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Abstract

In connection with the widespread use of pesticides, the question arose of their possible danger to humans and the environ-
ment. The danger of using pesticides can be associated with the presence of residues in food products, with the pollution of
water bodies, soil and other objects. Therefore, water treatment from pesticides is a major environmental task. In this study,
the hydrophobic poly(ethylene terephthalate) (PET) track-etched membranes (TeMs) obtained by graft polymerization of
triethoxyvinylsilane (TEVS) and covalent attachment of 1H, 1H, 2H, 2H-perfluorododecyltrichlorosilane (PFDTS) were
tested in the water treatment from a pesticide (carbendazim) using direct contact membrane distillation. Hydrophobic PET
TeMs were characterized by scanning electron spectroscopy, Fourier-transform infrared spectroscopy, liquid entry pressure
analysis. The hydrophobization of PET TeMs led to a rapid increase in the contact wetting angle and reached to 134°. The
efficiency of water purification from carbendazim was evaluated by water-flux measurements and ultraviolet-visible (UV-
Vis) spectroscopy. The carbendazim solution was used at a concentration of 5, 10 and 20 mg/l. The largest permeate flux
of hydrophobized membranes was 214 g/m? h. Concentration of carbendazim in permeate solution was less than 100 pg/l.

Keywords Carbendazim - Water treatment - Direct contact membrane distillation - UV-induced graft polymerization -
Track-etched membranes

Introduction

At the current level of agricultural development using inten-
sive technologies, the role of pesticides is growing signifi-
cantly (Glynn et al. 1995). These are complex of chemicals
designed to protect crops from diseases, pests and weeds and
thereby produce higher yields. However, the widespread use
of pesticides leads to environmental pollution and negatively
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affects human health. Pesticides adversely affect the environ-
mental, surface and groundwater intended for consumption
(Alletto et al. 2010; Nasrabadi et al. 2011). Daily use of
pesticide-infected water leads to increase the risk of disease
of central nervous system, reproductive system and cardio-
vascular system (Nicolopoulou-Stamati et al. 2016; Taha
et al. 2014). Therefore, water treatment from pesticides is
an important and urgent problem around the world (Kim
and Kabir 2017). The most common groups of pesticides
are herbicides, insecticides and fungicides (de Souza et al.
2020). Carbendazim (methyl 2-benzimidazole carbamate) is
the most affordable and widely used fungicide (Merel et al.
2018).

Nowadays, various methods for treating pesticides from
wastewater, such as coagulation (Saini and Kumar 2016),
chemical oxidation (Qi et al. 2018), carbon adsorption
(Moussavi et al. 2013), ozonation process (Cruz-Alcalde
et al. 2018) are known. Membrane technologies are also
effective methods for water treatment which are widely used
in industry. Nano- (Nikbakht Fini et al. 2019; Plakas and
Karabelas 2012) and ultrafiltration processes (Mukherjee
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etal. 2018), as well as reverse osmosis (Fujioka et al. 2020;
Mehta et al. 2015; Nikbakht Fini et al. 2020, 2019; Pla-
kas and Karabelas 2012) have found their application in
the treatment of drinking water from pesticides. Recently, a
promising method of membrane distillation (MD) is being
studied as a water treatment from pesticides (Nthunya et al.
2019; Plattner et al. 2018).

The essence of MD is based on the separation of the liq-
uid due to the difference in temperature and pressure on both
sides. Water evaporates on the hot side, and vapor passes
through a hydrophobic membrane and condenses on the cold
side (Bei et al. 2019; Delavari et al. 2019; Gao et al. 2018).
Compared to other membrane processes, MD has high
energy efficiency, and the process takes place at a relatively
low temperature (~85 °C on the hot side and~10 °C on
the cold side) (Alsebaeai and Ahmad 2020; Chamani et al.
2020; Deshmukh et al. 2018; Du et al. 2020a). The move-
ment of vapor from the hot to the cold part is due to convec-
tion. However, when vapor passes through the membrane,
it partially transfers heat to the material, thereby reducing
the temperature gradient. Therefore, the membranes for MD
should have low thermal conductivity (Chew et al. 2019; Du
etal. 2020b; Hubadillah et al. 2019; Jiang et al. 2020; Siyal
et al. 2019; Swar et al. 2020; Yao et al. 2020). Various types
of polymers, for instance, polytetrafluoroethylene (PTFE),
polyamide (PA), polypropylene (PP), PET and other can be
used in MD (Tang et al. 2010; Yang et al. 2011; Zhu et al.
2013). In recent years, there has been a significant amount
of interest for use of TeMs in MD (Gancarz et al. 2015;
Korolkov et al. 2018a). A unique feature of TeMs is the
control of the number of pores per unit area, which signifi-
cantly expands fields of their application in nano-, ultra-,
microfiltratiom, catalysis, sensors and others (Bessbousse
et al. 2011; Korolkov et al. 2017; Kutuzau et al. 2019a,
b; Mashentseva et al. 2019; Yeszhanov et al. 2018; Zdor-
ovets et al. 2019). Nowadays, various types of polymers are
known, intended as a material for TeMs. Among them, poly-
carbonate (PC) and PET are the most significant. PET films
have high thermal and chemical resistance, transparency,
high-tensile strength. At the same time, for the application
MD process, PET-based membranes require a significant
expansion of its hydrophobic characteristics. One of the
effective methods of hydrophobization is graft polym-
erization, including plasma graft polymerization (Toufik
et al. 2002), radiation graft polymerization (Soto Espinoza
et al. 2014) and photoinitiated graft polymerization (Yang
and Yang 2005). Hydrophobized PET TeMs were used for
concentration of juices (Gancarz et al. 2015) desalination
(Korolkov et al. 2018a, b) and liquid low-level radioactive
wastes treatment (Korolkov et al. 2019; Zdorovets et al.
2020) by DCMD.

In this paper, UV-induced graft polymerization of trieth-
oxyvinylsilane (TEVS) with addition of N-vinylimidazole
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(VIM) and covalent binding of perfluorododecyltrichlorosi-
lane (PFDTS) were used to increase hydrophobic proper-
ties of the surface and inner pore walls of PET TeMs. The
covalent binding method allows to modify both inner pore
walls and the surface of PET TeMs, while UV-graft polym-
erization method led to modification only the surface and
entrance of the channels. Prepared membranes were tested
in DCMD for treatment of pesticide solutions.

Experimental part
Materials

Benzophenone 99% from Sigma-Aldrich was used as an
initiator for graft polymerization. Dimethylformamide was
purchased from Sigma-Aldrich and used as a solvent in the
preparation of carbendazim standard solution. Dichloroeth-
ane was intended as a solvent in the graft polymerization.
Monomers such as TEVS and VIM, which were further
purified from stabilizers by passing through an alumina
in chromatographic column, were purchased from Sigma-
Aldrich. O-xylene was further distilled before use. 1H, 1H,
2H, 2H-Perfluorododecyltrichlorosilane (PFDTS) was also
used as a modifying agent. Carbendazim with a purity of
97%, 2,2-Bipyridyl, ferric chloride (III) and ortophosphoric
acid were obtained from Sigma-Aldrich. Deionized water
(18.2 MQ) was used in all experiments.

Manufacturing and improvement of hydrophobic
properties of the membranes

Manufacturing of PET TeMs was gone in the following way.
Samples of 10X 15 cm in size were previously irradiated by
DC-60 accelerator (Astana branch of Institute of Nuclear
Physics) with an energy of 1.8 MeV/nucleon by ¥*Kr'>* ions
and ion fluence of 1-10® ion/cm?. Then, membranes were
photosensitized for 30 min on both sides and were chemi-
cally treated in 2,2 M NaOH at certain time to obtain mem-
branes with different pore sizes.

