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Abstract: The paper describes desalination by membrane distillation (MD) using ion-track membranes.
Poly(ethylene terephthalate) (PET) ion-track membranes were hydrophobized by the immobilization
of hydrophobic vinyl-silica nanoparticles (Si NPs). Si NPs were synthesized by the sol-gel method,
and the addition of the surfactant led to the formation of NPs with average size of 40 nm. The thermal
initiator fixed to the surface of membranes allowed attachment of triethoxyvinyl silane Si NPs
at the membrane surface. To further increase hydrophobicity, ethoxy groups were fluorinated.
The morphology and chemical structure of prepared membranes were characterized by SEM, FTIR,
XPS spectroscopy, and a gas permeability test. Hydrophobic properties were evaluated by contact
angle (CA) and liquid entry pressure (LEP) measurements. Membranes with CA 125-143° were
tested in direct contact membrane distillation (DCMD) of 30 g/L saline solution. Membranes showed
water fluxes from 2.2 to 15.4 kg/(m?-h) with salt rejection values of 93-99%.

Keywords: desalination; hydrophobic modification; track-etched membranes; membrane distillation;
silane; silica nanoparticles

1. Introduction

The search for effective and affordable water treatment methods is an urgent task due to a decrease
in drinking water reserves, and an increase in population and industrialization [1]. The United
Nations reported that around 700 million people currently live in water-scarce countries. It is expected
that, by the year 2025, that 1.8 billion people will live in regions with water scarcity [2]. Among
water pollutants, the most important ones are inorganic salts, oil products, surfactants, pesticides,
and phenols. The most effective methods of water treatment is membrane technologies including
osmosis, filtration and membrane distillation (MD) [3].

MD was considered as one of the most promising methods due to the following advantages, such as
mild operating conditions, high rates of rejection, low working pressure, less sensitivity to fouling,
and low feed temperature requirements [4-8]. MD can be realized in five types of configurations:
air-gap MD, vacuum MD, sweeping gas MD, permeate gap MD, and direct contact MD (DCMD).
Despite some limitations, the most studied type is DCMD due to its simplicity and availability [3,9-14].
DCMD can be successfully used to purify water from salts [15-19], heavy metals [20-22], dyes [23,24],
radioactive wastes [25-28], acid solutions [29], urea [30], mining, and industrial wastewater [31,32].
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MD is a thermally driven process where membrane serves as a barrier for liquid permeation,
but it is a medium for vapor transfer. Thus, membranes used in MD should be hydrophobic to
prevent fluid leak [33] and the efficiency of the MD process mostly depends on the characteristics of
the membrane used. Commercially available hollow fiber and flat sheet polymer membrane based
on poly(tetrafluoroethylene), poly(vinylidene fluoride), and polypropylene are typically used in
MD [34-38]. However, wetting, fouling, and high thermal energy demand of such kind of membranes
are the main drawbacks for successful application in MD [8,39,40]. To overcome these drawbacks,
other types of membranes can be used [11,41-45], for instance, non-fiber, multilayered, composite
membranes, ion-track membranes and methods of modification such as plasma, thermal, laser
treatment, layer-by-layer assembly, cross-linking, coating, and graft polymerization of hydrophobic
compounds [46-50]. The method of modifying membranes using silica nanoparticles has also been
recommended as a method for producing superhydrophobic or omniphobic membranes. However,
to date, there are only a few works devoted to using modified flat sheet membranes in MD [51-53].
The development of a reliable method of hydrophobic silica nanoparticles immobilization to prepare
membranes suitable for MD is a challenging task.

In this article, we consider the covalent attachment of silica nanoparticles carrying C=C
bond on their surface by thermo-induced grafting on pre-modified PET track-etched membranes
(TeMs) with azobis(2-amidinopropane) dihydrochloride (ABAP) and subsequent modification with
fluorine-containing silane. Ion-track membranes have regular geometry of the pores with the ability to
control their amount per unit area and excellent distribution of pore sizes together with small thickness
and low tortuosity [54]. Their unique properties can lead to enhancement of selectivity and efficiency
of MD process and make them suitable for potential application in MD [27,28,55]. Researches on the
immobilization of silica nanoparticles on ion-track membranes for use in MD, which would contribute
to reduce membranes fouling and wetting have not been elaborated yet.

2. Materials and Methods

2.1. Chemicals

Triethoxyvinylsilane (TEVS), 2,2’-azobis (2-methylpropion-amidine) hydrochloride (ABAP),
N-(3-dimethylaminopropyl) -N’-ethylcarbodiimide (EDC), pentafluorophenol (PFP), 1H, 1H, 2H,
2H-perfluorodecyl triethoxysilane (PFDTS), and isopropanol were supplied by Sigma Aldrich
(Hong Kong, China). All other chemicals and solvents such as o-xylene, sodium chloride, sodium
lauryl sulfate, aqueous ammonia, ethanol, acetic acid, sodium hydroxide, and methanol had purity of
analytical grade. The reagents were purified before use by recrystallization, distillation, or column
chromatography. In all experiments, deionized water (18.2 MQ) obtained from Aquilon-D301 (Aquilon,
Moscow, Russia) was used.

2.2. Synthesis of the Silica Nanoparticles

The synthesis of Si NPs with C=C bonds was based on the sol-gel method described in [56].
To reduce the average NPs size, the addition of surfactants was investigated. 0.0005 M-0.006 M of
sodium lauryl sulfate was dissolved in 30 mL of deionized water. Then, 3 mL of triethoxyvinylsilane
was added dropwise with vigorous magnetic stirring for 1 h. After that, 3 mL of ammonium
hydroxide (25%) was added dropwise using a dropping funnel, continuing vigorous magnetic stirring.
The resulting solution can be transparent or turbid depending on surfactant concentration with alkaline
pH. If the resulting solution is transparent, acetic acid was added to adjust the pH to neutral, leading
to the precipitation of nanosized Si NPs with surfaces modified with vinyl groups. The particles were
separated from the mixture by centrifugation (6000 rpm), washed several times with water. Then NPs
were dispersed in ethanol. The resulting solution of silica nanoparticles in ethanol was subsequently
used to modify PET ion-track membranes.
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2.3. Fabrication of lon-Track Membranes and Their Modification by Silica NPs

PET ion-track membranes were prepared by irradiation of PET film (12 pm thickness) with Kr
ions on accelerator DC-60 (Institute of Nuclear Physics, Nur-Sultan, Kazakhstan) with an energy
of 1.75 MeV/nucleon and ion fluence of 1 x 108 jon/cm?. Then membranes were obtained by
photosensitization for 30 min from each side and chemical treatment in 2.2 M NaOH at 85 °C for 140 s,
1655, 180s, and 195 s to prepare membranes with pore sizes of 247, 300, 350, and 410 nm. Chemical
treatment of PET film also led to the hydrolysis of the ester groups of PET with breakage of the polymer
backbone and formation of -COOH and —-OH groups at the chain termini [57,58]. The modification of
PET ion-track membranes was performed according to the scheme presented in Figure 1.
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Figure 1. Scheme of PET ion-track membrane modification.

At the first stage, 2,2’-azobis (2-methylpropion-amidine) hydrochloride (ABAP) was covalently
bonded with COOH-end groups of PET [59]. PET ion-track membranes were kept in an ethanol solution
of 0.2 M pentafluorophenol (PFP) and 0.1 M N-(3-dimethylaminopropyl) -N’-ethylcarbodiimide (EDC)
for 2.5 h. Then, the membranes were kept for 20 h in a 20% aqueous-alcoholic solution (50% vol.) of
ABAP and sequentially washed in tetrahydrofuran, dried with argon and immediately used for further
grafting of Si NPs due to the instability of the resulting compound (PET-ABAP ion-track membranes
were prepared).

At the second stage, the ethanol solution of prepared Si NPs was passed through the membranes
from both sides using vacuum pump to fill the nanochannels with Si NPs. Membranes with Si NPs
were immersed in ethanol solution of 0.2% ABAP. The solution was purged with argon and kept at
75 °C for 3 h to initiate grafting of Si NPs to the surface of PET ion-track membranes. After the reaction,
membranes were washed in ethanol to flush away non-grafted NPs and dried (PET-Si ion-track
membranes were prepared).

At the third stage, prepared membranes were modified with 1H,1H,2H,2H-perfluorodecyl
triethoxysilane (PFDTS). PFDTS in the concentration range from 1 to 20 mM were prepared in o-xylene,
membranes were kept in this solution for 1-24 h. After the reaction, membranes were washed in pure
o-xylene to clean the surface from non-reacted PEDTS (PET-Si-F ion-track membranes were prepared).

2.4. Methods of Characterization

FTIR spectra were recorded on Agilent Cary 600 spectrometer with ATR accessory (Agilent
Technologies, Mulgrave, Australis) in scan range of 400 to 4000 cm ™' and resolution of 0.24 cm™
to evaluate chemical changes at each stage of membrane modification. XPS were recorded on a
Thermo Scientific K-Alpha spectrometer (the Ural Center for Shared Use “Modern Nanotechnology”
Yekaterinburg, Russia) at pressure of 2 X 107° Pa or lower in the analysis chamber. Processing of
the data was carried out by Avantage software. Morphology and pore size of the membranes were
characterized by using the scanning electron microscope (SEM) JEOL JSM-7500F (JEOL Ltd, Akishima,
Tokyo, Japan). Pore size of the membranes was evaluated by gas flow rate measurement at a pressure
drop of 20 kPa [60]. The hydrophobicity of the membranes were characterized by contact angle (CA)
and liquid entry pressure (LEP) measurements.

CA of water was measured from five different positions of the sample using Digital Microscope
1000x magnification (OEM, Ningbo, China) using static drop method. LEP was determined according
to recommendations described in [61-63]. A circular sample with the radius of 1.25 cm was clenched
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inside the sealed chamber, and a test was run with air at gradually increasing pressure. A pipette with
a 0.7-mm diameter capillary was used for LEP evaluation.

