHHBIX MeMOpaH Ipu KoHLleHTparuu coaeit 12 u 30 r/a cocras-
astan ~50 000 n ~48 000 r/m2-4, a cTereHb OYMCTKM COCTaBAsA0 99 %.

br14 caeaaH BBIBOA, 9TO 91eKTPOPOPMOBaHILE SBASETCS HaeXKHBIM CITOCOOOM MOAY-
geHs1 TAPOPOOHBIX MeMOpaH [26, 102, 114]. OTHOCHTEABHO HM3Kas CTOMMOCTD, Bapya-
TUBHOCTb MCIIOAB30BaHMSI Pa3AMYHBIX ITOAVMEPOB U MaTep1aloB ¥ BO3MOXKHOCTD II0AY-
JeHNs BOAOKOH JMaMeTPOM OT HeCKOABKIX HAHOMETPOB A0 HECKOABKIX MUKPOH A€AaI0T
BTOT METOA U3roToBAeHMs 604ee DPPeKTUBHBIM I10 CpaBHEHUIO ¢ Apyrumn [115].

4.3. OcHogrvle NOAUMEPBL OASL U320MO6AEHUS MemOpar

B Hactostmee BpeMst B M/ UCIIOAB3YIOTCS pa3ANIHBIE IIOAVIMEpPHbIe MeMOpaHHEbIe
Marepuaasl, Takue Kak [1TT®D, II1, I[IBAD [116-118] u noanstuaenrepedprasar (II2TD).

Cpean srimenepeuncaeHHbix Matepuaaos ITTOD ((-CoFsa-)n) MMeeT HaMMeHBITYIO
IIOBEPXHOCTHYIO dHepruio okoao 9-20-10- H/m [119]. DTo BHICOKOKPMCTAAAMIECKIUIT T10-
AVIMep C IIPEeBOCXOAHOII TEPMMUYECKOI U XMMMUIECKOI CTOMKOCTBIO. MeMmOpany us [TTOD
4acToO M3roTaBAMBaIOT IIyTeM CIIeKaHsI UAM DKCTpy3uu pacraasa [120, 121].

IMoaunponmaen (ITI) ((-CH2-CH[CHs-])n) Tak>ke sBAsSeTCS BBICOKOKpUCTaAAMYe-
CKIM TepPMOILAacTOM, HO MeeT 00.1ee BEICOKYIO ITOBepXHOCTHYIO sHepruio (30-10-° H/m),
gem [TT®D [43]. [TopucTele TOAUTPONNUAEHOBBIE MEMOpPAHbl OOBIYHO M3TOTaBAMBAIOTCS
MeTO40M DKCTpy3unu pacnaasa [122-124], a Tak’ke METOAOM TepMUYECKM MHAYIIMPOBaH-
Horo ¢azosoro pasaeaenus [87, 125]. Ilo cpaBHeHMIo ¢ Apyrumu MeMOpaHaMI, VCITOAb-
syeMbIMK B MD, noanmnponnieH OTHOCUTEABHO BBITOAEH C TOUKM 3peHNs1 MaTepualoB U
IPOMU3BOACTBEHHBIX 3aTpaT. O4HaKo caabas BOAOIIPOHMUIIAEMOCTh U YMepeHHas TepMu-
JecKas CTab1MABHOCTD TP MOBBIIIIEHHBIX TeMIIepaTypax 3aTPyAHAIOT eT0 UCII0Ab30BaHIe
npu MA [126].

IBA® ((-CF2-CHz-)n) mMeeT moYTH TaKyIO >Ke IOBEepPXHOCTHyIO dHepruio (~30-10-3
H/m), 9ro u noaunponuaex. B orandne oT Apyrux moAnMMepos, UCIOAb3yeMEIX B M,
IIBA® aerko pacTBopseTcs B HEKOTOPBIX PacCTBOPUTEASX, TaKMX KaK H-MeTUA-2-TINPPo-
AVAOH, AuMeTnAaneTamug u Anmetuadpopmamug, [127-129], a raxxe aerko repepabatsl-
BaeTcs B paclllaBe 13-3a ero HU3KOI TeMIlepaTyphl naasaeHusa 170°C.

B nocaeanee spems B mponecce M/ Hawaan nccaeaosats [TOT® ((-CioHsOs-)n) Mem-
opans [130-133]. [IDT® npeacrasaseT coboit MOAMMEP C BHICOKOI XMMUYECKOM U Tep-
MOCTOMKOCTBIO, XOpOIIeil CTOMKOCTBIO K OpTaHMYeCKMM pacTBOPUTEASIM U KHUCAOTaM,
JMMeeT OTHOCUTeAbHO HU3KYIO TeIAOHPOBOAHOCTL NO cpasHeHMIO ¢ ITTOD. OgHako oc-
HOBHBIM HegocraTkoM [1DT® npu M/ sBastiorcs ero noayruapodobusie csoricrsa (KYC
55-83°) [134]. Aas ucnioaszosanust [IDTO TM 8 M/ Heo6X0AMMO 3HaYNUTEABHO ITOBBICUTD
ux rmapodoOHBIe CBOVICTBA. YAydlleHue IMAPO(POOHOCTM MOXKeT OBITh AOCTUTHYTO,
HaIlpuMep, nyTeM MOAMQPUKAIIUM IIOBEPXHOCTH ITyTeM HaHeceHUs IMAPOPOOHOro Io-
KPBITVS MAV IIPVBVBKY Ha IIOBEPXHOCTD Pa3ANIHBIX IMAPOPOOHEIX IPYIII, YTO OyJeT I10-
APpOOHO pacCMOTpPEHO B HTOM CTaThe.

4.4. Memodor moduduiayuu membpan

I'mapodoBHOCTH SBASETCSI OCHOBHBIM CBOVICTBOM MeMOpaHEI, KOTOPOe UTpaeT BaK-
HYIO POAbB B yAYYIIIEHUU IPOU3BOAUTEABHOCTI. B OCHOBHOM CIIOAB3YIOTCSI MEMOpPaHBI C
0O0ABIINM KpaeBbIM YIAoM cMauusaHus (0oaee 90°); o4HaKO CyllecTBYIOT MeMOpaHBHI C
MeHee ITAPOPOOHBEIMY ITOBEPXHOCTAMU. PasandHbie MeToAbI MOAMpUKAIINY, TaK/e KaK
AoDaBaeHMe TTopooOpasosaTteeii [135], mepdpTopupoBaHHEIX TIOAMMEPOB U HEOPTaHIIe-
CKux Ha"odacTuil [136], 1crioap30Baanch 445 yAydieHns IMApOoQpOOHBIX CBOVICTB 1 yBe-
AMYEeHMsI TPOU3BOAUTEABHOCTI.

Cumone u ap. [135] Mmoandpuumposaau MUKPOIOPUCTYIO TUAPOPOOHYIO BOAOKHU-
cryo MmeM6Opany us IIBA®. B xauectse mopoobpasoBartest MCIIOAb30BaAN MOAM(BUHNAA-
IMppoanAoH). I'mapodobHsle MeMOpaHBI MCIIBITEIBAAN METOAOM BaKyyMHOV MeMOpaH-
HOJ AVICTUAZASILINY C MCIIOAB30BaHIeM AVICTUAANPOBaHHOM BoAbl. IIponsBoanTeabHOCTD
Bapsuposadack ot 3,5 40 18 xr/m24 ipu 50 °C u BakyymmeTpuueckoM Aasaernu 20 mbap.
HeaocraTtkamu 9TOro MeToda ABASIOTCS HEBBICOKOE 3HaYeHNe IIPOM3BOAUTEeALHOCTY IIPU
OYNCTKe COAell ¥ HeOOXOAUMOCTD II0AAep KaHMNs BaKyyMa.

Dasu u Ap. [136] paspaboraau MeTOA M3rOTOBAEHMS TUAPOPUABHO-TUAPOPOOHBIX
ABYXCAOVHBIX 11010BOAOKOHHBIX MeMOpaH n3 [IBAD c ncrioassosanmem rmapodpobHOro
Moaudukaropa — anokcuaa kpemHusa. O0pasiibl MCIBITHIBAAN B MEMOpaHHOM AMCTUA-



ASIIIUY PacTBOpa XA0pKAa HaTpUs ¢ MeTaHOAOM. MakcuMaAbHOe 3HaueHle IIPOU3BOAI-
TeABHOCTH A40CTUTaA0 84 KI/M2-4, a CTelleHb O4MCTKY coan mpesbimalo 90 %. OaHaxo cra-
OMABHOCTD ABYXCAOVHO IMAPOPUABHO-TUAPOPOOHO MeMOpaHbI ObL1a HU3KOIA.

lapcns-Tlaito n ap. [137] moauduunposaan nmoansdpupcyardponrossie (IIDC) mem-
OpaHBI pacTBOPOM TPUMETUACUAUAXAOPUAA U TPUMETUAMETOKCUCHUAAHA 30Ab-TeAb Me-
ToAoM. Moauduxanms MoBepXHOCTY MeMOpaHEHI IIpuBela K YBeAMIEeHNIO KpaeBoro yraa
cMaumBaHus 40 119°. T'mapodoOHble MeMOpaHBI ObLAM VCIIBITaHEL B IIporiecce M. Ipo-
U3BOAUTEABHOCTD U CTEIIEeHDb OUMCTKY coAM cocTaBuan 4,47 xr/m24d 1 99% CcOOTBETCTBEHHO.
OCHOBHBIM HeZ0CTaTKOM DTOTrO MeToza Obl1a HepaBHOMEPHOCTh TUAPO(POOHOIO ITOKPHI-
TUSL.

Ddom [138] moayuna ruapodpodusle MmemOpansr [IBAP-5i0: meTogoM mHBEpCUM
¢as. [Toayuennsie MeMOpaHBI ObIAM OXapaKTePU30BaHbl METOAAMU CKaHMPYIOIIEN DAeK-
TPOHHON MUKPOCKOIINY, M3MepeHNeM KpaeBOro yriaa CMadmubBaHUs UM MHQpPaKpacHO
(MK) cnextpockonmmu. CTereHb O4IMCTKY cOAY OB110 BbIme 98% Ipu KOHLIEHTpaIi UM COAN
35 1/a.

Kaxk npasuao, Hanboaee 3(PpPeKTUBHBIMI MeTOAaMU MOAVMPUKAIIUN SIBASIOTCI MO-
AnduKanmy IOBepXHOCTU MeMOpaH, IIO3BOASIONIVIE B INMPOKIX IIpeJeaax U3MEHITh Ta-
KIle XapaKTepUCTUKM MeMOpaH, KaK IIepOX0BaTOCTh, IMAPOPOOHOCTh U TOBEPXHOCTHAS
sHeprus. Kpome Toro, Takum crrocoboM MOXKHO I'MApOpOoOM3NpPOBaTh IMAPOPUAbHEIE
IIOAVMEPEL.