In order to increase hydrophobic properties of the mem-
branes, two methods of surface modification were considered
in comparison. First, modification of PET TeMs was carried
out by photoinduced graft polymerization of TEVS. Mem-
branes with pore sizes of d~200 and 300 nm were ultrasoni-
cated in water in order to remove interfering substances on
the membrane surface. Then, the samples were placed in a
solution of the initiator (benzophenone) as it described in
Kutuzau et al. (2019a). Further, the samples were immersed
in a solution of dichloroethane and TEVS in a concentra-
tion range from 5 to 30% and VIM (0.3-6.6%). The result-
ing solution was irradiated under a UV-lamp Ultra Vita-
lux E27 by OSRAM (UVA—315-400 nm—W =13.6 W,
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UVB—280-315 nm—W =3.0 W) within 15-160 min on
both sides.

The second method of hydrophobization of PET TeMs
was achieved by soaking into o-xylene solution of PFDTS at
different concentration range and time (1-24 h). After that,
membranes were washed and dried. Scheme of membrane
modification is presented in Fig. 1.

Membrane characterization

The surface morphology of pristine and modified PET TeMs
was examined using JSM-7500F scanning electron micro-
scope (SEM) (JEOL, Japan).

To determine the functional groups before and after
modification, Fourier-transform infrared (FTIR) spectra
were recorded using FTIR spectrometer Agilent Cary 600
with Single Reflection Diamond ATR accessory (GladiATR,
PIKE). Spectra were recorded in the range from 4000 to
400 cm™! with a resolution of 4.0 cm™'. Each sample was
measured 32 scans at the room temperature. Agilent Resolu-
tion Pro software was applied for spectrum analysis.

The contact wetting angle (CA) of pristine and modified
PET TeMs was measured by using Digital Microscope with
1000x magnification using static drop method at room tem-
perature. Measurements were taken from different points of
the polymer, and the average result was calculated.

Liquid entry pressure (LEP) was measured to deter-
mine the minimum pressure necessary for the liquid to
pass through the hydrophobic membrane pores. LEP was
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Fig.1 Scheme of PET TeMs modification

evaluated using deionized water on the equipment of
water flow measurements according to recommendations
described in Garcia-Payo et al. (2000). A round sample
with the radius of 1.25 cm was compressed inside the her-
metically sealed chamber, and a test was run with air at
gradually increasing pressure. The LEP was recorded as
the pressure corresponding to the point of initial passage
of flow through the membrane using capillary with the
diameter of 0.7 mm. According to the recommendation,
the LEP should be > 2.5 bar for a successful application in
MD (Chew et al. 2017).

UV-spectrophotometric determination
of carbendazim

Concentration of carbendazim before and after DCMD was
analyzed using ultraviolet—visible (UV-Vis) spectroscopy
according to method described in Purushotham Naidu
et al. (2011). First, a standard solution of carbendazim
in dimethylformamide with a concentration of 100 pg/ml
was prepared. Next, a series of aliquots with a volume of
10-60 pg/ml was prepared and poured into a 10 ml glass
tube. 1 ml of 0.2% 2,2-Bipydil and 0.2% ferric chloride
(IIT) solution were also added to each tube. The resulting
solution was heated in a glycerin bath for 15 min at a tem-
perature of 100 °C, and then, it was removed and cooled
in cold water. After cooling, 2 ml of 0.1 N orthophos-
phoric acid was added to the solution. The glass tube was
made up to 10 ml with deionized water. UV results were
recorded on double-beam spectrophotometer Specord 200
Plus (Analytic Jena, Germany) with using quartz cuvettes.
The obtained orange solution was measured on a spectro-
photometer at 512 nm. Results were carried out by using
WinASPECT PLUS software.

Water transport in membrane distillation process

Direct contact membrane distillation (DCMD) was used to
purify water from carbendazim dissolved in it using modified
PET TeMs. The mechanism of the process was described
earlier in the papers (Korolkov et al. 2018a). Deionized
water with concentration of carbendazim 5-20 mg/l was
tested.

The water flux was calculated by formula, described in
Lietal. (2018):

Am
G =
AAt @

where J—water flux (kg/m? h), Am—water mass in per-
meate side (kg) per unit time At (h) and effective area of
membrane A (m?).
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Results and discussion
Modification of PET TeMs and characterization

Hydrophobization of PET TeMs was carried out in two
ways: by UV-induced graft polymerization of TEVS and
covalent bonding of PFDTS. First method can be con-
trolled by time of grafting, concentration of monomer, dis-
tance to UV-source and concentration of additives. Effect
of these parameters on grafting degree and hydrophobic
properties was evaluated, and results are presented in
Fig. 2. Since TEVS has an low tendency to graft polymeri-
zation (Hayakawa et al. 1977), VIM in concentration range
from 0.3 to 3.3% (v/v) was used as additive to increase
grafting degree of TEVS. VIM concentration of 3.3% is
optimal to get the most hydrophobic membrane, a further
increase in concentration leads to a decrease in hydro-
phobic properties, caused by the hydrophilic properties of
VIM with higher content.

Figure la shows dependence of the time of irradiation
on the degree of grafting. With increasing time of UV-
irradiation, the grafting degree is also gradually increased.
An increase in the irradiation time of more than 1 h led to
the appearance of a gel-like mass, indicating the presence
of a homopolymer on the membrane surface. Figure 2b
represented the degree of grafting depending on the con-
centration of the TEVS. The graph clearly demonstrates

that at a concentration of 20%, the grafting degree reaches
maximum value and a subsequent increase in concentra-
tion leads to a decrease in grafting degree. Figure 2c
shows an effect of the grafting degree on the distance to
the UV-source (TEVS concentrations of 20% and VIM
3.3% at irradiation time of 1 h). It is worth noting that
increasing distance of the UV-source to the sample leads
to decrease in grafting degree rapidly. At the same time,
distance of 5 cm led to the formation of gel and membrane
contaminations.

Thus, the most suitable parameters for the modifica-
tion of PET TeMs were found: concentration of a TEVS
of 20% with a VIM concentration of 3.3%, distance to UV-
source—10 cm, time of irradiation—60 min. Hydrophobi-
zed PET TeMs were analyzed by contact angle (CA). The
measurements of CA were carried out from different places
of the sample, and the average value was calculated (drop
images are presented in Figure S1). It can be seen, the CA
of the initial PET TeMs increases significantly from 58 to
89° for PET TeMs-g-TEVS.

The second modification method is based on the soaking
of PET TeMs in a solution of o-xylene with PFDTS. The
principle of the interaction of PFDTS with o-xylene is the
high hydrolysis ability of the Si—Cl bond, which is able to
easily interact with the surface of PET TeMs.

Figure 3a shows the dependence of the concentration of
PFDTS on the value of the CA. As can be seen, at an opti-
mal monomer concentration of 20 mM the CA reaches a
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Fig.4 SEM images of initial PET TeMs (a), PET TeMs-g-TEVS (b), PET TeMs—PFDTS (c¢) with magnification of x5000
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Fig.5 FTIR spectra of PET TeMs (1), PET TeMs- PFDTS (2), PET
TeMs-g-TEVS (3)

maximum value. A further increase in concentration does
not lead to a significant change in the CA. The dependence
of the holding time in the reaction on the CA was con-
sidered. The results are shown in Fig. 3b. The largest CA
(134°) was reached after 24 h. A further increase in time
did not significantly affect the value of the CA.

Hydrophobized PET TeMs were analyzed by methods of
SEM, FTIR spectroscopy and gas permeability test. Results
are presented in Figs. 4 and 5.

SEM images of surface initial and modified PET TeMs
are presented in Fig. 3. Pictures with high magnification are
also shown in Figure S2. Modification of PET TeMs has led
to a reduction in pore size from 220 + 8 for initial PET TeMs
to 216 +4 nm for PET TeMs-g-TEVS and to 174 +4 nm for
PET TeMs — PFDTS. The decrease in pore size is due to the
formation of polymers within the pores. Also, it should be
noted that modification by UV-induced graft polymeriza-
tion of TEVS led to modification of only the top surface and
entrance of the channels, since PET TeMs with small pore
size (200-300 nm) are used and UV-light cannot penetrate
inside the pores. While covalent bonding of PFDTS led to
modification both top surface and inner pore walls of the
membranes because the solution can easily penetrate into
the pores.