2.5. Direct Contact Membrane Distillation

Direct contact membrane distillation (DCMD) was used to determine separation performance of
hydrophobized PET TeMs. DCMD is schematically presented in Figure 2. This system consists of four
thermocouples type-T (T1,T2,T3,T4). The membrane was placed in a cell for MD process, the flow rate
on permeate and feed side was controlled and kept constant at 227 + 3 mL/min and 453 + 3 mL/min
respectively using Easy load Cole-Parmer Masterflex L/s 77200-62 (Cole-Parmer Instrument Co, Vernon
Hills, IL, USA). The temperature difference was kept at 70 °C. The permeate flux was measured by
weighing the mass of liquid collected on permeate side at fixed time intervals (30 s) on a balance
(+0.01 g). Then, solution of NaCl with concentration of 30 g/ was chosen as feed, since it is the average
salinity of seawater. The efficiency of salt rejection was evaluated conductometrically using a Hanna
Instruments conductometer HI2030-01 (HANNA Instruments, Cluj, Romania).
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Figure 2. Scheme of membrane distillation.
The flow rate was calculated by the formula:
Am
=— 1
I=Z5 ()

where | denotes water flux (g/m?-h) and Am the difference of mass in permeate side (g) per unit time
At (h) and effective area of membrane A (m?).
Degree of salt rejection (R) was calculated by the equation:

R=100- (%-100%) @)
Cfic
Ac-1000
Creal = T 3)
Am'Cfﬂ,d
Cpe % 4)
fic ,

where R denotes the degree of salt rejection %, C,, the concentration of NaCl in permeate side after
MD, g/L, calculated according conductivity (conductivity of 1 mg/L NaCl solution is 2.3 uS/cm); Cg, is
the theoretical concentration of NaCl (providing that feed solution passed without puriﬁcaﬁon),.g/L;
Ao is the difference in conductivity of permeate solution before and after MD, uS/cm; 2300 uS/cm is the
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change in the conductivity of the solution with the addition of 1 g/L of NaCl; Am is the permeate gain
after MD, g; Cfﬂ.d is the initial concentration of salt in feed solution, g/L, and mp is the mass of water
from the permeate side before MD, g.

3. Results

3.1. Synthesis of Silica Nanoparticles

The synthesis of Si NPs was based on the procedure described in the work [56]. To reduce NPs
size, surfactant was used. SEM analysis was used to estimate average size of NPs. Before SEM analysis,
silica NPs were immobilized on the surface of ion-track membranes by filtration of colloid solutions.
Figure 3 shows SEM images of prepared NPs with addition of sodium lauryl sulfate in the reaction
(0.0005 M, 0.0008 M, 0.0015 M, 0.002 M, 0.003 M, and 0.006 M).

Figure 3. SEM images of original PET membrane and PET-Si NPs membranes at different concentration
of surfactant.

SEM images show that the higher the concentration of surfactants, the smaller the size of the
nanoparticles. At the same time, at surfactant concentration of 0.0005 M, 0.0008 M, 0.0015 M and
0.002 M the formation of large particles along with small ones can be noticed thus a large dispersion
of NPs in size is observed. At concentration of 0.003 M, average size of NPs is 40 + 4 nm, increasing
surfactant concentration to 0.006 M led to formation of NPs with average size of 23 + 3 nm. Itis
also seen that at this concentration, the morphology of membrane surface only slightly changed.
Table 1 shows that CA of PET TeMs depends on concentration of surfactant. With an increase in the
concentration of surfactants, a decrease in CA occurred. It can be associated with a less rough surface
morphology of the resulting membrane. Also, a decrease in CA can be due to the surfactant remaining
on the surface of the NPs at higher surfactant concentrations (0.006 M). Thus, 0.003 M of surfactant
was found to be the optimal concentration considering the size of NPs and CA for preparation of PET
TeMs. NPs prepared in this way were further used to fix them on PET ion-track membranes.
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Table 1. CA of PET TeMs with Si NPs obtained at different concentration of surfactant.

Concentration of Surfactant M CA *,°
0.0005 117 + 6
0.0008 114 +6
0.0015 109 +4
0.002 98 5
0.003 98 +5
0.006 71+£5

* CA of original PET TeMs is 49 + 5.

3.2. Preparation of Hydrophobic Membrane

Hydrophobization of PET TeMs was carried out according to the scheme presented in Figure 1.
First of all thermal initiator ABAP was attached to the surface via reaction with carboxylic-end groups
of PET membranes [59]. Then, the ethanol solution of synthesized Si NPs (40 nm) were pumped
through the membrane pores. Vinyl-Si NPs were grafted to the PET ion-track membranes by the
reaction of vinyl groups of vinyl-Si NPs via radical sites generated by thermal decomposition of
ABAP on the PET surface. Covalent bonding of vinyl-Si NPs on PET surface will prevent the washing
off of NPs during exploitation. Finally, to increase hydrophobic properties of prepared membranes,
they were covered with fluorinated silane PFDTS via hydrolysis. The effect of PFDTS concentration
and time of the reaction on CA were studied. Results are presented in Figure 4. Optimal conditions to
achieve the highest value of CA are 20 mM of PFDTS with a reaction time of 24 h.

160 160
Time-24 h a [PFDTS] =20 mM b
140 3 140+ t f
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1004 100+
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Figure 4. CA of PET-Si-F membranes at different reaction time (a) and concentrations of PFDTS (b)
(the average pore size of the original membrane is 247 nm).

Every step of chemical modification was controlled by methods of gas-permeability, CA,

LEP analysis, FTIR and XPS spectroscopy. Membranes with initial pore diameters of 247, 300,
350, and 410 nm were hydrophobized. Values of CA, LEP, pore diameter changes, and other parameters
are summarized in Table 2. The results of CA measurements from 3 different positions for each sample
of PET TeMs are presented in Figure 5.

143°
(c)

49°
(a)

(b)
Figure 5. CA for original membrane (d ~ 247 nm) (a), PET-Si membranes (b) and PET-Si-F membranes (c).
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Table 2. Contact angle values and pore sizes for grafted/fluorinated PET TeMs at various stages
of modification.

Effective Pore

Sample Contact Angle, ° LEPeyp, Bar  LEPGp.crp Model, Bar

Diametet, nm

Original PET membrane 49 5 247 +5 - -

PET-ABAP membrane 54+6 247 +4 - -
PET-Si membrane 98 £ 5 167 £ 6 32 3.4
PET Si-F membrane 143+6 152+6 >4.3 9.7
PET Si-F membrane * 1356 201 +5 >4.3 6.4
PET Si-F membrane ** 1325 263 £5 4.1 4.3
PET Si-F membrane ** 125+5 315+6 35 34

PET membrane with initial pore size of 300 nm *; 350 nm ** and 410 nm ***,

Increasing of grafting degree led to increasing of CA from 49° for untreated PET TeMs to 143°
for PET-Si-F membranes. Contact angle depends on both chemical natural and roughness of the
surface [64,65]. The method applied in this work allows changing of both parameters.

Analysis of previously published works on the use of silica NPs for hydrophobization of
membranes shows us that CA of PVDF flat sheet and micropillared membranes can be increased up to
150°-160° [51,52] and to 150° for PLA fabrics [66].

LEP was estimated experimentally and using model of combination of computational fluid
dynamics and genetic programming (CFD-GP) developed by Chamani et al. [63]. A good correlation
was found between the experimental data and CFD-GP model. The experimental setup used for
experimental LEP analysis does not allow to increase the pressure more than 4.3 bar, hence for
some samples the experimental LEP exceeded the maximum value of pressure. According to CA
and LEP data, all membranes with different pore diameters can be used in MD in connection with
recommendations [33]. Also, it should be noted that at a pore density of 1 x 108 pore/cmz, membranes
with pore diameters more than 400 nm lead to pore overlapping and a decrease in strength [67].
Therefore, membranes with larger pore diameters could not be used.

The stability of hydrophobized layer was investigated by holding the modified membranes in
water at 75 °C which is comparable to the conditions of DCMD. Minor changes in CA (Figure 6 and no
changes in LEP were detected. A slight decrease in the contact angle may have occurred due to the
washout of a small amount of unattached nanoparticles or 1H,1H,2H,2H-perfluorodecyl triethoxysilane.

160
150
Oﬁ |
<1401
| |
130 ! - T
ot
0 5 10 15 20 25
Time.h

Figure 6. The change in CA of PET-Si-F membranes with pore diameter 152 nm after keeping in water
at75°C.
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Changes in chemical structure during modification were controlled by FTIR spectroscopy using
ATR-accessory. The main absorption bands for the initial PET ion-track membranes (Figure 7) are
determined as 2970 cm~! (aromatic CH), 2912 cm™! (aliphatic CH), 1713 em™! (C=0 group), 1615, 1470,
1430, 1409 cm~! (aromatic vibrations of the carbon skeleton), 1340 cm~! (OCH bending), stretching
vibrations of C(O)-O bonds of ether groups (1238 cm™!), 1096 cm™! (C-O stretching), 1017 cm™ (ring
CCC bending) and 970 cm™! (O-CH,) [45,68]. After the modification with ABAP, no significant
changes were observed in FTIR spectra. After immobilization of Si NPs on PET ion-track membranes,
new peaks appeared at 1080 and 1132 cm™! (Si-O-Si stretching vibration), and 1602 cm™! (C=C
stretching vibration) [69]. Upon grafting of Si NPs on the surface, peak at 1602 cm™! decreased, which is
seen from Figure 7b.
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——PET-Si
—— PET-ABAP sos
—_ ——PET_TeMs C-F
= _ -
= c=0 0% Yoot
- N
(%)
=
©
=}
S c=C
w
=]
<
1750 1500 1250 1000 750 500
Wavenumber, cm”' c
——PET-Si-F
b ——PETSi
——PET-ABAP
Si-0-Si ——PET_TeMs
—— PET-Si-heated 1 C0-0 cF \ cee
—PETSi =z Vi 0.0H,
——PET_TeMs ; |OCH '
—_ S 18 C-
=
= 8
@ c
e c=C 8
g
2 2 |
< M

i, T e 1300 1200 1100 1000 900

Wavenumber, cm™
Figure 7. FTIR-ATR spectra of PET ion-track membranes at different stages of modification at
wavenumber range from 1800-400 cm™! (a) from 1560 to 1640 cm™! (b) and from 1350 to 940 cm™! (c).

