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INTRODUCTION

In May 2016, on the eve of Science Day in Ukraine, a remarkable
tradition was established in the framework of cooperation with
International Society of Electrochemistry (ISE). Under the auspices and
sponsorship of this Society the ISE Satellite Student Regional
Symposium on Electrochemistry — 1%t ISE Regional Student Meeting in
Ukraine was organized. In May 2017 and April 2018 this excellent
tradition was further developed: 2" and 3 ISE Regional Student
Meetings in Ukraine “Promising Materials and Processes in Applied

Electrochemistry" were organized.

An important feature of the 3rd Regional Student Meetings in
Ukraine  “Promising  Materials and Processes in  Applied
Electrochemistry" is that some material science presentations will be
published in the Journal “Materials Today. Proceedings” in 2019.
Papers, which have mainly pure scientific or technological nature, are

published in this collective monograph.

Such increasing creative activity of young Ukrainian electrochemists
has stimulated the preparation of this collective monograph, which
considers some modern problems and promising ways of solving them in
the following key directions of applied electrochemistry: Electrochemical
power sources (part 1), Electroplating (part 2), Corrosion protection (part
3), Electrochemical sensors (part 4), Modern electrochemical and related

technologies (part 5).

The monograph could be useful for a wide range of lecturers,
scientists, PhD students, holders of a master's degree and students of
universities, engineers and technicians of various electrochemical
enterprises.

Prof.Dr. V. Barsukov.



BCTYTI

Y TpaBHi 2016 poky, HanepenoaHi OHA Hayku B YKpaiHi, B pamkax
cniBnpaui 3 MixHapogHuM enekTpoxiMmidHum ToBapucteoMm (MET) Gyna
3acHoBaHa 4ygoBa Tpaguuisa. [lig erigolo Ta CNOHCOPCTBOM LbOro
ToBapuctea OyB opraHizoBaHun [lepwwnn PerioHaneHun CaTeniTHUK
cTygeHTcbku cumnodiym MET 3 enektpoximii B YKpaiHi.

Y TpaBHi 2017 p. Ta B KBiTHIi 2018 p. ua 4dygosa Tpaauuia Byna
npogoBXeHa opraHizaudieto 2-ro Ta 3-ro PerioHanbHux CarteniTHux
cTyaeHTcbkmnx cumnosiymie MET 3 enekTpoximii B YkpaiHi "[lepcnekTuBHiI
MaTepianu Ta npouecu B NpUKNagHin enexkTpoximii™.
Baromoto ocobnueocTtio 3-ro Cumnosiyma € Te, Wo 4YacTuHa gonosigen
MaTepiano3HaB4oro xapakrepy byne onybnikoBaHa B XXypHani “Materials
Today. Proceedings” B 2019 poui. MaTepiann cyTO HayKoBOro i
TEXHOMOMYHOro  Xapaktepy nyOnikyloTbCA B  AaHin  KONEKTUBHIN
MOHorpadqoil.

Taka 3pocTawda TBOpYa AaKTUBHICTb MONOAMX  YKPAIHCbKUX
eneKTPoXiMiKiB CTUMYyStoBasa niaroToBKY Ui€l KONIEKTUBHOT MoHorpadoil, B
AKIN PO3rNS4alTbCa AesKi cydacHi NpobnemMn Ta NepCcrnekTUBHI LWNAXM 1X
BUPILLEHHA 3a HACTYNHUMW KITIOYOBUMW  HanpsaMKaMmuv  npuknagHol
eneKkTpoxiMil:  enekTpoxiMiyHi  mKepena CcTpymy (4actuHa 1),
ranbBaHOTEXHiKa (YacTuHa 2) , 3axXucT MeTarniB Bif KOpOo3il (4acTuHa 3),
eNneKTPOXiMiyHi ceHcopu (4acTmHa 4), CcyyacHi enekTpoxiMiyHi Ta
criopigHeHi TexHonoril (4actuHa 5).

MoHorpadis Moxe OyTn KOPUCHOK ANS LUIMPOKOro Kona NeKTopis,
HayKOBLiB, acrnipaHTiB, MariCTpiB Ta CTY4EeHTIB YHIBEPCUTETIB, iHXeHepiB

Ta TEXHIKIB Pi3HMX €NEKTPOXIMIYHNX BUPOOHMLTB.

H-p ximiyHux Hayk, npogp. bapcykoe B.3.
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Behavior of Non-Graphitic Carbon Electrodes of Lithium-Ion

Batteries in Electrolytes based on Ionic Liquids

Khomenko V. G.

Department for Electrochemical Power Engineering & Chemistry
Kyiv National University of Technologies and Design
2, Nemirovich-Danchenka str., Kyiv 01011 Ukraine

1. Introduction

Lithium-ion battery (LIB) has been one of the most promising electrochemical
energy storage technologies [1, 2]. LIB works are based on the movement of lithium
ions between two battery electrodes, the anode and cathode. The ions are stored in the
anode which is often graphite. When they discharge, the ions move to the cathode.
One advantage of a graphite anode is the small volume change that occurs when the
ions enter it. Lithium-ion batteries (LIB) generally use electrolyte solutions based on
organic solvents and LIPF salt because they have high ionic conductivity, and can
form an effective solid electrolyte interface (SEI) that helps intercalation of lithium
ion into graphite anode. However, organic electrolytes involve safety issues because
of their low thermal stability and flammability. Ionic liquids (ILs) are molten salts
with melting points well below 100 °C. ILs have many useful properties, including
low vapor pressure, high chemical and thermal stability, wide electrochemical
voltage window, non-flammability and high ionic conductivity [3, 4]. However,
incompatibility of typical ILs with graphite anode has also been recognized as a
serious problem for lithium-ion battery application [5, 6]. Non-graphitic carbons such
as hard carbon have an advantage that they can be intercalated/deintercalated in a
different types of electrolyte [7, 8]. Besides, hard carbons show very small changes of
volume during the charge/discharge. The anode based on hard carbon may be quite
promising for the new generations of LIB with ILs. In this work, the behavior of non-
graphitic carbons electrodes in solutions based on ILs was investigated.
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2. Experimental

The hard carbon was prepared from table sugar by the method described in Ref.
[9]. Sugar precursor (“sulfuric acid washed” sugar) was pyrolyzed from 600 — 1000
°C for 3 h in a high-purity argon atmosphere.

The active materials were mixed with the amount of 7-9 wt% polyvinylidene
fluoride (PVDF) in N-methylpyrrolidine (NMP) solution. The resulting slurry was
cast onto a coper foil, and a doctor blade with a gap opening of 200 um was used to
define the maximum thickness of the freshly coated layer. The resulting film was
dried at 120°C in order to evaporate the NMP. The electrodes were compacted to the
desired density by calendering. The thicknesses of the active layers of electrodes
were in the range 0.08- 0.10 mm. The disc electrodes having a diameter of 16 mm
were cut out of the coating film cast onto metal foil current collector using a punch.
Before assembling the cell the electrodes were dried under a primary vacuum at
120°C in the time frame of 12 h. The coin cells (CR2016 standard size) were
assembled in an argon-filled glove box (Unilab model, MBraun, USA). The
TEKLON™ EDEX separator (manufactured by ENTEK Membranes LLC, USA).
The electrolyte 1M LiPFs in EC:DEC:DMC=1:1:1 w/w electrolyte (conventional
electrolyte), as well as the electrolytes based on the following ILs from ENEA
(Rome/Casaccia, Italy): N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide
(PYRI3FSI) and N-methyl-N-buthylpyrrolidinium bis(trifluoromethansulfonyl)imide
(PYRI4TFSI)  were used for assembling the coin cells. Electrochemical
investigations were performed using a 32-channel battery cycler MSTAT 32 from
Arbin Instruments, USA and multi-channel potentiostat VMP3 from Princeton
Applied Research, UK.

3. Result and discussion

Herein, we report a hard carbon synthesized via carbonization of table sugar. The
apparatus for carbonization is a simple horizontal furnace with a homogeneous
heating zone of 150mm and a quartz tube (20mm diameter) presented schematically
in the Figure 1. A thin layer of the precursor powder is spread uniformly on ceramic

plate which is introduced in the quartz tube reactor. For example hard carbon is
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obtained from the pyrolysis of sugar at different temperatures ranging from 600 to
1000°C. The selected temperature was reached with a heating ramp of 10°C/min and
using an argon flow. Finally, the system is cooled down at 5°C/min under argon flow.

In some cases, additional thermal treatments were also performed on the purified

carbon materials.

& A - Furnace (Tmax = 1100°C)
B - Quartz tube
C - Quartz plate

D - Gas inlet
E - Valves
| ————
'—'“F E F — Flow meters

G, H — Gases (Ar and Ar+ H»)

Fig. 1. Schematic representation of the unit used for synthesis of anodic materials

A scanning electron microscope (SEM) was used to examine the powder
morphology of hard carbon obtained from the pyrolysis of table sugar. The SEM is
represented by Fig 2. Hard carbon has small particles which come in particle sizes

lower 20 pm.

WD=10.3mm

WD=10.3Jmm 20.00kV x150

Fig. 2. SEM of hard carbon obtained from the pyrolysis of table sugar at 1000 °C

The electrochemical performance of hard carbon anode has been evaluated using
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different electrolyte mixtures. Figure 3 (red line) shows potential vs. capacity for
lithium insertion/extraction from conventional electrolyte and Fig. 3 (blue line) shows
the corresponding results for lithium insertion/extraction in IL based electrolyte
(PYRI3FSI). The reversible part of the potential profiles for both cell and lithium
insertion and extraction has a similar shape with some differences in potential values.
The focus of this work was reversible capacities, it should be note that the irreversible
capacities of cell using IL based electrolyte was higher than that for the cell with

conventional electrolyte.

3

25
PYR13FSI + 0.3 M LiFSI IM LiPF6 in EC:DEC{DMC
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Fig. 3. Profiles of charge/discharge potentials of the hard carbon at current density

30 mA/g into organic (red line) and IL based electrolyte (blue line)

Thus, the lithium insertion/ removal process is not completely reversible in the
case IL based electrolyte. The initial capacity of hard carbon in lithium
deintercalation was found to be of 208 A-h-g! within the range of cut-off potentials
from 0.0 to 2.0V. The irreversible capacity was about 94 mA-h-g!, which is less than
in the case of IL based electrolyte. Table 1 shows electrochemical characteristics for
the sugar samples pyrolyzed at different temperature. The difference in capacity
between the first discharge and the first charge (Q rev.) gives the irreversible

capacity (Q irr.). Table 1 shows that the samples have different irreversible Li
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insertion capacities. The carbonization temperature significantly influenced on the
irreversible capacity for lithium storage. The difference of reversible capacity is small
for all samples. The irreversible capacity is small for samples obtained at higher
temperature. The irreversible capacity is not only a measure of the amount of SEI, but
can also relate to the reduction of surface species on the carbon [10]. Thus, there are

no interests to use lower temperature treated samples for further investigation.

Table 1. The electrochemical properties of hard carbon obtained at different

temperature
# | T,°C Electrolyte Qrev, Qirr, Efficiency Efficiency
mA-h-g! | mA-h-g! | on Ist cycle, % jon 10%cycle, %
1 | 600 LP71 195 341 36 89
2 | 700 LP71 191 223 46 93
3 | 800 LP71 203 156 57 96
4 | 900 LP71 206 115 64 98
5 11000 LP71 208 94 69 98
6 | 1000 | PYR13FSI 202 167 55 91
7 | 1000 | PYR14TFSI 32 98 - -
8 | 1000 | PYR13FSI+5 199 106 65 96
% LP71
9 | 1000 | PYRI4TFSI+ 174 120 59 93
5%LP71

LP71:1M LiPF6 in EC:DEC:DMC=1:1:1 w/w

PYRI13FSI: 0.3 M LITFSI in N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide

PYRI14TFSI: 0.3 M LITFSI in N-methyl-N-buthylpyrrolidinium
bis(trifluoromethansulfonyl)imide

In order to investigate the electrochemical behavior of hard carbon, in our studies
mixture conventional electrolyte and IL-based electrolytes have been tested. Our
findings are presented in the table 1 for the sugar sample pyrolyzed to 1000°C. It can
be seen from the table that organic electrolyte content in the IL based electrolyte
causes increasing the capacity and decreasing the irreversible capacity. Thus the
organic additives may improve electrochemical performance materials in IL based
electrolyte.

For all electrochemical test results described in this section, we used one grade of
graphitized carbon materials. This is PUREBLACK® 205 Carbon received from
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Superior graphite Co (USA). A transmission electron microscope (TEM) and a
scanning electron microscope (SEM) were used to examine the powder morphology
of PUREBLACK® 205 Carbon. The SEM and TEM are represented by Fig 4.
Similar to Carbon Black Pureblack has spherical particles which come in particle
sizes lower 20 um (see Fig. 4 left picture). We would like to note very unusual
appearance of the graphitic structures shown in TEM (Fig. 4 right picture). Noting
their graphite-like composition (at a given particle size of below 100 nm), one should

expect to see them as being more conductive than hard carbon.

il L
\}!'/'..

Fig. 4. SEM (left picture) and TEM (right picture) of PUREBLACK®™ 205 Carbon.

Thus the graphitized carbon black (Pureblack), being an ultra pure partially
graphitized carbon black with properties exceeding those of battery grade acetylene
blacks have higher conductivity than carbon black and feature higher packing
density. The PUREBLACK Carbon is quite an interesting material for development
of LIB.

Figure 5 shows the voltage profiles of PUREBLACK®™ 205 Carbon at the current
density of 30 mA/g. The experiment was conducted in the CR2016 coin cells with a
Li metal counter electrode. The initial capacity of PUREBLACK in deintercalation of
lithium was seen to be 192 mA-h/g within the range of cut-off potentials between 0.0
and 2.0 V. The capacity that cannot be recovered (the "irreversible capacity loss") is
observed in the first charge/discharge cycle. It is clear from Fig. 5 that the irreversible
capacity in the first cycle is very high (up to 215 mA-h/g). The irreversible capacity
exists mainly due to the growth of solid-electrolyte interface (SEI) film. Such types
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of materials are characterized by presence of a large potential plateau at the potentials
of about 0.8 V in their intercalation profiles in the first cycle (Fig. 5). The formation
of SEI film is related to a surface area. As for the PUREBLACK, it has a large
specific surface area (of about 50 m?-g™!). Therefore, the formation of SEI film would

certainly lead to a high irreversible capacity in the PUREBLACK.

35
3
25
-
.2
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Fig. 5. The profiles of charge/discharge potentials for PUREBLACK®205 Carbon
at the current density of 30 mA/g. Electrolyte: LP71

The data presented in table 2 shows that the difference in capacity between the first
discharge and the first charge was higher than for cell with conventional electrolyte.
The organic additive of organic electrolyte (LP-71) improved electrochemical
performance of PUREBLACK in IL based electrolyte but that effect was lower than
for hard carbon materials (see table 1).

Table 2. The electrochemical performance of PUREBLACK® 205 Carbon
in the IL based electrolytes

Electrolyte Qrev, Qirr, Efficiency | Efficiency
mA-h-g! | mA-h-g! | on Ist cycle, |on 10%cycle,
% %
PYR13FSI 98 245 29 88
PYRI14TFSI 22 116 16 76
PYRI13FSI+5%LP71 115 267 30 93
PYRI14TFSI+5%LP71 103 272 27 89
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4. Conclusion

The non-graphitic carbon materials were prepared. Their electrochemical
properties in the commercial electrolyte and IL were studied by the constant current
charge-discharge test. The carbon anode exhibited lower reversible capacity in IL
electrolytes than that in conventional electrolyte. In order to overcome this problem
and to improve electrochemical property anodes, in the current work mixed
electrolytes containing non-flammable IL were prepared and investigated. The
organic additive of organic electrolyte (LP-71) improved electrochemical
performance of non-graphitic carbon materials in IL based electrolyte but still
characteristics of materials were lower than in conventional electrolyte. Thus, further
optimization materials and composition of IL based electrolyte are required.
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Optimization of electrode structure for symmetric supercapacitors

with high specific energy intensity

Izotov V.®°, Gogotsi O.¢, Havrykov D.*°, Chufarov M 2, Zozulya Yu.°,
Linyucheva O.°, Zahorodna V .©
* Key Laboratory of Physics and Technology for Advanced Batteries (Ministry of
Education), College of Physics, Jilin University, Changchun 130012, P.R. China
b National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”, Peremogi Ave., 37, Kiev, 03056, Ukraine
“ Materials Research Center, Kiev 03680, Ukraine

One of the main disadvantages of symmetric supercapacitors is their low specific
energy capacity. Primarily, the low energy density of supercapacitors due to a low
amount of active material in the device. To eliminate this drawback, recently, a new
promising direction has been developed, which associated with the creation of thicker
electrodes with a high concentration of activated carbon material. One of the main
issues in the manufacture of high-capacitance supercapacitors based on thick
electrodes is the thickness of the carbon-containing component of the electrodes,
which will ensure the maximum density intensity of the device. In this paper, the
authors proposed an approach to calculate the optimal thickness of the carbon-
containing component of the electrodes for supercapacitors with high specific
capacity.

Key words: supercapacitor, porous carbon material, the specific capacity. thickness
of the carbon-containing component of the electrodes.

OnTuMuszanms CTPYKTYPbI JJIEKTPOI0OB CHMMETPHYHBIX

CYNEPKOH/IEHCATOPOB € BHICOKOH yAeJIbHOM IHEProeMKOCTHIO

NsotoB B.%°, T'oronn A.¢, I'aBpuxos J1.*°, Uyhapos M.2,

Jlunrouesa O.°, 303ynsa 10.¢, 3aroponna B.
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“Knrouesas nabopamopusi pusuku u mexHouo02Uuy CO8PeMeHHbIX HaKonumeret
snepeuu (Munucmepcmea obpazosanus), Mncmumym ¢uzuxu, L[3ununckui
Ynueepcumem, Yanuyno 130012, Kumai
bH e A y ((K ~

AUUOHANILHBIY MeXHUYecKull ynusepcumem Yxpaunwr “Kuesckui
o n
noaumexuuyeckuu uncmumym umenu Heopsa Cukopckozo”, np-m [lepemozu, 37,
Kues, 03056, Yxkpauna

‘Mamepuanosedueckuii Uccneoosamenvckuu [lenmp, Kues 03680, Ykpauna

B nmnocnenHee BpeMsl MOSBHWICA TMOBBILIEHHBIA HWHTEPEC K Iepe3apskaeMbIM
HMCTOYHUKAM DJHEPrHH, KOTOphle OOJaJal0T BBICOKOW YAEIbHOW MOIIHOCTHIO,
CcrocoOHbIe paboTaTh B MIMPOKOM TEMIIEPATYPHOM MHTEPBAJIEC U HE MEHSIOUIME CBOU
rapamMeTpbl B TEYEHHE JUIMTENBHOro mnepuoaa skcruryarauuu[l,2]. TexHuueckoe
pelieHre d3TOM 3a7auyd  CBS3bIBAIOT C HCIOJb30BAHUEM CYNEPKOHIECHCATOPOB.
DNEeKTPOXUMHUYECKHE KOHJEHCATOPhl JBOMHOIO  3JEKTPUYECKOrO  CIOSl WM
CYIIEPKOH/ICHCATOPhl — Tepe3apsKaeMble UCTOUYHUKU SHEPTHH, KOTOPbIE CIIOCOOHBI
BBLIEpKMBaTG 10°  1MKIOB 3apsn/paspsn IPaKTUUECKd 0e3 HM3MEHEHHs CBOMX
napametpoB. Ux KIIJ[ mpubmmkaercs k 95%, a TeMneparypHblil [uana3oH JIEKHUT B
unTepBane ot — 50 °C mo + 80 °C[3].

CrnemyeT OTMETUTh, UTO HAPSJY C BBICOKOHM yAEIbHOM MOIIHOCTHIO 110 15 KBT/KT,
UX YyJenbHas JHEProeMKOCTh He rmpeBblmaeT 6 Br*uac/kr[4]. Pabotel 1o
YBEIMYCHUIO YIEIbHOU PHEPrOEMKOCTH CYNEPKOHAEHCATOPOB MHTEHCUBHO BEIYTCS
BO BCEeX BeAyUIMX (upMax HPOU3BOAUTENSAX CYHEPKOHICHCATOPOB. TpaguiiMOHHO
paboTHI MO CO3/IaHUIO CYNEPKOHICHCATOPOB C BBHICOKOW yIEIbHOW SHEPrOEeMKOCTHIO
COCPEOTAUYMBAIUCh HA CHHTE3€ HOBBIX MAaTEPHAIOB C BBICOKOW IUJIOLIAIBIO
MMOBEPXHOCTU U 3aJaHHBIM paclpeliesiecHueM mop 1o pasmepam[5-7]. Hapsgy c
TPAIUIIUOHHBIMA  HAMPABJICHUSMU TOSBWINChH pabOThl, B KOTOPHIX AaBTOPHI
MpelaraloT yBEJIUYUTh KOHLEHTPALMI0O AaKTUBHOIO YIJIEPOJAHOrO MaTephaja B
cynepkoHjaeHcaTopax[8]. DOTo  HampaBlieHHWE  NPEACTaBISAETCS  JIOCTaTOYHO
MEPCIEKTUBHBIM €CJIM YYECTh, YTO COAEPKAHUE TTOPUCTOTO YIIIEPOAHOTO MaTepuaia

B ITPOMBINIJICHHBIX CYTIEPKOHIeHCAaTOpax kKonebmercs B mpeaenax ot 20% mo 30%([9].
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YBenu4eHue KOHLEHTPAUM AaKTUBHOIO YIVIEPOJHOIO BEIECTBA MPEIJIAracTcs
OCYILECTBIJISATh 3a CYET YBEJIWYEHHs] KOHIIEHTpPAUWM aKTMBHPOBAHHOIO yIJIepoAa B
EKTPOJAX M 3a CUET YBEJIMYEHHMs TOJIIMHBI 3JI€KTpoxoB. IIpum TakoM mnoaxone
aKTyallbHBIM ~ CTAHOBUTCS ~ BONPOC,  KakOM  TOJIIMHBI  JOJDKHA  OBITH
yriepoacoAepkKallas COCTaBIIAIOIMas IEKTPOAOB, YTOObl KOHEYHOE U3JIEINE UMEIIO
MaKCUMAJIBHYIO YEJIBbHYIO JHEPIrOEMKOCTb.

Hacrosmas paboTa nocasmeHa U3y4eHUI0 3aBUCUMOCTH YIEJIbHON YHEPrOEMKOCTH
CYNIEpKOHJIEHCATOpa OT TOJIIMHBI  YIVIEPOACOAEPIKAIEH COCTaBIIOIIEH €ro
JIIEKTPOJOB.

1. TeopeTnuyeckass Mmoxeib

VYaenbHas  €MKOCTb  CYNEpPKOHJAEHcaTopa  (EMKOCTh  CyNEpKOHIEHCATopa,

oTHeceHHast k ero Becy C(h,)), kak (DyHKIUS OT TOJIIHMHBI YIJIEPOJCOAEpKAIIeH

COCTABJIAIOLIEH 2IEKTPOJIOB ( /1, ) ONMCHIBAECTCS YPABHEHUEM:

Oy c(h)*V,
© By+P,+P+P, +R,+F,
(1)
rae c(h,) - ynenbHas 00beMHasi EMKOCTb IOPUCTOTO YIJIEPOAHOrO MaTepuana, P, -
BEC ~IIOMHMHHMEBBIX KOJUIEKTOpOB; P, - Bec cemaparopa, NPONUTaHHOTO
JIEKTPOIUTOM; P - Bec [ByX YINIEPOAHBIX COCTaBIAIOLIMX OJIEKTPOIOB

IMPOIIUTAHHBIX  3JICKTPOJINTOM, Pcap -

Bec kopnyca F

int

BEC BHYTPEHHHUX

KOMMYTHUPYIOIIUX COEIUHEHUI P - BeCc BHEIIHUX TOKOBBIBOIOB; V, - 00BEM IBYX

YTJIEPOJIHBIX COCTABISIOIINX 3JIEKTPOIOB.

Ha  yaenbHyl0  €MKOCTh  CYNEpPKOHJIEHCATOpa C  POCTOM  TOJIIMHBI
YIJIEPOJCOAEPKAIIEN COCTABJISIIOIIEN €ro SJIEKTPOJAOB OKAa3bIBAKOT BIIMSHHUE JIBA
¢daktopa. IlepBblil — yMeHbIIEHHE YIETbHONM EMKOCTH AaKTUBHOIO YIJIEPOJAHOIO
MaTepuana, cBszaHHoe ¢ 3¢¢dekToM HaceiieHus. Bropoi ¢dakrop — yBenuueHue
aKTUBHOTO YTJIEPOJHOIO MaTepuaia B cymnepkoHieHcatope. Ecau mepBbiit ¢aktop
BEJIET K YMEHBIICHUI0O €MKOCTH CYNEpKOHAEHcaTopa TO BTOPOW, HA00OPOT, K
YBEJIMYEHUIO EMKOCTH.
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[Ipy mnocTpoeHHMM MOAENIH 3aBUCUMOCTH  YAEIBbHOW OOBEMHOM €MKOCTH
aKTUBUPOBAHHOTO MaTepuana OT TOJIIUHBI YIJIEpOACOAEpKaIlel COCTaBISAIOLIEH
AJIEKTPOJIOB, MpEAIoaraeM, 4To B HEKOTOpOl o0nacTy TONMMH OT h, m0 h,
yaenbHash oObeMHasi eMKOCTh yObIBaeT JIMHEHHO 3a cueT 3¢ddexrta HacwleHus. B
JTMHEWHOM TNpHUOMIKCHUH YypaBHEHHE, ONMCBIBaIoIlee 3aBUCUMOCTb c(h,) Oynert
UMETb BUJ:

e(h,) = c(hy)(1-2ath,) 2)

o c(hy)—c(h,)
2¢(hy)(h,, —hy) ,

C yuerom ypaBHeHus (2) ypaBHenwe (1) 1as yAEIbHOM 3HEPrOEMKOCTH
cynepkonaencatopa C(h,) ynoOHO NpeICcTaBUTh B BUE:

2C(h0)(1 - zahe)he .
2h(p, +PIVY+h,(p,+PIV)+h, (P, +P/V)

C(h,) =

P=P_+P +P; (3)

cap int ext?

V=8Q2h,+h,+h,)
rne p, - YIEIbHBIM BeC YITIEPOACOAEPIKAILEH COCTABIAIOLIEN 3IEKTPOJOB,
MPOIIMTAHHBIX 3JIEKTPOJIUTOM; O, Y/ACIbHBIN BeC allOMUHUSA; O, - YACIbHbBIA BEC
ceraparopa MPONUTAHHOTO JIEKTPOIUTOM; h, W A, - TOJNIIMHBI ATFOMHHHEBOIO

KOJUIEKTOpa M cemaparopa COOTBETCTBEHHO; V- o00beM, KOTOpBIM 3aHUMAET
ANEKTPOXUMHUYECKAsi CUCTEMA B CYNEPKOHAEHCATOPE, a S - IJIOMIaJb MOBEPXHOCTU
AJIEKTPOJIOB CYNEPKOHIEHCATOPA.

Uccnenyem C(h,) xak ¢yHKIuoo A, Ha 3kcTpeMyM. Ilocie mnposeneHus
BBIYHCJICHHUH TIOJIy4aeM 3HAYCHHE JIJIST ONITHMAJILHOM TOJIIUHBI YTIIEPOICOISPKAIICH
COCTABISIIOILEH  »1eKTpojgoB s, mnpu Kortopoi 3Hauenue C(h,) Oymer

e

MaKCHUMaJIbHBIM.
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1 1
h=Y([1+—h,+— -1
¢ (\/ 2Y * Ya )

(4)
_hy(pu+PIV)+h(p,+PIV)
(p.+P1V)

Y

[Ipu BEIBOAE ypaBHEHUs (4) OBLIO CIETAHO TPEIOIOKEHUE, YTO KOHIICHTPAIUS
AKTUBUPOBAHHOTO YTJIEPOJHOTO MaTepHalia B YIIepoJicoAep Kalleil cOCTaBIAIONIEeH
AIEKTPOJOB HE 3aBUCUT OT TOJIIHUHBI 31EKTPOAOB. [Ipyu MocTaHOBKE AKCHEPUMEHTOB
HEO0OXOIUMO CJIEAUTD 32 BHITIOJHEHUEM 3TOr0 TPeOOBAHUS.

2. [locTaHoBKA IKCIIEPUMEHTA

2.1 Iloozomoexa 31ekmpo0oos

JIns  SKCIEepUMEHTAIbHOM  MPOBEPKH  MPABUIBHOCTH  TOJIYYEHHBIX  BBIIIE
pe3yJabTaTOB ObLIM M3TOTOBJIEHBI MAKEThl CYNEPKOHIEHCATOPOB C 3JIEKTPOJAMH C
pa3JMYHOM  TOJIIMHOM  YIVIEPOACOAECPIKAIIEH  COCTABIISIFOLICH. Tonmunaa
YTJIEPOJICOJIEPIKAIICH COCTaBIISIONIE M3MeHsu1ach B mpeaenax ot 100 MkM 1o
800 MKM.

DOneKkTpoAbl ISl MaKeTOB CYNEPKOHJIEHCATOPOB M3rOTABIMBAIMCH Pa3MEPOM
20 MM *20 MM (BuOMMas IUIOINAAL MOBEpXHOCTH 4 cM?). Vruepojacomaepskaniuii
KOMIIO3UTHBIA MaTepuan MJisg 3JIEKTPOJIOB M3rOTABIUBAIICA M3 AKTUBUPOBAHHOTO
yraepona matepuana YP-50F ¢dupmer Kuraray Chemical (Snonus) (91 BecoBbix %).
Pasmep rpanmyn yriepogHoro wmarepuania Obulr meHee 20 mkM. B kadectBe
CBSI3YIOILIETO HcmoJib3oBajicsa mnosmrerpadropatwiien (PVDF) dupmber  «Sigma
Aldrich» (6 BecoBbIx %), a B KauecTBE TOKOIPOBOASAIIEH T0OABKU HCIIOJIb30BaIach
caxa Super-P ¢upmer «Nippon Kodoshi Co»., (Snonmst) — (3 BecoBbix %o).
N3rotoBnenune yriaepoacoAepKaleld COCTABISIONIEH 3JIEKTpooB TodmuHou 100,
200, 400, 600 1 800 MKM OCYIIECTBISIIOCH METOJIOM BaJlbLICBAHUSI.

KomnekTopel TOka B MakeTaX W3TOTAaBIWBAIUCh W3 AIIOMHUHUEBON (HOJIBIA
tommuHOo 20 MkM. JJisi TOro, 4roObl YMEHBIIUTH KOHTAKTHOE COMPOTHBIICHUE

MEXKy YIVIEPOJCOAEpPKAIIEH  COCTaBISIIONIEH  JJIEKTPOJa U AJIIOMUHHUEBBIM
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KOJJIEKTOPOM TOKa MOBEPXHOCTh KOJJIEKTOpa MOIU(ULINPOBATIACE
AIEKTPOUCKPOBBIM MeTo10M [10].

VYriepoacoaepskaias COCTaBISAIONIAS AIEKTPOJA COSAUHSIACH C AITIOMUHUEBBIM
KOJUIEKTOPOM MPY MOMOIIH TOKOMPOBOIAIIETO TEPMOKJIESL.

[Ipoiecc mnpukiieuBaHus COCTOsUI M3 JABYX craaud. Ha mepBor craauu Ha
MOBEPXHOCTU KOJUIEKTOpa (QopMUpoBaiach Kkiesmas I1UieHka. s storo Ha
MTOBEPXHOCTh KOJUIEKTOpAa HAHOCWJIACh CYCIIEH3Hs, cocTosmas u3 cmecu 1,29 mac.%
nonuterpadropaTiieHa (PVDF) u 1,93 mac.%, caxu Super-P dupmber «Nippon
Kodoshi Co»., (SImonus) B 96,78 mac.% N-metun-2-nupponunona (NMP), dbupmer
«Sigma Aldrich». Cmech HaHOCHIIach TIpU MOMOIIM ycTpoiicTBa «JlokTop brenmy.
Tommuua HaneceHHOTO Ciosi cocTaBisaa 10 MKM. 3aTeM KOJUIEKTOP C HaHECEHHOM
Ha HETO0 CMECHIO0 OMEIIAIN B CYUIMJIbHBIN 1IKad U CyHIMIN B T€YEHHE 3 4acoB IMpH
temmeparype 120 °C. ITocne BrICylIMBaHUS Ha TIOBEPXHOCTH KOJUIEKTOPA OCTABANIAC
KJIeSTIast IIeHKA TOMIMHON <3 MKM.

Ha nmocinennerr craguu HW3rOTOBJICHHS  JJIEKTPOAOB  YTIIEPOICOIACpIKALIASL
COCTaBJISIIOIAsT MPKUMAJIaCh K aJIFOMUHUEBOMY KOJIJIEKTOPY TOKa, MOMENIAach B
CYLIMJIbHBIN MKa() ¥ BBIIEPKUBAIACH B TedeHue daca npu temmneparype 170 °C. s
YBEJIMUECHUS] KOHTAKTa MEXY aJIFOMUHUEBBIM KOJUIEKTOPOM U YTIEPOJICOAEpKaAIICH
COCTABJISIFOIIEH W3TOTOBJIEHHBIE AJEKTPOJbI JOMOJHUTEIBHO MPOIYCKAIUCh Yepes
HOI0rPEBAaEMBIE BaJIbLbI, Pa3orpersie 10 TeMmneparypsl 180 °C.

JIist ynaneHus BIaru U3 MOp YIJEpOACOJEpKallei COCTABISIIONIEH 3JEKTPOIOB
AIIEKTPOJbI BBIIECPKMBAIN B TEUYCHHWU 72 YacOB B BaKyyMHOM CYIIMJIBHOM IIKady
npu nasinenuu 1 xIla u temneparype 150 °C.

2.2 H32omoenenue makemos cynepKkoHOeHcamopos

COOpKy MakeTOB CYIMEPKOHIESHCATOPOB MPOBOAMWIN B O0KCe B aTMocdepe aproHa.
ConepxaHue KuciIopoja M BoAbl B Ookce ObUI0 HIKe 1 ppm. DIEKTPOJbI
pa3aeNsuIUCh TIpU oMoy nopucroro cenaparopa TF48-40 ¢upmer Nippon Kodoshi
Corporation, Snonust Tonmuuoit 40 MkM. B kadecTBe 3J€KTPOIUTA HCIIONb30BAICS
1,5 M pactBop terpadTopbopar Tetpastunammonus ((Et)4NBF.) B aneronutpuie.

Kopnyca MakeToB CynepKOHAEHCATOPOB H3rOTaBIMBAINCH U3 JIAMUHUPOBAHHOMU
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amomuHueBor ¢oneru mapku DNPel-40h npoussoactsa Nippon Printing Co., Ltd.
(Amonus).

2.3 Dnexmpoxumuyeckue usmepeHust

DNEeKTPOXUMHYECKUE U3MEPEHHUS IIPOBOIUIIUCH AIIEKTPOXUMHUYECKIM
u3MepuTeabHbIM  KoMmIuiekcoM IviumStat  (Ivium  Technologies, DOiHax0BeH,
lNomnangus). Ilpu uU3MEpeHUSX METOJOM LHMKIWYECKOM BOJIBTAMIIEPOMETPUU
MEHSJIaCh CKOPOCTh pas3BepTku B mpenenax ot 1 mB/cex mo 1000 mB/cek. Ilpwm
ralbBaHOCTATUYECKMX M3MEPEHMAX IUIOTHOCTH TOKA MEHsIach OT 5 MA/cM? 110
50 MA/cM? BUIMMOM TUIOINAM TIOBEPXHOCTH.

3. O0cy:kneHue pe3yabTaToB

Ha ynenbHblEe 3HEpreTHyecKue MapaMeTphbl CYMEPKOHJEHCATOPOB BIMSET HE
TOJIBKO paclpeleseHue Mop MO pa3MepaM U YAEIbHAas €MKOCTh IOPUCTOrO
YIIAEpPOJHOTO Marepuana, HO M KOHIUEHTpalus aKTUBUPOBAHHOTO YTJIEPOIHOTO
Marepuaia B YIJepoJcolepKalle cocTaBisitouled siekTpona. B cBoro ouepenb
KOHLIEHTpalysi aKTUBUPOBAHHOTO YIJIEPOJHOIO MaTepuajia B YIJepOJCOAepikKalleH
COCTABJISIIOLIEH DJIEKTpOAa 3aBUCUT KaK OT pa3Mepa TpaHysl aKTUBUPOBAHHOIO
YIJIEPOJHOTO MOPOIIIKA, TAK U TEXHOJIOTUU U3TOTOBIICHUS JIEKTPoaAoB[1].

B mnactosimield pabore aBTOPHl CTPEMUIIUCH MOIYYUTh OJMHAKOBYIO BBICOKYIO
KOHIIEHTPAIMI0 aKTUBUPOBAHHOTO YIJIEPOJHOIO MOPOIIKA B AJIEKTPOAAX TOJIIMHOM
ot 100 MM 10 800 MxM. Jlj1 moay4YeHUs: BBICOKOM KOHLIEHTPAMU aKTHBUPOBAHHOIO
MOpOIIKa B 3JIEKTPOJAX MCIOJb30BAICS MOPOUIOK C pa3MepoM TIpaHyJ MEHee,
20 MKM, a TpuUMEHEHHas, B JaHHOW paboTe, METOAMKA TOPSYEro BaJbLIEBAHUS
MIO3BOJIMJIA  IOJIYYUTh  3JEKTPOABl  PA3JIMYHOM  TOJNIIMHBI C  OJMHAKOBOM
KOHIIEHTpaIMell aKTUBUPOBAHHOTO MOPOIIKA B YIIIEPOACOAEPKALIEH COCTABIIAIONICH
anektpoaoB (Tabmnuma 1).

Kak oTmewanoce Bbille TOCHeqHEE OOCTOSATENBCTBO BaXKHO JMJIS MPOBEPKU
CIPaBEVIMBOCTU TEOPETUUECKHUX BBIKIIAJOK.

[uknuyeckue BOJIbTaMIEpOTrpaMMBbl, IpUBEICHHBIE Ha puc.la u 1b, mokaseiBaroT,

KaK MCHAIOTCA 3HAYCHUA y,HGJIBHOI)’I CMKOCTHU C UIBMCHCHHUEM CKOPOCTH Pa3BCPTKH.

28



30 -
=100 3 e 100

20 - —200

MKM 200
MHKM
10 - e 400

MKM

=400

[

8 —600 | | < UB MM

'J' MEM e; I
v 3 —500
800 e

MKM -10 -

800
220 - MEM
30 - d b

Puc. 1. [luxnmdeckue BOIbTAMIIEPOTPAMMBI CO CKOPOCTBIO pa3BepTku 4 MB/cex
(1a) u 20 mB/cek. (1b) MakeToB CyNepKOHICHCATOPOB C PA3JIMYHON TOIIIMHOM

YTJIEPOCOACPKAIINX COCTABIISIFONTUX JICKTPOJIOB

Ha puc. la BUIHO, 4TO MpPU MaJbIX CKOPOCTSX pa3BEepPTKU 3(PPEKT HaChIECHUS
MPAKTUYECKU HE CKa3bIBACTCS M YACIbHBIC EMKOCTH aKTUBHPOBAHHOTO YTJIEPOIHOTO
Marepuaia MPakTHYECKH HE 3aBUCIT OT CKOPOCTH pa3BepTH. OJTHAKO, C yBEIMUYECHHEM
ckopoctu pazeeptu g0 20 mB/cex BnusHue 3¢¢dexTa HaACBIIICHUS CTAHOBUTCS
OLIyTUMBIM (puc 1b). YaenpHas eMKOCTb YIJIEPOJHOTO MaTepHaia YMEHbIINIAChH AJIs
BCEX TOJIIIMH 3JIEKTPOJIOB, UCKIIOYEHUE COCTABIISUIA TOJIBKO 3JEKTPOIbI C TOJIIUHOM
yriiepoacojep:aiiei cocrtapisitonieil paBHod 100 MxMm. [l 37eKTpogoB ¢
TOJIIIMHON yriepojicoaepxaiieil coctapisitonieil papHoi 100 MkM yaenbHas eMKOCTh
YIIEPOJHOTO MaTepHraia OCTanach MPaKTUUECKH HEM3MEHHOM.

C npyroii cTopoHsl, B 60J€€ TOJICTBIX 3IEKTPOJaX Macca aKTUBHOTO YTIIEPOIHOTO
MaTepuana OoJblle, 4YeM B DJIEKTpOAaX C TOJIIMHON yriaepoJcoaepxaie
cocTtaBigioniern 6osee 100 MKM M CieloOBaTejIbHO, MX €MKOCTb OOJbIIE. ITO

HarJsiIHO MOKa3aHo Ha puc. 2.
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Puc. 2. 3aBUCHUMOCTh EMKOCTH MaKETOB CYNIEPKOHAEHCATOPOB C PAa3IMYHOM
TOJILIMHOMN YIIIepOACOEPKAIINUX COCTABISIONINX 3JIEKTPOJIOB, U3BMEPEHHBIE B
raJIbBAHOCTATHYECKOM PEXKUME TIPH INIOTHOCTAX TOKOB 5 MA/cM? (2a) n
25 MA/em? (2b).

Ecnu y4yecTh, 4TO B CyNEepKOHAEHCATOPE 3HAYMTENbHYIO YacTh Beca COCTaBISET
MACCUBHBIA MaTepHall TO OCTA€TCd OTKPBITBIM  BOINPOC, Kakas TOJIIMHA
VTAEPOJICOACPKAIIEH  COCTABISIIONIEH  3JIeKTpoAa OOECHeYUT MaKCUMAIbHYIO
VACIbHYI0O €MKOCTh Wu3Jeiaus. Takke CclelyeT y4ecTb PEeXHM JKCIUTyaTaluu
CylepKkoHAeHcaTopa. B nmaHHO paboTe aBTOpBl PacCMaTpUBAIOT — PEXKUM
3apsana/paspsaaa CylnepKoHJeHCaTopa MajbIMU TOKaMHU, T. €. BEJIMYMHA IUIOTHOCTH
TOKA HE MPEBBIMIAET 5 MA/ cM?.