To identify the characteristic absorption bands of ini-
tial and hydrophobized PET TeMs, FTIR analysis was
performed. The use of an ATR accessory made it possible
to study the surface of the initial and modified PET TeMs
samples with a depth of about 1 pum. FTIR-ATR spectra
of pristine and modified PET TeMs are shown in Fig. 4.
Initial PET TeMs are characterized by absorption bands at
3400 cm™!, which corresponds to the absorption of the OH

@ Springer



Chemical Papers

groups, 2900-2980 cm™! are aliphatic and benzene CHj
rings. The C=0 double bond was observed at an absorption
of 1720 cm™!. Pulsation vibrations of the carbon skeleton
were found at 1420, 1480, 1612 cm™'. The C(0)-O and
O-CH, bonds were detected at 1220 and 970 cm—', respec-
tively. Grafting of TEVS led to appearance of new peaks
at 1260, 801 cm™" and 1100-1000 cm~" which is related
to Si—-CH, and Si—-O-Si vibrations, respectively. Moreover,
absorbance bands with low intensity and shape of shoulders
were found at 1649 cm™" (C=C def.), 1497 and 1085 cm™!
(C-N def.) related to VIM. Covalent bonding of PFDTS led
to appearance of new peaks at 1060, 1127 cm™!, as well as
peaks of low intensity at 577, 602 and 628 cm™" related to
the C—F bond.

Membranes with pore diameters of ~200 nm were hydro-
phobized at optimal parameters by two methods. Liquid
entry pressure (LEP) analysis (Table 1) showed that hydro-
phobized membranes with 200 nm can be used in MD in
connection with the recommendations (Eykens et al. 2017).
Hydrophobized PET TeMs have LEP >0.43 MPa, while
LEP of membranes with pore size of 300 nm is not enough
for MD. Thus, subsequent experiments were carried out with
hydrophobized membranes with a pore diameter of 200 nm.

Purification of carbendazim by DCMD

Hydrophobized PET TeMs with a pore diameter of d~200
at optimal conditions (20 mM PFDTS during 24 h and

TEVS concentration of 20%, VIM—3.3%, distance to UV-
source— 10 cm during 60 min) were tested in the water treat-
ment of carbendazim by DCMD.

Membrane distillation (MD) was carried out using a car-
bendazim solution with concentrations of 5, 10, 20 mg/1.
Due to the low solubility of carbendazim in water, the solu-
tion was slightly acidified with HCI1. The process of mem-
brane distillation has already been described previously in
the work (Mukherjee et al. 2018; Nasrabadi et al. 2011).
During the experiment, a 50 ml of sample was taken every
hour to detect traces of carbendazim.

Figure 6 shows average water fluxes at different concen-
trations of carbendazim. PET TeMs-PFDTS has average
water fluxes of 158 +50 g/m? h, 214 g/m” h at a carbendazim
concentration of 5 mg/l, 142 g/m* h and 119 g/m? h for con-
centrations of 10 mg/l and 20 g/m? h, respectively. This can
be explained by two factors: increasing partial pressure and
viscosity of feed solution and membrane fouling (Gonzélez
et al. 2017; Khayet 2011). PET TeMs-g-TEVS showed less
water fluxes: average water flux is 119 + 15 g/m? h. Flux
changes in concentrations occur with the least differences.
It can be associated with non-stability of temperature dur-
ing DCMD as well as with more uniformity layer of grafted
polymer on the surface.

Efficiency of DCMD was elucidated by UV-Vis spec-
troscopy according to the method (Purushotham Naidu
et al. 2011). Concentration of carbendazim was measured at
512 nm. It turned out that the concentration of carbendazim

Table 1 Characteristics of

Sample Contact  Effective Pore size (from [Si], % [F1. % LEP,
PET TeMs‘bef‘orc and after angle, ° pore size, SEM analysis), nm (from EDX (from EDX MPa
iydkophobimtion +4° nm analysis) analysis)
Initial PET TeMs 58 198 +5 220+8 - - 0.12
PET TeMs-g-TEVS 89 167+8 216+3 15 - >0.43
PET TeMs—PFDTS 134 1486 174 +4 22 11.46 >043
Initial PET TeMs 55 302+8 31015 - - 0.015
PET TeMs-g-TEVS 85 287+10 292420 157 - 0.04
PET TeMs—PFDTS 115 274+12 285+18 23 13.51 0.04
Fig.6 Water flux during 300 240
continuous DCMD tests using = [JPEr TeMs PrDTS) =
hydrophobized PET TeMs for oL 250 A 500 4
carbendazim solution with con- ) — S)
centration of 5, 10 and 20 mg/1 >=< 200 A 5 160 -
= S
§ 150 A 5120 4
g =
5 100 4 > 801
=17 o0
g £
2 50 S 40
< <
0 T T T 0 -
Smg/l 10mg/1 20 mg/l S5mg/l 10mgl 20mgl

Concentration of carbendazim
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in all cases is below the detection limits (100 pg/l) at all
samples.

Based on the obtained results, methods of hydrophobi-
zation of PET TeMs showed good performance. The most
preferred type of modification for membrane distillation is
PET TeMs-PFDTS, due to its simplicity, high performance
and efficiency.

Conclusions

In this research, the ability of modified PET TeMs in water
treatment from a pesticide (carbendazim) was studied.
Hydrophobized PET TeMs were obtained by graft polym-
erization of TEVS and covalent binding of PFDTS. Various
characteristics of modifying agents on the grafting degree
and CA were studied. Membranes with CA of 134° and 89°
and LEP >0.43 MPa were prepared and further used for
DCMD of pesticide solutions. Maximum permeate flux of
214 g/m? h were achieved using PET TeMs-PFDTS. Con-
centration of carbendazim in permeate solution was less than
100 pg/l. Thus, such methods of membrane hydrophobiza-
tion can be used in MD process for water purification from
pesticide.
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AOcTpakT

B cBs13u ¢ mMpoOKUM IPUMEHEHHEM MECTUIIMJIOB BCTaJl BOIIPOC 00 UX BO3MOXKHOM OIMacCHOCTH
JUIs 4eJIoBeKa U OKpy:karomieil cpesibl. OnacHOCTh IPUMEHEHUS IECTULMI0B MOXKET OBITh CBsI3aHa
C HAJM4YMEM OCTAaTKOB B IHIIEBBIX IMPOIYKTAaX, C 3arpsi3HEHUEM BOJOEMOB, MOYBBI U JIPYrHX
00BbekToB. [103TOMY OUMCTKa BOJIbI OT NECTUILIMJIOB ABJIETCS BaXKHEHUIIIEH SKOJIOIrMUECKOH 3a1aueil.
B »tom wucciemoBanmu  ruapodoOHBIE  TpekoBbie  MeMOpanbl (TM) Ha  ocHOBe
nommatunentepeptanata  (II9T®D), mnomydeHHble myTeM MPUBUBOYHON  MOJIMMEPU3ALUU
tpudToKcuBuHWIcHIaHa (TOBC) wm  koBaseHTHOro mnpucoeamuenus 1H, 1H, 2H, 2H-
nepdroproaemmirpuxiopcmiana (I[IOATXC), 6p11u UCHBITAHBI B OYUCTKE BOJIBI OT MECTUITUIOB
(xapOeHaa3uMa) METOJOM MPSIMON KOHTaKTHON MeMOpanHoi auctusuiauuu (M/]). I'napodobusie
[I3T® TM Obutn 0XapakTepHU30BaHbl ¢ MOMOIBIO CKaHUPYIOIIEH 3JEKTPOHHON CIEKTPOCKOIHNH
(COM), UK CchoekTpocKomuu, aHaiu3a KpUTHYECKOro mamieHusi mnpoHukHoBenus (LEP).
I'unpodobuzanus [I3TD TM npuBoamiia K yBeIMUEHUIO KPAa€BOro yria CMauyMBaHUs U IOCTUraia
134°. 3¢ dexTUBHOCTh OYMCTKHU BOJBI OT KapOEHJAa3uMa OLICHUBAIM TIO MPOU3BOIUTEIHHOCTU U
Y®-cnektpockonuu. PactBop kapOeHaa3nMa HCIOJb30BaId B KoHUeHTpanuu 5, 10 u 20 mr/m.
Haubounbiiee 3naueHne NpoU3BOIUTEIBHOCTH THAPOGOOU3NPOBAHHBIX MeMOpaH coctaBuio 214
r/m?-4. KoHneHnTpamus kapOeHiasuMa B pacTBOpe TepMeara He mpesbimrana 100 Mr/m.

