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ARTICLE INFO ABSTRACT

Keywords: In this paper, we present the results of liquid low-level radioactive wastes (LLLRW) treatment by direct contact
Track-etched membranes membrane distillation (DCMD) using polyethylene terephthalate (PET) track-etched membranes (TeMs). PET
Hydrophobization TeMs were modified by styrene and triethoxyvinylsilane (TEVS) using UV-induced grafting. Modification led to
Membrane distillation increase in the contact angle to 99" of PET TeMs (pore size from 150 to 300 nm). Hydrophobic PET TeMs were
Styresie investigated by X-ray photoel py (XPS), Fouri form d py (FTIR), go-

Liquid radioactive niometric analysis, gas permeability lst, liquid entry presser (LEP) analysis and scannlng electron microscope

(SEM). Prepared membranes were tested in treatment of LLLRW by DCMD. The influence of pore size on water
flux and rejection degree was studied. Rejection degree was evaluated by conductometry and atomic emission

hods. D ination factors (evaluated by g ray spec py) for °Co, '*’Cs, and **'Am were
found to be 85, 1900 and 5 respectively. In most cases degree of rejection of Cs, Mo, Sr, Sb, Al, Ca, Fe, K, Mg and
Na ions were more than 90% and close to 100%. The use of TeMs with a narrow pores size distribution and
without tortuous channels allowed us to achieve better purification from radioactive wastes in parison with
hollow-fiber membranes.

1. Introduction concentrating aqueous solutions of substances (Gonzélez et al., 2017;

Wang and Chung, 2015). The advantages of MD are low energy con-

Development in nuclear power generation (Jia et al., 2018), tragedy
of Fukushima Daiichi accident (Jia et al., 2017b), and the environ-
mental problems of former nuclear test sites including those in Ka-
zakhstan (Semipalatinsk nuclear test site) (Evseeva et al., 2012) led to
the fact that treatment and concentration of liquid low-level radioactive
wastes (LLLRW) have received increasing attention all over the world
(Liu and Wang, 2013). Because of their large volumes and low levels of
radioactive materials, LLLRW should be concentrated and then solidi-
fied with cement, glass, asphalt or bitumen (Zakrzewska-Trznadel,
2013). In recent years, membrane methods for separating liquid mix-
tures have been intensively developed with promising results to resolve
a wide range of scientific and environmental problems. One such pro-
cess is membrane distillation (MD), a method of separating and

sumption, low operating temperature, and not requirement of over-
pressure. The main drawback of this process is the short lifetime of the
membranes due to gradual surface fouling and poor performance
(Tijing et al., 2014; Wang and Chung, 2015). Despite this, MD is widely
used for the desalination of seawater and groundwater (Hubadillah
et al., 2018; Ruiz-Aguirre et al., 2018; Zhao et al., 2017), wastewater
and natural water treatment to remove heavy metals (Attia et al., 2017;
Naidu et al., 2017; Quist-Jensen et al., 2017), radionuclides and pes-
ticides (Jia et al., 2018, 2017a; 2017c).

The membranes used for the MD process should fulfill the following
requirements: hydrophobicity, high porosity, water impermeability,
chemical and mechanical stability, uniform pore size distribution
(Alkhudhiri et al., 2012; El-Bourawi et al., 2006). Hydrophobicity of the
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Fig. 1. The degree of simultaneous grafting of styrene and TEVS to the surface of PET TeMs with (a) various concentration, (b) monomer ratios and (c) time.

Table 1

Contact angle and pore sizes of PET TeMs obtained under various grafting conditions (total monomer concentration and monomer ratios at 1h of grafting).

No sample Monomer ratio Concentration of monomer, Contact angle, Pore size (SEM Effective pore size, Liquid Entry Pressure Grafting degree,
% ® analysis), nm nm (LEP), MPa %
1 PET TeMs - 54 220 + 20 208 + 6 - -
2 Styrene_TEVS (50:50) 20 929 206 + 21 200 + 6 0.34 13
3 Styrene_TEVS (50:50) 10 88 210 + 24 203 = 7 0.15 10
4 Styrene_TEVS (10:90) 20 89 200 + 20 195 = 7 0.13 8
5 Styrene_TEVS (90:10) 20 82 211 * 21 203 = 7 0.13 15
6 Styrene_TEVS (70:30) 20 85 200 + 21 193 + 7 0.14 8
7 Styrene_TEVS (30:70) 20 80 208 + 23 200 = 7 0.04 14
8 Styrene_TEVS (50:50)" 20 87 287 + 25 283 + 6 0.13 14
9 Styrene_TEVS (50:50)" 20 92 242 + 27 235 + 6 0.25 13
10 Styrene_TEVS (50:50)° 20 99 142 *+ 12 131 = 6 0.39 12

# - PET TeMs with pore size of 300 nm.
b _ PET TeMs with pore size of 250 nm.
€ - PET TeMs with pore size of 150 nm.

membrane surface prevents wetting and provides good separation
characteristics. Wetting properties of membranes are usually evaluated
by liquid entry pressure (LEP), which is defined as the pressure that
must be applied before the fluid goes through a membrane. For stable
operation, LEP values should not exceed 2.5bar (Chew et al., 2017).
The wetting contact angle allows estimating the hydrophobicity and
hydrophilicity of membrane surface. A water contact angle above 90° is
required for the treatment of salty aqueous solutions with MD (An etal.,
2017).

The polymers mostly used in manufacturing membranes for MD
applications are poly(tetrafluoroethylene), polypropylene, and poly
(vinylidenefluoride) due to their hydrophobic nature and thermal sta-
bility (An et al., 2016; Khayet, 2011; Shirazi et al., 2014). However,
these types of membranes also have their drawbacks such as poor
productivity, high cost, fouling of the hydrophobic surface, which leads

to reduction in water purification (Gonzilez et al., 2017; McGaughey
et al., 2017). Thus, searching for new type membranes for MD is an
important task.

Recently track-etched membranes (TeMs) were started to be use in
the process of MD (Gancarz et al., 2015). Regular geometry of the pores
with the ability to control their amount per unit area and excellent
distribution of pore sizes together with low thickness and tortuosity
make track-etched membranes (TeMs) attractive for application in
precise separation methods (He and Guo, 2015; Korolkov et al., 2018b,
2017). The most frequently used ion-track membranes are based on
poly(ethylene terephthalate) (PET) (Kurakhmedov et al., 2017; Apel
et al., 2018; Filippova et al., 2016; Korolkov et al., 2019, 2018c; Wang
et al., 2018). As mentioned above, for membrane distillation it is im-
portant that the membrane should possess hydrophobic properties.
However PET TeMs has medium-hydrophobic properties, and for
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Fig. 2. SEM images of PET TeMs surfaces: (a) before and after grafting at different ratios of monomers TEVS:styrene (b) 50:50, (c) 70:30, (d) 30:70, (e) 90:10, (f)

10:90.

successful application in MD process the membranes should have
water-repellent properties. The most common method of hydro-
phobization is to cover the surface by hydrophobic layer. In our pre-
vious work, hydrophobic PET films were obtained by covalent bonding
of silicon monomers such as dichlorodimethylsilane (Korolkov et al.,
2018¢) and UV-induced graft polymerization of styrene (Korolkov
et al., 2019) TEVS in presents of acrylic acid and N-vinylimidazole
(Korolkov et al., 2018a). In the last work, the hydrophilic nature of
acrylic acid did not allow to obtain large contact angle of PET TeMs.
Replacing these additives with styrene may result in a better outcome.

In this paper, we consider the method of UV-graft polymerization of
the surface of PET by copolymerization of styrene and triethox-
yvinylsilane (TEVS). For the first time, chemically modified TeMs with
narrow pore size distribution and not tortuous channels will be tested in
MD of LLLRW solutions. These properties of TeMs led to high salt and
radioactive isotopes rejection degree.

2. Experimental part
2.1. Chemicals

Sodium hydroxide, N,N-dimethylformamide, benzophenone, so-
dium chloride, trichloromethane, TEVS, styrene were purchased from
Sigma-Aldrich. Deionized water (18.2MQ) obtained by water pur-
ification system Akvilon D-301 was used in all experiments. Purification
of monomers from inhibitors was carried out by passing through a
column filled with neutral alumina.

2.2. Preparation of the membrane and their modification

TeMs were prepared by irradiation 12pm thick PET films with
84Kr'®* jons with an energy of 1.75 MeV/nucleon and ion fluence of
1-10® ion/cm? using the DC-60 accelerator in Astana branch of Nuclear
Physics Institute of Kazakhstan. Then membranes with certain pore
diameters were obtained by means of photosensitization for 30 min
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Fig. 3. XPS spectra (a) survey and high-resolution for (b) Si,, (¢,f) Cy; and (d,e) Ols of (¢,d) PET TeMs and (f,e) PET TeMs-g-PS-TEVS (50:50).

Table 2

294 292 290 288 286 284 282 280

Binding energy, eV

XPS surface composition of the samples.

O-C/O-Si

540 538 536 534 532 530 528

Binding energy, eV

Sample Atomic concentration, % High resolution C;; moieties, % 0, moieties, % Siy, moieties, %
Cc (o] Si Si-C C-C/C-H -8i-0-C/C-0-C Cc=0 C-0O(Si-0) C=0 Si-0-C Si-OH Si~0-Si

PET TeMs 71.9 28.1 - - 66.1 19.8 14.1 57.5 425 - - -

PET TeMs-g-PS-TEVS (50:50) 66.7 221 11.2 43 77.6 14.2 39 74.2 25.8 4.6 3.0 92.4
PET TeMs-g-PS-TEVS (70:30) 68.5 232 8.3 59 76.9 129 4.3 85.8 14.2 49 45 90.6
PET TeMs-g-PS-TEVS (30:70) 68.4 225 9.1 85 74.1 12.9 4.5 87.5 12,5 4.8 5.1 90.1
PET TeMs-g-PS-TEVS (90:10) 71.5 231 5.4 2.1 77.2 16.6 4.1 89.8 10.2 38 47 91.5
PET TeMs-g-PS-TEVS (10:90) 67.5 223 10.2 9.1 74.2 12,5 4.2 80.8 19.2 6.8 59 87.3
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Fig. 4. FTIR-ATR spectra of 1-PET TeMs, 2 — PET TeMs-g-PS-TEVS (50:50), 3 —
clean TEVS, 4 - clean styrene.

from each side and chemical treatment in 2.2M NaOH at 85°C for
certain periods. Prepared membranes were dried and kept between
paper sheets under ambient conditions before use.

