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PREPARATION OF SILVER NANOPARTICLES UNDER
THE ACTION OF A PLASMA DISCHARGE AND THEIR
ANTIMICROBIAL PROPERTIES: FORMATION
OF CLUSTERS AND SILVER PARTICLES

M.I Cxuba, O.A. Ilisosapos, B.1 Bopobiiosa. Onep:xkaHHsi HAHOYACTOK cpibiia mix Ai€l0 MIA3MOBOIO po3psyay Ta iX aHTHMIKpOOHi
BJIACTHBOCTi: ()OPMYBaHHSI KJIAaCTepiB Ta 4acTOK cpidia. Po3nIsiHYTO oziep/kaHHS BOAHMX PO34YMHIB HAHOYACTOK CPiONia i3 3aCTOCYBaHHIM
PO3psiy KOHTAKTHOI HEPIBHOBAKHOI HU3BKOTEMITEPATYpHOI IUTa3MH. MeTor poOoTH € JociipkeHHs (OpMyBaHHS KJIacTepiB Ta YacTOK cpibia B
BOJIHUX PO3YMHAX IiJl Ji€F0 po3psy Miasmu. Jist BU3HAUEHHS TEPMOAMHAMIYHKX BETHYMH YTBOPEHHS KJIACTEPiB CPidiia BUKOPUCTOBYBAIH METOL
KBaHTOBOI MEXaHIKM, 30KpeMa TEOpil0 (YHKIIOHATy TI'yCTHHH. TepMOIMHAMIUHMI NOTeHLianl (OPMYBAaHHS HAHOYACTOK Cpidna y BOIHOMY
CepeJIoBHIIII BU3HAYa/M 3a piBHAHHAIM HepHcra. JlocimipkeHHs MPOBOMMIM B Ta30piAMHHOMY peakTopi nepiomuyanoi aii 06’emom 100 mit. Tuck B
peaxropi craHoBuB 80+4 k[la. Cuy cTpymy niaTpuMmyBainu Ha piBHi 120+6 MA. Yac mia3mMoBoi 00poOKu po3dnHIB BapitoBay B JianasoHi Bixg 10 ¢
10 7 xB. PO3unHM TOTyBaM IUIXOM PO3YMHEHHS HITPaTy apreHTyMy Y JUCTWIbOBaHIM BOAI B 3aJaHOMY CHiBBiTHOMICHHI. CIIEKTPH KOJOiTHIX
po3unHiB oTpuMyBaiu Ha criektpodoromeTpi UV-5800PC 3 BUKOpUCTaHHSM KBAapLOBUX KIOBET B Jiana3oHi TOBXUH XBWIb 190...700 um. Posmoxin
PO3MIpiB YaCTMHOK BH3HAYAIIH 32 JIOTIOMOTOIO aHaJTi3aTopa po3MipiB yacTHHOK Zetasizer Nano ZS. ExcriepuMeHTaIBHO i TEOPETHYHO BCTAHOBIICHO,
110 TIO3UTHBHO 3aPS/KEHi KiacTeph CTPYKTYpH Agy™” Ta Agg™ TepMo/MHaMiuHO HAHGIIBII BipOri/HIlI Ta NEpEyrOTh YTBOPEHHIO HAHOYACTOK
cpibia B pe3yibTarti Al po3psiTy IIasMM Ha BOTHHIL PO34MH HITpaTy apreHTyMy. BcTaHoBieHo, 0 Ha mo4yaTkoBux eranax (1o 10 cek.) mma3MoBoi
0GPOGKE BOIHOTO PO34MHY HiTpaTy cpibia hopMyIoThCs KiacTep cpibia crpykTypu AdsTa Ags™ 3 XapaKTepHIMH HKAMHU Ao =265...325 mM; Bix
10 cek no 7 xB BinOyBaetbes (opmyBannst HY cpibna 3 mikamu Aya=430...440 HM. JlocmipkeHO KIHETHKY XIMIYHHX MEPETBOPEHBb Y BOIHHX
PO3YMHAX HPH IUIA3MOXIMivHIN 00pOOILI BOJHMX PO3YMHIB HIiTpaTy cpibia. BcTaHOBNEHO, 10 MpoIeC IIa3MOXIMIYHOTO (OpMYBaHHS HAHOYACTOK
cpibiia € peakIielo MepIIoro MopsiKy. Bu3HaueHO aHTHMIKpOOHY akTHBHICTH po3umHy HY 1o BiIHOIIEHHIO JIO TpaM HEraTHBHOIO TecT-
Mikpooprasizmy E. coli.