JUis TpOBEpKHU MPAaBWIBHOCTH CHEIAHHBIX B paboTe MNpeArnoaoKeHUuil Obul
M3TrOTOBJIEH MAKET CYNEPKOHEHCATOPA B MITKOM Kopityce (puc. 3).

Kak BUIHO W3 MPUBEACHHBIX BBIIIE KCHEPUMEHTATbHBIX JaHHBIX, KOHCTPYKIHUS
AJEKTPOJIOB, ONPENEISAIONIas yIeIbHYI0 €eMKOCTh CYIIEPKOHEHCATOPa, CYIIECTBEHHO

3aBHUCHUT OT PCKUMaA IKCILTyaTalluy U30CIIN.
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Puc. 3. MakeT cynepkoHJeHCcaTopa B MITKOM KOPITyCeE.

B macrosimieir paboTe aBTOpPHI pPAacCMAaTPUBAIOT CUTYAlHMIO, MPU KOTOPOU
CylepKoHAeHcaTop OyneT paboTaTh ¢ IJIOTHOCTBIO TOKa 3apsij/paspsia He Ooiee 5
MA/cM?. B Tabmuue 1 npuBeneHBI 3HAYEHHWs U YAEIbHOW OOBEMHONM €MKOCTH,
MOJIydYeHHbIE W3  TallbBAHOCTATUYECKUX  m3MepeHuil. [ampBaHOCTaTHUECKHe

M3MEPEHHS IPOBOJWINCE IIPU IUIOTHOCTH TOKa 5 MA/cM? .

Tab6auna 1. ConepxaHre akTUBHOTO BEUIECTBA U yieJIbHasi 00beMHAasi EMKOCTh B

AJIEKTPOIAX PAIMYHOM TOJILMUHBI YIJIEPOACOAECPKAIIECH COCTABIISIOLICH.

TounmuHa yriepoacoaepkaiiei 0,01 | 0,02 | 0,04 | 0,06 | 0,08

COCTABJISIONIEH AJIEKTPOIOB (CM)

Bec akTuBHOrO BeliecTBa B 0,106 | 0,203 | 0,2893 | 0,289 | 0,377
YIJIEPOCOAEPIKAIle COCTABIISIIONIECH JBYX

AIEKTPOAOB (T)

VY nenvHast 00beMHasi EMKOCTh TOPUCTOTO 16,74 | 15,97 | 14,14 | 12,64 | 11,58

yriaepoanoro marepuana (O/cy’)
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3Hauenne kodpduUIMeHTa «, paccuuTaHHoe 1o (opmyne (2) Ha OCHOBaHUU
JIaHHBIX TPHUBEICHHBIX B Tabnuie 1 paBHo 2,2 cM!. OObeM, KOTOPBIA 3aHMMAET
ANEKTPOXUMHUYECKAsE CHCTeMa B MakKeTe CylepKoHaeHcaTtopa (puc. 3), cOCTaBMII
36 cm® . Bec kopiiyca BMECTe ¢ TEPMOKIEEM M BHELIHUMHU TOKOBBIBOJAMH PABHAJICS
5,28 1.

OcranbHble MapaMeTpbl HEOOXOAMMBIE JUIsl pacyeTa ONTUMAIBLHON TOJIIMHBI
YIJIEPOJCOACPKAIIEH  COCTABISIOLICH  JJIEKTPOJA  PaBHBL:  YICIbHBIM  BEC
AJIFOMUHUEBOTO KoyutekTopa — 2,7 r/em® | a ero tommunaa — 0,002 cM; yIenbHBIH Bec
YIJIEPOJCOACPKAIIEH COCTABISAIOIIECH JJIEKTPOJa MNPONMUTAHHOW JIEKTPOJIUTOM -
1,3 r/eM? ; ynenbHbIil Bec cemaparopa, MPOMMTAHHOTO deKTpoiuToM — 1,04 r/em?®, a
ero ToimuHa — 0, 003 cMm.

[Tocne moACTaHOBKM NPUBEACHHBIX BBIIIEC 3HAUYCHUN B ypaBHEHUE (4) moiayyaem
ONTUMAJIbHYIO TOJIIMHY YIJIEPOACOEpKAIlled COCTaBIAIONICH 3JIEKTpoAa pPaBHOM
0,048 cm. IIpu U3roTOBIECHUM MaKeTa CYNIEpPKOHCHCATOpA, IIPUBEJCHHOTO Ha puC. 3,
TOJIIIMHA YIJIEPOJACOAEPKAIIEH COCTaBIsOMIEN anekTpoga pasHsuack 0,045 cwm.
EMkocTh Makera cynepkoHaeHcaTopa mnoiydwiach paBHoi 480 @, a Bec uzgenus
cocrtaBui 33,5 1.

VY nenbHas SHEPTrOEMKOCTh TaKoro CYTNEpKOH/JIEHCATOPa COCTAaBJISIET
14,5 Br*yac/kr, uto B 2,4 pa3a Oojbllle YeM Yy JYYIIMX COBPEMEHHBIX
MPOMBIIUICHHBIX CYIIEpKOHIEHCATOPOB. Kak MTOKa3aJIu UCITBITAaHUS
CYNEpPKOHJIEHCATOpa, HECMOTPsl Ha HU3KYIO YAEIbHYIO IJIOTHOCTh TOKa (BCEro
5 MA/cM? ) CYIIEPKOHAEHCATOP CIIOCOOEH Pa3psKaThC M 3apsKaThesl TOKAaMu 10 2 A
0e3 moTepy EMKOCTH.

4. BuiBoabI

Pa3paboTka w mNpUMEHEHHE DJIGKTPOJOB C  BBICOKOW  KOHIIEHTpaIuen
AKTUBUPOBAHHOTO YTJIEPOJHOTO MaTepualia B YIIepoJIcoAep Kalleil COCTaBIIAIONICH
AIEKTPOAOB C ToJuHON 60ojiee 100 MKM TO3BOJIIET CO3/1aTh CYNEPKOHACHCATOPHI C
BBICOKOW YAEIBHOM €MKOCThbIO. Pa3BuTHe Hay4yHBIX HCCIECIOBAHWM U HHYKEHEPHO-

KOHCTPYKTOPCKUX paOOT B 3TOM HaIpaBJIEHUHM MO3BOJUT B OJvKaiiieM OyayIiem
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CO3/aTh HOBOE TMOKOJEHHE CHUMMETPUYHBIX CYNEPKOHICHCATOPOB C BBICOKOU
HHEPrOEMKOCTHI0, KOTOPBIE OYIYT CIOCOOHBI 3aMEHUThH aKKYMYJISTOPHI.

baarogapHocTh

ABTOpBI BBIpaXaroT TIyOOKyr OmaromapHocTh mpodeccopy FOpuro Torormu 3a
oOCyX/IeHHe pPe3yJlbTaToB padOThl M KPUTUYECKHE 3aMEUaHus, a TakkKe
MuHHCTEPCTBO 00pa30oBaHMs W HaAyKW YKpauHbI 3a (puHaHcHpoBaHue TeMbl No2920
«HaykoBi OCHOBM Ta 3aKOHOMIPHOCTI €JIEKTPOXIMIYHUX MpoLeciB (HopMyBaHHS
YIOPSIIKOBAHUX HAHOPO3MIPHUX Ta MIKPOPIBHEBUX MaTepialliB XEMOTPOHIKH» B
pamMKax KOTOpo# ObLia BBITIOJHEHA JaHHAs paboTa.
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Conductivity and electrochemical stability of non-aqueous

electrolytes for magnesium power sources

Kirsanova I. V., Polishchuk Yu. V., Shembel E M.,
Lysytsya 1. S., Savchenko A. S.
Ukrainian State University of Chemical Technology (USUCT)

In order to optimize the characteristics of current sources with magnesium anode,
non-aqueous electrolytes based on magnesium perchlorate, mixtures of magnesium
and lithium perchlorates in solvents of a series of glycols of dimethyl ethers (glymes)
have been investigated. The values of specific ionic conductivity of these electrolytes
were determined in the temperature range —25...+60 °C. The ionic conductivity of
the electrolyte is increasing when LiClOy4 is introduced in composition with Mg
(ClO4);. The range of electrochemical stability on the platinum electrode of the
proposed non-aqueous electrolytes containing Mg (ClO4), has been established and
ranges from 0.5 up to 3.8 V regarding magnesium reference electrode.

Keywords: magnesium anode, current sources, non-aqueous electrolytes, ionic
conductivity, electrochemical stability, glymes, magnesium perchlorate, lithium
perchlorate.

HpOBOI[I/IMOCTb H JJICKTPOXUMHUYECCKANA CTa0MJIBLHOCTDH HEBOJHbIX

AJIEKTPOJUTOB TJIA MAIHUECBBIX HCTOYHUKOB TOKA

Kupcanora U. B., [Tonumyk 0. B., lllem6ens E. M.,
JInucuna U. C., CaBuenko A. C.

T'ocyoapcmeennoe gvicuiee yuedbHoe 3agedenue « YKpauHcKuii 20Cy0apcmeeH bl
XUMUKO-MEXHONIO2UHEeCKUL YHUBEPCUMEM», HAYYHO-UCCe008amenbCKas

1abopamopus XuMuieckux ucmounuxos moxa, /[nenp, np. I'acapuna 8, 49005

XUMUYECKNE UCTOYHUKHA TOKA C MAarHUEBBIM aHOJOM M HEBOJHBIM 3JIEKTPOJIUTOM
aKTUBHO pa3padaThiBalOT KaK albTEPHATUBY JIUTHEBBIM aKKYMYJISTOPHBIM CHUCTEMAaM

[1 —4]. OxgHoii u3 npobaem npH pazpabOTKe MarHUEBBIX UCTOYHUKOB TOKA SIBJISETCS
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110A00p ANEKTPOAUTOB [S — 11]. DIEKTPOIUTHI AOJKHBI yIOBIETBOPSTH CIAEAYIOLIUM
KpUTEPHUSM: KYJOHOBCKasg d()PEKTUBHOCTH TMpoIecca OCaAXKICHUS/PACTBOPECHUS
Mar"us — 100%; KYJIOHOBCKasl 3¢ (HEKTUBHOCTH MPOILIECCOB
WHTEPKAJSIUN/IEUHTEPKATISIIMA MOHOB MarHus B KatomHbii matepuan — 100%;
HIMPOKOE OKHO 3JIEKTPOXUMHMUYECKOU cTabmibHOCTH, He Hike 4.0 B oTHOCHUTENBHO
MarHueBOr0 AJIEKTPOJa CpaBHEHUS; OOeCleueHue BBICOKON  KOPPO3MOHHOM
CTOMKOCTH  KOHCTPYKIIMOHHBIX  MaTepUalioB; COBMECTUMOCTh C  KaTOJIHBIM
MarepuasioM. ABTopbl [12] pa3pabotaiu KapTy, MO KOTOpPOM MOXKHO BBIOpaTh
HEOOXOJAMMBINA AIEKTPOJIUT MJisi ompeneiaeHHoro karona. OpHaKo, OJHO3HAYHOTO
MO/IX0/a TMPU BHIOOPE KOMIIOHEHTOB AJICKTPOJUTA HE CYIIECTBYET, a JIaHHBIE TIO
MIPOBOJIMMOCTH M CTAaOWJIBHOCTH DJICKTPOJINTOB Ha OCHOBE COJICH MarHus He
CUCTEMATU3UPOBAHBI.

1. DkcnepuMeHTAIbLHAS YACTh

Ucnonb3yembie xumudeckue coeauHeHus: mnepxyopar wmarHus (Mg(ClOy),;
nepxsopat autus (LiClO4); rimumer obmeit hopmynast CH3O(C,H40),CHs, tne n — 1,
2, 3, 4 (MOHOATUJICHTJTUKOJIbIUMETHIIOBBIN dpup (mumetokcustan) CH;OC,H,OCHj;
(rmum (G1), Aldrich, 6e3Bomnbiii, 99,9%), MUATUICHTIMKOILIUMETUIOBBIA PUp
CH;0O(C,H40),CH3 (muraum (G2), Aldrich, 0€3BOAHBIN, 99,5%),
TpudTUIESHI KO IuMeTIIIOBBI  3pup CH30(C,H40O);CHs  (tpurmum  (G3),
Aldrich, 99,0%), TterpastunenrnukonbauMeTiioBbn 3hup CH;O(C,H40)4CHj3
(trerparmum (G4), Aldrich, > 99,0%). [lns ynaneHus: oCTaTOYHBIX CJIEIOB BJIard BCE
AIEKTPOIUTHI TIOCTIE TTPUTOTOBJICHUS BBIACPKUBAIINA 2 HEJETH HaJ MOJICKYJISPHBIMH
curamu (tun Nay) ¢ pasmepom nop 4 A. IlpeaBaputenbHO MOJEKYJSIpHBIE CUTA
THIATENIHHO MPOMBIBAIM AllETOHOM M JUCTUJUIMPOBAHHON BOJIOM, 3aT€M MPOKATUBAIU
B kamepHoil snektporieun CHOJI-7,2/12,5 W4llp mpu temmeparype 500 °C B
TEUYECHUHU S5 YacoB.

N3mepenrsi MOHHOW MPOBOAMMOCTH MPOBOAMINA B JABYXAJIEKTPOJHON CTEKIISIHHOU
SYeUKe ¢ MIATUHOBBIMHU 3JIEKTPOJIaMU B inanazoHne temmepatyp ot -20 go +60 °C.

Jlisi BBIYMCIIEHHS] YAEIbHOM HOHHOM MPOBOJAMMOCTH PACTBOPOB DJIEKTPOJIUTOB

Oblma ompeneneHa mnocrosiHHas sueiiku (K), kKak OTHOIIEHWE BEIWYWHBI MOHHOM
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npoBoaumoctu 0,1 H Bogroro pactBopa KCl, usmepennoro npu temmeparype 25 °C,
K BEJIMYMHE €ro YJEIbHOM HWOHHOW MPOBOAMMOCTH MPH JAHHOM TEMIEPATypeE.
BennunHy  ynenpHOM  MOHHOM  NPOBOJMMOCTH  PAacTBOPOB  BJIEKTPOJIMUTOB,

MCIOJIb3YEMBIX B IaHHOM paboTe, onpenessuii no Gpopmyse:

_ 1
X_RK,

I7l€ } — BEJUYMHA YIEIbHOU HOHHOM MPOBOAMMOCTH 3jekTposura, Om!-em; R —
KOMIUIEKCHOE CONPOTHBIIEHUE DJIEKTPOJIUTA, OMpENelIeHHOe U3 Trojorpados
nMmnenanca, Om; K — mocTtossHHast S4SHKHU, CM.

KoMIIJIEKCHOE CONPOTUBIEHUE SJIEKTPOJIATA ONPENEISUIM KAaK OTPE30K Ha OCHU
AKTUBHBIX COIIPOTHUBIICHUM, MOJYYEHHBIN SKCTPANIOJISIUEN UMIIETAHCHOTO CIIEKTpa B
00J1acTh BBICOKMX 4acTOT. J[Mara3oH 4acToT, B KOTOPOM OBbLI MOJIYYEH UMIIEIaHCHBINA
cnektp, coctaBiasger 100 kl'm — 100 ['u. Ammmryna Hanpsbkenus 10 mB. Jlns
PErMCTpallMd MMIEIAHCHBIX CIEKTPOB HCIOJB30BAaH AHAIUTUYECKHM pPagruoOMETp
Voltalab-40.

DNEKTPOXUMHUECKYIO CTAaOMJIBHOCTh HEBOJHBIX JJIEKTPOJUTOB HAa OCHOBE COJIEH
MarHusi UCCJEOBaId B TPEX-dJEKTPOAHON suelike, Te pabouuii DJIEKTPO.
IpeCTaBIsI COOOM IIaTHHOBYIO POBOJIOKY (S = 0,0079 cM?). BcnoMoraTensHblii U
AJIEKTPOJI CPABHEHUS H3TOTABIMBAIM M3 METAJUIMYECKOro MarHus (Qossra
tonmuHoi 100 MmxkM). BoasTamnepHsle 3aBUCUMOCTH B Auana3zoHe noTeHuuaios 0,5 -
4,0 B cHEUManu npu CKOPOCTH pa3BEPTKH MOTeHIMaNa 2 MB/c U perucTpupoBasiv mpu
MOMOIIM aHAJTMTUYECKOro paguomerpa Voltalab-40.

2. Pe3yabTaThl M UX 00CYyKIeHUE

2.1. Homunas npogooumocmu 31eKmpoaumos.

B pabore unccienoBanu pacTBOpPHI IEpXJIOpaTa MarHUs U CMECH IEpXJOpaToB
MarHusi ¥ JIMTUS B UHAUBUIYAJIBHBIX PACTBOPHUTENSIX HAa OCHOBE IJIMMOB M CMECEH
TJIAMOB. [IpoBoguMOCTB AJIEKTPOJIUTA OIIpENENsieT MaKpOKHHETHUKY
ANEKTPOXUMHUYECKOIO MPOLECCa B IOPUCTOM BJIEKTPOJE: YEM BBIIIE HOHHAS
IPOBOJAUMOCTh DJIEKTPOJIMTA, TEM INIyO)KE€ HOHBI MarHusl IPOXOAAT B IOpax
anekrpona. IlomydeHHple 3HAaYyeHUsT HMOHHOM  IIPOBOJMMOCTH  HCCIEAYEMBIX

QJICKTPOJIUTOB, IIPUBCACHHLIC B T36J'II/II_IG 1, HMCHOT OJIVH ITOPSAIOK.
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Ta6auua 1. MorHas npoBOAMMOCTb HCIOIB3YEMBIX 3JEKTPOJIUTOB IIpH 25 °C

CocTaB 3JIeKTpOIUTa v, MCM-cM™!
1,0 M Mg(ClO4), B Gl 7,23
1,0 M Mg(ClOy4), B G2 3,72
1,0 M Mg(ClO4), B G3 2,60
1,0 M Mg(ClO4), B G4 0,98
0,25 M Mg(ClO4), + 0,25 M LiClO4 B G1 2,23
0,5 M Mg(ClO4), + 0,5 M LiClO4 B G1 6,30
0,5 M Mg(ClO4), + 0,5 M LiClO4 B G4 1,57
0,5 M Mg(ClOy4), B cmecu G1:G4 (1:1) 2,05
0,25 M Mg(CIO4), B G1:G4 (1:1) 1,29

O4eBUIHO, 4YTO BSI3KOCTb M JOHOPHOE YMCIO HCIOJIBb3YEMbIX PACTBOPHUTENEH

(Tabn. 2) BAMSIOT HA HOHHYIO MPOBOJUMOCTD UCCIIETYEMbIX IEKTPOIUTOB.

Ta6auua 2. 3HaueHre BI3KOCTU U JOHOPHBIX YHCEIT UCIIOJIb3yEMbIX

pactBoputenei ripu 20 °C [13, 14]

BsskocTs, JloHopHOE
PactBopuTens
mllac YUCJIO
Gl 0.40 19+1
G2 0.99 18+1
G3
G4 3.60 12+4

[Ipy CHWXKEHHMH TeMIepaTypbl BS3KOCTh YBEIWYUBAETCS, YTO MPHUBOJUT K
CMeEIlIeHUI0 rojorpada umnenanca cuctemsl Pt / anextponut / Pt B obnmacts Oonee

BBICOKHMX 3HAYEHUN CONPOTUBIIEHUs (puc. 1).
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Temneparypa, °C: 1 —+5; 2 —+20; 3 —+40; 4 —+60; 5 —+0; 6 —-15; 7 —-25
Puc. 1. 'ogorpad umnenanca cuctemsl Pt/ 1,0 M Mg(ClO4), + G1/ Pt B
TeMIiepaTypHoM psiay — 25 + +60 °C

BiusHre npupoabl pacTBOPUTEN HA MOHHYIO IPOBOJMMOCTH 3JIEKTPOJUTOB Ha
OCHOBE coJjied MarHusi ¢ KoHueHtpauued 1,0 M mnokazanHo Ha pucyHke 2. Ha
TEMIIEPATYPHBIX 3aBUCUMOCTSIX NPOBOJUMOCTH MOKHO BBIIEJIUTh YYACTKU JTUHEUHON
3aBUCHUMOCTH JUIsl BCEX JJIEKTPOJUTOB (puc. 3). 3HaueHHE MOHHON MPOBOAUMOCTHU
CHIWKAETCs B pANYy OJJEKTPOJIUMTOB HAa OCHOBE CIEAYIOUIUMX pPacTBOPHUTENEHN
GI>G2>G3=G4. na G2 u G3 3HaueHHs MPOBOJAUMOCTH MPAKTUYECKU HE
OTJIMYAIOTCA.

YMeHbIIeHnEe KOHUEHTPAUMU COJIEM MNPUBOJAUT K YMEHBIICHUIO HWOHHOMU
MPOBOJMMOCTH dJiekTposita (Tabn. 1). bonee 3HaUMMBIM OKa3bIBACTCSI BIIUSHHE
TeMmrepaTypbl  Ha  DJIGKTPOJUT ¢  OOJIbIIEM  KOHIIEHTpallue  COJieH:
0,5 M Mg(ClO4), + 0,5 M LiClO4 + G1. Ha npoBogumocTts anektponuta [0,25 M
Mg(ClO4); + 0,25 M LiClO4 + G1] TemnepaTypa BIHSIET 3HAYUTEIILHO MEHBbIIIE.

BinsiHue TtemmepaTypbl Ha MOHHYK) MPOBOAUMMOCTH 3JIEKTPOJIMTOB HAa OCHOBE
CMECH COJIEW C Pa3IMYHBIMHU PACTBOPUTEISIMU UMEET OJIMH XapaKTep: C YBEIMUYECHHEM

TCMIICPATYpPbl MOHHAsA IMPOBOANUMOCTL PACTCT. Honnas IMPOBOANMOCTD JJICKTPOJIUTA
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Ha ocHoBe G4 B 2-3 pa3 MeHble, yeMm 3iiekTpoiuta Ha ocHoBe Gl (puc. 4) B

nuariazoHe temreparyp ot -20 no +60 °C.

-1
1, MCM cM

Gl G2 G3 G4
pacTBOPUTEIIH

Temneparypa, °C: 1 —+25; 2 —-25; 3 —+60
Puc. 2. BnusiHre npupo/ sl pacTBOPUTENS HA yIEIbHYI0 HOHHYIO IPOBOJIUMOCTh

3JIEKTPOJINTOB HA OCHOBE MAarHUEBBIX COJIEH ¢ KOHLeHTpauueit 1,0 M

7 . MOM™ M’

124 —
%, MOm Com’ 1

101 | 5 — }/,f’/)

11« 2113132222553 )ﬁ/,/’f

I~2

lad

6 -

0

240 260 280 300 320 340
T.K

1 —1,0 M Mg(ClOy4), + G1; 2 - 1,0 M Mg(ClO4), + G2;
3—-1,0 M Mg(ClOy4)2) + G3; 4 — 1,0 M Mg(ClO4),) + G4
Puc. 3. TemneparypHas 3aBUCUMOCTb HOHHOM TPOBOJAUMOCTH JIEKTPOJIUTA B

3aBUCUMOCTH OT IPUPOABI PACTBOPUTEIA
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T,K
1 —0,5M Mg(Cl04),+0,5M LiClO4+G1;

2 - 0,5M Mg(Cl0O4),+0,5M LiClO4+G4
Puc. 4. TemnepatypHas 3aBUCUMOCTb HOHHOM MPOBOIMMOCTH AJIEKTPOJIUTA HA

OCHOBE CMECH COJICH B 3aBUCUMOCTH OT IMpUPOALI PACTBOPUTECIIA

BBeneHue B AJIEKTPOIUT COJIM JIMTHS MO3BOJSET CHH)KATh KOHLEHTPAIMI0 MOHOB
MarHusi B pacTBOpe IpakTHUuecku 6e3 morepu nposogumoctu (tadi. 1, puc. 5).

Bnugaue Ttemmeparypsl Ha XapakTep 3aBUCUMOCTH HWOHHOW TMPOBOJAMMOCTHU
ANEKTPOJIMTOB HAa OCHOBE CMECEHd pacTBOpUTENed TMOKa3aHo Ha puc. O.
[IpoBOIMMOCTDH 3JEKTPOJIUTOB B CMECHU TIUMOB C BBICOKMM WU HHU3KHUM JOHOPHBIM
yucyioM U pa3Hou BA3KOCThiO G1 u G4 3aBucuT OT KOHIEeHTpauuu conu: mist 0,5 M
pactBopa Mg(ClO4), mpu BBICOKHX TEMIIEpaTypax MPOBOAUMOCTh YBEITUUMBACTCS B
1,5 paza no cpaBHenuto ¢ 0,25 M pacteopom Mg(ClO,),.

Takum o0Opazom, Al ONTUMH3AIMU COCTaBa DJEKTPOJIUTAa HA OCHOBE COJIEH
Martusi ¢ TOUYKH 3pEHUS MOHHOW MPOBOJMMOCTH HEOOXOIUMO YUYUTHIBATH MPUPOTY

(IOHOpPHOE YHCIIO, BA3KOCTh) PACTBOPUTEIIS U KOHLIEHTPAIUIO COJH.
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1 —0,5M Mg(Cl04),+0,5M LiClO4+G1;
2 —0,25M Mg(Cl04),+0,25M LiClO4+G1
Puc. 5. TemnepatypHas 3aBUCUMOCTb HOHHOM MPOBOIUMOCTH AJIEKTPOJIUTA HA
OCHOBE CMECH COJIEW B 3aBUCUMOCTH OT KOHIIEHTPAIMH COJIU

X MOM ' em”
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240 260 280 300 320 340
T. K
1 —0,5M Mg(ClO4), + G1:G4=1:1;
2 - 0,25M Mg(Cl04), + G1:G4=1:1
Puc. 6. TemneparypHas 3aBUCHMOCTb HOHHOM IIPOBOJUMOCTH 3JIEKTPOIMTOB B

CMECH PaCTBOPUTEIIEU
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2.2.  Dnexmpoxumuyeckas cmaduibHOCMb HeBOOHBIX DJIEKMPOIUMOSE.

Hns obecnieuenusi 3¢dekTuBHOW pabOThl HMCTOYHMKA TOKa B IpoIecce
[UKJIMPOBAHUS, SJIEKTPOJIUT JODKEH 00J1a7aTh SJEKTPOXUMHUYECKONW CTaOMIIBHOCTHIO
B paboyeM [auana3oHe MOTEHIMAJIOB KaToja M aHOoJa MCTOYHHMKA Toka Mg-MnO».
DNEeKTPOXUMHUYECKYIO CTaOUIIBHOCTh 3JEKTPOJIUTOB, COCTaBbl KOTOPHIX YKa3aHbI B
tabnuie 1, ompenensyii Ha IUIATUHOBOM BJIEKTPOJE. OJNEKTPOJ CpPaBHEHUS U
BCIIOMOTATENIbHBIN 3JIEKTPO U3TOTOBJICHBI U3 MarHUEeBOU (HOJIbIH.

Hanpsoxkenue pa3oMKHYTOM 1enu coctaBisuio okoio 2,0 B. Passeptky
MOTEHIMaNa NpoBoAwn B auanazoHe or 0.5 B 10 BBICOKMX NOTEHLHAIOB, IPH
KOTOPBIX HAYNHAJIOCh OKUCIIEHHE KOMIIOHEHTOB 3JIEKTPOJIUTA.

Cnenyer OTMETUTb, UYTO HajJU4Me BOABI, JaXe B HEOONBIIMX KOJIMYECTBAX
oTpaxkaercsi Ha Qopme (QoHOBBIX KpuBbiXx. Ha pucynke 6 mnoxa3zaHa ¢oHOBas
XapaKTepUCTHKAa Ha IJIATHHOBOM JJiekTpoje aiekTpoautra 1M Mg(ClO4), B Gl,
KOTOPBIN CYUIWJIM HAJ MOJEYKYJISIPHBIMU CUTaMU B T€UEHUU Heaenu. BuaHo, 4to Ha
KaTOJHOW BETBM NPUCYTCTBYET IMHK NpH MOTeHIMane okono 1,3 B, koTopslii
OTBEYAET 32 BOCCTAHOBJIEHUE BOJIbI. OOpaTHBINA MPOLIECC XapaKTepHU3yeTCsl aHOIHBIM
koM mpu notennuane 2,7 B. Takum 06pa3oM, HEOOXOIUMO TIATEIBHOE YAAICHHE

OCTAaTKOB BOAbI U3 MPCAJIOKCHHBIX 3JICKTPOJIUTOB.

LA
4,0x10°-
2,0x10°-
0,0
-2,0x10°-
1 2 3 . 4
UMg2+/Mgo, B

Puc. 6. BonbramnepHbie XapaKTEpUCTUKH 3JIEKTPOJIUTOB Ha ocHOBe 1,0 M

Mg(ClOy4), Ha maTHHOBOM 3J1ekTpojie. CKOpOCTh pa3BepTKH NMoTeHIana 2 MmB/c
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Ha pucynke 7 mpenctaBieHbl ()OHOBBIE XapPaKTEPUCTUKU IJIsI DJICKTPOJIUTOB HA
ocHoBe TUMOB, conepxkammx 1,0 M Mg(ClO4),. st kaxaoro coctaBa 3JIEKTPOJIATA
CHUMAJIH 3 1IUKIIA.

N3 npencTaBiieHHBIX KPUBBIX BUJIHO OTCYTCTBHE TMCTEPE3UCA HA KPUBBIX MPSIMOTO
u oOpatHoro xona. B pguamazone mnortenmuaioB ot 0,5 mo 3,5 B ¢QonoBas

XapaKTCPUCTUKA UMECT T'OPHU30OHTAJILHOC I1J1aTO.

LA LA
2
4,0x107 1 4.0x10°
2.0x107) / 2,0x107] y
0,0 0,01 J/
"1 T 7T B 4 i 2 3 4
UMQ}-MQ" B Urug’_-*Mg“’ B
L A LA
3 4
4,0x107 4,0x10"
2,0x10™ 2,0x10
0.0 // 0.0 ///
i 2 3 4 1 2 3 .. 4
UMgEV‘Mg”’ o UMg*fMg‘” B

1 -1,0 M Mg(ClOy4), + G1; 2 - 1,0 M Mg(ClO4), + G2;
3—-1,0 M Mg(ClOy4),) + G3; 4 — 1,0 M Mg(ClO4),) + G4
Puc.7. BoapramiiepHbie XapakTepUCTUKH JIEKTPOJIUTOB HA ocHOBE 1,0 M

Mg(ClO4), Ha mmaTuHOBOM 31eKTpoae. CKOpOCTh pa3BepTKU MmoTeHIMana 2 mB/c.

Boime norennumana 3,5 B HaOntogaeTcs Bo3pacTaHuEe TOKA, CBA3aHHOE C HAYalioM
Mpoliecca pasiioKeHUs KOMIIOHEHTOB 3jekTposiuTa (puc. 8). M3 mpeacraBieHHbIX

PE3yJIbTAaTOB BUAHO, UYTO BCIIMYHMHA aHOJIHOI'O TOKAa B o0acTn IIOTCHIOMAJI0B Ooiee

43



THOJIOKUTENBHBIX, YeM 3.5.B ymenbmmaercs ot 4,9x10* no 8 x10° A B paxy G1 > G2

>@G3 > G4.

I, A
4,0x107Y

2.0x107Y

0,0

2.5

I, A

4,0x107

2.0x107

0,0

3.0

3.5 4.0
UM

o Mg”

2,5

3,0

3.5 4.0
UM \

g: ) Mg”

I, A
4,0x104
2
2.0x104
0-, —-/
2.5 3,0 3,5 4,0
B UMg: Mg B
I, A
4,0x10™
4
2.0x10™
0,0 .
2.5 30 35 4.0
, B UMgl'r"I\-Ig“’ B

1 —1,0 M Mg(ClO4); + G1; 2 — 1,0 M Mg(Cl04), + G2;
31,0 M Mg(ClO4),) + G3; 4 — 1,0 M Mg(ClO4),) + G4

Puc. 8. BonbramnepHbie XapakTepUCTUKH 3JIEKTPOIUTOB HA ocHOBe 1,0 M

Mg(ClOy4), Ha maTUHOBOM 3J1eKTpojie. CKOpOCTh pa3BepTKH NMoTeHIMana 2 MmB/c

BBenenue B cocTaB 3JeKTpoaUTa JONOTHUTENbHO nepxiopara autusa LiClOy4 (puc.

9) win ucnonap3oBaHnue cmeced ruMoB (puc.10) He NPUBOIUT K CYIIECTBEHHOMY

M3MEHEeHHI0 (OpMbI (POHOBOM XapaKTEPUCTUKH. Y BEIMYCHUE KOHIICHTPAIMHM COJieH

SHAYUTCJIIBHO YBCIMINBACT 3HAYCHNC TOKA B aHOHHOﬁ o0acTy.
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Mg Mg"

1 —0,25M Mg(ClO4),+0,25M LiClO4+G1;
2 —0,5M Mg(Cl0O4),+0,5M LiClO4+G1
Puc. 9. BonbramnepHbie XapaKTEPUCTUKH 3JIEKTPOJIUTOB HA OCHOBE MOHOTJIMMA

G1 na mmaTuHOBOM 31eKTpoe. CKOpOoCTh pa3BepTKH MoTeHIuana 2 MB/c.

I, A
4,0x10™
2,0x10™*+
0,0-
1 2 3 4
Mg ' Mg”

Puc. 10. Boasramnepasie xapakTepucTuku dekTposuTa coctaBa 0,5M Mg(ClO4),

+ G1:G4=1:1 na natuHOBOM 31eKTpoae. CKOpOCTh pa3BepTKH MOTeHIMana 2 MB/c

Bce amekTponauThl, COCTaBbl KOTOPHIX MPUBEACHBI B Tabmuie 1, SBISIIOTCA
AIEKTPOXUMHUYECKH CTAOWJIBHBIMH B Jauana3zoHe moTeHuuanoB oT 0,5 mo 3,5 B u
MOTYT OBITh YCIICIIIHO MCITOJIb30BAaHbI B HICTOYHUKAX TOKa cucteMbl Mg — MnO, Ilpu

HTOM MPEUMYIIECTBA UMEIOT AJIEKTPOJIUTHI C O0JIee BHICOKOM MPOBOAUMOCTHIO.
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I[EUIBH@ﬁH.IHC HCCJICAOBAHMA HAIIPABJIICHBI HAa HCCIICAJOBAHUC BIIMAHHUA COCTaBa

HCBOJIHOT'O 3JICKTPOJINTA HA KUHCTHUKY 3JICKTPOXUMHUUYCCKUX ITPOLCCCOB.

3. BnIiBoABI

l.

HccnenoBaHHbIe AIEKTPOIUTH HA OCHOBE TJIMMOB U UX CMECEH MOTYT OBIThH
PEKOMEHI0OBaHBI JIJIs1 UCIIOJIb30BaHUSI B UCTOUHUKE TOKa cucteMbl Mg-MnQO».

Onektponuthl Ha ocHoBe 1 M pactBopa Mg(ClO4), wumeroT 3HayYeHUE
nposoaumoctu nopsaka 103 Cm-em!. 3nauenue nonnoi nposogumoct 1 M
pactBopa Mg(ClO4), B rmumax ¢ obmei dopmynoit CH;O(C,H40),CHj;
camkaercsa B panxy Gl > G2 > G3 > G4. O1o 00ycCIOBIEHO YBETUYCHHEM

BA3KOCTHU pACTBOPUTCA N1 YMCHBIIICHUCM €TO0 TOHOPHOTI'O YHUCJIA.

. Beenenue B anextpoaut 0,5 M LiClO4 mo3BOJIIET CHU3UTH KOHIIEHTPAIIUIO

HOHOB MarHusa B OJICKTPOJIIMUTC I1IpU COXPAHCHHMHU BbICOKUX 3HAYCHUU

nposoaumocty Ha yposHe 7 10 Cm-em! mpu 25 °C.

. YBenudenue temreparypsl -20 o +60 °C npUBOAMT K HEAIIUTUBHOMY

yBesNMueHuIo npoBoauMoct. Hampumep, miisa anekrpomura 1 M Mg(ClOy),,
G1 npoBoauMocTh yBelnuuBaeTcs B 6 pa3, a B asiekTposure 1 M Mg(ClO4),,

G4 — B 3 paza.

. B mmanazone 0,5 — 3,5 B wuccienyemple dIEKTPOJUTHI 00JIaTat0T

BHGKTpOXHMHqCCKOﬁ CTaOMIIBHOCTBIO U MOI'YT OBITH YCIICHIHO HMCIIOJb30BAaHbI

B UCTOYHUKAX TOKa cucteMbl Mg — MnO;.

baarogapHocTh

Jannast paboTa BBINIOJIHEHA B paMKax mpoekta MuHucrepctBa  00pazoBaHusi U

Hayku YkpauHbl Ne 42170790 «Po3poOka BHCOKOECHEPTOEMHUX JKEPENl CTPyMy Ha

OCHOBl YKpaiHCBKMX MAarHi€BUX 1 MapraHieBUX CHUPOBHHHUX MaTepialiB I

IHHOBaIlHOTO TpUIano0yayBaHHs». lccrenoBanust moanep:KUBaTUCh B paMKax

npoekta NATO SPS 985148 “Development of New Cathodes for Stable and Safer

Lithium-Sulfur Batteries”. MaraueBbiii aHOJ MOXET OBITh NEPCHEKTUBHBIM JIJIsI

MCTOYHMKOB TOKa C KaroJAOM Ha OCHOBE CEpbl. 3aBeAyIOIlas M Hay4YHBIH
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Estimation of the Primary Batteries State of Charge and State of
Art by Frequency Characteristics of Electrochemical Impedance

Spectra

Riabokin O.L., Bojchuk O.V., Pershina K.D.

Joint Department of Electrochemical Energy Systems NAS of Ukraine, Kiev,
Vernadsky ave. 38-A, 03142

Electrochemical Impedance Spectroscopy (EIS) is widely used for measurement
and study of the electrode materials and electrochemical properties of
electrochemical devices [1-5]. There are many methods for obtaining various
electrochemical parameters using EIS [1-5]. Moreover, the intercalation of ions into
battery electrodes could be fixed by EIS spectra using their ability to response the
solid-state transport of charge carriers in the active material at low frequencies [6]. It
is well known that the transport of charge carriers is limited by ionic diffusion in
many battery materials due to the high mobility of electrons [7, 8]. Traditionally the
diffusion in battery electrodes with large particle sizes is described by Warburg-type
diffusion impedance, which draws a 45° line in the complex plane representation
(Nyquist plot), and is widely reported at low frequencies. Such response is well
described by a linearized diffusion model [9]. But in primary batteries the electrode
process consumes zincate 1ons and produces hydroxyl ions during charge in the zinc
electrode compartment; inversely, during discharge it produces zincate ions and
consumes hydroxyl ions [10]. In this case the transport of zinc material leads to a
reduction of capacity and service life of a battery due to formation of zinc species
which entrain zinc, such as Zn, ZnO, Zn(OH),, K,Zn(OH)4, Zn(OH)4* or polymeric
zinc species, and decreases the size of particles on the electrode/electrolyte boundary
[11]. Such processes lead to a significant deviation from linearity and can’t be
described by the linearized diffusion model, because the penetration depth of

diffusion can reach the impermeable current collector of a thin electrode film or the
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reflective center of a nanoparticle at accessible low frequencies, due to short diffusion
lengths in the thin film and nanoparticles [7, 12 - 14]. Therefore, it’s the reason to
apply parameters that describe the nonlinear behavior of diffusion, in particular, the
model of anomalous diffusion. This model gives relatively simple equations in the
frequency domain based on frequency dependence of the differential capacitance
from capacitance fractional derivatives and estimates the intensity of the ions motion,
depending on the frequency change [15]. So, the purpose of the work is to apply the
required frequency dependent parameters of the EIS to estimate the primary batteries
state of charge and state of art.

1. Experimental

Alkaline zinc manganese primary batteries (Duracell) in AAA gross geometry
(MN 2400) with a voltage of 1.5 V were chosen as the samples of test. The discharge
of this batteries was carried out at the potentiostat in galvanostatic mode under DC -
10, 20, 30, 40, 50, 60 mA/cm? at a temperature of (20 £ 5)°C within 80 minutes in
accordance to international standards [16]. Before the discharging, the samples were
stood at 1.5 = 0.2 h. for obtaining the temperature equilibrium in the electrochemical
system. The value of discharge currents based on the nominal capacity of the
batteries in A*h was calculated. Internal resistance at constant current was calculated
by the formula:

i—Ur

U
R =——
=1

(1)

I,=0,2-I;, I;- discharge currents.

The EIS spectra were recorded using an Autolab-30 electrochemical module
(Ekochemie BV, Netherlands) equipped with a Frequency Response Analyzer
module. The measurements were performed according to a standard procedure in the
frequency range of 0.01 Hz to 1.0 MHz with a single pulse amplitude of =5 mV into
two electrode cell. The module was controlled using Autolab 4.7 software with the
subsequent processing using the Zview 2.0 software package via the complex
amplitude method.

