Separation and Purification Technology 227 (2019) 115694

Contents lists available at ScienceDirect

Separation and Purification Technology

ELSEVIER

journal homepage: www.elsevier.com/locate/seppur

Modification of PET ion track membranes for membrane distillation of low- ®
level liquid radioactive wastes and salt solutions S

Ilya V. Korolkov*™*, Arman B. Yeszhanov™", Maxim V. Zdorovets*"b *“**, Yevgeniy G. Gorin™”
Olgun Giiven®, Saule S. Dosmagambetova®, Nikolai A. Khlebnikov““, Konstantin V. Serkov®,
Marina V. Krasnopyorova®, Olga S. Milts”, Dmitriy A. Zheltov”

* L.N.Gumil National U ty, Satpaev str., 5, 010008 Nur-Sultan, Kazakhstan
® The Institute of Nuclear Physics, 050032, Ibragimov str., 1, Almaty, Kazakhstan

© Ural Federal University, 620002, Mira str. 19, Ekaterinburg, Russia

4 Institute of Solid State Chemistry, UB RAS, 620990, 91 Pervomaiskaya st., Ekaterinburg, Russia
“D of Chemistry, Hacettep ty, 06800 Beytepe, Ankara, Turkey

P

ARTICLEINFO ABSTRACT

Keywords: The work concerns the puriﬁcallon of saline solutions and concentration of low-level liquid radioactive wastes
Low-level liquid radioactive waste (LLLRW) produced from h (WWR-K) by membrane distillation in direct contact config-
Desalination uration (DCMD) using track-etched membranes (TeMs). Poly(ethylene terephthalate (PET) TeMs were hydro-
Hydrophobic modification phobized by UV-induced grafting of styrene. Modification of PET TeMs (pore sizes from 135 to 268 nm) at
L’:;:" ““"‘z‘n"“ optimal conditions led to increasing of contact angle to 104°. Hydrophobic PET TeMs were investigated by XPS,
Styrene grafting FTIR, SEM, liquid entry pressure (LEP) and goniometric b were tested in DCMD of saline
solutions and LLLRW. The effect of b pore d tion on fluxes and rejection
degree was studied. Salt rejection was eval ‘byconducﬁmymdnomicemlnionmeﬂnd(for&m&,
Sb, Al, Ca, Fe, K, Mg and Na). Decontamination factors of radioisotopes (for ®°Co, '¥’Cs, and ?*'Am) were
I d by g: ray sp py. Salt rej and decontamination factors were found to depend on pore
diameter and conditions of DCMD. In most cases the degree of rejection was between 90 and 100%.

Decontamination factor of '*’Cs reached to 1727.
1. Introduction LLLRW concentration a special role is played by membrane processes

Wastewater treatment and desalination are very important con-
sidering the problem of shortage of drinking water in the world is ex-
pected to increase in subsequent 20 years [1]. Therefore the search for
effective water purification method has always been an urgent task.
Among water pollutants, the most important ones are oil products,
surfactants, pesticides, phenols, heavy metals, etc. On the other side,
development of nuclear power plants [2], tragedy of Fukushima Daiichi
[3], and the environmental problems of the former nuclear test sites
including those in Kazakhstan (Semipalatinsk nuclear test site) [4] led
to the fact that treatment and concentration of liquid low-level radio-
active wastes (LLLRW) have received attention all over the world [5].
LLLRW because of their large volumes and low levels radioactive ma-
terials should be concentrated and then solidified with cement, glass,
asphalt or bitumen [6]. Among the methods of water purification and

characterized by high selectivity, efficiency and low energy consump-
tion [7,8]. The most commonly used membrane technologies for water
treatment are reverse and forward osmosis, nano-, ultra, and micro-
filtration and membrane distillation (MD) [9]. Over the last decade, the
interest to develop and improve MD has increased due to its high rates
of rejection for non-volatile components, high separation and decon-
tamination factors, low working pressure, less sensitivity to fouling and
feed salinity and low feed temperature requirements [9-12]. To date,
purifying water by MD from salt [13-17], dyes [18], heavy metal ions
[2,3], radioactive wastes [6,19] have been studied. Moreover, MD
started to be used for desalination plants already under operation by
some companies [20]. MD process could be categorized into four types
of configurations, the most studied type despite some limitations [9,21]
is DCMD due to its simplicity and availability. Poly(vinylidene
fluoride), polypropylene and poly(tetrafluoroethylene) are considered
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the most acceptable materials for use in membrane distillation [22-26],
at the same time, the major drawbacks of these polymers are possible
fouling, insufficient water fluxes and high cost [9]. Thus, the task of
finding new types of membranes and materials with good hydrophobic
properties and high degrees of purification is relevant. To overcome
these negative properties of used membranes, researchers try to en-
hance membrane stability by methods of plasma and laser treatment,
coating and graft polymerization of hydrophobic compounds [27-30].
Another way is testing of new types of membranes suitable for MD.
Hollow fiber membranes [25,31-33] are the most studied in MD. On
the other hand regular geometry of the pores with the ability to control
their amount per unit area and excellent distribution of pore sizes to-
gether with low thickness and tortuosity of track-etched membranes
(TeMs) can be considered as new materials for MD applications. Their
unique properties can lead to enhancement of selectivity and efficiency
of MD process and make them suitable for potential application in MD.
TeMs can be used in processes of precision ultrafiltration and micro-
filtration of liquids and gas scrubbing; in the system of analytical con-
trol of substances; food, pharmaceutical and chemical industries; mi-
croelectronics; synthesis of nanostructures [34-38]. Moreover, in our
recent works [39,40] and Gancarz’s et al. work [41] TeMs were started
to be tested in MD [40,41]. To expand the research and to reduce the
cost of surface modification, in this work we present the results of
styrene graft polymerization on PET TeMs and test them in MD of saline
and LLLRW solutions.

2. Experimental part
2.1. Preparation of the membranes and their modification

TeMs were prepared by irradiation with **Kr'®* ions with an en-
ergy of 1.75MeV/nucleon and ion fluence of 4.310 ion/cm?, 12 pum
thick PET films using the DC-60 accelerator in Astana branch of Nuclear
Physics Institute. Then membranes with certain pore diameters were
obtained by means of photosensitization for 30 min 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.

The preparation of hydrophobic PET TeMs was carried out by UV-
induced graft polymerization of styrene, since styrene is one of the most
accessible and widely used hydrophobic monomer. The photo-initiated
grafting of styrene was performed on PET TeMs samples with sizes of
10cm X 15cm. The samples were washed in an ultrasonic bath for
10min (in water). Benzophenone (BP) was used as an initiator of graft
polymerization. The membranes were soaked in 5% N,N-di-
methylformamide solution of BP for 24 h then removed, dried, quickly
washed in ethanol (to remove excess BP) and placed in a solution of
styrene in carbon tetrachloride with concentration of 5-40%. CCl, was
chosen as solvent since it is transparent in UV-vis region, it can dissolve
the monomer and this solvent has low chain transfer constant [45-47].
Irradiation was carried out under UV lamp OSRAM Ultra Vitalux E27
(UVA: 315-400 nm, 13.6 W; UVB: 280-315 nm, 3.0 W) for 15-120 min.
Finally the samples were washed in CCly, dried at 50 °C and weighed to
determine the degree of grafting.

2.2. 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. Scan range: 400-4000 cm ™', 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 pressure in the analysis
chamber was maintained at 210~ ° Pa or lower. Processing of the data
was carried out by Avantage software. Scanning electron microscope
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JEOL JSM-7500F, and atomic force microscope Smart SPM-1000 AIST-
NT (with tip radius not exceeding 10 nm) were used for pore diameters
evaluation and characterization of morphology after PET TeMs mod-
ification. 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 [42]. Contact angle (CA) was measured from five different
positions of the sample using Digital Microscope 1000 X magnification
using static drop method at room temperature. Liquid Entry Pressure
(LEP) was determined by using deionized water flow measurements
according to recommendations described in [43,44]. A circular sample
with the radius of 1.25 cm was clenched inside the sealed chamber, and
a test was run with air at gradually increasing pressure.

2.3. Membrane distillation

DCMD rig used for the tests is described and presented in our pre-
vious work [40]. The permeate flux was measured by weighing. Saline
solution of 7.5-30 g/L NaCl as well as LLLRW samples obtained from
WWR-K research nuclear reactor (Almaty, Kazakhstan) 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 200nm) was used to estimate ele-
mental content of solutions before and after MD. Gamma-ray spectro-
scopy Canberra GM1520 with semiconductor Ge detector and the en-
ergy range (25-3000) keV was used to estimate activity of some
radioisotopes on the example of ®°Co, *”Cs, and ***Am.

3. Results and discussion
3.1. Preparation of hydrophobic membrane

Fig. la shows linear relationship of grafting degree with time at
constant concentration of monomer 10% and distance from UV-source
(7 cm). Grafting degree reaches 12% after 120 min of grafting.

Increase in the concentration of styrene leads to an increase in the
degree of grafting to 43% at 40% styrene concentration as it is shown in
Fig. 1c.

Hydrophobic properties were evaluated by the method of CA mea-
surements. The results of contact angle (CA) measurements from 5
different positions for each samples of PET TeMs before and after graft
polymerization are presented in Fig. 2 and Table 1. Increasing of
grafting degree led to increasing CA from 52° for untreated PET TeMs to
98’ for PET TeMs-g-PS with a degree of grafting of 43%. Contact angle
depends on both chemical natural and roughness of the surface [48,49].