It indicates reaction of C=Cbonds as graft polymerization proceeds. For a quantitative assessment,
the values of the I;402/I1419 band ratio indexes were calculated on the basis of respective peak intensity
(I). Band ratio index I3402/I1410 for the PET TeMs—Si is 2.88 while for the samples PET TeMs-Si grafted
is 1.43.

Successful surface modification with PFDTS was proved by the appearance of peaks at 1150 and
1204 cm ™! ascribed to CF; and CF3 symmetric stretching [52].

Surface chemical structure and elemental analysis of the membranes were also studied by more
sensitive method XPS. XPS can analyze chemical composition of top layer (~10 nm) of the membranes.
Elemental composition obtained from survey XPS spectra (not shown) of PET ion-track membranes
at each stage of modification is presented in Table 3. Initial PET ion-track membrane is composed of
72.5% C and 27.5% O, modification with ABAP led to appearance of 2.6% N. PET-Si-F membranes were
found to have 4.1% of Si and 2.5% of F. Typical high-resolution XPS spectra are presented in Figure 8.
High-resolution Si2p spectra (Figure 8c) consists of one peak at 102.5 eV related to Si-O-Si, and F1S
(Figure 8d) is also consisting of single peak related to C-F. The C1s peaks of original PET ion-track
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membranes are attributed to C-C/C-H at 284.6 eV, C-O/C-OH at 286.5 eV, and C=0 at 288.7 eV [70-72].
Coating with PFDTS led to appearance of two additional peaks at 291.4 eV and 293.9 eV correspond to
CF; (1.6%) and CFj3 (0.3%) respectively. The ratio of intensities of CF, and CF3 peaks in XPS spectra
is close to atomic ratio depicted in the molecule of PFDTS. The results of XPS spectra are consistent
with previously published works related to silane and fluorine-containing silane coating of different
materials [73,74].

Table 3. XPS surface composition of the samples.

s " Atomic Concentration, % High Resolution C1s Moieties, %
ample
P C (0] N Si F C-C/C-H Si-O-C/C-O-C C=0 C-F, CF;
Original PET membranes 725 275 - - - 66.1 19.8 14.1 - -
PET-ABAP membranes 75.1 223 2.6 - - 66.8 19.4 13.8 - -
PET- Si membranes 639 279 08 4.1 - 67.1 189 14 - -
PET-Si-F membranes 639 279 - 57 25 64.6 19.0 135 16 03
b C-CIC-H
© o
2 3 C-0-C/Si-O-C
c
3 §
o | COOH ',
CF, CF, N
Al 1
295 200 285 280 205 290 285 280
Binding energy, eV Binding energy, eV
Te Si-O-Si d
C-F
& l o |
81 8
106 104 102 100 98 695 690 685
Binding energy, eV Binding energy, eV

Figure 8. Typical high resolution XPS spectra of C1s (a,b), Si2p (c) and Fls (d) of the original PET
ion-track membranes (a) and PET-Si-F membranes (b-d).

Figure 9 shows cross-section view of initial and modified PET ion-track membranes. It is seen
that Si NPs are located inside the channels. However, they are more concentrated on the surface and
pore mouths. It can be due to difficulty of adsorption of Si NPs on inner pore walls since they are
perpendicular to the flow trajectory.

Figure 9. SEM images of cross-sectional view of initial (a) and modified (b) PET ion-track membranes.
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3.3. Membrane Distillation

Membrane distillation by using hydrophobic PET ion-track membranes prepared at optimal
conditions with different pore sizes of 201, 263, and 315 nm was performed in DCMD. Figure 10a
shows the effect of pore diameter on average water flux.

= 600+
A a = 201nm b
< 5500‘ = 263 nm
¢ 151 Sa00] * 3150m
. 2
% 20
50 g ° 93%
E,—: 2200
T 5 <
£ 81001 /_/‘:/(’*/_ R
0 &= 99%
201nm 263 nm 315 nm 0 1 2 3 4 5 6
Pore diameter, nm Time, h

Figure 10. MD water flux (a) and electrical conductivity during continuous DCMD tests (b) using
hydrophobized membranes (PET-Si-F) with different pore sizes (NaCl 30 g/L, temperature 70 °C).

The average water flux for membranes with effective pore diameter (measured by gas permeability)
of 210 nm is 2.2 kg/(m?-h), 263 nm; 6.5 kg/(m?-h) and 315 nm; 15.4 kg/(m?-h). The increase in water
fluxed is directly associated with increase in membrane porosity. Degree of salt rejection was evaluated
by measuring electrical conductivity [45] of permeate side (Figure 10b). It is very well known that
conductivity is sensitive to the slightest change in salt concentration [75,76]. We observed slight
increase in conductivity with time for membranes with pore diameters of 201 and 263 nm and more
intense increase for membranes with pore diameter of 315 nm. Degree of salt rejection was found to
be 99%, 98%, and 93% for hydrophobized membrane with pore diameters of 201, 263, and 315 nm
respectively. It should be noted that unmodified PET ion-track membranes were also tested in MD,
however the degree of salt rejection measured by electroconductivity was close to zero. Probably
filtration is occurred instead of MD, since unmodified membranes have unsatisfied properties to use
them in MD.

Figure 11a shows SEM images of dried PET-Si-F membranes after DCMD of saline solution
without washing. A large amount of contamination is present on the membrane surface. After washing
in warm water for 8 h, most of the contaminations were washed away. However, the Si NPs were
retained on the membrane surface. CA of the membranes slightly changed from 132° + 5° to 127° + 6°.

Figure 11. SEM images of PET-Si-F membrane surface (pore diameter is 263 nm) just after DCMD
(a) and after washing in warm water (b).

The results show the possibility of using silica NPs for hydrophobization of PET ion-track
membranes and application in water purification by DCMD. Compared with the previously obtained
results on the hydrophobization of PET ion-track membranes [11,45,55], the proposed method allows
to reach a higher permeability with an appropriate salt rejection degree. To compare results of
water purification by MD using other types of membranes [3,16,23,77-79], the use of PET ion-track
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membranes leads to relatively low permeate flux, which is primarily due to the low porosity of these
membranes. At the same time, accurate pore sizes and the narrow pore size distribution of PET
ion-track membranes lead to the accurate separation of different liquids.

4. Conclusions

In this study, we have shown that the application of the method of immobilization of hydrophobic
silica nanoparticles onto PET ion-track membranes allowed significant change its hydrophobic
properties. CA increased from 49 to 143° for membranes with pore diameter of 152 nm, to 135°,
132°, and 125° for membranes with diameters of 201, 263, and 315 nm, respectively. PET ion-track
membranes with a large initial pore diameter (410 nm) were hydrophobized that allowed reaching LEP
to 3.5 bar. SEM analysis showed changes in morphology of the surface after modification, XPS and
FTIR spectroscopy confirmed success modification of the membranes. DCMD test showed maximum
flux of 15.4 kg/(m?-h) with degree of salt rejection of 93%, 6.5 kg/(m?-h) with 98%, and 2.2 kg/(m?-h)
with 99%. The results showed a high potential for the possibility of using the obtained membranes in
membrane distillation.
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AOcTpaxT: B ctaThe omnmcaHa ouncTKa BOABI OT cOAell MeToAg0M MeMOpaHHOM aguctuaasanum (M)
C CTIOAB30BaHNeM TPeKOBBIX MeMOpaH. Tpexosrie MeMOpaHEI Ha OCHOBe IT0ANYTIAeHTepedpTalaTa
(ITOTP) 65121 THMAPOPOOU3NPOBAHEI IIyTEM UMMOOMUANBALIUY TUAPOPOOHBIX BUHUA-KPEMHMEBBIX
HaHouacTull. Kpemunessle HaHouacTuisl (HY) cuHTe3supoBaamn 304p-reab MeTo40M, A00aBAeHUe
ITIAB mpusogmao k oOpaszosanmio HY co cpeanmm pasmepom 40 mM. Tepmomumiimarop,
3aKpeIleHHBIV Ha IIOBepXHOCTI MeMOpaH, 1103B0A:14 NpuKpenaats HY TpusTokcusmHnacniana x
IOBepXHOCTM MeMOpaHbl. /a5 JaabHeNIero IOBBIIIEeHN TIMAPOPOOHOCTH STOKCUTPYIIIIBI
¢ropuposaan. Mopdoaornio M XMMUYECKYIO CTPYKTYpy IIPUTOTOBAEHHBIX MeMOpaH
oxapakrepusosaau ¢ nomompio COM, UK-, POPOC choekTpockommu U TecTa Ha
ra3oIpOHNIIaeMOCTb. I mapo¢oOHEIe CBOIICTBa OLIeHMBaAN 110 KpaesoMy yray cmaunsanist (KYC) n
KPUTIYeCKOMy JaBaeHno mpoHukoHoseHms (LEP). Mem6pansr ¢ KYC 125-143° Obran
IIPOTeCTUPOBaHEI B MEMOPaHHON AMCTUAAAINY IPsIMOro KoHTakTa ¢ koHneHTpanyu NaCl 30 r/a.

Mem6bpaHbI TOKa3aau IPOU3BOAUTEABHOCTS OT 2,2 20 15,4 Kr/M24 IIpu1 3HAYEHMSIX OUMCTKU cOAM 93-
99 %.