IToBepxHOCTHOE TIOKPBITIIE MEMOpPaHBI — CaMBbIN IIPOCTOM CITOCOD YAYJIIIeHVIS THA-
podobHOCTM MeMOpaH IyTeM HaHeCeHUs Ha IIOBEPXHOCTb TOHKOTO (PYHKIIVIOHAaABHOTO
ca0s1. IToBepXHOCTHOE MOKPEHITHE YacTO OCYIIeCTBAAIOT 304b-Teab [139], nenTpudyrupo-
BaHyeM, nnorpy>kenueM [140] u apyrumu merogamu [141].

INpusuBOYHAs TOAVMEPU3AN CIUTAETCS OAHUM U3 5PPEKTUBHBIX METOAOB IIOBHI-
meHst TuapodobHOCcTH MeMOpaH. [ToBepxHOCTE MeMOpaHbI MOXKHO MOAU(UIPOBATh
3a cyeT 0Opa3oBaHMsI KOBa/JE€HTHBIX CB3€I MeXAY MeMOpaHOII U1 IIPUBUTBIMU LIeTLsIMIU. B
oTAM4ye OT IIpollecca IOKPHITV, IPUBMBOYHAS ITOAMMEPU3AINs YAydIIaeT XUMITde-
CKYIO cTaOMABHOCTD IIPUBUTOTO CAO0SL. APyTrMM CA0BaMU, OH MOXKET IT0AHOCTBIO PeINUTh
npo61emMy HecTaOMABHOCTH IMAPOPOOHOTO caos. ITpuBMBKa MOBEPXHOCTII MOXKET OBITD
AOCTUTHYTA C MICIIOAb30BaHVEeM pa3ANIHBIX MeTOAO0B, TaKMX KaK I11a3MeHHas 1 pajyali-
OHHasI pVBUTas HoauMepusans [116] u gporo- u TepMudecKas MHULIMMPOBAHHAs IIPU-
BUTasI IOAVMePU3alys O4HOTO MOHOMepa 1AM CMeCH AByX 1an 60.1ee MoHOMepoB [116].

I1arasmeHHas oOpaboTKa IpeacTaBAsieT cCOOOI Ipoliecc alcopOLUuy U MoAuMepu3a-
O MOHU3MPOBaHHOTO Ta3a Ha ITOBEPXHOCTU MeMOpaHbl. Moan(uKaIis II0BepXHOCTU
IHOAMMepa OCYIIeCTBASIETCS 104, AEVICTBIIEM BHICOKODHEPTETMIECKIX MIOHOB, PeaKTUBHBIX
gacTuI, 1 POTOHOB, TeHepUpyeMEIX Ipu paspaje. DPPeKTUBHOCTh I11a3MeHHOI oOpa-
OOTKI 3aBVMCUT OT Pa3sANIHBIX ITapaMeTPOB, TAaKUX KaK TUII I11a3Mbl (IIOCTOSIHHBIN TOK,
paanodacToTHas, MUKPOBOAHOBAsT), IIIOTHOCTh MOIITHOCTU paspsla, AaBAeHUe U Pacxos
ra3oBOll cMecH B KaMmepe, BpeMsi oOpaborku. IlaaszmeHHass oOpaOOTKa MOAMMEPOB B
MHepPTHBIX ra3ax (Hanpumep, He u Ar) aspdexrusHa 445 cozganmst cBOOOAHBIX paAVKal0B
U He A00aBAsAeT HOBBIX XMMUYECKUX (PYHKIIVOHAABHBIX I'PYIII U3 ra3oBoit ¢pasel. [1aas-
MeHHas1 oOpaboTtka B arMocpepe H20 man O: mcmoansyercs 441 CO3AaHMS TOASPHBIX
(pyHKIIMOHAABHBIX IPYIII, KOTOPbIE MOTYT 3HAaYUTEABHO YBEAMYUTH CBOOOAHYIO DHEPIMIO
rosepxHocty nmoanmepa. OCHOBHOe MPenMyIIecTBO HSTOT0 MeTOJa 3aKAI0JaeTcsl B TOM,
9YTO AOCTUTAETCsl paBHOMepHas o0paboTKa MOBEPXHOCTH, a TAyOMHa MOAMQPUIINPOBaH-
HOTO C/105 COCTaBAsIeT HeCKOAbKO HaHOMETPOB.

ITpn naasmenHO 06pabOTKe MOHOMEP 3aKauMBaeTCsl B BaKyyMHYIO KaMepy. Jaaee
1104, AeTICTBYIEM AaMIIBI IIPOMCXOAUT MOHMU3ALIVI MOHOMeEpa ¢ 0Opa3oBaHMeM aKTUBHBIX
gacTull c odOpazoBaHNeM CBOOOAHBIX U aKTMBHBIX paAMKal0oB. DTU pajuKaabl aAcopOupy-
IOTCST M BIIOCA€ ACTBUM ITOAMMEPU3YIOTCS Ha [IOBEPXHOCTY MeMOpaHBbI, co34aBast IIA0THBIN
IIOKPOBHBIN cao011 [142].

Boii n ap. [143] npeaaoxuan MeTo  MAa3MeHHOI 00paboTKi MeMOpaH U3 IMapo-
¢uasnoro noamsdpupcyappona (I1DC) B armocdepe deTbpexpTOPUCTOrO yraeposa
(CF4). PesyabTarsl 1okaszaam, 9To MoAuduKanusd Ipusela K 3HAYUTEABHOMY yBeAnde-
HMIO KpaeBoTO yraa cMadusaHus Boiie 120°. IIpoussoanTeabHOCTD IlepMeaTa 40cTurala
43 Xr/M?-4 IpU CTeIIeHU O4MCTKY coau 6oaee 98%.

ITaasmennas moaudmkanys [TAH meMOpaHBl 4eTHIpeX(TOPUCTHIM YIA€pOAOM
(CFs) Takke mpuMeHsAach B BaKyyMHON MeMOpaHHO auctuaasuuu [144]. AsTopsl



IpeAA0XKIAN CIIOCOO OYMCTKY DTUAalleTaTa 13 BOAHOTO pacTBopa BaKyyMHOI MeMOpaH-
HOI guctnaaanun. ViccaeaoBaHO BAVSHME YCAOBUIT MOAM(PUKALIUU I1Aa3MBl, TTIOPYICTO-
CTU TI0BepXHOCTU U 9PPeKTUBHOCTU pasdeleHns MOANPUIIPOBAaHHBIX MeMOpaH. YcTa-
HOBAEHO, YTO KpaeBoil yroa cMaunsanusa ITAH memOpans! yseanunacs ¢ 42 40 124°, Ho
IIPOU3BOAUTEABHOCTb OCTaAach B IIpejeaax 8 Kr/m2u.

Tooma [145] nsyuaa mogudukanuio IIBX sTnaakpnaaToM ¢ IOMOIIBIO pasMialiioH-
HOJl MHAYLIMMPOBAaHHON IIPMBMBOYHOMN ITOAMMEpU3alNN. YCIeX IPUBUBKY DTUAAKPU-
2Aarta Ha noBepxHOCTh IIBX 6514 mmoaTsep:kaeH AdanHbMU VIK 1 sHeproaucnepcnoHHON
penTreHosckolt (EDX) ciekrpockonuu. Y CTaHOBAEHO, YTO IIPOM3BOAUTEABHOCTD IlepMe-
ara yBeAndmaach npuMepHo B 15 pa3. MakcumaabHas IIpOU3BOAUTEABHOCTh COCTaBIAa
0K040 37 Kr/M2-4 11pu TeMIieparype KoHueHTpaTa 60°C u gaBaeHun Bakyyma 2 MOap.

/10 n ap. [146] 6p110 moaydeHs! TuapodpoOHEIe MeMOpanbl Ha ocHose IIDC myTem
paauanoHHON TpuBMBOYHON moanMmepusanunu 1H,1H,2H,2H-tepdpropaennimerakpu-
Aara. YCTaHOB/A€EHO, UTO I10cAe IIPUBUBKM MOHOMepa KpaeBoil yroa cMadMBaHMsl yBeAN-
ynBaeTcs 40 114°, a zmaMeTp mop MeMOpaHBI HECKOABKO YMeHbIIaeTcst. MemOpaHHas An-
CTUAASIINS IIPOBOAUAACH B BAKYYMHOM pPeXXIMe; IIPOMU3BOAUTEABHOCTh cocTaBmaa 50
KI/M?24, a CTeIleHb O4MCTKI coan 6oaee 90 %. V13 He40CTaTKOB MOXKHO OTMETHUTH KOPOTKOE
BpeMsi pabOTsI MeMOpaHBHI.

QoTomHUIIMpPOBaHHAs IPUBUBOYHAS [TOAMMEPU3aLNs B IIOCAeAHee BpeMs ABASIeTCs
JacTO MCIIOAB3yeMbIM MeToAoM npusuBku. Caaexu u gp. [147] paspaboTaan MeTOoZ X1-
MIYeCKOI MOAM(UKAIINY ITOBEPXHOCTU II10CKON MeMOpaHBI U3 ITOAUIIPOIAEHA C I0-
MOIIBI0 YP-IIpUBUBOYHON MOAMMEPU3alNy aKpMUAOBOI KIUCAOTHL, 2-TMAPOKCUDTIAME-
TakpumaaTa U STUAEHTANKOAbAVIMeTaKpuaaTa. [mapodpobHble MeMOpaHBI UCIIBITHBAAN B
MeMOpaHHON AUCTUAAAIINY; TPOU3BOAUTEABHOCTD IIPU PasAMIHOM COOTHOIIIEHUM MO-
HOMEPOB BapbMpoOBalach OT 3 40 8 Kr/mM%4, a CTelleHb OYMCTKY COAM COCTaBAsA0 Hosee
98%.

Kpartkast cBogka pe3yabraToB MoAndUKaIIUM pa3ANIHBIX TUTIOB MeMOpaH IIpeACTaB-
AeHa B Taba. 1.

