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MULTIFUNCTIONAL NANOCOMPOSITES AS HIGHLY EFFICIENT SORBENTS FOR
PURIFICATION OF TECHNOGENICALLY POLLUTED WATERS

The article is devoted to the development of nanosized sorbents for the removal of cesium and strontium, as well as heavy metal ions
simultaneously present in a multicomponent two-phase solution containing complexing agents and surfactants. Magnetically sensitive
nanosorbents are currently considered promising since the influence of external fields can improve the performance of the developed
sorbents. To create magnetically sensitive nanoparticles and composites based on them, we used carbon-coated nanoparticles of
metals in a composition with montmorillonite. The scanning electron microscopy revealed that the use of electric hydraulic discharge
to increase the efficiency of sorbents had not led to a positive result because the high voltage electric pulse passage through the
aqueous dispersion causes the carbon shell disintegration, while the metal nanoparticles form aggregates as a result of the partial
melting. The use of the pulsed magnetic field in the synthesis of a nanosized composite based on montmorillonite and magnetite is
explained by the influence of the magnetic field on the particle size. It has been ascertained that the size of the nanoparticles changes
depending on the duration of the magnetic field interaction with the aqueous dispersion. At the beginning the particle size slightly
decreases, and then it increases. The obtained nanosized composite allows to remove cesium — 80%, strontium — 90%, iron — 99%,
cobalt — 97%, and manganese — 98% from a multicomponent two-phase solution containing simultaneously cesium, strontium, cobalt,
manganese, iron and organic substances, including surfactants and complexing agents. The results of the research allow us to
recommend using nanosized magnetically sensitive composite based on magnetite and montmorillonite for the purification of
multicomponent technogenically polluted waters.

Keywords: nanocomposite, magnetically sensitive sorbent, sorption, montmorillonite, technogenically polluted waters, radionuclides,
heavy metals.

Introduction. In recent years as a result of development
of new materials, improvement of research methods and
progress in technology, nanomaterials have attracted
considerable attention from researchers [1, 2]. Creation
of nanocomposite materials allowing solving the prob-
lem of stabilization of nanoparticles and having good
performance and chemical-analytical characteristics
seems promising from the scientific viewpoint.
Nanometer size and the transition from a massive
solid body with a zonal structure to individual electronic
levels cause the emergence of new physical properties:
optical, electronic, magnetic, mechanical, and thermal
[1, 3]. Nanoparticles show the so-called dimensional
effects in the reactions involving them, if the parameters
of their structural elements are proportionate to the cor-
relation radius of a chemical or physical phenomenon in
one direction at least [4]. Nanoparticles have excess

energy compared to homogeneous materials because a
significant number of atoms is on the surface [5]. The
development of nanoparticle-based composite materials
contribute not only to the increase of chemical activity
but also to the emergence of multifunctionality in com-
parison with their components.

Nanocomposites are used to increase the properties
of nanoparticles. The nature of the nanoparticle influ-
ence on the properties of composite nanomaterials and
their use depends significantly on the medium where the
nanoparticles disperse (the type of matrix).

Irrespective of their origin the composite materials
are the result of a three-dimensional combination of
heterogeneous components. One of the components
forms a matrix (binder), the other (filler) has high
strength and/or certain functional properties. At the
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same time, the composite materials have properties that
are not inherent for the individual components.

The best results were achieved in obtaining nano-
composites by using sol-gel technology [6]. This tech-
nology is based on the reaction of hydrolysis of molecu-
lar chemical precursor materials, forming nanosized
particles dispersed in the dispersion medium (“sol”).
Polycondensation of the sol particles results in for-
mation of nanoparticle clusters that generate a three-
dimensional matrix which is called a “gel” and contains
dispersion medium molecules in its pores. Further evap-
oration of the solvent allows obtaining a light solid with
a developed inner surface, the so-called “aerogel” or
“xerogel”. Sol-gel synthesis is carried out at relatively
low temperatures and allows obtaining materials that are
homogeneous in structure and properties, and also
makes it possible to include composition particles of
different nature. To increase the efficiency of the extrac-
tion of heavy metals and radionuclides in the presence
of organic and inorganic compounds, various methods
of natural and synthetic material modification are used.
Earlier we proposed a method for the synthesis of a
nanocomposite sorbent for the removal of heavy metals
and radionuclides from technogenically contaminated
water [7, 8]. Natural highly dispersed layered alumino-
silicates (smectites and hydromicas), frame aluminosili-
cates, natural and synthetic zeolites are widely used to
develop such composite sorbents.