KaioueBble caoBa: ouuncrka BoOgw; TIuapodoOHasi MoAudUKaIMs; TpPeKOoBble MeMOpaHBI;
MeMOpaHHasI AVICTUAASIIINS; CIAAQHbL; KpeMHIEeBble HaHOYaCTHIIEI

1. BBeaenue

ITonck 9$PexTUBHBIX M AOCTYIIHBIX CITOCOOOB OUNCTKI BOABI SBASETCS aKTyaAbHOM 3ajadeli B CBA3U
C yMeHbIIIeHMEM 3arlacoB IIMTbEeBOM BOABI, POCTOM HacedeHUs U UHAycTpuaamsanueint [1].
Oprannsanusa Oobeaunennsix Hanmit coobminaa, uro okoa0 700 M1AAMOHOB YeA0BeK B HacTos1ee
BpeMsI XXMBYT B CTpaHax Cc Ae(pUIINTOM Boabl. Okmgaercs, 9to K 2025 r. 1,8 Mapa yeaosek O6yayT
IIPOXXMBaTh B pernoHax ¢ AepuunroM Boasl [2]. Cpean 3arpssHuUTe A€l BOAbl HanOOAbIIIee 3HAYEHNe
MMeIOT HeopraHM4IecKye coAy, HepTeIPOAYKTHI, IOBEPXHOCTHO-aKT/BHBIE BeIlleCcTBa, IIeCTUIINABI I
¢enoarl. Hanboaee sdppeKTHBHEIMU MEeTOAaMM OIVCTKIU BOABI SABASIOTCS MeMOpaHHbIe TEXHOAOTIH,
BKAIOUAIOI/e 0cMOoC, puapTpanuio u MeMbpaHHyio Aucruaasumio (MA4) [3].

M/ paccmaTpuBadcs Kak OAMH 13 HauboJee IepCIeKTUBHBIX MeTOA0B 0aarojaps cAeAyloulyum
IpeuMyIiecTsaM, TaKUM KaK MATKME YCAOBUsA BDKCIIAyaTallMlM, BBICOKME IIOKa3aTeAM OYMCTKH,
HU3KOe paboyee JaBAeHIe, MeHbIasl YyBCTBUTEABHOCTD K 3arpsI3HEHUIO VM HU3KNe TpeOOBaHM K
TeMIlepaType K oduiaemMomy pactsopy [4-8]. M/ moskeT OBITh peaaM3OBaH B IIATM THUIIAX



KoHpurypannit: M/l ¢ BO3AyIITHEIM 3a30poM, BaKyyMHBIT M/, M/ ¢ mpoaysounsim rasom, M/ ¢
IlepMeaTHBIM 3a3opoM 1 M/ npsamoro koHTakta (DCMD). HecMoTpst Ha HEeKOTOpBIe OTpaHUIeHNs,
HauboJee W3y4YeHHBIM TUIIOM SBASETC MeTO/A HpPsAMOIO KOHTaKTa M3-3a €ro IIPOCTOTHI M
AoctynHoctu [3,9-14]. JaHHbI MeTOA MO>KeT YCIIeITHO IIPUMEHATHCS 4451 OUMCTKM BOABI OT coAeit
[15-19], Tsxeabix Metaaaos [20-22], kpacuteaeit [23,24], paAMOaKTMBHBIX OTXO40B [25-28],
pacTBopoB KicaoT [29], MoueBnHBI [30], B O4MCTKE CTOYHBIX BOA B TOPHOAOOBIBAIOIIVIX ITPEAITPUSTISIX
[31,32].

MembpaHHast AMCTUAASLNS — DTO IIPOLIECC, OCHOBAHHBIN Ha TEIIA0BOM BO34EVICTBUM, B KOTOPOM
MeMOpaHa CAY>XUT OapbepoM A5 IPOHMKHOBEHUS JXMAKOCTH, HO SIBASETCS Cpeoil AAs IepeHoca
napa. Takum oOpasoMm, MeMOpaHsbI, KUcrioab3yemere B M/, A40AHBI OBIT TUAPO(POOHBIMHU, YTOOBI
MpeJOTBPATUTh yTeuky >Xmakoctu [33], a sdpdexkruBHOCTS mporecca M/ BO MHOTOM 3aBUCUT OT
XapaKTepUCTUK MCIIoAb3yeMoii MeMOpaHbl. B M/ 00BIYHO 1CIIOAB3YIOT KOMMEpUYEeCcK! AOCTYIIHbIE
II010BOAOKOHHbIE U IIAOCKIE IIOAVMMEpHBIe MeMOpaHBl Ha OCHOBe I0AM(TeTpadTOpDTIIEHa),
noan(suHnAnAeHQpTOpMAa) U noanmponnieHa [34-38]. OgHako cMaunBaHue, 3aCOpeHIe U BEICOKas
ITOTPeOHOCTh B TEILAOBOM DHePIMM TaKuMX MeMOpaH ABASIOTCA OCHOBHBIMM HeJOCTaTKaMM AAsd
ycnemHoro npuMenenns 8 M/ [8,39,40]. Aas npeogoaeHns 5TUX HE40CTaTKOB MOYKHO MCIIOAb30BaTh
Apyrue Tumsl MemOpan [11, 41-45], HanpuMep, HEBOAOKHUCTBIE, MHOTOCAOIHbIE, KOMIIO3UTHbIE
MeMOpaHBI, TpeKOBble MeMOpaHBI I METOABI MOAVI(PUKALINMY, TaK/e KaK I11a3MeHHasl, TepMuJecKas,
AazepHass 00paboOTKa, IOcAOVHas o0OOpabOTKa, CIIMBaHME, TIIOKPHITME U IIPUBUBOYHAs
rnoauMepusanusa IUApoQoOHBIX coeauHeHnit [46-50]. Mertos wMogudukanum MeMmOpaH C
JCIIO/Ab30BaHNEM HaHOYaCTMI] KpeMHe3eMa TakKe peKOMeHJOBaH KaK MeTO/ IT0AyJeHId
cynepruapodobHbx nan oMHNPOOHEIX MeMOpaH. OAHaKO Ha CETOAHSIIHUI AeHb MIMEeTCsl ANIIb
HECKOABKO paboT, IOCBAIIEHHBIX MCIIO0Ab30BaHNIO MOAUQPUIIIPOBAHHBIX IIA0CKMX MeMOpaH B M/
[51-53]. PaspaboTka MeToAa MMMOOMAM3a M ITUAPOPOOHBIX HAHOYACTUL] KPEMHILA A4S TOAYIEeHI
MeMOpaH, IPUTOAHBIX A4 M/, ABAsIeTCA aKTyaAbHO 3ajadeil.

B aaHHOM craThe MBI paccMaTpuBaeM KOBAaJl€HTHOe IIPMCOeJMHEHMEe HaHO4YacTUIL AVMOKCHAA
KpeMHus1, Hecymux cBsi3b C=C Ha cBOeJI IIOBEpXHOCTH, ITyTeM TEPMOVMHAYLIVIPOBAaHHO IIPUBUBKY Ha
IpeABapUTeABHO  MOAMQUIIMpOBaHHBIE  TpekoBble  MemOpansr  (TM)  Ha  ocHoBe
noansTtuaeHnTepedrasata (II9TP) ¢ azobuc(2-ammanHOmpomnaH) Aurngpoxaopugom (ABAP) u
II0CAeAYIOIYI0 MOAMPUKAIUIO ¢ (PTOpCOAep KaIUM CHAaHOM. TpeKoBble MeMOpaHBI MMeIOT
MIPaBUABHYIO T€OMETPMIO IIOP C BO3MOKHOCTBIO PEryAMPOBaHMSA MX KOAMYECTBA HA €AVHUILY
IL10IIIaJU U paclipejeleHue IOp 0 pa3MepaM IIpU MaAoil TOALIVMHE ¥ HU3KOM U3BUAMCTOCTH. VX
YHUKaAbHbIe CBOJICTBA MOTYT IIPMBECTH K IOBBIIIIEHNIO CeAeKTUBHOCTU 1 9(PpPeKTUBHOCTH IIpoIiecca
MA 1 caeaats UX OpUTOAHBIMU A5l ITIOTeHIIMAaABHOTO IpuMeHeHns B M/ [27,28,54]. ViccaeaoBanms
10 MM OONMAM3aLI HAHOYaCTHI] KPeMHII Ha TPeKOBble MeMOpaHHI A5 UCII0Ab30BaHMs B M, 9To
Cr10coOCTBOBAAO OBl YMEHBIIIEHNIO 3aTPsI3HEHNs ¥ cMadiBaHMs MeMOpaH, IoKa He pa3pabOTaHBI.

2. MaTepuaanl 1 METOABI

2.1 Peaxmuegui

Tpustokcmsuanacnaan  (TOBC),  2,2'-a300Mc(2-MeTMAIPONNOH-aMUANH)  TUAPOXAOPWA
(ABAP), N-(3-aumetnaamusonponnua)-N'-stuakapooannmug (EDC), nentadpropdpenoa (PFP), 1H,
1H, 2H, 2H-nmepdropaeunarpustokcucuiad (IIPATC), mnsompomnanHoa OBLAM VCIIOAB30BAHBI
npoussoAcrsa Sigma Aldrich. Bce agpyrne xmmmdeckue BeljecTsa U pacTBOPUTEAMN, TaKUe KaK O-
KCIAOA, XAOPUA HaTpusl, AaypuacyAbdaT HaTpUs, BOAHBIN pacTBOp aMMMaKa, ®TaHOA, YKCyCHas
KICAOTa, TUAPOKCUJ HaTPpUs U MeTaHOA MMeAM YMCTOTYy 4.J.a. PeareHTH nepes MCIOAb30BaHUEM
oumIIaAu TepeKpUcTalAu3alyell, IeperoHKoi MAM KOAOHOYHONM Xpomartorpadueii. Bo Bcex
SKCIIepMMEeHTax ICI0Ab30Balach JeMOHM3uposaHHas Boda (18,2 MOwM), mnoaydeHHas OT
AenoHusatopa Axksuaox D301.