KuaroueBble ciaoBa: xapOeHIa3uM, OYMCTKAa BOJbI, MEeMOpaHHas TUCTHIUISALUS MPSMOTO

KOHTAaKTa, q)OTOI/IHI/II_II/IpOBaHHaH MMPUBUBOYHAA ITOJIUMEpU3aALUs, TPCKOBBIC MCM6paHBI.

1. BBenenue
[Ipu coBpeMeHHOM YpPOBHE Pa3BUTHS CEITLCKOTO X035 CTBA C HCTIOIB30BAaHINEM HHTCHCUBHBIX

TEXHOJIOTUI POJIb MECTUIIM/IOB 3HAYUTEIbHO Bo3pacTaeT ([uHH u ap., 1995).



DOT0  CIOXHBIE  XWUMHYECKHE  BEIIECTBA,  NPEJHA3HAYCHHBIX  JUIS  3al[UThI
CENIbCKOXO3SHUCTBEHHBIX KYJIBTYp OT OOJIe3HEH, BpeAUTENeH U COPHIKOB M, TAKUM 00pazoMm, JUIs
noJryueHusi 0oJyiee BHICOKHX ypoxkaeB. OIHaKO IIUPOKOE UCIOIb30BaHUE MECTUIINIOB IPUBOIUT K
3arpsiI3HEHUIO OKPYKAIOIIEH Cpellbl U HEraTUBHO CKa3bIBAETCS HA 3/I0POBBE UeioBeka. [lecTuniu sl
OTPHUIIATEIbHO BJIMSIOT HAa OKPYKAIOIIYI0 Cpely, IOBEPXHOCTHBIE M TIOJ3EMHBIC BOJBI,
npenHasHaueHHbIe Ui noTpebnenus (Amnero u ap., 2010; Hacpabu u np., 2011). ExenneBHoe
yInoTpeOieHHe 3apaKeHHON MECTUIMIAMH BOJABI NMPUBOJUT K YBEITHYEHUIO pUCKa 3a00JIeBaHUI
LEHTPaJIbHOW HEPBHOW CHCTEMBI, PEMPOAYKTUBHON CHCTEMBI U CEPJCUYHO-COCYAMCTON CHCTEMBI
(Huxomomony-Cramatu u ap., 2016; Taxa u ap., 2014). [TosToMy OYHCTKa BOABI OT MECTHIIHUIOB
SBIISICTCA BAXXHOM W akKTyaldbHOH mpobiemoii Bo Bcem mupe (Kum m ap., 2017). Haumbonee
pactpoCTpaHEHHBIMH TPYIIIAMU TIECTHIIHIOB SBIISIOTCS TePOUIUIBI, HHCEKTHIMIBI ¥ ()yHTHITHIBI
(me Coy3a u ap., 2020). Kapbenmazum (MeTHiI-2-0eH3UMUIa30IKapOaMaT) sBJsIeTCsT Haubosee
JOCTYITHBIM M IIMPOKO UCIONIb3yeMbIM GyHTUItmaoM (Mepen u ap., 2018).

B mHacrosimee BpeMsi HCHONB3YIOTCS pa3iMYHBIE METOAbI OYMCTKM CTOYHBIX BOJ OT
MeCTULIUIOB, Takue kak koaryssius (Caunu u Kymap, 2016), xumudeckoe okucnenue (Ku u ap.,
2018), ancopbuus yrnepoaa (Moccasu u ap., 2013), mpouecc o3onuposanus (Kpys-Ankane, 2018).
MemOpaHHbIe TEXHOJOTHH TaKXe SBIAIOTCS 3(PPEKTUBHBIMH METOJAAMU OYUCTKHU BOJIBI, IIUPOKO
NpUMEHSICMBIME B mTpombiiiuieHHOCTH. Hano- (Huk6axt ®unu u np., 2019; Ilnakac u Kapabenac,
2012) u ynapTpadunsTpanoHHsle npoueccel (Myxepxke u ap., 2018), a Takxke oOpaTHBII ocMoc
(Dyxuoka u ap., 2020; Mexta u ap., 2015; Huk6axt ®un 2020, 2019; ITnakac u Kapabenac, 2012)
HAIT CBO€ MPHMEHEHHE IMPH OYUCTKE MUTHEBOH BOJABI OT MECTULUIOB. B mocnemHee Bpems
M3y4aeTcsi NEePCIEeKTUBHBIN MeTo ] MeMOpaHHOW qucTmiiisauu (M]1) B kauecTBe OUMCTKU BOABI OT
nectunmaoB (Hrxyns u ap., 2019; ITnattrep u ap., 2018).

CyTb MeMOpaHHOW AMCTUJUIALIMA OCHOBaHA Ha pPa3feNiEeHUH KHUAKOCTH 3a CUET Pa3HUIIBI
TeMIIepaTyphl U JaBjieHus ¢ 0benx cTopoH. Ha ropsideii cropone Boja ucnapsiercs, a nap npoxoauT
yepe3 TuIpohoOHYI0 MeMOpaHy M KOHJCHCHpYeTcs Ha xonomHoi ctopone (beit m mp., 2019;
HenaBapu u np., 2019; T'ao u ap., 2018). [1o cpaBHEHHIO ¢ IPYTUMH MEeMOpPaHHBIMHU MPOIIECCAMH,
MeMOpaHHasi JUCTHIUISAIMS HWMEET BBICOKYIO 3HEeprodd(eKTHUBHOCTh, MPOIECC MPOTEKAeT MpH
OTHOCUTEJIbHO HU3KOH Temmeparype (~85°C Ha ropsueit cropone u ~10°C Ha X0I0IHON CTOPOHE)
(Ascebaii u Axman, 2020; Yamanu u ap., 2020; Jlemmyx u ap., 2018; dy u ap., 2020a). JIBuwxenne
napa u3 ropsiaeit 9acT B XOJIOJHYIO TPOMCXOIUT 3a CUeT KOHBEKIMH. OTHAKO, KOT/1a Imap IPOXOUT
yepe3 MeMOpaHy, OH YaCTUYHO OT/IAeT TEIUIO MaTepuaty, YMEHbIIas TeM CaMbIM TeMIlepaTypHBIN
rpagueHT. [loaTomy MeMOpanb! s M/] 1OmKHBI UMETh HU3KYIO TEIUIONPOBOAHOCTH (Ubto U 1p.,
2019; 1y u np., 20200; Xybamwmia u ap., 2019; Xuanr u ap., 2020; Cuasn u ap., 2019; Ceap u
ap., 2020; o u ap., 2020). PaznuyHble TUOBI MOJIMMEPOB, HANpUMEp, MOIUTETPAPTOPITUIICH

(IIT®D3), nonuamug (I1A), nonunponuien (I1I1), [I9T® u agpyrue mMoryt ucnonb3zoBatbes B M/