The principal mechanism of the sorption of radionu-
clides and heavy metals from aqueous solutions by clay
minerals is the ion exchange between the dispersion
medium and the surface of the sorbents [9, 10].

The composites based on humic substances and clay
minerals are proposed to increase the adsorption capaci-
ty of clay mineral nanoparticles [11, 12]. The disad-
vantage of these composites is a high sensitivity to the
composition and acidity of the treated water. So, they
are not effective enough as sorbents for purification of
tecnogenically contaminated water.

Nowadays the development of nanosorbents based
on magnetically sensitive materials is a challenging
problem [13]. The properties and fields of application of
metal-containing nanocomposites which include metal-
carbon sorbents and sorbents based on metal oxides are
widely studied in many countries [14, 15]. This interest
in nanostructured materials, which include nanoparticles
of ferromagnetic metals and alloys, is caused by their
specific magnetic properties.

The effect of metal-carbon nanocomposites on dif-
ferent media and composite materials is determined by
the properties of the metal-carbon nanocomposite. The
main properties of nanocomposites depend on the fol-
lowing parameters [14]:

1) the chemical composition and structure of nano-
composite;
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2) the size and shape of the particles;

3) the presence and number of electrons in the met-
al-containing phase and the carbon shell.

In a metal-carbon nanocomposite, the metal particle
interacts with the carbon component, while the metal-
containing clusters do not interact chemically with car-
bon and do not form valence bonds. As a result of the
association of the metallic and carbon components, the
charges are redistributed in the nanostructure [14].

In addition to iron and its alloys, magnetite-based
sorbents have become widespread as a magnetic matrix
[15]. The use of magnetites is determined by the relative
simplicity of their synthesis, the ability to control the
size of nanoparticles by varying the physicochemical
conditions of the synthesis, and the influence of differ-
ent fields [16].

The aim of the study

The aim of the work was the development of a high-
ly efficient multifunctional ~montmorillonite-based
nanocomposite for heavy metal and radionuclide extrac-
tion from aqueous solutions.

Materials and methods

In our experiments, we used montmorillonite isolat-
ed by the standard sedimentation method from the ben-
tonite clay of the Cherkasy deposit of bentonite and
palygorskite clays (Ukraine). The chemical composition
of montmorillonite (according to the results of classical
chemical silicate analysis) is the following (in percent):
SiO; - 59.92; Al,O3 — 14.78; TiO, — 0.75, Fe,O3 — 6.95,
FeO - 0.07, MnO - 0.08, MgO - 2.26, CaO — 1.73;
Nazo - 0.35, Kzo - 0.23; 803 - 0.15, PzOs - 0.05, loss-
es during calcination — 8.42, total — 100, adsorption wa-
ter — 10.67. The monominerality of the sample was con-
firmed by X-ray diffractometry and IR spectroscopy
[17].

A laser sedimentgraph Mastersizer 2000 with a lig-
uid dispersion module HydroS (Malvern Instruments,
UK) was used for a detailed analysis of the particle size
distribution of the montmorillonite samples.

We also used a metal-carbon nanosorbent (manufac-
tured in Zaporizhzhia). Studies of the metal-carbon na-
nosorbent were performed by thermography and scan-
ning electron microscopy (SEM) — by a JEOL JSM-
6490LV scanning electron microscope (JEOL Ltd., Ja-
pan).

In our studies, we used an aqueous dispersion of
magnetite nanoparticles obtained by the Massart method
[18]. FesO4 was precipitated in an aqueous medium by
adding ammonia to the solution of ferrous and ferric
chloride mixture in a ratio of 1: 2.