2.2 Cunmes Hanowacmuy, KpemHus



CunTes HaHOUACTUIT KpeMHISI €O cBsI3siMu C=C OCHOBaH Ha 30.1b-TeAb METOAE, OIVICAaHHOM B [55].
AAs yMeHBIIIeHNsI CpeAHeTO pa3Mepa HaHOJacTUI ObLAO MCCAeA0BaHO A00aBAeHle TIOBEPXHOCTHO-
aktuBHBIX Bemlects. 0,00056 M - 0,006 M aaypuacyasdarta Harpusa pacrsopsaan B 30 ma
AEVIOHM3VMPOBAHHOIN BOABL. 3aTeM IO KallAsAM A00aBAsAM 3 MA TPUSTOKCUBMHIACHAAHA IIPU
MHTEHCUBHOM MarHUTHOM IlepeMeIBaHnu B TedeHne 1 gaca. ITocae 5TOTo ¢ MOMOIIBIO KaIlle AbHOT
BOPOHKI IIO KamAsIM A00aBAsiau 3 MA THUAPOKCHAA aMMOHUA (25%), mMpooaxKasi MHTEHCHBHOE
MarHUTHOe IlepeMemiyBaHMe. [loaydeHHDBII pacTBOp MOKeT OBITH NPO3payHBIM MAM MYTHBIM B
3aBMCMMOCTM OT KOHIIEHTpallMM ITOBEpPXHOCTHO-aKTMBHOTO BelrjecTsa npu IeaoddHoM pH. Ecan
MOAY4YeHHBINI PacTBOp Hpo3padeH, A00aBASAAUM YKCYCHYIO KUCAOTY Aa4as JAosedeHust pH a0
HeWNTPaAbHOTO, YTO IPUBOAUT K OCaXKAEHUIO HAHOYACTUI] KpPEeMHNS Ha IIOBEpPXHOCTE,
MoAUPUIVPOBaHHBIMU BUHILAOBBIMU TPYyTIIaMIL. Yactuiist OTAEASIAUL oT cMecn
uenTpudyruposanneMm (6000 06/MMH), HECKOABKO pa3 IHpoMBIBaAM BoAoi. 3arem HY
AuCIlepruposaau B sTaHoe. [loaydeHHsIiT pacTBOp HaHOYACTUILL KPeMHI: B 9TaHOAe BIIOCAeACTBUN
UCII0Ab30BaAu 4451 Mogudukanyu [TOT TM.

2.3 oayuetiue mpekosulx MemOpar u ux MoOUGUKAUU HAHOUACTIUUAMY KPEMHUSL

Tpexossle MeMOpaHBI IIOAy4aau OO0AydeHUEM IIAeHKU mnoaustuieHTepedrasara ([TDTP)
(Troamuuon 12 mxm) nonamu Kr Ha ycxkopureae A11-60 (Hyp-Cyaran, Kasaxcran) ¢ sueprueit 1,75
MsB/ayKka0H 1 ¢pareHcom noHos 1-108 non/cm?. 3arem obpasusl poroceHcnOMAN3Nposaau 1o 30
MIH C Ka’K40¥1 CTOPOHBI I XMMIYeCK! BEITpasauBaan B 2,2 M pactsope NaOH nipm 85 °C B Teuenne
oIpeJeAeHHBIX IIeprOoJ0B BpeMeHN A5 IToAydeHus MeMOpaH ¢ pasmMepamu nop 247, 300, 350 u 410
HM. XMMIYeCKOe TpaB/leHMe TaKKe IIPUBOAMAA K I'MAPOAM3Y CAOKHOD(PUpPHBIX rpymn [IDTO c
PpaspBIBOM OCHOBHOII Ilenu Inoammepa u odpaszosanuem rpynn -COOH n -OH Ha KoHIax nemnmn
[56,57]. Moauduxanuio [I3TP TM nposoanan o cxeme, IpeAcTaBAeHHON Ha puc. 1.

Ha mepsom sTame 2,2'-a3obuc(2-meTnanponmoHaMuauH)ruapoxaopus (ABAP) xosaseHTHO
ceaspiBaau ¢ COOH-xonnespiMu rpynmnamu I[I9T® [58]. Tpexosrie MmemOpanbl Ha ocHose IIDTO
BRIAepXXuBaan B cnuprosoM pactsope 0,2 M mentadropdenoaa (PFP) m 0,1 M N-(3-
Aumetnaamusonponua)-N'-stuakapoogunmuga (EDC) B Teuenme 2,5 yacos. 3ateM MeMOpaHbI
BpigepxuBaan B TegeHnme 20 u B 20%-HOM BogHO-cimpToBOM pactBope (50% 00.) ABAP,
rocaeA0BaTeAbHO IIPOMBIBAaAN B TeTparnApodypane, CyInAy apTOHOM U Cpa3y MCIIOAb30BAAN A1

AaAbHENIIel IPUBUBKY HAHOYACTULL KpeMHIs (Oblau noaydenst [IDT® TM-ABAP).
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Pucynoxk 1. Cxema moagudukarun I[T9TP tpekosbix MeMOpaH

Ha sropowm srarne, pactsop npurorosaennsix HY Si B 9Tanoae nporryckaan yepe3 MeMOpPaHbI
00erx CTOPOH C IIOMOIIBIO BAKyYMHOTO Hacoca A5 3alI0AHEeHI KaHaA10B HAaHOYaCTUIIaMy KpeMHIS.
Mewmb6pansr ¢ HY Si norpyskaau s pactsop 0,2% ABAP B sTanoae. Pactsop npoAysaanu aproHOM i
BpIgepskuBaanu npu 75°C B TeueHne 3 9 a4 nHunuanuy npususky HY Si Ha nmosepxuocTts [IDTO
TM. Ilocae peaknuy MeMOpaHBI IIPOMEIBAAU DTaHOAOM AAdA yAadeHns Henpusuteix HY n cymman
(moayyens ITOT® TM-Si).



Ha TtperbeM ®Tame IIOATOTOBAeHHble MeMOpanbl MmoAuduuuposaan 1H,1H,2H,2H-
nepdropaenuarpustokcucuiadom (IIPATC). IIOATC s ananasone koHneHTparuii ot 1 40 20 MM
CMeIlNBaAN B O-KCIA04€e, MeMOpaHBbl BRIAEP>KMBAAU B 9TOM pacTBope oT 1 40 24 4. [Tocae peaxuym
MeMOpaHBI IIPOMBIBAAN B YMCTOM O-KCIA0/A€ 4451 OUUCTKU ITIOBEPXHOCTU OT HEIIpOpearnpoBaBIIIX
INPATC (moayuens: ITOTO TM-Si-F).

2.4 Memodvl xapaxmepusayuuu

MK-criexTpsl perucrpuposaan Ha ciekrpoMetpe Agilent Cary 600 ¢ mpucraBkoil HapyIIeHHOTO
rnoaHoro BHyTpeHHero oTpaxenusa (HIIBO) B auanmaszone ckanuposanus ot 400 go 4000 cm~! n
paspemenun 0,24 cM™' A4 OLIEHKM XMMMYECKUX M3MEHEHMI Ha KaXKAO¥ cTaAuy Moaudukanmm
MeMOpansl. POOC perncrpuposaan Ha crekrpomerpe Thermo Scientific K-Alpha (Ypaasckmit
LIEHTP KOAA€KTMBHOTO IT0Ab30BaHUs «CoOBpeMeHHBle HaHOTexHoAorum», ExatepmnOypr, Poccui)
Npu AaBA€HMM B aHaAuUTH4yeckol Kamepe 2-10¢ ITa u Himxe. OOpabOTKy AaHHBIX NMPOBOAMAM B
nporpamMe Avantage. Mopdosornio n pasmep Hnop MeMOpaH XapaKTepU30BaAM C ITOMOIIBIO
CKaHMPYIOIIero 9AeKTpoHHoro Mukpockoma (COM) JEOL JSM-7500F. Pasmep mop memOpan
OlleHNBaAM II0 M3MepeHMIO razonponuraeMoctn npm gasaenun 20 xlla [59]. TmapodoGHOCTD
MeMOpaH XapaKTepu30Balach U3MepeHVAMI KOHTaKTHOTO yraa cmaunsanst (KYC) n xputngeckoro
AaBaeHus npoHukHoseHus (LEP).

KYC msmepsan m3 msatm pasAndHBIX IIOA0XKEHMIT oOpaslia C MCIOAb30BaHNEM LM(PPOBOro
MuKpockona c yseandenueM 1000x MetoaoM cratudeckoit Kanan Boasl. LEP onpeaeasan coraacHo
pexkoMeHJanmsAM, ommcaHHBIM B [60-62]. OOpaserr gmamerpom 1,25 cM Obla 3a’KaT BHYTpHU
repMeTHYHOJ KaMephl M IIOCTENeHHO yBeamuymsaau gasaenue. Jas ouenku LEP mcroanzosaan
INIIETKY C AuaMeTpoM Kanuaaspa 0,7 mM.

2.5 Membparnas Oucmurrayus

MeMmOpaHHasT AUCTMAASINS UCIIOAB30BaAach A4Sl OIpeAeAeHUs] IMTPOU3BOAUTEABHOCTU
ruapododmsuposanHbix [I9T® TM u crenrenn ouncrkn coan. CxeMa mpeJcraBaeHa Ha puc. 2. Drta
crucTeMa COCTOUT 13 yeTeipex Tepmonap tuna T (T1, T2, T3, T4). MemOpaHy nomelrjaau B sT9eiKy AAs
nponecca M/, cKOpocTh IOTOKa Ha CTOpOHe IlepMeaTra M KOHIIEHTpaTa KOHTPOAUpOBaAU U
MOAJEeP>KUBaAY IIOCTOSIHHOM Ha YpOBHe 227+3 MA/MUH 1 453+3 MA/MUH COOTBETCTBEHHO C IIOMOIIIBIO
repucraabTdeckux HaHocos Easy load Cole-Parmer Masterflex L/s 77200-62. PazHocTs TemmiepaTyp
coxpaHsaack Ha yposHe 70°C. IIpomsBoguTeabHOCTh IepMeaTa M3MepsiAU IyTeM B3BeIllVBaHILI
Macchl JKMAKOCTY, cOOpaHHOI Ha CTOPOHe IlepMeara yepe3 (PUMKCUPOBaHHbIE MHTEPBAAbl BPEMEHN
(30 c) Ha Becax (+0,01 r). B xauectBe KOHIIeHTpaTa Ob1a BIOpaH pactsop NaCl ¢ kornenrpauyu 30 1/4,
TaK KaK 9TO CPeAHsISI COAEHOCTh MOPCKOM BOABL. D(PPEKTUBHOCTD CTETIEHN OUYUCTKI COAU OII€HUBAAN
KOHAYKTOMETPUYECKH C MCIO0Ab30BaHMeM KoHAykKToMeTpa Hanna Instruments HI2030-01.