PET TeMs was hydrophobized by UV-induced grafting of styrene
and TEVS. PET films (10 x 15 c¢m) were rinsed with water in an ul-
trasonic bath. Then samples were dried and immersed in 5% benzo-
phenone solution in N,N-dimethylformamide (DMF). The films re-
moved from DMF solution were placed into chloroform solutions
(containing 1.5-2% water) of monomers with 10-20% concentration
with various monomer ratios. To remove dissolved oxygen form the
solution, argon purging was carried out for 20 min. The UV-irradiation
was carried out for certain time under UV lamp OSRAM Ultra Vitalux
E27. After irradiation, samples were washed first in chloroform, and
then in hot water to remove residual monomers, ungrafted homo-
polymers, and dried and weighed to calculate the grafting degree.

2.3. Membrane characterization

Agilent Cary 600 Series FTIR Spectrometer with ATR accessory was
used to record FTIR spectra to study different chemical groups appeared
after modification with scan range of 400-4000 cm ™, and resolution
4.0 cm ™. Spectral analysis was conducted by using Agilent Resolution
Pro. X-ray photoelectron spectra were recorded on a Thermo Scientific
K-Alpha spectrometer in the Ural Center for Shared Use “Modern
Nanotechnology” Yekaterinburg, Russia. The vacuum in the analysis
chamber was maintained at 2-10 °Pa or lower. Scanning electron
microscope JEOL JSM-7500F, and atomic force microscope Smart SPM-
1000 AIST-NT (with tip radius not exceeding 10 nm) were used for

Table 3

Chemical composition of the LLLRW sample and the effluent after DCMD process.
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determination of pore diameters and characterization of morphology
after PET TeMs modification. The gas flow rate was measured at a
pressure drop of 20 kPa. Gas permeability test was used to estimate
effective pore sizes of the membranes (Mulder, 1996). Contact angle
(CA) was measured from five different positions of the films using Di-
gital Microscope with 1000x magnification using static drop method at
room temperature. Liquid Entry Pressure (LEP) was determined by
using deionized water flow measurements according to recommenda-
tions described in (Ahmed et al., 2017; Garcia-Payo et al., 2000). A
circular sample with the radius of 1.25cm was clenched inside the
sealed chamber, and a test was run with air at gradually increasing
pressure.

2.4. Direct contact membrane distillation process

DCMD rig used for the tests is described and presented in our pre-
vious paper (Korolkov et al., 2018a). The permeate flux was measured
by weighing. Saline solution of 7.5-30g/L NaCl as well as LLLRW
samples obtained from WWR-K nuclear research reactor (Almaty, Ka-
zakhstan) were tested. The degree of salt rejection was calculated by the
change in conductivity that was measured using Hanna Instruments
HI2030-01. OPTIMA-8000 ICP-Optical Emission Spectroscopy (the
spectral range is 165-900 nm with resolution of < 0.009 nm at 200 nm)
was used to estimate elemental concentration of solutions before and
after MD. Gamma-ray spectroscopy Canberra GM1520 with semi-
conductor Ge detector and the energy range (25-3000) keV was used to
estimate the activity of radioisotopes.

3. Results and discussion
3.1. Hydrophobization and characterization of PET TeMs

In order to impart hydrophobic properties to PET TeMs surface, UV-
induced graft copolymerization of two monomers with hydrophobic
nature, namely styrene and TEVS was performed. Chloroform was used
as a solvent in UV-induced graft polymerization since it has good
transparent properties in UV-vis region (cutoff at around 245 nm, while
BP has broad absorption at 250-300 nm and from 310 to 370 nm), and
chloroform well dissolves monomers. Effect of different parameters
such as concentration of monomers (10-30%), ratio of monomers
(50:50; 10:90; 90:10; 30:70; 70:30) and grafting time was studied to
investigate the grafting process (Fig. 1).

Styrene has a high tendency for polymerization compared to TEVS
(Agudelo et al,, 2011), thus, as it can be seen from Fig. 1b, an increase
in the styrene concentration leads to an increase in the grafting degree,
and an increase in the concentration of TEVS, on the contrary leads to a
decrease in degree of grafting for a given monomer concentration and
grafting time. Fig. 1a shows that increasing of the monomer mixture
concentration from 10 to 20% leads to a significant increase in the

Concentration in
the feed, pg/1

Element Concentration in the permeate
(PET TeMs-g-PS-TEVS,
d = 242nm), pg/l, (degree of

rejection, %)

Concentration in the permeate
(PET TeMs-g-PS-TEVS,

d = 206 nm), pg/l, (degree of
rejection, %)

Concentration in the permeate
(PTFE hollow fiber membrane d-
220 nm), pg/l, (degree of
rejection, %)

Concentration in the permeate
(PET TeMs-g-PS-TEVS,

d = 142nm), pg/l, (degree of
rejection, %)

Cs (o= +26%) 304 7.13 (97.7%) 1.18 (99.6%) 0.34 (99.9%) 34.3 (88.7%)
Mo (o= + 15%) 458 4.14 (99.1%) < 0.3 (99.9%) < 0.3 (99.9%) 76.0 (83.4%)
Sr(o= +15%) 136 < 0,5 (99.6%) < 0.5 (99.6%) < 0.5 (99.6%) 11.1 (91.8%)
Sb (o= +15%) 46.3 0.68 (98.5%) < 0.3 (99.4%) < 0.3 (99.4%) 8.96 (80.6%)
Al(o= +16%) 660 < 12 (98.1%) < 3 (99.5%) < 3(99.5%) < 30 (95.4%)
Ca(o= +16%) 1780 96.1 (94.6%) 84.2 (95.2%) 18.6 (99.0%) 208 (88.3%)
Fe(o= +10%) 383 < 2.4(99.4%) < 0.6 (99.8%) < 0.6 (99.8%) < 6 (98.4%)
K(o= +15%) 249200 1523 (99.4%) 236 (99.9%) 54.6 (99.9%) 7476 (97%)
Mg (o= +15%) 1046 < 4 (99.6%) 2,36 (99.8%) < 1(99.9%) < 10 (99.0%)
Na (0= *+15%) 4710000 103 (99.9%) 17.6 (99.9%) 1.87 (99.9%) 601 (99.0%)
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Fig. 5. Graphs of (a) electrical conductivity and (b) MD water fluxes during continuous DCMD tests using hydrophobized PET TeMs with different pores for

radioactive waste solution.

grafting degree, whereas further increase in concentration leads only to
a slight increase in the grafting degree. Thus, increasing concentration
of monomers above 20% is not effective. Fig. 1c shows relationship of
grafting degree with time at constant concentration of monomer 20%
and monomer ratio 50:50. Grafting degree reaches 12.8% after 60 min
and 14.5% after 120 min of grafting. An increase in the time of grafting
from 60 to 120 min lead to an insignificant increase in the degree of
grafting, thus, the optimum time for grafting is considered as 1 h. To
evaluate the hydrophobic properties of prepared samples, the method
of contact angle measurement was used (Table 1). As it can be seen
from Table 1, contact angle is dependent on the degree of grafting and
on the concentration of monomer and their ratio.

Along with that, the pore diameter of the membranes also sig-
nificantly affects contact angle and LEP. With an increase in the pore
diameter from 142 to 287 nm, the value of the capillary effect exceeds
the surface tension force of a water droplet. It is also confirmed a de-
crease in LEP with an increase in pore diameter. However, according to
the recommendation, the LEP preferentially should be > 2.5Sbar for a
successful application in MD. The use of a membrane with a pore dia-
meter of 287 nm may lead to liquid slipping. Thus, according to the
above given results, the optimal conditions for the modification of PET
TeMs with pore sizes 150-250 nm by UV-induced graft polymerization
of styrene and TEVS leading to maximum hydrophobization of mem-
branes with 99° of water contact angle and preserving the pore struc-
ture are as follows, grafting time 60 min, total monomer concentration
20% and monomer ratio of 50:50.

Analysis of previously published papers on using styrene and TEVS
as hydrophobic agent shows us that contact angle of different materials
can be increased up to 94-104° (Arkles, 2015; Guo et al., 2016) and in
some cases to 161° (on tunable nanostructures polystyrene) (Xu et al.,
2007) and 156°(Wang et al., 2019).

SEM analysis was used to determine pore sizes and investigate
morphology after modification of the membranes. Electron micro-
photographs of the PET TeMs surfaces after grafting at different
monomer ratios are shown in Fig. 2, the change in pore diameters is
summarized in Table 1. The analysis shows a slight narrowing of the
pore diameter with the degree of grafting. Thus, graft polymerization is
carried out with preservation of the pore structure of the membranes.

As can be seen from Table 1, the membranes with higher degree of
grafting do not show the maximum contact angle, this is probably also
due to the different chemical composition of the surface at different
ratios of monomers. FTIR and XPS analysis were used to study chemical
content of the membranes. XPS analysis shows changes in chemical
composition of very top layer (—10 nm) of the membranes before and
after graft copolymerization of styrene and TEVS (at constant monomer
concentration 20%, pore diameter 200 nm). Survey spectrum of pristine
membrane (Fig. 3a) consists of oxygen and carbon, whereas grafting of
styrene and TEVS led to emerging of new peaks corresponding to Si.
Moreover low intensity peaks at around 199eV and 398eV

corresponding to Cl and N respectively were detected, that most likely
to obtain from contamination. Top surface elemental composition de-
termined by XPS is summarized in Table 2. Graft copolymerization of
styrene and TEVS led to decreasing content of C and O and increasing
silicon up to 11.2%. High-resolution Si,, spectra (Fig. 3b) consist of 3
peaks at 102.9 eV (Si-O-Si) with high intensity, at 104.1 eV(Si-O-H)
and 104.7 eV (Si-O-C) with low intensities, which is characteristic for
silane compounds (Khung et al., 2015). A quantitative analysis of the
ratio of these peaks shows that the surface at about 90-92% consists of
Si-O-Si linkages, and only at 8-10% consists of Si-O-C and Si-OH
linkages. High-resolution Cls spectra were recorded after grafting of
styrene and TEVS at different monomer ratios (data are presented in
Table 2 and spectra are shown in Fig. 3c,f). The Cls peaks of pristine
PET TeMs are attributed to C-C/C-H at 284.7 eV, C-O/C-OH at
286.4 eV, and C=0 at 288.8 eV, however graft copolymerization led to
appearance Si-C linkage at around 282.9eV with low intensity and
peak at 286.4eV is attributed not only to C-O/C-OH, but also to
Si-O-C linkage. The authors (Khung et al., 2015) also found similar
observations during hydrosilylation carried out on bifunctional mole-
cules by using thermal treatment and photochemical treatment. High-
resolution O1s spectra (Fig. 3 d,e) also helped to explain surface content
of PET TeMs before and after grafting. The Ols peaks of initial PET
membrane are attributed to C-O (531.7eV) and C=0 (533.2eV).
Moreover, n-t* shake up satellite peaks were observed at 538.7 eV.
Graft polymerization of styrene and TEVS led to formation of O-Si/C-O
peak at 532.4 eV, and C=0 peak of PET appeared at 533.8 eV. From
XPS spectra, it can be concluded that Si-OC,Hs group react with for-
mation of Si-O-Si links and a small amount of Si-OH groups. Table 2
shows that with a monomer ratio styrene:TEVS = 50:50, minimum
content of Si-OH groups and oxygen was observed. It can explain the
highest contact angle of the PET TeMs hydrophobized at these condi-
tions.