2. Results and discussion

Impedance spectra of samples after various current external loads have established
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a significant difference of their form (Fig. 1a, 2a). The typical displacements in the
middle-frequency (10? - 10° Hz) and the low-frequency (10-'-10! Hz) regions of the
spectrum have been fixed too (Fig. 1b, 2b). So the Warburg-type diffusion
impedance, which draws a 45¢ line in the complex plane representation, which has
been widely reported at low frequencies, can’t be applied, because in all the cases the
line in the complex plane representation is below 45°. Such dependencies have been
well described by anomalous diffusion model under the conditions of the adsorption
limitation on the electrode/electrolyte interface [15]. In compliance with the model it
is able to partition of the diffusion flows into two parts: the diffusion between the

macro grains of the electrode materials:

a17Y ac
and diffusion between the microparticles:
9%7vc 9%C
ot2=v 7 gx2 (3)

The first type of diffusion could be described by Fick's second law because in most
active materials the mobility of electrons is much higher than that of ions. As
electrons become freely available in the system, the mean electric field quickly
relaxes, resulting in local charge neutrality in the bulk. Under such conditions ionic
diffusion limits transport of the charge carriers, and a neutral diffusion equation,
Fick’s law, can be recovered for the ion material balance in the system. In this case
the electrochemical double layer develops at the interface due to the potential drop
across it. The double layer charging process can be modeled with the ideal capacitor
equation [7]. Taking into account the potential drop of the dense part of the DL the

capacitance is described by the equation:

C= q/c1+q/c2+q/c3 4)
c1, C2, ¢3 — differential capacitance of the various parts of DL
Thus the macroscopic capacitance can be calculated as:
Crmax = 3Rmax®Wmax (5)
Microscopic capacity corresponding to the degree of destruction of the

electrode can be calculated by macroscopic capacitance fractional derivative:
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1
Coin = ———= (6)

3Rmax WDmax

So, it can get a visual picture of the battery electrode/electrolyte interface
changes using a three-dimensional coordinate system (frequency, differential
capacitance and capacitance fractional derivatives). The performance of the graphical
integration  demonstrates  significant  differences in the structure of
electrode/electrolyte interface under different current loads (Fig. la, b, c, d), i.e.
battery state of art. Such behavior of the batteries made it possible to assume the state
of charge by simple calculation using the maximum shift of phase angle values and
values of frequencies near this maximum (Fig. 1b, 2b).

f(®) = 2= (7
\/%
fo - the frequency of the maximum shift of phase angle of the charged element, t -
time, Tp - time of shift when discharged [2]. Then, taking into account the shift of

the frequency range of the:

S0C = ’}"—D x 100% (8)

0

Also, the linear dependence has the ratio of absolute values of the phase angle

shift:
SOC = =2 x 100% 9)

0

Batteries state of charge calculations by different methods (Table 1) show
constitutive differences in charge values and mistakes of measurements, especially
under high current density. Using of eq. 7 significantly increased batteries SOC
values. This allows us to suppose that this method of calculation is incorrect. The
SOC calculation by maximum phase angle shift gave more correct results. That

allowed us to offer it as an express test of the battery SOC.
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Fig. 1. EIS of batteries after discharge in Nyquist coordinates (a) 1 - 10 mA/cm?, 2 -
20 mA/cm?, 3 - 30 mA/cm2; (¢) 4 - 40 mA/cm?, 5 - 50 mA/cm?, 6 - 60 mA/cm?. In
Bode coordinates after discharge: (b) 1 - 10 mA/cm?; 2 - 20 mA/cm?, 3 - 30 mA/cm2,
(d) 4 - 40 mA/cm?, 5 - 50 mA/cm?, 6 - 60 mA/cm?
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Fig. 2. 3D discharge diagram at (a) 10 mA / cm?, (b) 2 - 20 mA/cm?, (c) 3 - 30
mA/cm2, (d) 4 - 40 mA/cm?, () 5 - 50 mA/cm?, (f) 6 - 60 mA/cm? in the low

frequency range
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Table 1. Results of battery charge measurements by different methods

Density of Maximum Maximum of The value  Calculated Calculated SOC according to
discharge of initial frequency of the SOC by SOC by standard
current, frequency after phase eq.7, % eq.9, % measurements,
mA/cm? fo, Hz discharging angle shift %
frp, Hz 0, deg
0 57,50 57,50 76,22 0 0 0
10 57,50 33,11 62,33 42+2.7 18+0,5 12+1,5
20 57,50 19,05 42,94 67+2,4 44+0,5 44+1.5
30 57,50 10,97 24,76 81+7,6 68+0,5 68+1,5
40 57,50 10,97 5,50 89+9,5 93+0,7 60+5,5
50 57,50 10,97 3,17 89+10,5 960,7 52+10,4

3. Conclusion

The application of the frequency dependent EIS parameters in low frequency range
estimates the primary batteries state of charge and state of art. Data application of
three-dimensional coordinate system (frequency, differential capacitance and
fractional derivatives from this capacitance) makes it possible to perform a graphical
integration procedure. This procedure demonstrates significant differences in the
structure of electrode/electrolyte interface under different current loads, and gives an
opportunity for battery state of art estimation. The state of batteries charge estimated
by different methods has shown constitutive differences in charge values, especially
under high current density. Method based on the ratio of frequencies near maximum
shift of phase angle has the highest deviation relative to the standard method of the
battery SOC estimation. The SOC calculation by maximum phase angle shift has
given more correct results and minimal mistakes during measurements. The ratio of

maximum phase angle shift has been proposed as express test of the battery SOC.
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Influence of amorphous carbon on the electrochemical
characteristics of battery graphite

Suslov M. M., Muhin V. V.
Kiev National University of Technology and Design

A flake natural graphite is most widely used today as an anode material for
lithium-ion battery (LIA).

For these purposes a high-ordered graphite used that has a high purity, determined
by the shape, structure and size of the particles. Such graphite is an ideal matrix for
reversible intercalation of lithium ion. One of the largest sources of graphite raw
materials in Europe is the Zavalivsky deposit of Kirovograd region (Ukraine), where
the content of graphite in the original ore reaches 5-7%. Some manufacturers prefer a
synthetic graphite due to its excellent consistency and a high degree of purity
compared with a natural one. In this work, the study of the amount of amorphous
carbon on the electrochemical characteristics of GAK graphite grade from the
Zavlivsky deposit was carried out. Amorphous carbon was formed by pyrolysis of a
mixture with glucose in a microwave oven. The ratio of graphite and glucose was 1: 1
and 1: 0.5 (by mass).

Adding an amorphous carbon and a carbon black in a small amounts makes it
possible to stabilize the capacity, especially when working at higher densities of
current. Nevertheless, a significant increase in these components leads to increasing
in irreversible capacity and deterioration of graphite stability.

Key words: graphite, microwave irradiation, glucose, irreversible capacity,
electrochemical characteristics.

Bniiue aMop@HOro ByIrjienm0 Ha eEJEKTPOXiMIYHI XapaKTepUCTHKU
aKYMYJISATOPHOIO rpagiry

Cycnos M.M., Myxin B.B.
Kuiscokuii hayionanvHuil yHigepcumem mexHono2it ma Ou3auHy
Ha cporognimHii JeHb JYyCKOBHM NpUpPOIHUN TpadiT HANOUIBII MIMPOKO
BUKOPHUCTOBYETbCS SIK QHOJIHUN Martepian A JiTid-ioHHOro akymyssitopa (JIIA).

JIns 1uX 1iJIe BUKOPHUCTOBYIOTBCS BHCOKO-BIIOPSAKOBaHI TpadiTu, 1110 BOJIOIIIOTH
BHUCOKOIO YHCTOTOIO, BU3HAYCHOI (POPMOIO, CTPYKTYpOI 1 po3MipaMHU YaCTUHOK.
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Taxi rpaditu € i1eanbHOI0 MAaTPUIEIO A1 000POTHOI 1IHTEepKAJALIl MiTiio. OgHUM 3
HaOUTBIIUX JKepen TpadiToBoi CHUpOBHHM B €Bpomi € 3aBajUIiBChKE POIOBHIIE
KipoBorpancekoi obnacti (Ykpaina), Ae BMICT rpadiTy B BUXiAHIN pyail carae 5-7%.
Jlessiki BUpOOHUKH BIJJAl0OTh MEpeBary CUMHTETUYHOMY TpadiTy udepe3 HMoro 4yoBy
KOHCHUCTEHIIII0 1 BUCOKUU CTYNEHb YHCTOTU B MOPIBHAHHI 3 MPHUPOJHUM. AJie BXKE
ICHYIOTh Cy4YacHI METOAHM OYHUIIEHHS, $KI JO3BOJISIIOTH JOMOTTHUCS YHUCTOTH
npupoaHoro rpadity Ha piBHI 99,9% [1], Toai K CUHTETHYHHI rpadiT Mae 3HAYHO
O1JIbII BUCOKY COOIBAPTICTb.

1. DkcnepumMeHTAJbHA YACTHHA

1.1. MeToau BUTOTOBJIEHHSI TA aHAJII3

VY naniit poboTi Oyn0 CKOMOIHOBAHO Ta BUKOPHUCTAHO Pi3HI METOAUKHU MiATOTOBKU
Ta OYUCTKH JIUIS JOCSITHEHHSI KPAIIOTO PE3yJIbTATy HOCIIHKCHb:

1. MexaHiyHa OiATOTOBKA;
2. MexaHiyHa, XiMiYHa ITATOTOBKA;
3. Mexaniyna, XimigHa niaroropka, CBU-onpomMiHeHHS.

«MexaHlyHa» TIATOTOBKA MoJjsArajga y pos3noaun dpakmiii mo ix po3Mipax, Iis
orieparlis MpoBOJUIACS 3a JOMOMOTOI CUT 3 PI3HUMH JlaMeTpaMH OTBOpiB (25, 35,
45 MKM).

XiMmi4yHa MiArOTOBKA BKJIIOYAIa B ceOe OUMINECHHS TpadiTy BiJl JOMIMIOK (METAIB,
OopraHiyHuX 4acTuH, MiHepaiiB). Croci0 BKIIOYaB KUCIOTHY OOpoOKy rpadity 3
HACTYITHOIO MPOMMBKOIO BOJIOIO Ta CYIIIHHAM, MPUYOMY KHCIOTHY 00poOKy rpadity
MPOBOAMWIM B CYMIllll JBYX KOHIIEHTPOBAHMX KHCJOT - a30THOI, coyistHOI [2].
A3oTHyTa cosiiHy Opanu y criBBiHomeHH1 1:3 (Tak 3BaHa "mapchka Bojaka'),
00poOKy 3/1MCHIOBAJIM TPOTSITOM 3-5 roAuH (B peakTopl Ta HyTY-(IIbTP1, BAKOHAHUX
3 KHUCJHOTOCTIMKMX MatepianiB). Ilicisi NpOMUBKM BOJOK MPOAYKTH peaKIlii
GiTETpOBANIM 32 OTIOMOTOK0 BOJIOCTPYHHOTO Hacocy Ta koyiou broxuepa mo pH 7,
Jam - 3a JIOMOMOTOI0 JUCTUIILOBAHOT BOJIU - 1O JOCSATHEHHS MPOMUBHOIO BOJIOIO
€JIEKTPOIPOBITHOCTI  BUXIAHOI JUCTHJIBOBAHOI BOAM, a Tepen  CYIIHHAM
00€3BOTHIOBAITH, IEPEBAKHO 32 JOMOMOTOI0 IIEHTPU(YTH.

Buxigna 3051pHICTh 3aBAJIEBCHKOTO T'padiTy Micis sKICHOT (hoTaIiiHoi 00pOoOKH
cTaHOBUTh 5-6 %, a o00poOka B Cymilll JBOX KHUCJIOT TMPU CEPEIHBOMY
criBigHomeHHI HNO3:HCI=1:3 no3Bosisie HaBiTh 32 OJIHY CTail0 OTPUMATH KIHIIEBY
30bHICTE ~ 0,02 % [2].

BigoMi nmpuHIOMNM TiABUIICHHS MUTOMOI €MHOCTI TpadiTOBUX EJIEKTPOJIIB 3a
paxyHOK BHUKOPUCTaHHS B SKOCTI MOAM(IKATOPIB MOBEPXHI IpaiTy TaKUX BHCOKO
E€HEepProeEMHUX MaTepiaiiB, sk amopduuil Byrieus [3].[(1s 1pOro BUKOPUCTOBYIOTH
BYIJICIICBMICHI PEUYOBHMHHU, SKI 3MIMIYIOTh 3 TrpadiToM 1 MNIAJAI0Th MIPOdI3y 3
BUJIVICHHSIM aMmop(dHoro ByrJieIo. ByrieneBMiCHOI pedOBMHU HE TOBHUHHO OyTH
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ayxe Oarato (mo 10%). AmopdHHIl Byryienb MOBHHEH OyTH PO3MOJUICHUN MO
NOBepXHiI rpadiTOBUX YACTHHOK SKHANOUIBII PIBHOMIPHO 1 B JIPIOHOIUCIIEPCHOMY
CTaHi.

JIns  TOKpallleHHS  eNeKTPOXIMIYHMX XapaKTepUCTUK rpadity Hamu OyIio
3actocoBano CBY-ompominenns. Jlo rpadity momaBaid JUMOHHY KHCIOTY abo
rimoko3y. [lpurotryBanHs cywmimn BiIOyBajioCsl HACTYITHUM YHMHOM: TpadiT Micis
MEXaHIYHOI Ta KHCJIOTHOI OYMCTKHA 3MIIIYETbCA 3 TJIOKO30I0 Ta  MIAJAETHCS
ynbTpa3BykoBii nucnepramii (Y3/]) y nuctunboBaniii Bomai mo 20 xBunuH. Ilicus
V3] marepiall cTaBUTHCSA HA CYIIKY Ha 6-9 TOAWH 3 YTPHUMAaHHSIM TeMIIEpaTypHOTO
pexumy 100-110 °C. Hacrynna oneparis—onpominensss B CBY - miuri, pexum 800
Bt, wac onpominennst —15 xBunuH, nepepsa 5-10 xBunna.O6podka B CBY — miui
noBToproBanacs 4 1mukiad. [lpu nepiioMy MUK OMPOMIHEHHS Yy Tedl BiJI0YBa€TbCs
IpoIeC BUMIAPOBYBaHHS 3alWINKIB Boau. Y Tabm. 1 MoxHa OadyuTH 3HWKCHHS
temnepatypu npu CBU-onpomMineHH1 rpadiTy BiJ HUKIY 10 ITUKITY.

Tabauusl. Pizauns temnepatyp npu CBY-onpomiHioBaHHI IpUPOIHOTO rpadiTy
3aBajuTIIBCHKOTO POJIOBHUIIA

No nukity Temneparypa, t°C Yac, xB.
1 820 15
2 610 15
3 540 15
4 520 15

['omoBHMM HemoikoM rpadiTy € BIJHOCHO HH3bKa MHUTOMa €MHICTb, OCKIJIbKH
HaBITh TeOpeTU4HE 3HaueHHSI Q¢ = 372MA Tox / T.

Si, Sn, Al, TBepae Byriuig Ta A€sKl IHII MaTepiadd aKTUBHO JOCIIIKYIOTHCS SIK
albTepHATUBHI MaTepianu i JiTii-10HHUX OaTapei.

VY naniii poOoTi OylO HPOBEAEHO MOCHIIKEHHS BIUIUBY KUIBKOCTI aMOP(pHOTro
BYIUICII0O Ha eJeKTpoxiMmiuHi Xxapaktepuctuku rpadity (I'AK) 3apammiBckoro
poaoBuia. AMopdHUA Byrielb yTBOprOBaBcs mpu miposisi cyminn ['AK 1 riroko3u B
CBUY neui. CriBBigHoIeHHs rpadiTy 1 mmroko3u cranoBmio 1:1 ta 1:0,5 (mo maci). Y
Tabnuii 2 mnepenideHi rpaditd 3 amMmopdHUM BYyIJIEIEM, sIKi OyJd BUTOTOBJIEHI 3a
normomororo CBY-onpomineHHs Ta MiIaBaIKCs SISKTPOXIMIYHIUM JOCTIHKCHHSIM.
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Tab6auunsa 2. [lepenik ByrieneBux mMaTepiaiiB, TOCHIIKEHUX Yy POOOTI

No | Mapka rpadiry/mapkyBanas | CmiBBigHomeHHs rpadit/amopdHuit
BYyTJICTIb (10 Maci)

1 'AK «BuxigHui» -

2 IF'AK «1» 1:1

3 I'AK «2» 1:0.5

4 I'AK «3» 1:0.5 +10% caxi

1.2. IlpuroryBaHHSs e€JIEKTPOJHOI MaCH i MaKeTy

Cycnensii pi3HOro ckiany (tabm. 3) Ha OCHOBI aKTMBHOI PEUOBUMHU — Tpadity
BUPOOHUIITBA 3aBauIiBChbKOro rpaditororo komoinaty I'AK, Oyio mpurorosieHo y
BucokooOepToBii mimanii (IKA RW 20). IlepeminyBanHsi KOMIOHEHTIB TpuBaio 20
XBWJIMH NpU MBUAKOCTI obepranHs Mimaiaku 2000 06/xB. [ToTiM Oyio mpoBeneHO
00poOKy cywmimiel ynbTpa3BykoBuM gucrnepratopoM (Y3Jl) mis nmesarperarii 1
PIBHOMIPHOTO pO3MOJIJICHHS CKIAAOBUX cycneH3id. OTpumaHi TakKUM METOJIOM
cyminr OyJio HaHECEHO Ha 3a3JaJieTib MiATOTOBICHY MITHY (OJIBTY 3a JOTIOMOTOI0
arulikaTopa 3 MeBHUM BHU3HAYEHUM 3a30poM. DOJIbry 3 HAHECEHOIO KaTOAHOK MacoOlo
OyJ10 BUCYIIEHO MiJT i1H(pauepBOHOIO JAMIIOKO.

Tadoauus 3. Cxiiaa JoCHIKEHUX KOMITIO3UTHUX MaTepiaiiB

Mapxka rpadity/ AKTHUBHa PVDFB CB rpadit/amopd
MapKyBaHHS pe4oBHHA, NMP, % (carbon | Huit Byriemns
% black), % (o mact)
I'AK «1» 92 8 1:1
'AK «2» 92 8 1:0.5
I'AK «3» 82 8 10 1:0.5

[Ipu 30upaHHI €IEeMEHTIB Y aproHOBOMY OOKCI 3a JIOTIOMOTOI0 IIMPHIAa B KOXKEH
pobounii HamiBelIeMeHT Oylo BBeIEeHO elekTpomiT. Jiua mochimkeHHs Oyia
3acTocoBaHa enektpoisitHa cucreMa po3unH 1 M LiClO4 B cymimii po3YMHHHUKIB
eTuieHKapOoHat: numeTmiikapoonart =1:1 mo maci. HaniBenemeHnTt Oyno BUTpUMaHo 5
XBWIMH nepes 30MpaHHsM JJisi POCOYEHHs eneKTpoaHoi Macu. Ha enextpos Oymo
HAKJIaJICHO CermapaTop Ta KUIbLie-yIIIJIbHIOBaY. 3BepXy OyJIO BKIAJCHO KPHUIIKY
€JIEMEHTA 3 JIITIEBUM aHOJIOM, IO CIYXKUB Y JOCIIIKEHHI €JIEeKTPOOM MOPIBHSIHHS.
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Maketn 3 YKJIAQAEHOIO KpPUIIKOIO Oyl0 3aBalbllbOBAHO JUIs TepMeTu3amii 3a
JIOTIOMOTOI0 TTHEBMATUYHOI'O TIPECy B I1HIIOMY CYXOMY aprOHOBOMY OOKCi, SKHU
criory4aBcst (hopKaMeporo 3 OOKCOM JIJIsl 3AJIMBKH €JICKTPOJIITY.

2. OcHOBHI pe3yJbTaTH i iX 00roBOpeHHs

2.1. CrpyKTypHi AocaixKkeHHs rpagiTis

Byno mpoBeneHo AOCHIIKEHHS CTPYKTYPHUX XapaKTEPUCTUK JTOCHIIKEHUX THUIIIB
rpadiTiB 3a JOMOMOIOI0 CKAaHYBaJIbHOI €JIIEKTPOHHOI Mikpockomii (mpmiang JSM-
6700F, JEOL, fAnownis). 3 orpumanux mikpodotorpadiii po3paxoByBaid pPO3MOILI
JacTOK 3a po3MipaMH Ta BU3HAYAIM CEpPEeAHIA pO3Mip YacTOK JJIsI KOKHOTO THITY
rpadity(puc. 1).
B 4 ,\ _

i : 2 - - .
g TS PIAT e M\ - Akl £ 2O

0) 'AK micnst ouncTky Ta noApiOHEHHS

Z2akU X189, BEE 1 rmern

B) ['AK micns CBY onpoMiHEeHHS 3 YTBOPEHUM aMOpP(PHUM ByTJIELEM

Puc.1. Pe3ynbratu ckaHyBalbHOI €IEKTPOHHOI MIKPOCKOIIIi rpadiTiB
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Amnaniz MikpodoTtorpadiii Bkasye, 1m0 CepeaHl MOB3IOBXKHI PO3MIPH MPOCITHUX
4aCTUHOK TpadiTy cTaHOBIATH BiamoBigHo Bix 40 mo 200 MkM, B TOH ke yac
o0poOneHuit rpadit crae OUIBII OJHOPIAHUNA 3a po3MipamMu dYacTUHOK.CBY-
OTNPOMIHEHUN MaTepiasl BIPI3HIETHCS Bl IBOX BUIIE HABEJICHUX CBOEIO CTPYKTYPOIO
3a paxyHOK yTBOPEHOTO aMop¢HOTO Byriemio (3a momomororo mipomsy y CBY —
mevi) Ta po3ipBaHUX JYCOK (32 paxyHOK TE€PMOYAapy BHACIHIAOK BHUIIAPOBYBAHHS
saymmkiB H,O).

2.2. ExaexktpoxiMivHi J0CTiIKEeHHS Ta iIX 00roBOpeHHS

Pe3ynbpTaTi €neKTpOXIMIYHUX JOCIIIKEHb €MHOCTI Ha mepioMy nukii (Ta6m. 4,
Puc. 2a) mokasyioTh 3MEHIIEHHS BETUYMHUA HE3BOPOTHOI €MHOCTI 31 3MEHIICHHSIM
KITBKOCT1 aMOp(HOTO BYTJICIIO B CKJIa/l €JIEKTPOAHOTO MaTepiany.

Tabauuns 4. EMHICTh Ha IEPIIOMY ITUKJI

Mopaudikariis BigHonrenus €MHICTE Ha HesBopothna Ocraroyna
rpadity I'AK no NepuIoMy UK, €MHICTB, €MHICTB,
TIIIOKO3HU MA -Ton/T MA ‘ToI/T MA ‘Ton/T
I'AK «1» 1:1 376 83 290
I'AK «2» 1:0,5 352 75 277
I'AK «3» 1:0,5+10% 311 49 262
CB

B Tolfi ke wac, ocTarouHa poO3psAAHA EMHICTb TICHIsA TEpIIOTO LHUKITY
cnoctepiraerscst ans Bapianty ['AK «1» 3 ypaxyBaHHsIM 30UIbLICHHS CyMapHO{
€MHOCTI 3a paxyHOK BBEJCHHS aMOP(HOI0 BYTJEIIO, 110 TAKOXK YiTKO BUAHO 3 Puc.
2a.

Bxxe micna 10 mukny rpadit [AK «I»aemo BTpayae CBOIO €MHICTh, a HaBIAKU
'AK «3» 3 npomimkamu amopduoro Byrieuro i 10% caxi po3popmMoByeThCs 1
BUXOJUTH B nifiepu. Lleit Bapiant 30epirac HallOUIBITY €MHICTb 1 CTAOLIBHICTh TAKOX
npu 30UIbIIeHH] cTpyMy po3psay 1o 1C, Ha 110 BKa3ylOTh pe3yJbTaTH LUKIIOBAHHS

KOMITO3UTIB, HaBEJIeHI Ha puc. 3.
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Or " 50 " 1(I)0 ’ 1._;;0 ‘ 2(I)O . 2%0 . 36; 350

Q, mMAu/r
Puc. 2 (a). 3apsgHo-po3psaani xapaktepuctuku rpaditiB Ha 1 muki (1 —TAK «1»; 2 -TAK
«2»; 3 -TAK «3»)

__‘N..___-______—--\:—--‘_‘

0 I 50 ’ 1 60 ’ 1 éO I 260 . 2_;:0 ' Séﬂ
Q. MAu/T
Puc. 2(0). 3apsaaHo-po3psaHi xapaktepuctuku rpaditis Ha 10 mukm (1 — FAK «1»; 2 — TAK
«2»; 3 -TAK «3»)

Q, mAu4/T
300{ SRERY POt o]
ERERE $=fggmcr
200{ 'S s ‘;‘ S 2
100+
0 T T T T T T
0 5 10 15 20 25

Ne uukay
Puc. 3. 3anexxHicTh TUTOMOT PO3PSATHOT EMHOCTI BiJI PEKUMY PO3PSATY 1 KITBKOCTI 3apsITHO-
pO3psAIHUX HMUKIIB T pisHUX rpaditie: 1- [AK «3»;
2 —TAK «1»; 3 —TAK «2».
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3 HaBEJCHHX [JaHUX MOKHAa 3pOOMTH HACTYMHI BHCHOBKH MHIOJ0 BIUIUBY
JTOCIIDKEHUX (PaKTOpiB Ha CTaOUIBHICTH €JIEKTPOXIMIYHMX BJIACTUBOCTEH rpadiTy
Opu TPUBAIOMY [HMKIyBaHHI. OCHOBHMM MEXaHi3MOM TIOCTYIOBOI Jerpajaaiii
XapaKTePUCTHK HAaBiTh YMOBHO «iJI€aTbHO-YUCTOTO» TIpadiTOBOTO €NeKTpoaa B
MpoLEC] LUKIIOBAHHS € MOCTYIOBE «PO3XUTYBAHHS» MOrO CTPYKTYPH B pe3yjbTaTi
THTepKaIAIIi-AeiHTepKAIAIii JiTiI0 B TpadiT 1 MOB'SI3aHUX 3 UM OO'€MHUX 3MiH
CUCTeMH "JacTUHKHU TpadiTy - noiimepHe crnoiaydeHHs"[1]. 3BuuaiiHo, iHTepKaALis
JiTiI0 B rpadiT HE NPU3BOJAUTH A0 HACTUIBKH BEJIIMKHX 3MiH 00'eMy, SIK IpU HOTo
iHTepKassauli B KpeMHid abo onoBo (monan 300%). OnHak, HaBITH 3HAYHO MEHIIN
3MIHHM 00'€My TaKOX 37aTHI MOCTYNOBO "pO3XHTaTU" CHUCTeMy "JacTHHKHU rpadita —
TOHKa TIUTiBKa momiMmepy". B pesynbrari Takoro "po3xuTyBaHHS" CYHUIBHICTH
€JIEKTpOoa MOCTYIOBO 3HMKYEThCS, KOHTAKTH MK YaCTUHKaMU rpadiTy cliaOllaroTh,
3pOcCTa€ MOSpU3aLlis €IEKTPOa 1 3HHKYEThCSI EMHICTD.

BucHoBok

VY A0CKOHANEHHS CTPYKTYpHU MPUPOAHOTO TrpadiTy HUIIXOM JOJaBaHHS 0 HBOTO
amopduoro Byriento (y cmiBBigHomenHi 1:0,5) i caxi (mo 10%) mae MOXIUBICTH
cTab1113yBaTH €MHICTh, OCOOJIMBO MIPU POOOTI HA OUIBII BUCOKHX T'YCTUHAX CTPyMY.
Pa3om 3 1um, 3HauHE 30UIBIICHHS LIMX KOMIIOHEHTIB MPU3BOAUTH JI0 301IbIICHHS
HE3BOPOTHOI EMHOCTI 1 MOTIPIIEHHS CTA01IBHOCTI I'paiTOBUX €1EKTPO/IIB.
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Processes of oxygen electroevolution (OEER) and electroreduction (OERR) is
supposed to be important constituent part of water splitting technologies, sustainable
energy generation such as fuel cells, metal-air batteries or regenerative fuel cells.
Despite the excellent prospectives and theoretical electrical performance of them new
findings and developments are still necessary. The example where improvements are
crucial to make it practically available is the Lithium-air battery (LAB) technology
[1, 2, 3].

Oxides of transition metals with tailor-made properties are good candidates for
LAB-applications as alternative to noble metals materials. Manganese dioxide has
many advantages among other transition metals. It has high ORR activity, it is one of
the best H,O, decomposition catalysts, it found practical application in Zn-air
batteries for decades in addition to low cost and environmental friendliness [4].

On the other hand, electrocatalytic activity in both reduction and oxidation
processes of a single compound is rare. Therefore, special bifunctional catalysts have
been developed for LAB technologies. The bifunctionality is well-known in
chemistry. For instance, many bifunctional catalysts in organic chemistry possess
either Lewis or Brensted basic functionality. Compared to single functional group
catalysts, the cooperative effect of the two complementary functional groups can lead

to new reactivity and stereocontrol in reactions that were previously challenging or
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unprecedented [5].

There are generally two strategies to improve the activity (or reaction rate) of an
electrocatalyst system: (i) increasing the number of active sites on a given electrode
(e.g. through increased loading or improved catalyst structuring to expose more
active sites per gram), or (ii) increasing the intrinsic activity of each active site [6]. At
the same time, there are physical limits to how much catalyst material can be loaded
onto an electrode without affecting other important processes such as charge and
mass transport. The difference between a good catalyst and a poor catalyst can be
more than 10 orders of magnitude apart, whereas the difference between a high
loading and a low loading catalyst might only be 1 to 3 orders of magnitude [7].

The electrolytic doping procedure has been developed in our research group |8,
9]. As shown recently, phase and chemical composition of electrocrystallisation
product is dependent on dopant additive nature and concentration in an electrolyte.
The electrochemical properties in this case are subjected to changes that otherwise
are difficult to achieve. Enhanced electrocatalytic activity of Fe-doped MnO; in
phenol and VOC degradation was shown in [9], the peculiarities of electrocatalytic
activity of doped MnO, samples in oxygen electroreduction are also under
consideration [10].

Manganese(IV) oxides are among the most effective non-precious
(electro)catalysts of both oxidation and reduction processes, nevertheless there is a
necessity to develop bifunctional catalysts that activate simultaneously oxidation and
reduction. The phase composition and structure defects have profound influence on
this material activity. The purpose of this work was to study influence of induced by
dopant ions changes on ability of manganese(IV) oxides to be oxygen electrocatalyst.

1. Experimental

Manganese(IV) oxide samples were electrodeposited galvanostatically (i =
10 A/dm?) at the platinum plate anode and the vitreous carbon plate as an auxiliary
electrode. The pristine fluorine-containing electrolyte consisted of 0.1 M HF + 0.7 M
MnSO4 and the dopant additives in the electrolyte were sulfates of the following
concentration: 1.5 M NH,", 0.01 M Fe**, 0.01 M Cr**, 0.01 M Co*". Some samples
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were prepared using trinary electrolytes by ions of metals. They contained besides
manganese sulfate and hydrofluoric acid HF additives of cobalt sulfate and lithium
hydroxide. The dopant ions were introduced by the addition of 0.03—1 M of CoSO4
and 0.1—4 M LiOH. The concentration of manganese ions was also varied in the
range 0.1—0.7 M. XRD study was performed on a DRON 4 instrument (Mo and
CuKo-radiation).

The cyclic voltammetry (CVA) experiment was carried out in a standard three
electrode cell and 0.3 M LiOH electrolyte saturated with O, on IPC-PRO potentiostat
— galvanostat at the potential scan rate to within 0.001-0.5 V/s. Carbon paste
electrode (CPE) was assembled to study manganese dioxide samples electrocatalytic
activity in ORR. CPE was a thoroughly grounded mixture of doped manganese oxide:
graphite in the ratio 70:30 and polytetrafluoroethylene (PTFE) emulsion loaded into
PTFE-tube.

2. Results and discussion

The XRD phase analysis showed the following main phase components
depending on dopants added (Table 1). These results are in agreement with
thermodynamics of hollandite phase since foreign ions like NH4" in structure
channels decrease its free energy significantly [4] as a result of influence of entropic
factor. The template doping effects of M'-ions on hollandite or a-MnQO, stabilisation
allow realization of electrocatalyst with structure tunnel size available for small
molecules of water and organics. Ramsdellite or y-MnQO,, is crystallised with additives
of transition metals (Fe**, Co*") and at the presence of Cu?" both effects take place.
The low concentrations of Cu?" additive (0.001-0.002 M) stabilize hollandite structure
but the increase its content by the order of magnitude changes hollandite to
semiamorphous ramsdellite phase and B-MnO,. The layered birnessite structure is

formed at the presence of Cr’* additives.
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Table 1. Chemical and phase composition of doped manganese dioxide samples
obtained by anode electrodeposition at the presence of ionic additives from
fluorinecontaining electrolytes.

Samples 1 2 3 4
Origin/dopant NH,* Cr’t Fe?* Co**
Dopant ion concentration in 1.5 0.001 0.01 0.01
electrolyte, mol/L
Mn (total), mas. % 59.7 55.2 44.2 45.2
Dopant ion content in samples, - 3.9 0.26 0.012
mas. %
Phase components oty ot+a v+B I

As shown by XRD-data, significant additional broadening of (110) ramsdellite
main XRD-pattern peak is observed at the presence of 0.001-0.01M Co**. The same
tendency is less distinctive for Fe*" due to its reducing activity in an electrolyte.
These features are the results of the heterovalent substitution of transition metals that
occupy Mn position in crystal lattice. Crystal chemistry gives the evidences in favour
of this behavior of dopant additives. Isostructural to ramsdellite structure compounds
exist (Pnma with orthorhombic symmetry of heterogenite CoOOH — groutite (-
MnOOH — ramsdellite y-MnO, — goethite, a-FeOOH). Therefore, the simultaneous
presence of these metals in an electrolyte gives prerequisites of solid solutions
formation. Conditions of their preparation require further investigations. The results
of XRD study of heavy doped by Co-samples in comparison with heterogenite XRD
pattern are shown in Fig. 1. To summate mentioned above facts, the prospective of
active site concentration increase is realized in case of Mn*" sites heterovalent
substitution by Fe?", Co*" and etc.

CVAs of doped MnO, CPE in 0.30 M LiOH solution saturated with oxygen were
studied at V=20 mV-s!. Peaks of ORR become visible in mA range of currents in our
CVA experiments after electrolyte saturation by oxygen or prolonged anode

polarisation at potentials higher than 1V (vs Ag/AgCl) at oxygen evolution. The
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weak two steps of ORR can be seen in the range of potentials -0.2 and 0.7 V and are
the charge transfer controlled with the Tafel slopes b that are in agreement with 60
and 120 mV of ORR detected on Pt electrode correspondingly [11]. OER peaks are

observed at the reverse direction of CVA scan after about 1.0 V.

| CoOOH (rereporeir)

1000 Bimw. on, 5

Fig. 1. XRD patterns of
doped by Co and Li
samples with different
ration Co:Mn in an

electrolyte in

comparison with Co

20 30 40 50 60 containing electrolyte

20 (CuKy)

Analysis of ORR activity of investigated samples is shown in Table 2. Fe*', and
Co?" doped samples display similar behaviour with two weak peaks of ORR currents.
These samples have two well-defined 2e” steps of ORR with maximal current unlike
Samples 1-3. AE ( Eoer —Eorr) is close to 1.0 V which is in agreement with
published data [12]. The anode current of OER makes up 56 mA/cm? for sample 1
which is evaluated from steady state polarisation curve and it is by about 40 times

larger than ORR currents on this sample.

The electrolytic doping procedure improves the prospective of practical
application of electrodeposited manganese(IV) oxides as electrocatalyst. The high
activity of Fe?"-doped MnO, indicates the positive role of Fe**/Fe** redox pairs as

active sites of surface states. Doped by Co?" samples display high activity and some
unique features in ORR(OER) also. It is proposed that combination of Co*" and Fe**

additives could be prospective as a bifunctional catalyst for LAB cathode application.
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Table 2. ORR electrochemical parameters of samples 1-4 (V =0.02 V/s)

Sample 1 2 3 4
NH,* Cr’* Fe** Co**
ORRE;,V - - 0.547 0.544
I, mA/cm? - - 1.18 1.38
ORR E,, V -0.028 -0.111 0.023 -0.015
I,, mA/cm? 1.24 0.56 0.29 0.33

3. Conclusion

The electrolytic doping procedure developed in our research group obeys both
strategy principles in improving electrocatalyst efficiency, i.e. increasing the number
of active sites and intrinsic activity. The directed changes of phase composition
increase intrinsic activity of surface sites comparing with conventional
electrodeposition methods. The prospective of active site concentration increase is
realized in case of heterovalent substitution by Fe**, Co*" and etc.

The electrolytic doping procedure expands practical application of
electrochemical manganese dioxide due to the control of chemical and phase
compositions. The ionic dopant additives of NH;", Fe*', Co*" have different
mechanisms of their influence upon electrocrystallisation process. The electrolytic
doping procedure improves the prospective of practical application of
electrodeposited manganese(IV) oxides as electrocatalyst. Both doped by Co*" and
Fe?* ions samples display the best activity and some unique features in ORR(OER). It
is proposed that combination of Co*" and Fe*" additives could be prospective as a
bifunctional catalyst for LAB cathode application. The high activity of Fe?*'-doped
MnO, indicates the positive role of Fe*'/Fe’" redox pairs as active sites of surface

states.
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Electrode materials in the oxidation of rhodanide

Kosohin O., Kushmyruk A., Linyucheva O.
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Rodanides (thiocyanates, salts of thiocyanate acids) are widely used in industry, in
particular, for the synthesis of thiourea, in analytical chemistry, in agriculture as toxic
chemicals. However, during the oxidation of rhodanides, the formation of cyanide
(hydrocyanic) acid is possible, that requires monitoring the implementation of the
processes of using rhodanides. However, controlled oxidation reaction [1]

SCN~ +4H,0 — SO; + HCN +7TH" +6e , (1)

can be a source of trace amounts of hydrogen cyanide and can be used to test
diagnostic tools for cyanide in environmental monitoring systems in industries, which
related to the possible release of hydrocyanic acid into the air of the working area.
These include, first of all, the production of acrylonitrile, the extraction of precious
metals from raw materials, galvanic processes. However, any diagnostic tools (gas
analyzers) require periodic testing, which requires the availability of means of
calibration — metering devices of standard gas mixtures. Such mixtures of hydrogen
cyanide in Ukraine are not produced, and their transportation is potentially
dangerous, given the significant toxicity and explosion hazard. That is why the
creation of a air-gas generator that would allow controlled generation of the required
amount of hydrogen cyanide at the time of testing gas analyzers is of considerable
interest.

1. Experimental

In work as an electrode material and conductive base is used titanium in the form
of a PTEM grade powder with a dispersity of 0.05...0.10 mm; wire with a diameter of
1.5 mm and foil with a thickness of 0.1 mm (titanium grade VT1-0). The preparation
of titanium consisted in etching with a 30 % solution of H>SO4 to remove impurities

of heavy metals, followed by washing with running and distilled water.
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A catalytic platinum coating on a titanium base was obtained by thermal
decomposition of hexachloroplatinic acid, the calculated amount of which was
applied to the surface of titanium and evaporated, after which it was calcined for an

hour in a muffle furnace at an acid decomposition temperature [2]:
H,PtCl, +2H,0 —*“— Pt + 6HCl + O,.

The calculated amount of platinum was 30 mg of catalyst per 1 g of Ti.

Electrodes based on powdered titanium were made in the form of discs with a
diameter of 18 mm and a thickness of 0.25 mm by pressing. To the electrodes were
pressed into the current lead of tantalum wire. The final pressing pressure was
360 MPa, which exceeds the yield strength of titanium. We used molds from tool
steel U-8, and as a press, an [P-100 type machine with an electronic control unit.

The study of the effect of pH on the behavior of electrode materials in solutions of
rhodanide was carried out at a constant pH value, which was set by adding the
calculated amount of sulfuric acid to a solution of potassium rhodanide. The pH of
the solutions was determined using an I-150 ion-meter.

The study of the behavior of titanium and electrodes based on it in potassium
rhodanide solutions was carried out in a potentiodynamic mode using a standard
three-electrode cell with separated cathode and anode spaces. An Ag/AgCl electrode
filled with a saturated KCl solution was used as a reference electrode, its potential
relative to the standard hydrogen electrode was 0.225 V. The auxiliary electrode was
made of 0.2 g of titanium powder, activated by platinum, and pressed onto a disk of
2 g of titanium. The electrodes were connected by current leads with the
corresponding contacts of the potentiostat PI-50-1.1 with the programmer PR-8 and
the two-coordinate potentiometer PDA 1-01. The potential sweep rate in the
potentiodynamic mode was 2:107 V/s.

2. Results and discussion

Titanium, despite the strongly negative potential for ion formation reactions, is
characterized by high corrosion resistance in many corrosive environments, which is
explained by significant passivation [3]. In solutions of sulfuric acid with a
pH 0.1...3.0, a current-free potential of +0.1...4+0.4 V is set on the surface of titanium

73



for flat and wire electrodes and +0.3...+0.5 V for powder titanium electrodes. The
magnitude of the potential is due to the processes of ionization of oxygen dissolved in
the electrolyte on the surface of titanium.
2H;0 = O, + 4H" + 4e, E=123-0059pH. (2)
and a change in the thickness of the oxide film with a simultaneous change in the
phase composition of the oxide layers
Ti,0,+ H,0=2TiO, +2H" +2e , E=-0,091—-0,059pH. (3)

A higher potential value for electrodes made from titanium powder is associated
with a higher concentration of oxygen, which remains deep in the pores of the
electrode when it is impregnated. In solutions with a lower pH value, a slower steady-
state establishment of the potential was generally observed.

The anodic polarization of titanium (Fig. 1) leads to the appearance of currents
associated with an increase in the thickness of the oxide layers according to reaction
(3). The degree of surface extension practically does not affect the current density,
which is calculated on the apparent geometric surface. This indicates an insignificant
contribution of the deeper electrode layers to the current-forming processes.

In solutions with a lower pH value, the anode currents had a greater value, but did
not exceed 2.5-10° A/cm?, which indicates a high stability of titanium in the
investigated pH range in solutions of sulfuric acid.