Knrouosi  cnosa: HaHOYacTKH, Cpibno, IUIa3Ma, KBAaHTOBO-XIMIYHMH pPO3pPaxyHOK, KJAcTepd, TEPMOJMHAMIYHMI IOTEHLia,
AHTUMIKpOOHA aKTUBHICTh

M. Skiba, A. Pivovarov, V. Vorobyova. Preparation of silver nanoparticles under the action of a plasma discharge and their
antimicrobial properties: formation of clusters and silver particles. The obtaining of aqueous solutions of silver nanoparticles using a
discharge of contact nonequilibrium low-temperature plasma is considered. The aim is to study the formation of clusters and silver particles
in aqueous solutions under plasma discharge. The method of quantum mechanics, namely the theory of density functional, was used to
determine the thermodynamic values of the formation of clusters of silver. The standard Gibbs free energy of formation of silver
nanoparticles was calculated according to the Nernst equation. The investigations were carried out in a gas-liquid batch reactor with volume
of 100 ml. The reactor pressure was 80+4 kPa. The current was maintained at 120+6 mA. The time of treatment was from 10 seconds till 14
minutes. The solutions were prepared by dissolving the argentums nitrate in distilled water with a predetermined ratio. Optical spectra of sols
were recorded on the spectrophotometer UV-5800PC in the wavelength range 190...700 nm. Particle size of colloidal solutions was
measured by means of the analyzer of particle size Zetasizer Nano-25 (Malvern Instruments Ltd., Malvern, England). Applying experimental
and theoretical methods it was established that positively charged clusters of Ag, and Ags™ structures are thermodynamically most
probable and precede the formation of silver nanoparticles under the action of plasma discharge on an aqueous solution of silver nitrate. It
was established that in the initial stages (up to 10 sec) the silver clusters of Ag,* and Ags™ structures with characteristic peaks
Amak=265...325 nm are formed in silver nitrate aqueous solution under plasma discharge treated; silver nanoparticles with peaks Ama at
430...440 nm are formed after 10 sec — 7 minutes of processing. The kinetics of chemical transformations in agueous solutions during
plasma-chemical treatment of aqueous solutions of silver nitrate was studied. It was established that the process of plasma-chemical
formation of silver nanoparticles is a first-order reaction. The antimicrobial activity of nanoparticles solution in relation to Gram-negative
bacteria E. coli test microorganism was determined.
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Introduction. Today one of the widely studied types of nanomaterials is silver nanoparticles (Ag NP) [1].
This is due to their polyfunctional properties [2]. It has now been reliably established that Ag NP ex-
hibits antimicrobial, antifungal, antiviral, catalytic and other properties. This determines the possibility
of their practical application in various fields: water purification and water treatment, textile, food,
chemical, medicine, etc.