From the AFM images (Fig. 3), roughness increased from
2.15 = 0.04nm to 5.16 * 1.01nm with grafting. Thus, hydro-
phobicity of the membrane is almost totally due to grafting of hydro-
phobic polystyrene. Analysis of previously published works on using
styrene as hydrophobic agent shows us that contact angle of different
materials can be increased up to 94-104° [49,50] and in some cases to
161° (on tunable nanostructures polystyrene) [48].

The membrane surface morphological changes taking place with the
variation in the time of grafting was monitored in order to investigate
the coating uniformity and changes that can occur in pore diameter.
SEM images of surface of PET TeMs depending on grafting time are
presented in Fig. 4. Decrease in the pore diameter from 302 *+ 25nm
to 273 + 21nm is observed, moreover, morphological structure of the
surface is much smoother than unmodified surface. Decreasing of pore
size is due to formation of PS layer inside the pores. Data on contact
angle measurements and pore sizes for grafted PET TeMs at various
conditions are presented in Table 1.

SEM images of cross-sections of PET TeMs (Fig. 5) before and after
grafting show the formation of grafted layer of PS and change in the
morphology of pore walls. This is additional confirmation of grafting of
polystyrene along the pore walls.
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Fig. 1. Grafting degree depends on irradiation time (a), distance to UV-source (b) and monomer concentration (c) (pore diameter d = 300 nm).
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Fig. 2. CA for initial PET TeMs (d = 300nm) (a), grafted PET TeMs during 60 min and styrene concentration of 5% (b), 20% (c) and 40% (d).

Table 1

Contact angle values and pore sizes for grafted PET TeMs at various conditions.
No. sample Time of grafting, Concentration of monomer, Grafting degree, Contact angle, * Effective pore size, Pore size (from SEM analysis), LEP, MPa

min % % + 5" nm nm

1 0 - - 52 300 + 5 302 + 25 -
2 15 10 1 63 289 + 4 293 + 17 0.02
3 30 10 3 65 275 * 6 280 * 15 0.02
4 60 10 9 67 272 + 6 277 * 22 0.03
5 120 10 12 67 270 =+ 5 273 + 21 0.03
6 60 5 9 65 275 £ 5 281 * 25 0.02
7 60 20 16 83 265 *+ 6 270 + 22 0.09
8 60 40 43 91 261 + 4 268 + 21 0.14
9 60 40 40 99 215 + 6 220 * 15 0.34
11 60 40 38 104 131 + 3 135 + 15 0.39

* PET TeMs with initial pore size of 250 nm.
** PET TeMs with initial pore size of 150 nm.
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Thus, according to the above given results, the optimal conditions
for the modification of PET TeMs by UV-induced graft polymerization
of styrene leading to maximum hydrophobization of membranes with
preservation of the pore structure are: grafting time: 60 min, distance to
the UV source: 7 cm, monomer concentration: 40%.

FTIR-ATR spectroscopy was used to evaluate chemical changes in
PET TeMs surface before and after grafting. Typical FTIR-ATR spectrum
of initial PET TeMs (Fig. 6) consist of main absorption peaks at
2972 cm™! (aromatic C-H), 2910 cm ™' (aliphatic C—H), 1715cm ™’
(C=0), 1471cm™' (CH, bending), 1410cm™' (ring CH in plane
bending), 1341cm™' (CH, wagging), 1238cm ' (C(=0)-0
stretching), 1018cm™' (ring CCC bending), 970cm™ ' (O—CH»
strerching), 847 cm ~' (ring CC stretching). Wavenumbers and assign-
ments of the spectra are in good agreement with previously published
works [40,51].

Graft polymerization of polystyrene (40% concentration at different
time) led to appearance of new peaks in FTIR spectra characteristic of
polystyrene: 1580, 1450 (CH,-deformation), 700 (CH,-rocking mode),
530 cm ™! (CH-aromatic), 1480 cm™ ! (C=C aromatic) [52]. The most
characteristic changes in the spectrum after grafting as a function of
time were observed for the peak at 700 cm ™' (Fig. 7). For a quantitative
assessment, the values of the Azoo/A1410 Spectroscopic indexes were
calculated on the basis of peak area (A), results are presented in
Table 2. We observed consistent increase in peak area at 700 cm ™~ ' with
increasing graft time from 1.9 for 15 min of grafting to 2.81 for the
sample of PET TeMs-g-Styrene grafted for 120 min.

We employed XPS analysis for further investigation of the surfaces
of PET TeMs before and after grafting of styrene (at constant monomer

(b)

(d)

Fig. 3. AFM pictures of initial PET TeMs (a and b) and PET TeMs-g-PS (40% monomer concentration, time of irradiation — 1 h).

concentration 40%, pore diameter 268 nm). Elemental composition
determined by XPS was summarized in Table 3. By grafting PS onto PET
TeMs, we found that the relative atomic percent of carbon increased
from 72% to 76% after grafting for 60 min and to 77% after grafting for
120 min, while the amount of oxygen decreased from 28% to 23% after
grafting for 120 min. The high-resolution Cls (Fig. 8) and O1s (Fig. 9)
spectra were analyzed for further studying the properties of the grafted
surfaces. The C1s peaks are attributed to C—C/C—H at 284.7 eV, C—0/
C—OH at 286.4 eV, and C=0 at 288.8 eV. The O1s peaks are attributed
to C—O (531.7 V) and C=O0 (533.2eV). Moreover, - shake up sa-
tellite peaks were observed in both Cls (at 291.2eV) and Ols (at
538.7 eV) XPS spectra. The results of XPS spectra are consistent with
previously published works [53-55]. Styrene grafting led to increasing
C content in survey spectra and C—C/C—H content in high-resolution
C1s spectra from 66.1 to 69.4% after grafting for 60 min and to 69.9%
after grafting for 120 min. At the same time we observed decreasing of
oxygen-content groups from the surface. It is due to atomic ratio in
polystyrene molecule. Ols spectra shows us that adsorption of benzo-
phenone led to increasing of C=0 bond from 42.5 to 45.1%, further
grafting of PS lead to return C—0O/C=0 ratio to value for initial PET
TeMs, it is due to reaction of adsorbed benzophenone with polymer
surface and monomers under UV-irradiation with formation of benzo-
phenone ketyl radical and benzopinacol [56].

3.2. Desalination by membrane distillation

Membrane distillation of hydrophobic PET TeMs prepared at op-
timal conditions (40% styrene in CCl;, 60 min UV-irradiation,
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Fig. 5. SEM images of cross-section view of PET TeMs before (a) and after (b) grafting (grafting degree 40%).
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Fig. 6. FTIR spectra of PET TeMs (sample #8) before and after grafting in the
range from 2000 to 400cm ™"

L = 7 cm) with different pore sizes of 135, 220 and 268 nm, was per-
formed in direct contact mode with temperature control near the
membrane surface. The experimental rig have been described in our
previously published work [40]. The effect of temperature difference
between feed and permeate side, effect of membrane pore diameter and
NaCl concentration on water flux and rejection rate were studied and
results are presented in Figs. 10 and 11. It was found that water flux
increased from 155 g/m” h to 286 g/m* h with increase of temperature
difference from 50 to 70 °C between feed and permeate side (Fig. 10b).
It can be explained by Antoine equation [5]:

3816.44
PNT) = exp[23.1964 - ]

46.13 — T

The vapor pressure will exponentially increase with temperature in-
crease, which in turn will lead to increase in driving force. Moreover, at
higher temperature, viscosity of feed solution decrease [57] that would
also led to increasing of water flux.

Fig. 10a shows effect of salt concentration on average water flux.
Salt concentration influences the feed solution vapor pressure. Results
show a linear decreasing of water flux with increasing of salt
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Fig. 7. FTIR spectra before and after grafting (from 800 to 600 cm ™).

Table 2

Area under the peak at 700 cm™' calculated
from normalized spectra at 1410cm ' of
grafted PET TeMs with styrene at different time.

Irradiation time Azon
15 min 1.90
30 min 213
60 min 2.69
120 min 2.81

concentration in all membranes with different diameters. For instance,
for membrane with a pore diameter of 268 nm, water flux decreased
from 285 to 219g/m? h (23.16%) with increasing salt concentration
from 7.5 to 30 g/L. This can be explained by increasing partial pressure
and viscosity of feed solution and decreasing of water activity at highly
concentrated solution, that would led to improvement of mass and heat
transfer resistance [9,58]. This dependence was also observed by dif-
ferent authors [5,59].

Degree of salt rejection (R) was evaluated by measurements of
electrical conductivity of permeate side for 5h of MD operation
(Fig. 11) by using equation:

1)

where C, is the concentration of salt at feed side (g/L), C,, concentra-
tion of salt at permeate side (g/L). We observe slight increase in con-
ductivity with time for membranes with pore diameter of 135 and
220 nm and significant increase for membranes with pore diameter of
268 nm. Degree of rejection is highly dependent of pore diameter. In-
creasing of pore diameter from 135 to 268 nm led to dramatic decrease
of salt rejection from 99.5 to 85.2%. It is due to not sufficient degree of

G
R=|1-—=1)x100%
( 00) ’

Table 3
XPS surface composition of the samples.
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hydrophobicity (LEP 0.14 MPa and CA is 91°) [7], that can led to salt
breakthrough through the membrane. This effect investigated by EDX
analysis was also observed in our previously published work [40].