In a solution of potassium rhodanide with a concentration of 1 M (pH 6), the
current-free potentials of +0.1...+0.3 V are set on titanium, which indicates the
occurrence of conjugate reactions (2) and (3). The type of anodic polarization curves
up to a potential of 0.75 V indicates the inertness of titanium in this solution
(Fig. 2, a). The potential for the appearance of current corresponds to the reaction of
formation of cyanogen [4]

2SCN~ — (SCN), +2e, E'=0,77B, (4)
which in the aquatic environment quickly hydrolyzes

3(SCN), + 4H,0 — 5SCN~ + HCN +7H " + SOZ". (5)
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Fig. 1. Polarization curves in a solution of H,SO4, pH 1, on titanium electrodes of

various types: 1 — wire; 2 — porous; 3 — plate.

However, the current density did not exceed 0.25 mA/cm? at a potential of 1.0 V,

regardless of the extension of the electrode surface.

i, mA/cm? 1 i, mA/lem?

0.30 1.2
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Fig. 2. Polarization curves in 1 M KSCN with pH 6 (a) and pH 1 (b) on various types

of titanium electrodes: 1 — wire; 2 — porous; 3 — plate.

In solution of potassium rhodanide with pH 1, the anodic currents, which may
caused of the oxidation of the products of the conversion of thiocyanate, are several
times higher than at pH 6 (Fig. 2, b), which is associated with the greater
completeness of the reactions (1), (4) and (5). However, the values of these currents
do not exceed 1 mA/cm?, which confirms the suitability of titanium as a conductive
electrode base for the oxidation of rhodanide to +1.0 V.

The data of the Fig. 1 and 2 show that the currents on the electrodes of various
types increase in the following sequence: plate — porous — wire. The ratio of two
quantities was calculated — the area of the electrode in contact with the solution and

on which all processes actually take place, to the volume of the electrode (see table).
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There is a correlation between the obtained parameter and the direction of the
increase in currents. The smallest value of this parameter, which actually represents
the length of the passage of electrons from the reaction zone to the point of the
collector, is observed on the wire electrode. Thus, the smaller the current path, the
more equipotential the electrode surface is, and consequently, large values of current

can be achieved.

Table. The influence of the type of electrode on the ratio of the electrogenerating

area to the volume of the electrode

Parametr ' Type of electrode
wire porous plate
Area, S, cM? 9.4 10.2 2
Volume V, cm? 3.5 2.5 0.2
Ratio S/V 2.7 4 10

On titanium, activated by platinum, in solutions of sulfuric acid, current-free
potentials of 0.7..0.75 V are established, which are close to the potential of the
reaction

Pt+H,O0=PtO+2H" +2¢, E=0.76-0.059pH . (6)

The anodic polarization of such an electrode leads to the appearance of anodic

currents (Fig. 3) associated with filling the surface with adsorbed oxygen and the

formation of platinum oxides of greater stoichiometry:

i, mA/cm? 2
0.3 .
i, mA/lcm?
02 60 3
01 40 5
20 1
. /
0 J
06 07 08 09 10 11 12 13 E,V 0 05 1 E V

Fig. 3. Polarization curves on titanium,  Fig. 4. Polarization curves on a platinum-
activated by platinum, in a solution of activated titanium electrode in a solution
H>SO4 (pH 1): 1 — porous electrode; with a pH 1 and a KSCN concentration,
2 — wire electrode. M:1-0;2-0.1;3-1.
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Pt+2H,0 = P{(OH), + 2H* +2¢, E = 0.98 — 0.059pH, (7)
P{(OH), = PtO, +2H" +2e, E = 1.018 - 0.059pH. (8)
In this case, as for titanium, the use of a wire electrode makes it possible to achieve
large values of anodic currents (curve 2, Fig. 3).
The introduction of potassium rhodanide into the solution of sulfuric acid leads to

the appearance of currents of rhodanide and adsorbed sulfur on the anodic curve at a

potential of + 0.65 V (Fig. 4)
S . +4H,0— S0, +8H" +6e,
which is formed as a result of the decomposition of the acidic form of thiocyanate
acid:
SCN"+H" - HSCN —» S, + HCN .

Increasing the concentration of potassium rhodanide allows to obtain high values
of currents under conditions of anodic polarization. It should be noted that the
behavior of platinized titanium is similar to the behavior of pure platinum (Fig. 5),
with the exception of smaller values of anode currents.

i, mAfcm?
200 -

wN

150

100
1

- v

0
0 0.5 1 E,V

Fig. 5. Polarization curves on platinum electrode in a solution 1 — H,SO4 (pH 1);
2—1MKSCN (pH 1); 3—1 M KSCN (pH 6).
3. Conclusion
Titanium exhibits significant inertness in solutions of sulfuric acid with a
pH 0.1...3. In equilibrium, conjugated processes of ionization of dissolved oxygen
and an increase in the stoichiometry of titanium oxides occur on the surface of

titanium. Anodic polarization of titanium in a solution of sulfuric acid led to the
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appearance of currents of no more than 5-10°> A/m?, which indicates the absence of
its anodic activity.

The introduction of potassium rhodanide into a solution of sulfuric acid leads to
the appearance of anodic currents at potentials above 0.75 V, which indicates a slight
activity of titanium in the reactions of oxidation of rhodanide. The shape and degree
of extension of the electrode surface are of great importance for the choice of the type
of electrode — large current values are achieved on wire electrodes due to a more
uniform distribution of potential.

The surface activation of titanium with platinum made it possible to obtain
electrodes stable in acidic solutions with a low overvoltage of the oxidation reaction
of rhodanide, which in their electrocatalytic properties are almost as good as
platinum.

Thus, it has been shown that titanium activated platinum can be used as the anode
material of an electrochemical generator of "hydrogen cyanide — air" mixture.

References

[1] Z. Tocksteinova, F. Opekar, The electrochemical generation of small amounts
of hydrogen cyanide // 1986. Talanta 33 (8), 688-690 pp.

[2] A.E. Schweizer, G. T. Kerr, Thermal Decomposition of Hexachloroplatinic
Acid, Inorg. Chem. 17 (1978), 23262327 pp.

[3] M.N. Fokin, Yu.S. Ruskol, A.V. Mosolov, Titan and its alloys in the chemical
industry: reference book, Leningrad, Chemistry, 1978, 200 p.

[4] O. Barbosa-Filho, J. Monhemius, Leaching of gold in thiocyanate solutions.
Part 1: Chemistry and thermodynamics, Transactions Institution of
Mining&Metallurgy 103 (1994), 105-110 pp.

78



Justification of the choice of electrode material for the

electrochemical synthesis of peroxyacetic acid

Bilous T.A., Tulsky G.G., Tulskaya A.G., Muratova H.M.
National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Kyrpychova
Str. 2, 61002

The kinetics of anodic processes in water solutions of acetic acid has been studied
applying the Pt/PtO and PbO; anodes. The choice of promoters of peroxide-particles
formation has been proved. Addition F~, CI', Br, I into electrolyte slows down the
combined process of oxygen release. CI, I" (Current output is 1,75...2,10 %)
particles have been defined as the most effective for platinum anode and F~, I”
(Current output 2,28...2,32 %) have been defined as the most effective for lead-
dioxide anode. Electrochemical synthesis of peroxyacetic acid should be performed
on lead dioxide which corresponds to the maximum current output.

Keywords: peroxyacetic acid; acetic acid; platinum anode; lead-dioxide anode;
promoter.

OO0rpyHTYBaHHSI BUOOPY €JIEKTPOJIHOI0 MaTepiajy 1Jist

€JIEKTPOXiMIiYHOI0 CHHTE3y IMEePOKCHOLUTOBOI KUCJIOTH

binoyc T. A., Tynscekuii I'. I'., Tynbcbka A. I'., Mypatosa O. M.

Hayionanvnuu Texniunuu Ynisepcumem «Xapxiscoxuu Ilonimexniunut Incmumymoy,

Xapxis, syn. Kupnuuosa 2, 61002

[lepokcuonroBa kucnora (ITIOOK)—ue cunbHMil Ae3iH(EKTaHT 3 MIMPOKUM
CHEKTPOM AaHTHUMIKPOOHOI aKTHUBHOCTI. BUKOpHUCTOByeThCs sIK Ae31HOIKYIOUH 1
npoTuMikpoOHuit 3aci6 B meauiuHi (= 0,1 % no [TOOK) Ta xap4oBiii IpOMUCIOBOCTI
(0,015...0,03 % mo IIOOK), mns nesindexiii CTIYHUX BOA, SIK MAacTEPU3aTOp Ha
NMBOBAapHIX Ta BUHHUX 3aBOJAX, SK BHUOUIIOBAJIbHMI areHT B LEJIIOJIO3HO-
MarnepoBoMy Ta TEKCTUJIBHOMY BHUPOOHHUITBI, B TPOMHUCIOBOCTI JUIsl CHHTE3Y

enokcuaHux 3’eqHanb 1 T.1. [lepeBarm ITOOK: BimcyTHI CTiMiKi TOKCHYHI HOXIiAHI,
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HEe3HayHa 3aJexHicTh Bl pH, epexTuBHICTh Ta KOPOTKUIA yac KOHTaKTy. [llupokomy
PO3MOBCIOKEHHIO Tepenkokae Bucoka Bapricth [IOOK moB’si3aHa 3 0OMeKeHUM
BUPOOHUIITBOM Ta HETPUBAIMM TEPMIHOM 30epiraHHsa. SIK BiJIOMO, B MPOMUCIOBUX
macmtabax [IOOK onpepxyroTh XIMIYHHUM CHHTE30M, IUISXOM  B3a€MOJIl
KOHIIEHTPOBAHOI OITOBOi KHUCJIOTH 3 KOHLEHTPOBAHUM MEPOKCHJIOM BOJHIO B
npucyTHOCTI kuciaoTHoro karamizatopy (H.SO4). 3acTocyBaHHS €1EKTPOXIMIYHOTO
cuntesy [IOOK, Oe3mocepenHb0 Ha MICHSIX BHUKOPHUCTAHHS, BUKIIOUA€E BUTPATU
MOB’s13aHl 3 XIMIYHUM CHHTE30M, TPAHCIOPTYBaHHSAM Ta 30epiraHHsSM, KHUCJIOTa
BUPOOJISIETCA Y KUTBKOCTI, HEOOX1IHIN 1 criokuBaHHA [1 — 4].

AKTyanbHOIO0 TmpoOieMoro Juist enektpoximiynoro cuatedy I[IOOK € mnomryk
IPOMOTOPIB YTBOPEHHSI MEPOKCO-TPYI Ta SIK HACIIIOK LBOTO 301IbIICHHS BUXOY 32
CTPYMOM IIIJTLOBOTO MPOAYKTY. Bimomo, mio aHioHHW, amcopOoBaHI Ha MOBEPXHI
IUTATUHY, BIUIMBAIOTh HAa CEJIEKTUBHICTh aHOJIHOTO MPOIIECY TA MIBUAKICTh BUAICHHS
KUCHIO. TOMy BENMKUU 1HTEpPEC BUKJIMKAE JOCTIIHKEHHS BIUIMBY J00AaBOK rajoreH-
10HIB Ha KIHETHKY aHOJIHUX IPOIIECIB B BOJHUX PO3UMHAX OITOBOI KUCIOTH. Tum
oinem, mo F~ ta ClI” ABISIOTBCS MPOMOTOPAMH TPH €JIEKTPOXIMIYHOMY CHHTE3I
NePOKCUIUCYTh(HATHOT KUCIIOTH Ta 11 COJIEH.

Merta po6oTu: JlocaiauTy BIUIMB MaTepiaay aHOAY Ha KIHETUKY aHOJHUX IPOIIECIB
B BOJJHOMY 3 MOJIE/ZIM> pO34MHi OITOBOI KMCIOTH. OOIPyHTYBaTH BHOIp IPOMOTOPIB

YTBOPEHHS EPOKCO-TpyN A enekTpoxiMmigyHoro cuuTtezy [IOOK.

1. MeToauka ekcnepuMeHTy

Enextpomnitu rotyBanu 3 KOHIEHTPOBAHOI OLTOBOI Ta CyJb()aTHOT KUCIOT MapKu
«XY».

BonbprammepHi 3aieXHOCTI OTPUMYBajid 3a JOMOMOTror0 mnoreHiiocraty P-45X.
[IBuakicTh po3ropTku noteHIiany 10 mB/c.

[Tonspu3zariiini BUMIpY MPOBOJIUIN B €JIEKTPOXIMIUHIN KOMIpIl MPU TeMIepaTypi
284...287 K. B sxocTi aHOAy BUKOPHUCTOBYBaJIW: 1) MIATHMHOBUM AUCK 3 pOOOYOIO
nosepxuero 1,13 cm?; 2) PbO, HaHeceHMI Ha TUTAHOBMI CTPYMOIIABI 3 Migmapom

RuO; 3 po6oyoro nosepxuero 1,1 cm?. JlonoMixkHUiA enekTpoa — miarua. Enekrpos
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MOPIBHSIHHA — XJIOPUA-CPIOHMI, MIABEACHHUIM 10 MOBEPXHI aHOAY 3a JOMOMOTOIO
CKJIITHOTO Kirova. Bcl 3HaYeHHS MOTEHIIANIB TepepaxoBaHi BITHOCHO BOJHEBOTO
EJIEKTPOLY.

Enextposni3 mpoBOAWIN B €JIEKTPOdi3epl 3 PO3AUICHHSIM KaTOJAHOIO Ta aHOJHOTO
npocTopy AiadparMoro 3 MOJIBIHUIXJIOpUAY. TOBIIMHA IIapy €JIEKTPOIITY CKJajaaja
10 Mm. 3amaHy TeMmeparypy €JIEKTPOJITY MIATPUMYBAIM MUIAXOM IPOMYCKaHHS
nporoyHoi Bomu (278...281 K) wuyepe3 oxoyomKyouy Kamepy eJIeKTpoJiizepy.
Jlxepeno >kuBJeHHsA mocTiiiHOrOo cTpymy b5-46. Anon: 1) mmatuHa, 3 poOOYOIO
nosepxuero 17,5 em?; 2) PbO, Ha tuTaHoBOMy cTpymomigsoai 3 mimmapom RuO; 3
pobogoro nosepxuero 17,8 cm?. Jlonmomixuuii enekrpon — 12X18HI10T.

Konmnentpariito HanpanpoBanoi [IOOK Bu3Hauamum MeETOJIOM MHOJIOMETPUYHOIO

TUTPYBaHHS.

2. Pe3ysabTaTH eKCNIEPUMEHTY Ta iX 00rOBOPEeHHS

[IpakTH4HO HE MOXXJIMBE MPOBEACHHS EIEKTPOXIMIYHOIO CHHTE3y LLILOBOTO
npoaykty (ITOOK) 6e3 yuacti moOiuHux cymimieHux mnpoiecis [1 —4]. Maroun 3a
METy TaJIbMYBAaHHS BHJIUICHHS KHUCHIO JIOIUIBHO: MPOBOAMWTH IMPOIEC €ICKTPOII3Y 3
BUKOPHCTAHHSM aHOJHHMX MaTepiaiiB 3 BUCOKOKO MEPEHANPYTO BHUIIJICHHS KHUCHIO
(Pt/PtO, PbO;), B KOHIIEHTPOBAHHUX BOJHUX PO3UYMHAX OIITOBOI KHCIOTH, 3
n00aBKaMH MTPOMOTOPIB YTBOPEHHs epokco-rpym [1 — 4].

Ha pucynky 1 HaBeneHO monspusaniiigi 3anexxsocti it 3 mons/qm° CH3;COOH
Ha Pt/PtO (a) ta PbO, (0).

[ligitom cTtpymy Ha mnaTuHi (puc. 1, a) MOYMHAETHCS TPU MOTEHIIaNax
1,40...1,45B Ta CynpoBOIXKYEThCS MPOIIECOM BUIJICHHA KHCHIO (Tepiia

MpsSMOITiHIIHA NUITHKA B AianasoHi 1,45...1,60 B):

2H,0 =0, +4H" + 4¢; E*= 1,228 B.

IIpu morenmianax Bume 1,6 B (puc. 1, a) cnoctepiraerbcsi mnepexijgHa AlISHKA.

Jlpyra mnpsiMoJiiHIiHA nOissHKa B jJiana3oHi moteHmianie 1,7...2,0 B (puc. 1, a)
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CYIIPOBO/IKYETHCS] TPOTIKAHHAM CYMIIIIEHUX MPOIIECIB YTBOPEHHS EPOKCUY BOHIO
ta [IOOK:
2H,0 = H,0, + 2H" + 2¢7; E*= 1,776 B;
CH;COOH + H,0 = CH3;COOOH + 2H" + 2¢7; E°= 1,819 B.

254

2,5 1
2
E,B E,B 2 A
1,5 -
1 L] L] L | L] L L] 1 1,5 L] L] L] L]
45 4 -35 -3 -25 -2 -1,5 -1 -3,5 -3 -2,5 -2 -1,5
lg j (j, Alem?) lgj (j, Alem?)
a 0

Puc. 1. BonpTamiepHi 3a1€KHOCTi OTPUMAaHi y BOJHOMY PO3YMHI 3 MOJIB/ M’

CH;COOH: a — na Pt/PtO enektposi; b — Ha PbO, enexkTpoi

[Tigitom ctpymy Ha PbO, (puc. 1, 6) mounHaerbcs npu noteHmianax 1,60...1,65 B
Ta CyMPOBOKYETHCS TPOILIECOM BUIIJICHHS KUCHIO (TIepIa MpsSMOJTiHIHA JUITHKA B
niarmrazoni 1,65...1,75 B).

ITpu motenmianax Bumie 1,75 B (puc. 1, 6) crocrepiraeTbes nepexigHa JiIsHKA.
Jpyra mpsMomiHifiHa nOinsHKa B giana3oni nmoteHmiamiB 1,8...2,0 B (puc. 1, 06)
CYIIPOBOJIKYETHCS TPOTIKAHHAM CYMIIIIEHUX MPOIIECIB YTBOPSHHS TIEPOKCUIY BOTHIO
ta [TOOK.

[Tomanpmmii 3cyB moteHmiany (puc. 1) B OiIbII €IEKTPONO3UTUBHY 00JIaCTh (BHIIE
2,2...2,3 B) npu3zBoauTh A0 MPOTIKaHHS HACTYITHUX CYMIIIEHUX IPOIIECIB: peaKIlis
Konrbe, peakitii aHOMHOTO TPHWETHAHHS Ta 3aMIMICHHS, JECTPYKTHBHE OKHCIICHHS

OLITOBOI KUCJIOTH.
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Buxopucranns B sikocTi aHogHOTO Matepiany PbO, mpusBoauTh 10 30UTBIIEHHS
MepeHanpyru BUAUICHHS KUCHIO B mopiBHaHI 3 Pt/PtO. Enexrpoximiunmii cuHTE3
ITOOK nouisibHO MPOBOJAWTH B jAiama3zoHi moteHmiaiis 1,8...2,0 B ta npu ryctuni
crpymy 50...150 A/em?.

Bucokuii muroMuii omip enekrpomiry (x = 1,55 - 107 Cm/cm npu 288 K) sBnsieTbes
OJIHIEI0 3 OCHOBHUX MPOOJIEM €JIEeKTPOJIi3y BOJHUX PO3UYHHIB OITOBOI KHUCIOTH, IO
3aBakae JocsArHeHHI0 mnoTeHmianiB yrBopeHHs [IOOK. Ha ocHoBi monepemHix
JTOCHDKeHb 151 TpobsieMa Oysia BUpINIEHA BBEACHHSAM 0 CKIAay EJIEeKTPOJITY
eneKkTponpoBiaHoi 100asku HoSO4 B kinbkocti 0,5 Mosb/cm? [4].

s inteHcudikamii anogHoro mpouecy ytBopeHHs I[IOOK nouineHO B ckian
€JEKTPOITY BBECTH MPOMOTOPH YTBOpPEHHS Tepokco-rpyn. [lomspuzariitai
sanexxHocti otpuMani gns 3 mons/am® CH3;COOH  + 0,5 moms/mm® H,SO4 3
no6aBkamu 10HIB: F~, CI7, Br~, I". JloO6aBKka 10HIB 3411 iCHIOBAJaCh IIISIXOM BBEJICHHS B
€JICKTPOJIIT BIJIMIOBIIHUX COJIEH JTY)KHUX METAIIB.

BBenenns no cknaay enextponity qobasok ioHiB F-, CI7, Br-, I npusBoauts 10
raJlbMyBaHHSI CYMIIIEHOTO aHOJHOTO TMPOIECY — BHUAUICHHS KHUCHIO. 301bIICHHS
aHOJHOTO TMOTEHIIany BiIOYBAaeTbCA 3a pPaxyHOK ajacopOuii Ha MOBEpXHI
TUTATHHOBOTO aHOJY BBEJCHUX AHIOHIB Ta 3MEHIICHHS YWCIa aKTUBHUX IICHTPIB
BUJIUICHHS KUCHIO. CIij] 3ayBakuTH, 110 30UIbIIEHHS KOHIIeHTparlii 1o6aBok (F-, CI,
Br, I) B miamaszoni 0,001...0,1 Mons/nM® MPU3BOAMTE A0 IEPEBAXKHOI amcopOLii
BBE/ICHUX 10HIB HA IMOBEPXHI €JIEKTPOTY.

Ha pucynky 2 ta 3 HaBeneHo giarpamy Buxoxay 3a ctpymom [IOOK Ta nmepokcuy

BoaHro st Pt/PtO Tta PbO, anomis.
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Puc. 2. Jliarpama Buxony 3a ctpymom [IOOK Ta nepokcuny Boguto (I1B) mis
Pt/PtO
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Puc. 3. Jliarpama Buxoay 3a ctpymom [IOOK Ta nepokcumny Boguto (I1B) ms
PbO,
Ha ocHoBi HaBeaeHux miarpam (puc. 2 Ta 3) MOXKHa CTBEPKYBaTH, 1110 BBEIACHHS
70 ckimany enektpodity nobdasok ioHiB F-, Cl, Br, I mpu3BoguTs no 30inbIIeHHS
Buxoy 3a ctpymoM [TIOOK B mopiBHSAHHI 3 JaHUMU JUI BUXITHOTO €JIEKTPOIITY 0e3

100aBOK.
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Hus Pt/PtO maitGinem edexktuBHuMu BusBwmcs Clo, [© iomm (BCphoox =
1,75...2,10 %). Jns PbO, naiibinem edexrusaumMu Bussmmcs F-, I ioun (BCrook =
2,28...2,32 %).

Ha ocHOBI BuIle CKa3aHOTO MOJKHa CTBEpKYBaTH, IO OUIBII JOLLIBHO
BUKOPHCTOBYBATH TpU ejekTpoximiunomy cuHTe3i [IOOK B sIKOCTI €neKTpoHOTO
marepiairy PbO, (6ibIn BUCOKA MEepeHanpyra BUAIJICHHS KUCHIO Ta BHUIIMN BUXI1J 3a

ctpymoMm [TIOOK B nopiBHSHHI 3 TUIATUHOBUM €JIEKTPOJIOM).

3. BUCHOBKH

[Tokazano, mo npu enexrpoximiunomy cuHTe3l [IOOK B SKOCTI €neKTpOgHOTrOo
Marepialy OuIbIll JOUUIBHO BUKOpHCTOBYBaTH PbQO,. Ha mganomy enekTpoaHoMy
MaTepialii CIoCTepIraeTbCs OUTBII BUCOKA MEpPEeHanpyra BUAIICHHS KUCHIO Ta BULIHMA
Buxija 3a ctpymom [IOOK B mOpiBHSIHHI 3 IJIATHHOBUM €JIEKTPOJIOM.

Jlo6asku ioHiB F-, CI", Br", I mpu3BoasTh 10 TaJibMyBaHHS CyMIIIIEHOTO aHOIHOT'O
nporecy BuineHHs kucHio. [ Pt/PtO naiGinem epextnBanmu Busismiucs Clo, 17

ioHM (BCrioox = 1,75...2,10 %). dns PbO, HaiiOunben epextuBHUME BusiBriacs F-, [

ioan (BCrioox = 2,28...2,32 %).
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Electrodeposition of Cr coatings from a trivalent chromium plating

bath based on deep eutectic solvent
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Ukraine

The electrodeposition of coatings from a trivalent chromium plating bath based on
deep eutectic solvent was characterized in this work. The electrolyte contained
chromium (III) chloride, choline chloride and the additive of extra water. The plating
bath allowed electrodepositing chromium coatings with an amorphous type of
microstructure, which contain some carbon and oxygen. The influence of the coatings
thickness on a surface morphology was established by means of SEM technique. The
polarization measurements confirmed the stepwise reduction of Cr(IIl) to Cr(0). The
current efficiency of chromium electrodeposition reaction was stated to increase with
increasing current density and decreasing temperature. The microhardness of deposits
reached ca. 550—-600 HV. The coatings obtained using plating bath based on DES
showed electrocatalytic activity towards the hydrogen evolution reaction in acidic
medium.

1. Introduction

Chromium coatings are widely used in up-to-date industry, because they ensure
high microhardness, wear and corrosion resistance, attractive surface appearance, etc.
[1]. Commonly, chromium coatings are electrodeposited from aqueous plating baths
containing compounds of hexavalent chromium, which are extremely dangerous to
the environment and people's health. It is known that EU adopted Regulation No
1907/2006 which forbade or severely limited the use of Cr(VI) compounds in
functional and decorative electroplating. Therefore, the development of effective
alternatives to hexavalent chromium electroplating is considered as a very important

problem in the surface engineering and applied electrochemistry [2]. Trivalent
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chromium electrodeposition is a possible and attractive option to resolve this problem
[2-9]. Although some attempts have been made to replace Cr(VI) plating processes
by trivalent chromium ones, there are still a number of problems which are mainly
related to a very intricate solution chemistry of Cr(Ill) complexes in aqueous
solutions [10]. In this context, chromium electroplating baths on the basis of deep
eutectic solvents seem to be a promising alternative to "common" technologies.

Deep eutectic solvents (DESs) are fluids consisting of a eutectic mixture of some
organic and inorganic components [11]. The melting point of a DES is lower than
those of individual constituents due to the formation of hydrogen bonds between
molecules and ions in the liquid mixture. DESs have an ionic character with respect
to their transport properties [12—15]. The physicochemical and service properties of
DESs are similar to those of "common" ionic liquids, while DESs are cheaper, more
available and environmentally friendlier [11].

DESs can be successfully used in various electrochemical processes, especially in
electrodeposition and electroplating [16—19].

A number of works have been published to date, in which some aspects of
chromium electrodeposition from DESs based electrolytes were considered [20-27].
Nevertheless, some important questions remain practically unrevealed. For instance,
published works reported the physicochemical properties of Cr(Ill)-containing DESs
[21, 24, 27], electrocrystallization behavior [23] and electrochemical mechanism of
Cr(III) electroreduction [21, 23, 25, 26]. However, the effect of electrodeposition
conditions on current efficiency has not been systematically investigated. In addition,
some properties of the coatings obtained from DESs based electrolytes are poorly
studied. For example, the effects of electrolysis duration on the current efficiency and
surface morphology of deposits have not been described yet. The microhardness of
coatings deposited from choline chloride based Cr(IIl) plating bath has not been
determined.

This work was aimed to summarize the main results of our study on the
electrodeposition of chromium coatings prepared from a deep eutectic solvent with

the addition of extra water. We characterized the surface morphology of Cr coatings
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with different thickness, determined the microstructure and composition of deposits,
defined voltammetry responses in the Cr(Ill) electrolyte based on DES and
established the effects of current density and bath temperature on the current
efficiency of chromium deposition. In addition, we measured the microhardness
values of deposits and evaluated the electrochemical behavior of Cr coatings in an
acidic medium in a wide range of electrode potentials.

The main results of this work have been published in our previous paper [28].

2. Experimental

Chromium coatings were electrodeposited using an electrolyte prepared from
choline chloride (Aldrich, purity >98%), which was recrystallized from isopropanol,
filtered and dried under vacuum, and chromium (III) chloride hexahydrate (Aldrich,
purity >98%), which was used as received. The deep eutectic solvent was synthesized
by mixing choline chloride (ChCl) and CrCl;-6H,O in the molar ratio of 2.5:1,
respectively [29]. The mixture was kept in a thermostatic heater at the temperature of
70 °C and continuously stirred until a homogenous, dark green fluid had formed. A
required amount of bidistillate water was further added to the DES and the mixture
was stirred at the same temperature to obtain a homogenous fluid.

Thus, the ionic liquid containing CrCl;+2.5ChCl+ 15H,O was under
consideration, where numbers denotes the molar proportions between the
components.

It should be noted that extra water was introduced into ionic fluids containing
CrCl; and ChCl to increase their electrical conductivity and decrease viscosity to the
values which are acceptable to perform electrolysis under laboratory conditions [27—
29]. Table 1 gives literature data on the effect of extra water on the viscosity and
conductivity. Note that the value x =6 in Table 1 is related to the liquid system
without the addition of extra water (all water originates from hexahydrate salt

CI’C13'6H20).
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Table 1. The influence of water content on conductivity and viscosity of the

CrCls+ 2.5ChCl1 + xH;O liquid mixtures at 40 °C [28, 29].

x Conductivity (Q! m™) Viscosity (mPa s)
6 0.058 1958.7
15 1.301 77.2

In electrodeposition experiments, a thermostatted two-electrode cell was used.
Chromium was deposited on a disk-shaped sample of copper foil (S = 1.77 cm?)
placed in a plastic holder. Prior to each experiment, the surface of Cu foil was
polished using 0.05 pm alumina slurry and then rinsed with hydrochloric acid
solution (1:1 vol.) and distillate water. Platinized titanium was used as an anode
without separation of anodic and cathodic compartments.

Voltammetric responses were recorded by means of Potentiostat Reference 3000
(Gamry). The ohmic potential drop was measured and automatically compensated
using the built-in IR-compensator of the potentiostat. Electrochemical measurements
were carried out in a common glass three-electrode cell. The electrochemical cell was
thermostatted with an accuracy of £0.01 °C. A platinum disk (& 5 mm) in a glass
holder was used as a working electrode in these experiments. A Pt wire was used as a
counter electrode and the electrode potentials were measured relative to Ag pseudo-
reference electrode.

The surface morphology of coatings was characterized by scanning electron
microscopy (Zeiss EVO 40XVP) in secondary electron regimes. The chemical
composition of the surface layers was determined by energy dispersive X-ray
spectroscopy (EDX) coupled with the SEM microscope (Oxford INCA Energy 350).

The composition of coatings has been also evaluated by means of chemical
analysis. In these experiments, a weighed electrodeposited coating was completely
dissolved from the substrate in aqueous solution of HCIl (1:1 vol.). A further
complexation of Cr(Ill) ions with EDTA yielded stable colored complex, the
concentration of which was determined by UV-vis spectroscopy technique (UV/vis
spectrophotometer SF—46, A = 540 nm).
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X-ray diffraction analysis was performed by means of an X-ray diffractometer
DRON-3.0 in the monochromatized Co—K radiation.

Vickers microhardness test was conducted using PMT-3 device at a 100 g load,
and the coatings thickness was not less than 20 um. The average microhardness of
the deposits was calculated based on five separate measurements.

To estimate the corrosion-electrochemical behavior of obtained chromium
coatings, the potentiodynamic polarization curves were recorded. An aqueous
solution of 0.5 M H,SO, was used as a corrosive medium. Dissolved atmospheric
oxygen was removed by purging purified electrolytic hydrogen. The coatings were
electrodeposited on the gold disc electrode. The counter electrode was made of
porous graphite. The potentials were measured towards the saturated Ag/AgCl
reference electrode. The scan rate was 50 mV s

3. Results and discussion

3.1. Surface morphology, microstructure and chemical composition of coatings

Figure 1 shows typical SEM images characterizing the surface morphology of
coatings deposited from the plating bath based on DES. As can be seen, the surface
morphology appreciably changes with thickness of coatings. At relatively small
thickness (ca. 2.5 um), the surface is smooth and there are some defects (micropores
and microcracks). When the thickness of coatings increases, the cracks on the surface
grow and crateriform cavities appear. The depth of these cavities seems to be
increased with deposits thickness. Such evolution of the surface morphology is
typical of chromium coatings obtained from plating baths on the basis of Cr(Ill) salts

5, 30].
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Fig. 1. SEM images of the surface of coatings deposited from the electrolyte based
on DES with different average thickness (um): (a) 2.5, (b) 5, (¢) 10, (d) 15 and (e) 20
[28].

It is known that the -electrodeposition of chromium is accompanied by
simultaneous hydrogen evolution reaction (HER) both in aqueous electrolytes and in
those prepared using DESs [5, 27]. The bubbles of hydrogen evolved remain on the
surface for some time and partially block it. When chromium layers are grown
around a hydrogen bubble attached to the surface, a cavity is formed. The plating
electrolytes on the basis of DES are relatively viscous, therefore, the withdrawal of

hydrogen gas bubbles is hindered in this case. Evidently, the longer the electrolysis
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duration (that means an increase in average deposits thickness), the deeper are the
cavities formed on the surface.

The X-ray diffraction patterns revealed the amorphous structure of the coatings
(Fig. 2). The formation of X-ray amorphous or nanocrystalline structures of deposited

coatings i1s commonly observed for Cr(III) electroplating baths [4, 5, 30, 31].
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Fig. 2. Typical X-ray diffraction pattern of a coating deposited from the bath
containing CrCl; + 2.5ChCl1 + 15H,0 at 7 A dm™ and 40 °C [28].

The results of EDX analysis showed the presence of such elements as Cr, C, Cl and
O on the coatings surface (Fig. 3, Table 2). As expected, chromium is a dominant
element. The oxygen spectra may be originated as a result of the formation of a thin
oxide passive film on a chromium surface. Additionally, oxygen can be incorporated
into coatings in the form of poorly soluble hydroxide compounds of Cr(III), which
are always formed in the near-electrode layer during chromium electrodeposition [3].
Chlorine (a very weak signal) may be detected due to the capture of some chloride
ions from the plating electrolyte. As concerns the presence of carbon in coatings, it
can be explained by interaction of a part of active chromium ad-atoms with adsorbed
organic bath constituents by the so-called "chemical" mechanism [32]. The
incorporation of carbon into the electrodeposits hinders surface diffusion of
chromium ad-atoms that ensures the formation of amorphous or nanocrystalline
structure, and chromium can exist as nanocrystalline phases of chromium carbides

[4, 7, 31, 32]. The identification of the phases of chromium carbides in the obtained
92



X-ray diffraction patterns (Fig. 2) is complicated by the fact that the diffraction peaks
of amorphous chromium is relatively broad, and they can overlap the responses from

other phases.

Fig. 3. Typical EDX spectrum of the surface of a coating deposited from the bath
containing CrCl; + 2.5ChCl1 + 12H,0 at 7 A dm™ and 40 °C [28].

Table 2. Chemical composition of the coating surface according to the results of

EDX analysis [28].

Element Content (wt.%)
Cr 83.04

O 10.52

Cl 0.97

C 5.74

It should be observed that EDX may provide ambiguous and uncertain information
on the content of light elements (like O and C). In order to confirm the presence of
carbon in electrodeposits obtained from the DES based plating bath, we annealed the
coatings and perform the X-ray diffraction analysis of the heat-treated material.
Earlier, Zeng et al. [33] and Huang et al. [34] have stated that the annealing of
amorphous Cr—C layers at the temperatures of 400—600 °C leads to the their
crystallization and the peaks originated from chromium carbide can be easily
observed in XRD patterns.

As follows from the data shown in Fig.4, pronounced diffraction peaks
corresponding to Cr,O3; and Cry;Ce are seen in the XRD patterns of the coatings

annealed at 500 °C. This confirms the presence of carbon in as-deposited coatings.
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Figure 5 shows the content of chromium in coatings, these values being determined
by chemical analysis after full dissolving the electrodeposits in HCI solution. In a
first approximation, the content of chromium is practically independent of current
density and bath temperature, and it is equal to ca. 80 wt.%. As can be clearly seen,

these results are in good agreement with those obtained by means of EDX method.
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Fig. 4. X-ray diffraction pattern of a coating after annealing at 500 °C (1 h, free

air). The coating was deposited from the bath containing CrCl; + 2.5ChCl + 15H,0 at
7 A dm? and 40 °C [28].
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Fig. 5. The effect of current density and electrolyte temperature on the content of
chromium in deposits prepared from the bath containing CrCl; + 2.5ChCl + 15H,0
[28].
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3.2. Potentiodynamic polarization study and current efficiency of chromium
electrodeposition reaction

Figure 6 shows the cyclic voltammetry curve recorded on a Pt electrode in the
chromium (IIT) plating electrolyte based on DES. The polarization curve looks like
those described earlier for similar electrochemical systems [24—26]. In the cathodic
branch, the reduction peak C; corresponds to the electrochemical reaction Cr(III) + e
— Cr(Il). At a further increase of cathode polarization, the current density starts to
steeply rise (peak C,) which can be attributed to both the formation of metallic
chromium according to the reaction Cr(Il) + 2 — Cr(0) and the hydrogen evolution
reaction. The formation of metallic chromium as well as the evolution of H, bubbles

in this range of electrode potential can be visually detected.
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Fig. 6. Cyclic voltammetry curve recorded on platinum electrode in the electrolyte

containing CrCl; + 2.5ChCl + 15H,0. The scan rate was 125 mV s™! and the
temperature was 70 °C [28].

In the reverse anodic scan, three current peaks are observed. The current peak 4, is
associated with the oxidation of Cr(0) to Cr(Il) (electrochemical dissolution of
chromium). The peak A4, (a weak signal) can be assigned to the oxidation of Cr(II) to
Cr(IIT). The current peak A3 corresponds to the anodic evolution of gaseous chlorine.

In general, the results of cyclic voltammetry study are in good agreement with the
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concept of stepwise reduction of Cr(III) with the participation of Cr(Il) complexes as
intermediates [3, 35, 36].

The current efficiency of the partial reaction of chromium deposition reaction
(Cr(IlT)y—>Cr(0)) was calculated by comparing the weight gain of the cathode placed
in the plating bath with that of a copper coulometer connected in series. The
correction for the content of metallic chromium in the coatings (Fig. 5) was applied in
these calculations. The current efficiency of chromium electrodeposition reaction
increases with increasing current density and decreasing bath temperature (Table 3).
Such behavior is typical of trivalent chromium electroplating baths [1, 2, 5]. It should
be noted that the bath temperature has no effect on the surface appearance of coatings
and semi-bright and uniform layers with a good adhesion to the substrate are obtained
in the temperature range of 30 to 60 °C. The current density has more pronounced
effect upon the surface appearance of coatings: the surface of deposits becomes
relatively rough and not bright enough if the current density exceeds the value of

about 10 A dm™. Therefore, we think that the most suitable current density is close to

3-7 A dm™.

Table 3. The effects of temperature and current density on the current efficiency of
chromium electrodeposition reaction in the plating bath containing

CrCl; + 2.5ChClI + 15H,0. Electrolysis duration was 20 min [28].

Temperature (°C) Current density (A dm) Current efficiency (%)

30 24.6

40 12.7
3

50 6.7

60 2.5
5 11.7

50 7 15.6
10 24.1
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It 1s important that the current efficiency only slightly diminishes with electrolysis
time (by ca. 1-2% during several tens of minutes of electrolysis) which can be
associated with a gradual development of the surface area in the course of
electrodeposition process (see Fig. 1). However, thick layers can be obtained from the
chromium plating bath under consideration, and hence these coatings can be used not
only as thin "decorative" Cr (with a thickness of ca. 1 um) but also in "hard"
chromium electroplating where the thickness of deposits reaches several tens

micrometers [1].

3.3. Microhardness and corrosion-electrochemical behavior of coatings

Microhardness is a very important characteristic of industrials chromium
electrodeposits [1]. The measured values of microhardness of chromium coatings
deposited from the DES based plating bath are shown in Fig. 7. Abbott et al. [21]
established that soft chromium coatings with a microhardness of 242 HV are
deposited from ionic liquids based on the mixture of choline chloride and CrCls
(without extra water addition). The use of special additives to the electrolyte allowed
increasing the microhardness to ca. 600 HV.

It can be seen from the data given in Fig. 7 that the coatings with the
microhardness of about 550—-600 HV can be deposited using the deep eutectic solvent
containing the addition of extra water, without any other special organic or inorganic
additives. It should be observed that the microhardness of as-deposited coatings
prepared in this work is close to that typical of industrial hard chrome (from

hexavalent chromium bath) [1, 2].
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Fig. 7. Microhardness of deposits prepared from the bath containing
CrCl; + 2.5ChCl + 15H,0 at different current densities. The electrolyte temperature
was 40 °C.

The corrosion-electrochemical behavior of the coatings was evaluated by the
potentiodynamic polarization technique (Fig. 8). The polarization curve of "pure"
chromium (obtained from common hexavalent chromium plating baths) is given for
the sake of comparison (Fig. 8, curve 1). This curve exhibits all specific features
typical of chromium in an acidic medium: the region of hydrogen evolution reaction,
the active dissolution peak and the regions of passive and transpassive states [37].
However, the coating prepared from the DES shows quite a different electrochemical
behavior: the active dissolution region disappears, and the open circuit potential
increases (Fig. 8, curve 2).

The transpassive region shifts towards more negative potentials. It should be
observed that the cathodic branch of the polarization curve corresponding to the HER
shifts in the direction of more positive potentials indicating the electrocatalytic
properties of the coatings deposited from the plating bath containing DES.