[Ipon3BoANTEeABHOCTD OlleHMBaAach 10 popMye:

= Am )
AAt
rAe ] — mpou3BoAUTEABHOCTS (T/M24), Am — Macca BOABI, IT0AyJeHHasl Ha IlepMearte (T) B e4VHUITY
Bpemenn At (4) 1 9$pPeKTUBHOI naomaiy MeMOpaHsI A (m?).
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Pucynok 2. Cxema MeMOpaHHOI AMCTUAAAIINI

3. PesyabTaThl 1 00CYyXAeHU

3.1 Cunmes narouacmu, Kpemus

IlepponayaapHO BuHMAKpeMHMeBble HaHouacTuubl (HY Si) Oplam cuHTE3MpOBaHbLI 304b-TeAb
MeTO/OM B Pa3ANIHbBIX ycaoBusX (Temmeparypa 40 u 60°, konnentpauns NH«OH ot 25 40 5%). COM
aHaAu3 UCI0Ab30BaaAu AAs1 KOHTpoAs cpeaHero pasmepa HY. Tlepeag COM anaansom HY kpemuus
UMMOOMAM30BaAM Ha TIOBEPXHOCTM TPEeKOBBIX MeMOpaH IyTeM QUAbTpalUM KOAAOUAHBIX
pactsopos. PesyabTaTsl mpeAcTaBaeHsl Ha puc. 3. JdanHbie o cpeaneM pasmepe HY, moaydennsre us
COM msobpaskennii, coopassl B Tabantie 1.




Pucynox 3. COM n3o0Opa’keHns1 HAaHOYaCTULL KpeMeHMs Si, CUHTe3MPOBaHHBIX TPV pa3HBIX
TemIlepatypax 1 KoHueHTpauysx NH4OH (6e3 ITAB)

Ta6auma 1. Cpeaanii pasMep HaHOYACTUI] KPeMHIS, TOAYIeHHBIX B pa3HBIX ycaoBusx (6es TTAB)

KonnenTtparims Cpeanuit pazme
NEL;OI};, ‘])2 Temneparypa, ° HaHO‘«IIZICjI/ILI K}I))eMHI/I}:I, HM KYE
- - - 49+5*
25 60 450+9 11746
10 60 524+8 118+6
5 60 547+7 12045
25 40 577+50 12045
10 40 600+43 12146
5 40 900+42 121+6

* - ncxoausi [IDTO TM

Buano, uro cpeanmii pasmep HY Beank 1o cpasHeHMIO ¢ pa3mepoM 1op MeMOpaH. CHinKeHne
KOHIIEHTpallul aMMMaKa U TeMIlepaTyphl NPUBOAUT K yseaudeHuio pasmepa HUY. Kpome Toro,
HaOAIOAaeTcst yseandeHue pasmepa u pacrpegeasenns HY mpu 40°C mo cpasnenuio ¢ 60°C.
Vlsmenenusi TemilepaTypbl MAM KOHLIEHTpaUMM aMMMaka He HOPUBOAMAU K 3HAUUTEAbHOMY
YMEeHBIIeHMIO pa3Mepa JacTull, CPaBHIMMOTIO ¢ pa3dMepamu Iop MemOpan. Tem He meHee, cyas 1O
sHaueHrsiM KYC, II9T® TM ¢ HY Si obaazaer BhICOKMMU TUAPOQPOOHBIMM CBONICTBAMM, U
M3MeHeHle yCAOBUI peakiiuu npaktudeckn He sansieT Ha KYC. Oanako takue kpymnHeie HY aerko
BRIMBIBAIOTCA C raaakoit nosepxHoctu [IDT® TM mpu meMOpaHHON AMCTUAAALIUU IPSMOIO
KOHTakTa (depe3 2 4 oOpaboTku MeMmOpan B Boge npu 70°C mpaxruyeckn sce HY BhIMBIBaIOTCS).
ITosTOoMy A4 ymenbienns pasmepa HU mcnoab3osaan mopepXHOCTHO-aKTUBHOe BellecTso. Ha puc.
4 mpeacraaenst COM-usobpaxenns noaydesHsix HU ¢ go0aBaenmneM B peakmio Aaypuacyabdara
natpus (0,0005 M, 0,0008 M, 0,0015 M, 0,002 M, 0,003 M 1 0,006 M).

Ucxonnasi MmemOpaHa 0.00054M




Pucynok 4. COM nzobpaskenns ncxoguoi IT9TO TM n MoauduiiuposaHHOI
HaHouacTuramy KpemHyst IT9TO-5i mpu pasAndHOI KOHIIEHTpauy IOBePXHOCTHO-aKTUBHOTO
BeIlecTsa

Mukpodororpadpunr COM MHOKa3BIBAIOT, YTO YeM BBIIIe KOHIIEHTpanusl ITOBEPXHOCTHO-
aKTUBHBIX BellleCcTB, TeM MeHbllle pa3Mep HaHodacTul. B To >xe Bpem: npu koHneHTpanuu ITAB
0,0005 M, 0,0008 M, 0,0015 M u 0,002 M MO>XHO OTMeTUTh OOpa3oBaHMe KPYIHBIX YacTUI] HapAAy C
MeJAKUMM, TaKuM oOpa3oM, HabaAwgaerca Ooasmast auctiepcuss HY mo  pasmepam. Ilpu
koHueHTpanuu 0,003 M cpeannii pasmep HY cocrapaser 40+4 HM, yBeanueHne KoH1leHTpauuu ITAB
20 0,006 M mpmBoaut k odpasosaruio HY co cpegunm pasmepom 23+3 HM. Bugro, uyto mipu sToit
KOHIIeHTpanuy Mop¢doAOTUsI ITOBEPXHOCTH MeMOpaH M3MeHnAach He3HauMTeAbHO. B Tabamiie 2
IIOKa3aHo, YTO Kpaepoll yroa cmauusanus [IDT® TM 3aBucUT OT KOHIIEHTpaIiUy IOBEPXHOCTHO-
akTuBHoro pemlectBa. C yseamyeHuem KoHueHTpanum ITAB mpoucxoamnao camxenme KYC. Dro
MO>XKET OBITh CBsI3aHO C MeHee IIepoXoBaToil MOp¢0A0rueil IOBEPXHOCTH IIOAyIeHHO MeMOpaHEL.
Taxcke camkerne KYC moskeT OBITE cBsI3aHO ¢ TeM, 9TO [TAB ocraercst Ha mosepxaoctr HY. Oanaxo,
Kak ByAHO 13 VIK ciextpos n pesyapratos PODC (puc. 8, 9), mukm, oTHOCAIIMECS K AaypHUACyAbdaTy
HaTpus, oOHapyKeHb He Oblan. Takmum oOpasom, 0,003 M ITAB oxaszasach ONTMMaAbHOIN
KOHIIeHTpaiueii ¢ yaetoM pasMmepa HY u snauenns KYC gas noayuenus IT9TPO TM. INoaydennsie
TaKM 00pa3oM HaHOYACTUIIBI B Aa/bHENIIIEM MCII0AB30BAAN 445 IpuKpendeHus nx Ha [TOTO TM.

Ta6anuma 2. KYC ITOT® TM MoanduiinposaHHbI HaHOYaCTUIIAMU KPeMHIS, ITIOAYIeHHBIN TP
pasanyHoi KoHneHTpanuu ITAB

Konnentpanus ITAB, M KYC, °
0.0005 1176
0.0008 11446
0.0015 109+4
0.002 98+5
0.003 98+5
0.006 715

* KYC ncxoanoir ITOT® TM - 49+5

3.2 Iloayuenue 2udpoPodHuvix memopar

I'mapododbusanuio II19T® TM nmpoBoanan 1o cxeMe, IIpejcTaBAeHHO Ha pucyHke 1. CHagaaa,
Ha TIOBEPXHOCThL HaHOCMAM TepMmouHuiuatrop ABAP myrem peakuum C  KOHLEBBIMU
KapOokcnapHpiMHU rpynnamMu IIOTO TM [58]. 3arem depes mopbl MeMOpaHBI TPOKauMBaAU
®TAaHOABHBIN PAaCTBOP CUHTE3MPOBAHHBIX HaHodacTuil KpemHus (40 HM). BuHmMA-KpeMHUeBble
HaHo4acTUIBl 661y TpuBUTEL K ITDT® TM B pesyabTaTe peakiuy BMHNIAOBBIX TPYIII KPeMHIEBBIX
HY uepe3 pasukaabHble IIeHTPHI, OOpasymoomiuecs Ipu TepMmudeckoM paszaoxeHun ABAP nHa
nosepxHocTy ITOT®. KosaseHTHOe cBA3BIBaHNIE BUMHIA-KpeMHIEBBIX HAHOYaCTUI] Ha ITOBEPXHOCTH
I[I9T® TM mnpeaorspatuT BbiMbIBaHMe HY B mporjecce skcmayatanuu. /As TOBBLIIIEHNS
ruApOQPOOHBIX CBOVICTB MPUTOTOBAEHHBIX MeMOpaH JOIIOAHMTEABHO BhIMauMBaAM MX B pacTBope
IOATC meTogom tuapoaunsa. Visyueno sansauume xonentpanun [IOATC u speMenn peakijuu Ha
3HayeH!s KpaeBOIo yraa cMadusaHMs. PesyabTaThl IIpeacTaBAeHbl Ha pucyHKe 5. ONTUMaAbHBIMU
YCAOBUAMU A4S AOCTVKeHMs Hanboabiero 3HaueHust KYC sasasoresa 20 MM IIPATC B Teuenun 24
yaca.
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Pucynox 5. Kpaesoii yroa cmaunsanys [IDTO TM - IIOATC npu pasananoii KonuenTparun [IOATC
U BpeMeHM peaKuuy (00Nt pasMep IOp MCXOAHOV MeMOpaHeI 247 HM)