Analysis of recent research and publications. Currently, there is a wide range of methods for
synthesizing of silver nanoparticles that allow the formation of stable dispersions of Ag NP [3]. With
all their advantages, most of the existing methods require the use of toxic reagents-reducing agents /
stabilizers, maintaining the temperature regime, implementing several technological steps, etc. [1 - 4].
In view of this, the development of productive, environmentally safe and economically feasible meth-
ods of nanoparticle synthesis, which reduces the amount of reagent components and replaces toxic
components, is extremely important now. Promising and competitive processes are the processes
based on plasma technologies using different plasma formation units. In a number of papers reported
the possibility of obtaining nanoparticles of metals and oxides directly by means of a plasma dis-
charge, which is generated between electrodes immersed in a liquid [5, 6, 7], at the boundary between
the phases of the gas-liquid at reduced pressure [8], the atmospheric pressure plasma in interaction
with liquid [9] and others. Among plasmochemical discharges, the contact nonequilibrium low-
temperature plasma (CNP) is perspective in terms of practical application. The plasma discharge is
generated between the electrode located in the gas phase and the liquid surface in the volume of which
is the second electrode. Variation of the composition of liquid phases may control the routes of chemi-
cal transformation and the composition of the resulting products [10]. In previous papers, the authors
have shown the effectiveness of using low-temperature contact nonequilibrium plasma (CNP) to ob-
tain nanoparticles of silver from aqueous solutions of metal salt in one technological step without the
use of additional reagents—reducing agents [11, 12, 13].

Problem statement. It is now known that the formation of nanosheets of silver occurs through
the formation of silver clusters of different structures [14, 15]. Their structure, organization and dura-
tion of existence are conditioned by the conditions of receipt (precursor / reducing agent / stabilizer).
A series of theoretical and practical works are devoted to the construction of silver clusters and their
properties [16, 17, 18]. Therefore, it is of scientific and practical interest to investigate the early stages
of plasma-chemical formation of nanosheets of silver and the further formation of nanosheets of silver.

The purpose of this work is to study the formation of clusters and silver particles in aqueous solu-
tions of silver nitrate under the action of a discharge of contact nonequilibrium low-temperature plasma.

Experiment Methodology.To determine the thermodynamic values of the formation of silver
clusters of, we used the method of quantum mechanics, in particular the theory of functional density.
The calculations were carried out using a non-empirical method using quantum-chemical calculations
in the GAUSSIAN program. The visualization of the results was carried out in the GaussView pro-
gram. The calculations were carried out in the basis of LANL2DZ. All calculations were carried out in
a mode of full optimization of the geometric position of each atom of the investigated system. For the-
oretical calculation of the formation of clusters of different structures, Gibbs energy was calculated
(kcal/mole (kJ/mol) AG=Goqucts—Greagents-

Silver solutions were prepared by dissolution of nitrogen argentum (AgNO3) P.A. in distilled wa-
ter. The obtained solutions of a certain concentration were treated in a reactor with a discharge of con-
tact nonequilibrium low-temperature plasma. The research was carried out in a gas-liquid reactor of
100 milliliters periodic action. Used electrodes made of stainless steel X18H10T. The cathode
(d=4 mm) is located in the liquid part, and the anode (d=2.4 mm) at a distance of 10 mm from the sur-
face of the solution. The volume of the solution in the reactor was 70 ml. Cooling of the reaction mix-
ture provided a continuous circulation of cold water. Pressure in the reactor is 80+4 kPa. For obtaining
a plasma discharge on the electrodes, a voltage of 500...1000 V. voltage was maintained at a level of
12046 mA. Plasma processing time of solutions was up to 1 min. After plasma treatment, the resulting
solutions were cooled to room temperature.
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To characterize the formed silver clusters/nanosheets of silver, after analysis the reaction mixture
was analyzed using spectrophotometry. The spectra of colloidal solutions were obtained on a spectro-
photometer UV-5800PC using a quartz cell in the wavelength range of 2=300...700 nm. Peaks at
2=260...335 nm testify to the formation of clusters of silver of different structures, and the peak at
2=400...440 nm on the formation of Ag NP. The particle size distribution was determined using
Zetasizer Nano ZS (Malvern Instruments Ltd, United Kingdom) particle size analyzer. Electron micro-
scopic studies of colloidal silver dispersion samples were carried out using the TEM JEOL JEM 200
CX transmissive electron microscope. The yield of nanosheets of silver was estimated by the differ-
ence of the argon ions in the initial solution and after processing with plasma discharge. To measure
the application of ion-selective electrode of ions of the “ELIS-131Ag”.