Taxum oOpa3oM, MOKHO caeaaThb BhIBOJ, UTO CyIIIeCTByeT MHOXKeCTBO MeTOJ0B MO-
AudUKanyy, TaKUX KaK IIpUBUTas oAuMepusanus (PpoTo- ¥ TepMOVHUIIMUPOBAHHAS,
I/1a3MeHHasl, paAVallIOHHas), 301b-TeAb MeTOA M MeTO/ MOKPBITIS ITIOBEPXHOCTU MEM-
6panbsl. Mogudukanys MeMOpaH I103BOAsI€T 3HAYUTEABHO YBEAUYNUTH U Pa3HOOOPa3UTh
CBOIICTBa MaTepnasa. Beibop meToga MogmduKanmym 3aBUCHT OT yA00CTBa, ITPOCTOTEI
KOHCTPYKIIUM aIiapaTypsl 1 SKOHOMUYHOCTI

Tab6anma 1. CpoiicTBa HEKOTOPEIX MeMOpaH, UCIT0Ab3yeMbIX B M/, MOAMPUIIMPOBaHHBIX Pa3AMYHBIMI METOJaMU

Kpaesorit CrenteHn
PactBOpa ITponssoanrean- Ccbia
Tun meMOpaHBI MeTtoa Mogudukanum yroa cMa- OUNCTKM COAYA,
o KOHIeHTpaTa o HOCTD, T/M>q Ka
JUBaHUSI, Yo

I1BAD NIPS 148 NaCl 99 87,400 [100]
Hanosoaokuucrtsie [IBAD DAeKTPOCIMHHUHT 139 NaCl 99.9 10,700 [104]
Hanosoaoxknucteie [1C DAeKTPOCIMHHMHT 113 NaCl 99.9 31,000 [107]
Hanosoaokuucrsie IIBAD DAeKTPOCIMHHMHT 154 NaCl 99 5800 [111]
Hanosoaoxauctsr CBC MmeM- DAeKTPOCIIMHHUHT 132 NaCl 99.9 10,500 [112]

OpaHBbI
IBA®-1roancyapdoH DeKTpOCHMHHHT 130 NaCl 99.9 49,000 [113]
T1DC 304b-Teab 119 NaCl 99.3 44,700 [118]
TIBA® apoitmoro caon  £100A8Ka HepPTOpUpOBAN- ;45 NaCl 99.9 83,400 [127]

HBIX [TI0AVIMEPOB
IMBA®-SiO2 Pa3zoBast MHBEPCIS 92 NaCl 99.9 2900 [138]
IeC ITaaszmenHas 06paboTKa 120 NaCl 99.9 42,000 [143]
P -
TIBX AAMATHOMHAT TIPIBIBOT™ g Boaa / 37,500 [145]
Hasl [10AMMepHU3als
jicle Paananmon as puMs0s- ) NaCl 99.98 50,500 [146]
Hasl [TI0AMMepHU3aIis

II1 Y@-TpUBMEOURAs HOAME- 59 NaCl 97 3000-8000  [147]

pusanmsi

4.5. fleaerue 3azpssrenus



MemOpanHOe 3arpssHeHIe IIpeAcTaBAseT cODOIl IIpollecc OcaXkAeHUs PacTBOPOB
MAM YacCTUIL Ha IOBEPXHOCTU AU B IIOpax IOAMMepPa, BBI3BIBAIONINIA yMEeHbIIIeH!e ITPo-
M3BOAUTEALHOCTH IepMeara. XOT: 3arpsi3HeHMe MeMOpaHBbI sIBASeTCs OAHONM U3 KAlode-
BBIX ITp00.1eM MeMOpaHHO AUCTUAAAIINN, OHA 40 CUX ITOP I110Xx0 usydeHa. Kak mpasnao,
Ipu MeMOpaHHOI IeperoHKe CyllecTByeT HeCKOALKO TUIIOB 3arps3HeHIs: OMoaoride-
CKOe, HeopraHM4yecKkoe I opraH14yeckoe 3arpssHeHue [148, 149].

4.5.1. buoaornydeckoe 3arpsAsHeHe (O1o3arps3HeHNe)

ITpucyrcrne H6akTepmii MAM MUKPOOPTaHM3MOB Ha IIOBEPXHOCTY MeMOpaH IIpUBO-
AUT K BO3HMKHOBEHMIO OmosarpsizHeHnit. OgHako OmosarpsasHeHus 8 M/ BcTpedaroTcst
KpaliHe peAKO I10 CpaBHEHUIO ¢ ApyTruMu Bugamu. I1ockoAbKy MCXO4HBIN pacTBOp MMeeT
BBICOKYIO MMHepaAu3anuio, a mporecc M/ mpoTtekaeT Ipy OTHOCUTEABHO BBICOKUX TEM-
IlepaTypax, BepOATHOCTb BBIKIUBaHIsI OaKTepuil KpaiiHe Mada. DTOT TUII 3arpsI3HEHILS Me-
Hee uaydeH B M/ [150,151]. Kpusopot u ap. [152] usyyaau 6uosarpsisHeHMe ¢ MCIOAb30-
BaHIEeM TUAPO(POOHBIX OAUIIPONNAEHOBBIX MeMOpaH B IIpouiecce M. PesyapraTs! mo-
Kazaay HeDOAbIIOe yMeHbIIIeHNe IIPOU3BOAUTeAbHOCTU IIpu padote npu 40 °C B MeM-
OpanHOI gucTUAAsIIUN. B 9Tux ycaopnsix COM nzo0pakeHns! MoKa3bIBaIOT IIPUCYTCTBIE
MUKPOOPTaHM3MOB Ha ITOBEpXHOCTU MeMOpaHEL. I1oBsieHne TeMnepatypsl ot 40 40 70
°C npuBoAMA0 K YMeHbBIIIeHNIO O1103arpsi3HeHNnit Ha ToBepXHOCT MeMOpaHbl. HTyHbs 1
Ap. [153] nccaegosaan BausHMe HaHOYacTHUIL cepeOpa (AgNP) Ha 6mosarpssHeHne Ipu
MA. Moauduunposanusie HaHoBoaokHa [IBAD-AgNP MoryT 66T XOpOIIINM BHIOOPOM
AAsl yMeHbIIIeHIs1 O11010TMYeCKOTO 3arpsI3HeHN .

4.5.2. 3arps13HeH1e HEOpTaHMIECKIMM BelllecTBaMu

3arpsI3HeHMe HeOpTaHMYeCKMMM BellleCTBaMI ITPOMUCXOAUT AOBOABHO YacToO B MPO-
mecce M/ u siBAsieTCsl O4HO 13 KAIOYEBLIX ITpo0AeM IIpu opecHeHNnM BoAbl. Heopranm-
Jyeckoe 3arpsI3HeHIe BO3HUKAET M3-3a OCaXKAeHIs U KpUCTaAAU3aL UM COAe, IPUCYTCTBY-
IOIIMX B MICXOAHBIX pacTBopax. B mporecce M/ OCHOBHBIMU OTAOXKEHUAMMU SBAAIOTCA
xaopug Hatpua (NaCl), cyanpdarsr ocHopHBIX MeTaa10B (CaSOs, BaSOs, MgSO0s), pocdars
1 KapOOHAaThl KaAblys, OKCUABI aAIOMUHMS U Keae3a U Ap. I'pvita u ap., [154] usygaan
BANSIHME KoHIeHTparyum coau (pactsop NaCl) Ha mponssogurteasHOCTS ITepMeara B M.
ABTOpHI 3aMeTUAN 3HAYUTEAbHOE CHVDKeHIe TPOM3BOAUTEeABHOCTY IIepMeaTa Ipy KOH-
LeHTpanusax 40 ~48,9 r/a. Bausaue KapOoHaTa KaAbIIU: B MICXOAHOM pacTBOpe Ha I POu3-
BOAUTEABHOCTH ITepMeata usydaau Ksun u gp. [119]. Pazaoxenne kapOoHaTa KaAbIuis B
BaKyyMHOJ MeMOpaHHOI AMCTUAAAIIUY U MeMOpPaHHOM AMCTUAASINU C Ta30HOCUTeAeM
IIPOMCX0AMAO OBICTpee, YeM B MeMOpPaHHON AVCTUAASLINY IIPAMOTO KOHTaKTa. DTO CBs-
3aHo ¢ pactsopuMocTeio CaCQOs, xoTOpas oOpaTHO HMpPONOpPIIMOHAAbBHa TeMIlepaType.
CaegoBaTeabHO, BBICOKasl TeMIlepaTypa MCXOAHOTO pacTBOpa CIocoOCTByeT oOpasosa-
Huio kpucraaaos CaCOs.

4.5.3. 3arps13HeH1e OpTaHUYeCKMMMU BellleCTBaM I

Orao>xeHne opraHMYecKMX BelecTs, TaKMX Kak IToAucaxapuabl, 0eakn, KapOOHOBbIe
KIICAOTBI ¥ TYMMHOBBIE KVMCAOTHI, Ha ITIOBEPXHOCTY MeMOpaHBl MPUBOANUT K BOZHIKHOBE-
HIUIO OpTaHM4ecKoro 3arpssHeHus 8 M/ [155]. Opranmueckoe sarpsisnenue 8 M/ 6p110
nccaegosano Hariay u ap., [156]. Oru nsygaam opraHmdeckoe sarpsisHeHIe € MCII0Ab30-
BaHIEM MOJEABHEIX pacTBOpOB ryMuHoBoI KrcaoTsl (I'K), moancaxapnaa m Oerapero col-
BopoTouHoro aaroymuHa (BCA). PedyapTaTsl 1IoKasaau, 9To IoAMcaxapud, AeMOHCTPU-
pOBaa MUHMMAaABHOE 3arpsI3HeHNe 13-3a CBOel IMAPO(POOHOIT IPUPOABL, B TO BpeMsI KaK
BCA n I'K Ha moBepxHOCTH MeMOpaHBI 3HaUNTEeABHO CHIDKAAN ITPOU3BOAUTEABHOCTD 10
nepmeary Ha 50%. XaiteT u Ap. [157] ncnoassosaan pactsopsr I'K pasanaHoii KoHIleHTpa-
uyn 4451 M/ IpsIMOTO KOHTaKTa C CII0Ab30BaHyeM MeMOpaH 13 ITTOD u I1BAD. IToay-
JeHHbIe pe3yAbTaThl I0Ka3aAl, 9TO IIPOU3BOAUTEAbHOCTh YMeHbIAach Ha 8% mocae 30
Jacos pabOTHI.