We think that the particular corrosive and electrochemical behavior of Cr-deposits
obtained in this work (an anomalous shape of polarization curves recorded in an
acidic medium) can be presumably associated with the presence of some carbon in

the coatings. Carbon incorporated into the film structure provides the formation of a
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protective film on the surface of the coatings [4]. Edigaryan et al. [38] attributed a
special electrochemical behavior of the chromium carbide electrodeposits obtained
from a trivalent Cr-bath to the presence of chromium carbides in them. Chromium
carbides can be peculiar "cathodic agents" that shift the open circuit potential to the
passivity region. Apparently, these considerations can be extended to the
electrodeposits prepared in this work. It should also be noted that the electrocatalytic
activity of chromium carbides in the reaction of hydrogen evolution reaction has been

detected in a number of works [39—41].
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Fig. 8. Potentiodynamic polarization curves recorded on chromium deposits in 0.5 M H2SOy4 at
25 °C. The coatings were electrodeposited from the bath containing 250 g dm™ CrOs and 0.025
g dm™ H2SO04 at 40 A dm™ and 45 °C (1) and from the bath containing CrCl; + 2.5ChClI + 15H0 at
5 A dm™ and 40 °C (2). The scan rate was 50 mV s [28].

4. Conclusions

We reported in this work the electrodeposition of chromium coatings using
environmentally friendly trivalent chromium plating bath on the basis of a deep
eutectic solvent. The electrolyte contains the mixture of CrCls, choline chloride and
some extra water. The obtained coatings have an amorphous type of microstructure
which crystallized after the thermal treatment showing the presence of chromium
carbide. Thus, as-deposited coatings included some carbon which was also confirmed
by the results of EDX analysis. The polarization measurements displayed stepwise
electroreduction of Cr(Ill) that is typical of chromium deposition from Cr(III)

electrolytes. The electrodeposition is accompanied by the hydrogen evolution
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reaction which affects the surface morphology (the formation of cavities on the
surface) and results in the fact that the current efficiency of chromium deposition
reaction is not more than 25%. The current efficiency grows both when increasing
current density and decreasing electrolyte temperature. The microhardness of as-
deposited Cr coatings prepared in this work is about 550—-600 HV. The polarization
curve characterizing the electrochemical behavior of the obtained coatings in 0.5 M
H,SO; differs from that of "usual" chromium: there is no region of active dissolution
and the region corresponding to the HER shifts towards more positive potentials,
indicating the electrocatalytic properties of the synthesized electrodeposits.
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Hygiene/antimicrobial issues in public places eg. hospitals, schools, hotels, public
transportation etc. are of a crucial importance as its ignorance could lead to spread of
viral diseases or epidemics and consequently to deaths. A typical example of that are
hospital acquired infections (HAI). According to The European Centre for Disease
Prevention and Control (ECDC) in the EU, about 3 million people are infected
annually with HAI and about 25,000 patients die from HAI-related reasons. Such
infections also arise extra healthcare costs and result in annual productivity losses of
at least €1.5 billion. It is estimated that 15% of these infections are due to the
transmission through inanimate objects. Although sanitization and disinfection of
surfaces using chemical liquids such as chloride or alcohol-based detergents is a
common practice to prevent transmission of diseases, frequently such procedures are
skipped, skimped or in the case of public transportation not practically feasible.

Since 1985, when Matsunaga et al. [1] reported about photochemical sterilization
of Saccharomyces cerevisiae (yeast), Lactobacillus acidophilus and Escherichia coli
(bacteria), and Chlorella vulgaris in water using Pt-TiO, photocatalyst under metal
halide lamp irradiation, much research has been performed on the photocatalytic
antimicrobial effect of TiO, [2].

A lot of studies [6-12] have demonstrated that TiO,-mediated photooxidation
shows much promise for the elimination of microorganisms in many applications
especially in the areas where the use of chemical cleaning agents or biocides has
proven to be ineffective or is restricted by regulations, e.g., in the pharmaceutical or
food industry. The photobiocide properties of TiO, also open the possibility of
developing highly effective self-cleaning and selfsterilizing materials.
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In this work, bactericidal activities of samples Sn-Ni films modified TiO,, are
investigated in killing of both gram-positive and gram-negative bacteria with the
special reference on the role of the photoproduced reactive oxygen species of
different types in the cell inactivation.

1. Experimental

The most suitable matrix for antibacterial composite electrochemical coatings is a
tin-nickel alloy containing 65% of tin and 35% of nickel. This coating has enhanced
decorative properties, microhardness, corrosion- and wear resistance. Electrolytes for
the electrodeposition of the tin-nickel alloy are aqueous solutions of nickel and tin
salts. The concentration of tin salt determines the range of permissible cathode
current densities [3].

Such composite coatings consist of Sn-Ni matrix and are doped with TiO,
nanoparticles as a reinforcing mean. Doped-Ti0O, nanoparticles, having the ability to
absorb visible light, can be activated indoors and thus present enhanced
photocatalytic activity. The incorporation of such doped-TiO, nanoparticles in the
Sn-Ni matrix will provide its self-cleaning and antibacterial properties. The
percentage of the incorporated nanoparticles is of crucial importance. In order to
increase the co-deposition rate and consequently the photocatalytic activity, pulse
current plating could be utilized. By this method, higher co-deposition rate of
nanoparticles can be achieved compared to the conventional direct current plating.
These kind of coating is able to be operated under indoor light irradiation and can be
applied to common touched objects (knobs, taps, handles) reducing the risk of
infection’s transmission by 50-100%.

Nanodisperse titanium dioxide, obtained by sol-gel technology, has the ability to
absorb visible light and has increased photocatalytic properties [5]. The technology
provides a stable particle size of the hydrosol in the range of 10-20 nm. As a
peptizing acid, it is possible to use strong mono-basic inorganic acids: nitric and
hydrochloric acids. The content of the solid phase can vary for the hydrosol from 1.5
to 6% by weight (in terms of Ti0,), for xerogels derived from this hydrosol - up to

70% by weight, while xerogels retain the ability to peptize in aqueous solutions
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without addition additional components. Titanium dioxide, which is part of the
xerogel, contains up to 70-75% of the crystalline phase. These properties can be used
to create antibacterial metal coatings. Nanoparticles of the sol TiO, are introduced in
the tin-nickel alloy electrolyte.

2. Results and discussion

In the course of this research work, the composition and characteristics of the
process were optimized. The optimal range of current densities for alloy
electrodeposition was defined using the Hull cell (Fig. 1). It is recommended to use

low current values (0.5 A/dm?) to obtain a Sn-Ni-TiO, composite coating.

e b) (.8
e A, A)/de

¢) 0,5 A/dm2
Fig. 1. Microphotographs of the surface of metal coatings obtained at different

current densities

At high current densities dark, opaque coatings are deposited, current density of
0,8 A/dm? allows to form — semimatous alloys and, at low current densities coatings

are shiny.
Figure 2 shows potentiostatic anodic polarization curve of the tin-nickel alloy with

titanium dioxide deposition onto copper.
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-0,01
Potential applied (V)
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Fig. 2. Potentiostatic anodic polarization curve of the tin-nickel alloy with titanium

dioxide deposition process

From the anodic polarization curve it is seen that at a potential values from -0.60 to
-0.20 V a peak appears. This peak 1is characteristic for the process of
electrodeposition of titanium dioxide. Therefore, during the electrochemical
deposition of the composite coating, a co-precipitation of Sn-Ni-TiO,. The chemical
modification (doping) of TiO, nanoparticles aims to achieve lower band gap and thus
become capable of operating in indoor light.

Development of pulse plating process in order to achieve high incorporation rate
and uniform distribution of reinforcing nanoparticles on the surface of metal/alloy
matrix leads to an effective immobilization of photocalalytic particles. Optimization
of the pulse plating process in order to be sustainable in terms of saving energy, time
and raw materials.

The antimicrobial activity of the samples was determined using gram-negative
bacterium Escherichia coli and grampositive bacterium Staphylococcus aureus as the
testcultures. The overnight cultures in the nutrient broth were diluted with sterile
physiological solution (0.15 M NaCl), then 100ml of bacteria suspension was placed
on the samples; the control samples have no photocatalyst coating. All samples were

exposed to UV light for 60 min (Fig. 3).

Fig. 3. Samples after the antibacterial test: 1 - control

sample (Sn-Ni),
2 — Sn-Ni-0,5g/1 TiO3, 3 — Sn-Ni-1g/1 TiO,, 4 — Sn-Ni-2g/1 TiO,
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From the results in control sample (Fig. 3, 1) and in sample with Sn-Ni-1g/l TiO,
(Fig. 3, 3) electrochemical coating, when UV light was not applied, no inactivation of
microorganisms was observed. It is means that the bacteria on the surface of the
samples could be distributed unevenly, and the recommended concentration of
titanium dioxide synthesized from the sol is 1 g/l in the composition of the coating.
Samples 2 and 4 (Fig. 3) also have antibacterial properties, but they are less active
(50%).

3. Discussion and Conclusion

The result of the work is the development of a sol-gel mass production method of
doped-TiO2 nanoparticles, realization of robust process parameters, enhancement of
functional properties of obtained coating exhibiting high adhesion with the substrate,
testing the antibacterial character of the coating under different relevant light
conditions. Such coatings will be able to work with room lighting and can be applied
to general facilities (pens, cranes, handrails and etc.), which will reduce the risk of
transmission of infection in 50-100%.
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Hygiene/antimicrobial issues in public places eg. hospitals, schools, hotels, public
transportation etc. are of a crucial importance as its ignorance could lead to spread of
viral diseases or epidemics and consequently to deaths. A typical example of that are
hospital acquired infections (HAI). According to The European Centre for Disease
Prevention and Control (ECDC) in the EU, about 3 million people are infected
annually with HAI and about 25,000 patients die from HAI-related reasons. Such
infections also arise extra healthcare costs and result in annual productivity losses of
at least €1.5 billion. It is estimated that 15% of these infections are due to the
transmission through inanimate objects. Although sanitization and disinfection of
surfaces using chemical liquids such as chloride or alcohol-based detergents is a
common practice to prevent transmission of diseases, frequently such procedures are
skipped, skimped or in the case of public transportation not practically feasible.

Since 1985, when Matsunaga et al. [1] reported about photochemical sterilization
of Saccharomyces cerevisiae (yeast), Lactobacillus acidophilus and Escherichia coli
(bacteria), and Chlorella vulgaris in water using Pt-TiO, photocatalyst under metal
halide lamp irradiation, much research has been performed on the photocatalytic
antimicrobial effect of TiO, [2].

A lot of studies [6-12] have demonstrated that TiO,-mediated photooxidation
shows much promise for the elimination of microorganisms in many applications
especially in the areas where the use of chemical cleaning agents or biocides has
proven to be ineffective or is restricted by regulations, e.g., in the pharmaceutical or
food industry. The photobiocide properties of TiO, also open the possibility of
developing highly effective self-cleaning and selfsterilizing materials.
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In this work, bactericidal activities of samples Sn-Ni films modified TiO,, are
investigated in killing of both gram-positive and gram-negative bacteria with the
special reference on the role of the photoproduced reactive oxygen species of
different types in the cell inactivation.

1. Experimental

The most suitable matrix for antibacterial composite electrochemical coatings is a
tin-nickel alloy containing 65% of tin and 35% of nickel. This coating has enhanced
decorative properties, microhardness, corrosion- and wear resistance. Electrolytes for
the electrodeposition of the tin-nickel alloy are aqueous solutions of nickel and tin
salts. The concentration of tin salt determines the range of permissible cathode
current densities [3].

Such composite coatings consist of Sn-Ni matrix and are doped with TiO,
nanoparticles as a reinforcing mean. Doped-Ti0O, nanoparticles, having the ability to
absorb visible light, can be activated indoors and thus present enhanced
photocatalytic activity. The incorporation of such doped-TiO, nanoparticles in the
Sn-Ni matrix will provide its self-cleaning and antibacterial properties. The
percentage of the incorporated nanoparticles is of crucial importance. In order to
increase the co-deposition rate and consequently the photocatalytic activity, pulse
current plating could be utilized. By this method, higher co-deposition rate of
nanoparticles can be achieved compared to the conventional direct current plating.
These kind of coating is able to be operated under indoor light irradiation and can be
applied to common touched objects (knobs, taps, handles) reducing the risk of
infection’s transmission by 50-100%.

Nanodisperse titanium dioxide, obtained by sol-gel technology, has the ability to
absorb visible light and has increased photocatalytic properties [5]. The technology
provides a stable particle size of the hydrosol in the range of 10-20 nm. As a
peptizing acid, it is possible to use strong mono-basic inorganic acids: nitric and
hydrochloric acids. The content of the solid phase can vary for the hydrosol from 1.5
to 6% by weight (in terms of Ti0,), for xerogels derived from this hydrosol - up to

70% by weight, while xerogels retain the ability to peptize in aqueous solutions
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without addition additional components. Titanium dioxide, which is part of the
xerogel, contains up to 70-75% of the crystalline phase. These properties can be used
to create antibacterial metal coatings. Nanoparticles of the sol TiO, are introduced in
the tin-nickel alloy electrolyte.

2. Results and discussion

In the course of this research work, the composition and characteristics of the
process were optimized. The optimal range of current densities for alloy
electrodeposition was defined using the Hull cell (Fig. 1). It is recommended to use

low current values (0.5 A/dm?) to obtain a Sn-Ni-TiO, composite coating.

a) 1 A/dm? b) 0,8 A/dm? ¢) 0,5 A/dm2
Fig. 1. Microphotographs of the surface of metal coatings obtained at different

current densities

At high current densities dark, opaque coatings are deposited, current density of
0,8 A/dm? allows to form — semimatous alloys and, at low current densities coatings
are shiny.

Figure 2 shows potentiostatic anodic polarization curve of the tin-nickel alloy with

titanium dioxide deposition onto copper.
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Fig. 2. Potentiostatic anodic polarization curve of the tin-nickel alloy with titanium

dioxide deposition process

From the anodic polarization curve it is seen that at a potential values from -0.60 to
-0.20 V a peak appears. This peak is characteristic for the process of
electrodeposition of titanium dioxide. Therefore, during the -electrochemical
deposition of the composite coating, a co-precipitation of Sn-Ni-TiO,. The chemical
modification (doping) of TiO, nanoparticles aims to achieve lower band gap and thus
become capable of operating in indoor light.

Development of pulse plating process in order to achieve high incorporation rate
and uniform distribution of reinforcing nanoparticles on the surface of metal/alloy
matrix leads to an effective immobilization of photocalalytic particles. Optimization
of the pulse plating process in order to be sustainable in terms of saving energy, time
and raw materials.

The antimicrobial activity of the samples was determined using gram-negative
bacterium Escherichia coli and grampositive bacterium Staphylococcus aureus as the
testcultures. The overnight cultures in the nutrient broth were diluted with sterile
physiological solution (0.15 M NaCl), then 100ml of bacteria suspension was placed
on the samples; the control samples have no photocatalyst coating. All samples were

exposed to UV light for 60 min (Fig. 3).
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Fig. 3. Samples after the antibacterial test: 1 - control sample (Sn-Ni),
2 — Sn-Ni-0,5g/1 TiO3, 3 — Sn-Ni-1g/1 TiO,, 4 — Sn-Ni-2g/1 TiO,

From the results in control sample (Fig. 3, 1) and in sample with Sn-Ni-1g/l TiO,
(Fig. 3, 3) electrochemical coating, when UV light was not applied, no inactivation of
microorganisms was observed. It is means that the bacteria on the surface of the
samples could be distributed unevenly, and the recommended concentration of
titanium dioxide synthesized from the sol is 1 g/l in the composition of the coating.

Samples 2 and 4 (Fig. 3) also have antibacterial properties, but they are less active

(50%).

3. Discussion and Conclusion

The result of the work is the development of a sol-gel mass production method of
doped-TiO2 nanoparticles, realization of robust process parameters, enhancement of
functional properties of obtained coating exhibiting high adhesion with the substrate,
testing the antibacterial character of the coating under different relevant light
conditions. Such coatings will be able to work with room lighting and can be applied
to general facilities (pens, cranes, handrails and etc.), which will reduce the risk of

transmission of infection in 50-100%.
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Electrodeposition of nickel-titania (Ni-TiO,) composite coatings was carried out
from an additive-free Watts solution containing 10 and 20 g/l dispersed TiO, particles
(size¢ 2 — 3 um). The influences of current density, bath temperature, TiO;
concentration in the bath were studied. The corrosion performance, wear behavior
and electrocatalytic properties of Ni-TiO, composite coatings were investigated. The
results indicated that Ni-TiO, composite coatings with TiO, content 8§ —10 wt.%
exhibited higher corrosion and wear resistance than Ni coatings. Ni-TiO, composites
showed electrocatalytic activity for the methanol oxidation.

1. Introduction

Electrodeposition is one of the most important techniques for producing metal
matrix composites, owing to many merits, such as low cost, low operating
temperature, ease of fabrication and high quality deposits. The metal matrix
composites are materials in which the properties of a metallic host material are
modified with addition of the second dispersed phase (micro, submicron- or nano-
sized particles) by electrodeposition process. Nickel is commonly used as continuous
metallic matrix phase of composite coatings because of the high rates of deposition;
nickel has excellent mechanical properties and high corrosion resistance; the
appearance and other properties of electrodeposited nickel can be varied over wide
ranges by controlling the composition and operating parameters of the plating
solution [1, 2]. The dispersed phase can be hard oxides (Al,O3, TiO,, Si0;) [3 — 5],
carbides (SiC, WC) [6 — 8], nitrides (BN, AIN) [9, 10] or polymers (PE, PTFE) [11,
12]. Many types of composite coatings have been developed to enhance corrosion
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resistance, microhardness, wear resistance, self-lubrication, etc. The percentage and
distribution of dispersed particles in metal matrix of composite coatings determine
their mechanical and physicochemical properties. Moreover, the rate of particles’
incorporation depends on the nature of particles (size, shape, charge) and the
deposition conditions (current density, temperature, pH) [1 —4, 8 — 10, 11].

Nickel based electrodes can be used as catalyst due to its surface oxidation
properties. Their electrocatalytic activity depends mainly on the catalytic role of
Ni(OH)2/NiOOH redox couple. Nickel displays potential catalytic properties in a
wide number of processes: hydrogen evolution reaction, oxygen evolution reaction,
hydrogenation reactions, electrosynthesis of amines, electrooxidation of small
organic molecules (alcohols, aldehydes, amino acids, sugars) [13 — 19].
Electrooxidation of small organic molecules gives a promising way for direct
converting the chemical energy of a fuel and an oxidant into electric energy in fuel
cells. Nickel composite coatings show a higher catalytic activity than pure Ni
coatings towards the electrochemical oxidation of methanol due to smaller grain size
and larger actual surface area [17 — 19].

Thus, nickel based composite coatings are becoming important for different
engineering applications: corrosion protection, hardening of machinery, increasing
wear resistance, tool production, electrocatalysis. The aim of this work is to
investigate the influence of deposition conditions on the incorporation of micro-sized
Ti0, particles in nickel matrix and to study corrosion and electrocatalytic properties,
wear behavior of Ni-TiO, composites.

2. Experimental details

Nickel coatings and composite Ni-TiO, coatings were electrodeposited from an
additive-free Watts solution with a composition (in g/l): NiSO4-7H,O 240 — 260;
NiCl,-6H,0 40 — 60; H;BO; 30 — 40. The deposition conditions were cathode current
density, 1, 0,8 — 2,5 A/dm?, pH 4 — 5, bath temperature, t, 20 and 50 °C, concentration
of TiO, powder (size 2 — 3 um) in bath, Crioz, 10 and 20 g/I; metallurgical nickel
anodes. The electrolyte was stirred by a magnetic stirrer in the electrodeposition

process in order to maintain the uniform particles concentration and prevent
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sedimentation in solution. Plain carbon steel and tool steel samples were the
cathodes. The thickness of coatings was 20 and 30 um.

Before the electrodeposition, the samples were degreased in alkaline solution,
dipped in acid solution (10% HCI] with 5 g/l urotropine) and finally washed with
distilled water. After electrodeposition, the samples were rinsed by distilled water and
dried with air at room temperature. TiO, content (wt.%) in the deposits was
determined by gravimetric measurements.

Electrochemical studies were carried out in a conventional three-electrode cell
powered by potentiostat/ galvanostat PI-50-1.1. An Ag/AgCl-Saturated KCIl, a Pt
wire and a sample (S = 1 cm?) with electrodeposited coating were used, respectively,
as the reference, counter and working electrodes,. The corrosion performance of
electrodeposited coatings was investigated by potentiodynamic (potential sweep rate,
v, was 5 mV/s) and potentiostatic polarization. A model corrosion medium of 5%
NaCl solution with pH ~ 6 at temperature 15 — 20 °C was used. The investigations of
methanol oxidation reaction were performed by using cyclic voltammetry at v = 10
mV/s. Measurements were carried out at temperature 15 — 20 °C in 1M NaOH
solution in the absence and the presence of 1M of methanol. Prior to performing the
polarization measurements, all investigated samples were maintained for a definite
period in the solution. Potentials are presented in a standard hydrogen scale. The
corrosion potential (Ecor) and corrosion current density (icor) Were obtained using the
Tafel exploration method. Corrosion rate K (mm/year) was calculated from the

following equation

— . icor "4 Ni
K =876 7o A M

where i is corrosion current density in A/m?, qu; is electrochemical equivalent in
g/(A-h), pni is the density in g/cm’.

For measuring the wear resistance, dry sliding wear tests were carried out by using
a pin on disk type machine on cylindrical samples against a steel wheel. The changes

of linear size of sample due to wear of the pin was measured by differential
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capacitance sensor. The sliding parameters were rotation speed of the disc 40 m/min,
the applied load 60 N, the sliding distance 1000 m.
3. Results and discussion

The effect of deposition conditions on Ni-TiO, coatings composition is shown in
Table 1. According to the obtained data, the content of TiO; particles in the coatings
grows considerably due to the increase of concentration of dispersed phase in
electrolyte. Apparent influence of current density and bath temperature on
incorporation of TiO; particles in nickel matrix was observed.

Table 1. Effect of deposition conditions on

Ni-TiO; coatings composition

i, A/dm* | Crios, g/l |t °C |Ni(wt%) | TiO; (wt.%)
0,8 10 20 95-97 3-5

1,0 10 20 98— 99 1-2

1,0 10 50 86 — 88 13-15

1,5 10 50 90 — 92 8- 10

1,5 20 50 7578 2225

2,5 10 50 97— 99 1-3

2,5 20 50 82 — 85 15— 18

These results may be explained by the adsorption mechanism of dispersed particles
and metal codeposition [1, 11, 18]. These phenomena play a considerable role in
particle codeposition with nickel, due to the high adsorption affinity of nickel for the
solid particles. According to this mechanism, the rate of codeposition is determined
by initiation of real contact between the metal ions adsorbed on dispersed particles
and the cathode surface. Once the particles are absorbed on the cathode surface, they
will be imbedded into metal of coatings. With increased amount of TiO, dispersed
particles in the electrolyte, nickel will be deposited with a higher amount of dispersed
particles and a large area of the cathode surface will be covered by them.

It is known, that the increase of current density increases the Coulombic force
between Ni** absorbed on dispersed particles and the cathode. Thus, the rate of
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movement of TiO, particles from bulk solution to the cathode surface increases,
agglomeration of dispersed particles in the solution near the cathode may happen. Big
agglomerates were not encapsulated and incorporated in metal matrix. Effect of bath
temperature is conditioned on better efficiency of nickel deposition.

Fig. 1a presents potentiodynamic anodic polarization curves of galvanic nickel and
Ni-TiO, composite coatings deposited at i = 1,5 A/dm? and Crio, 10 and 20 g/l.
Potentiostatic polarization curves (Fig. 1b) were obtained to evaluate corrosion data.
The Ecor, 1cor and K values were calculated using the Tafel extrapolation method and

equation (1) and they are given in Table 2.

Table 2. Corrosion data of Ni and Ni-TiO, coatings

Coating Eeor, V 1cor, A/m? K, mm/year
Ni -0,175 0,141 0,15
Ni-TiO,, -0,085 0,076 0,08

Ti0, content 8 — 10 wt.%

It was found, that incorporation in nickel matrix of dispersed TiO, particles results
in shift of corrosion potentials to more positive values, decreases currents of anodic
dissolution and corrosion currents in comparison with the pure Ni coatings. One
should note here that anodic currents were higher for Ni-TiO, coatings deposited at
Crio2 10 g/l (TiO; content 22 — 25 wt.%) at E > 0,2 V than for nickel coatings (curve
1, 3 Fig. 1a). It can be attributed to the high content of TiO, in deposits which
enhances their surface roughness.

The improvement of corrosion behavior of Ni-TiO, composite coatings can be
connected with screening effect of metal matrix by dispersed particles with low
electric conductivity and decrease in pitting at incorporation of dispersed particles.
Besides, incorporation of TiO; into nickel coatings may reduce the size of Ni grains,
due to the distribution of TiO, particles on the boundaries of Ni grains in the

electrodeposition [18].
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Fig. 1. Potentiodynamic anodic polarization curves, v =5 mV/s; (b) potentiostatic
polarization curves in 5% NaCl. Ni coatings (1) and Ni-TiO; coatings (2, 3) deposited
ati=1,5 A/dm? and Crion: 10 g/1 (2) and 20 g/1 (3)

The relations between sliding distance and wear of samples with Ni and Ni-TiO,
coatings is drawn in Fig.2. The results indicate that the wear of the coated surface
increases with sliding distance. On the other hand, the wear of some Ni-TiO;
composite coatings is lower than Ni coatings (curve 3 Fig. 2a; curve 3 Fig. 2b). At
sliding distance 1000 m Ni coatings show the wear around 0,150 mm, but the Ni-
TiO, composite coating deposited at t = 20 °C and current density 1 A/dm? (TiO,
content 1 — 2 wt.%) show the wear 0,058 — 0,060 mm and Ni-TiO, composite
coating deposited at t= 50 °C and i = 1,5 A/dm? (TiO, content 8 — 10 wt.%) show

the wear 0,065 — 0,070 mm. By comparison, wear of uncoated samples was 0,450 —

0,495 mm.
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Fig. 2. Relations between sliding distance and wear of samples with Ni coating (1)
and with Ni-TiO, coating (2,3). (a) Ni-TiO; coating deposited at t =20 °C and 1: 0,8
A/dm? (2), 1 A/dm? (3); (b) Ni-TiO, composite coating deposited at t = 50 °C and i: 1
A/dm? (2), 1,5 A/dm? (3)

It was established, that wear behavior of Ni-TiO, composites depends on
deposition conditions which determinate TiO, content into deposits and size of Ni
grains [1, 2]. The improvement of wear behavior for some Ni-TiO, composites with
TiO, content 1 — 10 wt.% may result from optimum number and distribution of
dispersed particles in Ni matrix. TiO, particles with high hardness are barriers for
shift of coating microlayers that lead to changing the friction conditions in sliding
couple.

Fig. 3 shows cyclic voltammograms of Ni and Ni-TiO; coatings in 1M NaOH in
the absence and presence of methanol. Two small peaks are observed in the
voltammograms of Ni and Ni-TiO, coatings in 1M NaOH in anodic direction. One —
at about 0,10 — 0,12 V due to formation of NiO and Ni(OH), and the other — at about
0,65 — 0,7 V due to conversion of Ni(OH), to NiOOH and enrichment of Ni** species

on the electrode surface.
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Fig. 3. Cyclic voltammograms in the absence (1) and the presence of
IM of methanol (2). (a) Ni coating; (b) Ni-TiO, coating; deposition conditions were i
=1,5 A/dm?, t =50 °C, Crioo= 10 g/l, v=10 mV/s

The electro-oxidation of methanol on pure Ni and Ni-TiO, coatings starts at about
0,65 V when the electrode surface is covered with formed NiOOH species, then the
current density reaches its maximum values at around 0,87 — 0,9 V in anodic
direction. The response of methanol electro-oxidation at Ni-TiO, composite coatings
is larger than the response obtained for pure electrodeposited nickel. Thus the
oxidation current density of CH;OH at 0,87 V was 18 mA/cm? on Ni coating and 35
mA/cm? on Ni-TiO, coatings (curve 2 Fig. 3a and 3b).

It is seen from Fig.3 that another reoxidation peak appeared in the reverse scan at
about 0,8 V. This peak was, probably, due to the reoxidation of CH3;OH or the
intermediate products generated during methanol oxidation. Formate and CO, were
identified as the main reaction products in alkaline solutions [18], but it is possible
that formation of absorbed CO may occur. Absorbed CO causes deactivation and
blocking of the active sites of electrode surface during oxidation process. In the
reversible half cycle absorbed intermediates and products are removed and the
oxidation of CH3OH continues at the initial stage of the cathodic half cycle. The rate
of methanol oxidation in the reverse scan drops as the unfavorable potentials (E < 0,5

V) are reached.
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It was suggested that methanol is oxidized on Ni and Ni-TiO; coatings through the
reaction with NiOOH to form Ni(OH),, that is NiOOH acts as electron transfer

mediator for the oxidation process [16 — 18]

NiOOH + methanol <> Ni(OH), + products (2)

The enhancement of the catalytic activity of Ni-TiO, composite coatings was
probably attributed to the presence of the mixed oxides (the nickel oxides and
titanium oxides) which can be good electron transfer mediators for the oxidation
process of organic molecules [18, 19]. In addition, the presence of TiO, dispersed
particles can reduce the grain size of Ni and increase the actual surface area of

electrodes that lead to formation of the great amount of active sites.

4. Conclusions

Composite coatings consisting of nickel matrix and TiO, particles were obtained
by means of electrodeposition. The content of TiO, particles in the coatings depends
on current density, bath temperature, TiO, concentration in the bath. From results of
electrochemical studies and wear tests, a conclusion can be drawn that Ni-TiO,
composite coatings with TiO, content of 8 — 10 wt.% have improved corrosion and
wear behavior. These composite coatings were deposited at current density of 1,5
A/dm?, bath temperature of 50 °C and concentration of dispersed particles of 10 g/1.

Ni-TiO, composite coatings showed a higher catalytic activity than pure Ni
coatings towards the electro-oxidation of methanol. The process of methanol
oxidation occurs at E = 0,65 — 0,9 V 1n anodic direction and continues in the initial

stage of the cathodic half cycle of voltammograms.
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As one of the simplest, convenient for applications, and efficient methods of the
corrosion protection of the metal products under the conditions of atmospheric
corrosion (AC), we can mention the application of volatile inhibitors [1-3]. Due to the
more strict environmental regulations that have been implemented in recent years,
corrosion inhibitors are required to have an environmentally friendly profile. Due to
these concerns, green coatings have been a new trend in corrosion protection and
extensive study is necessary to understand the mechanism of the coatings. In view of
the ecological requirements and the lack of the major part of high-performance
VIAC, it was decided [3] that natural compounds of vegetable origin can be regarded
as promising raw materials for the production of inhibitors of this kind. The
increasing trend of number of published papers regarding copper corrosion inhibitors
in recent years shows the importance of this issue for researchers [3, 4]. As one of
these sources, we can use the rapeseed oil cake (from the Brdssica Napus family) [5,
6]. As shown in [7], the 2-propanol extract of volatile compounds of the rapeseed oil
cake provides an efficient protection of cooper against AC under the conditions of
periodic condensation of moisture for 20 days. In analyzing the chemical composition
of the 2-propanol extract with the help of gas-chromatography—mass spectrometry, it
was shown that its main constituents is syringaldehyde (4-Hydroxy-3,5-
dimethoxybenzaldehyde). Was shown in the course of AC, the adsorption of organic
compounds of extract takes place both on the surface of the metal and on the products

of its oxidation and, in order to explain the mechanism of protective action of the
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organic compounds, one can use the concept of resonance potentials [7]. The
comparison of the resonance potentials of copper and its main compounds with the
ionization potentials of the main organic components of the extract shows that
syringaldehyde (4-Hydroxy-3,5-dimethoxybenzaldehyde) is characterized by higher
adsorption activities to the oxidized surfaces. Then, in view of the ability of copper to
form chemical compounds, adsorption transforms into chemisorption. Also organic
compounds containing conjugated double bonds, several heteroatoms (i.e. sulfur,
nitrogen, oxygen) and/or polar functional groups generally exhibit favorable
inhibitive properties, so they can always be employed as inhibitor for corrosion of
copper [7]. Quantum theoretical calculations have been used by many researchers to
establish the mechanistic information on corrosion and inhibition process [4-6].
Despite that in our previous work we have already theoretical explored some
adsorption phenomenon of the main components as inhibitors through principle the
calculated ionization potentials [7, 8]. However, information about the inhibition
mechanism of syringaldehyde from the theory aspect remains unanswered. The
application of the concept of resonance potentials i1s most rigorously substantiated for
the interpretation of the chemisorption of surface-active substances (SAS) for which
physical adsorption have a minor significance. If adsorption is caused by the
electrostatic forces, especially in the case of adsorption of SAS on the metals with
high negative corrosion potentials, then this concept does not explain the efficiency
of action of the SAS. Therefore, it is expedient to study theoretically adsorption
ability of a substance, both physical and chemical, using quantum chemical
calculations. Considering the above information and with the purpose of attaining an
effective eco-friendly corrosion inhibition treatment avoiding the addition of the
inhibitor to the surrounding environment, the evaluation of syringaldehyde is reported
here. Syringaldehyde is aromatic aldehyde derivative component of different types of
plant raw materials. Thus, the aim of this work is to elucidate inhibitory effect of
syringaldehyde as a green volatile corrosion inhibitor copper and protective

characteristics of the layers formed on copper.
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2. Experimental

2.1. Materials and Apparatus

To study the efficiency of its action upon the corrosion-electrochemical behavior
of copper, we used specimens made of MO copper (99.95% Cu). Syringaldehyde
which chemical structure is shown in Fig. 1 was used in the experiments. The
inhibitor used was syringaldehyde (4-Hydroxy-3,5-dimethoxybenzaldehyde) with the

concentration range from 50 to 300 mg/L.
H3C—0
O
HO

H,C—

Fig. 1. Chemical structures of syringaldehyde (4-Hydroxy-3,5-
dimethoxybenzaldehyde).

The purity is 99.0% on dries basis dissolution of syringaldehyde was directly
carried out in solution 2-propanol at room temperature and used as volatile corrosion
inhibitor in all the experiments.

2.2. Gravimetric measurements

Volatile inhibiting sieve test were applied to evaluate the inhibition effect of the
VIAC. To obtain reproducible results three samples were used in each test
simultaneously. There was a hole in each plate drilled to suspend the sample by a
nylon thread. The samples were grinded with SiC paper to 1000 mesh and were then
cleaned in alcohol and rinsed before drying at room temperature. The final
geometrical area was 25 c¢cm?. The gravimetric measurement was conducted by
suspending the samples in a 250 cm?® conical flask with a tight-fitting rubber cork
containing a small dish. The VIAC were dispersed in the dish. The samples with
freshly prepared surface were mounted on the flask with and without 1.0 g inhibitor,
respectively. After inhibitor film-forming period of 3 days, 15 cm®0.01 M NaCl was
added. The test process included cyclic warming and cooling of the samples in a

corrosion testing chamber of varying humidity. One cycle included an 8 h exposure
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in the thermostat (50 £ 1°C), and 16 h exposure at room temperature. The total
duration of the tests was 21 days. The efficiency of inhibitors was estimated
according to the degree of protection against corrosion (IE) [7, 8].

2.3. Electrochemical measurements

To determine the influence of protective surface films on the cathodic and anodic
electrode AC processes for copper, we plotted the potentiodynamic polarization
curves for a three-electrode electrochemical cell in air by separating the anolyte from
the catholyte (the volume of working solution was 60 cm *). We used a cylindrical
copper electrode pressed into a Teflon holder and a platinum plate as an auxiliary
electrode. The disk end face of the copper electrode 0.385 ¢cm? in area served as the
working surface. We plotted the polarization curves in a 0.01 M NaCl solution used
to model the aggressive medium of the AC of metals [2]. As a specific feature of our
electrochemical investigations, we can mention the following fact: the disk-shaped
surface of the end face of the working electrode was immersed in surface layers of
the working solution by at most 1-2 mm. This enabled us to perform more exact
modeling of the AC running on the metal surface in thin layers of condensed
moisture. A capillary from the reference electrode was placed near the surface of the
working electrode from below. Prior to processing in the VIAC vapor, the working
electrode was polished and degreased with acetone. The VIAC film on the surface
was preliminarily formed in vapors of the syringaldehyde. The polarization
investigations were performed by using a PI-50-1.1 potentiostat and a PR-8
programmer. The potential of copper was measured relative to the silver-chloride
reference electrode. The induced electrode potentials were recalculated relative to the
normal hydrogen electrode.

The electrochemical impedance spectroscopy (EIS) was measured atopen circuit
potential with a 10 mV AC perturbation at frequency ranging from 100 kHz to 0,05
mHz with 10 points per decade. The testdevice and the cell configuration for the EIS
measurements werethe same as those for the polarization curve tests.To prove
reproducibility, the polarization curve tests and the EIS measurements were repeated

three times.
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2.4. Scanning electron microscope (SEM)

The morphologies of the metal surfaces of the specimens without films and after
the formation of the VIAC film and corrosion tests were studied with the help of a by
FEI E-SEM XL 30. For SEM images, lcm? specimen sample were taken.

2.5. Quantum chemical calculations

According to the literature data [4-6,9-10], the adsorption activity of organic
molecules and, hence, their susceptibility to chemisorption can be estimated by the
reactivity indices, various electronic structure parameters obtained as a result of
quantum-chemical calculations with regard for the electronic and energy
characteristics of the inhibitor and the metal. Therefore, a prognostic estimate of the
adsorption capacity based on the electronic characteristics of molecules such as the
energy of the higher occupied molecular orbital (E HOMO) and the energy of the
lower vacant molecular orbital (E LUMO), the energy of the molecular gap
(Ae =E(nomo) - E(Lumo)) was carried out, electronegativity and chemical hardnessof a
molecule based on the theory of functional density. It has been established that
corrosion inhibitors usually promote the formation of a chelate on the metal surface,
which include the transfer of electrons from the organic compounds to the metal,
forming a donor-acceptor bond during the chemical adsorption process. According to
Koopman’s theorem [4-6], the frontier orbital energies Enomo and Epuumo are related
to the ionization potential, I, and the electron affinity, A, of iron and the inhibitor
molecule by the following relations: A =—Eumo0, | =—Enomo.

In this adsorption, the metal acts as an electrophile while the inhibitor acts as a
nucleophile. Considering the charge transfer characteristics of the adsorption, the
wide use of quantum chemical calculations to study this process is justified.
Calculated electron charges on the atoms of molecules were determined by their
ability to chemical interaction and by the wave function of the HOMO and the
LUMO, the most probable adsorption centre and the predictive adsorption capacity of
the compounds were determined. In addition, it is known that the more a negative
charge on a heteroatom, the better the transfer of electrons from the donor occurs.

Taking into account the characteristics of the transfer of charge of adsorption, the
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literature substantiates the widespread use of quantum-chemical calculations for the
study of this process [4-6, 9-10]. Pearson and Parr were presented definitions using
the finite differences method depending on electron affinity (A) and ionization energy
(I) of any chemical species (atom, ion or molecule) for chemical hardness (1), and
chemical potential () According to the theory of functional density, the absolute
electronegativity (y), chemical potential (1) are the main parameters that characterize
the ability of molecules to chemically interact. The chemical potential,
electronegativity, chemical hardness of an electronic system is defined as detailed in

the works [4-6,9-10].

1
x=—u=5(1+A)

(1)
n=lﬂ—A) )
2
The global electrophilicity index (w) was introduced by Parr et al. [8, 9] and is
given by:
I+AY
. ES(IHZ)

3)

In considering the adsorption process from the point of view of the acid-basic
interaction, the important quantitative parameters characterizing this process are the
degree of charge transfer AN, that is, the interaction strength of acid-acceptor
molecules (iron surface) and the donor base (investigated substances of the vapor
phase of the extract) and the magnitude of the energy change that accompanies the
formation of the complex. The electron charge transfer, AN, from base B to acid A,

and the associated energy change AE is given as:

U —Ua
AN =
2(Ma tMB) )
(ug—na)
AE=-HBHA)
2(ha—np) ()
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¥ = -1 — electronegativity, eV;

n- chemical hardness, eV;

A, B - Indices in formulas (4,5);

A - characteristics of the molecule of the test substance;

B - characteristics of the elemental lattice of the surface of iron.

The electronegativity of metal surface is replaced by the work function for Fe
(110) surface, theoretically equals 4.82 eV and the hardness metal which equals 0 eV
for bulk metals [8,9].

Quantum chemical calculations have been performed by the HyperChem 7
package. The geometry optimization was obtained by application of the restricted
Hartree-Fock method (RHF) using MNDO approach with PM3 parameterization.

These parameters will provide insights into the mechanism of the interaction of the
extract components with mild steel surface.

3. Results and discussion

Corrosion rate and inhibition effectiveness for the test samples are shown in Tabl. 1.

Table 1. Calculated corrosion rates and inhibition efficiency for volatile corrosion
inhibition test VIAC (Period of film-forming, 48 h, conditions of periodic
condensation of moisture (0.01 M NaCl for 21 Days).

Concentration inhibitor, Corrosion rates, g /m™ Inhibition
mg/L h! efficiency (IE), %
50 0.001514 48.14
100 0.000429 85.30
150 0.000327 88.79
200 0.000202 93.08
250 0.000105 96.41
300 0.000049 98.33
without inhibitor 0.002920 -

The analysis of the results of accelerated corrosion tests shows that the

syringaldehyde protect copper from corrosion under the conditions of periodic
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moisture condensation. The corrosion rate and inhibition effectiveness for the
syringaldehyde film-forming specimens were and 98.33%, respectively. It should be
noted that the treatment of specimens in the vapor phase of individual 2-propanol
does not improve the corrosion resistance of the metal.

It was investigated the effect of exposure time of the metal on the vapour phase of
syringaldehyde on corrosion effect under the conditions of periodic moisture
condensation. The exposure time was varied between 5 and 72 h (Fig. 2). It should be
noted that the corrosion rate to decreases with increasing the time film formation [1,
6-7]. The inhibition efficiency (IE) increases in the range 37.06-98.25%. The
corrosion inhibition efficiency values for syringaldehyde corrosion inhibitors after 5,
12, 24, 48, 72 h are obtained 37.91%, 84.29%, 87.84%, 97.24% and 98.25%,

respectively are shown in Figure 2.
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100« 92.74
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Fig. 2. Inhibition efficiencies for copper under the conditions of periodic moisture

condensation 0,01 M NaCl solution with different time film-forming.