(Tamr u gp., 2010; Anr u gp., 2011; XKy u ap., 2013). B mocneanue ronapsl HaOIOgaeTCs
3HAYUTEIBHBIN UHTEPEC K UCTIONb30BaHUIO TpeKoBbIX MeMOpaH (TM) B M/ (I"ankap3 u np., 2015;
N.B. KoponbkoB u np., 2018a). YHHKaIbHOM OCOOCHHOCTBHIO TPEKOBBIX MEMOpaH SBISETCS
KOHTPOJIb KOJHMYECTBA MOP Ha E€AMHHUIY IUIOWAAH, YTO 3HAUUTEIBHO pacUIMpseT o0JacTh uX
NPUMEHEHHS B HAHO-, YIIbTPa-, MUKPO(MIBTPALIUH, KaTaju3e, cencopax u ap. (bezdyys u ap., 2011,
KoponskoB u ap., 2017; Kyrysay u gp., 2019a, 20196; Mamennesa u ap., 2019; Ecxxano u ap.,
2018; 3moposen u ap., 2019). B Hacrosiee Bpemsl W3BECTHBI pPA3IMYHbIE THUIIBI I1OJHUMEPOB,
IpeHa3HaYCHHBIX B KAUYECTBE MaTepuaa ajs TpekoBbIx MeMOpaH. Cpenu Hux nonukapoonat (I1K)
u [IDTD sastorcs Hanbosnee 3HaunMbIMU. [Tnenku [I9T® obnagaroT BICOKOH TEPMUYECKON U
XUMHYECKON CTOMKOCTBIO, TPO3PAYHOCTBIO, BBICOKOM IPOYHOCTHIO HA pacTsikeHue. B 1o xe BpeMs
st ipumenenns B M memOpansl Ha ocHoBe [I9T® TpeOyroT 3HAUUTENLHOTO PACHIUPEHUS €
ruApOPOOHBIX XapakTepUCTHK. OgHUM U3 3PQPEKTUBHBIX METOAOB THAPO(OOHU3AIUU SBISETCS
NPUBUBOYHAS MOJMMEpU3alysi, B ToM uucie miasmenHas (Tyduk u ap., 2002), paauarroHHas
(Coto Dcnmuo3a u ap., 2014) u horonnunuuposanuas (SIar u ap., 2005). F'napodobusupoBanHbie
[IDT® TM ucnonb30BauCh I KOHIICHTpUpoBanus cokoB (I"ancap3 u p., 2015), obecconmBanus
(U.B. KoponskoB u np., 2018a; M.B. KoponpkoB u np., 2018) um mnepepabOTKu KHIKHX
HU3KOAKTUBHBIX pPaguoakTUBHBIX 0TXx010B (KopombkoB u np., 2019; 3moposeny u ap., 2020)
METO0M MEMOpPaHHO! AUCTHIUISIIAN TPSIMOTO KOHTAKTA.

B nanHoit paGote ans moBbIIEHUS THIPO(OOHBIX CBOICTB MOBEPXHOCTHM M BHYTPEHHUX
creHok mop [I9T® TM wucnonb3oBanu (GOTOMHUIIMPOBAHHYIO MPUBUBUYHYIO IMOJUMEPHU3ALIUIO
tpudToKcuBUHUIcHIana (TOBC) ¢ mobaBnenunem N-punminMugazona (BUM) u koBaneHTHOE
cBs3piBanue nepdropaoaeumnrpuxigopcwiana (IIOATC). Meroa KoBaJIeHTHOTO CBS3BIBAHUS
M03BOJIIET MOAU(UIIMPOBATh KaK BHYTPEHHUE CTEHKH IOp, Tak U noepxHocTh [IDT® TM, B TO
BpeMsi Kak MeToJ (POTOMHUIMHUPOBAHHON TPUBHUBOYHOM TMOJMMEpPU3AUUA TMPUBOAUT K
Mo (UKAIH TOJIBKO OBEPXHOCTH U BXoj1a kaHanoB. [lomyueHHbie MeMOpaHbl OB UCIIBITAHBI

B MCM6paHHOI\/JI JAUCTUIIIIAINU JJId OYUCTKU paCTBOPOB NCCTULIUIOB.

2. JKcnepuMeHTAIBHAN YaCTh

2.1. Mamepuanwvi
benzodenon 99% mpomsBoacTtea Sigma Aldrich wucrnonb3oBasu B KauecTBE HWHHUIMATOpPA
NPUBHUBOYHOW mojuMmepu3armu. Jumerundopmamun Owsi1 mpuobperen y Sigma Aldrich u
UCIIONIb30BaH B KAa4yeCTBE pPACTBOPHUTENSI TPH IPUTOTOBICHHH CTaHAApPTHOTO pacTBOpa
KapOeHIa3nuMa. JIuxXiopaTaH Npearnoaragoch HCIOIb30BaTh B KAadyeCTBE PACTBOPUTEINS NPHU
npuUBUTOMN nonuMepu3anuu. Monomepsl, Takue kak TOBC u BUM, koTopblie ObUIH TONOTHUTEIBHO
OYMIICHBI OT CTAOMJIM3aTOPOB MYyTEM MPOIYCKAHHS dYepe3 XpoMarorpadMuecKyr KOJIOHKY C

OKCHUIOM alltoMuHUs, Obun iprobperensl y Sigma Aldrich. O-kcnmon 1onomHUTENTHHO TEPEroOHsITN



nepes MCIoib30BaHueM. B kadecTBe MOIMUIIMPYIONIEr0 areHTa Takxe ucrosb3oBanu 1H, 1H,
2H, 2H-nepdropronemmnrpuxiopcunan  (IIATXC). Kapbennazum uwmcroroir 97%, 2,2-
ounmpu i, xaopu xkenesa (1) u oprodochopryro kucaory momydanu ot Sigma Aldrich. Bo Bcex
SKCTIIEPUMEHTaX HCII0Ib30BajIach AeMOHM3MpoBaHHas Boja (18,2 MOm).

2.2. Ilonyyenue u ynyyuienue 2uopopooHbIX c80LUCmE MemMOpan

[Tonyuenue IIT® TM npoxonuino cienyroumum oopazom. O6pasibl pazmepom 10 x 15 cMm,

npenBapuTeNnbHO oOnydeHHbie Ha yekoputene [L[-60 (Acranunckuii Gunuan UAD) ¢ sneprueit

15+ 2

1,8 Mb>B/ayknon wmonamm S*Kr'®" u ¢moencom nono 1-10% mom/cm?. 3atem MeMOpaHbI
dorocencubunuzupoBanu B TeueHue 30 MHH ¢ O0EMX CTOPOH M 4epe3 ONpPEICICHHOE BpeMs
nojBepranu XxuMudeckoir oopadorke B 2,2 M NaOH ans momyueHusst MeMOpaH € Pa3Iu4HBIM
pa3zMepoM I1op.

Jlns noBwileHus] THAPOPOOHBIX CBOWCTB MeMOpaH OBLTHM PACCMOTPEHBI B CPAaBHEHUU [1BA
MeToa MoauuKkanuu noBepxHoctu. CHavana 6pu1a npoBeaeHa moaudukanus [T TM nyrem
(boToMHIYIIMPOBaHHON PUBUBOYHOM noumepu3anun TOBC. MemOpansi ¢ pazmepom mop d ~ 200
1 300 EM 0OpabaThiBaJIv YIBTPA3BYKOM B BOJC IS yIAICHUS MEIIAIONIUX BEIICCTB C IOBEPXHOCTH
MeMOpaHbl. 3aTeM 00pasilbl MMOMEIIadl B pacTBOp MHHUIMATOpa (OeH30(eHOHA) MO METOMAMKE,
ormucanHoil B [30]. Jlanee oOpa3upl morpyxanu B pacTBop auxiopitaHa u TOBC B nuanazone
koHueHtpanui ot 5 10 30% u BUM (0,3-6,6%). [Tonyuennsiit pactBop o6sydanu noja Y @-nammion
Ultra Vitalux E27 ¢pupmer OSRAM (UVA - 315-400 um - W = 13,6 Br, UVB - 280-315 am - W =
3,0 BTt) B Teuenue 15-160 MuHYT ¢ 06€UX CTOPOH.