3.3. Membrane distillation of low-level liquid radioactive wastes (LLLRW)

LLRW was obtained from Research Nuclear Reactor WWR-K
(Almaty, Kazakhstan). Atomic emission method was used to analyze
main ions such as Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo, Cs of LLRW
(Table 4) and Gamma Ray Spectrometer was used to control activity of
some radioisotopes: °°Co, '*’Cs and ?*' Am before and after treatment
(Table 5).

In DCMD experiment, hydrophobic PET TeMs with different pore
diameters (the same as in the previous experiment) were used to
evaluate water fluxes and decontamination factor (D) efficiency of
LLLRW as a function of pore diameter. Decontamination factor (D) was
evaluated by equation [40]:

&
ap m

where a¢ is specific activities of the feed and a,, is specific activities of
the permeate solution.

Removal efficiency of the species was primarily evaluated by elec-
trical conductivity measurements, which can be also used for overall
efficiency of DCMD for metal ions rejections. Results are presented in
Fig. 12a, that are correlated with previously obtained results on NaCl
rejection. Fig. 12b shows increasing average water fluxes from 198.5 g/
m? h for the membrane with 135 nm pore diameter to 980g/m” h for
the membrane with 268 nm pore diameter.

According to Table 4, all degrees of rejection were more than 90%,
most of them being close to 100%. For comparison, commercially
available PTFE hollow fiber membrane with pore diameter of 220 nm
was used. The presented data showed that modified PET TeMs have
advantages in comparison with PTFE hollow fiber membranes. Results
on decontamination factors of radioisotopes are presented in Table 5.
PET TeMs-g-PS with pore diameter of 220 nm showed decontamination
factor for ®°Co of 85.4, for '*’Cs of 1727.3 and for 2*' Am of 4.9. While
decontamination factor for ®°Co is 10.1, for '*’Cs is 438.8 and for
241 Am 2.04 using standard PTFE membrane. Thus, the use of TeMs with
a narrow pores size distribution allows us to achieve better purification
from radioactive wastes.

D=

4. Conclusions

This work considered an effective and simple method of PET TeMs
hydrophobization with styrene (at optimal conditions of 40% styrene,
60min of grafting) and subsequently using them in desalination and
purification of low-level liquid radioactive wastes. Track-etched mem-
branes showed great decontamination factors and salt rejections (close
to 100%) in comparison with commercially available PTFE hollow fiber
membrane. Increasing of pore diameter from 135 to 268 nm led to in-
creasing of water fluxes together with decrease of salt rejection. DCMD
was controlled by gravimetric and conductometric analysis. Purified
solutions were studied by gamma-ray spectroscopy and atomic emission
method before and after treatment. Decontamination factors of '*’Cs,

Sample Atomic concentration, % High resolution C;, moieties, % High resolution O,, moieties, %
C [e] C-C/C-H ~COH/C~0-C C=0 c-0 C=0
PET TeMs 71.89 28.11 66.1 19.8 14.1 57.5 425
PET TeMs-benzophenon 72.01 27.99 66.3 19.2 14.5 549 45.1
PET TeMs -g-Styrene 60 min 76.18 23.82 69.4 18.6 12.0 55.4 44.6
PET TeMs -g-Styrene 120 min 77.04 22.96 69.9 18.3 11.8 57.1 429
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Table 4

Chemical composition of the waste solution and the effluent after DCMD process.
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Element Concentration in the Concentration in the permeate  Concentration in the permeate Concentration in the permeate Concentration in the permeate
feed, pg/L (PET TeMs-g-PS, d = 268 nm), (PET TeMs-g-PS, d = 220nm), (PET TeMs-g-PS, d = 135nm), (PTFE hollow fiber membrane d-
ng/L ng/L ng/L 220 nm), pg/L
Cs (o0 = = 26%) 304 1.45 0.33 < 0.05 34.3
Mo (0 = 458 1.11 <03 <03 76.0
+ 15%)
Sr(o = = 15%) 136 < 0.5 =05 =05 11.1
Sb (0 = +15%) 46.3 =< 0.3 <03 =< 0.3 8.96
Al (o0 = £ 16%) 660 <3 <3 <3 <30
Ca(o = *+16%) 1780 55.3 52 44 208
Fe (o0 = = 10%) 383 < 0.6 <06 < 0.6 <6
K (o = = 15%) 249 200 377 414 150 7476
Mg (o0 = 1046 2.52 4 2 <10
+ 15%)
Na (o = + 15%) 4710 000 13 200 3200 540 601

Table 5

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

Radioisotope  Activity of the feed Activity of the permeate (PET Decontamination factor Concentration in the permeate (PTFE Decontamination factor D
(Bq/kg) TeMs-g-PS, d = 220 nm) (Bq/kg) (D) hollow fiber membrane d = 220 nm)
#co 854 + 6.1 < 1.0 85 165 = 1.1 10
Yce 1900 + 27 <11 1727 4.33 439
*1Am <22 <045 5 <049 2
1401 « 135nm 81.5% , 4 £ ﬁgg T=70°C b
£120] © 220nm “E 1000
268 nm © 9004
=100 3
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2 g & 7001
> e
5 9 600
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Fig. 12. Electrical conductivity (a) and MD water flux (b) during continuous DCMD tests using hydrophobized PET TeMs with different pores for radioactive waste

solution (T = 70 °C).

which is hardly removable from the processed waste by most of the

https://doi.org/10.1016/j.jenvrad.2012.01.002.

known methods, reached to 1727.
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AbcTpakTt

PabGora mnocBdieHa OYMCTKE COJEBBIX pPAcCTBOPOB M KOHLEHTPUPOBAHMIO KUAKUX
panuoakTuBHbEIX 0TX0J0B (JKPO) HM3KONH aKTHBHOCTH, B3AThl€ HA HUCCIIEOBATEILCKOM SIEPHOM
peaktope (BBP-K), Meromom MeMOpaHHOW [mucTWLISAIUU mpsMoro koHTakta (MJ) c
UCIosib30BaHueM TpekoBbiXx MemOpan (TM). IMomu(atunentepedranar) (IIDTP) TM Obuin
ruApoPoOU3UpPOBaHbl MyTEM NPUBUBKU CTUPOJIA METOAOM (POTOMHUIMPOBAHHOW NPUBHUBOYHOMN
nonumepuzamu. Moguduxanus [I13TD TM (pa3mepst nop ot 135 10 268 HM) IpH ONTUMANIBHBIX
YCIIOBHAX MPHBEJIa K yBETMUYEHUIO KpaeBoro yriia cMaunBanud 10 104°. I'uapogpoOusie [I2TD TM
OBLIIN UCCIIEIOBaHBI C TIOMOIIBI0 PEHTTEHOBCKOU (hoTOANEeKTpoHHOM criekTpockonuu (POIC), K-
CHEKTPOCKOIUH, CKaHUPYIOIIEH 3IeKTpOHHONH Mukpockonuu (COM), KpUTHYECKOTO NaBICHUS
nponukHoBeHust (LEP) u ronmomerpum. IlomydeHnble MeMOpaHbl OBUIM HWCHIBITaHBI OYMCTKH
pactBopa coau 1 JKPO meTtoom MmeMOpaHHOW TucTUILIALUY. MceaenoBano BIMSHUE JMaMeTpa Iop
MeMOpaHbl, TeMIepaTypbl, KOHIIEHTPAIlM Ha MPOU3BOAMTEIBHOCTh M CTENEHb OYHUCTKHU COJIH.
CrerneHb OYMCTKH COJIM OLIEHUBAJIM METO/IaMU KOHTYKTOMETPHUH U aTOMHO-IMUCCHOHHOTO aHaIH13a
(s Cs, Mo, Sr, Sb, Al, Ca, Fe, K, Mg u Na). ®akTops! fe3aKTHBAIIUN PaTUOU30TOIIOB (GOCO, 187Cs,
4LAm) oLieHuBaIM METOIOM raMMa-CIIEKTPOCKOMMH. Y CTAHOBJIEHO, YTO CTENEHb OYUCTKM 3aBHCAT
OT AMaMeTpa nop U ycinoBuii nporecca M/I. B 60bmMHCTBE cllydaeB CTENEHb OYUCTKU COCTABIIsANIA

o1 90 10 100%. KosdpuumenT nezaktusamun *2'Cs roctur 1727,
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KuroueBble c10Ba: XXUJIKHAE PAAHOAKTUBHBIE OTXO/IbI HU3KOW aKTHBHOCTH; 00ECCOMBAHHCE;
ruapodobHas MomuduKanus; TPEKOBbIE MeMOpaHbl, MeMOpaHHas JUCTHIUIALMS, IPHUBHBKA