3.2 Electrochemical Investigations of the Partial Electrode Processe.
In analyzing the influence of VIAC films on the rate of the partial electrode
processes of anodic oxidation of copper and cathodic reduction of the molecular

atmospheric oxygen in a 0.01 M NaCl solution with and without protective films

(Fig. 3).
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If the VIAC films are present on the copper surface causes a considerable decrease
in electrochemical reactions the rate of the anodic and cathodic processes, although
their effects on decreasing anodic dissolution of copper are more dominant. In the
presence of a VIAC film on the copper surface, the anode current density sharply
decreases, especially under the potential equal to 0.35 V. Almost equal anode current
densities in the course of passivation of copper under a potential of 0.8 V in the no
matter how long the film is formed on the surface are usually explained by the fact
that, under these conditions, the rate of dissolution of the metal is determined not by
the protective characteristics of the film but by the properties of the layer of products
of the dissolution of copper. It may happen that, for high degrees of polarization, the
film may lose its integrity or disappear from the surface. As the time of treatment of
the metal by the volatile compounds of syringaldehyde increases to 48 h, the increase
in the inhibiting efficiency becomes especially pronounced, which corresponds to the
saturation of the surface with the inhibitor and the formation of the strongest bonds

between the inhibitor and the metal.
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Fig. 3. Polarization cathodic and anodic curves of copper in a 0.01 M NaCl
solution without (1) and with (2) the films of volatile inhibitors of atmospheric

corrosion formed for 12, 24, 48 h in the vapor phase of the syringaldehyde.
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The changes in the slopes of the curves of anodic polarization after 48 h film-
forming within the range of potentials between the maxima of anode current densities
show that the formation of surface compounds is controlled by different stages.
Moreover, the nature of controlling stage most clearly changes in the presence of a
film on the surface. Since the rate of anodic processes of the dissolution of copper
both in the absence and in the presence of the surface film is much higher than the
rate of cathodic processes, it is possible to assert that the film does not change the
nature of the controlling partial process of the corrosion of copper in thin interlayers
of the 0.01 M NaCl solution. In other words, under the conditions of AC, the
dissolution of copper is controlled by the cathodic process.

The effect of corrosion inhibitor on both anodic and cathodic branches implies to
mix nature of corrosion inhibitor, although anodic reaction is more influenced.

The Nyquist diagrams (Fig. 4) obtained without inhibitor (blank) and with the film
that obtained after period of film-formed (12, 24, 48 h) in vapor phase of inhibitor
shows a depressed semicircle in the high frequency region. This high frequency
semicircle is mainly due to the charge transfer and double-layer capacitance [9]. For
time film-forming of 12 and 24 h, and more particularly for 12 h, the shape of the
diagram in the high frequency region differs and appears to involve two overlapping
semi-circles. The second semi-circle may correspond to the film of corrosion
products. For time film-forming 48 h, a slight inductive behavior is observed at low
frequency. It could be linked to a non-stationarity of the system. However, the
evolution of open-circuit potential (OCP) was followed with time (results not shown)
and it was observed that in any case, the OCP was stable after less than 15 minutes.
Consequently, such a behavior may rather be due to adsorption phenomena and thus
may point out the chemosorption of the inhibitor on the copper surface.

This inductive behavior was neglected, i.e. the data corresponding to the highest
frequencies of this peculiar impedance diagram were excluded for the modelling.
Actually it is masked by a stronger effect at the higher time film-forming 12 and 24 h.
For these two period of film-formed and for the blank as well, the curves deviate

from their semicircular shape at low frequency, which may be related to a diffusion
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phenomenon, more likely that of dissolved O,. From the analysis of the potentiostatic
polarization curves, it was deduced that O, reduction was under mixed activation-
diffusion control after 12 and 24 h period of film-forming and mainly under
activation control after 48 h. In the case of the blank solution, both situations were
met and the Nyquist plot shown here corresponds to a case where the cathodic
reaction was partially controlled by diffusion. In accordance with this preliminary
description of the EIS results, the analysis of impedance data were performed with

the various equivalent circuits presented in Figure 5.

6000 1
i 00000
5000 50° %0060 0
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g 4000 o0
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~ 048h
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5000 10000 15000
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Fig. 4. Nyquist plots for copper electrode immersion in 0.01 M HCI solutions
without (blank) and with various time of film-forming (12, 24, 48 h) of

syringaldehyde.

O

Fig. 5. Equivalent circuits for test copper
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Table 2. Electrochemical impedance parameters obtained for concentration 300

mg/L after various times compared to those obtained without inhibitor

. Qai
Time (h) R; R, w IE
107
Blank (after 24 h of exposure in 21
8.5 2500 0.15 -
the air) 6
0.1 43 73
12 8.4 8940
IS 4 4 ,2
= 1330 | 01| 11| 72
R 24 7.8
= 0 1 0 ,8
= 2200 0.0 33
48 6.6 91
0 7 4

*W - resistance of Warburg, which is connected with diffusion limitation (resistance of
electrolyte in pores)

These models were used in various studies to describe the behavior of copper or
copper alloys in chloride containing solutions, with or without adsorption inhibitors
[8, 9]. That of Figure 4proved suitable for the Nyquist plot of copper in the blank
solution. In this model, Rs is the solution resistance, R, is the charge transfer
resistance, Qg corresponds to the capacitance of the double layer and W 1is the
Warburg impedance related to the diffusion processes in the low frequency region.
This shows that the contribution of the film of corrosion products formed on the
metal surface is negligible.

3.3 Scanning electron microscope (SEM) surface examination

The adsorption process due to the action of syringaldehyde was monitored with an
SEM while varying the exposure time. The investigations of the morphology of
copper surface prior to and after corrosion tests performed under the conditions of
AC show that, on the surfaces of specimen without films, one can detect only traces
of the mechanical processing of the surface (Figure 6 a). The following images
(Figure 6 b, ¢) are of the copper surface after 24, 35, 48 h of exposure for the film-

forming of the syringaldehyde. It shows a thin and covering surface film. After
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holding of the specimens for 24 h in the vapor of syringaldehyde, a protective film
(containing spherical inclusions whose diameter is several times larger than the
thickness of the film) appears on the surface (Figure 6 b). Most likely, the formation
of inclusions is connected with the fact that the syringaldehyde is primarily adsorbed

in the oxidized domains (active centers).

€
Fig. 6. Morphology of the surface of copper specimens: (a) after mechanical

processing, after the formation of a film for 24, 35, 48 h (b, c, d) in the gas-vapor
atmosphere in the presence of syringaldehyde, after cyclic tests for 21 days under the

conditions of condensation of moisture (¢) (0.01 M NaCl).

This organic compound is gradually transformed into chemisorbed compounds
with copper ions responsible for the adsorption of the other compounds.
Syringaldehyde adsorb on the copper surface with the contribution of both
chemisorption and physisorption, although, chemical adsorption play more dominant
role on corrosion inhibition. The presence of protective film considerably reduces the

corrosion attacks through the formation of a protective layer which acts as a physical
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barrier against aggressive ions. The bare copper in a corrosive medium showed a
severe attack, whereas the layer formed copper showed a homogeneous and smooth
surface without corrosion products. From the SEM image, it can be concluded that
the films effectively protect the copper surface from corrosion. It was investigated the
changes in the morphology of the surface films after the course of cyclic corrosion
tests when the analyzed film is periodically wetted and dried. In the course of
formation films after 48 hours, we observe the hydration of the film and its volume
increases, 1.e., the film swells. As temperature increases, the film gets dry, shrinks,
and possibly, partially loses its integrity forming a film of the «shagreen type»
(Figure 6 d), which results in worsening of its protective properties. This effect was
observed and studied of the mechanism of action of the 2-propanol extract of
Rapeseed oil cake on the atmospheric corrosion of copper [5].

3.4 Quantum theoretical studies

Accordingly, quantum chemical calculations are performed to investigates the
structural parameters affect the inhibition efficiency of inhibitors; study their
adsorption mechanisms on the surface and film forming process. The adsorption
study regarding large size inhibitors are still relying on conventional molecular
mechanics method (Fig. 7). The HOMO energy reflects the capacity of a molecule to
donate electrons, whereas the LUMO energy corresponds to a tendency for electron
acceptance [15-27]. The HOMO/LUMO energy gap (Ag) for syringaldehyde was
derived from the values Exomo = (-9.44 eV) and Erumo (-0.686 Ev) to be 8.75 eV.
Low values of Ae imply that minimal energy will be required to remove an electron
from the last occupied orbital, corresponding to an increase in metal/inhibitor

chemisorptive (covalent) interactions, hence improved inhibition efficiencies.

Table 3. Calculated quantum chemical properties for the syringaldehyde.

Enomo Erumo Ag dlpOlC moment
Molecule
(eV) (eV) (eV) (1)
Syringaldeh
-9.440 -0.686 8.754 5.4882
yde
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Figure 7 shows the electric/orbital density distribution of HOMO and LUMO for
syringaldehyde. It is found that the electron density of the frontier orbital is well pro-
portioned (Fig. 7). Such results indicate syringaldehyde could be both the acceptor of
the electron and the donor of the electron. That is, there is electron transferring in the
interaction between the inhibitor molecule and metal surface. Hence, the electrons
might be inclined to transfer from the HOMO orbitals of syringaldehyde like
molecules to copper surface. This has been further validated by the AN descriptor,

since all the AN values listed in Table 4 are positive.

Fig. 7. The frontier molecular orbital density distribution of syringaldehyde (a)
HOMO and (b) LUMO.

We should declare that AN values do not represent accurately the number of
electrons transferring between the donor and acceptor. Therefore, another expression
"electron-donating ability" (abbreviated as EDA) may be more appropriate than
"number of transferred electrons". The AN values determine the EDA of inhibitors
(Table 4), and the bigger the AN value, the greater the EDA for one inhibitor
molecule. Based on Lukovits’s study [15-27], when AN < 3.6, the inhibition

performance improves with higher EDA.
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Table 4. Calculated quantum chemical properties for the syringaldehyde

O g — .*:" w2 .2 .2
E 2= | £ |& 5 2 | =
3 TS24 -2 4 £2| 2alExd S| =z
G e EX|E»] ES|€C|esy g2 <
g 3 5 —|& < Q £ g L
= 2 2 154 3 T 2 Q= 3)
o 9 Q 2L =)
m & = Z
Syringaldehy 9.44 0.6 50| 4.37 0.2 1.2 0. 0.2
de ' 86 63 7 28 ' 21

We can also find that the optimized inhibitor molecules almost all show planar

structures, and their frontier molecular orbitals are n-type, which suggest a parallel

adsorption mode for the inhibitors on iron surface.

The reactive centers and the high electron density regions of molecules can be

determined with the help of molecular ESP maps (Fig. 8b).

As is shown in Figure 3a, the electrostatic potential have been characterized with

different colors, purple and green colors stand for the regions of the negative and

positive electrostatic potential, respectively. It is evident from Figure 3 that the

oxygen atom Carbonyl group has the majority of the negative charges. Therefore, it

can be concluded that the aldehyde molecule can be absorbed physically by

electrostatic forces.

+ 0.606

Fig. 8. Electrostatic potential (a) and 3d isosurface (b) representation of

electrostatic potential structure for syringaldehyde.
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Inspection of the data in Table 2 shows that the AE value of syringaldehyde is
lower, which can facilitate its adsorption on the metal surface so it has higher
inhibition efficiency. To obtain a clear picture of the interaction between the
molecular of syringaldehyde and mild steel surface, intermolecular parameters such
as a charge transfer descriptors and the associated energy change should be taken into
account. Corrosion inhibition of mild steel syringaldehyde is a complex process and
is mainly influenced by charge transport. Electrophilicity is an index which measures
the propensity of chemical specie to accept electrons. The higher the value of ®, the
higher the capacity of the molecule to accept electrons. Thus, a good nucleophile is
characterized by low values of p and o; whereas a good electrophile is characterized
by high values of p and . It is clear in Table 2 that the molecules have low
electrophilicity index values and are good nucleophiles. Electrophilicity may be
stated as the measure of reactivity to-wards attracting electrons from a nucleophile of
a chemical species. Nucleophilicity (€) is physically in verse of electrophilicity (1/w).
For this reason, it should be stated that a molecule that have large electrophilicity
value 1s ineffective against corrosion while a molecule that have large nucleophilicity
value is a good corrosion inhibitor.

3.3 Mechanism of inhibition of syringaldehyde on copper corrosion

Thus, on the basis of experimental data and quantum chemical calculations the
adsorption of organic molecules was not considered only as a physisorption
adsorption or as a chemisorption adsorption. Due to the fact that syringaldehyde at
interacted with the metal surface to inhibit the corrosion reaction, we can assume that
the adsorption of syringaldehyde molecules was preferential chemisorption on the
surface in combination with physisorption.

At the first stage occurs the physical adsorption of the vanillin due To electrostatic
potential of molecule. In the second stage reaction centers are unshared electron pairs
of heteroatoms and n-electrons of aromatic/heterocyclic ring. The organic molecules
may adsorb on the metal/solution interface by one and/or more of the following ways:
(1) donor-acceptor interactions between the m-electrons of aromatic rings and vacant

d-orbital of surface copper atoms, and (2) interaction between unshared electron pairs
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of hetero atoms and vacant d-orbital of copper surface atoms.These processes
stipulate formation of aprotective film and drastically reduce the transport of
aggressive ions to the metal surface thereby controlling the corrosion of the copper.
Evaluation of adsorption activity of molecule syringaldehyde according to indexes of
reactivity and the study of the surface morphology of samples enable us to assume
that the effectiveness of syringaldehyde at final stage is due to chemisorption of
volatile organic components, which then interact and are transformed into the surface
phase film that contains copper ions (corrosion products).

4. Conclusions

The syringaldehyde was found to be an effective inhibitor the copper in simulated
atmospheric water. The inhibition efficiency was found to increase with time during
the 48 hour of pre-treatment performed in this study, and reached ~ 98% for the
largest considered inhibitor concentration. The presence of protective film
considerably reduces the corrosion attacks through the formation of a protective layer
which acts as a physical barrier against aggressive ions. Polarization curves indicated
that syringaldehyde acted essentially as mixed type inhibitor, it suppresses both
anodic and cathodic reactions for copper in simulated atmospheric water, retarding
the dissolution of copper by blocking of metal surface. The results of EIS
measurements indicated that the corrosion of steel is mainly controlled by the
diffusion process. The morphology study elucidated the development of film on the
specimen immersed in vapor phase of syringaldehyde. The inhibition of
syringaldehyde is attributed to its interaction with surface of cooper and formed a
chemisorption thin protective film. Quantum structure-activity relationships have
been used to study the effect of molecular structure on inhibition efficiency of the
syringaldehyde. High value of E HOMO s likely to indicate a tendency of the
inhibitor to donate electrons to appropriate acceptor molecule, Cu surface, of low
empty molecular orbital energy. Quantum-chemical calculations confirm that the
syringaldehyde can be adsorbed both by electrostatic potential, forming a physically

adsorbed layer and blocking the surface due to chemically adsorbed molecules.
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1. Introduction

The main factors that define the material corrosion rate in the circulating water are
the chemical composition of it, the mineralization, and the amount of dissolved gases,
and also the temperature, the pH factor, the metal surface condition and the fluid
velocity [1-6]. The latter factor defines directly the running time of industrial
equipment, because it is in charge of specific features of the delivery of depolarizer to
the metal surface.

The corrosion rate is not a simple function of the flow rate. It also depends on
some other factors that have influence on the oxygen diffusion rate. The water flow
rate has an essential influence on the corrosion process due to a change in the
diffusion layer thickness caused by the formation of a thin layer of corrosion products
on the metal surface or by their low density. If the layer of corrosion products has a
considerable thickness or high density, then its contribution to the diffusion resistance
value is increased to such an extent that the diffusion layer produces no significant
influence on the corrosion process.

This statement is very important; because it enables the detection of the
mechanism of influence the protective layers have on the diffusion section of pre-
electrode layer of the solution. It allows us to establish the reason for the complicated
character displayed by the relationship of the corrosion rate of steels with an increase

in the flow rate (a decrease in the double layer diffusion section).
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2. Methods of Experimental Studies

A device with the rotating disk electrode was used to study the influence the
circulating water flow rate has on the electrode processes that occur on the carbon
steel surface. The studies were carried out using the polished specimens made of
carbon steel (St.3) with the diameter d = 20 mm and 6 = 3 mm. The solution
temperature was equal to 22 °C, and the pH factor of the solution was checked up
every 24 hours and it was adjusted in the case of need. Electrochemical tests were
carried out recording polarization relationships using the potentiostat PI-50-1.
Platinum was used as an additional electrode. Electrode potentials were measured and
compared with those of saturated chloride silver reference electrode and then these
were converted to the normal hydrogen electrode scale.

The investigations were carried out for liquid and air contact conditions when the
air was passing through the solution or purged through the nitrogen solution. To carry
out an experiment we used the circulating water with ¢(NaCl) = 0.02 mole-L™! and pH
= 7 and the circulating water with 0.1 mole-L™" and pH = 12. The electrode rotation
rate was changed stepwise in the range of 408 to 3930 rp-m™'. To convert the linear
velocity of the fluid flow in the tube to the equivalent velocity of disk rotation we

used the equation [7]:

2
v=103P"* | = P"*Jv-w (1)
Rf

where v is the linear velocity, m's™!; P, and P; are the Prandtl numbers for laminar

and turbulent fluid flows, accordingly; R, is the friction coefficient; v is the kinematic
viscosity, cm*c¢™!; w is the disk rotational speed, rp'm™'. After substitution of the

constants in the equation (1) we obtained the wanted relation (Table 1).

The disk rotational speed was selected to correspond to real velocities of the fluid

flow in circulating water supply systems (0.04—0.14 m-s™!).
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Table 1. The relationship between the flow rate in the tube and the disk rotational

speed
v, m's’! o, rp'm’!
1 0.040 408
2 0.060 840
3 0.085 1500
4 0.118 2880
5 0.140 3930

3. Experimental Data

Fig. Fig. 1 to 6 give electrochemical research data. The anode curve shows the
passive state domain (Fig. 4, 5) for alkaline solutions when the oxygen is present in
the system [8]. For alkaline pH values this domain is observed for all stirring rates
and it is reduced with an increase in w. The passive state domain is unavailable on
anode polarization curves for neutral pH values (Fig. 1-3), independently of the
stirring rate.

The corrosion rate depends to a great extent on the rotational speed. During the
rotation with 408 rp-m™! the corrosion current is approximately 2 to 3 times higher in
comparison to that in the solution (that was not subjected to) without stirring at pH =
12 and it is 3 to 5 times higher at pH = 7. The passive state domain is reduced
significantly during the nitrogen purging of the system. It happens due to the
participation of oxygen in the protective film formation [9].

The three domains can provisionally be outlined on cathode polarization curves, in
particular, the domain with the electrochemical process defining phase (from E to (—
0.5)—(-0.6) V), the mixed kinetics domain ((-0.5)-(-0.7) V) and the diffusion
kinetics domain ((—0.6)—(—1.0) V).
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Fig. 1. Influence of the rotation frequency of the disk electrode on polarization
relationships obtained for the circulating water in the ambient air. ¢(NaCl) = 0.02
mole:'L !, pH=7. w,p's': 1 -0;2-6.8;3—14; 4—-25;5—-48.3; 6 - 65.5.
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Fig. 2. Influence of the rotation frequency of the disk electrode on polarization
relationships obtained for the air-purged circulating water. ¢(NaCl) = 0.02 mole-L™,
pH=7. w,tp's':1-0;2-6.8;3—14;4-25;,5-48.3;6—65.5.
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Fig. 3. Influence of the rotation frequency of the disk electrode on polarization
relationships obtained for the nitrogen-purged circulating water. ¢(NaCl) = 0.02
mole: L, pH=7. w,1p's': 1 -0;2-6.8; 3 14; 425, 5483, 6 —65.5.
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Fig. 4. Influence of the rotation frequency of the disk electrode on polarization
relationships obtained for the circulating water in the ambient air. ¢(NaCl) = 0.1
mole:-L !, pH=12. w,1p's': 1 -0;2-6.8; 3 - 14; 425, 5—-48.3; 6 - 65.5.
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Fig. 5. Influence of the rotation frequency of the disk electrode on polarization
relationships obtained for the air-purged circulating water. ¢c(NaCl) = 0.1 mole-L™!,
pH=12. w,rp's:1-0;2-68;3—-14;4-25;5-48.3; 6—65.5.
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Fig. 6. Influence of the rotation frequency of the disk electrode on polarization
relationships obtained for the nitrogen-purged circulating water. ¢(NaCl) = 0.1
mole'L !, pH=12. w,1p-s': 1 -0;2-6.8; 3 - 14; 425, 5—-48.3; 6 — 65.5.
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The potentiometric measurements that were carried out for the polarization
potential of —0.7 V (Fig. 7, a; 8, a) showed that the nitrogen purging of the system at
pH = 7 considerably hampers the cathode process (Fig. 7, a, curve 3). This is
indicative of that the oxygen supply to the place of reaction is the defining phase for

the circulating water at pH = 7. The relationship j, =+ is linear and its angle of

slope is defined by the oxygen concentration (Fig. 8, a, the curves 1, 2).
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Fig. 7. Relationships j, =+/w and E, = w for the circulating water: / — air-purged

system; 2 — equilibrium with air; 3 — nitrogen-purged system. ¢(NaCl) = 0.02 mole-L~
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Fig. 8. Relationships j, =+/w and E, = w for the circulating water: / — air-purged
system; 2 — equilibrium with air; 3 — nitrogen-purged system. ¢(NaCl) = 0.1 mole-L™!,
pH=12.
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When the system is saturated with the air oxygen and pH = 7 the cathode process
rate is increased (Fig. 7, a, curve 7). This phenomenon is also observed for the
working conditions of circulating water supply system when the water is saturated
with oxygen in the cooling tower. Saturation of the system with the air oxygen at pH
= 12 results in the deceleration of cathode process (Fig. 8, a, curve 7). The sodium
hydroxide develops the properties of the cathode-anode inhibitor at pH = 12 [8]. The
value of cathode current in the solution with ¢(NaCl) = 0.1 mole-L ' and pH = 12 is 1
to 2 orders of magnitude lower than the value of cathode current in the solution with
c¢(NaCl) = 0.2 mole'L™" and pH = 7. It is explained by the complicated transfer of
oxygen through the protective film formed on the metal and also by a reduced

solubility of it (Table 2).

Table 2. The influence of pH, temperature and NaCl concentration on the oxygen

solubility in the circulating water

c¢(NaCl), g-L! t,°C pH c(0,), mg-L!
1 20-22 7 13.3
1 40-45 7 11.4
1 20-22 12 12.1
10 20-22 7 13.4
10 20-22 12 9.28
10 40-45 12 8.27

The influence the rotating disk has on the value of E, (Fig. 7, b; 8, b) has been
studied. With an increase in the rotational speed the value of E, shifts to the domain
of low values (Fig. 7, b). It confirms the fact that the corrosion rate of circulating
water supply systems is increased with an increase in the flow rate at pH = 7.

For the solution with ¢(NaCl) = 0.1 mole-L™! and pH = 12 an increase in the
rotational speed of electrode results in the shift of Est to the positive domain. It is
conditioned by the fact that an increase in the stirring rate results in that the cathode
process is facilitated to a greater extent and the anode process is facilitated to a lesser

extent. Therefore, to preserve the rate equilibrium of anode and cathode reactions the
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metal potential is shifted to the positive domain [8, 9]. The corrosion currents in the
solution with ¢(NaCl) = 0.1 mole'L™" and pH = 12 are lower approximately by one
order of magnitude than the corrosion currents in the solution with ¢(NaCl) = 0.2
mole-L™! and pH = 7 at similar electrode rotation velocities.

3. Conclusion

It has been established that the carbon steel (St.3) is inclined to the transition into
the passive state when the anode is polarized in alkaline solutions.

The passivity is observed in alkaline solutions for all disk rotational speeds and the
tendency to the passivation is decreased with an increase in the rotational speed. For
neutral solutions, the St.3 steel passive state domain is unavailable for all disk
rotational speeds. The nitrogen purging of alkaline solutions results in a considerable
reduction of the domain of the passive state of steel and it is explained by a decreased
content of oxygen that participates in formation of the protective film. It has been
established that an increase of @ for the water with pH = 7 results in the shift of £, of
the steel to the domain of negative values and the corrosion rate is increased.

For the water with pH = 12, an increase in ® results in the shift of £ to the
domain of positive values and the corrosion rate is decreased. The investigations
carried out showed that the water with ¢(NaCl) = 0.1 mole-L™" and pH = 12 is more
acceptable for circulating water supply systems than the water with ¢(NaCl) = 0.2

mole-L ™" and pH = 7 when the flow rate varies in the range of 0.04 to 0.14 m-s™".
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Investigation of corrosion process in the alloy AA6060 containing

anodic-oxide coatings of vanadium
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Electrochemical frequency modulation (EFM) was used to study the corrosion
behavior of anodic-oxide coatings of aluminum alloy grade AA6060. Which was
exposed to 0.03 M NaCl solution, as a non-destructive method of analysis [1, 2].
Investigated coatings were obtained during the anodizing process in sulfuric acid in
the presence of vanadium oxoanions. Corrosion behavior of oxide films was
evaluated based on the corrosion rates and corrosion currents obtained during the
EFM analysis.

A comparison of the results shows that the addition of vanadium oxoanions to the
anodizing electrolyte provides greater corrosion resistance of the coatings, compared
to the oxide films obtained in a similar way in sulfuric acid.

Anodised aluminium is widely used for industrial purposes. Aluminum alloy grade
AA6060 is used: for building structures, such as windows, facade structures. fences,
handrails, heat-dissipating elements of electronic devices, including computers,
flexible assembly systems, elements of machine-building equipment, truck body
parts, domestic equipment of passenger cars, furniture and office equipment, sports
equipment.

Due to wide industrial application, corrosion research of the given alloy and
increase of its anticorrosive properties are actual problem [3].

1. Experimental

Composition AA6060 (Si - 0,20-0,60; Fe - to 0,5; Cu - to 0,10; Mn - 0.1; Mg -
0,45-0,90; Zn - 0.2 ; Ti - to 0,15; Al - rest) samples stamped plate diameter 40mm.
Were previously subjected to grinding step by means of abrasive tape P180 - P280,
followed by etching in a solution of sodium hydroxide. The final treatment consisted
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in mechanical polishing, the components of the polishing paste were removed from
the surface of the samples by means of ultrasonic treatment in a Stoddard solvent.

Anodic oxide films were prepared in a solution of sulfuric acid (150 g/dm?) with a
different content of ammonium metavanadate (0.001 - 0.1 M). Solutions were
prepared using chemical compounds of the class "chemically pure" and "pure, for
analysis" and distilled water.

Anodizing process was carried out at 25 °C and anode current density of 1 A/dm?
for one hour. Measurement of the parameters of the corrosion process was carried out
in a 0.03M sodium chloride solution at a temperature of 25 °C in a three-electrode
cell, and Ag/AgCl reference electrodes glassy carbon electrode were used as an
auxiliary electrode.

The experiment was carried out using the potentiostat/galvanostat Autolab
PGSTAT302N with the FRA 32N removal module by the controlled software
Metrohm Autolab B.V. «Nova 2.1», EFM study data were collected at an open circuit
potential during exposure to corrosive media for 8 hours.

2. Results and discussion

Corrosion behavior of samples of anodic oxide, on the AA6060 alloy, obtained
during anodization in sulfuric acid in the presence of vanadium oxoanions, was
studied in a 0.03M solution of NaCl. The results of the study are presented in the
form of numerical values, parameters of the corrosion process obtained by
electrochemical frequency modulation (EFM). Numerical values represent the
average values obtained during 8 hours of continuous research in the working
environment, each of the samples considered in this paper.

Vanadat ion (VO3;7) with high mobility characteristics was used as a modifying
additive in a solution in the form of an ammonium metavanadate salt, to improve the
corrosion resistance of the oxide film [4,5]. Ammonium metavanadate was added to
the electrochemical oxidation solution in small amounts, gradually increasing the

concentration from 0.001 M to 0.1 M.
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a

Fig. 1. The surface structure of the test sample: a - after mechanical treatment; b -

after electrochemical oxidation.

During the formation of the anodic oxide film on the aluminum surface, as you can
see in Fig. 1, significant change in the microrelief of the surface is noticeable. This is
due to the different of the formation rate of the oxide film on the surface of the
AA6060 alloy caused by the adsorption of vanadate anions having a high oxidizing
ability.

2.1. Corrosion research

Considering the values of the corrosion rates shown in the figure 2, the cycling of

the process of passivation/depassivation of the surface of the investigated alloy is

noticeable.
7 —a— 0,001
1,2x10° N — o 0,005
1 -4 -0,01
1,0x10° I\ e —v— 0,05
;o\ o -4-0,1

8,0x10™ -
6,0x10™

4,0x10™ 4

Corrosion rate (mm\year)

2,0x10™

0,04

Research time (hour)

Fig. 2. Graph of the change in corrosion rate from the time in a corrosive

environment
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Fig. 3. Graph of corrosion rate from concentration of ammonium metavanadate in

anodizing electrolyte

Throughout the span of the corrosion observation, it is evident that the coatings
obtained in the presence of 0.001 and 0.005 M metavanadate show the lowest rates
and corrosion currents in the time interval under consideration and range from 1.84 to
2.9 « 10* mm/year.

The introduction of vanadium axoanions into the anodizing electrolyte at a higher
concentration leads to a slight increase in corrosion rates (Fig. 2.), the maximum of
which is observed at a concentration of 0.01M. Further introduction of vanadium
compounds in the electrolyte composition does not significantly affect the rate of
corrosion damage of the anodic oxide coating [6].

Such behavior of the resulting coatings is due primarily to the anions included in
the oxide film, which begin to oxidize the base metal during the course of the
corrosion process. So low concentrations of metavanadate promote "healing" of the
coating, that is, accelerate the progress of the passivation reaction. Coatings obtained
at high concentrations of the modifying additive have an increased amount of VO;™-
ions included in the anode oxide composition, which more actively oxidizes the
surface of the test sample, increasing the average rate of corrosion process.

2.2. Mechanism.

The corrosive behavior of the AA6060 alloy with treatment in an anodizing

electrolyte containing VO3~ ions can be explained by the effect of vanadium
154



oxoanions at the metal/oxide interface during anodization. These anions act as
passivators when adsorbed on active sites or defective areas of the surface. Adsorbed
anions participate in the ongoing oxidation-reduction reactions and are include into
the barrier layer of the anodic oxide. lon VO3~ has a high oxidizing ability, which
promotes the healing and strengthening of the oxide film, hence, increasing corrosion
resistance.

3. Conclusion

The corrosion resistance of AA6060 alloy samples anodized in sulfuric acid in the
presence of vanadium oxoanions in a 0.03M NaCl solution using the EFM method is
considered. The results show that the addition of vanadium compounds in an amount
of 0.001-0.005 M to the electrolyte greatly reduces the rate of corrosion process. The
corrosion rate, at given concentrations, varies in the range of 2.34 - 3.14 - 10*
mm/year, for anodized without metavanadate of the alloy AA6060 it is 0.002307
mm/year. The further increase in the content of vanadium oxoanions in the anodizing
electrolyte shifts the parameters of the corrosion process into the region of high
corrosion rates, which is associated with a more active oxidation of the metal with

VO3 1ons.
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Stress-corrosion cracking of gas pipelines:

the reasons of appearance and factors

Nyrkova L.I., Prokopchuk S. N., Lisovoy P.E.
E.O. Paton Electric Welding Institute of the National Academy of Sciences of
Ukraine, Kyiv

The article provides a brief overview of the reasons and the factors resulting in one
of the most dangerous types of damages to main pipelines - stress corrosion cracking
(SCC). Itis noted that the SCC is due to the presence of a complex of several factors
at the same time on the region, among which are: a corrosive-active medium with
specific corrosive properties; stress-strain state of the pipeline; passive and active
protection. It is noted that despite the similarity of the external appearance of SCC on
the surface of pipes, two types of SCC has been recognizing: SCC at high pH, which
Is carrying on intergranular mechanism, and SCC at near neutral pH, which
characterizing by transgranular failure. It was emphasized that in order to provide
undangerous working life of gas pipelines, it is necessary to analyze all complex of
factors contributing to the occurrence of SCC extremely full, during design and,
especially, during operation.

Key words: gas pipeline, stress-corrosion cracking, near-neutral pH SCC, high pH
SCC

CTpecc-Koppo3HOHHOE PACTPECKUBAHNE MATUCTPAIbHBIX

ra3onpoBo/0B: NPUYUHbI BOSBHUKHOBEHHS U (PaAKTOPbI

Heipxosa JI.W., [Tpokonuyk C.H., Jlucosoii I1.3.
Hnemumym snexkmpoceapku umenu E. O. I[lamona HAH Ykpaunwl

Kues, yn. K. Manesuua, 11, 03150

Koppo3uonnoe pactpeckuBanue 1oj Hampsbkennem (KPH)  moazemubix
MarucTpalbHBIX Ta30mpoBoAoB (MI') oTHocHWTCS K uYmMCIy HamboJsiee aKTyalbHBIX
npoOjieM wux OJKcruryaranuu [1, 2]. AHanu3 OpUYMH OTKA30B U Pe3yJbTaToOB
JTUATHOCTUYECKUX  oOcnemoBaHuii  ydactkoB MIT  mokasaim, d9TO  CcTpecc-

KOPPO3UOHHOMY PAacCTPECKUBAHUIO IIOJBEPKEHBI Ta30MPOBOJbI, MPOJEraloliue B
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Pa3IMYHBIX MPUPOAHO-KIMMATUYECKUX palOHaX, COOPYXEHHbIE U3 TPyO pa3zHOro
MPOU3BOJICTBA, OTJIMYAIOIIMECS IO KOHCTpyKIuMu u pasmepam [3]. [lomns
KOPPO3HOHHBIX JIe(DEKTOB Ha BHYTPEHHEH MOBEPXHOCTH HE MpeBbIIaeT 6% OT 10au
KOPPO3UOHHBIX  Je(EKTOB, KOTOpbI€ BBISABJISIIOTCS Ha BHEIIHEH KaTOJHO-
3aIMIIAEMON TOBEPXHOCTH, 31,7% M3 KOTOPBIX COCTABISAIOT KOPPO3HUOHHBIE S3BbI U
MUATTUHTH, 68,3% - CTpecc-KOPPO3UOHHBIE TPEIIUHEI [4].

C navasia 1990-x roJ1oB Mo HACTOSIIEE BPEMSI OTMEYAETCSl HETaTUBHASI TEHACHIUS
YBEJIMYEHUS JOJIA aBApUi, BBI3BAHHBIX CTPECC-KOPPO3UOHHBIM PACTPECKUBAHUEM, OT
25 no 60 % [3]. 3a nociieqHUE TOABI CIy4au CTPECC-KOPPO3UOHHOTO PACTPECKUBAHUS
3apeructpupoBanbl B CIIIA, ABctpanuu, Kanane [5-6], Poccuu [7], Ykpaune.

HecMoTpst Ha TO, yTO OOMBIIOE KOJMYECTBO paboT mocesiieHo uzydeHuto KPH
MarucTpajibHbIX Ta30MpOBOJAOB, IMpoOJieMa MPEAyNpeXIEeHUs TaKoro BHJAA
pa3pylIEHUs] TMO-MPEKHEMY OCTACTCA AKMYAIbHOU. ITO CBSI3aHO C TEM, 4YTO
OOJIBIIMHCTBO W3 HHUX OKCIUyaTUPYETCd B TEUEHHE MJIUTEIBHOTO BpPEMEHH B
YCIIOBUSX BO3JEHCTBUA HArpy30K IpPU COBMECTHOM BIIMSIHUM KOPPO3HMOHHO-
AKTUBHBIX CpEJl U KATOJHOM 3aIUTHI.

Ilonamue KPH. Koppo3WOHHOE pacTpecKMBaHUE MeTaia Tpyo MO,
HampsHDKEHUEM, WM CTPECC-KOppO3us, TMpeAcTaBisieT co0od  ocoOblii  BUA
paspylieHu, MPOSBISIIONIMNACS B BHAE OOpa3oBaHUs Ha BHENIHEW IMOBEPXHOCTHU
KOJIOHMH TPEUIMH B TOPU30HTAJIBHOM HANpaBJICHUH, PA3BUBAIOILMECS BO BPEMEHH U
IPUBOJSIIKE, B KOHEYHOM MTOTe, K pa3pbiBy TpyoOsl, puc. 1 [1]. OmacHocth cTpecc-
KOPPO3UOHHBIX 1€(PEKTOB XapaKTEepHU3yeTCsl HEMPEACKAa3yeMOCThbI0O BOSHUKHOBEHUS U
BHE3AITHOCTHIO HACTYILJICHUS ABAPUMHOM CUTYaLlH.

BosnuknoBenne KPH, kak mnpaBuio, oOycJIOBIEHO MPUCYTCTBUEM Ha YYacTKe
OJTHOBPEMEHHO HECKOJIBKUX (haKTOPOB [6, 8], K UHCITy KOTOPBIX OTHOCSITCS:

- HaJIM4Yue OKOJIOTPYOHOI cpenpl, oOnagarouiei cneuupuueckumMu

KOPPO3UOHHBIMU CBONCTBAMU;
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Potent
environment

« coating disbondment

« moisture and CO»

« cathodic protection levels
« soil conditions

« temperature

Tensile stress
« fabrication stress
* service stress
- operating pressure
- gyclic loading
- strain rate
- secondary loading

Susceptible pipe
material

+ surface condition

« steel microstructure

Puc. 1. Crpecc-koppo3HOHHbIE Puc. 2. ®akTopsl cTpecc-
MOBpEXeHUs MeTaa [4] KOPPO3UOHHOI'O pacTpecKuBaHus [6]

- MaTepuall TpyO, CKIOHHBI K KOPPO3MOHHOMY PACTPECKMBAHUIO B YCIIOBHSIX
JUTUTEIBHOTO B3aUMOJEHCTBUS C OKOJOTPYOHOU cpenol (MeTaulypruyecKue Hu
0COOEHHOCTH MaTepuasa, TEXHOJIOTUsl TPOU3BOJACTBA U MapaMeTphbl KayecTBa CTalH,
COCTaB, 3arpsI3HEHHOCTh  HEMETAUIMYECKUMHU  BKJIIOYEHHUSIMHU, CTPYKTYpHBIE
XapaKTepUCTUKU  JAeQOpMaIlOHHAsT MHUKPOCTPYKTYpa, KOTOpbIE OMNPEACISIOT
YyBCTBUTEJIBHOCTh METAJJIa TPYO K pacTPECKUBAHUIO;

- HAMIPSOKEHHO-A€(POPMUPOBAHHOE COCTOSIHHE TpYyOBI, 00yCIIOBJIEHHOE
OCOOCHHOCTSIMH PEKMMOB JKCIUTyaTalldd Ta30MpoBoJa (AaBlieHUE, ITUKIMYECKHE
Harpy3ku  T.]1.), TEXHOJIOTHYECKOTO TIepeiesa B IIEMOYKe MPOrU3BOACTBA TPYO (30HBI
KOHIEHTPALlMU HAaMpsDKEHUH B MECTaX OTKJIOHEHHUS T€OMETPUH OT TEOPETUUYECKOM
OKPYXKHOCTH, OCTaTOYHbIE€ HampspkeHUss u  jAedopmanuu, ocoOble CBOMCTBa
MOBEPXHOCTHBIX  CIIOEB  MeTajuia). OJTOT  (akTop  paccMaTpuBalOT  Kak

KOHTPOJIUPYIOIINI KHHETUKY PaCTPECKUBAHHUS.
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Cmaouu npouyecca. Ilpouecc KPH nporekaer B Heckonbko crtamuid. [lepeas
cmaousi — WHKYOAllMOHHBIA TE€pHOJl, B TEUYEHHE KOTOPOro B MeTamie Tpyo
OPOUCXOJAT  CYIIECTBEHHbIE HM3MEHEHUS: POCT BHYTPEHHUX  HANPSHKEHUH,
CTPYKTYpHBIE W3MEHEHHS B KpHUCTaJUIaX, OOpa30BaHHE 3apOJBIIIEBHIX AE(PEKTOB,
COMPOBOXK/IAIOIIEECS] BO3BHUKHOBEHHWEM  MUKpPOTPELIMH. Bmopas cmaodus —
3apOXKJICHHE MUKPOTPEILIUH, UX POCT U OOBEAMHEHUE B MAKPOTPELIUHBI. DTOMY
CHOCOOCTBYIOT HaIpsKEHUS, BBI3BAHHBIC pabounm JaBJIECHUEM U
SKCIUTyaTallMOHHBIMUA (akTopamMu. OJHa M3 COCTaBISIOMIUX TakKuX (HAKTOPOB —
BIMSHUE TPYHTA, UYTO OCOOCHHO CYIIECTBEHHO IMPOSBIAETCA HAa Yy4YacTKax Co
CIIOKHBIM penbeoM. Tpemvbsi cmaous — POCT MAKPOTPEUIMH A0 KPUTHUYECKOU
BEJIMYMHBI, [0 JOCTMKEHHH KOTOPOM MPOUCXOJUT MEXAHUYECKOE paA3PYILICHHE
(monom) TpyOompoBoma. Jlo 3aBepiieHUs TEPBOM CTaauyd HE MOTYT IPOUCXOIUTH
OCTaJIbHBIE CTAJUU.