Bropoii cnoco6 ruapododuzanuu [I9T® TM nocturaercs BbIMAauMBaHUEM B PACTBOpE

[NOATC B o-kcuiione mpu pa3HOM JIMara3oHe KOHIEHTpamii u BpemeHu (1-24 1). Ilocnme sToro

MeMOpaHbl MPOMBIBAIH U cylmmid. CxeMa MoaupuKkanuy MeMOpaH pecTaBlIeHa Ha puc. 1.
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Pucynok 1 — Cxema mogudukayu [13TO TM



2.3. Xapaxmepu3zayus memopan

Mopdomnoruio MoBepxXHOCTH UCXOIHBIX U MoauduuupoBaHHbix [I19T® TM uccnenosanu ¢
IIOMOIIBI0 CKAHUPYIOLIETO 3JeKTPOHHOT0 Mukpockomna (COM) JSM-7500F (JEOL, Smonwust).

s onpenenenus GyHKIUMOHAIBHBIX rpynm 10 u nocie moaudukanun UK crnekrpsr 6p11u
cusatel ¢ nomortpio MK-ciekrpomerpa Agilent Cary 600 ¢ mpucTaBKol HApYIICHHOTO IOJIHOIO
BHyTpeHHero orpaxenus HIIBO (GladiATR, PIKE). Cnekrpsl 3anuceiBaiiu B auanasose ot 4000
110 400 cm! ¢ paspemenuem 4,0 cm . [ kaxmoro o6pasia ObUI0 H3MepeHo 32 CKaHUPOBAHUS TIPH
KOMHaTHOM Temiiepatype. [Iporpammuoe obecrieuenue Agilent Resolution Pro umcmons3oBanoch
JUTSL aHaJIN3a CIEeKTpa.

Konraktueni yron cmauuBanus (KYC) ucxomupix m moaucpumupoBansubix [I19T® TM
U3MEpSUTH ¢ TIOMOINIbI0 IdpoBoro mukpockorna ¢ 1000-KkpaTHBIM YBEITUYCHHEM METOJIOM
CTaTMYECKOM Karlid MpU KOMHATHOW TemmepaType. M3MepeHus: MpoBOAMINCH B Pa3HBIX TOYKaX
MOJIMMEpa U PACCUUTHIBAJICS CPEAHUI pe3yNbTar.

Kpurnueckoe nasnenue nponukHoBeHus (LEP) u3mepsitu 1uis onpeieneHus MUHUMAJIbHOTO
JIaBJICHUS, HEOOXOIUMOTO JUTSI TIPOXOKICHHS JKUAKOCTH 4epe3 Mopbl THAPOoPOOHONH MEeMOpaHbI.
LEP onenuBanu ¢ ucnosiib30BaHUEM JIEMOHU3UPOBAHHOM BOABI HA O0OPYIOBAHUH ISl U3MEPEHUS
pacxoja BOABI B COOTBETCTBHH C peKOMeHAanusaMu, onucanubiMu B (I"apcus-Ilaiio u mp., 2000).
Oo6paser kpyrioi GopMbl guamMeTpoM 1,25 cM CxKUMAIIA BHYTPU TEPMETHYHO 3aKPBITON KaMepPhl |
MPOBOJIUIIM  MCTBITAHWE BO3JyXOM TMPU TOCTENEHHO Bo3pacTaronieM naBieHud. LEP
PETUCTPUPOBAIIN KaK IaBJIEHUE, COOTBETCTBYIOIIEE TOUKE HAYAJILHOIO IPOXOKACHHS TOTOKA YEpe3
MeMOpaHy ¢ oMol Kanuuisipa guamerpom 0,7 mm. B cootBercTBUu ¢ pekomeHnanuei LEP
JIOJDKEH OBbITh >2,5 Oap 1uis yenerHoro npumenenus npu M1 (Usto u ap., 2017).

2.4. YD-cnexkmpockonuueckoe onpeodenenue kapoeHoasuma

Konnentpanuto kapOenaazuma a0 u mocie MJ[ ananusupoBanu ¢ nomormipio Y O-
CIIEKTPOCKOIUH B YibTpaduosaeToBoit u Buaumoii oonactsx (UV-ViS) B COOTBETCTBHU C METOIOM,
onucanHbiM B (Ilypymoram Haiiny u np., 2011). CHavana roToBwIM CTaHAAPTHBIA pacTBOp
KapOeHgazuma B auMetuiadopmamuae ¢ kKoHueHtpanuend 100 mxr/mi. Jlamee roToBWINM CEepuIo
QIMKBOT 00beMoM 10-60 MKI/MJI M 3ajqMBajid B CTEKISHHYI npoOupky Ha 10 mi. B kaxmyro
npoOupky Takxke nobasmsiy o 1 mia 0,2% 2,2-6unupuauna u 0,2% pacTBopa XJopHa kenes3a
(I). TTonmy4eHHbII pacTBOp HarpeBaK Ha MIMIEPHUHOBOM Oane 15 MunyT npu Temmneparype 100°C,
3aTeM yAAJsUIM U OXJIaXJalIM B X0JoHOoM Boze. [locne oxnaxaeHus K pacTBOpy 100aBIsuid 2 Ml
0,1 1. oprodochopHOii krca0THL. CTEKISHHYIO TPYOKY HAIOJIHSIIA IEMOHU3UPOBAHHOM BOJIOM 10
10 M. Y®-pe3ynbTaThl perucTpupoBain Ha AByXJydeBoM criekrpodoromerpe Specord 200 Plus
(Analytic Jena, I'epmanusi) ¢ HCIHONB30BAaHUEM KBapIIEBBIX KIOBET. [1OJNydeHHBIH OpaHXKEBbI
pacTBOp wu3Mepsiiu Ha crektpodoromerpe mpu 512 M. Pe3ymprarhl ObUIM TOJYYEHBI C

UCIoib30BanueM nporpammuoro ooecnieuenus WInASPECT PLUS.



2.5. Membpannas oucmunnayust

JInst OYMCTKHM BOABI OT PACTBOPEHHOTO B HEW KapOEHIa3uMa MCIOJIB30BAIM MEMOpaHHYIO
JTUCTUJUISIIIMIO MPSIMOTO KOHTAKTa C UCIOIb30BaHHeM MoauduinpoBaHHbIX [I9TD TM. Mexanusm
npouiecca onucaH panee B pabortax (KopomskoB W.B. u gp., 2018a). HcneiThiBasiach
JEMOHU3MPOBAHHAS BOJIA C KOHIIEHTpanuen kapoenaazuma 5-20 mr/im.

[Tpou3BOAUTEILHOCTH PACCUMTHIBAIACH 110 (hOpMYIIe, onrucanHas B padore (JIu u ap., 2018):
_Am 1)
~ AAt

rae J — NpOM3BOAMTENBHOCTH (KI/M?4), Am — Macca BOABI Ha CTOpOHE TepmeaTa (KT) B

J

TeueHnn BpeMerH (4) 1 2 dexTHBHAs miomaas Memopansl A (M2).

3. Pe3yabTaThl U 00Cy:KIeHHE

3.1. Moougurayus [I3TD TM u xapaxmepuzayus

I'unpodobuzamus [ITD TM npoBoauiack n1Byms ciocodbaMu: myteM GOTOMHUITUPOBAHHOM
npuBuBouHON mnonumepuzauuu TOBC u koBanentHoro csizbiBanusa [IDOJTC. Ilepswiii MeTon
MOYET KOHTPOJIMPOBATHCA BPEMEHEM IIPUBUBKH, KOHLIEHTPALIMEX MOHOMEPA, pacCTOsIHUEM 110 Y D-
WMCTOYHHMKA M KOHIIEHTpAIMeil 100aBOK. BbUIO OIICHEHO BIMSHHE STUX IMapaMETPOB Ha CTENEHBb
NPUBUBKUA U TUAPOoGOOHBIE CBOICTBA, U pe3ynbTaThl MpeAcTaBieHbl Ha pucyHke 2. Ilockonbky
TOBC umeer HU3KYIO CKJIOHHOCTh K NMPUBHUBOYHON monuMmepusanuu (Xaskasa u 1p., 1977), B
KauecTBe J00aBKH /i TOBhIIeHUs cTenenu npuBuBku TOBC ucnonszoBanu BUM B nuamazone
koHueHntpanui ot 0,3 1o 3,3% (06./00.). Konnentparuss BUM 3,3 % siBnsieTcss onTUMaIbHON TS
nonyueHus: HambOosee ruaApodoOHOM MeMOpaHbI, JajbHeWIIee yBENTWYEHHE KOHIEHTPALUU
MPUBOJUT K CHUKEHHUIO TUAPOGOOHBIX CBOMCTB, 00YCIOBIEHHOMY THAPO(PHUILHBIMU CBOHCTBAMHU