Tests for the determination of the antimicrobial activity of solutions of silver NP by the suspen-
sion method were performed under the following conditions. As a test microorganism, E. coli at a
concentration of 10° CFU/cm?® was used to determine the antimicrobial action of the colloidal solution
of nanosilver. The duration of the exposure of the experiment was 5 minutes, 1, 2, 3 hours. During the
test, 0.1 cm?® suspensions of the test microorganism were introduced in 5 cm?® of each test specimen.
Solution samples were incubated at (20+1) °C. At the end of the exposure time, 0.5 cm® specimens
were hanging on two Petri dishes with a dense nutrient medium incubated at 36 °C for 24 hours. For
each breeding, the amount of CFU/cm® was calculated. The results of tests of colloidal solution of na-
nosilver were compared with the results of culture control E. coli, conducted in a similar way to
the experiment.

Results and discussion. At present, it is reliably found that, under certain experimental condi-
tions [14 — 18], the atoms and metal ions are chemically active particles and when interacting with
each other and the ions present form short-lived, small positively charged or neutral clusters. If the
solution contains ions of the same metal, then there are homoelectric clusters. Positively charged clus-
ters are formed in solutions containing an excess of metal ions compared with the concentration of
radicals—reducing agents. The conditions for the formation of silver clusters are discussed in detail
in [14 — 18]. It is reported that in the reaction of silver ions with hydrated electrons Ag’:

Ag'+e, —AQ’ (k=4.8-10" M5, (1)

The formation of the NP is possible as a result of the interaction of Ag°’ atoms with Ag* through
positively charged clusters:

Ag’ +Ag" — Ags (k=85-10°M"s™),
Ag” +Ag" > AgF (k=2.0-10°M"s™),
Ags" +Ags" - Agi +2Ag",
AgL" +AgE — Agano +2Ag".
Also, the formation of clusters is possible as a result of the interaction of atoms Ag’:
Ag’ +Ag’ - Ag) (k=1.6-10"M"s™). (3)

In both cases, besides positively charged clusters, it is possible to form and neutral silver clusters
(Ags, Ags and Agys) when the concentration of reducing radicals exceeds the concentration of Ag*
ions. As a result of “clumping” of clusters quasimetal and nanosized silver particles are formed.

To date, a computational experiment aimed at the study of silver clusters relies on several groups
of computational methods: molecular mechanics, molecular dynamics methods (MD), and empirical
and semiempirical quantum-mechanical methods (QMM). In a number of papers [14 — 18], by means
of quantum-chemical calculations, thermodynamic properties, correlation of optical and electronic
properties of positively charged clusters of silver are established. It is worth noting that in the QMM
for calculating the energies of the main and excited states it is expedient to apply DFT—-methods in
which, instead of wave functions, calculations use electronic densities. The widespread use of this

)
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method is due to the possibility of obtaining theoretically calculated parameters (thermodynamic and
energy) for the formation of clusters and nanoscale silver.

The method of quantum-chemical calculations has established the possibility of forming clusters of
silver of different composition. Calculations were made on the assumption of the formation of silver clus-
ters as a result of the interaction of Ag ° atoms with Ag * ions and Ag® atoms. The Gibbs free energy value
is calculated for the most probable clusters. The results of calculations are shown in the Table 1.

Table 1

The value of the Gibbs free energy of Ag, clusters ((n) 2—4)) for Ag® and Ag* and two Ag® atoms
Free Free

Ne The type of reaction Gibbs energy The type of reaction Gibbs energy

kcal/mole kcal/mole
Ag+Ag Ag*+Ag°

1 AQ™+Ag" — Ag,’ -31.6 Ag’+Ag’ — Ag, -30.1
9 Ag, +Ag" — Agy” +141.2 AgtAg" — Ags' —55.6
A, +AQ’ — Agy’ -52.9 Ag,+Ag’ — Ag; -12.1
3 Ag;7+Ag  — Ag,” Not stable Ag;+Ag" — Ag,” —55.1
Ags7Ag’ — Ag,” -139.4 Ags +Ag" — Ag,” -16.0
4 Ag;+Ag" — Ag,” -16.7 Ags+Ag’ — Ag, -27.0
Ags +AQ’ — Ag,’ +55.5 AgstAg" — Ag,’ —60.1