To confirm graft polymerization and detect the presence of chemical
group vibrations coming from TEVS and PS in modified PET TeMs,
FTIR-ATR analysis was performed. FTIR-ATR spectra of original and
grafted PET TeMs are shown in Fig. 4. Typical FTIR-ATR spectrum of
unmodified PET TeMs consist of main absorption peaks at 2972cm ™’
(aromatic C-H), 2910cm ™' (aliphatic C-H), 1715cm™! (C=0),
1471cm™ ! (CH, bending), 1410c¢cm™! (ring CH in plane bending),
1341cm™! (CH, wagging), 1238cm ™! (C(=0)-O stretching),
1018 cm™' (ring CCC bending), 970cm™' (O-CH, stretching),
847cm ™! (ring CC stretching). The presence of grafted TEVS is con-
firmed by Si-O-Si and Si-C vibrations at 1180-1110, 761 cm ~?, re-
spectively. Moreover, peak at 3300-3600 cm ~' was detected with low
intensity that is corresponding to OH. OH-groups can come from hy-
drolysis of Si-OC,H; groups. The results of FTIR spectroscopy correlate
with XPS analysis.

In order to study the stability of the hydrophobic surface, the
membranes were kept in water at room temperature and 85 °C for 1 h to
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48h. However, no changes were recorded in both the contact angle and
the FTIR-ATR spectrum. This indicates the stability of the prepared
hydrophobic layer of PET TeMs.

3.2. Membrane distillation of liquid low-level radioactive wastes

10
439
>2

Membrane distillation of LLLRW with hydrophobic PET TeMs pre-
pared at optimal conditions (20% styrene, TEVS/St = 50:50 in
chloroform, 60 min UV-irradiation) with different pore sizes of 142,
206, 242 and 287 nm, was performed in direct contact mode with
temperature control. LLLRW was purchased from Nuclear Research
Reactor WWR-K (Almaty, Kazakhstan). LLLRW consist of different ions
such as Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo, Cs measured by atomic
emission method (Table 3) and consist of radioisotopes ®°Co, **”Cs and
#41Am with different activities measured using Gamma Ray Spectro-
meter.

In DCMD experiment, hydrophobic PET TeMs with different pores
were used to evaluate water fluxes and decontamination factor (D)
since the efficiency of DCMD depends on pore diameter.
Decontamination factor (D) was calculated according to (Korolkov
et al., 2018a) the equation:

Concentration in the permeate (PTFE  Decontamination factor D

hollow fiber membrane d-220 nm)

16.5 + 1.1
4.33
< 0.49

p=%
a &)

Decontamination factor

(D)

where a; and a, are specific activities of the feed and the permeate
respectively.

Removal efficiency of wastes was primarily evaluated by electrical
conductivity, which can be also used for overall efficiency of DCMD for
metal ions rejections since the main components of the waste sample
are Na and K which are highly effective to cause changes in con-
ductivity.

DCMD results are presented in Fig. 5a. Membranes with pore dia-
meters of 142, 206 and 242 nm showed minor changes in conductivity
during MD, whereas using membranes with a pore diameter of 287 nm
leads to a significant increase in conductivity from 214 to 2238 uS/cm.
Degrees of salt rejection for the hydrophobized PET TeMs with pore
diameters of 142, 206 and 242 nm are 99.2%, 96.8% and 86.9% re-
spectively. Fig. 5b shows us increasing average water fluxes from
810g/m>h for the membrane with 142nm pore diameter to 1584 g/
m>h for the membrane with 242nm pore diameter. It should be noted
that according to conductivity results (degree of salt rejection is around
5%), high flux of membranes with pore sizes of 287 nm is due to wet-
ting the channels.

According to Table 3, all degrees of rejection were more than 94%,
and most of them close to 100%. For comparison, commercially avail-
able PTFE hollow fiber membrane with pore diameter of 220 nm was
used under the same test conditions. Variations in ion concentration are
caused by different salt concentration in feed solution. Decrease in the
degree of salt rejection with an increase in the pore radius is associated
with a decrease in the LEP (as it seen in Table 1). The higher the LEP,
the lower the probability of liquid passing through the pores of the
membranes.

Results on decontamination factors of radioisotopes are presented in
Table 4. PET-g-PS-TEVS with pore diameters of 142 and 242nm
showed decontamination factor for ®°Co of > 85.4, for '*’Cs of > 1900
and 42, for **'Am of 5 and > 7 respectively. It should be noted that in
most cases data received was below detection limit. The decrease in the
decontamination factor with an increase in the pore diameter is asso-
ciated with a decrease in the LEP and the contact angle.

Decontamination factor for °°Co is 10, for '*’Cs is 439 and for
221 Am > 2 using standard PTFE membrane. Thus, the use of TeMs with
a narrow pores size distribution allows us to achieve better purification
of LLLRW from radioactive wastes.

Activity of the permeate (PET
(Bq/kg)

TeMs-g-PS-TEVS, d = 242 nm)

< 1.0
458 + 1.8
< 0.32

Decontamination factor

(D)

=85
> 1900

Activity of the permeate (PET TeMs-
¢-PS-TEVS, d = 142nm), (Bq/kg)

< 1.0
< 1.0
< 0.41

Activity of the feed

(Bq/kg)
854 + 6.1
1900 + 27
<22

Radioisotope
“co

137&

24\Am

Radioisotope composition of feed waste solution and permeate solution after DCMD process.

Table 4
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4. Conclusions

This study consider simple and effective method of hydrophobiza-
tion of PET track-etched membranes by grafting of styrene and TEVS (at
optimal conditions of 20% monomer concentration at monomer ratio
50:50, 60 min of photo-grafting) and their application for effective
treatment of liquid low-level radioactive wastes. Prepared membranes
were characterized by methods of XPS, FTIR before and after grafting as
well as after membrane distillation process, SEM, gas permeability test
to study pore structure and LEP and goniometric analysis to evaluate
hydrophobic properties of the membranes. DCMD was controlled by
gravimetric and conductometric analysis. The effect of membrane pore
diameter on water flux and rejection degree was studied. Elemental
composition of waste solutions was studied by gamma-ray spectroscopy
and atomic emission method. Excellent degree of salt rejection of main
elements of LLLRW such as Cs, Mo, Sr, Sb, Al, Ca, Fe, K, Mg and Na has
been achieved and decontamination factor for ®°Co, '’ Cs, and **' Am
were > 85, > 1900 and 5 respectively when using modified membrane
with average pore diameters of 142nm (average water flux for this
membrane is 810 g/m>h). Membranes with higher pore diameters of
206, 242 and 287 have fluxes of 1005, 1584 and 2800 g/m’h, however
degree of salt rejection and decontamination factor are not sufficient
due to the fact that modified membranes with large pore diameters
have lower LEP and contact angle The optimum ratio between water
flux and efficiency of salt rejection is achieved using 142 nm pore radius
membranes. For the first time track-etched membranes were studied in
membrane distillation of liquid low-level radioactive wastes. The use of
track-etched membranes with a narrow pores size distribution and not
tortuous channels allows us to achieve better purification from radio-
active wastes in comparison with hollow-fiber membranes.
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AdcTpakT

B nanHO#l paboTe mpeacTaBiIeHbl Pe3ylbTaThl OYMCTKU JKUAKHX PaJIUOAKTHBHBIX OTXOJIOB
Hu3koi aktuBHOcTH (JKPO) Meromom mpsimoil KOHTakTHOW MemOpaHHOM auctwuissuuun (M) c
UCIIOJIb30BaHuEM TpekoBbix MeMOpaH (TM) Ha ocHoBe monmdTuneHtepedranara (II2TO). I[IDTD
TM Obuln  MoauduUUpOBaHBI CTUPOJIOM U TpudToKcuBHHWIcHIaHOM (TOBC) nyrem
(OTOMHUIIMMPOBAHHOM MPUBUBOYHOM mMonuMmepu3anuu. Moaudukanus npuBena K yBETUUYECHUIO
KpaeBoro yriaa jgo 99° (pasmep mop ot 150 mo 300 uwm). 'mapodoOubie [IDT® TM Obutn
UCCJIC/IOBAaHbl C TIOMOIIBI0 PEHTIEHOBCKOW (hoTo3eKkTpoHHOM crekTpockonuu (PODC), HK-
CHEKTPOCKOIIMM, TOHHOMETPUYECKOrO0 aHajlu3a, TecTa Ha Ta30IpOHUIAEMOCTh, aHaIu3a
KPUTUYECKOTO JaBiieHus npoHukHoBeHUs (LEP) m ckaHmpyromero sieKTpOHHOTO MHKpPOCKOIA
(COM). Tlonayuennsie MeMOpaHbl ObLIM WCHbITaHBl B oukcTke JKPO Metomom MemMOpaHHOMN
JUCTWILISANUKU. M3ydeHo BiusiHuME pa3Mepa NMOp Ha MPOU3BOJUTENIBHOCTh W CTENEHb OYHCTKH.
CreneHb OYMCTKM OLEHMBAJIN METOAAMHM KOHAYKTOMETPUUM M ATOMHO-DMHCCHOHHOIO aHaJIN3a.
DaKTOpHI Ie3aKTHBALMK (OI[eHEHHbIE C HOMOIIBIO raMMa-ciekTpockonun) 11 2°Co, 1¥'Cs u 22 Am
okazanuch paBHbIMH 85, 1900 u 5 cooTBeTcTBEHHO. B 0OJBIIMHCTBE CiIy4aeB CTENEHb OYHUCTKU
nonoB Cs, Mo, Sr, Sh, Al, Ca, Fe, K, Mg u Na 6s11a 6onee 90% u 6muska k 100%. Mcnonas3oBanue

[I3T® TM c y3kuM pacrpenereHueM nop Mo pa3MepaM U 0e3 W3BHIUCTBIX KaHAJOB IO3BOJIUIO



JNOOUThCA JIydlled OYMCTKM OT PAJUOAKTUBHBIX OTXOJOB IO CPABHEHHUIO C IOJOBOJIOKOHHBIMU
MeMOpaHaMu.
KiioueBble cjioBa: TpekoBble MeMOpaHbl; ruapodobuszanus; MeMOpaHHAs IUCTUILISLINS,

CTHUPOJI; OUYMCTKA XXUIKHUX paguOaKTUBHBIX OTXOJ0B.