CTHUpPOJIa

1. BBenenue

OurcTka 1 00€CCONIMBAHUE CTOYHBIX BOJ OYCHD BaXKHBI, YUUTHIBAS, UTO MPOOIeMa HEXBATKU
MIMTHEBOM BOJBI B MHUpE, KaK OXKUaaeTcs, odocTputcs B Ommkaiimme 20 ser [1]. [ToaTomy nmouck
3¢ exTUBHOrO MeToZa OYMCTKU BOJBI BCerja ObUT akTyanbHOU 3amaueil. Cpenu 3arps3HUTENEi
BO/IBI Hamboyiee BaXHBIMU SIBISIOTCS HEPTEHPOAYKTHI, MOBEPXHOCTHO-AaKTUBHBIC BEIECTBA,
NeCTUIHBI, (DEHONBI, TsoKenble MeTaibl W Ap. C JOpyrodl CTOPOHBI, pa3BHTHE ATOMHBIX
anekTpocTanumii [2], Tparemuss ®dykycuma-maiiutu [3], sKoIOruyecKkue MpoOIeMbl OBIBIIUX
AJIEPHBIX TOJUTOHOB, B ToM uyuciie B Kazaxcrane (CeMumnanaTMHCKHUI sA€pHBIA MONUroH) [4],
MIPUBEIU K TOMY, YTO BOTIPOCAM OYHCTKU U KOHIICHTPUPOBAHUS KUIKUX PATMOAKTUBHBIX OTXO0JI0B
Hu3koi aktuBHocTH (OKPO) ynensercs Buumanue Bo BceM mupe [5]. XKPO u3z-3a ux OonbImx
00BEMOB W HHM3KHX YpOBHEH coOIep)aHUS paJAMOAKTUBHBIX MAaTepuajgoB HEOOXOIUMO
KOHIIEHTPUPOBATh, a 3aTe€M 3aTBEpJeBaTh LIEMEHTOM, CTEKJIOM, acampbToM miu O6utymom [6].
Cpeau MeTo0B OYMCTKH BOJIbI U KOHLeHTpupoBaHus XKPO ocoOyro poiib urparor MeMOpaHHbIE
MPOIIECCHI, XapaKTEPU3YIOIIUECS BBICOKON CEJNEKTHBHOCTBIO, A(P(EKTUBHOCTHIO U HHU3KHUMH
sHepro3arpatamu [7,8]. Haubonee pacmpocTpaHeHHBIMH MeMOpaHHBIMU TEXHOJOTHSIMH OYHCTKH
BOJIBI SIBIISIFOTCS OOPATHBIM M MPSIMON OCMOC, HaHO-, YJIbTpa- U MUKPOPUIBTpALUsS U MeMOpaHHas
muctruisiius (M) [9]. 3a mocnennee AecsaTUIETHE UHTEPEC K pa3pabOTKe U COBEPIIIEHCTBOBAHUIO
M/I BO3pOoC M3-3a BBICOKMX IMOKa3aTeJied CTEMEHW OYMCTKH HEJIETYYHX KOMITOHEHTOB, BBICOKHMX
KOX((UIIMEHTOB pa3/ielieHusl, HU3KOro pabodyero MaBlICHUs, MEHBIIEH YYyBCTBUTEIBHOCTH K
3arpsA3HEHUIO U COJIEHOCTH ChIPhs, a TaKKe TpeOOBaHMIA K HU3KOI Temieparype KOHIeHTpaTa [9—
12]. K nacrosiimemy BpeMeHHM H3ydeHa ouncTka Boabl M/l ot coseit [13—17], kpacuteneit [18],
MOHOB TsDKENbIX MeTauioB [19,20], pagnoakTuBHBIX 0TX0J0B [6,21]. Bonee toro, mpomecc M/
HayaJll UCIOJIb30BaTh JJISl YK€ SKCIUTyaTUPYEMbIX HEKOTOPHIMM KOMITAHUSIMU OIPECHUTEIbHBIX
yctaHoBOK [22]. [Ipoumecc MJ] MOXHO pa3ienuTh Ha YeThIpe THMA KOHPUTYypauuii, Hanboiee
W3y4EHHBIM THUIIOM, HECMOTps Ha HEKOTOpble orpanuueHus [9,23], sBusercs KoHpUTyparus
MPSIMOTO KOHTAKTA U3-3a €0 MPOCTOTHI M AOCTYMHOCTH. [lomm(BuamIMAEHOTOPH ), TOTUTIPOTTAITICH
U nonn(TeTpad TOPITUIICH ) CUUTAIOTCS HanOoJiee MpUeMIIEMBbIMU MaTepHUaIaMu JJIsl HCTIOIh30BaHU
B MeMOpaHHOW qucTHUISIIuH [24—28], B TO e BpeMsi OCHOBHBIMU HEJIOCTATKAMU 3TUX MMOJTMMEPOB
SIBJISIFOTCSI BOBMOYKHOE 3arpsi3HEHHE, HEJ0CTaTOYHAsI TTPOU3BOJAUTEIBHOCTh U BBICOKAsi CTOUMOCTD

[9]. Takum oOpa3om, 3ajaya IMOMCKAa HOBBIX THIIOB MEMOpaH W MaTepualoB C XOPOILIUMHU



ruipopoOHBIMHA CBOMCTBAMH M BBICOKOM CTEMEHBIO OYHMCTKHM SBIAETCS aKTyajdbHOM. Jlims
IPEOOJICHUs] HEIOCTaTKOB HCIIONB3YEMbIX MEMOpaH HCCIIEAOBATEeNM TMBITAIOTCS TOBBICUTD
CcTabUIBPHOCTh MeMOpaH MeTOAaMM IUIa3MEHHOM U Ja3epHON 00pabOTKH, TMOKPBITHUS U
MIPUBUBOYHON TOJIMMEpHU3aIui THAPodoOHBIX coenuHeHni [29—-33]. JIpyroi myTh — HUCIBITAaHUS
HOBBIX THIIOB MeMOpaH, moaxoasuux i MJI. [ToigoBosiokoHHbIe MeMOpaHbl [34—37] sBistoTcst
HauOoznee uzyueHHsIMU B M/I. C npyroii cTopoHsl, peryisipHas TeOMETpUs IOP ¢ BO3MOKHOCTBIO
PEryJIMpOBaHMs UX KOJMYECTBA HA €AVHUIY IUIOLAAU U IPEBOCXOJHOE pacIpeselIeHue Mop I0
pa3MepaM B COYETaHHH C MaJlOM TOJIIMHON M M3BUIUCTOCTHIO TPEKOBBIX MeMOpaH (TM) moryt
paccMaTpuBaTbCad Kak HOBbIE Marepuaisl s nponecca MJ[. X yHuKaibHbIE CBOMCTBA MOTYT
NPUBECTH K TOBBIIMICHUIO CEJIEKTUBHOCTU M I(PPEKTUBHOCTH U CAENaTh UX HPUTOAHBIMH JIJIS
noTeHuManbHOoro npumenenus B MJI. TM MoOryr npuMeHATBCS B IpOLECCax MPEHU3HMOHHON
yIbTpadUIbTPAIUN U MUKPO(DUIBTPALIUH KHUIKOCTEH M Ta300UNCTKU; B CUCTEME aHAIUTUYECKOTO
KOHTPOJISI  BEIIECTB; MUIIEBOH, (apMaleBTUYECKOM U XHUMHYECKOW MPOMBIIIICHHOCTH;
MHUKpPO3JIEKTPOHUKE; CUHTE3€¢ HaHOCTPYKTYp [38—42]. bonee Toro, B HalMX HeAaBHUX paboTax
[43,44] u B pabGote lamkap3 u mp., [45] TM Hauanu ucnons3oBatbess B MJL [44,45]. Hdns
pacuIMpeHusl UCCIIEeIOBAaHUH U CHIDKEHUS 3aTpaT Ha MOAU(UKAIINIO TOBEPXHOCTH B JaHHOHN paboTe
Mbl TPEJICTaBIsAEM pe3yJibTaThl MPUBUBOYHOM monumepusauuun crupoisa Ha [IOTD TM wu

TECTUPOBAaHUE MOAU(DUITMPOBAHHBIX MEMOpPaH B OYHCTKH pacTBOpoB conu u JKPO.

2. JKCNepMMEHTAJIbHAA YaCTh
2.1 Ilonyuenue mpexosvix meMOpaH u ux moougurayus

TpekoBsie MeMOpaHb! TIoMydanu obnydenneM muenku [19T® monamu 84Kt

C JHeprueun
1,75 MaB/ayknon u ¢mroercom noHos 4,3-107 mon/cm?, Tommmuoi 12 MM Ha yckoputene J{1-60
B AcranuHckoM ¢unuane MHctuTyTta sinepHoit gusuku. 3ateM myTeM (POTOCEHCHOMIU3AIMM B
TedyeHue 30 MUH ¢ KaXx /101 CTOpOHBI ¥ XuMuueckoit 00padoTku B 2,2 M NaOH npu 85 °C B TeueHue
OIpeIeIEHHOr0 BPEMEHH MOJTydaii MeMOpaHsbI ¢ MopaMHu ornpeeneHHoro Auamerpa. [lonyuennsie
MeMOpaHBbI Mepe]l UCIOIb30BaHNEM BBICYIIMBAIN U XPAHWIN MEXy OyMa)KHBIMH JIUCTaMH.
[Tonydyenue runpopoOHeix II3TD TM ocymecTBiasin nyreM (HOTOMHHULIMPOBAHHON
NPUBHUBOYHOM IMOJIMMEPU3ALMN CTHUPOJA, IMOCKOIBKY CTHPON SBJSETCSs OJHUM M3 Haubolee
JOCTYMHBIX W IIMPOKO HCIONb3yeMbIX TUAPOGOOHBIX MOHOMEPOB. DOTOMHHUIIMHMPOBAHHYIO
MIPUBUBOYHYIO MOJIMMEPHU3ALINIO CTHPOJIa MpoBoamiIH Ha oOpaznax [I19T® TM pa3zmepom 10 cm Ha
15 cm. O6pasiibl MpoMbIBaJIM B YIIBTPa3BYKOBOW BaHHE B TeueHue 10 MunyT (B Boje). B kauectse
UHHUIIMATOpa NPUBUBOYHOW TOJIMMEpU3aLUU HUcHoib3oBaan OeHzopeHoH (bD). MembOpanbl
3amaunBasii B 5% pactBope N,N-mumernndopmamuna B b® B Teuenune 24 4, 3aTeM W3BJICKAJH,

CYLIWIH, OBICTPO MPOMBIBAINA B 3TaHose (Ui ynaieHus u30Obitka bd) u momemanu B pacTBOp



CTHpOJIa B YETHIPEXXJIOPUCTOM yriiepone ¢ KoHueHTparuen 5-40%. YeTbpexXI0pucThIii yriepos
ObUT BEIOpaH B KayeCcTBE PACTBOPHUTENS, TaK Kak OH Ipo3paucH B Y D-BUAUMON 0071aCTH, MOKET
PacTBOPSITH MOHOMED M IMEET HI3KYIO0 KOHCTaHTY nepeaaun nenu [49—51]. O6nydueHue npoBoauiv
nox Y®-nammoit OSRAM Ultra Vitalux E27 (Y®A: 315-400 um, 13,6 Bt; YOB: 280-315 um, 3,0
Bt) B Teuenue 15-120 munyt. B 3aBeprieHne oOpasmbl MPOMBIBAIA B PACTBOPUTENIC, CYIIMIU U
B3BELIMBAJIN JIJIsl ONPEACTICHHUS CTETICHU IPUBUBKH.