5. TpekoBble MeMOpaHbI B MEMOPaHHOM AVICTUAASIIAN

Tpexossie MeMmOpans! (TM) rmoay4darot myteMm 00Ay4eHIsI TOHKMX ITOAMMEpPHBIX I11e-
HOK TsKeABIMM MOHaMIU C IocAeAyrorielt GpoToceHcuOmAn3aIeil 1 XMMIUIecKM TpaB-
AeHUeM AAsl KOHTpoAs pa3Mepa rop [158-165]. Bua csepxy Ha HIMKAOTPOHHBIN KOMIIAEKC



ALL-60 B VInctutyte sigepront ¢usnku 8 Hyp-Cyartane (KazaxcraH), a Tak’ke TUIIMYHEIE
COM nszobpaxenns ckoaa u Buja csepxy [I9T® TM nokasaHsr Ha pucyHKe 3.

Pucynox 3. lIukaorpon DC-60 (a); COM nsobpaskenne ckoaa ITOTO TM (b); COM uzobpaskeHue
nosepxHoctu ITOT® TM(c).

DTOT MeTo/ U3BeCcTeH CBOel CIIOCOOHOCTBIO TOYHO KOHTPOAMPOBATh Y3KOe pacipe-
AeZeHue 1op u pazMep nop. Pazmep 1 IMA10THOCTD ITOP MOKHO PeTyAMpPOBaTh B IITMPOKOM
AMaria3oHe: OT HECKOABKIX HaHOMETPOB 40 15 Mkm 1o pasmepy u ot 106 go 10° mop/cm?
1o naotHoctu. Ilopucrocts MeMOpaHbl B OCHOBHOM OIIpeAeAseTcs IPOA0AXKUTeAbHO-
CTBIO 00AYJeHMsI ¥ Pa3MepOM IIOp, a TeOMeTPsI IIOP B OCHOBHOM OITpeAeAsIeTcsl BpeMe-
HeM TpaB/AeHUs, TeMIlepaTypoli, KOHIleHTpalueil, Jo0aBKaMu 1 KOHQuUrypaimeit Tpa-
BUABHON BaHHBI [166-170]. CaeayeT oTMeTmTh, YTO MexaHmdeckme cpolictsa I[IDT®
IIA€HKM MOTYT M3MEHATHCA B Imporecce nsrorosaenns TM. C yBeandeHreM HOPMCTOCTI
MeMOpaHBI MexaHJecKe CBolicTBa MeMOpaHBbI cHIKatoTca. Hanpuwmep, gasa [IDTO TM
¢ pasmepom nop 400 HM 11 IAOTHOCTEIO ITOP 4x107 mpOYHOCTL Ha pa3phiB cocTasaseT 304,1
+7,0kI1a [171], 9TO AOCTaTOYHO MHOTO 445 TPAaKTUIECKOTO UCITOAb30BaHM. XMMMIIeCKUI
cocras nosepxHoctu IIDT® raxxe mamensercs B mpouecce TpasaeHus. B pabore [164]
ITOKa3aHO, YTO KOHIIeHTpalMs KapOOKCIABHBIX Ipyml yseananBaeTcs ¢ 0,84 HMOAB/cM?
aas ncxoanoro IID9T® g0 6 HMoab/cM? mocae POTOCEHCMOMAMBAIIUN U XMMUIECKOTO
TpaBAeHUs.

Usrorosaenne TM B Kasaxcrane ocy1ecTsaa410ch B 2adoparopusix VIHcTutyTa saaep-
noti pusuku 8 Hyp-Cyarane Ha yckoputeaprnom Komrraekce A11-60 (puc. 3A). Dror xom-
I1A€KC COCTOUT U3 TpeX KaHaA0B, OAMH 13 KOTOPLIX MCIIOAL3YeTCs 4451 Ipoussoactsa TM.

XapakTepHolt 0cOO@HHOCTBIO U ITpeuMyIecTsoM TM sBaseTcs peryasapHas reomMeT-
PV HOP C BO3MOXKHOCTBIO peryAMpOBaHus X KOAMYeCTBa Ha eAMHUILY I1A0IaAl U y3KOe
pacrpejedeHne IoOp II0 pasMepaM. DTO, B CBOIO oyepeap, oOecIiednBaeT 11eAeByI0 ceaek-
TUBHOCTb M BOAOIIPOHUIIaeMOCTh MeMOpaH [172]. TM mmpoxo ucroab3yioTcsi, Halpu-
Mep, B IpoIeccax Ipelju3MOHHON yAbTpadpuAbTpaiuy U MUKPOPUABTPAIIUU KIUAKO-
CTell ¥ ra3oB; B aHAAUTHYECKOM KOHTpOJe BeIeCTB; B INIIeBOl 1 (papMarieBTIIecKon
IIPOMBIIII€HHOCTY, MUKPODAEKTPOHMKE U APYTUX 001aCTAX HayKN ¥ IIPOMBIIILI€HHOCTI
[173-175].

INoaukap6onar (11K), [IBA® n II9T® ssagiorcs Hamboaee IIMPOKO MCIOAL3Ye-
MBIMI ITIOAVMMEPHBIMI I1eHKamu (5-24 MKM) 445 mpoussoactsa TM. DTu moanMepHsie
IA€HKI pa3AndalioTcs 110 KpaeBoMy yIAy CMadMBaHIsl, TeIIA0IPOBOAHOCTU ¥ CTOMMOCTA.
ITaenka IIBA® gopoxe mo cpasnennto ¢ [IDT® u IIK; xpome Toro, Tpasaenne IIBAD
MeMOpaH 0oee cA0KHO U TpeOyeT Bricokoi TemnepaTypsl (150 °C) n gapaenns (4 atm),
YTO 3aTPyAHSIET UX UCII0Ab30BaHNe B KPYITHOCEPUITHOM ITPOU3BOACTBE.

I[T9TP nmeer camyro Hu3KyIo Terraomnposoanocts (0,15 Br/mK, toraa xax ITK — 0,2
Br/mK, a [IBA® — 0,19 Br/MK) [176]. Uem HMDKe TeIIAOIIPOBOAHOCTH, TeM Dolee DHep-
ros¢PpexkTuBHEIM OyaeT mponecc MA.



IBA®D sasasercss 60aee tuapodpobHbIM nToaumepom (90°) mmo cpasHeHMIoO ¢ IIOTO
(73°) n 11K (82°). Ognako nocae ¢opMUpOBaHM:I KaHAAOB, KPaeBOIl yTOA CMadMBaHIA
I[I9T® TM Bapsupyetcs ot 40 4o 55° [164] B 3aBMCHMMOCTM OT pa3Mepa IOp, B TO BpeMsI
kak TM ms I1K cocrasaser ~55° [177], a TM u3 IIBAD ~49-72° [158]. Takim ob6pazom, Bce
IIZI€HKN JAOAXKHBEI OBITh I'MAPOQPOOM3NPOBAHBI, YTOOBI COOTBETCTBOBATh TpeOOBaHUSM,
IpeAbABAsIEMBIM K MeMOpaHaM B M.

Aapuuesa u Ap. [158] nucrioassosaan Hemoauduuuposanusie IIBAP TM ¢ KYC 49-
72° B MeMOpaHHOM AVCTUAASIINU C BO3AYIIHBIM HOCUTEAEM pacTBopos coaeir. OHU A0-
crurau npoussoauteabnoctn 38 100 r/a-m? co crerieHnI0 ouncTKY coan 99%. ABTOpPEI 00D-
SICHSIIOT DTO TeM, YTO HabAIOAaeMBbIll KpaeBoll yroA CMadMBaHILI ITIOBEPXHOCTU HE COOT-
BETCTBYET AeJICTBUTeABHOCTH, a IpeACTaBAsIeT COOOI caM Ka KyIuiics Kpaepoit yroa. [To-
PUCTOCTh TBEPAOIN ITIOBEPXHOCTU MeMOpaHbl yMeHbIIIaeT KaXKyIuiics Kpaepoit yroa. Oa-
HaKoO B 4aHHOI paboTe HeA0CTaTOYHO AAHHBIX, YTOOBI CAeAaTh BEIBOJ, O BO3MOKHOCTU VC-
I10AB30BaHIUs TaKoM ruapoduabHOi MeMOpaHsl pu M. Apropsr He nnpeactasuan LEP
aHaAM3, KOTOPBIV MOXKET MOKa3aTh IMIPUMEHUMOCTh MeMOpaHH 4451 M/ 11 BO3MOXKHYIO
yTeuKy BOABL IlpymueM cTemeHb OYMCTKM COAM PaCCIUTHIBAAU TOABKO IIO M3MEHEHUIO
9AEKTPOIIPOBOAHOCTM MCXOAHOIO pacTBOpa; IIepMeaTHBIN pacTBOp He aHaAU3UpPOBaACs,
ITO MOKET IIPVBECTU K 3aBBLIIIEHHBIM pe3yAbTaTaM IO CTeIIeH! OYUCTKU COANL.

Mertoarr rugpodpodbusanyu ITOTD TM aas M 6s1au paspaborans! asTopamu [133]
u Harmel rpymmoii [130, 131, 178, 179]. IT9T® o6aasaeT BEICOKOI MPOYHOCTLIO, XMMITJIe-
CKOJI ¥ TEPMOCTOMKOCTBIO. OH yCTOYMB K Pa3ANMIHBIM CAa0OKOHIIEHTPUPOBAHHBIM AN
HEKOHIIEHTPMPOBAaHHBIM KICAOTaM I IleA04aM, ITpaKTUIeCcKy HepacTBOPUM B OOABIINH-
CTBe OpraHMJYecKIX pacTBopureseri. KpoMe T0ro, oH mMeeT HU3KYIO CTOMMOCTDb ¥ HU3KYIO
TeIA0MpOBOAHOCTb. TakuM oOpasoMm, [IDTP sBaseTcs mpuBaekaTeAbHBIM MeMOpPaHHBIM
Matepuaaom Aasa TM, ucrioassyemsix B M.

DdPexTuBHOE UCIoabzoBanme TM B M/, a TakXe B IIpoIjeccax IIpsIMOTO OCMOCa U
¢uarrpanun TpedyeT pacimpens guara3oHa UX XapaKTepUCTUK (pa3Mep 1 CTPYKTypa
rop, rugpodobHOCTS/TUAPOPUABHOCTD, CO34aHIE HA IIOBEPXHOCTU CIIEIIMAABHBIX XVMU-
gyeckux rpymm). Paspaborka meroaos Mogudukanun IT9TP TM ¢ coxpaneHnem mopu-
CTOII CTPYKTYPBHI 4451 AOCTVIKEHVsI KOHKPETHBIX (PMBUKO-XMMMIECKMX CBOVICTB M DKCILAY-
aTallMIOHHBIX XapaKTepUCTUK sBAsAETCS CAOXKHONM TeXHOAOTM4yeckoil 3agaueit [29, 158].
Hipxe MBI paccMOTpUM COBpeMeHHEIe MeTOAbI ruapododbusanyy TM Aas mcroab3osa-
HUs B M.