1. BBenenue

Pa3Butne aromuoii 3nepreruxu (JKua u ap., 2018), tparenus aBapuu Ha Pykycuma-gaiuTu
(Kua u ap., 2017b) u sKoIOrHUECKUE MPOOIEMBI OBIBIIMX SACPHBIX MOJUTOHOB, B TOM YHCIIC B
Kazaxcrane (Cemunanatuackuii saepubiii monmron) (EBceeBa u mp., 2012) npuBenu K TOMy, 4TO
00paboTKe W KOHIEHTPUPOBAHUIO JKUIKUX HHU3KOAKTHBHBIX PaJHOaKTUBHBIX OTX070B (JKPO)
yaensercs Bce Oonbinee BHUManue Bo BceMm mupe (JIpto u Banr, 2013). M3-3a ux 6onbmux 00beMOB
U HU3KOro ypoBHs panunoaktuBHOCTH JKPO HE0OX0AMMO KOHIIEHTPUPOBATH, 4 3aTEM OTBEPAUTH C
MOMOIIBIO IIEMEHTa, cTekia, achanbTa uian outyma (3akpieBcka-Tpananen, 2013). B nociennue
roJibl MHTCHCUBHO PAa3BHBAIOTCS MEMOpPaHHBIC METOIBI Pa3[CICHUS >KHIKHX CMECeH, Iarolime
MHOTOOOCIIAIONINE PE3YIbTATHI ISl PEIICHUS IUPOKOT0 KPyra Hay4IHbBIX U SKOJOTHYCCKHX 3ajad.
OaHUM U3 TaKHX MPOLIECCOB siBNsieTcs MeMOpanHasa nuctwuinus (M) — meTton pasneneHus u
KOHILICHTPUPOBaHHUs BOAHBIX pacTBopoB (['oncamec wu jnp., 2017; Baur u Yynsr, 2015).
[IpeumymectBamu M/] sIBISIIOTCS HU3KOE HEpPromnorpediieHne, HU3Kas pabodas TemiiepaTypa H
OTCYTCTBHE HEOOXOJAMMOCTH B M30BITOYHOM JaBiieHUH. OCHOBHBIM HEAOCTATKOM 3TOTO Ipoliecca
SBIISIETCS KOPOTKUU CPOK CIYy>KObI MEeMOpaH H3-3a MOCTENEHHOTO 3arpsS3HEHUs MOBEPXHOCTH U
Hu3Koi npousBoautensHocTy (Trokunr u np., 2014; Kum u ap., 2018; Jloycon u JInoiin, 1997; Banr
u UYynr, 2015). Hecmotps Ha 3710, M/l mMpoKO HCHONB3yeTCs s ONPECHEHUS MOPCKOM u
no3eMHON BoJbI (XybOamuna u ap., 2018; Pus-Aruppe u ap., 2018; Kao u ap., 2017), ouncrku
CTOYHBIX U IPUPOJIHBIX BOJ OT TsDKETBIX MeTaioB (ATtua u ap., 2017; Haiiny u ap., 2017; Ksuct-
Wencen u ap.,2017), paguonykimsl 1 nectuiumsl (Kua u ap., 2018, 2017a, 2017¢).

MewMOpanbl, wucmonap3yeMmble st Tporiecca MJI, MOMKHBI OTBEYaTh  CIENYIOUIUM
TpeOoBaHUAM: THUAPOPOOHOCTh, BBICOKAS ITOPHCTOCTH, BOJOHCIPOHHMIIAEMOCTh, XHMHYECKas H
MeXaHHYeCKasl CTAOMILHOCTh, PABHOMEPHOE pacIpeie]ieHne mop mo pazMepam (AIXyIXupud U JIp.,
2012; On-bypaBu u np., 2006). I'mapodoOHOCTP TOBEPXHOCTH MeMOpaHbl TMpEAOTBpAIIaeT
CMaYHMBaHHUE ¥ 00ECTICYHBACT XOPOIIIHE Pa3ICTUTEIbHbIC XapaKTepUCTHKH. CMavYHBarOIIAE CBOWCTBA
MeMOpaH OOBIYHO OIIEHHBAIOT IO KPUTHYECKOMY maBiieHuio npouukHoBenus (LEP), xortopoe
oTpesieNiIeTcsl KaK JaBlIeHHEe, KOTOPOe HEOOXOIUMO MPUIIOKHUTH A0 TOTO, KaK KUAKOCTH MPOMAeT
yepe3 MeMOpany. [[ns crabunbpHON paboTel, 3HadeHust LEP He momkHbl npeBbimats 2,5 6ap (Usio u

ap., 2017). KpaeBoit yron cmaunmBaHUs MO3BOJISIET OLEHUTH THAPOPOOHOCTh U TUIAPO(GUIBLHOCTH



MOBEPXHOCTU MeMOpaHbl. /{151 04MCTKM BOAHBIX PAcTBOPOB OT COJM TpeOyeTcs 4TOObl 3HAUCHHE
KpaeBoro yria cMaduBanus 0but0 Oosiee 90° (An et al., 2017).

[Tonmumepamu, KOTOpBbIE B OCHOBHOM HCHOJB3YIOTCS B NMPOU3BOACTBE MeMmOpan st MD,
SBJISIFOTCSA ~ TTONTH(TETPadTOPITUIICH), TOJUIPONUIECH |  MOJU(BUHUIMACHPTOPUI) H3-3a HX
ruapodoOHON MPUPOIBI U TepMUYecKor cTtabmnbHOCTH (AH U ap., 2016; Xaiier, 2011; Ilupasu u
ap., 2014). OpHako y STHX THIIOB MeMOpaH €CTh W CBOM HEJOCTATKU, TaKHUEC KaK HHU3Kas
IIPOU3BOUTENIBHOCTb, BEICOKAsSI CTOMMOCTb, 3arpsI3HEHHE IOBEPXHOCTH, YTO IPUBOJIUT K CHUIKEHUIO
ounctku Bojbl (I'oncane3 u ap., 2017; Makl'oyu u ap., 2017). Takum oOpa3oM, MOUCK MEMOpaH
HOBOTO THIA 111 M/ sIBIsieTCs BaXKHOM 3aa4uei.

B mnocnennee Bpemsi B mpouecce M/] Hayanu ucnonb30BaTh TpekoBbie mMeMOpanbl (TM)
(TCankap3 u ap., 2015). Peryssiprast reoMeTpusi IOP C BO3MOXXHOCTBIO PErYJIMPOBAHUS UX KOJHUYECTBA
Ha €JIMHUILY TUTOMIA/IA U Y3KO€ paclpeesieHUe mop Mo pa3MepaM B COUETAaHUU ¢ MAJION TOJNIIUHON 1
U3BUIIMCTOCTBIO [IENAIOT TpeKoBble MeMOpanbl (TM) mpuBiekaTeNbHBIMH ISl MPUMEHEHHUS B
NPEIU3NOHHBIX MeToAax paszzaenenus (Xe, I'y, 2015; KoponbskoB u ap., 20188, 2017). Haubonee
4acTO HCII0JIb3YIOTCSA TPEKOBblE MEMOpaHbl Ha ocHOBE nonudTHieHTepedranara (II9TD) (Anens u
ap., 2018; @ununnosa u ap., 2016; Koponskos u ap., 2019, 20188; Kypaxmenos u ap., 2017; Ban u
ap., 2018). Kak Obw1o ckazaHo BbINIE, JJII MEMOpaHHOW IMEPErOHKH Ba)KHO, 4yTOOBI MeMOpaHa
obmamana runpopoOHeiMu cBoiicTBamu. Opnako [19T® TM ob6namaer cpenHeruapodoOHbBIMU
CBOMCTBaMM, M JJI YCIEHIHOIO NpUMEHEeHHs B mporecce MJ] memOpaHbl JOJIKHBI 00JagaTh
BOJIOOTTAJIKUBAIOUIMMU cBoiicTBaMu. Camblif pacnpoCTpaHEHHbIH MeToJ TujpodolOu3anuu —
MOKPBITUE TOBEPXHOCTH THIpopoOHBIM ciioeM. B Hamelt mpeapiaymieii padore ruapododusie [IDTD
IUIGHKH OBLIM MOJIy4eHbl IMyTEM KOBAJEHTHOTO CBS3bIBAHUS MOHOMEPOB KpPEMHUS, TaKUX Kak
muxnopaumeruicunad  (KoponekoB u  ap., 2018), u  (OTOMHUIIMPOBAHHOW NPUBUBOYHON
noaumepu3zauu ctupoia (Kopoaskos u nip., 2019) TOBC B npucyTcTBUM akpui1oBoi KUCIOTHI U N-
Bunumnmuaazona (KoponskoB u ap., 2018a). B mocnenneit pabore rumpodunpHas mpupoa
AKpUJIOBOI KHUCIIOTBHI HE IO3BOJISUIA MOJYYUTh OONbIION KpaeBod yrona cmauuBanus [19T® TM.
3aMeHa 3THX J00aBOK CTUPOJIOM MOXKET MIPUBECTH K JIyUIIEMY pPe3yJbTaTy.

B nmanHoit pabore paccmarpuBaercs MeToj (OTOMHUIMMPOBAHHOW TMPHUBHUBOYHOMN
noauMepusanuu nosepxHoctu [ 13T nmyrem cononmMepusanuu cTuposia ¥ TPUITOKCUBUHUIICHIIaHA
(TOBC). Bmepseie xumuyecku MoaupuunupoBanHble TM ¢ y3KUM pacopelesieHHeM Iop 10
pa3MepaM M He U3BIJIMCTHIMU KaHajamMu OyayT ucnbeitTadbl B M/] B ounictku XKPO. OTtu coiictBa TM

IMPUBCIIN K BBICOKOI CTEIIEHH OYUCTKH COJIeH U PAaaAUOAaKTUBHBIX U30TOIIOB.

2. JKCNepUMEHTAIbHAS YacTh

2.1. Peaxmueuvi



IMuapoxcun natpusi, N,N-numerundopmamu, 6eH30pEHOH, XJIOPUI HATPHUS, TPUXITOPMETaH,
TOBC, ctupon 6butn mpuobperensl y Sigma-Aldrich. Bo Bcex skcneprMeHTax HCIOJIb30Balach
JnenoHu3upoBanHas Bojaa (18,2 MOw), nonyuennas ¢ gemonusaropa AxsBwioH [[-301. Ouuctky
MOHOMEPOB OT MHTMOUTOPOB MPOBOJMIN INPOIMYCKAaHUEM 4Yepe3 KOJOHKY, 3al0OJHEHHYI0 OKCHUAOM
IIOMUHUS.