To study the sorption capacity of sorbents, the fol-
lowing model solutions were prepared: P-1 — aqueous
solution of salts containing cesium, strontium, cobalt,
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copper, manganese cations (the concentration of each
cation — 10 mg/dm3) and P-2 containing cesium — 10
mg/dm3, strontium — 10 mg/dm3, cobalt — 5 mg/dm3,
copper, manganese, and iron — 2.5 mg/dm3, the organic
substances (including complexing agents and surfac-
tants (nonionic and anionic) amounted to 0.64 g/dms3
and inorganic substances — 2.89 g/dmg.

The sorption was performed according to standard
methods. A calculated amount of purified liquid was
poured in a container equipped with a stirrer, and a tem-
perature and pH control system (pH 8.5 — 9.5), then a
sorbent was added under rapid agitation. After sorption
being completed, the solid and liquid phases were sepa-
rated. The content of pollutants was determined in the
liquid phase.

The cesium, strontium, cobalt, copper, manganese,
iron cation content was determination by the atomic
absorption spectrophotometer, model AA-8500 (Nippon
Jarrell-Ash Co., Ltd., Kyoto, Japan).

Plasma-chemical equipment was used to increase the
activity of sorbents [19]. During the operation of the
equipment, a high-voltage discharge (10-70 kV) is
formed. It generates a discharge wave in water, causing
an electro hydraulic effect (electric hydraulic discharge)
characterized by 10*-10° kg/cm2 and medium elastic
oscillations (~ 100 Hz).

We used the setup to generate a pulsed magnetic
field (PMF) scheme, the parameters of which are given
in [20].

To study the PMF effect on the particle size, we
used ferric hydroxide colloid obtained by hydrolysis of
ferric (111) chloride in hot water.
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Results and discussion

The study of the physicochemical properties of the
metal-carbon nanosorbent showed the presence of a
magnetic core consisting of an alloy of metals and metal
oxides covered with a carbon layer. According to the
results of thermographic studies, the carbon content in
the initial nanosorbent sample was 70 — 75%, that of
iron 9 — 20%, and oxides 5 — 21%.

The results of metal-carbon nanosorbent study by
scanning electron microscopy are presented in Fig. 1 (a
-d).

It was found that the magnetically sensitive core of
the nanosorbent consists of metallic iron doped with
manganese, cobalt, nickel (less than 2% in total), and
iron oxide. Analysis of the SEM data suggests that the
size of individual particles (non-aggregated) is 1.5 um
for the metal phase and 1.4 um for the oxide form.

To activate the sorbent, we used electric hydraulic
discharge in an aqueous medium [19]. The studies have
shown that after electric hydraulic discharge there was a
phenomenon of aggregation due to the melting of indi-
vidual nanoparticles as a result of electric hydraulic
pulse: for the metal phase, the particle size increases to
3.3 um, and for the oxidized form — up to 2.6 pum,
however, there is the partial disintegration of carbon
shell and carbon release in a separate phase (Fig. 2 (a —

b)).

Fig. 1. Electron microscopic images of
the surface of the initial sample of
metal-carbon nanosorbent (a — d)

Puc.
300pakeHHs

1. EnexTpoHHO-MIKpOCKOIIYHI
MOBEpXHI  BUXIJAHOTO
3pa3Ky MeTaJIo-BYIJIEL[EBOTO HAaHOCOP-

Genry (a— d)
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Plasma chemical treatment of the aqueous dispersion
of the sorbent is accompanied by a change in the chemi-
cal composition of the metal phase, a decrease in the
amount of metallic iron, and an increase in the amount
of oxides. The passage of the electric pulse through a
layer of water is accompanied by electric hydraulic dis-
charge and increase in local temperature that led to the
redox process, resulting in the formation of free radicals
OHe and He, as well as molecules of oxygen and ozone.

To study the sorption of cesium, strontium, copper,
cobalt and manganese simultaneously present in the
solution P-1, the initial metal-carbon nanosorbent was
added to the model solution, stirred for one hour and
kept for 24 hours at a temperature of 20 + 2 °C. The
effect of electric hydraulic discharge on the sorption
process in the mixture of model solution (P-1) and na-
nosorbent was studied. The results are shown in Fig. 3.