5.1. Tudpogodusavus I1DTDO mpexosvix MemOpar KOBANCHMHBIM CEA3bIEAHUEM CUAAHOE

I'mapododuzanusa ITOTP TM myreM KOBaA€HTHOTO CBSI3BIBAHMSI CUAAHOB ABASETCS
MPOCTEIM ¥ 9P PEeKTUBHBIM CIIOCOOOM M3MeHeHIs I pOoPUALHO-TUAPOPOOHBIX CBOJICTB
ITOBepXHOCT 6€3 M3MeHeHNsI IIOPIUCTON CTPYKTYPHI 3a CIeT CO34aHNsI TOHKOTO CAO0S THA-
podobHoro arenra. Cxema Mogudukanyun [I5TO TM nyteM KOBaA€HTHOTO CBSI3bIBAHIIS
IOKa3aHa Ha PUCYHKe 4.

Peaxiins moankoHAeHcalMu MeXXAy nosepxHocTsio IT9TO TM n 1H,1H,2H,2H-nep-
¢ropaocaenmarpuxaopcnaasom (IIPATC) mam anmxaopammeruacmuaasom (AXAMC)
IIpOTeKaeT 3a CYeT BHICOKOI peaKIIMOHHOM criocobroctr casn Si—Cl, ayBCTBUTEABHON K
TMAPOAU3Y U B3aMOAENCTBUIO C TUAPOKCUABHBIMU TPyHIIaMU Ha moBepxHocTu [1OTO
TM. B mponecce TpaBaenus Ha nosepxHocTi [IDT® nosABAAIOTCA MHOTOUMCAEHHbBIE THA-
POKCHABHBIE U KapOOKCUAbHBIE TPYIIIIEL.
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Pucynoxk 4. Cxema mogudukanyu [I9TP TM kosasenTtHsM cBassiBanneM AXAMC (a) n IIOATC
(b); xpaesoit yroa cmaunBaHust Moguduiiuposanusix ITOT® TM (c); mpoussoanTteasHocts (d) and
a1ekTponposoaumocts (e) pacrsopa NaCl ¢ konnentpanueit 1.5 1 10 r/a [178].

ViccaeapoBanbl pasanyHble IlapaMeTpbl peaKliuy, BAMAIONINe Ha CTelleHb IIPUBUBKU
U BeAUYVHY KpaeBOIO yria cMaduBaHysl. Mop@doa0orus OoBepXHOCTU MeMOpPaHbI TaKXKe
3aBVCUT OT ycaosuit Mogudukanyu. C ysearrdeHreM KOHIIEHTpaIlMM ¥ BpeMeH! ITPOYIC-
XOAUT yBeANUYeHNe IIIepOXOBAaTOCTI. Y CTaHOBAEHO, 4YTO 9(pPeKTUBHAs IIPUBUBKA C COXpa-
HeHUeM CTPYKTYPHI ITOp AocTuraeTcs npu ucrnoasdosanuu 20 MM pacrsopa INOATC B 2-
IponaHo/Ae U BpeMeHM peakuny 24 4. B 9Tom caydae kpaeBoii yroa cMaumMBaHMs COCTaB-
2512 109°. IToay4yennsre rugpodpobHble MeMOpaHbI MCIIBIThIBAAY B o4ncTKe pacrsopa NaCl
¢ xouuentparueir 1,5-30 r/a. CpeaHne rokazarean HPOM3BOAUTEABHOCTY COCTaBUAM
1005 n 97 r/m?4 npu xoHnenTpauyix 1,5 n 30 1/4, a cTereHb 0UMCTKY coau cocTaBuaa 99,5
n 98,4 % coorsercrBenHo. C yBeAnueHMeM KOHIIEHTpalluy coAell HabAI0AaeTcsl 3HauM-
TeAbHOE CHIKEHMe IIPOU3BOAUTEAbHOCTH, YTO, BEPOSATHO, CBSI3aHO C IIOCTEIIeHHBIM 3a-
IpsI3HEeHMeM IIOBepXHOCTY MeMOpaHsI [178].

5.2. Tudpogodusayus II1DTD mpekosvix Mmembparn HoMmoUHULUPOCAHHO NPUCUEOUHOT
noAumMepualuer

QoToMHUINMPOBAaHHAs IIPUBMBOYHASA ITOAMMEPH3alNs XapaKTepU3yeTcs TeM, 9TO
OHa He OKa3bIBaeT CYIIeCTBEHHOIO BAMSIHNS Ha CyOCTpaT, M3MEHss ee CBOJCTBA, IIO-
CKOABKY DHepPIVs M3AydeHNs HeBeAMKa ¥ IPUBUBKA IPOVMCXOAUT B MATKUX YCAOBMIX
[180]. Kpome TorO, 0OpasyioTcs MpodyHble KOBaAeHTHBIE CBA3M, YTO IIpUAaeT YCTONIU-
BOCTb IMApodpobHOMY ca010. Takum oO6pasoM, OH ImpeacTaBaAsIeTCs] YA0OHBIM METOAOM
ruapodobusanyy MeMOpaH 4451 Ucroab3osanus B M. IIpuBuBoyHas moauMepusanis
OOBIYHO IIpOTEKaeT B ABe CTaAuy: UMMobuAN3anus porouHumaropa/poroceHcnOMAN-
3aTopa Ha BHYTPEeHHIX CTeHKaX KaHaA10B MeMOpaHBI 1 3aTeM IIPUBIMBOYHAS IIOAVMeEPHU3a-
L1 MOHOMEPOB Ha IIOBEPXHOCTh MeMOpaHBbI. Pe3yAbTaThl HEKOTOPBIX HEAABHMX JICCAe-
AOBaHUI 110 NpuUBMUBOYHON noanMmepusauuu [IDTO TM gasa npumenenns 8 M/, npose-
AEHHBIX B BTOI 2abopaTopuy, KpaTKo OIMCaHH B cAeAyIOIeM pa3Jaele.

5.2.1. CDOTOI/IHI/II.II/II/II:)OBaHHaiI l'IpI/IBI/IBOLIHaﬂ HO/U/IMepI/ISaLII/I}I TpI/IBTOKCI/IBI/IHI/IACI/IAaHa
(TDBC)

Kak nmokazano Ha puc.5, GOoTOMHMITUMUPOBAHHYIO MPUBUBOYHYIO HOAUMEPU3ALINIO
IIPOBOAMAN B HECKOABKO CTaAuii: CHadala Ha IIOBEPXHOCTh MeMOpaHbl copOuposaan ¢o-
ToceHcnOnansarop densopenon (bD) ns 5%-ro pacrsopa gaumernadpopmamuga (AMOA).
3arem [IDT® TM ¢ ummobmMan3osaHHbIM OeH30(peHOHOM ortyckaan B pactsop TOBC u
noasepraan Y® obayuennio. Crenenb IpUBUBKYM OKa3alach OUYeHb HU3KOM, TaK Kak BTOT
MOHOMep MMeeT HU3KYIO CKAOHHOCTD K IPMBMBOYHOM noAuMepusanium [181].



A5 TIOBBHIIIeHNs CTerleHN NpuBUBKA B pacTsop TOBC BBOAMAM MOHOMep (N-BUHUI-
AVIMUAA304) C BBICOKOM CKAOHHOCTBIO K IPUBUTOM ITOAMMepU3anuu B koandecrse ot 0,3
40 6,6%. brlan nsyyeHsl pasamyHble IapaMeTpsl (BpeMs, KOHIJeHTpaIus MOHOMEpPOB),
BAUAIOIIME Ha CTelleHb IIPMBMBKY, TaK KakK CTeIleHb IIPUMBUBKM CyIJeCTBEHHO BAUsET Ha
Mop¢doaoruio MeMOpaHbl 11 pa3Mep Iop. Bricokast cTerieHb NPUBMBKY MOXKeT IIPUBECTU
K 3apactaHuio 1op. Ilpu pagmamnoHHoOM MHAYLIMPOBAHHOM IIPUBUBKE aKpUAOBOI KIC-
AOTHI BHYTPH KaHaA0B TPeKOBLIX MeMOpaH u3 IIBA® 6p110 3aMedeHO, 4TO HOPHI ObLAU
IIOAHOCTBIO 3ar10AHeHHI mocae 40% mpususku [182].
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Pucynoxk 5. Cxema mogudnxanuu rosepxaoctu ITOT® TM ¢ TOBC (a); mponssoanTteasHOCTS (b)
U 9AeKTpoIpoBoANMOCTS (c) pactsopos NaCl ¢ konnenTpanmeit 15 n 30 r/a [130].

Vcnoansosanne BVIM cosmectro ¢ TOBC 1103804110 TTOAYyIUTh MEMOPAHBI C BBHICO-
knM 3HaueHneM KYC - 104,9°. Bearranna LEP a451 MoaudunuposaHHBIX MeMOpaH coCTa-
Buaa >0,43 Mlla, uto geaaeT ux npuMeHUMbIMU A4 M. IToaydeHHbIe 0Opas1ibl UCTIBI-
TeiBaan B ounictke pacrsopa NaCl kornentpanmeri 15 u 30 1/a metogom MJ. Cpeanne
3HaYeHMsI IPOU3BOAUTEABHOCTU cOCTaBUAM 295 u 88 1/M24 42151 pacTBOPOB C KOHIIEHTPa-
et 15 u 30 /4 co cremensio ounctku 99,3 u 95,2% cootsercrenHo [130].