BIM.
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Pucynok 2 - Crenens npuBuBku TOBC Ha [I9T® TM npu uzmMenenuu BpeMeHu (a) u
KOHIIEHTpanuu MoHomepa (0), pacctosiaust 10 Y @-namnsl (B) 1 KoHneHTpanuu BUM (r)

(nnametp nop ucxogusIx [I3TD TM 200 um)

Ha pucynke 2a mpeacraBiieHa 3aBUCUMOCTh BpeMEHH OOJy4eHUs OT cTeneHu mpuBuBKH. C
yBeIU4YeHUEeM BpeMeHH Y®D-o0iyueHUs] IMOCTENEHHO YBEJIWYMBAETCS M CTENeHb NPUBUBKU.
VYBenuuenue BpeMeHH oOnyueHus Oojee | 4 MpUBOAMIO K TOSIBICHHUIO T'eie00pa3HON MaccChl,
CBUJICTEILCTBYIOIICH O HATMYMHM TOMOIIOJIMMEpa Ha MOBEepXHOCTH MeMmOpaHbl. Ha pucynke 2(0)
IpeJcTaBeHa CTeNeHb NPUBUBKYU B 3aBUCUMOCTH 0T kKoHUeHTpanuu TOBC. Ha rpaduxe xopoio
BUJHO, 4TO NpHu KOoHUEHTpauuu 20% cTeneHb NPUBUBKHM JOCTUTAET MAaKCHUMAaJIbHOTO 3HAUEHUS, a
MOCIEAYIOLIee YBEIUYEHHE KOHUEHTPAalUMU NPUBOAUT K CHIKEHUIO CTENeHW NpuBHMBKU. Ha
pucyHke 2(B) TOKa3aHO BJIMSHHWE CTENEHW IPUBHBKH HA pAcCTOSHHE OO0 HCTOUHWKa YD
(xonuentpauun TOBC 20% u BUM 3,3% npu Bpemenn obaydenus 1 4). CTOUT OTMETUTH, UTO
YBEJIMYEHHUE PACCTOSHUS OT UcTOUHMKA YD 710 0Opa3iia NpuBOIUT K OBICTPOMY CHIIKEHHIO CTETIEHU
NpUBUBKU. B TO e BpeMs paccTossHuE B 5 CM MNPUBOAMIO K OOpa3OBAaHUIO Teys U APYTUX
3arpsA3HECHHUI.

Takum o0pa3zom, ObLIM HalJeHbl HauOoJee MOAXOAIINE MapaMeTpsl Uil MOAU(UKALUT
[I9T® TM: xonuentpauus TOBC 20 % npu xonuentpaunun BUM 3,3 %, paccrostaue no Y P-
ucrounuka — 10 cm, Bpems obOnyuenuss — 60 muH. ['mapodoOusupoBanubie [I9TO TM
aHaJIM3upOBaIH 1Mo kpaeBomy yriny cmauuBanus (KYC). Usmepenus KYC npoBoaniuch U3 pasHbix
MecT 00pa3iia M paccuuThIBasIoCh cpeniHee 3HaueHue. [lpu atom KYC 3HaunTensHo yBeInunuBaeTcst

¢ 58° mng ucxogdpix [I1DT® TM no 89° ning [IDTD TM-TOBC.



Bropoii Mmeton Mmonudukanuu ocHoBaH Ha BeiMaunBanuu [I19T® TM B pactBope I[1DO/ITC B
o-kcunone. [lpunmun B3aumopeiictBus [IDJTC ¢ 0-KCUIOIOM 3aKIIOYAaETCd B BBICOKOM
ruaponusytoniet  cnocobHoctu  cBsizu Si-Cl, crmocoOHOW JIerKO  B3aMMOJEHCTBOBATH €
noBepxHocThio [IDTO TM.

Ha puc. 3a nokazana 3aBucumocts KoHUeHTparuu [IOATC ot Benuunnsl KYC. Kak BugHO,
IpU oNTUMaIbHOW KOoHIeHTpanuu MoHoMepa 20 MM KYC nocturaetr MakcUMaabHOTO 3HAYEHHUS.
JlanpHelinee yBelnMUEHUE KOHILIEHTpAlMM HE NPUBOIUT K cyllecTBeHHOMY u3MeHeHnto KVYC.
Paccmotpena 3aBucuMocTh BpeMeHH BeiMaunBaHus oT 3HaueHuss KYC. Pe3ynpTaThel HOKa3aHbl Ha
pucynke 36. HauGonbmoe 3nauenue KYC (134°) 6buto nocturnyro uepes3 24 yaca. JlanbHeiiee

YBEJIUYCHUE BPEMEHU CYIIIECTBEHHO HEe MOBIUsI0 Ha Bennuuny KYC.
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Pucynok 3 - 3aBucHMOCTB KpaeBoTO yria cMaunBaHus MogauduuupoBanHoi [I19TD TM npu

paznuunoil koHuenTpauuu [IOATXC (a) u Bpemenu peakuuu (0)

I'uppododuzuposannsie [I13TD TM ananuzuposanu merogamu COM, UK-cnekTpockonuu u

HCIIBITAHUA Ha Ta30IPOHULIAEMOCTD. PGSYJ'IBTaTBI MpEaACTAaBJICHEI HA PUCYHKAX 4us.

Pucynok 4 — Mukpogortorpadpun COM nosepxHocTH ucxoanoit [I3TD TM (a),
[I9TP-g-TOBC (6), [IPT® TM — [IOATXC (B)

Muxkpodororpapun COM MNOBEPXHOCTH HCXOMHBIX M MoaupuuupoBaHHbix [19TO TM

npencTaBieHbl Ha pucyHke 3. Moaudukamus [19TO TM npuBena K yMEHbBIIICHHIO pa3Mepa Top ¢



22048 mirst ucxomueix [I9TD TM no 216+4 am gua [I9TD TM-TOBC u no 174 £ 4 um gus [IDTD
™ — [IOATC. YMeHblIeHHE pa3Mepa MOop CBA3aHO C 00pa30BaHUEM IOJIMMEPOB BHYTPH TIOP.
Taxke crnemyer oTMeTHTh, uTOo Moaubpukamus TOBC ¢ mnomompio Y@D-npuBUBOYHON
MoJIMMEpHU3aly MpuBeiIa K MOAU(UKAIMKU TOJBKO BEpXHEW MOBEPXHOCTH MU BXOJa KaHAJIOB,
OCKOJIBbKY ucnoab3ytoTcs [I9T® TM ¢ manbiv pazmepom nop (200-300 HM), Y D-cBET HE MOXKET
IPOHUKAaTh BHYTpU mop. B TO Bpems kak koBaseHTHoe cBsizbiBaHue [IDATC mnpuseno k
Moau(UKAIMK KaK BepXHEW MOBEPXHOCTH, TaK U BHYTPEHHUX CTEHOK MOp MeMOpaH, MOCKOJIBKY

pacTBOp MOXKET JICTKO ITPOHUKATh B ITOPHI.
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Pucynok 5 — UK cniektpsl ucxoguoit [I19T® TM (1), IIDTO TM-TIOATXC (2), [IDTD TM-
TOBC(3)

s o6HapyxeHus u noaTBepkaeHus konedanuil xumudeckux rpynn [IOATXC u TOBC B
MonupuuupoBanubix I[I9T® TM O6pa mnposeneHa WK-cnektpockonus. Ha pucynke 5
u3o0paxxensl K-cniektpsl ucxonHoit n moaudunupoBannoit [I9T® TM. Kak BuaHo, nmpuBHBKa
TPBC npuBena K HOABJICHUIO HOBBIX THKOB TIpx 1260, 1100-1000 u 801 cm™, koTopsle oTHOCATCS
k xonebanusm rpymmn Si-CH3 u Si-O-Si cooTBeTcTBeHHO. Kpome TOTO, TOJOCH TOTIIOMEHHS C

HI3KOW HMHTEHCHMBHOCTHIO mpu 1649, 1497 m 1085 cm™

00yCIIOBJIEHBI Je(OPMAIITOHHBIMU
konebanusmu rpymnn C=C u C-N, otHocsmuecs kK BUM.