2.2. Ilonyuenue memopan u ux moouguxayus

TM nonydanu myTem oGayueHus miaeHok IIDT® Tommmmboit 12 mMkM momamm S4Kri® ¢
sHeprueit 1,75 MbB/Hykinon u d¢umoencom mnoHoB 1-10% mom/cm? Ha yckopurene J{I1-60 B
AcrtannackoM ¢umaiie MactutyTa suepHoit pusuku. 3arem 00pasisl OTOCCHCHOMITN3UPOBATIN B
tedyeHue 30 MUH ¢ KaXJ01 CTOPOHBI U XUMHUYECKH 00pabatbiBanu B 2,2 M NaOH npu 85°C B Teuenue
OTIPENIeIICHHOTO BPEMEHH, TOTyqalln MEMOpaHbI C IIOpaMu OIpeesieHHOro auaMeTpa. [lonydenHsie
MeMOpaHbI Iepe]] UCII0JIb30BaHUEM BBICYIIUBAIN U XPAHWINA MEKIY OyMa)KHBIMU JINCTaMH.

[IDT® TM 6b1 ruapoPoOU3UPOBaH METOIOM (POTOMHUIIMMPOBAHHON TNPUBHUBOYHON
cononumepuzauun crtuposna u TOBC. Ilnenku I[I9T® (10x15 cm) mnpombiBanu BoAOH B
yIBTPa3BYKOBOW BaHHE. 3aTeM 00pa3libl BRICYIIUBAIN U MOTPYXaind B 5% pacTBop OeH30(eHOHa B
N,N-mumerundopmamune (AMDPA). [lnenku, u3BneueHHble u3 pactBopa MDA, nomemanu B
pacTBOp MOHOMepa, coAepx aimuid xiopodopM (coaepxkammue 1,5-2% Bozsl) ¢ koHueHTpauuen 10-
20% npu pa3IUYHOM COOTHOIIEHMHM MOHOMEpOB. Jljid ynajeHus pacTBOPEHHOIO KHCIOpOJaa W3
pacTBopa mpoBOIUIIACK ITPOIyBKa aproHoM B TeueHue 20 MuH. Y @-0011ydeHre TPOBOIUIHN B TCUCHUE
omnpenenenHoro Bpemenu Ha Y ®-namne OSRAM Ultra Vitalux E27. Ilocne obmaydenus obpasisl
NPOMBIBAIM CHadaia B XJjopodopme, a 3aTeM B ropsdeil Boje Ul yJaleHHs OCTaTOYHBIX
MOHOMEPOB, HETPUBHUTHIX TOMOIOJMMEPOB, BBICYIIMBAIN ¥ B3BEIIMBAIM IS pacueTa CTEICHU
TIPUBUBKH.

2.3. Xapaxmepuzayus memobpan

HK-cniektpomerp Agilent Cary cepun 600 c akceccyapom HIIBO wucnonbs3oBaicst At
MOJTyYEeHHUsI CIIEKTPOB PA3IMYHBIX XMUMHYECKHX TPYIII, IMOSBUBIIAXCS TOCIE MOAM(HKAINHU, C
JManazoHoM ckauupoBarus oT 400 10 4000 cM ! u paspemennem 4,0 cm . CrieKTpanbHEIH aHATN3
nposoawin ¢ momotnkto Agilent Resolution Pro. PentrenoBckue (hoTo31eKTpOHHBIE CIIEKTPHI OBLTH
cHATBI Ha crnekrpomerpe Thermo Scientific K-Alpha B VYpanbckom meHTpe KOJUIGKTHBHOTO
noJsib30BaHus «CoBpeMeHHble HaHOTeXxHojJorum», ExarepunOypr, Poccus. Bakyym B kamepe 1uist
aHamM3a mojepkuBamd Ha yposHe 2-10° ITa mmu Hmke. J{ns ompeseneHHs IuaMmeTpa mop M
XapakTepucTuku Mopdonorun mnociae moaupukanuu 13T TM wucnonb3oBaiM CKaHUPYIOMIUN
anekTpoHHbI Mukpockon JEOL JSM-7500F u aromHo-cuioBoil mukpockorn Smart SPM-1000
AIST-NT (c qmamerpom uriiel He 6oiree 10 HM). Pacxon ra3a u3mepsui ipu riepernajie aapiieHus 20

k[la. McribITanne Ha ra30MpoOHULIAEMOCTD UCTIOIb30BAIOCH I OLIEHKH 3((EKTUBHBIX pa3MepPOB MOp



memOpan (Mynaep, 1996). Konrtaktabeiii yron cmaunBanus (KYC) u3mepsuid B MATH Pa3IdIHBIX
MOJIOKEHUSX 00pasiia ¢ moMomIbio 1uppoBoro Mukpockomna ¢ 1000-KkpaTHBEIM YBETUYCHHEM METOJIOM
CTaTHYECKOM KaIlTi MpH KOMHATHOW Temriepatrype. Kputnueckoe nasienue nponukHoBenus (LEP)
OTIPEeIIATIOCh C TOMONIbIO HM3MEPEHUN pacxojia JIEMOHH3UPOBAHHON BOABI B COOTBETCTBHH C
pEeKOMEHIaIusAMH, onucaHHbIMU B (Axmen u ap., 2017; TI'apcus-Ilaiio u np., 2000). Kpyrusri
oOpazen nuamerpoM 1,25 cM ObUT 3aKaT BHYTPH T€PMETUYHON KaMepbl U MIPOBEACHO HCIIBITAHUE C
BO3/IyXOM IIPH [TOCTENICHHO YBEIINYMBAIOIIEMCS JJaBICHUH.

2.4. Membpannas oucmuiisayus

YcTaHoBKa 1Mo MeMOpaHHOW AMCTUJUISIIIMM, WCIOJIb30BaHHAS MAJsl MCHBITAHHUM, OMHCaHa U

Mpe/ICTaBiIeHa B Hallel npeabiayiien cratbe (Koponskos u ap., 2018a). [loTok nepmeara usmepsuiu
B3BelMBaHueM. brutn mpotectupoBanbl pactBopsl coiieit NaCl ¢ konnentpanueii 7,5-30 /i, a Takxke
obpazupsl JKPO, monyueHHbIE € UCCIEIOBATENbCKOro saepHoro peakropa BBP-K (Anmartsi,
Kazaxcran). CrteneHb OYHCTKH COJIEH pPACCUMTHIBAIUM IO HM3MEHEHHUIO AJIEKTPONPOBOJHOCTH,
U3MEpPEHHOMY ¢ TIOMOIIbIO KoHaykTOoMerpa Hanna Instruments HI2030-01. [lns oueHkm
KOHIICHTPALlMH 3JEMEHTOB B pacTBope 10 W mocie MJl wucnoms3oBamu |CP-ontuyeckyro
smuccuonnyro crekrpockonuo OPTIMA-8000 (cmekTpanbHblii auamason 165-900 wM c
paspemenueM <0,009 am npu 200 HM). IS OIIEHKH aKTHBHOCTH PaIHMOU30TOIOB HCIOJIb30BAIH
ramma-criekrpometp Canberra GM1520 ¢ monynpoBOgHHKOBBIM JeTekTopoM Ge u auana3oHoM
sHepruii (25 - 3000) kaB.

3. Pe3yabTaThl M 00Cy:KIeHHE

3.1. l'uopoghobuszayus u xapakmepusayusa [1TD TM

Jna npunanus ruapodoOHbIX cBolicTB mnoBepxHocTH [IDT® TM Obuta mpoBeneHa
(OTOMHUITMPOBaHHASI IPUBHUBOYHAS COMOJIMMEPHU3AIIHS IBYX MOHOMEPOB THAPO(HOOHON MPHUPOIBL,
ctupoina u TOBC. Xnopodopm Ucnonb30Bajcs B Ka4eCTBE PaCTBOPUTEIIS, TOCKOJIBbKY OH 00Jiafaer
XOpOUIMMHU CBOMCTBaMU Ipo3padyHocTd B Y®-BuauMoil o0nacTv, a Takke XOpOLIO pPacTBOPSET
MOHOMEpBI. BiusiHHe pa3inuYHbBIX MapaMeTpoB, TAaKUX Kak KOHIEHTpaius MoHoMepoB (10-30%),
cootHomeHue MmoromepoB (50:50; 10:90; 90:10; 30:70; 70:30) u Bpemsi MPUBUBKH, ObUIO U3YYCHO

JUTSl MU3YYEHHsI Tpollecca NPUBUBOYHON nonmmepu3anuu (Pucynok 1).

Crupom:TOBC=50:50 a 18] Bpemsi- 14 6 18 [KonnenTpanus moHomepoB]=20% B
| Bpems - 1u X 16] Konnentpamms - 20% 2 164 Coornomenne = 50:50
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Pucynok 1 — 3aBucumMocTts crenenu npuBuBkU ctuposa 1 TOBC Ha noBepxHocTh [IDTD
TM nipu pa3nmuaHON KOHIICHTPAIIUH MOHOMEPOB (), COOTHOIIICHUSI MOHOMEPOB (0) U BpeMeH!U
MIPUBUBKH (B)

Ctupos UMeeT BBICOKYIO CKIIOHHOCTD K MoJiuMepu3anuu 1o cpaHeHuto ¢ TOBC (Aryzaeno
u ap., 2011), npu 3TOM, Kak BUAHO U3 pHUC. 10, yBeIMUEHUE KOHLEHTPALMU CTUPOJIA IPUBOJUT K
YBEJIMUEHHUIO CTENEHU NPUBUBKH, a yBenuueHue KoHueHTpauus TOBC, HaoO0opoT, mpuBOAUT K
CHW)KCHHIO CTEIICHU IIPUBUBKHY IIPU JaHHON KOHLIEHTPAaLluu MOHOMEpa M BpeMeHHU puBuBKU. Ha puc.
la BHIHO, YTO yBEIMYEHHE KOHILIEHTpAalMM MOHOMEpHOW cmecu oT 10 nmo 20% mnpuBoaut K
3HAUUTEIBHOMY YBEJIMYEHHUIO CTEIEHM NPUBMBKM, TOrJa Kak JajibHEHIIee YBEIUYEHUE
KOHUEHTPAllUU NPUBOJUT JIMIIb K HE3HAYUTEIbHOMY YBEJIMYEHHUIO CTENEHH NpUBUBKHU. Takum
0o0pa3oM, yBeJIMYeHHe KOHLIEHTpau MoHoMepoB Bhitie 20% HeaddexkruBHo. Ha puc. 1B nokazana
3aBHCHUMOCTb CTECIICHM IPUBHUBKU OT BPEMEHHU IIPU IOCTOSHHOW KOHILIEHTpauuu MoHomepa 20% u
cootHouieHuu MoHoMepoB 50:50. Crenens npuBuBKYU 1octuraer 12,8% yepe3 60 mun u 14,5% uepes
120 MuH nNpUBHUBKM. YBeIWYeHHE BpeMeHH npuBuBKM ¢ 60 1o 120 MMHYT NOpUBOAMT K
HE3HAYUTEJIbHOMY YBEJIUYEHUIO CTEIIEHU MPUBUBKH, IO3TOMY ONTHUMAJIbHBIM BPEMEHEM NPUBUBKHU
cuntaercs 1 yac. J[ns oneHku ruapo@OoOHBIX CBOMCTB MPUTOTOBIEHHBIX 00Pa30B UCIOJIb30BAIU
MeToJ M3MepeHHs kpaeBoro yria (tabmuna 1). Kak BugHO u3 tabu. 1, KpaeBod yroa 3aBUCUT OT
CTENeHH NMPUBUBKH, KOHIEHTPALlMU MOHOMEPA U UX COOTHOILLIEHUS.