5.2.2. oToMHUIIMPOBaHHAs IPUBMBOYHA NOAMMEPU3aLIs CTUPOAa

Cxema moanduxarym IT9TO TM myrem nmpmMBMBKM CTHpOJa ITOKa3aHa Ha puc. 6.
Metog, MoAMchKauMM IIDT® TM MeTOAOM HMPUBMUBOYHON MOAMMEPU3ALIUY CTUPOAa Ha
IOBepPXHOCTh U3ydaacs B padote [179]. Vsyuens! pazaudHble apaMeTphl, BAUAIONINE Ha
CTerteHb NpMBUBKI. BE110 0OHapy>KeHo, 4To 1tocae MoAnpUKaruy, MOp(pOoAOTIs IOBEPX-
HOCTU CTala 0oaee raaaxoii, ueM y mcxoauwix. Habai04aa0ch HeOoabIIOe yMeHbIIIeHe
AuaMeTpa IIOp, U4TO, KaK OXMAAeTCs, CBI3aHO C 0Opa3oBaHMeM MOAUCTUPOABHOTO CAO0S
BHYTPM KaHaAOB. YCTaHOBAEHO, YTO C yBeAMYEHMeM KOHLEHTpaluy CTUPOAa 3Ha4eHue
KpaeBOTO yIia CMadMBaHMs 3Ha4UTeABHO BO3pacTaeT; Ipu KoHleHTpanun 40% Aoctura-
eTcst 3HadeHne 98°. Anaans paHee ory0AMKOBAHHBIX pabOT IO MCIIOAB30BAHUIO CTUPOAa
B KadecTse TnApodo0u3aropa rMoKa3biBaeT HaM, YTO KpaeBOil yIoA CMaduBaHVs pa3And-
HBIX MaTepMaloB MOXeT OBITh yseaudeH 40 94-104° [158-160]. 13 ACM msobpaxenuii,
IpeACTaBAeHHLIX B paboTe [179], BUAHO, 4TO TpU IPUBUBKE III€POXOBATOCTD YBEANINAACh
¢ 2,15+ 0,04 um 40 5,16 + 1,01 um. Takum o6pazom, ruApopoOHOCTs MeEMOpPaHbI ITOYTU
MTOAHOCTBIO 00yCAOBA€Ha MPUBUBKON IMApO(pOOHOTO IOAUCTUPOAA.
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Pucynox 6. Cxema Moandukanym rmosepxsHoctu IIDT® TM ctupoaom (a); KpaeBoit yroa cMaduBa-
HIS ICXOAHBIX U MoAuduiinposanHbX [IDT® TM (b); mponsBosuTeAbHOCTS (€) U DAEKTPOIIPOBO-
aumocts (d) pacrsopa NaCl ¢ xonnenTpanmeit 15 r/a [179].

I'mapodobHble MeMOpaHBI C pPasANMYHBIM AVaMeTPOM IIOp UCIIOAb30BaAM IIPU
O4ICTKe pacTBopa coau ¢ KoHnenrpauuei 7,5-30 r/a merogom MA. Cpeatee 3HaueHue
HPOM3BOAUTEABHOCTM cOCcTaBnAo 286, 238 n 219,3 r/M24 a5 pacTBOPOB € KOHLIEHTpalL e
7,5, 15 n 30 r/a coorBeTrcTBEHHO AAsl MeMOpaH ¢ guamerpoMm rop 220 HM, a CTelleHb
OYNCTKU COAM BapbupoBadack ot 97,5 20 98,9% [179].

5.3. Tudpogodusayus IIITD mpexosvix MemOparn nymem UMMOOUAUIAUUU KPEMHUEEHIX
Haxouacmuy,

Apyroit crpaterneit npuganus ruapodobusix csoricts [IDTO TM sBasercs oaHo-
BpeMeHHOe ITpMeHeHe IMApo¢dpOOHBIX aTeHTOB C yBeAndeHneM mmepoxosaroctut. C 5Toi
11e4pI0 Obl1a M3yJ9eHa BO3MOXKHOCTh MMMOOMAM3anyy HagodacTul, Kpemuns (HY Si) na
rosepxHoctu MeMOpansl. I'mapodpodbusanys [IDTO TM nyrem nMmMobuansanny HaHO-
JacTul] KpeMHe3eMa IoKa3aHa Ha puc. 7. IIpexae Bcero, us TOBC 304b-reab MeTO40M
ob1am cunTe3uposansl HY kpemumsa co ceasamm C=C [182, 183]. IloayueHHEINT pacTBOp
HaHOYACTUIL] AVIOKCUAA KPeMHUS B STaHO/A€e BIIOCAEACTBUN VICIIOAB30BAAN AASI MOAUPU-
Kanuu [19T® tpexosrix Mmembpan. Moandmnkaruio [I9TP TpexkossIx MeMOpaH IPOBO-
AUAM TIO CXeMe, TIpeACTaBAeHHO Ha puc. 7.

Ha nepsom srame rmmapoxaopnug 2,2'-azobuc(2-metnanponnoHamuguta) (ABAP)
6b14 KOoBaaeHTHO cBA3aH ¢ COOH-konnessiMu rpynmnamu [I9T® nmocpeactsom akTuBa-
uyu ¢ neHTagpropdperHoaom n N-(3-aumernaammuonponna)-N'-sTuakapboannMmniom (
EDC).

Ha BTopoMm sTare sTaHOABHBIN pacTsop npurotosaeHHex HY Si nmpomnyckaan gepes
MeMOpaHBI ¢ 00eMX CTOPOH, UCIIOAb3Y:I BaKYYMHBII HacOC A5 3all0AHEHsI KaHaA0B Ha-
HovacTuamu KpeMmHms. Memb6pansl ¢ HU Si norpysxaanu B sTaHoasHbIN pactsop 0,2%
ABAP. Pactsop mpoayBaan aproHOM U Bbigep>Kusaan mpu 75°C B TedeHne 3 4, YTOOBI
MHUIMMpOoBaTh nMMoouansarmio HY Si na mosepxaoctn [I9T® TpekoBsx MeMOpaH.

Ha TperbeMm srarie nmoaydyennsie MeMOpansl Moguduumposaan 1H,1H,2H,2H-niep-
¢propaenuarpusroxcucuaanom (IIOATC). I'mapodobdbusalius npusea K 3HAIUTEABHOMY
yBeANYeHNIO KpaeBoro yraa cMaumsaHms 40 143°. Mopdoaoruio Mem6paH mccaeioBaan
MeTozoM ACM 1 0OHapy>K1AM, 9TO IIePOXOBAaTOCTh MOAM(UIIMPOBaHHEIX MeMOpaH yBe-
anmanaacs ¢ 3,7 20 15,5 am. Vicrsrranus ruapodobHpix MeMOpaH IIpu O49MCTKe pacTsopa
coan NaCl merogom M/ nokazaan, 4To Ipou3BOAUTEABHOCT cOcTaBuaa ~15 xr/m2y, a
CTeeHb OYUCTKY coau gocturaaa 99%.



Taxum obGpa3oM, yBeanueHMe IIIepOXOBATOCTY BMeCTe C MMMOOUAM3AIen Tuapo-
(poOHBIX XMMIYECKUX TPYIIII IT03BOANAO IOAYINTH INAPpodpOoOHbIE MEMOpPaHBI C BBICOKIM
3HavyeHMeM npouspBoguTeabHocTu [131].
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Pucynoxk 7. Cxema Moaudukanyy myTeM UMMOOMAN3aLNy KpeMHMeBbIx HaHouactur] (a); KYC nc-
x0aHbIX 1 MoauduuyposaHHbIX [I9T® TM (b); ACM cHuMKHu nosepxsoctu ncxoguor IT9TO TM
(c) 1 moandunuposansoi I19T® TM c HanodacTuiamu KpemHns (d); mponsBoAUTEABHOCTE (€)
and »aexrponposoaumocts (f) pacrsopa NaCl ¢ xonnenrparuert 30 /4 ¢ pa3ANMIHBIMU AVaMeT-
pamu miop [131].

5.4. Tudpogodusavyus IITDO TM naasmentoim ocaxoeruem Gmopnorumepos

Apyrium MeTogoM ruapododusanuy nosepxHocTn ITOTO TM sBaseTcsa naasmeHHoOe
ocaxzenne ¢propnoanmMepos [133]. baarogaps cBoMM yHMKaABHBIM CBOICTBaM PTOPIIO-
AVIMePBI XOPOIIO MOAXOAAT AASl IAa3MEeHHOM IIOBEPXHOCTHON MOAMMepM3auni. DTOT
MeTO/ MMeeT psj MpPeMMYIIecTB, TaKMUX KaK BBICOKas CTeIleHb OCaXKAeHUs UM OTHOCU-
TeABHO 6e30ITacHBII 1 IMpocToii mponecc. Moandukanmio TM mposoanan ¢ MCroAab3osa-
HIMEM pa3ANJHBIX ITapaMeTPOB I11a3MBI (BpeMs peaxiiuni, PacCTOsSHME MeXAY DAeKTPO-
Aamu, gaaenne). CrereHb ocaXkAeHns Oblaa IPONOpLMOHaAbHA BpeMeHH I11a3MeHHOI
obpabotkn. 3Hauenns KYC Bapouposaaacs B mpegeaax 85-95°+3. Imapodobuble MeM-
OpaHBI UCTI0AB30BaAM IPY KOHILIEHTPUPOBAHUN sS0A0YHOTO coka MeTtodoM M/. Mewm-
6pana, Moan¢uIIIpoBaHHasA NepPTOpreKcaHOM, IT0OKa3ala 0oaee BEICOKOe 3HA4eHIe BO-
AonpoHnnaemocTu (~2850 Ma/m?1), yeM KoMMepueckue aHaaoru n3 [ITPD a1 pactsopa
Ppyxrosoro coka (~2100 ma/m24). CTenieHb yAaaeHns caxapa coctaBasaa 98-100%.

5.5. INpumeneriue zudpodoonvix I1ITD TM 6 ouncmre 600bl om necmuudos

I'mapopodusanus [TTP TM ocyiecTBasaach AByMsi criocobamu: pOTOMHULIIPO-
BaHHOI NpuBUBOYHON mnoauMepusanuu TOBC u xosaseHTHOTO cBszbiBaHusa [1OATC.
Cxema MoaMpuKanny 1 MpOU3BOAUTEABHOCTs MoAupuiinposaHHbIX [IDT® TM noka-
3aHBI Ha PUCYHKe 8.

I'mapododusuposannsie [I9TO TM Ob1aM UCIIBITAaHE 4451 00€33apa>kMBaHIA BOABI
OT IecTULINAOB (KapOeHaa3nMa) ¢ KoHneHTpanneri 5, 10 u 20 mr/a. B rabaniie 2 mokasaHsI
3HaueH!sI KpaeBoro yria cMadMBaHUs U pa3Mepa Iop 40 u rocae Mogudukanun. Cpea-
HMe 3Ha4YeHMs IIPOM3BOAMTEABHOCTM IPM DTUX KOHIEHTpalMsaX KapOeHAasMMa AAs
[MOTP TM-TI®ATC cocrasuan 214, 142,85 u 119 r/m2-a coorBercTBeHHO. CpesHNne 3HaUe-
Huyst ipousBoauteapHoctn Aas [IDTO TM-TOBC cocrasnan 95,2, 119,2 n 142 r/m?9 aas



BBIIIIEIIepeUNCA€HHBIX KOHIIeHTpaluil. Bpla0 ycTaHOBA€HO, YTO KOHIIEHTpalMs Kap-
OeHgasnMa, M3MepeHHas MeTOAOM Y®D-CIIeKTpOCKOINM, BO BCeX OTOOpPaHHBIX IIpodax
OpL1a HICKe TIpedeaa oOHapy>keHus (100 mkr/a) [184].
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Pucynoxk 8. Cxema moaudnkanuu nosepxtHocty ITOT® TM (a); mponssoanTteabHOCTU MoAuUIposadHeix [IDTP TM-
IMPATC n ITOTO TM-TOBC (b) pactBopa mectunnja (KapoeHaasuM) ¢ pasANIHBIMY KOHIIeHTparysamu [185].