2.2 Xapaxmepuzayus memopan

HK-cniekrpomerp Agilent Cary cepun 600 ¢ akceccyapoM HapyIIEHHOTO IIOJHOIO
BHyTpeHHero otpaxenus (HIIBO) ucnonb3oBancs 1 u3ydeHus pa3audyHbIX XUMUYECKUX TPy,
MOSIBUBIIMXCS TTocyie Moaudukanuu. uamason ckanupoBanus: ot 400 no 4000 cm—1, pa3pemenue
4,0 cm 1. CrieKTpasnbHBIH aHATN3 IPOBOIIIIH ¢ oMomisio Agilent Resolution Pro. Pentrenosckue
(bOTO2IEKTPOHHBIE CIIEKTPHI 3amkcanbl Ha crekTpomerpe Thermo Scientific K-Alpha B Ypansckom
[EHTPEe KOJUIEKTUBHOTO Moyib30BaHus «CoBpeMeHHbIe HaHOTeXHOoIoruny, Exkarepunoypr, Poccus.
JlaBneHne B KaMepe aHaIn3a MOIepKUBaIN Ha ypoHe 2-107° Ta mn mike. O6paboTKy JaHHBIX
npoBOIWIIM B iporpammMe Avantage. /it oeHKr AHaMeTpoB MOP U XapaKTEPUCTUKH MOP(HOIOTHH
nocne moaudukanuu [19TO TM ucnonbp3oBaiv CKaHUPYIOLIUA 31eKTpOHHBIA MUKpockon JEOL
JSM-7500F u atomuo-cmiioBoii Mukpockorn Smart SPM-1000 AIST-NT (¢ muameTrpom UTIIBI HE
6onee 10 am). Pacxon raza usmepsumn nipu niepenaje nasinerus 20 klla. s onenkn 3¢ HeKTHBHBIX
pa3MepoB IMOp MeMOpaH HCHOJB30BaIM TECT Ha ra3omnpoHuIiaeMocTb [46]. KpaeBoii yron
cvauynBanust (KYC) u3Mepsiii B TSTH Pa3IMUYHBIX TOJOKEHHSX 00pasiia ¢ HCIOJIb30BaHHEM
uppoBoro Mukpockorna ¢ 1000-kpaTHBIM yBEIWYEHHEM METOAOM CTaTHUECKON Karlik TMpU
KOMHaTHO# Temneparype. Kputnueckoe masienue nponukHoBeHus (LEP) ompenensim myrem
U3MEpEHMs pacxo/ia JeMOHU3UPOBAHHON BO/bI B COOTBETCTBUHU C PEKOMEHIALMSMHU, ONIMCAHHBIMU
B [47,48]. Kpyrnelii obpaseny auamerpom 1,25 cM ObLT 3aKaT BHYTPH IepMETHYHON Kamepbl U

MMPOBEACHO U3MCPCHUC ITPHU ITOCTCTICHHO YBCINYNBAOIICMCA TaBJIICHUU.

2.3 Membpannas oucmuninsayust

VYcTaHoBKa 0 MEMOpPaHHOW TUCTUJUISALIUM ONMCAaHa U MpeJICTaBlieHa B HaIllel MpeablayIien
paborte [44]. [Ipou3BOAUTENBHOCTD NTEpMEaTa U3MEPSUIN B3BEIIMBAHUEM Ha aHAIMTHUECKUX Becax.
PactBop comu NaCl ¢ konuentpanmeit 7,5-30 r/n, a tawke obpasiusl JXXKPO, mnonyueHHbie ¢
uccienoBarensckoro saaepaoro peakropa BBP-K (Anmatel, Kazaxcran) Opl1u MpoTeCTUPOBAHBI B
MeMOpaHHOM  aucTHUIAUMK. CTeneHb OYHMCTKM COJIM  PACCUMTHIBAIM 1O  M3MEHEHUIO
3IIEKTPOIPOBOTHOCTH, U3MEPEHHOMY C TIOMOIIBI0 KOHAYKTOMeTpa Hanna Instruments HI2030-01.
JIJIst OTIEHKH 3JIEMEHTHOTO COCTaBa pacTBOpPOB 10 u mocie M/ ucnonszoBanmu ICP ontraeckyro

smuccuoHHY0 criekTpockonio  OPTIMA-8000 (cmektpanbHbiidi  guamazoH 165-900 HM ¢



paspemienueM < 0,009 um nipu 200 uM). /{7151 OLIEHKM aKTUBHOCTH HEKOTOPBIX PAJMOU30TOIOB Ha
npumepe °Co, B'Cs u ?*’Am 6bna ucnons3osan ramma-crektpomerp Canberra GM1520 ¢

MOJTYITPOBOTHUKOBBIM JieTekTopoM Ge u nuamazonom suepruii (25 - 3000) k3B.

3. Pe3yabTaThl U 00CYKIeHHE

3.1 Ionyuenue cudpogobnvix membpan

Ha pucynke 53 u3oOpakeHa JIMHEiHHAs 3aBUCHMMOCTh CTCIICHH MPHBHBKH OT BPEMEHHU
o0JTydeHus P KOHIeHTpauu MoHomepa — 10% u paccrosiuuu g0 Y®-ucrounnka — 7 cMm. Tak,

nocine 120 MuH o0y4deHus cTerneHb NPUBUBKU cocTaBuia 12%.

141 [Konuentpanus monomepal = 10% g [Konuentpauus Monomepal=10% ¢
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Pucynok 1 — 3aBucumMocCTh cT€NEHH IPUBUBKH OT BPEMEHHU 00JIyueHus (a),
paccrosinus oT Y @-uctouHuKa (0) U KOHIIEHTpaIlii MOHOMepa (B)

Ha pucynke 1B mokaszaHo, 4To NMpHu YBEJIMYEHUU KOHIEHTpauuu crupoia ao 40%, creneHpb
NPUBUBKH JJOCTUTAET MaKCUMaJIbHOTO 3HaueHus — 43%.

Jnis n3ydenust ruapodoOHBIX CBOMCTB ObUI 3a/IeHICTBOBAH METO/ U3MEPEHHsI KPaeBOro yria
cmauuBanus. PesynpraThl KYC, usmepsuubix ¢ 5 pazabix Mect [I9T® no u nocne monuduxanmu

oToOpaXkeHbl Ha pucyHKe 2 u B Tabnuue 1. Tak, npu crenenu npuBuBku — 43%, 3Hauenmne KYC
9 2



Bo3pocio ¢ 52 1o 98° mia [IDTO-TIC. CTouT OTMETUTD, UTO KPAeBOM yrojl CMauyMBaHUS 3aBUCUT
KaK U OT XUMHYECKOTO COCTaBa M IIEPOXOBATOCTH MOBEpXHOCTH [52,53].

Ha pucynke 3 uzoOpaxensl mukpodororpahun ACM mnosepxHoctu [IDT®D, npu 3ToM
mepoxoBaTocTh nocie Y ®-npuBuBku yBenuuwmiacsk ¢ 2,15+0,04 1o 5,16+1,01um. [ToaTomy, MOXHO
CIeNaTh BBIBOM, YTO TUAPOGOOHOCTh MEMOPAHBI IPAKTUYECKH MMOJHOCTHIO 3aBUCUT OT MPUBUBKH
CTHpOJIA.

AHanu3 paHee OINyOJIMKOBAaHHBIX pabOT MO WCHOJIb30BAHUIO CTHPOJIA B KA4eCTBE
ruapodoOu3aropa MOKa3bIBACT HAM, YTO KpPaeBOM Yroj CMauMBaHUS PA3IUYHBIX MaTepHAIOB
MOXET OBbITh yBenrueH 10 94-104° [53,54] u B HeKOTOpHIX ciydasx A0 161° (Ha mepecTpanBaeMbIX

HAHOCTPYKTYpax HnojucTupoa) [52].