Estimated data indicate the possibility of forming stable dimers (Ag,"), trimers (Ags") and te-
tramers (Ag,"). It is established that the charge placed in nanoparticles is a key factor determining the
selectivity of different paths for the formation of clusters. According to the calculated data obtained, as
in the case of the interaction of Ag®and Ag’, and with two Ag’ atoms, the most probable is the for-
mation of Ag,™ and Agg* clusters:

Ag’ +Ag" —> Ags, Ag’ +Ag’ > Agz,
Ags +Ag’ - Ags, (4) or Ag; +Ag" — Ags, (5)
Agi + Ag” - Agi, Ags + Ag" > Agi’.

It is now firmly established that the action of a plasma discharge on an aqueous electrolyte solu-
tion causes the dissociation and ionization of water molecules and initiates the appearance in the re-
gion of the interface between the plasma-liquid phases of primary active particles such as atomic hy-
drogen, hydroxyl radicals, and solvated electrons.
The potential E, of the Ag*/Ag° pair is —1.8 V.

Therefore reactive compounds can carry out a *ser, MM ! — !_I p— ! S
single electron recovery of Ag* ions. 355 Quasimetallic silver particles 1=
Theoretically calculated data on the for- ,
. . . . 335 Tf o
mation of silver clusters is confirmed by the re- : ff'\ A
sults of experimental studies. The results are 315 Clu;t;-;ggz_*; °
shown in Fig. 1. 295 _J<T\J L ®-025mmol/l]
The formation of silver clusters under condi- 2751 S q(o E_D—g-gg mmollﬁll_
ti_ons of_plasma discha_rge on agueous solutiqn§ _of 255 Cluster Ag.’ L@ L 3.00 222.,._
silver nitrate was carried out at a different initial 235 |
concentration of silver nitrate and the duration of 0.005 0.01 0.015 0.02 ¢ min
processing by discharging. It is known that clus- )
ters of silver, as well as NP silver, are character- Fig. 1. The dependence of the surface plasmon

ized by the formation of a peak of plasmon reso- resonance peak (SPR) on the duration of the plasma
nance at a length A=260...330 nm. For all investi- discharge and the concentration of nitrate of the
gated initial concentrations of silver in the treated argentum in the treated solution
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solution with a duration of discharge of 4 sec on the spectra, a peak of the surface plasmon resonance
SPR is formed at A=265...280 nm, which is known [14 — 18], characteristic cluster of Ag,%" composi-
tion. An increase in the duration of plasma processing up to 6 sec causes the formation of a pair of
peaks of SPR at A=282...320 nm, which belongs to clusters of Agg®* structure. It should be noted that
the formation of Agg”* clusters is accompanied by the disappearance of Ag,** clusters. The obtained
data are consistent with the results of other researchers [19], which indicate that the duration of its ex-
istence is 1 sec. Subsequent irradiation is accompanied by the disappearance of the Ags®* cluster and
the formation of a peak of SPR of quasimetallic particles (360...380 nm).

Thus, the set of experimental and estimated data shows that in the conditions of plasmachemical
processing of aqueous solution of silver nitrate by plasma dissociation, the formation of two types of
Ag.*" and Agg®* clusters with the subsequent formation of quasimetallic nanoparticles of silver is ob-
served. The thermodynamic stability of these types of clusters is currently investigated in works [14 —
17] and is explained by the geometric and energy parameters of these clusters (high symmetry, high
values of ionization energy, lower values of the energy of electron affinity, etc.).