Tabamniza 2. Cporictsa [IDT® TM a0 1 nocae Mmogudukanun

Kpaesoii yroa dPpPpexTus- Pasmep niop

O6pasern cmasBars, + 4 ° Hbli pasMep (COM anaans), LEP, MIIa
op, HM HM
VlcxogHnast MemOpaHa 58 198 +5 220+ 8 0.12
TIDTO® TM-TDBC 89 167 + 8 216+3 >0.43
II9TO® TM - TIOATC 134 148+ 6 174 +4 >0.43
Vcxoanas MmemOpana 55 302+8 310+ 15 0.015
TIDTO® TM-TDBC 85 287 +10 292 +20 0.04
II9T® ™™ - TTIOATC 115 274 +12 285+ 18 0.04

5.6. Ipumenetiue zudpodobdrivix IIDTD TM 6 ouucmke Kudxux paduoakmueHulx 0mxodos
(’KPO) nusxoi axmusrocmu

MJ siastetcst 9 PEKTUBHBIM METOAOM AASI OYMCTKY KUAKUX PasVIOaKTUBHBIX OTXO-
208 (JKPO) Huskoi1 akTusHOCTU. B Hamerr mpeasiayieit pabote [179] mpoosr JKPO 65141
OoTOOpaHHI 113 BTOPOTO KOHTypa MccaeioBaTeabckoro peakropa BBP-K (Aamarsr, Kaszax-
craH, VHcturyT SaepHoit puankm) 1 CKOHLIEHTpUPOBaHbI MeTo40M M/ ¢ ucroab3osa-
Hrnem moauduuuposadHoro [I9T® TM ¢ moauctupoaoMm. DPpPeKTUBHOCTh CTEIIeHU
OUMCTKM COAM KOHTPOAUPOBAAU METOAOM aTOMHO-SMMCCUMOHHON CHEKTPOCKOIUM IO
aHaan3y ocHOBHBIX MOHOB B JKPO, Takux kak Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo u Cs (Taba.
3). l'amMMa-creKTpoMeTp UCII0Ab30BaACH 445 KOHTPOAS aKTMBHOCTU HEKOTOPBIX pasMo-
nsotormos: ©¥Co, ¥Cs u 21Am. B skcnepuMeHTe OB1AM UCTIBITAaHBI MeMOpPaHBI C pa3And-
HBIM AnameTpom 1op (142, 206 u 242 um). CoraacHo Taba. 3, Bce CTereHM OTOPaKOBKU
npessimaan 90 %, 60AbIIMHCTBO 13 HUX Tpubankaanck K 100 %.

Tabawura 3. Xumuuecknizr cocras JKPO a0 n mocae M

Konnenrpanms Konnenrpanusa
mepMeara Kounenrpamst - Konuernrpatuts nepmearta (HaHOBO-
DAEMEHT HUcxoaHast KOHIIEH- (T9T® TM-TIC, nepmeata (IIDTP mnepmeara (IDTD AoxmmcTie [ITDD

Tparms (MKr/a) TM-IIC, d=220 um) TM-IIC, d=135 um)
d=268 am) MeMOpanb1 d=220
(MKr/a) (MKr/a)
(MKT/2) HM) (MKr/2a)
Cs (0=+26%) 304 1.45 0.33 <0.05 34.3

Mo (o =+ 15%) 458 1.11 <0.3 <0.3 76.0




Sr (0 = + 15%) 136 <05 <05 <05 11.1

Sb (0 = + 15%) 46.3 <0.3 <03 <03 8.96
Al (0 =+ 16%) 660 <3 <3 <3 <30
Ca (0 =+ 16%) 1780 55.3 52 44 208
Fe (0 =+ 10%) 383 <0.6 <0.6 <0.6 <6
K (0= +15%) 249,200 377 414 150 7476
Mg (0 =+ 15%) 1046 252 4 2 <10
Na (0 = + 15%) 4,710,000 13,200 3200 540 601

PeayabTaTsl IPpON3BOAUTEABHOCTI U HA€KTPOIIPOBOAHOCTH IIpeACTaBAeHbI Ha puc. 9.
Cpeanue sHaueHMsI TPOU3BOAUTEABHOCTH 4451 MeMOpaH ¢ guameTpoM 1op ~135 1 268 Hm
cocrasuau 198,5 u 980 r/M2-4 cOOTBETCTBEHHO.
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Pucynox 9. ITponsBoanteabHOCTS (a) 11 DAeKTpoIIposoAnMocTs (b) B iporecce M/ ¢ ncnoaszopannem ITOTP TMs-TIC ¢
PpasAMYHBIMU AVlaMeTpaMU IIOp AAsl OYUCTKI PasoaKTUBHBIX OTX0A0B [179].

PesyaptaTsl mo ¢pakTopaM Ae3aKTUBALIMM PajlOM30TOIIOB IIpeACcTaBAeHbl B Ta0A. 4.
[I9T® TMs-TIC ¢ amamerpoMm mop 220 HM ITOKaszaa Ko:ecl)q)mumeHTLI Ae3aKkTuBaruu >85
aas1 9Co, >1727 aaa ¥Cs u 5 aas 'Am. CaeayeT OTMETUTD, 9TO B OOABIINHCTBE CAyJIaeB
ITOAy4JeHHbIe pe3yAbTaThl ObLAM HIKe IIpeJeA0B OOHapy >KeHN.

Tabama 4. PaauonsoTorHeiii cocras ncxoaHoro pacrsopa JKPO u pactsopa nepmeara mocae mporecca M/

AKTUMBHOCTD AKTUBHOCTDH
nepmMeara (HaHOBO-
aAokamuctoie [ITDD

AKTHMBHOCTD mepMeara
DakTOp Ae3aKTH- DakTOp Ae3aKTHU-

Pagunousoromn MCXOAHOTO (I1DTPD TM-IIC,

pactBopa (BK/KT) d=220 u™m) sarpr (D) MeMOpaHbl d=220 HM) sampot (D)
(Bk/Kr) (Bx/kr)
Co 85.4+6.1 <1.0 85 165+1.1 10
137Cs 1900 + 27 <1.1 1727 4.33 439
21 Am <22 <0.45 5 >0.49 2

JKPO Taxske ounIaan ¢ MCroAb3oBaHIEM APYTUX TUIIOB MeMOpaH (cM. Taba. 5). Oa-
HaKO CpaBHMBATh pa3ANdHbIe Pe3yAbTaThl MeXKAy COO0M 3aTPyAHUTEABHO, TaK KaK MCTOY-
HIIK 3arps3HeHNs BOA Ob14 pa3HBIM, a 3HaunT, 1 coctas JKPO Opra pasasiM. OaHako Hama
IpyIiia Iposeaa cpasHeHUe MexXKAy TM u HaHOBOAOKOHHEIM [1T®D [179], cooTBeTCTBYIO-
Ve pe3yAbTaThl IpejcTaBAeHHl B Tabaumax 3, 4. PakTop Ae3akTuBanuy MeMOpaHBI 13
IIT®3 cocrasasier 10 aas °Co, 439 aas 137Cs u >2 aas1 241 Am; cTeIeHb OYMCTKI COAM Oblaa
B HeCKOABKO pa3 HiKe, yeM y TM.

Ta6amnna 5. CpaBHUTEALHEIN aHAAW3 ITPOM3BOANUTEABHOCTH, CTETIEHN OYVCTKY COAM ¥ KODPPuIn-
eHTa Ae3aKTMBaIlNM 4451 HEKOTOPBIX M3OTOIOB A4S Pa3AMIHBIX TUIIOB MeMOpaH, ICIIOAb3yeMBIX B

ouncrtke JKPO
CrenieHb
IIpoussoaurean- ®akTOp Ae3aKTUBaLIN
Tun memOpaHbI OYVICTKU COAM, Ccbraka
HOCTb, I/M24 o AASI U30TOIIOB
(1]
0Co—85
T'mapodobusie IIDTP 137
. —1727 17"
TMLIIC 980 99.9 Cs [179]

2 Am—5




0Co—10

ITT®D memOpaHa 5000 90-95 137Cs—439 [179]
241 Am >2
IIT®D cnupaabHO-HaBU- 0Co—4336.5
1300-1 > 1
Tas MeMOpaHa 300-1800 93 197Cs—43.8 [13]
9Co—400-1000
I19C memGpana 70,000-159,000 >90 137Cs —900-1400 [185]

855r —400-800

Hanosoaokonnas I1I1T

6300 99.6 Co [186]
MeMOpaHa
Kepamnueckast mem- 20,000 99.9 Co [187]
OpaHa
8Sr—10°
I'mapodobnsie IIT meMm- 7100-30,300 / 60Co—104 [188]
OpaHa 137Cs —10°
8Sr—3700
H TIIT
aHOBO/IOKOHHasI 5000-50,000 >90 60Co—8300 [189]
MeMOpaHa 137Cs—6000

PesyapraTts Mogndukanyu [IDTA TM aas ncioap3oBans B MeMOpaHHOI AVICTIA-
AALIU TIpUBEAEHHI B Taban1ie 6.