Kosanentnoe cBsspiBanue 1O/ TXC npueno k nossieHuo HOBbIX NUKOB mpu 1060, 1127
cMl, a TakKe MMKOB HU3KOH MHTEHCHBHOCTH TIpH 577, 602 1 628 cm™, cootBercTByronmx caszu C-
F.

MemOpansl ¢ auamerpoM nop ~200 HM ruapodoOH30BaIN MPH ONTUMANIBHBIX MapaMeTpax

JBYMsI crioco0aMu. AHaITU3 KpUTHYECKOTO NaBieHus npoHukHoBenus (LEP) (tabnuua 1) nokasan,



4yTo ruApododu3npoBaHHbIe MeMOpaHbl ¢ pazmepoMm 200 HM MOryT Hcnosb3oBaThest B M/ mo
pekomenaanuu (Ditkunac u ap., 2017). I'mapododusuposannsie [19T® TM umeror LEP >0,43
Mlla, B To Bpems kak LEP memOpan ¢ pazmepom mop 300 um HemoctatoueH s M/I. Tloatomy
HOCJICAYIONINE JKCIIEPUMEHTHl MPOBOAMINCH C THAPOo(GOOM3NpOBaHHBIME MeMOpaHaMu C

nuamerpom mop 200 Hm.

Tabmuna 1 — Xapakrepuctuka [I9T® TM o u nocne Mmoaudukanum

KYC, Doboexrupnbiii  Junamerp mop [Si],% [F1,% LEP,
O6paszen ° JIaMeTp TIop, (COM), am (>OA (BOA MIIa
+4° HM aHajm3) aHaJIn3)

[I9T® TM ucx. 58 198+5 220+8 - - 0.12

II9T® TM-TOBC 89 16748 216+3 15 - >0.43

[I2T® TM- 148+6 17444 2.2 11.46 >0.43
MIOTC 134

[IOT® TM ucx. 55 302+8 310+15 - - 0.015

[I9T® TM-TOBC 85 287+10 292+20 1.7 - 0.04

3T TM- 274+12 285+18 2.3 13.51 0.04
MIOTC Lo

3.2. Ouucmka 800b1 om Kapoenoazuma mMemoooM MemoOpPaHHOU OUCULIAYUU

I'mapododusupoBannbie [I9TO® TM ¢ auamerpom mop d ~ 200 HM HpU ONTUMATBHBIX
yermoBusix (20 MM TIOATXC B teuenue 24 4 m kounentpanus TOBC 20%, BUM - 3,3%,
paccrosiHue 10 uctrounuka Y ®-uznydenus — 10 cMm B TedeHue 60 MUH) UCTIBITHIBAIN [T OUUCTKH
BOJIbI OT KapOeHAa31uMa ¢ IIOMOLIbI0 MEMOPaHHOM TUCTHIUIALIUY.

Memb6pannyto auctuiuisinyio (M/]) npoBoanian ¢ UConb30BaHUEM pacTBOpa KapOeHaa3uma
¢ koHuenrpanuen 5, 10, 20 mr/n. U3-3a HU3KON pacTBOpUMOCTH KapOeH1a3uMa B BOJIE PaCTBOP
cnerka noakucasuin HCl. B xone skcmepuMeHnTta kakaplii yac otoupamu S0 Mi1 mpoObl st
oOHapy>KeHHs CIeJ0B KapOeHaa3numa.

Ha puc. 6 nmoka3aHbl IPOM3BOIUTENHLHOCTh IPU Pa3IMYHBIX KOHLIEHTPALMIX KapOeHaa3numa.
[IPT® TM-MIOATXC mokaszamd HPOM3BOAMTENBHOCTh 158+50 r/M%u, 214 r/mM*u mpm
KOHIIEHTpaIuu kKapOeHaazuma S5 mr/m, 142 r/m2q u 119 r/M% 4 s koHueHntpanuu 10 mr/m u 20
MI/J1 COOTBETCTBEHHO. JTO MOXHO OOBSCHHUTH JIByMs (paKTOpaMu: MOBBIIIEHHEM MapLUUAIBHOTO
JIaBJICHUS] M BSA3KOCTH MCXOJHOTO pacTBOpa M 3arpsizHeHreM MemOpansl (I'onzanes u np., 2017,
Xaiter, 2011). TIDT® TM-TOBC noka3an MeHbIINE 3HAYCHUS MPOU3BOIUTEIHHOCTH: CpEIHEe
3HayeHWe cocTaBmiao 119+15 r/m?4. DddexrusHocts MJl ompenensmu ¢ momompo Yd-
cnektpockonuu o merony (Ilypymortam Haitnmy u ap., 2011). Konnenrpamuio kapOeHma3nma
u3Mepsin npu 512 M. Okasanioch, 4TO KOHIEHTpauus KapOeHJa3uMa BO BCEX CIIydasiX HUXKe

npeaenoB ooHapyxerus (100 Mkr/im) Bo Bcex mpobax.



Ha ocHOBaHuM moMydeHHBIX pe3yabTaToB MeTonbl ruapododusanuu [19TD TM nokazanu
xopouryto  3¢dexTuBHOCTb. Hambonee mnpeArnodTUTENbHBIM —THIIOM — MOAW(UKALKU TS
MeMOpanHo auctwuanuu sBisercsa [I9TO TM-TIIOATXC, uyto oOyciIOBIEHO €€ MPOCTOTOM,

BBICOKOH IMPOU3BOJUTCIIbHOCTBIO U 3(1)(1)6KTI/IBHOCTBI-O.
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Pucynok 6 — [Ipon3BoauTeNbHOCTh IEpMEaTa ¢ UCIOJIb30BAHUEM MOIU(PUIIMPOBAHHBIX
[I2T® TM, nonyuyeHHBIMU Pa3IMYHBIMH CIIOCOOAMHU MPU KOHIIEHTpaIuu kapOeHaazuma 5, 10 u
20 mr/x

BriBoabI

B nanHoMm mccnenoBaHuu Oblia M3y4eHa CrOCOOHOCTH MoauduipoBanubix [I19TD TM B
OUMCTKE BOJABI OT mectunuaa (kapoenmasuma). ['mapododbusupoBanusie [T TM Obutn
MOJIy4eHBI TyTeM NpuBUBOYHOM nonuMepusauu TOBC u koBanentHoro cBsi3biBanus [IOATXC.
N3yuensl pa3nuyHbie XapaKTePUCTUKH MOIUMUIIUPYIONINX areHTOB Ha cTeneHb npuBuBkU u KYC.
boimn uzrorosiensr MmemOpansl ¢ KYC 134 u 89° u LEP >0,43 MIla, kotopsie B najgbHEHIIEM
WCIIONB30BAIKNCHh M OYMCTKA pacTBOpa NECTHIMIA METOJOM MeMOpaHHOW IUCTHILISIUH.
MakcuManbHbIi MOTOK mepMeata 214 r/M?4 GbLT JOCTUTHYT TpH HcHONb30BaHuK 11TD TM-
[MOATXC. Konuenrtpauus kapoeHia3uma B pactBope nepmeara He npesbimana 100 mxr/n. Takum
o0pa3oM, Takue MeTo bl Tuapododu3a MeMOpaH MOTYT OBITh UCIIOJIB30BaHBI B Tiporiecce M/I
JUIs1 OYMCTKH BOJIBI OT MECTULIU]IOB.
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Pabora BhImoNiHEHa B pamKax Hpoekta MuHucTepcTBa o0pa3zoBaHus U Hayku PecrnyOnmuku
Kazaxctan «[lonyueHne TpeKOBBIX MeMOpaH C 3aJlaHHBIMA CBOWCTBAMH JJIi MeMOpaHHOM
TUCTHIUISIMH U TIpsiMoro ocMmocay (rpant Ne AP05132110).

OT uMeHHU BceX aBTOPOB COOTBETCTBYIOIIMN aBTOP 3asBIsSET 00 OTCYTCTBUM KOH(IMKTa
WHTEPECOB.
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