BwMmecre ¢ TeM auaMeTp nop MeMOpaH TakKe CYIIECTBEHHO BIMSET Ha KpaeBou yroa u LEP.
[Tpu yBenuyenun nuamerpa nop ot 142 no 287 HM BenMYMHA KanWUIIpHOTO 3¢ (dekra npespiiaer
CHJIy TIOBEPXHOCTHOI'O HATSDKEHUs Kallli BOJbl. Takxke NOATBep)kaaercs cHuxeHue LEP ¢
yBenIuueHueM auamerpa nop. OgHako, B COOTBETCTBUM ¢ pekoMeHaanuei, LEP npeanouturensho
JIOJDKEeH ObITh >2,5 Oap nans ycnemHoro npumeneHuss B MJI. Hcnonb3oBanue memOpaHbI C
auaMeTpoM 1mop 287 HM MOXKET MPHUBECTH K IMPOCKOKY KHMIKOCTH. TakuM 00pazoM, COIIacHO
NPUBEJCHHBIM BBIIIE pe3yJbTaTaM, ONTHUMAaIbHBIMU YCIOBUAMH Mojaudukamun TM II9TO ¢
pazmepoM nop 150-250 um saBnstoTCs BpeMs NpuBUBKU 60 MUH, 00I1as KOHIIEHTpAIMsl MOHOMEPOB
20% u cooTHOmIeHne MoHOMEPOB 50:50.

AHanu3 paHee OIyOJIMKOBaHHBIX paboOT Mo McHojib3oBaHUIO cTHpoia U TOBC B kauecTBe
ruzipooOuzaTopa MoKa3pIBaeT HaM, YTO KPAE€BOH yrojl CMauyMBaHUs PA3TUYHBIX MATEPUATOB MOXKET
ObITh yBemmueH 10 94-104° (Apkiec, 2015; I'yo u ap., 2016), a B HeKOTOpBIX ciydasx 1o 161° (Ha
nepecTpanBacMbIX HAHOCTPYKTypax monuctupona) Ky u np., 2007) u 156° (Ban u ap., 2019).

Tabmuua 1 - KpaeBoit yron cmauuBanus u pasmepsl mop [I9T® TM, nonyueHHbIE MpH
Pa3IMYHBIX YCIOBUAX IIPUBUBKU



e Coomoenre | uwn Juaverp | IR | v | Crene

ob6pa3 KVYC,° | mop (COM), MIPUBUBKHA

MOHOMEPOB MOHOMEPO pasmep KUIKOCTU %

@ B, % M nop, am | (LEP), MITa '

1 [I9T® TM - 54 220+20 208+6 - -

2 Crupon_TIBC (50:50) 20 99 206+21 20046 0.34 13

3 Crupon_TOBC (50:50) | 10 88 210+24 203+7 0.15 10

4 Crupon_TOBC (10:90) 20 89 200+20 195+7 0.13 8

5 Crupon_TOBC (90:10) 20 82 211+21 20347 0.13 15

6 Crupon_TDBC (70:30) | 20 85 200421 193+7 0.14 8

7 Crupon_TIBC (30:70) 20 80 208+23 200+7 0.04 14

8 Crupon_TOBC (50:50)° | 20 87 287425 2836 0.13 14

9 Crupon_TIBC (50:50)™ | 20 92 242427 23546 0.25 13

10 Crupon_TIBC (50:50)™ | 20 99 142+12 131+6 0.39 12

* - [IDT® TM c ouamempom nop 300 wm; ** - [IDTD TM ¢ ouamempom nop 250 wm; ***- [IDTD TM ¢ ouamempom nop 150 wm

COM anHanu3 UCHOIb30BAIN Ul ONPEAETICHUs Pa3MEPOB MOP U Hcciel0BaHUs MOP(HOIOTHH

nocie MoauduKanuyu MeMopaH. DiIeKTpoHHble MUKpodoTorpaduu noepxHoctei [I13TD TM nocne

IPUBUBKHU [P PA3JIUYHBIX COOTHOIIEHUSAX MOHOMEPOB MOKa3aHbl HA PUC. 2, U3MEHEHHE TUAMETPOB

nop CyMMHpOBaHO B Tabxn. 1. AHamu3 moOKasblBaeT HEOOJNBIIOE CY)KEHHE IHaMeTpa Iop B

3aBUCHUMOCTHU OT CTCTICHU IIPUBUBKU. Takum o6pa30M, IIpUBUTAA MOJIUMEPU3AIA OCYIIECCTBIISICTCA C

COXpaHEHHEM IOPHUCTOM CTPYKTYPbl MEMOpaH.




()

Pucynok 2 - Mukpodororpapuu COM nosepxHoctu ucxoanoit [I13TD (a) u nmociie npuBUBKU

MOHOMEPOB CTHUPOJIa U TPUITOKCUBHUHUIICKIIaHA Tipu cooTHomeHusax 50:50 (6), 70:30 (B), 30:70

(r), 90:10 (), 10:90 (e)

Kak BugHo u3 Tabn. 1, memOpaHbl ¢ Oojiee BBICOKOH CTENEHBIO NPUBUBKU HE HMMEIOT
MaKCHUMaJIbHOT'O KpaeBoOro yrjia CMauyMBaHMsl, BEPOSATHO, 3TO TAK)KE CBS3aHO C PA3HBIM XUMHUECKUM
COCTaBOM IOBEPXHOCTH TPH PA3HOM COOTHOIIEHHWH MOHOMEPOB. il M3ydeHUs XMMHUYECKOTO
cocraBa MeMOpaH ucnosas3oBainu aHanus UK-cnexkrpockonuu u POIC. POOC-ananu3 nokaspiBaet
U3MEHEHHs XMMHUYECKOI0 COCTaBa caMoro BepxHero ciost (~10 Hm) MeMOpaH 10 U 1ociie IpuBUTON
cononumepu3zaiuu ctuposa 1 TOBC (mpu nmocTtossHHOM KoHUIEHTpauuun MoHomepa 20%, nuamerpe
rop 200 aM). OG30pHEIH CIIEKTP UCXOAHON MeMOpaHbI (pUC. 3a) COCTOUT U3 KUCIOPOJIa U YIIIepoa,
TOrJIa KaK npuBuBKa cTuposia 1 TOBC npuBena K MOSBICHHIO HOBBIX MMUKOB, COOTBETCTBYIOIIHMX Si.
Kpome Toro, ObuiM OOHapyXeHbl NHUKM HHM3KOW HMHTEHCHBHOCTH okojo 199 3B u 398 3B,
cootBercTByromme Cl u N COOTBETCTBEHHO, 4YTO, CKOpEe BCEro, CBA3aHO C 3arps3HEHUEM.
DJIEMEHTHBIN COCTaB BEpXHEH MOBEPXHOCTH, ONpeeieHHbI MeTogoM POIC, npuBeaeH B Tabiuiie
2. Ilpusutas cononumepusauus ctupona u TOBC mpusena x cHukeHuto cojepxkanus C u O u
yBEJUYCHHIO conepkanust kpemHust 10 11,2%. Crnektper Si2p Beicokoro paspeineHust (puc. 3b)
coctosT u3 3 mukoB npu 102,9 3B (Si-O-Si) ¢ Bbicokoit nHTeHCHBHOCTHIO, Tipu 104,1 3B (Si-O-H) u
104,7 5B (Si-O-C) ¢ HH3KO0# HHTEHCUBHOCTBIO, UTO XapaKTEPHO JUIS CHIIAHOBBIX coeauuenuit (KyHr
u ap., 2015). KonmnuecTBeHHBIN aHAIU3 COOTHOIIEHUS 3TUX MUKOB MOKA3bIBAET, YTO MOBEPXHOCTH
npumepHo Ha 90-92% cocrout u3 cBszeit Si-O-Si u Tonpko Ha 8-10% cocrout u3 cBszeit Si-O-C u
Si-OH. Crektpst C1S BBICOKOTO pa3pelieHus: ObUTH 3aMUcaHbl MOCie MpuBUBKH cTupoia u TOBC
IPU Pa3INYHBIX COOTHOLIEHUSX MOHOMEPOB (JlaHHBIE INPEACTaBJIECHbl B TaONHIE 2, a CIEKTPHI
nokazanbl Ha pucyHke 38,¢). [Tuku C1s ucxoausix [13T TeM otnocsres k C-C/C-H npu 284,7 3B,
C-O/C-OH mpu 286,4 5B u C=0 npu 288,8 3B, oqHako mpuBHUTasi COMOIMMEPH3AIUsl IPUBENa K
nosiBnennto cs3u Si-C npu okono 282,9 5B ¢ HU3KMM HHTEHCHUBHOCTh M MUK mpu 286,4 3B

otHocATCs He TONbKO K ¢Bsi3u C-O/C-OH, Ho u k cBszu Si-O-C. Astops! (KyHr u ap., 2015) Taxxke



O0OHApYXWJIM aHAJIOTHYHBIE HAOIIOACHUS TIPH THIPOCHINIUPOBAHUHN OM(YHKIIMOHATBHBIX MOJICKYJT
C WHCIONb30BaHMEM TepMHuecKod M (oToxumuyeckoit ob6paborku. Crektpsl O1S BbICOKOTO
pazpemienus (puc. 3 T,1) TaKKe IOMOTIN 00BSICHUTH MOBEpXHOCTHOE conepkanue [IDTD TM mo u
nocsie mpuBuBKy. [Tuku O1s ucxoguoii [IDTD mem6panst otHocsaTes kK C-O (531,7 3B) u C=0 (533,2
3B). Kpome toro, Habmoganuck muku n-n* ipu 538,7 3B. [IpuBrBOUHAs TOTMMEPHU3aIAsSI CTUPOJIA U
TOBC npusena k odpazoBanuto nuka O-Si/CO npu 532,4 3B, a nuka C=0 [IITD nosBuics npu
533,8 3B. U3 cnektpoB POOC moxHO craenath BbiBOA, uro rpymmbl Si-OCzHs pearupyror ¢
obpaszoBanuem cBszeii Si-O-Si u Hebonpmoro konmuyectsa rpymn Si-OH. M3 tabmuipl 2 BUAHO, Y4TO
IIPH COOTHOIIEHUH MOHOMepoB cTupoi: TOBC=50:50 HabmomaeTcss MHUHHUMAIBHOE COJEPIKaHHE
rpymnn Si-OH u kuciaopoaa. 9To MOXKeT 00BSICHUTH HAMOOIIBIINI KpaeBoii yron cmaunBanus [T

TM, TuapoPoOH3UPOBAHHBIX B 3TUX YCIOBHSX.