52° 65° 83° 08°

(a) (6) () (r)
Pucynok 2 — KpaeBoii yron cmaunBanus ucxoganout [I13TO TM (a), [IDTO-TIC ¢

KOHIIeHTpanuei crupona 5% (6), 20% (8) u 40% (T)

Mopdomnoruueckue M3MEHEHHsI MOBEPXHOCTH MeMOpaHbl, MPOUCXOJAIINE ¢ U3MEHEHUEM
BPEMEHM IIPUBUBKH, OTCIEKHBAINCH C LEJNBI MCCIEAOBAHNA OJHOPOAHOCTH TIOKDBITHS H
W3MEHEHUHN, KOTOpPhIE MOTYT TIPOUCXOAWTH B jauamerpe mnop. Mukpodororpapun COM
nosepxHoctu [I19T® TM B 3aBUCMMOCTH OT BPEMEHU INPUBUBKH NPEJCTABIECHbI Ha puc. 4.
HaGnronaercst ymenbiienue auametpa rnop ¢ 302+25 um 1o 273+21 um, npudem Mopdooruyeckast
CTPYKTYpa IMOBEPXHOCTH 3HAYUTEIBHO OoJiee IiajKas, 4eM y OBEPXHOCTH UCXOHOW MeMOpaHBbI.
YMeHblIeHHE pa3Mepa MOop MPOUCXOAUT 3a CUeT 0O0pa3oBaHUs CIIOS MOJMCTHUPOJIA BHYTPH MOP.
JlaHHBIE IO U3MEPEHUIO KPAaeBOro YIJIa CMAYMBaHUA U pazMepaM nop st npuBuThix [I9TO TM B

Pa3JIMYHBIX YCIIOBUAX MIPCACTABJICHBI B Tabm. 1.



() (r)
Pucynok 3 — Muxkpodororpadpun ACM ucxoxnoit [IDTD (a,0) u [I13TD-g-I1IC (B,r)

KOHIIeHTpauus MmoHomepa — 40%, Bpems o0OnydeHus — 14
P Y P yq

Pucynox 4 — Mukpodortorpadhun COM nosepxaoctu [I3TD TM no (a) u mocne 30 Mun

(6), 60 muH (B) 1 120 MuH (T) BpeMEHH TPUBUBKHU CTUPOJIOM (KOHIIEHTpaIus MmoHoMepa — 40%)



Ha pucynke 5 nzo6paxenst mukpodororpadun COM m3obpakenuit 6okoBoro ckona [I9TD

T™M no u mocne Moaudukanmuu. BuaHO, YTO moOcCie NPUBUBKU TNPOUCXOAUT (POpMHpOBaHHE

MPUBUTOTO CJIOS OJUCTUPOJIA U U3MEHEHUE MOP(OJIOTUU CTEHOK TOpP.

Tabnuna 1 - 3nadueHus KpaeBoro yriia CMauuBaHus U pazMepa nop ass npuBuThix [19TD TM

Pucynok 5 — Mukpogortorpadpun COM 6okoBoro ckoia [I3TD TM no (a) u mocne

npuBuBKH (0) (crenens npusBusku 40%)

IIpH pa3JIMIHbIX y'CJ'IOBI/Iﬁ

Pazmep
Ne Bpewms KonuenTparus Creners KYC,° D¢ dexTrBHbBII nop LEP,
MIPUBUBKH, N IIPUBUBKH, o MIIa

oOpasna MU MoHOMepa,% % +5 pasmep mop, am | (COM),

HM
1 0 - - 52 30045 302+25 -

2 15 10 1 63 289+4 293417 0.02
3 30 10 3 65 27546 280+15 0.02
4 60 10 9 67 27246 277422 0.03
5 120 10 12 67 27045 273421 0.03
6 60 5 9 65 27545 281+£25 0.02
7 60 20 16 83 26546 270422 0.09
8 60 40 43 91 261+4 268421 0.14
9* 60 40 40 98 21546 220+£15 0.34
10** 60 40 38 104 13143 135415 0.39

* - [IDT® TM ¢ ucxoouvim ouamempom nop 250 um; ** [IITD TM ¢ ucxoonvim ouamempom nop 150
HM

TakuM oOpa3oM, ONTUMaJIbHBIMU yCHOBHSAMH Uil Mogudukauuu [IOTO TM V-
NPUBHUBOYHON NMOJIMMEPU3ALIMHI CTUPOJIA SIBIISIOTCS: BpeMs MPUBUBKHU — 60 MUH, paccTosiHue 10 Y D-
UCTOYHHUKA — 7 cM, KOHIIeHTpalus MoHomepa — 40%.

Xumuyeckue n3MeHeHus: Ha nosepxHoct [I13TD TM 1o u nmociie npuBUBKY ObUIH W3Y4EHbI
metogom MK-cnexkrpockonuu. Ha pucynke 6 mnzobpaxensl MK-cniexktpel ucxoauoit [19TD TM,

! (apomarmueckmit C-H), 2910 cm?

COCTOSIIIME M3 MHMKOB HorjomeHus mnpu 2972 cm
(amudaruueckuit C-H), 1715 cm? (rpynma C=0), 1471 et (me.CHz), 1410 cmi(ned. xombia
CH), 1341 cm! (CHy), 1238 cm! (BanenTrOE KOe6anne C(=0)-0), 1018 cm* (zed. xompna CCC),
970 cm! (BanenTHOe Konebarne O-CHy), 847 cm* (BanenTHOE Konebanue komnbia C-C). BomHoBEIE
Yucaa M HAa3HAYEHMs CIEKTPOB XOPOLIO COIJIACyIOTCsl ¢ paHee OMyOJMKOBAaHHBIMH paboTaMu

[44,55].



—IIDT® T™M
0,74 ——II3T® TM-g-T1C 15 mun
—— II9T® TM-g-TIC 30 mun
0,6 —— [IDT® TM-g-TIC 60 mun
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Pucynok 6 — UK-cniektpst moBepxHocty [I13T® TM 10 u mocie MoauduKanuu B

auarnazone ot 2000 10 400 cm?

Ta6muma 2 — [nomaae mox mukoM mipu 700 —— PET TeMs
0.7 —— PET TeMs-g-PS 15 min
-1 7 5 —— PET TeMs-g-PS 30 min
CM™*, paccUMTaHHas o criektpam npu 1410 ]  PET ToMeg.PS 60 min
1 PET TeMs-g-PS 120 min
cm ™ moguduipoBaHHbix [IT® TM co 0.6 1
CTHUPOJIOM TIPH PA3IMYHOM BPEMECHHU 0.5
o ]
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Pucynox 7 — UK-cniekTpsl 10 1 mocie

npusuBkH (¢ 800 10 600 cm™?)

[MpuuBouHas nonumepusanus [1C npusena k mosiBaeHuio B MK crekTpax HOBBIX IMHKOB,
xapakTepubix 11 I1C mpu 1580, 1450 (med.CH2), 700 (med.CHz), 530 cm* (apom. C-H), 1480 cm”
! (apom. C=C) [56]. HauGonsume xapakTepucTHIecKHe H3MEHEHHS B CIIEKTPE MOCIE TPHBHBKA

! (Pucymox 7). JIns KONMYECTBEHHOH OLEHKH 3HAUEHHUS

Habmonamuce npu 700 oM
CIIEKTPOCKOIUYECKUX WHAEKCOB A700/A1410 PAacCUMTBIBAIM HAa OCHOBE IuIom@aau mnuka (A),
pe3ynbTaThl MHpeAcTaBieHbl B Tabmune 2. Mbl HaOmoany MoCieloBaTeNIbHOE YBEIMYEHUE
nomanyu muka npu 700 cM! ¢ yBenmueHneM BpeMeHH IPUBUBKH OT 1,9 s 15 MUH OpUBHBKH 10
2,81 nna [I9T® TM-IIC, npuBurtoro B TeueHue 120 MuH.

Jia  uccnenoBanus mnosepxHoctd IIOT® TM 1o u mocie NPUBUBKH CTHPOJA

(xonuentpauus — 40%, nuamerp nop 268 Hm) 6bu1 ucnonb3oBad POIC ananus. Jlanusie POOC

CIIEKTPOB BBICOKOTO paspemieHus mpeacraBieHsl B Tabmuie 3. [locne mpuBuBkm [IC Ha



noBepxHocTh [IDT® TM, coxepxkanue yriepoaa yeenuuuinoch ¢ 72% no 76% mnocie 60 mun
IPUBUBKH, U 10 77% nocne 120 MuH, B TO BpeMs KaK KOJIMYECTBO KMCIOPOAa CHU3UIIOCH ¢ 28% 110
23% mnocne 120 MuH npuBUBKU. [l M3ydeHUs CBONCTB NPUBUTON MOBEPXHOCTH OBLIH
uccienoBanbl Beicokue paspemieHus noiei Cis (pucyHok 8) m Ogs (pucynok 9). K mukam Cis
otHocsT C-C/C-H npu 284,7 3B, C-O-C/-COH mnpu 286,4 3B u C=0 npu 288,8 3B. K nmukam O1s
orHocatr C-O mpu 531,7 B u C=0 mpu 533,2 53B. Kpome Toro, Obuin OOHapYKEHBI
JIOTIOJTHUTENbHBIE MUKK Konebanuit m-n* B Cis (mpu 291,2 3B) u B O1s (mpu 538,7 5B). PesynbraTs!
P®OC criekTpoB COracyroTcs ¢ paHee onmyoauKoBaHHbIME pabotamu [57-59]. [IpuBuBKa cTHpOIIa
MpUBeJa K YBEIMYCHHIO COJepkaHusl yriaepoja B odmeMm criektpe u B cBsizu C-C/C-H ¢ 66,1 no
69,4% nocne npuBuBkU B TedeHne 60 MuH u 10 69,9% mnocne 120 muH. B 1O ke BpeMms Mbl
Ha0JII0/1a I YMEHBIIEHUE KUCIIOPOACOAEpKAILUX TPYIII C IOBEPXHOCTH. DTO CBA3aHO C AaTOMHBIM
COOTHOILIIEHHUEM B ModJekyne mnoiuctuposa. Crektpbl Ois MOKa3bIBAIOT HaM, YTO aJcopOIus
Oen3odeHoHa NpuBOAUT K yBenudenuto cBsa3u C=0 c 42,5 no 45,1%, nanpueitmas npususka [1C
NPUBOAUT K Bo3BpamieHuto oTHomeHus: C-O/C=0 k 3nayennto ais ucxonusix [193TD TM, uro
O0OYCIIOBJICHO peakiuedl anacopOupoBaHHOTO OEH30()€HOHA C TIOBEPXHOCTBHIO IMOJIMMEpa |
MOHOMepaMH oA fneictBueM Y D-o6myuenus ¢ oOpazoBaHreM 0eH30()eHOHKETHILHOTO paauKaa