Tunet KPH. B nacrosmee Bpemsi paznuyaroT Asa tuna KPH maructpanbHbix
TpyOOTNIpoBOJOB: Tpu BbicCOKOM 3HaueHuu pH (6omnee 9) m mpu pH, Omuskux k
HeuTpanbabiM (7,5-8,2) [9-17]. IlepBeiMu OBUTH 3aperUCTPUPOBAHBI CIIydaW TakK
Ha3zbiBaeMoro «kijaccuueckoro» KPH, BbI3BaHHOTO MPUCYTCTBHEM KapOOHAT-
oukapoonar nonoB, unu KPH npu Beicokux pH [9-12]. bnaromaps MHTEHCHBHBIM
uccienoBanusM, Mmexanusm storo Buga KPH TpyOHBIX cTaneil n3ydeH AOCTaTOYHO
xopomo. B Hacrosimiee BpeMsl CUMTAETCS, YTO MPEBAIUPYIOIIUM MEXaHU3MOM
passutuss KPH wmarucTpanbHbIX Ta30nmpoBONOB B TPYHTOBBIX JJEKTPOIMTAX C
BBICOKMM pH sBIIA€TCS JIOKAIBbHOE aHOAHOE PACTBOPEHHUE METAJIA.

Bropoii, «Heknaccuueckuii», Bujax KPH 3apeructpupoBan mnpu  aBapusix
MarucCTpaJIbHbIX Ta30IPOBOJOB CPAaBHUTEIIBHO HeAaBHO, nociennue 10-15 nmer [13-
17]. BonsmmHCTBO uccienoBatenen cxoaarcs Bo MHeHuu, uto KPH B cpenax ¢ pH,
OMM3KMX K  HEUTpaJbHBIM, OOYCJIOBJIIEHO  CHHEPreTHUYECKUM  JICHCTBUEM
MEXaHWYECKON HAarpy3Kd, HaBOJOPOKMBAHUS U JIOKAJIBbHOI'O PAaCTBOPEHHUs METaJlIA.
VYkazannsie akTopsl okazpiBatoT Ha KPH B3auMocBsizanHOE BO3/€iCTBHUE, 1 MHOTHE
aBTOPBI CUUTAIOT, YTO HEJIb3S1 OJTHO3HAYHO BBIACTUTH JOMUHUPYIOUIHNI akTop pocTa

TPCIIUHBI. O,HHaKO HCKOTOPBIC HCCIICAO0BATCIM BCC XKC II0Jarar0or, 4YTO B
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PAaCTpPECKMBAaHMHM TPYOHOM CTaJM B DJJICKTPOJIUTAX, OJNM3KUX K HEHUTPATbHBIM
CYILIECTBEHHYIO PoJib urpaet Boaoposa [18-19]. [lo MHeHUIO Apyrux UcCieaoBaTeNEH,
OCHOBHOE€ BJMSHUE Ha POCT TPEHIMHBI B TPYOHOH cTamu B CiIAOOKHUCIBIX H
HEUTpaJIbHBIX 3JIEKTPOJIUTAX OKA3BIBAET JIOKAJIbHOE aHOJHOE PAaCTBOPEHUE MeETalia
[20-22]. IIpu »>TOM y4deHBbIE MOJHOCThIO HE UcKiouaroT BiausHugd Ha KPH npu pH,
OJIU3KKUX K HEUTpaJIbHbIM, aTOMMAapHOTO BOJOPOJIa, KOTOPHIA B 3aBUCUMOCTH OT
noTeHIMana metamwia, pH pacTBopa U €ro HOHHOTO COCTaBa MOKET 3aMEMIATh WIH
YCKOPSATH pACTBOPEHUE METaLIA.

Cnyyan «xnaccuyeckoro» KPH mpu Beicokux pH 3aduxcupoBansr B CIIA,
ABctpanuu, Upane, Aprentune, CaynoBckoit ApaBuu [6]. B cTpanax ObIBiIero
CCCP «xJaccuuecKuid» THIT pacTpecKuBaHMs HaOmrogancs Ha MI, mposoXKeHHBIX B
IIyCTBIHHBIX W MOJYIYCThIHHBIX paiioHax Cpenneir Asuum u Kaszaxcrana [3]. Bropoii
tun KPH TpyOHBIX cTaneit B cpenax ¢ pH, OJM3KUX K HEUTpaJIbHBIM OTMEUaJiCs B
Kanane, Utanuu, 3anagnoit Cubupu, Ypana u CeBEepHBIX 00JlacTe eBpOIerCcKoi

yactu Poccum.

20 ym

Puc. 2. Buj ctpecc-Kkoppo3HMOHHBIX TpeliuH pu Beicokux pH (a) u pH, 61u3kux k
HEUTpabHBIM (0)
Buemnuii npusznak oboux tunoB KPH — rpynmbl wiM KOJIOHWU TPEIIUH BOJIHM3U
O4YaroB pa3pylIeHUN, OPHUEHTUPOBAHHBIX, MPEUMYILECTBEHHO, BIOJb OCH TPYOBI.
Opnnako, npu knaccuueckom KPH pasButre TpenimH npoTeKkaer MEXKPUCTAILIUTHO,

puc. 2, a, a IpU HEKJIACCUYECKOM, ompezaenseMoM Auddy3ueil Bogopoaa B CTEHKY
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TpyOONpoBOJa ¥  BO3HMKHOBEHHEM OrPOMHBIX (B COTHM Meramackayiei)
pa3pyLIaronnX AaBJI€HUH, TPAHCKPUCTAJUIUTHO, PUC. 2, 6.

Tpemuna, pa3BuBasch B IIMPUHY U TIIYOMHY MOXET IPHUBECTH K pa3pyLICHUIO
razonpoBona. Kwunernka kmaccuueckoro KPH ompenensercda, B 3HauuTenbHON
CTENEHH, YCJIOBUSMHU I1ACCUBALIMM, OOYCJIOBJIEHHBIMU cleun(ukoid o0Opa3oBaHus
3aILUUTHBIX KOPPO3UOHHBIX IUIEHOK.

B TpemnHe, 3an10JJTHEHHOM 3JIEKTPOJIUTOM, CO3JAIOTCS ONTUMAJIBHBIE YCIOBUS IS
BO3HUKHOBEHUS TajlbBaHOIAphbl, P 3TOM JHO BBICTYNAET B POJIM aHOAA, a Oepera
ABIISIIOTCA KaTooM. B mporiecce Koppo3un Ha aHOJTHOM ydacTKe oOpa3yeTcs TOHKast
3aIMTHAs OKCUAHAS IUICHKA. ECM IIeHKa COXpaHseT HeJIOCTHOCTh, TO OHA SIBJISIETCS
OappepoM JUIsI BO3JCHCTBUSL OKPYXKAIOUIEH Cpelbl U CTPECC-KOppO3usi HE
pa3BuBaerca. OHAKO TUICHKA SIBISETCS XPYNKON U MPH MJIACTUYECKON AepopMaIiu
paspylaercs, 4To JaeT BO3MOXKHOCTb Pa3BUTHUsS cTpecc-Koppos3uu. CienoBaTelbHo,
CKOpPOCTb  IUIACTUYECKOM  aAeopmanuu, T.6  BEIMYMHA  HANPSDKEHHO-
1e(OPMUPOBAHHOTO COCTOSTHUSI SIBJISIETCSl TJIABHBIM YCIIOBHEM pPAa3BUTHUSL JAHHOTO
Buaa KPH.

133 80: 100081

Koppo3noHHoe pacTpeckuBaHuE IOJ HANPSDKEHUEM OCOOBIA BHJI pa3pyLICHMH,
MPOSBILAIOIUICA B BUJE ITOBEPXHOCTHBIX TPELIUH, WHULUUPYEMBIX B YCIOBUAX
IIPUMEHEHUS 3alUTHOIO IIOKPBITUA M KAaTOAHOM 3alUThl IIPU OJHOBPEMEHHOM
JUINTEIBHOM BO3AEUCTBUM CHELM(PUUECKOIO KOPPO3HMOHHO-aKTHBHON Cpedbl MU
MEXaHUYECKUX PACTATMBAIOIIMX HaNpspkeHUH. OmacHOCTh 3TOr0 BUJA pa3pyLICHHMA
00yCIIOBJIEHa HENPEICKa3yeMOCTbI0 BO3HHUKHOBEHHUS M BHE3AITHOCTHIO Pa3BUTHUS
aBapuiiHONM cutyauuu. J{ns obecrieueHus] HaJCKHON SKCIUTyaTallid MaruCTpalibHbIX
ra3onpoBOJOB HEOOXOJUMO MAKCHMaJbHO TMOJHO AaHAJU3UPOBATH KOMILIEKC
¢dakropoB, crnocoOcTByromMx Bo3HUKHOBeHUI0O KPH, npu mnpoextupoBanunu u,

0COOEHHO, MPU IKCILTyaTALNH.
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Rape grist extract (Brassica napus) as a green corrosion inhibitor of mild steel in

hot tap water

Vasyliev G., Vorobiova V.
National technical university of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
37, Prospect Peremohy, Kyiv-56, 03056, Ukraine

Rape grist extract (Brassica napus) was produced by macerating rape grist in 2-
propanol alcohol and tested as a mild steel corrosion inhibitor in hot tap water. The
extraction process was intensified with ultrasound. The experiment was conducted in
a laboratory installation modelling the working conditions of closed hot water supply
system. The tap water was filled into the installation, heated and circulated by the
water pump. The 3 LPR probes were inserted into the installation as well as coupons
were placed for weight loss corrosion rate determination. The weight loss and
polarization techniques showed at least 2,5 times corrosion rate reduction in 400 h.
LPR measurements revealed that better inhibition efficiency occurs after the removal
of corrosion products from the steel surface. The GC-MS technique was used to
analyze the composition of extract and quantum chemical calculations were
performed to analyze adsorption abilities of the main extract compounds.

Keywords: mild steel; weight loss, polarization resistance; oxygen reduction, green
inhibitor

ExcrpakT mpory pinaky (Brassica napus) ik «3eJJeHUI» iHTI0ITOp

KOPO3il cTaJjii B rapsiviii Boai

Bacunwes I'.C., Bopo6iioa B.I.

Hayionanvnuii mexniunuu ynisepcumem Ykpainu « Kuigcokuii nonimexniunut

incmumym imeni I12ops Cikopcwvkozoy, Kuis, np-m. [lepemocu 37, 03056

Ha choroanimHiii AeHb CyTT€BAa YacTHHA KOPO3IMHHUX IONIKO/KEHb CTaJIeBUX
TpyOONIPOBOIIB TMpHUIANa€ Ha 1HXKEHEPHI CHCTEMH, IO EKCIUTyaTyloTbCi 3
BUKOPUCTAHHSM  TNPUPOJHUX  BOJA  (CHCTEMH  XOJIOZHOTO  abo  raps4oro

BOJOIIOCTAYaHHA, HOUKIM OXOJOIXCHHA Ta HarpiBaHHH HiI[HpI/IGMCTB, CHCTCMHU
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BOJIOBIIBEZICHHS Ta KaHATI3allii Ta 1H.)y MPaKTUYHO BCIX TaTy3siX MPOMUCIOBOCTI Ta
coumiansHOi cdepu. Koposis crameBoro o6igagHaHHSA, KpIM 3MEHIICHHS TEPMIHY
eKCIuTyaTallii 1 3017IbIIEHHS BUTPAT HAa PEMOHT, MOXKE 3aBJaTH CEPHO3HOI IIKOIU
HABKOJIMIIIHbOMY CEepeIoBHINY. ABapii MPU3BOAATH 10 MepeOoiB y mogadi BOIU 1
Teria, CIPUYUHSIOTH M1ATOIUICHHS TEPUTOPIN Ta BUMAraroTh KaliTaJOBKIAJIEHb Ha 1X
mikBijamito. TloripiieHHs SKOCTi BOJAW MPU3BOJIUTH IO MOTIPIIECHHS CTaHy 3J0pOB’s
HACEJICHHS, 1110 CIIOKUBAE TaKy BOAY.

OnHuM 13 METOMIB TIPOTHKOPO3IMHOTO 3aXHUCTy METAlIB € BUKOPHUCTaHHS
1HT10ITOPIB KOPO31i — XIMIYHMX CHOJYK ab0 X KOMIIO3WLIN, BBEJACHHS SKHUX B
KOpo3iiiHe cepenouiie y HeBenukux KinpkocTsx (0,01-3,0 r/aM®) 3Ha4HO 3MeHIIyeE
MIBUJKICTh KOpo3ii [1]. OcTaHHIM YacoMm Jijisi CTBOPEHHSI 3aC001B MPOTUKOPO31MHOTO
3aXUCTY BCe O1JIbIIIE BUKOPUCTOBYIOTh OpPraHi4Hi KOMIOHEHTH POCIUHHOI CHPOBUHH.
L{st TeHACHIIISA CIOCTEpPIraeThes K B YKpaiHi, Tak 1 32 KOPJAOHOM.

[lepcriekTUBHICT 1 TPUBAOJIMBICTG BUKOPUCTAHHS OPraHiYHMX PEUYOBHUH
POCIMHHOTO MOXO/KEHHS B 3aMKHEHUX TETUIOOOMIHHUX CHUCTEMaX Ta BOAOIPOBIIHIN
BOJIl TIOKa3aHa B poboTax [2]. BctanoBieHO, 1110 BOJHI €KCTPAKTH €BKAJIINTY, KBITIB
ribickycy Ta mHedepHlll HpOsBISAIOTH 1HTIOYIOUl BJIACTUBOCTI B BHILE 3a3HAUEHUX
KOPO3IMHUX cepeoBUIllax. POCIMHHUN TaHIH eKCTparyeTbCs 13 MPUPOIHBOT
CUPOBHHU TIE€BHOTO BHJAY, 1 MICTUTh CHOJYKH apoOMaTHYHOTO THUNY 1 IHIIUX 3
aKTUBHUMHU (YHKI[IOHAJbHUMH TpylamMu, II0 3a0e3ledyye TaKk caMO MOXKJIMBICTb
e()EeKTUBHOTO MOT0 BUKOPUCTAHHS B SKOCTI 1HT101TOPY KOpO3ii Aeskux MeTaniB [3-5].
VY poboTi [6] noCHiIKy€eThCS BIUIUB €KCTPAKTy MAaTEPUHKHU MallOpaHy Ha KOPO31HHHUIA
IpoLec MaJOBYTJIECIEBOI CTalll B HEUTpallbHOMY cepeaoBull. IIporec raabpMyBaHHs
KOPO31MHOTO MpOolIeCcy JOCIIKYBaBCS 3a JOIMOMOIOK MOJISIpU3ALIMHUX KPUBUX. 3
JAHOTO JTOCHIPKEHHS OYyJI0 BCTAHOBJICHO, 110 €KCTPAKT JIUCTS MAaTEPUHKU MaillopaHy
MOXe OyTH BUKOPUCTAaHUU B SIKOCTI 1HT101TOpa KOPO3ii JjIsi MaJOBYTJIEIEBOi CTall.
EdexTuBHICTh raibMyBaHHS KOPO3ii ckiana 01au3bko 90%.

[Ilo crocyeTbcsi BUKOPUCTAHHS OPTaHIYHUX CHOJYK POCIMHHOI CHPOBUHU IS
1HT1I0yBaHHS KOPO3IMHOTO MPOIIECY METaiB Y XJOPBMICHMX BOJHHUX PO3YHMHAX, TO

aBTopamMu [7] Oyno IOCHIPKEHO Mpollec 1HriOyBaHHS KOpPO3il BYIJIELIEBOI CTalll
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€TaHOJILHUM eKCTpakToM MipmekoniiB (Myrmecodia Pendans) B po3unsi 3,5% NaCl.
EnexTpoxiMiyHUMHU METOJaMHU JOCIIKEHHS BCTAHOBJICHO, POCIWHHUN EKCTPAKT €
1HT101TOPOM 3MIIIaHO1 Jii rajJbMye, K aHOJHY, TaK 1 KaTOJAHY peakilii KOpo31MHOro
nporecy. OTpumani pe3yiabTaTH MOKA3yIOTh, IO B 3aJIEKHOCTI BiJ] KOHIICHTpAIIii
EKCTPAKTy BIH MOXE ceOe MpOSBISTH K 1HTIOITOp KaTOAHOTO, aHOJHOrO abo
3Mmimanoro tuny. HaiGinelia npoTHKopo3iiHa e(PeKTUBHICTh BiIOYBAa€ThCS MpHU
KoHIeHTpauli iHriditopy 400 mr/n. 3a momomoroio [Y-dyp’e — cmextpomertpii
aBTOpaMH BCTAaHOBJIEHO, L0 B PE3yJIbTaTi BUTPUMKU B iHTI00BaHOMY po3unHi 3,5%
NaCl, Ha moBepxHi ctajil iAeHTU()IKYIOTHCS TUIH 3B’ SI3KIB, 110 XapaKTepHI OCHOBHUM
komnoHeHTaM ekctpakty (N-H; C=C-H; =C-H; -OH; C=N; C=0; C-C=C; N=0; H-
C-H; C-0O), onnak audepeniiitai ta koBajieHTHI Tunu OH 3B’s3Ky jgemio 3wmileHi, a
TaKOX crocrepiraerscsi yrBopeHHs 3B'a3Ky Fe-O ta Fe-N-H ¢ npu yrpumanni 675
cm ! ta 882 cm! BigmosinHo. Ha mymKy aBTOpIB L€ OB’ A3aHO 3 (OPMYBaHHAM HOBHX
CIIOJIYK, Yepe3 3B’ A3yBaHHA aKTMBHUX CIIONYKa €KCTpakTy 3 ioHamu Fe?' i agcopOuii
ix Ha moBepxHi MeTany. ToOTO iHTIOyBaHHS KOPO3IMHOTO TpoIlecy BiIOYyBa€ThCS 3a
paxyHOK (OpMyBaHHS aJCOPOIIMHOrO Iapy Ha TOBEPXHI METaly, Ta yTBOPCHHSI
KOMITJIEKCHHX CITOJIYK.

B po6ori iHmux gociigHukiB [8] TakoX OIlIHEHA MPOTHUKOPO3iiiHa €(PEeKTUBHICTH
Kancainyiny (Capsaicin) 'y BomHomy cepeposumi  3,5% NaCl. IuriGyroua
e(eKTUBHICTh POCIMHHOIO EKCTPAKTY MOB’s13aHa 3 a[IcOpOIIiii0 MoJieKyn §-meTui-N-
BaHUII-6-HOHAMIy Ha IOBEPXHI 3pa3ka 1 OJOKYBaHHSIM aKTUBHHMX IIEHTPIB, abo
OCaKEHHSI CIIOJIYK MIPOAYKTIB KOPO3ii Ha MOBEPXHI Mi/Il.

ABTOpaMH  JOCHIJPKEHO 1HTIOyI0uy e(eKTUBHICTh TIOTIOHY CIpaBXHBOTO
(Nicotianaglauca) Ha KOpPO3il0 CTallli y HEUTpPaJIbHOMY BOJHOMY CEPEIOBHIII.
[TokazaHo, 110 POCIMHHUN EKCTPAKT € 1Hr10iTOpaM aHOJHOTO THUITY, a OCHOBHUMH
TIFOYUMH KOMIIOHEHTAMH € aMIHOKHCIOTH [9].

Tak npu  omiHII  3aXUCHOI  €(DEKTUBHOCTI  €TAHOJBHOTO  E€KCTPaKTy
Achyranthesasperana KOpo3i10 CTaJliB CEPEIOBHUII 1HIYCTPIaIbHOT BOAU aBTOPAMH
BCTaHOBJIEHO, 10 mnepmi 10-15 ToauH BiAOYBA€ThCA TOCTYINOBE 30UIBIICHHS

iHriOyrouoi  aii. [lpu mnopanmpmiomy 301IbIIEHHI Yacy BHUTPUMKHA 3pa3ka B
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1HT100BaHOMY BOJAHOMY po3unHi 10 40 TOAWH TMPHU3BOAUTH J0 CTAOLTI3aIlli 3aXUCHOT
epextuBHocTi (Cryminp 3axucty 80%). Ha nymxy aBTOpiB, Lie MOB’si3aHO 3
dbopMyBaHHSIM 3 YacoM QJCOPOIIMHOI TIUNBKKM 3 OUIBIIMMH  3aXUCHUMH
BrnactuBocTsMU. [10]. Ha OCHOBI €IEKTpOXIMHHMX METOJIB JOCTIIHKCHHS, aBTOPH
CTBEPJIKYIOTh, 1110 €KCTPAKT € 1HT101TOPOM 3MIIIAHOI [Iii, TaJibMy€ K aHOJHY, TakK 1
KaTOJIHY peakilii Kopo3iiiHoro mporecy. MexaHi3M 3axucHOiI Jii 00yMOBJICHO, SIK
(b13MYHUM TaK, YaCTKOBO 1 XIMIYHUM THUIIOM aJICOPOIIIl MOJIEKYJ Ha MOBEPXHI CTai.

JI1st 3MEHIIEHHST MIBUJIKOCTI KOPo31i Miji B HEUTpaibHOMY BOJAHOMY po3uuHi (0,5
M po3una NaCl) 3ampornoHOBaHO BUKOPUCTOBYBATH EKCTPAKT OJMBKOBOTO JIUCTS
Olive [11]. Ha oCHOBI €JEKTPOXIMIYHUX METOMIB JNOCIIPKCHHSI BCTAHOBJIICHO, IO
JOCIIKYBaHUN €KCTPAKT € 1HT10ITOp KaTOJHOTO THUITY, a IUJIIBKA, SIKa YTBOPIOETHCS
Ha TIOBEpXHI MeTajy, CiIyrye Oap’epom, g TaJbMyBaHHS JOCTYNY KHCHIO [0
KaTOJHUX JUISHOK TMoBepxHiI Mimi. Ilpu mpomy ¢i3uyHo ajcopOoBaHa IUTiBKa
dhopMyeThCsl BOPOJOBXK 6 - 24 TOIMH. ABTOpaMHU BCTaHOBJICHO, IO BIPOAOBXK 1 - 6
rofuH iHriOytoua edeKTUBHICTh 301IbInyeThess 10 70%, OLIBII BHCOKHIN pIBEHb
1Hr10yt0u0i edekTuBHOCTI Ha piBHI 90% MoOkHa nocsartu numie 3a 24 ToJIWHU
EKCIIOHYBaHHS 3pa3ka B iHri0oBaHoMy po3uuHi. Ha gymMKky aBTOpIB, 116 00yMOBIEHO
BILUTMBOM 1HT10ITOPY Ha MPOJYKTH KOPO3ii, OCKUIBLKH IIJIIBKA MPOJIYKTIB KOpo3ii 3a 24
rOJIMHU B OCHOBHOMY OyJia chopMoBaHa JIUIIIE Ha ACSKUX IUISTHKAX MOBEPXHI CTajl, B
TON 4Yac K e€()EeKTUBHICTh TAJIbMYBAHHS 3aJHIIANIACh JOCTAaTHHO BUCOKOIO (86%).
JIMOBipHO OpraHiuHi MOJEKyIM ancopOyBaHCh caMe Ha IIapi MPOJyKTiB KOPO3ii.
Inribyroua edexTuBHICT, 00yMOBIIEHA aACOpPOLI€l0 (PEHOTBHUX CIOJYK OJIMBKOBOI
0JTii Ha TIOBEPXHI MiJIi.

TakuM 4YMHOM MOXXHAa 3pPOOMTH BHCHOBOK, 110 €(EKTHBHICTh 3aXHUCTy METaNliB
POCIMHHUMH €KCTPAKTaMH B PI3HUX arpecHUBHUX CEPENOBHUINAX 3aJEKHUTh BiJ
Oaratbox (akTopiB, 30KpeMa BiJ yacy (QOpPMyBaHHS 3aXMCHOI IUIIBKH, 11O MOXE
B1I0yBaTUCS MPOTATOM Jesikoro yacy. [lpu npomy mBuAKICTH Ipoliecy popMyBaHHS
TUTIBKH 1 11 3aXUCHI BIACTHBOCTI OyIyTh 3aJI€KaTH BiJl XIMIYHOI IPUPOIH CKIIAJJOBUX

POCIIMHHOT'O €KCTPAKTY TaK 1 CTaHy MOBEPXHI.
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Metoro poOoTu Oyno BH3HAYEHHS MPHUHIMIIOBOI MOXJIMBOCTI BUKOPHCTaHHS
OPUPOJHUX PEUOBUH POCIUHHOTO MOXOKEHHS 13 3HaYHOIO CHPOBHUHHOIO 0a30l0, a
caMe€ EeKCTPaKTy pIilaKy, SK 1HTIOITOpY KOpo3ii cTaji JJjisi HEeUTpaJbHUX BOIHUX
cepenoBHIl. BcTaHOBIEHHS CKIIay POCIMHHOTO €KCTPAKTy, BU3SHAUEHHS OCHOBHHX
KOMITOHEHTIB, II0 CXOJATh JI0 CKJIaAy 3aXHMCHOIO IIapy Ta JOCIIIKEHHS MpPOLECIB
(dhopMyBaHHS 3aXHUCHOTO I1apy.

1. MeToauka eKCcniepuMeHTIB

JIist KOpO31MHUX JOCHIIKEHb SIK 1HTIO0ITOp KOpOo3ii 0yJI0 BUKOPHUCTAHO E€THIIOBUMN
eKkcTpakT mpoTy pinaky.lllpor pinmaky mpenctarisie co0O HIMATKH MPECOBAHO-
noJIpiOHEHOT Macu HACiHHS MICIS XOJIONHOTO BiIKUMY. i excTparyBaHHS 10
3a3fanerip MOApIOHEHOT POCIMHHOI CHUPOBUHU JIOJABAId  €TWJIOBHH  CIUPT
(cmiBBimHOMmIEeHHs 1 T cyxoi Macu Ha 10 M po3uMHHMKA). 3 METOI 1HTEeHCHDiKaIii
MPOIIeC eKCTparyBaHHsS MPOBOAMINA B YIbTPa3BYKOBIM BaHHI (4aCTOTa YJIBTPA3BYKY
27 xI'u, motyxuicte 100 BT) BopogoBx 2 rojuH, 3 NOAANBLUION (PUIBTPALIEI0 TPU
KIMHATHIN Temmneparypi.

KoMnoHEeHTHUH CKIIaJ, PEYOBHMH POCIMHHOTO €KCTPAKTy BHUBYAIM METOAOM
XpoMaro-mac-criekTpoMeTpii Ha razoBomy xpomartorpadi “FINIGAN FOCUS” 3
MacC-CEJICKTUBHUM J€TEKTOPOM bipmu TermoElectronics. YMoBH
xpoMarorpadyBaHus Taki: KaniasipHa kBapiuoBa kojgonka HP-5SMS 3 giamerpom 0,25
MM 1 jJoBxuHO0 30 M, ToBmMHA ILTBKK ¢azu 0,25 mkm. ["a3-Hocii — remii, MmoTiK
razy-Hocis B KojoHii 1,2 wmi/xB. Pexum Spleet 3 nuteHnsm motoky 1:10.
Temneparypa imxkektopa 250 °C, temmnepatypa intepdeiricy MSD — 280 °C,
TeMIepaTypa TepMOCTaTy Xpomarorpada nmporpaMoBaHa: oyaTKkoBa TeMIiepaTrypa —
50°C 3 yrpumandsm 0,5 xB, mgami 31 mBuakictio 25 °C/xe go 125 °C; pami 3i
mBuakicTio 10 °C/xB mo 255 °C; mam 31 mBuakictio 25 °C/xB mo 300 °C 3
yTpuMyBaHHsAM mnpotsiroM 10 xB. loHi3alisi eNeKTpOHHUM YJapoM 3 EHEpPri€lo
enektpoHiB 70 eB. Pexxum poborn MSD: noBHe ckanyBaHHs 10HIB Bif 29 no 450
atomHnx Mac (pexxum SCAN). [aeHTudikyBaii KOMIIOHEHTH, 31CTABIISIIOYM Yac
YTPUMYBAHHS MIKIB HA XpOMaTOrpami 1 IOBHUX Mac-CIEKTPIB OKPEMUX KOMIIOHEHTIB

3 BIAMOBLIHUMH pe3yJbTaTaMU [JII YUCTHX CIOJYK Yy O10y10Telll Mac-CIeKTpiB
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“NIST-5" Ta Takox 3 BUKOPUCTAHHAM JIHIMHUX 1HAEKCIB YTpUMYyBaHHA. BiqHocHUM
KUIBKICHUHA BMICT XIMIYHAX KOMIIOHEHTIB €KCTPaKTy pO3paxOBYBalld METOJOM
BHYTpPIIIIHBOI HOpMasi3allii IuUiom MiKiB 0€3 KOpUTYBaJIbHMX KOe(DIIli€HTIB
YyTJIMBOCTI. BCTaHOBNIEHHS KUTBKICHOTO BMICTY €KCTParoBaHUX CIIOJIYK, MPOBOIMIIH
ra3oBUM XpOMaTO-Mac-CHEKTPaIbHUM METOAOM, MPU KIUJIbKICHOMY BHM3HA4Y€HHI 3a
30BHIIIHIM cTaHaapToM [1].

Kopositiniit  mociimkennss mnpoBogwnn Ha crtami Cr3, ska € HaWOUIBII
PO3IOBCIO/PKEHUM MaTepiajioM TpyOOINpoBOIiB Ta 00JiaJHAHHS 1H)KEHEPHUX MEPEK.
JlJis MaCOMETPUYHOTO METO/1Yy BUKOPUCTOBYBAJIHU JTMCKOBI 3pa3ku AiaMeTpoM 36 M,
toBmMHOIO 1,5 mm. IloBepxHi0 3pa3kiB mepen BUIPOOYBaHHAMM ULLTI(DYBaIH
HAKJTaKOBUM TallepoM PIi3HOI 3EpPHHUCTOCTi, 3HEKUPIOBATN CIHPTOM, TPABWIH B
po3unni 200r/n HCIl, mpoMuBamu Ta Cymwid B TMOTOLI TEIUIOrO TMOBITPS.
[TinroToBieH1 3pa3Kku 3BaXKyBaJIM Ha aHANTHYHUX Tepe3ax 3 TouHicTio 10 0,0001 r.
AHaJIoT14Ha MIJrOTOBKA MPOBOJUJIACS Ui CTAJIbHUX EJICKTPOAIB JAaTYMKIB KOPO3ii
JIK-1 Ha gKMX NPOBOAWIM  BHU3HAYCHHS IMBUIAKOCTI  KOpO3il  METOJIOM
MOJISIPU3ALIIHOTO OTIOPY.

3pa3ku  po3MilNlyBaii B J1AaOOpPATOpPHIA YCTAHOBIN, IO MOJEIIOE CHCTEMY
000pPOTHOTO BOJONOCTAYaHHS. Y CTAaHOBKA SABIJISIE COOOIO 3aKPUTHM LMUPKYJISLIHHUMA
KOHTYp 00’eMOM 6 1M°, 3i0panmii 3 mosimporineHoBux Tpy6 miamerpom 50 mm. B
KOHTYPi PO3MIIlly€ThCS BIALIEHTPOBMI Hacoc MNpPOAyKTUBHIicTIO 1,5 M/rom Ta
TpyOUyacTuil eneKkTpoHarpiBad MOTYXHICTh 1,5 kBT. VYcrtaHoBka 3amoBHIOBanach
BOJIOIIPOBIHOIO BOOI0, TEMIEpaTypa BoAu B npoiieci ekcnepumenty 50 °C. B HiuHi
rOJMHN YCTAaHOBKA BHMHKAJacs, TeMIeparypa 3HmxyBanacs 1o 15 °C, moTik Boau
BIJICYTHIM.

[lo 3akiHYeHHIO TepPMiHY €KCIO3ULIi 3pa3Kd BHIydYadd 3YCTAHOBKH, PHUXJII
NPOAYKTH KOPO31i BUAAISIM M’ SIKOI TYMKOIO, a TBEpAl — KaTOJHUM TPABJICHHSM B
po3uuni 100 I/J1 TMMOHHOI KUCIOTH NPY KaTOMHIN IrycTuHi ctpymy i = 100 MA/cm?.
[Ticast BumaneHHs MPOAYKTIB KOpPO3ii 3pa3ku MPOMHUBAIM MPOTOYHOIO BOJOI0, Kparuii
BOJIOTM BUJASUIM  (UIBTPYBAJIbHUM TarepoM, BHCYLIYBJIM B TMOTOLI TEIJIOrO

TIOBITPSI 1 TOBTOPHO 3BAYKYBAJIH.
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Jlis HemepepBHOTO BU3HAUEHHS HIBUAKOCTI KOpO3li B XOJI EKCIEPUMEHTY B
yCTaHOBINl Oyyno posmimieHo 3 nmatumku Koposii JIK-1, migkmrodeni g0 cuctemu
aBTOMATH30BaHOTO KoposiiiHoro MoHitopuHry (CAKM-1). Cucrema pmo03Bojsie
aBTOMAaTU3yBaTh 30ip JaHWX 3 JaTYMKIB KOPO3ii B PEXKHUMI pPEATLHOTO dYacy,
apXiBYBaHHS JIaHUX Ta iX IMEPEHECEHHS Ha KOMITIOTEp IS MOJAibIIOi 0OpPOOKH.
BuMiproBaHHsI MIBUIKOCTI KOPO3ii 32 METOJIOM TMOJISPU3ALIIHOTO OMOPY MPOBOIUIN
koposumerpoMm CIK-3, mo mpamipoe 3a TalbBaHOCTATUYHUM  MOPUHIUIIOM
BUMIpIOBaHHA. B mpuiiaal peanizoBaHO JABOCTYMIHYATHH METOJ] BUMIPIOBaHHS, IO
J030J151€ BHM3HAUaTH IIBUIKICTh KOPO3ii 3a HAsABHOCTI Ha €JEKTPOoJax JaTurKa
3HaYHUX €JIEKTPOJAHUX EMHOCTEH.

Bukopuctanas 1HriOITOpiB KOpO3li B CHUCTEMax BOJOIMOCTAYaHHS MPAKTUYHO
HIKOJIM HE MPOBOAMUTHCS 3 TMOYATKy EKCIUTyaTalii CHCTeMH, a TOMYy Ha MOMEHT
MOYaTKy BUKOPUCTAHHS 1HT10ITOPY Ha BHYTPILIHIA MOBEPXHI TPYO BKE HAKOMUYCHUMN
OaraTopiuHUM OcaJl MPOAYKTIB KOPO3ii, COJel TBEPAOCTI BOJM, a YaCTO 1 MPOIYKTIB
KUTTENUIBHOCTI MIKpOOpraHi3miB. B maniii poOoTi Takoxxk Oysio 3MOjenbOBaHa
cucteMa 3 c(opMOBaHUM OCaJOM MPOIYKTIB KOpO3ii 1 €(EeKTUBHICTb 1HTIOITOPY
MEepeBIpsIM  HAa TPOKOPOJOBAHIM TOBEpXHI. TakKoX, TEPEeBIPSIN MOXKIUBICTh
BUJIAJIEHHS MPOJAYKTIB KOPO3ii 3 MOBEPXHI METady XIMIYHUM TPABIICHHSM, JJIsl YOTO
BUKOpUCTOBYBaIM 4% po3uuH 3aco0y mig BuaaneHHsa Biaknanens JIBX 4.2 (TOB
«JIaboparopist BomHOI Ximii», M. Uepkacu). [1ocmiIoBHICTh €KCIIEPUMEHTY HaBeICHA
Ha puc. l.

AncopO1iiiHi BIIACTUBOCTI KOMIIOHEHTIB €KCTPaKTy BH3HAa4Yalld 3a KBAHTOBO-
XIMIYHUMU ~ po3paxyHkamu. Jlms  kBaHTOBO-XiMiyHMX  po3paxyHkiB  (KXP)
BUKOPUCTOBYBAJIM METOJI MOJEKYJIApHOI MexaHiku MM+ 1 HaniBeMmipUuyHUNA METOA
MP3 npu noBHii ontumi3aiiii reomeTpii Mosekyi. [lo po3paxoBaHHX €IEKTPOHHUX
3apsiiaXx Ha aToMax MOJIEKYJl BH3HA4yajdu iX 3/JaTHICTh JO0 XIMIYHOI B3a€MOJIi, a IO
XBUJIbOBIM (PYHKIIII BMINOI 3aifHATOT MOJIEKYJApHOi opOitam (Egsmp) Ta HUXKYOL
BUTbHOI MOJICKYJISIpHOI opOitanmi BcTaHOBMIOBAIU (Eppyo) HAWOLIBII BipOTimHI
a7IcopOIIiiiHI LIEHTPHU Ta €HEpPreTHUHHi 3a30p AE (eHeprito niiauHu Mix (Epsuo) Ta

(E'nBmo)).
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Hocmig Nel

XimiuHe
BUAANEHHA
NPOAYKTIB KOPO3ii

i- PeareHT: 4% @
po34mH SIBX 4.2 .
Tpusanictb: 8
roguH

Jocmig Ne2

XimiuHe
BUAANEHHA
NPOAYKTiB KOPO3ii

PeareHT: 4% i-
po3unH JIBX 4.2
Tpusanictb: 8
roguH

Puc. 1. Xig ngocnikeHb TPOTUKOPO3IMHUX BIACTUBOCTEHN €KCTPAKTY IPOTY pilaKy y
rapsiyiii BOJONPOBIAHIM BOII.
2. Pe3yabTaTH A0CHIIAKEHD
2.1. AHaJji3 cKJIay eKCTPAKTY WIPOTY pinaKy
[Ipu pgocnmigkKeHHI KOMIIOHEHTHOTO CKJIaly €KCTPakTy ULIPOTy pifaky B
IHAMBITyaJIbHOMY CTaHl BUAUICHO Ta iJleHTU(dikoBaHo O0mm3bko 20 cnonyk (Tadn.l).

Xpomarorpamma i30IpoINaHOIBHOTO EKCTPAKTY MPEICTABICHA HA PUCYHKY 2.

Cepen Hux JOMiHYIOTH ©imiko3ugu (29%): caxaposa, ryaHO3WH, KCaHTO3UH;
oyskoBui ampueriy (13,5%), keton - 3,5-nmumetokcuanieropenon (17,3%),
ditoctepuan (B 1 y-cutoctepois, kammectepond) (4,6%), a TakoX HacU4yeHl 1
HEHACHUYEH] KUPHI KHUCJIOTH, MPEACTABJICHI MNaJIbMITUHOBOIO (TE€KCaJeKaHOBA),
0JIETHOBOIO  (IIMC-9-OKTa/ICIICHOBA KHUCJIOTA), JIHOJIEBOIO (OKTaAeKadi€eHOBa) 1

OIITOBOIO KUcHoTamMu (21%).
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Puc. 2. XpomaTorpama i30IpornaHoIbHOT0 €KCTPAKTy MIPOTY pilaky

B HecyTTeBIN KITBKOCTI MPUCYTHI ayKajaoiav, a came miposiauH,l-(1-okco-7,10-
reKcajieKajiieHuy) Ta 2-mipodiauH, 1-(9-okrageneHiay), a TakoxX TEPIeHU: eprocra-

5,22-ni€H-3-01 Ta cTirMacTaH-3,5-i€H.

AHai3 Cckjaay TOKa3aB, IO y CKJIaJl eKCTPaKTUBHOI YacTHMHHU A Jit0
VIBTPa3BYKy, OCHOBHUMH KOMIIOHEHTAMHU TAaKOXK € TJIKO3WIM: caxapo3a, TyaHO3WH,
KCaHTOHO31H;, Oy3KOBHUH alibJieTi], KETOH - 3,5-miMeTokcianieTodpenoH, crepoinu (P 1
Y- CITOCTEpOJI, KAMIIECTEPOJI 1 1H.), @ TAKOK HACHYEHI 1 HEHACHUYEH1 KUPHI KUCJIOTH,
MPEACTABJICH] TaJIbMITHHOBOI, OJETHOBOI, JIIHOJEBOI 1 OITOBOi KuciaoTh. OmHAK
30UIBIIYETHCSI BMICT OY3KOBOTO alIbJIETIy, 3,5-IiMETOKCHArleTopeHOHA 1 JESKUX
HACUYEHUX 1 HCHACHUEHUX KUPHUX KUCTIOT.

2.2. KoposiiiHi BUpo0yBaHHs

KpuBi 3a1eKHOCTI MUTTEBOT IIBUAKOCTI KOPO31i BIJ] Yyacy y rapsdii Boji B yMOBax
nociigy Nel maBenmeni Ha puc. 2. Ha mepmomy etami (1o 120 roauH) MIBHUIKICTH
KOpO3ii y Tapsidiii BOJI1 3HAXOJAUThCA Ha BUCOKOoMY piBHI 0,7-1,2 Mm/pik. 3HMKEHHS
IIBUJIKOCTI KOpO3ii BiOYBA€ThCA BHACHIIOK (OpMyBaHHS Ha IIOBEpPXHI OcCaay
OPOAYKTIB KOpo3ii Ta cojieil TBepaocTi Boau. [Ipu moganbiioMy BBEIEHHI y BOIY

1HT101TOPY KOPO3ii MIBUAKICTH KOPO31l HAa MPOKOPOaBaHii MOBEPXHI JIaTUMKIB JEIO0
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3HIKyeThCs, 10 0,5 MM/pik. VIMOBipHO, TOBCTHI Ta PpUXJIHil IIAp MPOXYKTIB KOPO3ii
NEePELIKOKae TOCTYIy 1HTIOITOpY 0 MOBEPXHI METaldy, TOMY 3aXHCHHM e(deKT He
3HAYHUM.