The analysis of the obtained data shows that electric
hydraulic discharge has almost no effect on the sorption
of copper, improves slightly the sorption of cesium,
reduces the sorption of cobalt by half, while manganese
and strontium are almost not sorbed under these condi-

Sorbent

metal-carbon nanosorbent
metal-carbon nanosorbent
after electric hydraulic
discharge

ECs LSr ECo JCu EMn

Fig. 2. Electron microscopic images of
the surface of the sample of metal-
carbon nanosorbent after electric hy-
draulic discharge (a — b)

Puc.
300paKeHHs [TOBEPXHI 3pa3Ky METao-

2. EnexTpoHHO-MIKpOCKOIIYHI

BYIJICLIEBOIO  HAHOCOPOCHTY  micis
CJIEKTPOTIAPOPO3PSAHOI 00pOOKH (8 —

b)

tions. We believe that the decrease in the sorption ac-
tivity of the sorbent is due to the inactivation of its sur-
face as a result of electro-discharge treatment. It is asso-
ciated with the disintegration of the carbon component
and the melting of individual microparticles into aggre-
gates.

We investigated the effect of electric hydraulic dis-
charge on the physicochemical and sorption properties
of montmorillonite.

The particle size distribution of the samples is pre-
sented in the Table 1.

The above data suggest that the share of highly dis-
persed fraction increases due to the disintegration of
aggregates (size 0.1 mm or more) under the electric
hydraulic discharge effect. Long-term influence of the
electric hydraulic discharge (more than 60 min) de-
creases the proportion of highly dispersed nanoparticles
(fraction less than 0.001 mm) due to their aggregation.

Fig. 4 shows the changes in the distribution of parti-
cles by volume depending on the duration of electric
hydraulic discharge.

Fig. 3. The results of the sorption of metal
ions by metal-carbon nanosorbent after
electric hydraulic discharge in comparison
with the initial sample

The degree
of extraction,%

Puc. 3. Pesynpratu cop6uii ioHIB MeTaliB
METaJIO-BYIJICLIEBUM HAHOCOPOEHTOM ITiCIIs
CJICKTPOTiAPOPO3PSIAHOT 00po0OKH y
MOPIBHSHHI 3 BUXITHUM 3pa3KkoM
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Table 1. The particle size distribution of montmorillonite samples before and after electric hydraulic discharge
Taou. 1. ['panynoMeTprudHHA CKIIa]] 3pa3KiB MOHTMOPHIIOHITY [0 1 MiCJIsl €IEKTPOriAPOPO3psAHOi 00poOKU

N Samol Fractions, mm
° ampre <0.001 0.001-0.01 | 001-01 >0.1
1. N_1 (initial sample) 20.26 13.46 62.70 3.58
2. N_2 (30 minute treatment) 26.71 23.44 49.80 0.05
3. N_3 (60 minute treatment) 28.90 271.74 43.36 0.00
4, N_4 (90 minute treatment) 26.18 28.21 45,55 0.06
£ Pattide Size Distibution
5 H_3 N2
?;E'f 4 H-d H_1
= 3
=
2 2
1
%. 01 01 1 10 100 1000 3000

Farfide Size (pm)

Fig. 4. Differential curves of particle distribution

N_1 (initial sample); N_2 (30 minute treatment): N_3 (60 minute treatment); N_4 (90 minute treatment)

Puc. 4. [ludepenuiiini KpyuBi po3noainy 4aCTHHOK

N_1 (Buxigunii 3pa3ok); N_2 (o6po6ka 30 xB.): N_3 (06pobka 60 xB.); N_4 (06pobka 90 xB.)

The analysis of the obtained data showed that the in-
crease in the sample dispersion was due to the disinte-
gration of the aggregates within 30 — 60 minutes.

The sorption of cesium, strontium, cobalt, copper
and manganese cations from the P-1 solution by activat-
ed and nonactivated montmorillonite was performed
according to the above method. The results are present-
ed in Fig. 5. The analysis of the given data indicates that
the application of electric hydraulic discharge practical-
ly does not improve the sorption properties of montmo-
rillonite.