u 6eH3onuHakoma [60].
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Pucynok 8 — POOC cnektpsl Boicokoro pazpemieHus Cis ucxoanoit [I3TD TM(a), IIDTO
TM-g-IIC nocne 60 mun (6) u [I3TD TM-g-I1C nocne 120 MuH npuBUBKH (B)
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Pucynox 9 — POSC cnexktpsl Beicokoro pasperienus O1s ucxoanoit [I3TD TM(a), [IDTD
TM-g-IIC nocne 60 mun (6) u [I3TD TM-g-I1C nocne 120 MuH npuBUBKH (B)

Tabmuua 3 - Jlanapie POOC cekTpoB BHICOKOTO pa3pemeHHs

AToMHast Boicokoe paspemenne noau Cls, %  Brbicokoe

KOHLIEHTpauus, pa3penieHue
Oopazen

% noan Ols, %

C @) C-C/C-H  -COH/C-O-C C=0 C-O0 C=0

I[I5T® T™M 71.89 28.11 66.1 19.8 14.1 575 425
[I3T® TM-6eH30(heHOH 72.01 27.99 66.3 19.2 145 54.9 45.1
[M3T® TM-IIC 60 mux 76.18 23.82 69.4 18.6 12.0 55.4 44.6
[3T® TM-IIC 120 mun 77.04 22.96 69.9 18.3 11.8 57.1 42.9

3.2 Obecconusanue memooom MemMOPAHHOU OUCMULTAYUU

[TonyueHHbIE TIPU ONTUMAIBHBIX YCIOBHAX (KOHIeHTpaius ctupoia — 40% B CCls, Bpems
ob0nyuyenust — lu, paccrosnue — 7 cM) moaucuuupoBannsie [I13TD TM-IIC ¢ paznuuHbIMU
nuamerpamu mop (135, 220 u 268 HM) ObBLIM MPOTECTUPOBAHBI B MEMOPAHHOW JMCTHILISAIIAN
MPSIMOTO KOHTAaKTa. DKCIIEPUMEHTANIbHAs YCTAaHOBKA OIMKMCaHa B paHee OMyOJMKOBaHHOM paboTe
[44]. Bbuto u3y4eHO BIMSHUE PA3HUIBI TEMIIEPATYP MEKIY KOHIICHTPATOM U ITEPMEATOM, a TAKKe
BIIMSHUE JuaMeTpa mop meMmOpanbl W koHieHtpanud NaCl Ha mpoM3BOAMTENLHOCTh M CTENEHD
OUMCTKH, PE3yNbTaThl MpeAcTaBieHbl Ha pucyHkax 10-11. Ha pucynke 116 BuaHO, 4TO C
yBenu4YeHueM pasHuibl temrepatyp ¢ 50 mo 70°C mexay ropsueld M XOJOJHOW CTOPOHOM,
TIOBBIIIAETCA M TPOM3BOAUTENBHOCTh €O 155 T/M%u 10 286 T/M?4. DTO MOXKHO OOBACHUTEH

ypaBHeHHeM AHTyaHa [61]:

3816.44
4613 -T

HpI/I MOBBIIICHUUN TCMIICPATYPhI HABJICHUC IIapa TAKXKC OKCIIOHCHIUAJIBHO YBCJIIMYUBACTCH,

PY(T) = exp [23.1964 —

YTO MPHUBOJMUT K POCTY JBMXKYIIEH cuibl. Takxke, npu Oosiee BBICOKOM TeMIepaTypbl BSI3KOCTb
KOHIICHTPATa YMEHBINACTCS, YTO MPUBOIUT K YBEITHMUYCHHUIO MPOU3BOIUTEIBHOCTH [62].

Ha pwuc. 10a mnokazaHo BiIMSHHWE KOHLEHTpPAaUMW COJM HA MPOU3BOJUTEIBHOCTD.
KoHuenTpanus coiau BIUsSET Ha AAaBJICHUE MTAPOB UCXOJHOTO pacTBopa. Pe3ynbTaThl OKa3bIBAIOT
JIMHEHHOE YMEHBIICHUE ITPOU3BOAUTEIIBHOCTA C YBEJIMYEHUEM KOHLEHTpAlUU COJIM BO BCEX
MeMOpaHax pa3IM4YHBIX auaMeTpoB. Hampumep, s mMemOpaHbl ¢ auaMeTpoM mop 268 HM

TIPOM3BOAUTENEHOCTH yMEHBITHIACH ¢ 285 110 219 r/M%4 (23,16%) py yBenMUeHHN KOHIIEHTPAIIN



cozeii ¢ 7,5 1o 30 r/1. DT0 MOXKHO OOBSICHUTH MOBBIIICHUEM MAPLUATBHOTO JIABICHUS U BA3KOCTH

HCXOJHOT'O pacTBOpa U CHUIKCHUCM AKTUBHOCTH BOJAbI B BBICOKOKOHICHTPUPOBAHHOM pPacCTBOPC,

YTO MPHUBEJIO ObI K YIYUYIIEHUIO COITPOTUBIICHUS MacChl M Terutonepenaye [9,63]. DTy 3aBUCUMOCTh

TaKke HaOJII01aIu aBTOPHI [5,64].

1800 -

._.

(o)

[

(=]
1

1400 ~

1200

200+

T[IpOM3BOAMTEIBHOCTE, I/M>*u

[ | imamerp mop 135 um
[ | imamerp nop 220 um
[ | Amamerp rop 268 um

-

7.5Ir/11

15 t/n 30 1/n
Konmnenrpanus NaCl, r/n

400 -

W

W

[}
1

et

- 3001
250
200+

IIpousBoauTENBHOCTD
—_ -
W
(e}
1

wn O
(=R - -]
1 1

Juametp mop - 220 HM
Konnentparus NaCl - 7.5 r/x

60 C
Pazuuna Temneparyp Mexmy

50C

70 C

Topsiueil U XOJOAHOW CTOPOHOH, °c

Pucynok 10 — MI3MeHeHue npou3BOAUTEIBLHOCTH (@) IpU pa3iauyuHbIX AuaMeTpos rnop [19TO TM-

140

MC/em
I~}
<

1004

DIEKTPONPOBOAUMOCTb.
(5% B D x©
(=) (=] (=} (=)
i

=1
!

135 um
220 umM
268 HM

85.2% a

553

(=3

(=1
!

—_
[
S

DnekrponpoBoauMocTb, MC/cM
I S
(= S
! !

(=]
!

135 um
220 am
268 HM

[1C u ipu pa3HUIBl TEMIIEPATYPBI MEXKAY TOpsiYel U XOIOJHOU CTOPOHOH (0)

83.2% B

0 \5 135 um
22501 ° 220mm
£ 268 HM
5 200
o
=
£ 150

97.3% 2
2100

: 2

98.9% 2 504
2 . M
3 ol

Bpewms, u

Pucynok 11 — MI3MeHeHue 31eKTporpoBOUMOCTH IIPU pa3IMYHbIX AuaMeTpos mop [19TO TM-

I1C B ounctke ot pactBopa coau NaCl ¢ kontentparueii 7,5 /1 (a), 15 /1 (6) u 30 r/n (B) npu

temmnepatype 70 °C

Crenenpb ounctku coiu (R) omeHnBanmm mo u3MepeHMsIM SJIEKTPOIPOBOTHOCTH IIepMeara 3a 5

yacoB pabotsl M/ (pucyHok 11) no ypaBHeHHIO:

G
R= (1—C—> X 100%

0

1)

rae Co — KoHIIEHTpaI|s coiu B KoHIeHTpaTe (1/1), C1 — KOHIIEHTpalKs COU B IepMeare

(r/m). HaGmronmaercs HEOONBIIOE YBEIMYEHHE MPOBOAMMOCTH CO BpEMEHEM Il MeMOpaH ¢

nuamerpoM nop 135 u 220 HM U 3HAUUTENBFHOE YBEJIWYCHUE U MeMOpaH ¢ JuaMeTpoM mop 268



HM. CTeneHb OYMCTKHU COJIM CUIIBHO 3aBUCHUT OT IMaMeTpa Nop. YBeIndeHue nuamerpa nop co 135
70 268 HM IPUBENO K PE3KOMY CHM)KEHHIO CTENEHHM O4MCTKH ¢ 99,5 no 85,2 %. Orto cBsA3aHO C
HeJoCcTaTouHOM crenenbto ruapododoHoctu (LEP 0,14 MIla u KYC 91°) [7], 9To MOKET MpuBeCTH
K MPOCKOKY coJiei uepe3 MeMmOpaHy. OToT 3¢ deKT, uccieoBaHHbIi ¢ moMoIisio DJIA aHanm3a,

HAOJIOIAJICS U B HAIICH paHee OnmyOIMKOBaHHOW pabote [44].