As noted above, the final result of the formation and interaction of clusters and/or ions is the for-
mation of metallic nanoparticles of silver. The thermodynamic potential of formation of nanosheets of
silver in an aqueous medium is one of the main parameters for assessing the physical and chemical
behavior of silver nanoparticles. The analysis of literature points to differences in approach to the cal-
culation of AG® AgNP in the aquatic environment. For nanoparticles of size (5...25 nm), the thermo-
dynamic potential in an aqueous medium can be calculated according to the Nernst equation [20].

AG?(AQNPs) =—Z-F-E+77.120, (6)
where Z — number of electrons;

F — constant Faraday, 96485.55 Cl/mol;
E — electrode potential, V [21];

77.120 - standard Gibbs formation energy Agy, , kJ/mole.
The calculation results are presented in Table 2.

Table 2
Calculated Gibbs energy for obtaining nanosheets
of silver in an aqueous medium with a different particle radius
I'agnp, NM AE,V E,V AG{ pgrp,y » /Mol
5 -0.12 0.262 51.84
10 -0.07 0.312 47.016
15 —-0.038 0.344 43.92
20 -0.011 0.371 41.32
22 -0.0003 0.381 40.29

The obtained data show the pattern: the free energy of Gibbs, the formation of nanoparticles in
aqueous solutions increases with decreasing the size of silver particles. The obtained data are theoreti-
cally calculated and therefore only the thermodynamic probability of forming different nanoscale sizes
according to the accepted conditions (temperature, shape of particles, etc.) is determined.

Since the properties of nanosystems depend on the dimensional characteristics of nanoparticles,
the control of their morphology and size is an important task. Experimental data (Table 3) show that
the average diameter of nanosheets formed under the action of a plasma discharge is 36.5...60.1 nm
and increases with an increase in the initial concentration of Ag” in the treated solution (The samples
were subjected to the following conditions: the duration of synthesis 5 min, 1=120 mA). The results of
electron microscopy studies (Fig. 2) show that the nanoparticles formed are mainly spherical.

XIMIA. XIMTEXHOJIOI'LA



ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

85

Proceedings of Odessa Polytechnic University, Issue 3(56), 2018

Table 3

The size of silver nanoparticles obtained in plasma processing (experimental data)

C AgNO3z, mmol/l dagne, NM
0.25 36.5%1.2
0.5 38.0+2.3
1.0 50.1+2.7
3.0 60.1+2.0

The formation of silver nanoparticles
by restoring Ag” ions by reducing agents is
described by the law of velocity:

_ dC(Ag°)
Lr— 0

where c(Ag°®) —concentration of silver
nanoparticles over time t.

Assuming that C (oxidant) >>
C(Ag"), equation (7) can be written as
follows:

v=%’;‘go)=kcmg+) G

where k — imaginary constant of the reac-
tion rate; c(Ag") t is the concentration of
silver ions at time t.

Thus, to determine the order of the

a b

Fig. 2. TEM photographs of silver nanoparticles obtained
by plasmochimic method at concentration of AQNOs, mmol/I:
0.25 (a), 3.0 (b)

recovery reaction, the dependence of the concentration on the velocity (C(Ag")-v) or concentration on time
(C(Ag")—r) should be investigated. The formation of NP in an aqueous solution under conditions of plasma dis-
charge is investigated. The change in the equilibrium concentration of argon ions depending on the duration of
the plasma discharge is studied at different initial concentrations of the argentum ions in the solution. The ob-

tained data is shown in Fig. 3.

According to the experimental data, the rate constant of the plasma-chemical formation of
nanosheets of silver is a reaction of the first order (Fig. 4) and is 0.4...0.41 min™.