Considering the positive and negative properties of
metal-carbon nanosorbent and montmorillonite, it is
reasonable to recommend the montmorillonite-based
sorbent with the metal-carbon nanosorbent additive (5:
1) to purify contaminated water.

Our experiments showed that this sorbent removes
cesium — 77.9%, strontium — 95.2, cobalt, manganese,
copper — more than 99% from the solution P-1 (Fig. 6).

The presence of metal-carbon nanosorbent in the
mixture with montmorillonite is seen to increase signifi-
cantly the sorption of cations of strontium (almost
twice), manganese (one third) and cobalt (17%) by
montmorillonite. However, we failed to increase the

degree of cesium removal, which remained at the same
level (about 80%).

The treated water is usually multicomponent and, as
a rule, two-phase. In such cases, the use of the proposed
sorbent is not effective enough because the colloidal
phase is present. The precipitation of the colloidal phase
in such multicomponent systems should be carried out
by heterocoagulation that is achieved by adding nano-
particles with a charge opposite to the charge of the
colloid in the technogenically contaminated water to the
system.

The presence of surfactants and complexing agents
in the nuclear power plants’ drains causes the formation
of complex colloidal particles with a negative zeta po-
tential. For their precipitation, we recommend to use the
process of heterocoagulation by positively charged na-
noparticles [8].

Aqueous dispersions containing iron oxides and hy-
droxides or their complexes (nanocomposites) with dis-
persed clay mineral particles (montmorillonite, hydrom-
ica) can be recommended as the precipitators [8].

To increase the degree of the extraction of toxic pol-
lutants, the synthesis of such nanocomposites should be
carried out in a pulsed magnetic field.
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A magnetic field was found to enhance the particle
aggregation processes in the aqueous dispersion. The
particles lose kinetic stability and precipitate [21]. Our
studies of the PMF effect on iron hydroxide colloid
showed that under the PMF influence the particle size
(Table 2) and the kinetic stability of the colloidal solu-
tion change.

The size of the colloidal particles increases slightly
under the PMF influence during 1 min. An increase in
the duration of the PMF effect on the solution up to 2-
3 minutes leads to a decrease in the colloidal particle

Sorbent

montmorillonite
montmorillonite after
electric hydraulic discharge

HCs BSr ECo =Cu EMn

Cs
Sorbent

montmorillonite

montmorillonite +metal-
carbon nanosorbent (5:1)

ECs LJSr ECo =Cu EMn

size. This is associated with the self-organization pro-
cesses in a diffuse ionic atmosphere. The colloid treat-
ment with PMF for 5 minutes and more leads to an in-
crease in the size of colloidal particles due to an in-
crease in field energy and, accordingly, the diffuse ionic
atmosphere loosening. Additionally, PMF promotes the
dispersion of clay particle aggregates to smaller parti-
cles and increase in their hydrophilicity [20].

Fig. 5. The results of the sorption of met-
al ions by montmorillonite after electric
hydraulic discharge compared to the ini-
tial sample

The degree
of extraction,%

Puc. 5. PesynbraTi copOLil ioHiB MeTaliB
MOHTMOPHJIOHITOM TICISI €JIEKTPOTiAPO-
po3psaHoi 00pOOKHM Yy MOpIBHSHHI 3

BI/IXiIIHPIM 3pa3koM

Fig. 6. The results of the sorption of metal
ions by the mixture of montmorillonite
with metal-carbon nanosorbent (5: 1) in
comparison with montmorillonite

The degree
of extraction,%

Puc. 6. PesynpraTu cop6uii ioHiB MeTasiB
CYMIIIIII0 MOHTMOPHJIOHITY 3 MeTalo-
ByrieneBuM  HaHocopbenrom  (5:1) y
MOPIBHSHHI 3 MOHTMOPHIIOHITOM
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Table 2. Dependence of the particle radius of the dispersed phase of iron hydroxide colloid on the duration of the pulsed magnet-

ic field effect

Taou. 2. 3aneKHICTh pajiyca YaCTHHKHU JUCHEepCHOi a3y KOJOiAy riIpoKcuIy 3aiti3a BiJl TPHBAIOCTI BIUTUBY iMITYJIbCHOTO Mar-