Tabmuua 2 — lanasie POOC crieKTpoB BEICOKOTO pa3peuieHus

ATOoMHas Boicokoe pazpeurenne goau Cis, Hons Oz, %0 Houas Sizp, %
KOHIEHTPAaINs, %
Obpasen & Si-o- Sio- | Si- | Si-
C o | si [sic| Y| cco-|c=0| 98 0| ¢ |oH | osi
H C 0)
II9T® TM 719 | 28.1 - - 66.1 19.8 14.1 57.5 425 - - -
[I2Td-g-IIC- | 66.7 | 22.1 | 11.2 | 4.3 77.6 14.2 3.9 74.2 258 | 4.6 3.0 | 924
THOBC (50:50)
[I2Td-g-IIC- | 685|232 | 83 | 5.9 76.9 12.9 4.3 85.8 142 | 4.9 45 | 90.6
THBC (70:30)
[3Td-g-IIC- | 684 |225| 9.1 | 85 74.1 12.9 45 87.5 125 | 4.8 5.1 | 90.1
THBC (30:70)
M3Td-g-IC- | 715|231 | 54 | 21 77.2 16.6 4.1 89.8 10.2 | 3.8 47 | 915
THBC (90:10)
M3Td-g-IIC- | 675|223 | 102 | 9.1 74.2 12.5 4.2 80.8 192 | 6.8 59 | 87.3
THBC (10:90)

—— [C-TOBC-g-1I3T® T™ (70:30) 4 - 6
. —— IC-TABC-g-TIPT® TM (30:70) = Si-O-Si
X , —— IIC-TOBC-g-TIDTd TM (50:50) Q
= o —IDBTOTM = =
= - (]
o o e
4 =
= 15
g g
2 N - 2
:» T\ 75 2 % 4 Si-OH
B A -
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= A
] W W
600 5(|)0 4(|)0 3(|)() 2(|)0 1(|)() 0 110 108 106 104 102 100 98

DHeprus cBsi3H, 5B DHeprus cBsi3H, 5B



. B c0 =0 r
3 C—CiC»H gu < ;
A 2
5 5 1
S 3
= C-0-C/COH =
5 COOH 5
= - v 5
E E -7 Konebanus
= | n-n" koneGanus =

294 292 290 288 286 284 282 280 540 538 536 534 532 530 528

SHeprus cBsi3u, 5B Oueprus cBs3y, 5B
C-C/C-H a €

5 v 5 A
= =
= =
1) )
4] 4
5 5
IS 3
I T
/M =]
= ) =
g | C-0-C/Si-0-C 2
g =
= T
SR KoneﬁaHm{C 0? H Si-C =

294 292 290 288 286 284 282 280 540 538 536 534 532 530 528

DHeprusl cBsizH, 5B DHeprus cBszd, 5B

Pucynok 3 — O6muit POOSC cniektp (a), ciekTp Bbicokoro pazpemenus Si2p (0), Cls (B,x),
Ols (1,e) ucxoguoit [I1TD TM (B,r) u [IDTD-g-IIC-TIBC (50:50) (m,e)

st o6HapyKeHUsI MPUCYTCTBUM KOJIeOaHUN XUMUUYECKUX Tpymm, ucxoasmux ot TOBC u
nomuctupona (IIC) B momudunmposanueix [I9T® TM, Ob1 nmposenena MK-crekrpockomus.
CriexTpbl HCX0AHBIX U MoUpupoBaHHbIX [I9T® TM nokaszansl Ha pucyHke 4. TUIMYHBIN CLIEKTP
ncxoHbIx [I9T® TM cOCTOHT M3 OCHOBHEIX IIMKOB TIoryomenus npu 2972 et (apomatnueckue C-
H), 2910 cm? (amudarnueckue C-H), 1715 em? (C=0), 1471 e (m3ru6 CHy), 1410 cm? (xonbIro
CH), 1341 cm? (CH2), 1238 cm-1 (C(0)O-), 1018 cm (CCC), 970 cm? (O-CHy-pacrskenne), 847
em? (konbiio CC-pactsikenne). Hanmuuue npusutoro TOBC noarsepixkaaercs kosiebanusmu Si-O-Si
u Si-C npu 1180-1110, 761 cm* coorBerctBenHO0. Kpome Toro, muk mpu 3300-3600 cm! 6bit
oOHapyXeH ¢ HHM3KOH HWHTEHCHUBHOCThIO, uro coorBercTByer OH. OH-rpynmer wmoryr
o0Opa3oBbiBaThCsl B pe3ynbrare ruapoimsa rpymn Si-OCoHs. Pesymerater MKcmextpockomnuu

KoppenupytoT ¢ POIC ananuzom.
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Pucynok 4 — UK-cniektp 1 — ucxonunoii [ITD TM, 2 — TI9TD TM-g-IIC-TOBC (50:50), 3 —
ucxoanoro TOBC, 4 — ucxoaHoro cruposa

Jlist u3ydeHus cTabuibHOCTH THIPO(YOOHON TOBEPXHOCTH, MEMOPAHBI BBIACPKUBAIA B BOJIC
npu temmeparype 85°C ¢ 1 u no 48 4. OgHako, KaKuX-TuOO CYIIECTBEHHBIX M3MEHEHHI HE ObLIO

3apuKCUPOBaHO. DTO CBUAETEIBCTBYET O cTabuibHOCTH rHApodoOHoro ciosa [IDTD TM.

3.2 Membpannas oucmunnsayusi JKPO

Memb6pannyto muctwuisinuio KPO ¢ rugpodoOubiMu [I9T® TM, npuroTroBlI€HHBIMU B
onTUManbHbIX yciaoBusx (20 % crupona, TOBC/Ctupon=50:50 B xjopodopme, 60 mun Y-
00JIydeHus1) ¢ pa3InYHbIMU pazmepamu nop 142, 206, 242 u 287 HM, IPOBOJMIN B PEXKHUM MIPSIMOTO
KOHTaKTa ¢ KoHTpoJsieM TemrepaTypsl. ZKPO Obliu B3ThI ¢ HCCIIEI0BATENBCKOTO SJIEPHOTO peakTopa
BBP-K (Anmartsl, Kazaxcran). JKPO cocrost u3 paznuaHbIX HOHOB, Takux kak Na, Mg, K, Fe, Ca,
Al, Sb, Sr, Mo, Cs, u3aMepeHHbIX aTOMHO-3MHUCCHOHHBIM METOAOM (Tabiuia 3), ¥ pagiou30TONOB
80Co, 13’Cs u 2!Am ¢ pasnuuHOl aKTHBHOCTBIO, H3MEPEHHO ¢ HOMOIIBIO TAMMAa-CTIEKTPOMETPA.

B M/ nu1st orieHKM MpOU3BOAUTENBHOCTH U KO3 duineHTa ae3aktuBanuu (D) ucnonbs3zoBanuch
ruapooOHsie [IITD TM ¢ paznuyHbIMU TOpaMHU, TOCKOJIBKY 3()(PEKTUBHOCTH 3aBUCUT OT AMAMETpa

nop. Koo duuuent nesaxrusanuu (D) paccuntsiBaiu no (KoposbkoB u ap., 2018a) o ypaBHEHUIO:

a
p=_L (1)
ap

TIC af M dp - AKTUBHOCTH KOHIICHTpAaTa U mepmMeaTra COOTBETCTBCHHO.

O dexruBHocTh ounctku JKPO B mepByro ouepenb OLEHHUBANACH MO AJIEKTPONPOBOJHOCTH,

KOTOpasi TakKe MOXeT OBbITh MCHOJb30BaHa i obmei 3¢dexruBHocT M/ MOHOB MeTaoB,



MOCKOJIbKY OCHOBHBIMH KommoHeHTamu JKPO sBisitorcs Na u K, koropeie odeHb 3PheKTHBHO
BBI3bIBAIOT U3MEHEHUS IPOBOJIUMOCTH.

PesynbTarel M/] ipencraBieHsl Ha pucyHke 5a. MemOpansl ¢ iuamerpoM nop 142, 206 u 242
HM TOKa3ajl He3HAUYUTEIbHbIE U3MEHEHHUS MPOBOAMMOCTH, TOT/Ia KaK MCIOJIb30BaHUE MeMOpaH C
JIMaMEeTPOM Mop 287 HM NMPUBOJIUT K 3HAYUTEILHOMY YBEIUYEHUIO TPOBOAMMOCTH ¢ 214 nmo 2238
MKCM/cM. CTeneHn oYuCcTKU conu i ruapododusupoBanubix [19TD TM ¢ quamerpom mop 142,
206 u 242 um cocraBustor 99,2 %, 96,8 % u 86,9 % coorBerctBeHHO. Ha puc. 56 mokaszano
YBEJIMYEHHE TTPOM3BOANTENLHOCTH ¢ 810 T/M%4 1 MeMOpaHsl ¢ quamerpoM mop 142 um o 1584
r/M?4 s MemOpaHbl ¢ amameTpoM mop 242 HM. Crleayer OTMETHTb, 49TO MO pPE3yibTaTaM
AIIEKTPONPOBOTHOCTH (CTETIEHb OUUCTKH COJH - 5 %) BBICOKHII TOTOK MEMOpaH ¢ pazMepom 1mop 287

HM 06YCJIOBJI€H CMadYMBaHHUECM KaHAJIOB.

= 142mv a - 3000+ 0
= 20004 e 206 um 53
G} A 242 um % 2500
g 287 um =
ﬁ" 1500 T [g) 2000 i
Q
: : 15001 T
% 1000 Q[E’
g S 1000+ 1
E 500 . - 2 *
A 8, 500
N =
0 4 3 % 3 0 : ' '
0 1 2 3 4 5 6 7 142am  206EM 242 EHM 287 HM
Bpemst,u Juamerp mop

Pucynok 5 — 3MeHeHne 2eKTponpoBOIUMOCTH (a) U TPOU3BOIUTENBLHOCTH (0) BO BpeMs
M/] ¢ ucnons3oBanueM rusipopoodusupoBanabix [I3TD TM (TOBC/Ctupon) nuamerpamu mop

CornacHo Tabn. 3, Bce CTEIEHU OYKMCTKHM cocTtaBuiau Ooiiee 94 %, a OOJIBIIMHCTBO M3 HUX
6muszku k 100 %. [Ing cpaBHEHHs B TeX K€ YCJIOBHUSAX HCHBITAHUN HCIIOJIB30BAIN KOMMEPUECKU
JIOCTYIIHYIO TIOJIOBOJIOKOHHYIO MemOpany u3 IIT®D c¢ nmuamerpom mop 220 um. Paznuums B
KOHIIEHTPAllUd MOHOB BbI3BaHbl Pa3HOI KOHIIEHTpalMel coyied B UCXOJHOM pacTBope. CHIMKEeHHe
CTETNeHH OYMCTKHU COJIM C YBEIMUEHUEM TMaMeTpa Mop CBsI3aHO ¢ yMeHblleHueM LEP (kak 3To BUgHO
u3 1abn. 1). Uem Boime LEP, Tem MeHblie BEpOSTHOCTh MPOXOXKAECHUS >KUIKOCTU Yepe3 MOpbI

MeMOpaH.