Obnapy>keHo, YTO MMMOONMAM3alNs HaHOYACTUI] KPeMHIS IIPUBOAUT K HambOAb-
et rmApo¢dodu3any IOBepXHOCTY TPEKOBLIX MeMOpaH, 4TO IT03BOAsIET MOAUPULIIPO-
BaTb MeMOpaHEI ¢ 60AbpINM AraMeTpoM 110p (40 350 HM), UTO IIO3BOASET AOCTUYD IIPO-
nsBogureapHocTy 15 xr/mM2-u. OcHOBHOI 3asaueit ruapododbusanuy MeMOpaH SIBASETCS
IIOMCK MEeTOJ0B, IO3BOASIONIX I1ApododbusuposaTh MeMOpaHbl ¢ HAMOOABIIUM JMa-
MeTpOM IIOP, UTO, B CBOIO OUepeAb, IpUBeAeT K BEICOKON IIOPUCTOCTH U BOAOIIPOHMIIae-
MOCTH TPV COXpaHEHUM BBICOKOI cTerteHn ouncTki. Kak BuAHO 13 Tab4. 6, KOBaZeHTHOe
cesa3piBanme [TIOATC, CI)OTOI/IHI/IL[I/II/IpOBaHHa;I npuBMBOYHas noaumepusanus TOBC, c])o-
TOVMHUIINMPOBaHHAs IPUBMBOYHAS IOAVMEPU3aLVs CTUPOAa, UMMOOUAM3aII Vsl HAHOYA-
CTUI] KpEMHUS U I11a3MeHHOe OcaXkAeHre GTOPIIOANMepPOB IPUBOANAN K A0CTAaTOYHOI
ruapododmsanun TM ¢ guamerpamu mop 220, 200, 220, 315 u 400 HM COOTBETCTBEHHO.
Taxum oOpasoMm, mocaeaHne ABa MeTOJa UMEIOT IIePCIIeKTUBHI AaAbHEIIIeTo MCI0Ab30-
BaHIL, TaK KaK MoAuQULMpPOBaHHBE MeMOpaHbI MMEIOT BBICOKIE ITOKa3aTeAN IIPOU3BO-
AVTEABHOCTY ¥ CTEIIeHN OYVICTKM M MOTYT COCTaBUTh KOHKYPEeHIINIO APYIMM TUIIaM MeM-
OpaH (cM. Tab4. 1). CaeayeT OTMETUTD, UYTO OCHOBHBIM HeAocTaTkoM TM sBAsteTcs X HU3-
Kasl IOPUCTOCTh, YTO BAMSIET Ha IIPOU3BOAUTEABHOCTh. OAHAKO, KaK IMOKa3aHO B pabore
[179], TM c yskuM pacripejedeHueM HOP IO pa3MepaM HPUBOANAU K Ay4dIeil OYMCTKe
Boan! oT coaelt u JKPO 1o cpaBHennIo ¢ MeMOpaHaMy 13 HaHOBOAOKHa 13 ITTOD.

Ta6anma 6. 3asucumocts 3HaueHns1 LEP u kpaesoro yraa cMaumsaaus ot pazMepa rop II9T® TM, moandurinposan-
HBIMU Pa3dANYHBIMU CIIOCODaMM, M MX XapaKTepUCTUKM B IIpoljecce M/

Pasmep mop, Kpaesoii yroa IIpomsBoaurean-

CremnieHb

MeTtoga MoanduKanumn LEP, MIla Ccpiaka
HM cMadmMBaHMsI, ° HOCTbD, I/M2q ouncTKu, %
Kosaaentnoe cesizpisanue [TOATC 410+ 14 104 / / 0.012 [178]
KoBazaenrnoe csizpiBanne [IOATC 305+ 13 107 / / 0.039 [178]
KosBaaenrHoe ceszpiBanne [IOATC 220+ 11 109 97 —for 30 g/L NaCl 98.4 0.340 [178]
DOTOMHNIIMPOBAHHAS IPUBUBOY-
Has noauMepusauys TOBC n 200+ 18 105 88 —for 30 g/L NaCl 95.2 >0.430 [130]
BIIM
) ;
OTOMHHINIPOBAMIAT HPUBMBOT g, o 91 1254— for 30 g/L NaCl 83.2 0.140 [179]
Hasl IOAMMepU3als CTUpoaa
) ;
OTOMHUINIPOBAIAT HPUBMBOT 55y, 45 99 219.3—for 30 g/L NaCl 97.5 0.340 [179]
Hasl HOAVMMePU3aLys CTUpoaa
(POTOUHMUNPOBAHKA UPUEMEOS- 55 )5 104 107.7 —for 30 /L NaCl 98.1 0.390 [179]
Hasl HOAVMMePU3aLys CTUpoaa
ViMMobuan3aIys KpeMHUeBBIX Ha- 31546 125 15000 —for 30 g/L 93 0.350 [131]
HOYaCTNL], NaCl
" i
MMOGUAMIALIS KPEMIHEBBIX HA- 3, 5 132 6500— for 30 g/L NaCl 98 0.430 [131]

HOYaCTUL




MMMO6I/I/H/I3aL[I/I}I KpeMHIEBBIX Ha-

HOYaCTUILY

201+5 135 2200—for 30 g/L NaCl 99 >0.430 [131]

ITaazmenHOE OCcaxkAeHue Ppropro-

AVIMEPOB

400 85-95 1100-2900 95-100 / [133]

CymectsyeT 1pob4emMa OLIeHKM CTeIIeHM OYMUCTKU COAM. DTOT ImapaMeTp pasHbIMU
aBTOpaMM OIleHUBaeTCs Mo-pa3HOMYy. HekoToprle 13 HUX YIUTHIBAIOT M3MeHeHMe DAeK-
TPOIPOBOAHOCTH TOABKO B ICXOAHOM PacTBOpe, a ApyTHe UCII0AB3YIOT CAeaylollee ypas-
HeHne: R% = 1-TDSuepuear/TDSxonnenpar. DTO ypaBHeHMe JaeT 3aBHIIIEHHOE 3HaueHNe CTe-
IeHM OYMCTKM COJel, TaK KaK He yIUThIBaeT 00beM KIAKOCTY CO CTOPOHBI IlepMeara, a
TaKXKe BO3MO>KHO MCIIapeHIe BOABI C TOpsTdeli CTOPOHEL.

B Hammx pabortax a4s1 601ee TOYHOI OLeHKM cTerleHn ouncTku coan (R) mpegaara-
eTCsl MCII0Ab30BaTh caeayioniye ypasHenws [131]:

C
R =100 — (—‘ X 100%) 1)
fic
Ao x 1000
Creal = o3 @)
Am X Cf d
Chic = Tee 3)

p

rae R — cremens ounctku coan,%; Cra — xoHneHTpanust coau NaCl B mepmeare 11o-
cae MA, 1/4, paccauraHHasl 110 DAEKTPOIIPOBOANMOCTY (DAEKTPOIPOBOAUMOCTE 1 MI/4
pacrsopa NaCl - 2.3 MC/cm); Crie— Teoperndeckas koHuentpauusa NaCl, r/a; Ao — pas-
HOCTb 91eKTPOIIPOBOAMMOCTH B iepMeaTe 40 u nocae M, mC/em; 2.3 mC/em — saekTpo-
rposoauMocts 1 mr/a pacrsopa NaCl, Mr/2; Am — mpupocT HIpon3BOAUTEABHOCTY ITOCAE
MA, 1; Ced — MCXOAHAS KOHLIEHTPALVSI COAU B KOHIIEHTpaTe, I/4; Mp — 00beM SKUAKOCTH
(BoAbI) B TIepMeate nieped M/, r.

Taxum oOpa3om, pazHble METOABI OIIeHKN CTeIIeHM OYMCTKM COAM He IO3BOASAIOT
IIPOBECTU IIPSMOEe ¥ AOCTOBEPHOE CpaBHEHNe ITOAyYeHHBIX AaHHBIX. [losTOMy HeoOxo-
AVIMO IIPUHATD M UCII0Ab30BaTh OOIIENIPU3HAHHBIN METO/ pacdeTa OUMCTKY COANL.

6. 3aka0oueHMIe

WccaeaoBanus, npeacraBaeHHble B JaHHOM 0030pe, MO3BOASIOT TOBOPUThH O IHep-
CIIEKTMBHOCTY UCII0Ab30BaHMsI TM B MeMOpaHHON Auctuaasnun. Takue ocobeHHOCTH
TM, KaK KOHTPOAMPYeMBIil pa3Mep IOp M y3KOe paclipeieleHye IOp IO pa3MepaM U
TO/ILIVHE, IIPUBOAAT K 00aee d(PPEeKTUBHON OUNMCTKE BOABI, YTO XOPOIIO BMAHO IIPU
OUMICTKE HU3KOAKTUBHBIX JKMAKUX PasuOaKTUBHBIX OTX0A0B. C Apyroii CTOpOHBI, HU3Kas
MIOPUCTOCTb TaKMX MeMOpaH OrpaHMYMBaeT UX MPOU3BOAUTEABHOCTb. TakuM 0OpasoM,
MBI yBepeHbl, 9T0 TM MO>KHO MCII0Ab30BaTh A4 TPl M3MOHHON OYMCTKY OITaCHBIX OTXO-
208. Kpome Toro, gaabpHeliiee pa3BuUTIie MOAUQUKALINU TPEKOBBIX MeMOpaH 4451 MeM-
OpaHHOI AUCTUAASLIINN MOKET IPUBECTY K (POPMUPOBAHUIO OMHUQPOOHBIX U STHYCOBBIX
IIOBEPXHOCTEN C IIeABI0 paCHIMpPeHIIs VCIIOAb30BAHNS TaKUX MeMOpaH IIpU pa3jeAeHUN
Macao- u ITAB-cogepskaminx BOAHBIX CUCTEM.

Bozee Toro, MbI X0Tean OBl TOAYEPKHYTD, YTO TaKye MeMOpaHBI MOTYT OBITE ITOAY-
4JeHbI C TOYHO ONpeAeAeHHBIMI pa3MepaMy KaHaA0B U IIOPUCTOCTBIO; TO €CTh KOAMYECTBO
BTUX KaHAA0B Ha cCM? MOKHO KOHTPOAMPOBATh C BBICOKOM TOYHOCTHIO. Takum oOpasomM,
TaKyie MeMOpaHBI TIOTEHIIaAbHO MOTYT OBITh CIIOAb30BaHbI B KaueCTBe MOJEABHBIX MeM-
Opan 445 nipouecca M/. Hanmpumep, OHM UCIIOAB30BaAUCH A4S IOATBEPIKAEHIUS MOAEAN
orjeHku LEP. MbI canTaeM, 94TO IyTeM IPUBUBKY OMOLVAHBIX IIOAVMEPOB J ITI0AMMEPOB,
HIPOSIBASIONINX CPOACTBO K OIlpeJeAeHHBIM COeAMHEeHNsAM U MeTallaM, 1ccAeOBaHUs B
®TOI 00AacTy pacHINpsT UcIIoAb3oBaHme TM B MeMOpaHHOM AUCTUAASLINNA.

Bxaaa asropos: Konnenryaansanus, O.I. n M.B.K.; paspabotka, A.B.E; KypupoBaHue AaHHBIX,
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