HITHOTO IIO0JIS

o . Minutes
Initial colloid Fe(OH)s
Duration of PMF effect, min. (0 min.) 1 2 3 5
Radius, nm 11.55+0.06 11.96+0.07 | 11.85+0.04 | 11.58+0.04 | 11.94+0.05

The dispersion of clay microaggregates on a nano-
crystal promotes the opening of new hydrophilic ad-
sorption centers, and, as a consequence, increases the
affinity of such nanocrystals to positively charged parti-
cles. To obtain a magnetosensitive bimineral nanocom-
posite, the magnetite nanocolloid with zero or positive
surface charge can be used, which is synthesized in a
clay dispersion medium from the solution of ferrous and
ferric salts at a ratio of 2:3 and at pH ~ 9. Ammonium
hydroxide solution is used to adjust the pH. The ob-
tained magnetite nanoparticles interact with negatively
charged nanocrystals of clay minerals resulting in a sili-
cate-magnetite nanocomposite formation.

The study of the sorption properties of the obtained
nanocomposite showed that cesium, strontium, iron,
cobalt, manganese ions are removed from aqueous solu-
tions effectively.

We suggest the following method of the nanocom-
posite synthesis and the extraction of pollutants from
technogenically contaminated solutions:

The P-2 solution and montmorillonite are introduced
into the working area (volume V = 1000 ml) of a spe-
cially designed reactor equipped with a thermostat, stir-
rer, glass, silver chloride electrodes and a set of induc-
tion coils. After being mixed for 30 minutes the mixture
is left to swell for 5 - 10 hours, after that the mixture is
stirred and subjected to PMF for 5 minutes. Then the pH
of the solution is adjusted to ~ 9 with ammonium hy-
droxide solution. The calculated amount of 10% solu-
tion of the ferrous and ferric salt mixture in a ratio of
2:3 is added slowly to obtain a stable bimineral nano-
composite. In the precipitation process, additional acti-
vation is performed to reduce the size of magnetite par-
ticles that precipitate on the surface of nanocrystals of
silicates.

The analysis of the purified solution after the separa-
tion of the solid phase showed that cesium — 80%, stron-
tium — 90%, iron — 99%, cobalt — 97%, manganese (I1) —
98% were removed from the P-2 solution.

The method can also be used for the treatment of
domestic wastewater containing, in addition to heavy
metals, a large amount of organic matter, both in the
colloidal and aqueous phases.

The use of the above method for cleaning the Kyiv
landfill filtrates showed that the treatment of the filtrate
with bimineral nanocomposite allowed to reduce the
chemical oxygen demand (COD) from 2500 — 2700
mgO/dm? to below 500 mgO/dm?,

Conclusions

1.  The method for obtaining a complex nanosized
composite based on montmorillonite and magnetically
sensitive sorbents is proposed, which allows us to re-
move cesium, strontium, and heavy metals (iron, nickel,
cobalt, manganese, copper, etc.) from a multi-
component two-phase aqueous solution in the presence
of surface substances and complexing agents.

2. The activation of metal-carbon sorbents and
montmorillonite by electric hydraulic discharge does not
improve their sorption properties. It is shown that under
the influence of electric hydraulic discharge the carbon
shell is disintegrated and metal nanoparticles form ag-
gregates due to partial melting.

3. The use of a pulsed magnetic field in the synthesis
of an iron-montmorillonite composite, due to the influ-
ence of a pulsed magnetic field on both montmorillonite
aggregates and the size of colloidal particles, allows
obtaining a nanocomposite with improved sorption
properties.