Kaxxgasn CTaaus XUMIYECKOM MoAnpUKaL I KOHTPOANPOBaAach

VK-

$oTODAeKTpOHHOII CrTeKTpocKommeri. B xoze skcriepmmenTa 6141 rngpodpobm3nposaHbl MeMOpaHbI

¢ pazangHbIMU AniameTpamu op: 247, 300, 350 n 410 um. 3navennsa KYC, LEP, nsmenenuit Anamerpa

MeToAaMMI

rasoIrpOHMIaeMOCTM, 3Ha4Y€HVIMM  KpaeBOTo yrda CMa4dMBaHNI, nu peHTI‘eHOBCKOﬁI

Iop U APYIUX IlapaMeTpoB IpusedeHbl B Tabauie 3. Pesyasrarel usmepennsi KYC us 3 pasHbix
MOAOXKEeHUI 4451 Kaxkaoro oopasna ITOTO TM nipeacrapaeHs! Ha puCyHKe 6.

YBeandyeHne cTeleHN IPUBUBKM IpuBeao K yseanmdeHnio KYC ¢ 49° aaa ncxoanoii 19T TM
20 143° aaa moauduumposanubix II9T®-Si-F. KoHTaKTHBIN yToa 3aBUCUT KaK OT XMMMYECKO
HIPUPOABI, TaK M OT IIIEPOXOBATOCTY ITOBEPXHOCTH [63,64]. MeToa, MpuMeHeHHEII B 4aHHOI padoTe,
M03BOAsIeT U3MEHATH 0Da ITapameTpa.

AHaans paHee paboTt AAs
ruapododnsarnuy Mmembpan rmokaseisaet HaM, uTo KYC IIBA® MmeMOpaH MO>XKHO yBeAnanTs 40 150-
160° [51,52] u a0 150° gas moanaaxtuAaa [65].

OHy6AI/IKOBaHHbIX mo wucrnoas3oBanmio HY KpeMHILI

49°
@)

98°
©)

143°

(8)
Pucynoxk 6. Kpaesoit yroa cmaunsanus ucxogsoi ITOT® TM (a), ITOT® TM - Si (6), IIOTP
TM-TIOATC (B)

TaGauma 3. 3HaueHMsA KpaeBOTO yraa CMadMBaHNSA M pPa3MepoB IIOp AAsS KPEeMHUEBBIX U
KpeMmHUipropuposaHHeIX [IDTO-Si u ITITP-TIOATC Ha pazaUIHBIX CTagusIX MOANPUKALIUN

Kpaesoii yroa LEPsxe, LEP woseas
Obpasern cMadMBaHUsL, °© AuaveTp mop, Hm Hap cp-crp , 6ap
Ncxoanas [TDTO TM 49+5 247+5 - -
I19T® TM - ABAP 54+6 247+4 - -
I[1OT® TM-Si 98+5 167+6 3.2 3.4
I[MI9TO TM-TI®ATC 14346 15246 >4.3 9.7
I[I9T® TM-TI®ATC * 135+6 20145 >4.3 6.4
I[MI9TO TM-TIOATC ** 13245 2635 4.1 4.3
[MOTO TM-TIOATC *** 125+5 3156 3.5 3.4




IIDT® TM c ucxoausiMu gAnametpamu nop 300 am*, 350 am** 1 410 am***

LEP onenmsaau ®SKCOEpPUMEHTAABHO U C JCIOAB30BAaHMEM MOAeAN KOMOMHAIUM
BBIUMCAUTEABHON  TUMAPOAMHAMMKM M TeHeTmdyeckoro  mnporpammuposanus  (CFD-GP),
paspaborannoir  Yamamm  [62]. DBriaa oOHapyxeHa  Xopolnas — KOppeAsMs — MeXAy
DKCIIepUMeHTaAbHBIMI  daHHBIMU U Mogeapio  CFD-GP. DxkcnepuMmeHTaAbHasl yCTaHOBKA,
UcIioab3yeMast 4451 DKCIIepUMeHTaAbHOTo aHaan3a LEP, He mo3BoasieT IIOBBICUTH AaBaeHUe Hoaee
gyeM Ha 4,3 Gap, IO®TOMYy A4s HEKOTOPBIX O0pasIjoB »KcHepuMmeHTalbHble LEP mpessimmaan
MakcuMaapHOe 3HaueHue gasaenusd. [lo gamasiMm KYC u LEP Bce MemOpaHBI € pa3sAMIHBIM
AMaMeTpOM IIOp MOXKHO HUCIO0Ab30BaTh B M/ B cBaA3u ¢ pekomenganuamu [33]. Takxke caeagyer
OTMETUTD, 4TO Ipu mnaotHoctu nop 1-108 mop/cm?2 meMOpansl ¢ Anamerpom 1op Gozaee 400 HM
MPUBOAAT K EPEKPHITUIO TIOP U CHUKEHNIO TPOYHOCTH [66]. [TosTOMY HeAb3s OBLA0 MCIIOAB30BATh
MeMOpaHBI ¢ 00ABIIIUM AUaMETPOM IIOP.

CTabnabpHOCTD rnapo¢dpoOMU3NPOBaHHOTO cA0s uccAeA0BaAu, BBIAE P KMBas
MoAnUIIMpOBaHHble MeMOpaHbl B BOAe Ipu TeMieparype 75 °C, 4TO CpaBHUMO C YCAOBUAMU
Iporiecca MeMOpPaHHOI ANCTUAASIVN. Bbran BorsBAeHb! HedHaunTeAbHbIe n3meHeHnst KYC (puc. 7)
u oTcyTcTBMe n3MeHeHuit LEP.
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Pucysox 7. IsmeHenns kpaesoro yraa cMauusanys [I9TO TM-TIOATC nocae Brlaep>KMBaHM
B Boge npu 75°C

VsmeHeHNsT XMMMYECKOI CTPYKTYpPBI IIpM MoauduKanuy KOHTpoauposaan ¢ nomomisio MK
cnekTpockonuy ¢ wucrnoaszopannem HIIBO mpucrasku. OcCHOBHBIE ITOAOCH! ITOTAOIIEHUA AAs
ncxoaueix [I9T® TM (puc. 8) onpeaeasiorcs nipu 2970 cm! (GenzoapHoe Koabro C-H), 2912 cm!
(aandarmuecknit C-H), 1713 cm?! (rpymma C=0), 1615, 1470, 1430, 1409 cm! (apomaTmdeckue
KoAebaHMA yraepogHoro ckeaeta), 1340 cm?' (O-CH), BaaentHBle KOoaebGanms cpsasern C(O)-O
a¢upnsix rpymn (1238 cm1), 1096 cm! (C-O), 1017 em? (C-C-C) u 970 cm! (O-CHz) [45,67]. ITocae
Moaudukanuu ¢ nomoirsio ABAP B VK criekrpax He Ha0AI04aA0Ch 3HAaYUTEABHBIX M3MEHEHUIA.
INTocae mmmoOmMansaiuy HaHodactul, KpeMmHusa Ha [I9T® TM nossuancs Hosble nuku mpu 1080 u
1132 cm?' (BaaentHble koaeOanma Si-O-Si) m 1602 cm? (Basentnrere koaebanmst C=C) [68]. IIpu
npusyuske HY Si Ha mosepxHOCTS nK mipm 1602 cM™ yMeHBINMACS, YTO BUAHO U3 puC. 70.

DTO yKasbIBaeT Ha peakiuio cpsseit C=C 1o Mepe mpoTeKaHI: IIPUBUBOYHOI ITOAMMePU3aII UL
251 KOAVYECTBEHHO OLIEHKM 3HaueHMsI MHAEKCOB COOTHOIIeH: 11040¢ lisnz2/lis10 paccamThIBaAM Ha
OCHOBE MHTE€HCHBHOCTHU COOTBeTCTByIomuX muKoB (I). MHaexc orHomenns rmoaoc s/l Aas ITOTP
TM-Si cocraBaster 2,88, Torga Kak 44:1 o6pasos ¢ nmpusuTeiM IIDT® TM-5i cocrasaser 1,43.