IHCL ©—0.3 mmol/l
3 P 0-0.5mmol/l |
A—0.7 mmol/l
) | x—0.5mmol/l |
. * — 3.0 mmol/|
gg =03 mmoli ;M N\
_ 3. 0O- 0.5 mmol/l { 0 FFr- T
3 25 Y A-0.7 mmol/l ] . %ﬁm\\\% NRZ:O-"?
e ®—0.5mmol/l
E 20 *—3.0mmol/l | \j:\\[bﬂx\w—o 95!
+2 15 —\xx -1 ~ 0 ¥peg g
o R“=0.98
S 1.0 e ) )\0\\‘ R*=0.98
05 — 3 )\°R2=0.97|
0 1 2 3 4 5 %, min 0 2 4 5 1, min

Fig. 3. Change in the concentration of Ag* depending  Fig. 4. Dependence of the logarithm of the equilibrium
on the duration of the plasma discharge at different concentration of Ag* depending on the duration of the

initial concentrations of silver ions in the

treatesolution

plasma discharge at different initial concentrations of
silver ions in the solution
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Table 4 Silver nanoparticles have a number of dif-

Determination of the antimicrobial activity of the Np  férent pharmacological effects. The main among
solution in relation to the test-microorganism E. coli  them is antimicrobial. The antimicrobial activity
by the suspension method of a plasmochemically obtained colloidal solu-

tion of nanosilver was studied. For the study,

Ti Concentration Ofg Control of  samples of NP Ag 1.0 mol/l were used for plas-
ime nanosilver (ug/sm°), . . .

of exposition CEU/cm? E. coli ma 1 min. The r_esults are pr_esented in Table 4

350 | 200 | 100 | Cculture The experimental studies on the determina-

5 min 0 50 55 65 tion of the antimicrobial activity of the colloidal

1h 0 10 17 61 NP solution indicate that the E. coli test microor-

2h 0 9 14 62 ganism is sensitive to the action of obtained

3h 0 0 5 63 plasma-chemically obtained silver nano disper-

12h 0 0 0 64 sions at concentrations of 10 to 35 pg/sm®. Expo-

sure for 12 hours caused a bactericidal effect on
the test microorganism. During this time there

was a steady 100 % reduction of microbial load compared with control samples. At the same time it
can be seen that in order to achieve a decrease in microbial load in a short-term exposure period (5
min), it is necessary to use nanosheets of silver at a concentration of not less than 35.0 pg/cm?®. For a
concentration of 20 pg/sm?, the minimum exposure time is 2...3 h.

To date, researchers note the following mechanism of antimicrobial action of nanosilver [22]:

1. Silver nanoparticles are adsorbed on the surface of the membrane of microorganisms;

2. Nanoparticles destroy the molecules of the lipopolysaccharide, accumulate inside the mem-
brane, form “cells” and increase the permeability of the membrane.

Silver nanoparticles penetrate inside the cell of the microorganism with the release of silver ions
Ag’, causing the following effects:

—silver ions bind to cytochromes and block the respiratory chain;

— silver ions bind to the components of the electron transport chain, as well as DNA, suppressing
its replication.

Conclusions

The obtaining of aqueous solutions of nanosheets of silver with the use of the discharge of con-
tact nonequilibrium low-temperature plasma is considered. The thermodynamic calculation of Gibbs
free energy of the formation of silver clusters and silver nanoparticles has made. Theoretical calcula-
tions show that positively charged Ag,** and Ags™ clusters are thermodynamically most probable and
precede the formation of nanoparticles of silver as a result of the plasma discharge on an aqueous solu-
tion of nitrate argentum. It has been experimentally established that clusters of silver of Ag,™ and
Agg"? structures with characteristic peaks Ana=265...325 nm are formed at the initial stages (up to 10
seconds) of plasma processing of the aqueous solution of nitrate of the argentum. The following regu-
larity is established: the free energy of Gibbs for the formation of nanosheets of silver in agueous solu-
tions increases with decreasing the size of silver particles. It is established that for 10 sec — 7 minutes
of plasma processing of nitrate Ag solution the low—frequency silver with peaks Amay=430...440 nm is
forming. The kinetics of chemical transformations in aqueous solutions during plasmochemical treat-
ment of aqueous solutions of silver nitrate was studied. It was established that the process of plasmo-
chemical formation of nanosheets of silver is a first—order reaction. The antimicrobial activity of the
NP solution in relation to the gram of the negative test—-microorganism E. coli is determined.
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