Taomumna 3 — Xumudeckuit coctaB pactBopoB JXKPO u nepmuata mocie mpomecca M/|

OnemeHT Hcxonnas Konuenrparnus B Konuenrparus B Konuenrparus B Konuenrparus B nepmuare
KOHLIEHTpPALMs, nepmeare (II2TD TM-g- | nepmeare (II9TH TM-g- | nepmeare (II2TD TM-g- (ITT®D HaHOBOJIOKOHHBIE
MKT/JT IIC-T3BC, d=242 uwm), TIC-TOBC, d=206 um), IIC-T3BC, d=142 um), memOpanbl d-220 HM), MK/
MKI/J (CTeTIeHb OYMCTKM, | MKI/JI (CTENeHb OUMCTKH, | MKI/I (CTENeHb OUMCTKH, (cTeneHnb O4HCTKH, %)
%) %) %)
Cs (6=+26%) 304 7,13 (97,7%) 1,18 (99,6%) 0,34 (99,9%) 34,3 (88,7%)
Mo (6=%15%) 458 4,14 (99,1%) <0,3 (99,9%) <0,3 (99,9%) 76,0 (83,4%)




St (=+15%) 136 <0,5 (99,6%) <0,5 (99,6%) <0,5 (99,6%) 11,1 (91,8%)
Sb (=+15%) 463 0,68 (98,5%) <0,3 (99,4%) <0,3 (99,4%) 8,96 (80,6%)
Al (6=£16%) 660 <12 (98,1%) <3 (99,5%) <3 (99,5%) <30 (95,4%)
Ca (=£16%) 1780 96,1 (94,6%) 84,2 (95,2%) 18,6 (99,0%) 208 _(88,3%)
Fe (6=+10%) 383 <2,4(99,4%) <0,6 (99,8%) <0,6 (99,8%) <6 (98,4%)
K (—+15%) 249 200 1523 (99,4%) 236 (99,9%) 54,6 (99,9%) 7476 (97%)
Mg (6=£15%) 1046 <4 (99,6%) 2,36 (99,8%) <1 (99,9%) <10 (99,0%)
Na (o==15%) 4710 000 103 (99,9%) 17,6 (99,9%) 1,87 (99,9%) 601 (99,0%)

PesynbraTtel 0 KOA(pQHUIMEHTAM [1€3aKTUBAIIMHM PaJMOU30TONOB MPEACTaBICHBl B Ta0i. 4.
[IDT®-g-TIC-TABC ¢ auamerpoM nop 142 u 242 uM nokasan ko3dduimenT ne3aktuanuy o ©°Co
>85.4, mo ¥'Cs >1900 u 42, mo **Am 5 u >7 coorBercrBeHHO. ClieyeT OTMETHTh, 4TO B
OOJIBIIMHCTBE CIy4yaeB IOJyYCHHbIE JaHHbIE OBUIM HIDKE mpenaena oOHapykeHus. CHUXEHHE
K03 uLMeHTa e3aKTUBAIMN C YBEIMYCHHEM JMaMeTpa MOp CBs3aHO ¢ ymeHblienueM LEP u
KpaeBOro yriia CMaulBaHHs.

Koaddunuent nesaxruparuu st 80Co paBen 10, mus 1¥7Cs 439, a s *Am >2 npu
ucnonp3oBaHun MeMmOpanbl u3 [IT®D. Takum o0pa3zom, wucnonb3zoBanue TM ¢ y3kum
pacripeiefiecHueM TMop IO pa3MepaM IMO3BOJIsIeT JoOUThCs Oojiee KauecTBeHHOW ouuctku KPO

HU3KOI aKTUBHOCTH.

Ta6n1z1ua 4 — PaguousoronHeIii cocTan PacTBOpa HCXOAHOI'O PAaCTBOpa M IICpMEaTta II0CJIC

npouecca M/{

Pannonsoron AKTHBHOCTH AKTHBHOCTb Koapdurment AKTHBHOCTH Koadduuuent AKTHBHOCTb Kosdduunent
HCXOJHOTO nepmeara JIe3aKTHBALUU nepmeara JIe3aKTHBALUU nepmeara (IITTOD JIe3aKTHBaLUU

pactBopa (II9T® TM-g- (D) (IIDT® TM-g- (D) HAHOBOJIOKOHHbIE (D)

(Bx/kr) IC-T3BC, TIC-T9BC, MeMmb6pansl d=220
d=142 um) d=242 uwm) HM)
(Bx/kr) (Bx/kr)

%Co 85,4+6,1 <1,0 >85 <1,0 >85 16,5+1,1 10

BICs 1900427 <1,0 >1900 45,8+1,8 42 4,33 439

2TAm <22 <0,41 5 <0,32 >7 <0,49 >2

3akiao4enue

B nanHoM uccnenoBanuu paccMaTpuBaeTcs NpocToil U 3¢ (HeKTUBHBINA METOI THApopoOu3aun
[I9T® TM nyrem npusBuBku ctupona u TOBC (B ontumanbHbIX ycinoBusix 20% KOHIEHTpaluu
MOHOMeEpa IpH COOTHOIIEHNH MOHOMepoB 50:50, 60 MUH BpeMeHHU O0JydyeHHs) U UX MPUMEHEHHE
Ui 3¢ (HEeKTUBHONW OUMCTKH JKUIKUX PaJMOAKTUBHBIX OTXOJOB HU3KOH akTMBHOCTU. [lomydeHHbIe
MeMOpaHbl ObUTH OoXapakTepu3oBaHbl MeTosiaMu POIC, UK no u mocne npuBUBKH, a TakKe MOCIe
mporecca MeMOpaHHOW muctwuiinur, COM, Tecra Ha Ta30NMPOHHUIIAEMOCTh ISl HU3yYCHUS
CTpyKTYpbI nIop, LEP, ronnomerprdeckoro ananmsa s OUEHKH THAPOPOOHBIX CBOMCTB MEMOpaH.
ITponecc MeMOpaHHO JUCTUIUISIIH

KOHTPOJIMPOBaJIN TpPaBUMCTPUUCCKHUM n

KOHAYKTOMCTPHUYCCKUM AdHAJIM30M. I/Isyquo BINAHHUC AnaMeTpa nop MeM6p aHbI Ha

MPOU3BOAUTENBHOCTh U CTENEHb OYMCTKU. DieMeHTHbIM coctaB JKPO wuccienoBaiim merogamu
raMMa-CIeKTPOCKONIMA U aTOMHO-DMUCCHOHHBIM METOJOM. J[OCTUTHyTa NpPEeBOCXOJHAsI CTEIEHb

OunCTKH OCHOBHBIX 31emeHTOB JKPO, Takux kak Cs, Mo, Sr, Sh, Al, Ca, Fe, K, Mg u Na, a



k03¢ dunmenT nezaktupanyuy 1o °°Co, 2*'Cs u 2!Am cocrapun >85, >1900 1 5 COOTBETCTBEHHO TTPH
UCTIOJIb30BaHUN MOJU(UIIMPOBAHHON MEMOpPaHbl CO CpeAHHUM auameTrpoM mop 142 M (cpeaHuit
TIOTOK BOJIBI JIs 3T0i MeMOpans! 810 r/m?u). MeM6paHsI ¢ 60abImuM guaMeTpom mop 206, 242 1 287
nmerot motoku 1005, 1584 u 2800 r/qu, OJIHAKO CTEIEHb OYUCTKU M KOAD(DHUITMEHT Ae3aKTUBAIIUN
HU3KHE U3-3a TOTO, YTO MOAU(PUIIMPOBAHHBIE MEMOPaHBI ¢ OOJBIIUM AUAMETPOM IOP UMEIOT OoJiee
Huzkue LEP u xoHrakTtHble yrimel cMauuBaHus. ONTHUMajdbHOE COOTHOLIEHUE MEXKIY
MIPOU3BOUTEIILHOCTRIO U AP(EKTUBHOCTHIO CTEMEHH OYHCTKH JOCTHTASTCSl MPH HCIIOJIb30BAHHUU
MeMOpaH ¢ quameTtpom nop 142 um. BnepBbie uccienoBanbl TpeKOBble MEMOpaHbl B MeMOpaHHOU
JUCTHIUISIUK KUAKUX PATUOAKTHUBHBIX OTXOJOB HU3KOM aKTHMBHOCTHU. VcIoyib30BaHHME TPEKOBBIX
MeMOpaH C y3KMM pachipelieJIeHUeM IOp MO pa3MepaM U HEU3BUJIIMCTHIMHM KaHaJaMHU IO3BOJIAET
JMOOUTHCS JIYYIIEH OYMCTKU OT PATUOAKTHBHBIX OTXOAOB IO CPAaBHEHUIO C ITOJOBOJIOKOHHBIMU

MeMOpaHamu.

BbaarogapHocth
Pabora BeIONMHEHAa TpU (UHAHCOBOW MOIIEP)KKE MUHHUCTEPCTBa 00pa3oBaHUS W HAYKU
PecnyOnuku Kazaxctan (rpant Ne AP05132110 «Ilomydenue TpekoBBIX MeMOpaH C 3aJaHHBIMU

CBOMCTBAMHU 11 MeM6paHHOﬁ JUCTUIIIALIUU U IIPAMOIO OCMOC&»).
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Pecnybnuxa Kazaxcman, 20pod Acmana, cemnaoyamoe okmaoGpa 0ée moicavu 06adyamso
emopozo 200a, s, Tanxkeesa Canmanam bBynamoena, nomapuyc zopooa Acmana,
delicmeyowas Ha OCHo8anuu 2ocyoapcmeennoi auyensuu Ne21022061 om 07.07.2021 zo0a,
ebl0annou  Munucmepcmeom tocmuyuu Pecnybnuku Kazaxcman, ceéudemenscmeyio
NOONUHHOCMb  NOONUCY,  COeNaHHOU  nepeeooyuxkom 2p.’Kepenkenoeoii Maounoti
OiipamoeHoil, ¢ anzIULICKO20 A3bLIKA HA PYCCKULl A3bIK HA mekcme 0okymenma. Jluunocmy
nepesooYUKa yCmaHoeieHa, 0eecnocobHoCmy U NOTHOMOYUS NPOGEPEHDL.
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