Ycremnasa Mogaudukanmsa mosepxHoctu ¢ nomomspio [IPATC  ©Opaa moaTBep>KAeHa
noseaeHreM nukos mpu 1150 u 1204 cm™, mpumnmuceBaeMbIX CMMMeTpUYHOMY pactskeHnio CF: u
CFs[52].
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Pucynox 8. VIK-crrektper I19T® TM npu pa3anaHbIX cTaANAaX MOAMUKALIIY TP AMaria3oHe
AavH BoaH ¢ 1800 20 400 cm (a) ¢ 1560 a0 1640 cm™ (6) u ¢ 1350 20 940 cm-1(B)

XuMmmnyeckas CTpyKTypa IIOBEPXHOCTM M H/AeMeHTHBINI aHaAu3 MeMOpaH TakKe M3ydaAuch
MeTOJ40M PeHTIeHOBCKOI PoTODAeKTpOoHHOI criekTpockonny (POOC). POOC MoxeT aHaAM3MpPOBaTh
XMMWYEeCKUII cocTaB BepxHero caosi (~10uM) memOpaH. DAeMEHTHBIN COCTaB, MOAYJEHHBIN U3
0630pHEIX POOC criektpos [TOT® TM Ha Kaxka0ii ctaany MoAupUKaluy, IIpeAcTaBleH B TabAuLle
4. icxognast ITOT® TM cocront us 72,5% C u 27,5% O, moanduxanms ABAP nipusesa K IosBAEHNE
aszoTa B koandectse 2,6%. bor1o oOHapyskeHO, uTo MeMOpansl IIOT®-Si-F coaepxar 4,1% Si n 2,5%
F. Tunmransie POOC crieKTpBI BBICOKOTO pas3pelreHns IpeAcTaBAeHbl Ha pucyHke 9. CreKTpsr Sizp
BBICOKOTO paspernteHus (puc. 98) cocToAT us ogHoro nuk npu 102,5 9B, ornocammrics k Si-O-Si, u Fis
(puc. 9r) Takxe coctout u3 ogHoro nuka, otHocaAmerocsa K C-F. IMuxu Cis ncxoausrx 119TO TM
otHocaTcs Kk C-C/C-H npu 284,6 3B, C-O/C-OH mpu 286,5 B 1 C=0 nipu 288,7 3B [69-71]. IToxpsiTne
INPATC npmseao K TOSABAEHUIO ABYX AOMOJAHMTEABHBIX IMKOB mipu 291,4 B m 293,9 »B,
cootsercrBytomux CF2 (1,6%) n CF3 (0,3%) coorseTcTBeHHO. COOTHOIIIEHIIEe IHTEHCUBHOCTEI IIIKOB
CF2 n CFs B POOC-criekTpax 04AM3KO K aTOMHOMY COOTHOIIEHMIO, M300pa’keHHOMY B MOJ€EKy/e
INOATC. PesyabTaThl CIEKTPOB COIAacyIOTCs C paHee OIy0AMKOBaHHBIMY paboTaMM, Kacalo MICS
CIMAAHOBBIX U (PTOPCOAEPKAIINX CUAAHOBBIX IIOKPBITUI pa3ANYHBIX MaTepualos [72,73].

TaGanma 4. DaeMeHTHBIN coctas nosepxHocTu I1OTO TM

ATOMHas KOHILIEHTpallusl, o
Bricokoe paspemrenne goau Cis, %

Obpasen %
C o N Si F C-C/C- Si-O-C/C-O- =0 C- C-
H C F2 F3
Ncxoanas IIDTO® TM 725 275 - - - 66.1 19.8 14.1 - -
I[IDT® TM-ABAP 751 223 26 - - 66.8 194 13.8 - -
IIDTP TM-Si 639 279 08 41 - 67.1 18.9 14 - -

II9T® TM-5i-F 639 279 - 57 25 64.6 19.0 135 16 03
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Pucynok 9. POOC criektpsl Beicokoro paspemenns Cls (a,0), Si2p (8) u F1s(r); ncxoanoir IT9T® TM
(a) 1 Mmogndunmposannoi ITDTD-Si-F (6,8,1)

3.3 Membparnnas OucmurrSuusl

MeMmO6paHHYIO AMCTUAASIIAIO C ICIIOAB30BaHMeM TuApo¢poOHEIX IIDTO TM, mpuroToBAeHHEIX B
ONTUMAaAbHBIX YCAOBMAX, C pa3ANMYHbIMU pasMepamu nop 201, 263 n 315 HM DpoBOAMANU B peKUMe
npsiMoro KoHTakTa. Ha puc. 10a mokasaHo BAMsIHUE AMaMeTpa Iop Ha IIPOMU3BOAUTEABHOCTb BOABI.
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Pucynox 10. VzMeHeHNe TPOU3BOAUTEABHOCTH (@) U 9A€KTpOIIpoBoAuMoOcTH (0) B iporiecce M/ ¢
MCTI0AB30BaHNEeM IapodobusnposaHHeIX ITOT®-Si-F ¢ pasanansiMn AgraMeTpamy op (KOHIIEHTpaIs
NaCl - 30 r/a, remmniepatypa 70°C)

CpeaHsast TpOM3BOAUTEABHOCTh AAsl MeMOpaH ¢ 9(PQeKTUBHBIM AuaMeTpoM IIop (o
razonponutiaeMocry) 210 HM cocrasaser 2,2 xr/m24, 263 HM - 6,5 kr/M24 u 315 HM - 15,4 Kr/mM24.
YBeauueHme MPOU3BOAUTEABHOCTY HAIPsAMYIO CBA3AHO C yBeAMYEeHMeM ITOPMUCTOCTU MeMOpaHbL.
CremeHb OYMCTKM COAM OLIEHMBAAM IIyTeM M3MEPEeHUs DAeKTPOIPOBOAHOCTU [45] cO CTOPOHBI
nepmeara (puc. 100). V3BecTHO, 4TO MPOBOAMMOCTL YyBCTBATEABbHA K MaJelIlneMy M3MeHEeHUIO
KOHIIeHTpanuu coau [74,75]. M1 HabA104a411 HeGOAbIIIOe yBeAUdeHe IIPOBOAUMOCTH CO BpeMeHeM



Aasa MmeMOpaH ¢ amaMetpoM mop 201 u 263 HM 1 601ee MHTEHCUBHOe yBeAndeHNe 445 MeMOpaH ¢
AuaMeTpoM 1op 315 HM. YCTaHOBAEHO, YTO CTEIIEHb OUMCTKU coan cocTaBasieT 99%, 98% u 93% aas
rnapo¢oOMN3NPOBaHHON MeMOpaHsbI ¢ gznaMmeTpoM rop 201, 263 1 315 HM COOTBETCTBEHHO.

Ha puc. 11a npeacrasaensr COM nzobpaskenns spicymeHHbX MeMOpan IT9T® TM-Si-F mocae
MeMOpaHHOI aAucTtuaasuuy Oe3 rmpombpiBKi. Ha mosepxHocTn MeMOpaH IpUCYTCTByeT 604bIIoe
KOAM4IeCcTBO 3arpsisHeHuit. Ilocae IpoMBIBKM B Teraoi Bode B TedeHme 8 4 Goablas dacTb
3arpsI3HEeHNI CMbLAach; OAHAKO HaHOYACTUIIBI KPEMHIS COXPaHIANMCh Ha ITOBEPXHOCTY MeMOpaHBL
Kpaesoii yroa cmaunBanmst MeMOpaH He3HAYMTEABHO M3MeHMAach OT 132°+5 40 127°+6.

Pucynox 11. Muxpodotorpadpun COM nosepxaoctu [IDTP-Si-F nocae M (a) 1 mocae mpoMBIBKI
©)

Pe3yAbTaThl IIOKA3BIBAIOT BO3MOKHOCTD McCII0Ab30BaHMsI HY kpeMums aas ruapododusanym
II9T® TM 1 mpuMeHeHNs UX B O4MCTKe BOALI METOAOM MeMOpaHHOI guctnaaanun. Ilo cpaBreHnio
C paHee IOAY4YeHHBIMU pe3yaAbTaTaMm I10 Tuapododusanum II9TO TM [11,45,54] npesaaraemslit
MeTO/ II03BOAseT AOCTHYb 0oJlee BBHICOKOIN ITPOHUIIAEMOCTV HPU COOTBETCTBYIOIIEN CTeleH!
3aIIIMTHI OT COAEIA.

4. 3aka0ueHne

B sanHOM mMccaesoBaHUM IIOKa3aHO, YTO IpMMeHEHMEe MeToda MMMOOMAM3anuy IuapodpoOHEIX
HAHOYACTULl KpeMHMsS Ha NnoBepXHocTh II9T® TM mo3poaseT CylIecTBeHHO M3MEHMTb WX
ruapododnsle csoiictsa. KYC yBeanunaacs ¢ 49 20 143° aa1 meMOpaH ¢ AuameTpoM 1op 152 HyM, 40
135°, 132° m 125° aaa memOpaH ¢ amamerpom 201, 263 m 315 HM cooTBeTcTBeHHO. bbran
ruaApodpoOMU3MpoBaHE MeMOpaHbI ¢ 00ABIINM HadyaAbHBIM AraMeTpoM 11op (410 HM), 4TO MO3B0AMA0
yBeanauTs 3HadeHne LEP 40 3,5 6ap. COM-anaans nmoka3zaa n3MeHeHI MOP(OAOTHY TOBEPXHOCT
nocae moaudukanyy, POOC n VMK crnexrpockonms HOATBEPAMAN YCIEITHOCTh MOAuQUKaAIIu
MeMmbOpaH. VcobiTannme MemOpaH B MeMOpaHHON AMCTMAASIINM TI0Ka3alo MaKCHMaAbHYIO
MIPOU3BOAUTEABHOCTD 15,4 Kr/M24 nipu crenienn ouuctku 93%, 6,5 xr/m2a mipu 98% u 2,2 xr/mM24 npu
99%. PesyapraTsl mokasaAm BBICOKMII IIOTEHIIMAaA BO3MOKHOCTM JVICIIOAB30OBAHI ITOAYYEHHBIX
MeMOpaH B MeMOpaHHOI AUCTUAASILIUIL.

Bxaag asTopos: «Konnenryaansarus, V.B.K. u M.B.3.; merogoaorus, A.B.E.; mposepka, EI.I".; popmaanHbit
anaams, V.B.K,; mccaesosanme, AK. nHanmcanme - uepHosoit Bapmant, VI.B.K, Hammcanme-o6sop u
pesaktuposaane, M.B.3. u O.I'; magsop, O.I. u M.B.3.; aamuramcTpanus mpoekra, M.B.3.; mpusaeuenne
Junancuposanms, M.B.3.

®unancuposanne: liccaegosanme «lloaydgenme TpekoBpIX MeMOpaH C 3aJaHHBIMM CBOMICTBAMU A4S
MeMOpaHHOM AVCTUAAAINM ¥ IIPAMOTO ocMmoca» (rpant No AP05132110) BrmoaHeHO IIpy (PUHAHCOBO
noajep>kke Mununcrepcrsa oopasosanus u Hayku Pecriyoankm Kasaxcran.

Kon@anxr naTepecos: «<ABTOPHI 3aABASIOT 00 OTCYTCTBUM KOH()AMKTA MHTEePecoB».
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