3.3 Membpannas oucmuinayus HCUOKUX PAOUOAKmMuenvix omxoooe (JKPO) wnuskoi
aKmueHoCcmu

Kunkue pagunoaktuBHble 0TX0/b1 (JKPO) HM3KOH aKTUBHOCTH OBLIU MOJYYEHBI CO BTOPOTO
KOHTYypa HcclienoBarenbckoro peakropa BBP-K (r.Ammater, MHCTHTYT simepHoil ¢usukm). s
aHaJIM3a OCHOBHBIX MOHOB, Takux kak Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo, Cs Bxoasmux B JXXPO,
UCIIONIb30BAIM  aTOMHO-OMHUCCHOHHBIM Metox (tabm. 4), a sl KOHTPOJS aKTUBHOCTH
panuomsoronos °Co, 1¥'Cs n 2! Am 10 1 moCIe OUMCTKH HCTIONB30BATIN FrAMMA-CIIEKTPOMET (Tab1.
5).

B nponecce M/, runpodobusie [IDTD TM ¢ pa3nuyHbIM TUaMETPOM TIOP HCIIOIB30BATUCH
JUTSL OLICHKH MTPOM3BOAMUTEIBLHOCTH U 3 (dekTrBHOCTH Koddduuuenta aezaktusanuu (D) XXPO B

3aBHCUMOCTH OT quametpa nop. Koadpdunuent nezakrupanuu (D) ouenuBanu no ypaBHeHuro [44]:

a
p=-2L (1)
ap

/1€ af — yJielbHasi akTUBHOCTh PAacTBOpA KOHIIEHTPATA, a ap — yZeJIbHas akTUBHOCTh pacTBOpa
nepMeara.

D¢ heKTHBHOCTH OUNCTKHU OLIEHUBAIIN 110 U3MEHEHHUIO 3JIeKTponpoBoaHocTy. Ha pucynke 12a
IIPEJICTABICHbl PE3YyNbTaThl [0 HW3MEHEHUIO JJIEKTPONPOBOAMMOCTH B Ipouecce MJI, c
ucnonpzoBanueM MmonaupuuupoBaHHbix [I9T® TM-IIC ¢ pasnuunbiMu guamerpamu nop. Ha
pucyHke 126 MOKa3aHO yBelTHYEHHE CPEIHEro 3HAUEHHs IPOM3BOAUTENEHOCTH ¢ 1985 r/M%a s

MeMOpaHbI ¢ AuaMeTpoM Top 135 M 10 980 /M4 11 MeMOpPaHbI ¢ JMAMETPOM Hop 268 HM.
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Pucynox 12 — I3MeHeHue 27IeKTPOITPOBOIUMOCTH (@) U TPOU3BOIUTENHHOCTH (0) BO
Bpemsa M/I ¢ ucnons3zoBanueM rupododusupoBansbix [19TD TM-g-T1IC ¢ paznuuHbIMu

auamerpamu mop uist pactsopa JKPO (T=70°C)



Tabmuua 4 — Xumuueckuii cocras pactBopoB JKPO u nepmuara nocine nporecca M1 (IT9TD

TM-IIC)
DeMeHT Hcxongnas Konuentpanus B | Konuentpauus B | Konuentpauusa B | KoHuenTtpauus B
KOHIICHTPAITHS, nepMeare repMeare nepMeare nepMeare
MKT/JT (II2T® TM-g- (II9T® TM-g- (II9TP TM-g- (IIT®D>
I1C, d=268 am), | ITIC, d=220 am), | TIC, d=135 HM), | HAHOBOJIOKOHHBIE
MKT/JT MKT/JT MKT/JT MeMOpans! d-220
HM), MKT/JT
Cs (6=£26%) 304 1,45 0,33 <0,05 34,3
Mo (c=£15%) 458 1,11 <0,3 <0,3 76,0
St (6=%15%) 136 <0,5 <0,5 <0,5 11,1
Sb (6=+15%) 46,3 <0,3 <0,3 <0,3 8,96
Al (6=%16%) 660 <3 <3 <3 <30
Ca (c=%£16%) 1780 55,3 52 44 208
Fe (0=+10%) 383 <0,6 <0,6 <0,6 <6
K (6=%£15%) 249 200 377 414 150 7476
Mg (6=£15%) 1046 2,52 4 2 <10
Na (6=+15%) 4710 000 13 200 3200 540 601

W3 tabmuiel 4 BUAHO, YTO BCE CTENEHM OYUCTKU cocTaBisuin Oonee 90%, OONBIIMHCTBO
3HaueHnil Omm3ku Kk 100%. [lns cpaBHEHHS HMCMONB30BAIM KOMMepdecku noctymnHbie [ITDD-
HaHOBOJIOKOHHbIE MeMOpanbl ¢ JuamerpoMm nop 220 um. [IpeacraBineHHble JaHHBIE TOKA3AIH, YTO
MoaupuuupoBansbie [I9TO® TM obnanaroT npeuMyIecTBaMu MO0 CPAaBHEHUIO C BOJOKHUCTBIMHU
MemOpanamu u3 [ITDD no cTrenenn O4UCTKHU.

N3meHeHne Kod(pPUIMEHTOB AE3aKTUBALMU PAIMOU30TONOB NPEACTABICHbI B Tadiuuie 5.
[I2T® TM-g-TIC ¢ auamerpom mop 220 HM Toka3an kodhduIHenT aesaktusanuy ans ©°Co 85,4,
ansg ¥7Cs 1727,3 u gna *!Am 4,9. B To Bpems TpH HCHOJIB30BaHUM KomMepueckux I1T®D
MeMOpaH, ko3ddurmenT aezakTuBarmn 11 ©°Co cocrapmuser 10,1, musa 137Cs - 438,8 u g 24Am
2,04. TakuMm oOpa3om, ucnonb3oBanue TM ¢ y3kMM pacnpezieieHHeM Iop 10 pa3Mepam Mo3BOJIseT

I[O6I/ITI>C$[ J'Iy‘IIHGﬁ OYHMCTKH OT PaJMOAKTUBHBIX OTXOHJO0B.

Ta6J'II/II_Ia 5-— Pannon3oTonHeIld COCTaB pacTBOpa UCXOAHOI'0 paCTBOpa MU I€pmMeara IMocie

npouecca M/] (ITT® TM-IIC)

Panuousoron AKTHBHOCTb AKTHBHOCTb Koadduimen AKTHUBHOCTH Koadpdrmment
HCXOZHOIO nepmeara T nepmuata (IITOD Jle3aKTUBALUH

pacTtBopa (I1I9Td TM-g- JIe3aKTUBALIH HAaHOBOJIOKOHHBIE (D)

(bx/xr) [1C, d=220 um) u (D) MeMOpansb! d=220 HM)
(Bx/kT)
®Co 85,4+6,1 <1,0 85 16,5+1,1 10
BCs 1900£27 <11 1727 4,33 439
1AM <2,2 <0,45 5 <0,49 2




3aki0uenue

B nannoii pabote paccmorpen 3¢ ¢GeKTUBHBIN U npocToi crocod ruapododbuzanuu [T
TM cruposnom (Ipy ONTHMANBHBIX YCJIOBHAX KOHIEHTpauus ctupoia - 40%, 60 MuH BpemeHH
NPUBUBKH) U MOCIEAYIOMIEr0 UX UCIOJIB30BAHUS ISl 00€CCOIMBAHUS M OYUCTKH HU3KOAKTHBHBIX
KHUJIKUX PaIMOaKTHUBHBIX OTXOJOB. TpeKoBble MeMOpaHbI MOKa3add BBICOKHE KO3(PPHUIIMEHTHI
JIe3aKTUBAIIMKA M CTENEeHH OYUCTKH cojeil (Omm3kue k 100%) mo cpaBHEHHIO C UMEIOIUMHUCS B
npoaaxe [IT®D momoBoJIOKOHHBIX MeMOpaH. YBenuueHue auamerpa mop co 135 mo 268 um
IPUBEIIO K YBEINYECHUIO TPOU3BOJUTEIEHOCTH PU OJHOBPEMEHHOM CHIDKCHUU CTEIICHH OUHCTKH.
[lponecc M/l KOHTPOJMPOBAIM TPABUMETPUYECKUM U KOHIYKTOMETPHUUYECKHM aHAIU30M.
PacTBOpHI HCCIe0BaIM METOAAMU raMMa-CIEKTPOCKOIIUU U aTOMHO-3MHUCCHOHHBIM METOJIOM JI0 U
nocyie ounctku. Koaxpdunuents nesaxrusanuu 3'Cs, Tpynso ynaasemMoro us nepepadaTbiBagMbIX

OTX0/10B OOJILIIMHCTBOM M3BECTHBIX METOJ0B, TOCTUI AN 3HaueHusa 1727.

CooTBeTCTBHE ITHYECKHM CTAHAAPTAM

®unancupoBanue: lccinenoanue «llomydenne TpeKOBBIX MeMOpaH C 3aJlaHHBIMU
CBOMCTBaMH JUII MEMOpaHHOW ITUCTWUIAIMH W TpsMoro ocmoca» (rpant Ne AP05132110)
BBIMIOJTHEHO TpU (PMHAHCOBOM mojaepxke MuHucrepctBa oOpa3zoBaHUS M Hayku PecmyOnuku

Kazaxcras.
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