Taking into consideration that the main dose-
forming radionuclides are radiostrontium and radiocae-
sium, it is reasonable to conduct further research to de-
velop sorbents with improved sorption characteristics
for cesium and strontium.
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Cmamms npuceauena po3pooyi HAHOPOIMIPHUX cOpOenmi6 Onisi GUOANEHHs Ye3ilo I CMPOHYIIo, a MAKOC TOHI6 6ANCKUX Memanié npu ix 0OHO-
YACHIT NPUCYMHOCE 6 6A2AMOKOMNOHEHMHOMY 080AZHOMY PO3UUHI, WO MICIUNbL KOMNIEKCOYMEOPIO8ayi i NOGEPXHEB0-AKMUBHI PEHUOBUHU.
Ilepcnexmusnumu 6 Oanuil 4ac € MAeHIMOYYMAUGE HAHOCOPOEHMU, 36aAJICAIOYU HA Me, WO BNIUE 308HIUHIX NOJIG MOJICe NOTNUWUMU eKCHIYaAma-
yitini enacmugocmi po3poo.osanux copoenmis. [lns cmeopenis MazHimouymiueux HAaHOYACMUHOK i KOMNO3Umi@ Ha ix OCHOGI HaMu 8UKOpUCA-
HO HAHOYACMUHKY MEmaie, NOGepXHs AKUX 6KPUMA 8Y2leyedoio 0D0I0OHKOI0, 8 KOMNO3UYIL 3 MOHMMOPUIONIMOM. 3a Oanumu cKanyo4oi enex-
MPOHHOT MIKPOCKONII 6CMAHOBNIEHO, WO 3ACMOCYBAHHSA eeKmpo2iopoydapy 01 Ni08UwjeHHs epekmusHocmi copbenmie He npueeio 00 nosu-
MUBHO20 pe3yIbmamy, OCKLNbKU NPpU NPOXOOIHCEHHI eNeKMPUYHO20 IMNYIbCY BUCOKOI Hanpyeu Yepe3 600HY OUCNepCiio 6i00Y8AEMbCs PYUHYBANHS
gyeneyesoi 00010HKU, A HAHOYACMUHKY MEMALy GHACIIOOK YaCMKO8020 ONNAGIEHHs YMEOopIoioms azpeeamu. Bukopucmanns imnynscrnozo mae-
HIMHO20 NOJISL 8 NPOYeECi CUHME3Y HAHOPOIMIPHO20 KOMNO3UMY HA OCHOBI MOHMMOPUNOHIMY | MazHemumy 06YMOGIEHO GNIUBOM MASHIMHO20
NOJSL HA PO3MID YACMUHOK. BCMAaHo61eHo, o po3smip HAHOYACMUHOK 3MIHIOEMbCS 8 3ANIEICHOCHI 810 MPUBATIOCMIE 83AEMOOTT MACHIMHO20 NOJISL 3
600HOI0 Oucnepcieto. CROYamky posmip YaCMuUHOK 0ewjo 3SMEHULYEMbCA, a NOmim 30inbuyemocs. Ompumanuil HAHOPOIMIPHUI KOMNO3UM 00360~
7A€ 3 6a2amoKOMNOHEHMHO20 080AZHO20 POZYUHY, WO MICMUMb OOHOYACHO Ye3ill, CMPOHYIll, K0OAbM, MAH2AH, 3aNi30 8 NPUCYMHOCMI Op-
2AHIYHUX PEYOBUH, 8 MOMY HUCTI NOBEPXHEB0-AKIMUBHUX PeHOSUH | KOMNIEKCOymeopioeayis, euryuumu yesito — 80 %, cmponyiio — 90 %, saniza —
99 %, kobanemy — 97 %, mawneany — 98 %. Pezynrvmamu 00CniOdceHb 00380510Mb PEKOMEHOYEAMU BUKOPUCMAHHS HAHOPO3MIPHO20 Mdae-
HIMOYYMIUB020 KOMNO3ZUNTY HA OCHOBI MOHMMOPUNOHINY | MAzHemumy O OYuuerHs 6a2amoKOMNOHEHMHUX MeXHO2EHHO 3a0PyOHeHUX B0O0.

Knrouoei cnoga: nanokomnosum, MacHimouymauguil copoenm, copoyis, MOHMMOPUTIOHIM, MEeXHO2EHHO 3a0pYOHeH] 800U, PAOIOHYKIIOU, BAICKI

memanu.
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