Tab6auuns 1. KomnoneHTHHI CKJTaj Ta BITHOCHA KUIBKICTh CIIOJIYK €KCTPAKTY

HIPOTY piNaKy 3a pe3yiabTaTaMu I'a30BOI XpOMATO-MaC-CIEKTPOMETPIi

Yac o
Ha3zBa xomnoneHry BUTPUMKHU Kuericriit

Cxn ckian, %
ryaHO3UH 8,41 10,4
caxaposa 8,57 1,2
KCAHTO3WH 8,62 4,3
3,5-nuMeTokcualeToeHoH 9,28 28,3
Oy3KOBHH aJbJeria 10,21 20,5
OIITOBA KHCIIOTA 10,56 1,6
N-IIUKJIOTeKCHIT-4-T1APOKCUOYTUpaMil 15,14 1,6
miponiaud, 1 - (1-oxco-7,10-
reicaaeKanHeH(in) 16,63 0.8
2-miponiauH, 1 - (9-okTaneneHin) 16,67 0,9
I'excagexanoBa KMCJIOTa 17,81 4,8
OkTazexkaalcHoOBas KUCJIOTa 18,23 4,1
[uc-9-okTameneHoBas KHCI0Ta 19,66 12,2
CreaprHOBa KHCJIOTA 19,75 2
Eranamin, 2,2'-okcu6ic [N,N-gumeTun]- 22,97 0,8
7-IUTiAPOANOCTEHIH 23,01 2
Kamnecrtepon 23,37
Y - CHTOCTEPOJI 23,93 1
B-cutoctepon 24,56 1,1
eprocta-5,22-mieH-3-o1 24,58 2,4

JUist BumaneHHs IIapy MPOAYKTIB Koposii cucteMy Oyino npomMuto 4%-um

po3unHOM I 3HATTA BiAkiaaaeHs JIBX 4.2. JlaHuii po3unH Ma€ KUCITY PEakKIliio,
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YTBOPEHUI CYMIIIIIIO OpraHiuHuX KuciaoT. Ilpomec BupaneHHs MPOIYKTIB KOPO3ii
TpHUBaB § TrOJUH, MICJISI YOIO CUCTEMY IMTPOMUJIM BOJOMPOBITHOIO BOAOIO, IPOMHUBHHIA
PO3YMH 3JIMJIA Ta 3aIIOBHUJIA BOJIOIIPOBITHOIO BOJIOKO 3 1HT101TOPOM.

HIBuakicTh KOPO3ii 3 1HTIOITOPOM MiC/sS BHUJAJICHHS MPOJIYKTIB KOPO3il IIBHIKO
3HMKYEThCS 110 0,3 MM/piK, 0 Y 2 pa3u HUXKYE, HDK MPHU J10JIaBaHH1 1HT101TOpY KOJU
MTOBEPXHS METaTy MICTUTh MPOAYKTH KOpo3ii. TakuM UMHOM, €KCTPAKT MIPOTY pilnaKy
BUSBHBCS €(PEKTUBHUM 1HTI0ITOPOM KOpO3ii MajOBYIJICLEBOI CTalll y rapsidid BOi
MIpU HOTO 3aCTOCYBaHHI Ha MOMEPETHHO OUMIICHIN B1JI MPOAYKTIB KOPO3ii MOBEPXHI.

XimiuHe BMganeHHA NPOAYKTIB Koposii
Bes peareHty 3 iHribiTopom {_L| 3 iuribiTopom

04

MuTTeBa WBMAKICTL KOpOo3il, MM/piK

o
[\S]

0|||\|| e S P P S S R e S L I S VI VR BRI oo s i ko

0 40 80 120 160 200 240 280 320 360 400
Yac, rog.

Puc. 3. 3ajIe)XHICTh MUTTEBOT MIBUAKOCTI KOpo3ii ctani Ct3 Bijg yacy y rapsdii Boai

(50 °) mpu noxaBaHHi 1HTIO0ITOPY KOPO3ii — eKCTpakTy mIpoTy pinaky (10 mut/i),

nociig Nel.

B wnactymHoMy pocmiai mepeBipsui michsgito iHriOiTopy. Kpua 3anexHocti
MUTTEBOI MIBUAKOCTI KOPO3ii Bi 9acy aiis qociiny No2 HaBe/eHa HAa PUCYHKY 3.

VY npyromy nochiai xif KpuBux noaioHuit no gocmiay Nel. BBeneHHs 1HT10i1TOPY
micas BHUJAAJICHHS OCaAiB 3 TOBEpPXHI EJIEKTPOIIB J03BOJSE 3HU3UTU IIBHUJKICTDH
Kopo3ii g0 0,2 MM/pik 1 HIk4Ye. B mojaneiiomy 1utiBKa 1HT101TOPY NposBIIsie eheKT
MICsAlT, BUAKICTh KOPO3ii CTall 3aJMIIA€Tbcs HAa HU3bKOMY piBHI — 0,1 MM/pik
BrpooBk 100 roxuH micis 3aMiHUA BOAM B cucTeMi. J[aHi METOy MOJIIpU3aIliitHOTO

OTIOpy 100pe Y3TOJKYIOThCS 13 pe3yJbTaTaMu MacoMeTpli, HaBeJICHUMHU Ha PUCYHKY
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4. Tak, 3a TaHUMHU MacOMETpIi MIBUAKICTb KOPO31i cTajl MICs BUJAICHHS MPOIYKTIB

KOPO31i 3HIKYEThCS Y 2,5 pa3u B MPUCYTHOCTI EKCTPAKTY HIPOTY PINaKy.

XimiuHe BUganeHHa NpoAayKTie Koposii
bes peareHTy 3 iuri6itopom Micnagia iHribiTopy

—
S

-
]

MuTTeBa WBMAKICTL KOPO3ii, MWPIK

0 50 100 150 200 250 300 350 400 450
Yac, rog

Puc. 4. 3anexxHicTb MUTTEBOT IIBUAKOCTI KOpo3ii ctani Ct3 Bijg yacy y rapsAdiii Boji

(50 °) mpu nomaBaHHi 1HTIOITOPY KOPO3ii — EKCTPAKTY MIPOTY pimaky (10 mu/n),

nociig Ne2.
0,50
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§O,10 - 0,029 0,051
0,00 L : ' . '
bez peareHTy XimiuHe 3 iHribitopom Michsgin
BUAANEHHA iHribiTopy
NpoAyKTiB
Kopo3il

Puc. 5. IBuakicts kopo3ii ctani Ct3 y rapsiuiii BOAONPOBIIHIN BOJII, BUBHAYEHA

MaCOMCTPUYIHU MCTOJ0M

TakuM YHMHOM, EKCTPAaKT IMIPOTy pinaky € e(PeKTUBHUM IHTI0ITOPOM KOPO3ii
MaJIOBYTJICIEBOT CTall y rapsidiii BogorinHii Boai. CopMoBaHa IITiBKa Ha TOBEPXHI
MeTajly J03BOJISIE 3HU3MTH MIBHAKICTH Koposii 1o 0,1 mMm/pik 1 Hux4e 1 30epirae

3aXHCHI BIACTUBOCTI BpoaoBK 100 roauH micis 3aMiHA BOJIH.
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2.3. Ouinka aacopOuiifHOI 31aTHOCTI OCHOBHUX KOMIIOHEHTIB €KCTPAKTy Ha
OCHOBi KBAHTOBO-XiMiYHUX PO3PAXyHKIB

[Ipu pocmiKeHHI NPOTUKOPO31MHOI e(PEeKTUBHOCTI OYyJb SKOTO POCIUHHOIO
EKCTPAKTy BaXKO TEpen0aYnTH OCHOBHI 1HTIOYIOUI CIIOJIyKH, B TIEPIIYy 4Yepry, 3a
paxyHOK 0araTOKOMIIOHEHTHOTO CKJaay. ToMy 3alHMIIaEThCcsl HE BIAOMHUM, SKi i3
CTIONYK, IO BXOJATh JO CKIIAAy €KCTPaKTy, BHOCATHh HAWOIIBIINKA BHECOK y HOTO
1Hr10y10uy egexTuBHICTh [12-19]. AncopOiiiiHy aKTUBHICTh OPraHIYHUX MOJIEKYJI, a
OT)K€, 3/IaTHICTh JI0 XeMOCOPOIli 3riHO 3 JiTepaTypHUMHU aaHuMmu [17, 18] moxHa
OIIHUTH 3a I1HJAEKCAMH PEaKIIHHOI 3JaTHOCTI TOOTO 3a PI3HUMH TapameTpaMu
€JIEKTPOHHOI CTPYKTYypH, OTPUMAHUMH KBaHTOBO-XIMiyHUMHU po3paxyHkamu (KXP),
KOJIM BPaxOBYIOTh €JIEKTPOHHI 1 €HEePreTUYHI XapaKTEPUCTUKH SIK 1HT101TOpa, Tak i
Mmetainy. Tomy B poOOTI MpoBeAeHa MPOTHO3HA OLIIHKA aJCcOpOLIiHOI 37aTHOCTI Ha
OCHOBI €JIEKTPOHHUX XapaKTEPHUCTUK MOJEKYJ, TaKUX SK CHEpris BUINOI 3aiHATOI
MoJsiekyssipHoi  opOitami (Egspe) Ta eHeprii HMXKYOi BaKaHTHOI MOJIEKYJISIPHOT
opOitami (Epgmo), eneprii mimumau wmonekyn (Ae = E(B3MO) - E(HBMO)),
a0COJIFOTHA €JICKTPOHETaTUBHICTh, JKOPCTKICTh MOJICKYJIH, IO 0a3yrOThCS Ha Teopii
dbyHKIIIOHATRHOT MUTEHOCTI. [Ipu 1mbOMY BBa)Ka€ThCsl, MO aACOPOINiST OpraHIYHUX
PEUYOBHH BIOYBAETHCS HA YACTKOBO 3aroBHEHY d-opOitans depymy peaxiiitHuMU
1eHTpaMu MoJiekys. [1pu nmoaioHoMy MexaHi3Mi aicopOIIii eJIeKTPOHHA B3a€EMO/I1S, K
MpaBUJIO0, MAa€ TOHOPHO-AKIENTOPHUN XapakTep, B PE3yJbTaTi 4OTrO Ha IMOBEPXHI
YTBOPIOIOTHCS XIMIYHI KOMIUIEKCH OPTraHIYHUX PEYOBHH 3 METAJIOM.

3 iHmoro OOKy JAOLUIBHO OIIHUTH aACOPOLIfHY 3JaTHICTh MOJIEKYJ Ha OCHOBI
npunuuiy teopii JKMKO Ilipcona. 3rinno teopii Koopman’s [19] 3HaueHHs eneprii
BUINOI 3aiHATOl MosekyysipHOi opOitanmi  (Epsuyo) Ta HWKHBOI BaKaHTHOI
MostekysspHoi opOitami (Exgme) moB’s3ani 3 motermianoM ioHizamii (I) Ta saepHOIO
NOAIOHICTIO 70 €NEeKTPOHIB (A) HACTymHUM CHiBBIZHOIIEHHAM: A = —Egsuwo,
I==Egsmo.

[To po3paxoBaHWX ENEKTPOHHHUX 3apsiax Ha aroMax MOJIEKYJ BHU3HAYaId iX
3IaTHICTh J0 XIMIYHOI B3a€MOJIii, a MO XBUJIbOBIM (yHKII Ta 3HaueHHIO Ejgspo Ta

Euvo HaWOUIBII BipoTimHI ancopOIliiHI HEHTPU Ta MPOTHO3HY aJCOpOIiHy
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3MATHICTh CMONyK. UuM Ounbll HETaTUBHUM 3apsA] Ha TE€TepoaToMi, THUM Kpalle
BiI0OYBa€ThCSl Iepefaua eJNEeKTPOHIB BiJl JTIOHOpa. BpaxoByroum XapaKTepHUCTHUKH
MEPEeHOCy 3apsiay ajacopOllli, B jiTepaTypi OOIPYHTOBAHO IIMPOKE BUKOPUCTAHHS
KBaHTOBO-XIMIYHUX PO3PaXyHKIB JIJI1 BUBYEHHSI LIbOT'O MIPOIIECY.

IIpu sIKiCHOMY OMHCI KHCJIOTHO-OCHOBHOI B3a€MOJii HEOOXIHO PO3TJISAIATH
Benmuunan B3MO ponopa ta HBMO aknenrtopa. Jlo Toro » BiJIoMO, IO IpH
azcopOLii MOBEPXHS METaly BUCTYIAE SIK €NEKTPO(d1sI, B TON yac AK 1HTIOITOp Al€ 5K
Hykiaeopu1. ToOTO Ha OCHOBI PO3paxXyHKIB €JEKTPOHHHUX 3apsiiiB  MOXHa
MIPOTHO3YBATH, 1[0 B3aEMOJIIs 3 TIOBEPXHEI0 MeTaTy Oyie BiIOyBaTHUCS TIO aTOMax, /e
CKOHIICHTpOBaHa HaWOlIbIlIa €JIeKTpOHAa TYCTHHA, OCKUIBKM Ha HUX PO3TAIIOBaHI
HaWOLIBII eJEeKTPOHEraTUBHI 3apsau. BHACTIIOK OO came Il aTOMH BOJIOJIIOTh
HAJTMIIIKOBUM 3apsiioM, TOOTO MAarOTh HETOJJIEHY EJIEKTPOHHY Mapy Ta MOXYTh
BUCTYIIATH B SIKOCT1 HykjeodiapHOro arenry [17,18].

Pearson and Parr Oynu mnpeAcTaBieHI BU3HAUEHHS, BUKOPHUCTOBYIOUM METOJ
KIHIIEBUX BIIMIHHOCTEH 3aJ€KHO BiA SAEpHOI MOMIOHOCTI O €NeKTpoHiB (A) Ta
eneprii ioHizamii (I) Oyap-SKuX XIMIYHUX BUJIB (aTOMIB, 10HIB a00 MOJEKYJ) IJIs
KOPCTKOCTI MOJIEKYJH (1)) Ta XIMIYHOTO TOTEHITIATY (LL).

BignoBigHo 10 Teopii PyHKIIOHAIBHOI IIIIBHOCTI aOCOMIOTHA €JIEKTPOHEraTHB-
HICTH (), XIMIYHUM TTOTEHIIAJ (1) € OCHOBHUMH NapamMeTpaMu, 1110 XapaKTEePU3yIOTh
3IaTHICTh MOJEKYN N0 XiMiuHOi B3aemomii [20]. XimiuHMiA mOTeHIIal, abCOTIOTHY

€JIEKTPOHETATUBHICTh Ta )KOPCTKICTh PO3pPaxOBYBaJM 32 HACTYMHUMU (HOpMyJIaMu:

y=—u=(+ 4) (1)

=54, @

Innexc abcomoTHOI enekTpoduibHOCTI () skuii OyB BBeaeHWM Parr Ta iHIIL.,

PO3paxoByBaJIH 32 HACTYITHOIO (hOPMYJIOK0:

I+ A4)
o= —( ) 3)
8(1+ A)
[Tpu posrisganHi Mporecy aacopoOIrii 3 TOYKA 30py KHCIOTO-OCHOBHOT B3a€MO/IIT
BRXJIMBUM KiTBKICHUMH TIapaMeTpaMu, II0 XapaKTEepHU3YyIOTh LIel MPOIEC, € CTYIiHb
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nepeHocy 3apsgy AN, ToOTO cuia B3aeMojii MOJIEKYJT KHCIOTH - aKIenTopa
(moBepxHs 3aji3a) 1 OCHOBH — JOHOpA (AOCHiHKYBaHI PEYOBHMHU MapoBOi ¢asu
EKCTPaKTy T'peOHIB BHHOTpAy) Ta BEJIMYMHA 3MIHU €HEpPrii, 10 CyNpOBOA-KYIOTh
YTBOpPEHHSI KOMILIeKCy. [lpu ommci KUCIOTHO-OCHOBHOI B3a€MOJii, po3paxo-BaHa

cuia B3aeMoii (AN) Monexy 3 moBepxHero o-Fe Ta 3mina eneprii (4E):

__HMB—H4 4)
2(ng+nB)
g 1B —ua) (5)
2(n4-nB)

1e ¥, = -|L — abCOI0OTHA €JIeKTPOHEraTUBHICTD, €B;
7 - abCONIIOTHA KOPCTKICTB, €B;
A - XapaKTEepUCTUKHU MOJIEKYJIN J1OCIIIKYBAHOI pEYOBUHY;
B - XapakTepuCTUKU eJIeMEHTapHOI PEeIliTKHU MOBEPXHI 3aji3a.
3riIHO 3 poOOTOIO aBTOPIB 3a aOCOJIOTHY €JIEKTPOHETaTUBHICTh MOBEPXHI 3ai3a
TEOPETHUYHO MOKHa NpuitHaTy 4,82 eB, a abcontoTHy xopcTkicth 0 eB.
Bume 3a3naueHi mnapaMmerpu JaAyTh 3MOTY 3'ACyBaTH MEXaHI3M B3a€MOJIi
KOMIIOHEHTIB €KCTPAKTY 3 MOBEPXHEIO JIETKO1 CTall.
3rifHo 3 JiTeparypHUMH jgaHuMH [16] amcopOriisi OpraHiuHUX PEUYOBUH
B1JI0YBa€ThCS Ha YaCTKOBO 3anoBHeHY d-opOitans depyMy, peakiiHUMU LIEHTpaMU
Mouiekyll. [Ipu noaibHoMy MexaHi3Mi aacopOllii eJeKTPOHHA B3aEMO/IIs, SIK MPABUIIO,
Ma€ JOHOPHO-AKIENTOPHUM XapakTep, B pe3yJabTaTi 4YOro Ha IOBEPXHEBI
YTBOPIOIOTBCS XIMIYHI KOMILJIEKCH OpraHiYHMX PEYOBHH 3 MeTajioM. B peakii
JIOHOpa €JIEKTPOHIB 3 aKIETOPOM EJIEKTPOHIB BiJOYBAIOTHCSA MapHI B3a€EMOIT MiX
BCciMa oOpOIiTajdsiMU JOHOpa Ta akKIEeNnTopa, sIKI MIAXOASITh OJWH JO OJHOTO TIO
cuMeTpii. AJle TOJIOBHMI BKIJIAJ B 3arajlbHy €HEPril0 BHOCUTH B3aEMOMIS MIiX
rpannuHuMu opOiTasimu, a came B3MO nonopa (ocHoBu) Ta HBMO axkmnentopa
(xucnotu). Ilpum sKICHOMY OINHKCI KHUCJIOTHO-OCHOBHOI B3a€MOJii HEOOX1THO
posrisgatu Beauunau B3MO nonopa ta HBMO aknentopa. [{o Toro x Bigomo, 1110
pH a1copOIIii MOBEPXHS METaTy BUCTYIAE K eNeKTpodis, B TON Yac siK 1HTI01TOp i€

ak Hykieopur. Ilpu sKiCHOMYy OINHUCI KHUCIOTHO-OCHOBHOI B3a€MOJIIi HEOOXITHO
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posrasaatu Bennurnau B3MO nonopa Ta HBMO akuenTtopa. Ha ocHOBI po3paxyHKiB
€JICKTPOHHUX 3apsAiB MOXKHA MPOTHO3YBaTH, IO B3a€MOJIS 3 MOBEPXHEIO METaly
Oyne BiOyBaTHUCS IO aToMax, Jie CKOHIIEHTpOBaHA HaNO1IbIa €JIeKTPOHA T'YCTHHA,
OCKUIbKM Ha HHUX pO3TAlllOBaHI HaWOUIbII eNeKTPOHEraTHBHI 3apsau. BHaciimok
[[bOTO CaMe 1l aTOMH BOJIOJIIIOTh HAJUIIKOBUM 3aps oM, TOOTO MAatOTh HEMOIIJIEHY
€JIEKTPOHHY Mapy Ta MOXXYTh BUCTYNATH B SIKOCTI HyKJI€O(D1UJIbHOTO are’ry. /o Toro
K BIJIOMO, IO YWM OiJIbII HETaTUBHUW 3apsiji Ha TeTepoaTroMi, TUM Kpare
B1/10yBa€ThCs mepeada eJICKTPOHIB Bij JIOHOpA.

OckinbKH XBUJIbOBa (DYHKIIIS pO3TalIOBaHa, 3/1€01IbIIOT0, HA aTOMax BYIJICLIO 1
JIBOX aTOMax KHCHIO, TO aicopOirisi, HIMOBIpHO, Oyze TH came uepes 111 EHTPH.

bazytounch Ha KBAHTOBO-XIMIYHMX pPO3pAaXyHKax EJEKTPOHHUX 3apsiiB Ta 3
ypaxyBaHHSIM PO3MIILIEHHs eIeKTpoHHO1 rycTuHd B3MO, MokHa MporHo3yBartH, 1110
B3a€EMOJIiS 3 TIOBEPXHEIO METaTy BiJIOYBa€ThCS: JJIsI Oy3KOBOTO albJACTiAy MO aToMax
KHCHIO METOKCH TIpynu 13 3apsanamu -0,282 eB, -0,287eB Ta aromy KucHIO
TAPOKCUIILHOT rpymiu 13 3apsoM -0,270 eB, a Takok 4acTKOBO 32 aTOMaMH BYTJICITIO
apoMaTU4YHOTO sipa. B3aeMois ryaHO3uMHY 3 MOBEPXHEI MeTally, UMOBIpHO, Oyne
BIIOYBaTUCh 3a aTOMaMHU HITPOTEHY a30THOI OCHOBM TyaHIHY Ta HaHOIMKUIOMY
atomy kucHio (-0,347 eB). CkynyeHHS €JNEKTPOHHOI TYCTMHM Yy MOJIEKYJIU
KCAaHTO3WHY 3A€OUIBIIOr0 3HAXOJIUThCS HAa NYPUHOBIM OCHOB1 (aTomMax aszoTy 3
sapsgamu -0,305, -0,089 eB) Ta maitOmmwkunx atomax kucHio (-0,331, -0,368 eB)
pubo3u. ToMy HalBiporiaHiie aacopoOiiis Oyie BigOyBaTUCs caMme Yepe3 11l aTOMHU.

Pe3ynbrat OTpUMaHHUX pPO3paxyHKIB CBII4aTh, LIO0 MOJEKYJIU HYKJICO3UIIB,
BIpOTiJIHIIIE 32 BCE, OyAyTh MaTW JEKUIbKa PEaKIIHHUX IIEHTPIB, IO BKAa3y€ Ha
BIJIHOCHY MIIHICTh aJCOPOLIMHOTO 3B’A3KY «MeTaid —1HT101Top». OCKUIBKU BiJIOMO,
IO 3axucHa [l 1Hri0iTopa 30UIBIIYETHCS, SKIIO B HOro MOJIEKYNl € KUIbKa
(GyHKUIOHATBHUX TPy - LEHTPIB aacopOiii. HasBHICTH NEKIIBKOX e(PEeKTUBHHUX
HEHTPIB aacopOIlii MOXe NPU3BECTH JO YTBOPEHHS IIOBEPXHEBUX XEJIATHUX

KOMIUJIEKCIB, 1110 3a0€3MeUnTh BUCOKHUI CTYIIHb 3aXHCTY BiJl KOPO3Ii.
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By3koBuii aabaerina

0,347

I'yano3un KcanTo3un

IMaabMiTiHOBA KHCJI0TA

OJ1eiHoBa KHCJIOTA

Puc. 6. EnextponHi 3apsau Ha aTOMax B MOJIEKYJIaX KOMIIOHEHTIB

130PONaHOJIBLHOTO EKCTPAKTY IPOTY pilaKy
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IMaasMiTHHOBA KHCJIOTA

OJieiHOBA KHUCJIOTA

Puc.7. OntumizoBana crpykrypa Mosiekys. {ibHICTh BUILOT 3aiHSTOT

MOJIEKYJIsIpHOT opOitani (opOiTanbHe 3HaueHHs muibHOoCTI 0,005).
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B monekym mocmiKyBaHOT MAJbMITHHOBOI KHCIIOTH aKTUBHUMH IIEHTpPaMU
JUTST XIMIYHOI B3aeMOJli € aToMu KUCHIO KapOokcwibHOi rpynu —COOH, tomy
HaMOUIBII BIPOTIIHA aIcOPOIlis BIIOYBAaTUMEThCS came depes 1o rpymy (puc. 6, 7).B
TOM 4Yac, sIK HaWOULIbII EJEKTPOHEraTHBHI 3apsAM MOJIEKYJIH OJIETHOBOI KHCIOTH
TaKOX 3HAXOATHCS Ha aTOMax KUCHIO, XBWiIboBa (yHKiis B3MO po3ramoBana Ha
nojBiifHOMY ByrjeneBoMy 3B'sa3ky C=C dYepe3 BHCOKY PYXJIUBICTh EJIEKTPOHHOI
XMapH KpaTHHX 3B’s13KiB. FIMOBIpHO, a1cop6Iiis MONEKyIl KHCIIOT Ha TIOBEpXHi 3amisa
Oyzae mpoxoauTu came uepes 11 aToMu.lJis1 TOCTiHPKyBaHUX MOJIEKYIT 3 ypaxyBaHHAM
sHaueHHs eHeprii B3MO ancopOrmiifHa akTUBHICTh 30UTBIIYETHCS B PSOY:
NaJbMITHHOBA KUCJIOTa < OJIETHOBA KUCJIOTa <ryaHO3MH< Oy3KoBu# ampaerig < 3',5'-

JTMMETOKCHaIeTO(PeHOH <KCaHTO3HH.

Tab6amnus 3. KBaHTOBO-XIMIUH1 XapaKTEPUCTUKH MOJIEKYJ pPEYOBHH, 10

BXOJISITH JIO 130IPOIAHOIBHOTO €KCTPAKTY MIPOTY PIlMaKy

MoneKyna E33M0, eB EHBMO, eB AS(B_H) eB
Kcanro3un -8,973 0,217 9,19
I'yanosun -9,620 0,461 10,08
3,5 - numeTokcuaneToheHoH -9,081 0,211 9,292
BbyskoBuii anpaerin -9,440 0,686 8,754
OneinoBa KuciaoTa -9,883 0,907 10,79
ITaapMITHHOBA KHCIIOTA -11,183 1,066 12,25

AHaJli3 pe3ysibTaTiB KBaHTOBO-XIMIYHUX PO3PaXyHKIB Mokasye (Tabu. 3), 1mo
KCaHTO3WH Ta 3,5-IMMeTOKCHAeTO()EHOH, MOPIBHSIHO 3 IHIIMMH KOMIIOHECHTaMHU
EKCTPAKTY, € OUIbLI afcOpOLIIHO aKTUBHUMHU crioflykamu, eneprigs B3MO nopiBHIoe
-8,97 eB 1a -9,08 ¢B.

B rtabaumi 3 nmpeactaBneHi po3paxoBaHI 3HAUEHHS EHEPrii  MIUIMHU
JOCIIDKYBaHUX MOJIEKYJI. Bijjomo, 1110 BUCOK1 3HA4YCHHS 111€1 €Heprii MoJiekynu (e =
E(B3MO) - E(HBMO)) cBimuath mpo 30UIbIICHHS E€JIEeKTPOHHOI CTaOlIBHOCTI Ta
3MEHIIICHHSI PEaKI[IfHOI 37]aTHOCTi, B TOW 4Yac, SIK OUTBII HU3BKI MapaMeTpH IHOTO
3HA4YCHHS BKa3yHOTh Ha OIBIIY pEaKliiHy 3aTHICTh, & OTXKE 1 BUCOKY 1HT10yrouy

€(eKTUBHICTb, OCKUIbKH €HEpris IJIs BUAAJICHHS €JIEKTPOHY 3 OCTAHHBOI 3aiHATOl
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MOJIEKYJIIpHOT opOiTani Oyae Hu3bkowo [17-22]. Tak, 3HaueHHST eHepTii MUTHHA IS
JOCTIIKYBaHUX MOJIEKYJ 30UIbIIY€EThCSA B pALY: Oy3KOBUHM anblerii < KCaHTO3MH <
3,5 — numerokcuanierodheHon < ['yanosun < OneinoBa kuciora < IlaapMiTHHOBa
KHCIIOTA.

Otxe, mepuil peyOBUHU Py BIPOTIAHO € OUIBII CHUJIBHUMH 1HTIOITOpamH.
PospaxoBani 3HAYCHHS a0COJIFOTHOT KOPCTKOCTI e a0COJIFOTHOT
CJICKTPOHETATUBHOCTI 1), a0COJIOTHOI M'SKOCTI G, CHJIM B3a€EMOJIi MOJEKYT 3
noBepxHero o — Fe AN, 3MiHM eHeprii mOpu B3aemMojii Ta aOCOJFOTHOI
eJIEKTPOUIBHOCTI AJIS TOCIIKYBAaHUX MOJIEKYJI ITpeICTaBlIeH] B Ta0IuIIi 4.

OTpuMaHi pe3yJbTaTH PO3PAXYHKY €JIEeKTPOPUIBHOCTI, WI0 BBaXKAIOTh
1HACKCOM, SIKM BH3HAYa€ CXWJBHICTh NPUHAMATH EJIIEKTPOHM, MPEICTABICHO B
tabnuui 4. YuM BuIlle 3HAUYCHHS €1eKTPOQIIHLHOCTI, TUM BHILE 3JaTHICTh MOJIEKYJIH
NpuiiMaTl  €NeKTPOHH. TakuM UYMHOM, OpraHiyHI CHOJYKH 3  KpalluMH
HYKTIO(QUTFHUMHU BJIACTUBOCTSIMHU XapaKTEPU3Y€EThCS HU3BKUM 3HAYEHHSM | Ta ®; B
TOM yac sIK XOPOIIMK eNEeKTPOdiaT XapaKTepU3YEThCSI BUCOKUM 3HAYEHHSIM [l Ta .
OtpumaHi pe3yiabTaTH CBiO4YaTh, LIO0 BCl PO3MIAHYTI MOJIEKYJIM MalOTh HHU3bKI
3HAYCHHS eJEKTPOPUILHOCTI, a OTXE BHUCTYMAIOTh B AKOCTI HykIiodumiB. [lpu
pO3TJIsiIaHHl  Tpoliecy aAcopOIii 3 TOYKUA 30py KHUCIOTO-OCHOBHOI B3aeMO/IIi
BKJIMBUM KUIBKICHUMM MapaMeTpaMu, M0 XapaKTEepHU3yOTh LEH MpoLecC, € CTYIIHb
nepeHocy 3apsgy AN, ToOTO cuiia B3aeMoOJli MOJIEKYJd KHCIOTH - aKIenTopa
(moBepxHsi 3aji3a) 1 OCHOBM — JOHOpa (JOCHIKYBaHI PEUYOBHMHHU MapoBOi (¢asu
€KCTPaKTy MIPOTY pIMaKy) Ta BeJIWYWHA 3MIHM EHEprii, IO CYNPOBOIKYIOThH
YTBOPEHHS KOMILJIEKCY.

Cryniab nepeHocy 3apsay ANp. HaiOinplma y KcaHTO3uHY 1 3,5 -
nuMeTokcuarerodeHon (tadn. 4). 3nauends AN< 3,6 [18] o3Hauae, MO MOJEKYIH
MaloTh 3JaTHICTH JI0 TIepeaadl 3aps1y A0 NoBepxHi Metany. [Ipu oMy ragbMyBaHHS
MpoIeCcy KOpo3ii 30UIBIIYEThCS 3a PaXyHOK IMJIBUIICHHS €JIEKTPOH-AOHOPHO1
3IaTHOCTI MOJIEKYJ [0 TMOBEPXHI MeETaly, IO Y3TOJKYETbCS 3 JIOCHIIKECHHIMH

Lukovitsma inw. Po3paxoBaHi BiJi’€MHI 3Ha4€HHs 3MiHM eHeprii (A4E), moB’s3aHi 3
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MPOLIECOM TIEPEHOCY 3apslly, BKa3ylOTh Ha €K30TE€PMIUHICTh MPOIECY, IO CIPHSE

npolecy nepenayi 3apsity 3 OpraHiyHUX MOJIEKYJ JI0 TIOBEPXHI CTaJIl.

Tadoauus 4. AGCOMI0THA €IEKTPOHETaTUBHICTS () ), a0COIIOTHA )KOPCTKICTh

(1), abcomroTHa M’SIKICTB (S) cTymiHb nepeHecerHs 3apsay (AN), 3mina eneprii (AE)

Ta a0CONIIOTHA €JIEKTPOPIIBHICTH () MOJIEKYJI 130MPOMAHOIBHOTO €KCTPAKTY HIPOTY

pinaxky

Monekyna I A v (€eV) [n,(eV)]|S,(eV)| AN AE ®
KcanTo3un 8,973 -0,217 4,38 4.6 0,217 | 0,285 | -0,0106 | 1,09
['yano3un 9,620 -0,461 4,58 5,04 0,198 | 0,240 | -0,0028 | 1,14
3,5-
JTUMETOKCHAIICTO] 9,081 -0,211 4,44 4,65 0,215 | 0,276 | -0,0076 | 1,10
€HOH
by3koBuu

' 9,440 -0,686 5,06 4,37 0,228 | 0,221 | -0,0033 | 1,26
aJbJIeT1a
OneinoBa KucjioTa 9,883 -0,907 4,5 5,4 0,185 | 0,232 | 0,0051 | 1,12
[TansMiTHHOBA

11,183 -1,066 5,1 6,1 0,163 | 0,158 | 0,0023 | 1,26

KHCJIOTa

OTpuMaHi pe3yNnbTaTH CBIIYATh, LI0AACOPOIIS AOCTIIKYBAaHUX OpPraHIdYHHX

CIIOJIYK Ha IMOBEPXHI CTalli, BIpOTiJIHO, 00YMOBJICHa HAsSBHICTIO aTOMIB KHCHIO Ta T-

enektpoHiB C=C 3B’sa3ky. Bxiang B 1HriOyrouy e(eKTUBHICTb BHOCATH SIK OCHOBHI

CIIOJIYKA POCIIMHHOTO €KCTPAKTy, TaK CIHOJYKH, IO YTBOPIOIOTHCS.I3 KOMITOHEHTIB

POCIIMHHOTO €KCTPaKTy MaKCHMaJIbHUW BKJaj B 1Hr1Oyiouy e€()EeKTUBHICTh BHOCSTH

aJBJICTIU Ta KETOHH Ta MPOAYTH 1X MOJIKOHEHCAIT].

Takum YWMHOM, y3arajJbHIOIOYH PE3YJIbTATH MaCOMCTPHUYHUX, CJ'ICKTpOXiMi‘IHI/IX

Ta CHEKTPaJbHUX JOCIIKEHb, MOKHA 3pOOMTH BHCHOBOK, 110 HMOBIPHO, MIPOMIXKHI

OPOAYKTH TMOJIIKOHIEHcalii OepyTh ydacTh B MOJIMEPHUX MEPETBOPEHHSX, IO

MPU3BOJATH JO YTBOPEHHS 3aXUCHOI ILJTIBKH.

3. BucHoBKH
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JlochmikeHHsT CKJIaZly eKCTPakTy WIPOTy pilnaky Mpu  1HTEeHCH]iKarii
EKCTpaKI[il JI€I0 YIbTPa3BYKy IMOKa3ajao, [0 B HBOMY MICTUThCS Onu3pko 20
1HIMBIAyaJIbHUX KOMIIOHEHTIB, cepejl SIKUX JOMIHYIOTh aibieriau i keroHu. Cepen
OCHOBHHMX KOMITOHEHTIB BIJJ3HAUYE€HO BHICOKHH BMICT Oy3KOBOTO aipieriny ta 3,5-
nuMeTokcualieropeHod. OTpuMaHi JaHl ICTOTHO JIONIOBHIOIOTH 1 PO3IIMPIOIOTH JaH1
JTOCIIDKeHb XIMIYHOTO CKJIaqy CKJIaJOBHUX TMPOMMCIOBUX BIAXOJIB IEpEepoOKH
pilaKy, Mo T03BOJSE PO3IIUPUTH CUPOBHHHY 0a3y ISl OTPUMAHHS EKOJOTI4HO
Oe3nevyHnX 1Hr101TOpIB KOPO3ii.

Bcranosneno, mo GpopmyBaHHS 3aXHCHOI IUTIBKU BiIOyBaeThes 3a 40-48 ronux
BiJl MOYATKy EKCIOHYBaHHS MeTally B 1Hr1OOBaHOMY BOJHOMY PO34YMHI 1 CKJIajae
BUCOKY (1m0 60,0 %) mpoTUKOpO3iiiHy ePeKTUBHICTh. JloCHiIKyBaHUN POCIMHHUMA
€KCTPaKT TralbMy€ TIEPEBAKHO KATOIHY PEAKI[II0 KOPO3IMHOTO MPOIIECY.
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Marking of titanium passive film breakdowns as a function of their

appearance time and to increase the contrast of SEM images

Buket O.I., Chernysh D.M., Leonova O.I.

National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechniclnstitute”, Peremogy pr.,37,03056, Kyiv, Ukraine

The problem of determining the breakdown location of a passive titanium film is
very difficult for SEM microscopy. The reason is that there are no significant
differences in the interaction of the electron in SEM with both titanium dioxide in the
passive film and with metatitanic acid, which fills new places of breakdowns. It has
been shown that metatitanic acid can be marked more contrast with heavy metal ions
due to the formation of insoluble metatitanates. The breakdowns of the titanium
passive film are marked in such a way that the contrast chemical composition of the
breakdown places depends on breakdowns appearance time due to the consistent
change of the marker-ions composition in the experimental solution over time.

1. Introduction

Investigation of the properties of passive oxide layers on the surface of metals and
alloys often involves the obtaining SEM images. One of the goals of obtaining such
images is to study the size and location of breakdowns of the passive oxide film. At
the same time, the use of SEM is associated with some difficulties, which are related
to the features of its physical principles and using methods.

The main difficulty is the continuous preparation of SEM for investigations with a
limited area of samples that SEM investigates at a time. At the same time, the higher
the maximum possible increase in the image, the longer it takes to create an
appropriate vacuum in the microscope. Consequently, the study of a large amount of
metal samples can take an unacceptably long time because of the relatively long
preparation of SEM for the study of each new batch of samples (or each single

sample, the size of which is large).
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The second difficulty is characteristic for pure titanium samples and is associated
with the absence of any contrast in SEM images between the passive film of titanium
dioxide and the breakdown places, which are almost immediately delayed by
metatitanic acid. The interaction with the electron flux is practically identical for
metatitanic acid and for titanium dioxide because their chemical composition is
identical for the SEM and even the condition of the electron shells of the
corresponding atoms does not differ significantly. Consequently, the presence,
location, and form of breakdowns can sometimes be guessed only by the contrast of
the areas irradiated by the electron areas of the protrusions and valleys in comparison
with the "shadow" behind them.

This work i1s aimed at to solving the problem of increasing the contrast of the
breakdown places of the passive titanium film, when the breakdowns are investigated
using SEM. At the same time, it is also necessary to solve the problem of contrast
marking of breakdowns, which are obtained on one sample at different times.
Including breakdowns, which are obtained with a consistent change in the
electrochemical surface treatment of a titanium sample. Solving these problems will
help increase the amount of information that can be obtained from one sample. It will
also be possible to reduce significantly the number of SEM experiments, which is
especially important for extensive studies of the breakdown processes development
or pitting of a passive film over time.

2. Theoretical justification

The ability of heavy metal ions to emit intensively secondary electrons at SEM in
comparison with the ions of light metals and other lighter elements is well known. If
the determined surface area, which is covered with titanium dioxide, is attached with
heavy metal ions, then such places in SEM images will look bright and contrast.
Based on the known properties of titanium, it can be assumed that this metal in the
places of passive film breakdowns should react actively with the water-oxygen
medium. It is generally known that the pores in the oxide film on aluminum are first
filled with gel-like aluminum hydroxide. Therefore, it is known that the first product

of the interaction of titanium with water should be metatitanic acid, which is slightly
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soluble and exists as a gel. Solid polymeric acids are capable of ion exchange with
heavy metal salts [1] and often form insoluble compounds. The tendency of
metatitanic acid to form insoluble salts with lead ions is known.

It is generally known that, other equal conditions, ions of heavy metals with a large
charge (+3) are inclined to form less soluble compounds with solid polymeric acids
than ions with a smaller charge. Though it is possible that after the interaction of Fe**
ions with metatitanic acid, this acid will be incapable to interact with Pb*"ions. And
only newly formed metatitanic acid will be able to exchange hydrogen ions for Pb**
ions from the solution.

Thus, it is possible to mark gelled metatitanic acid with various heavy metal ions if
these 1ons are introduced in order to increase the solubility equilibrium of their salts.
It is possible that the kinetics of ion exchange in this case will allow to ignore the
differences in solubility of salts. However, each subsequent ion will be unable to
displace the precursor from the metatitanate due to the slowing down of the
corresponding stages of the replacement reaction.

In principle, this can be prevented by the unexpectedly large ion-exchange capacity
of the titanium dioxide surface outside the breakdown places. This ability exists in
some non-stoichiometric oxides [1].

It is known that gel-like corrosion products are capable of dehydration and
recrystallization. For example, for the corrosion of iron and steel, it was shown that
the electrochemical activity of iron hydroxides is responsible for the significant
discrepancy between the results of gravimetry and measurement of the polarization
resistance [2]. Obviously, this discrepancy is due to the ability of these compounds to
oxidation-reduction reactions. These reactions would not be possible if there was no
ability to ion exchange with the solution. Since it has been found that the
electrochemical activity of iron corrosion products decreases with time [3], similar
behavior can be expected from metatitanic acid.

Thus, if metatitanic acid crystallizes into titanium dioxide too quickly, this can
prevent marking. If the time of phase transformations is optimal, recrystallization of

metatitanates of heavy metals can promote reliable fixation of marker ions. After this,
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this metatitanate will not be able to interact with the following solutions. Therefore,
the chemical analysis of specific heavy metals in metatitanates on the surface will
determine the time of their appearance from the time of contact of the titanium
sample with a solution of a certain salt. Only an experiment can give further
refinement.

3. Method

Samples of pure titanium of grade VT1-00 in the form of a foil 0.1 mm thick were
made in the size 40x4 mm. Electrochemical surface treatment was carried out in an
aqueous solution of 6 M lithium chloride by an impulse potentiostat. A standard
three-electrode polarization scheme with a platinum auxiliary electrode was used,
which is separated from the working electrode by a porous glass partition and a silver
chloride reference electrode. The electrolyte for the silver chloride electrode was a 6
M solution of lithium chloride, in which the potential of the reference electrode was
0.16 V. Before the polarization, the titanium electrodes were handled and degreased
with a paste of crystalline soda and distilled water. The polarization mode of the
electrodes consisted of alternating anode (up to +4.0 V) and cathode (-0.05 V)
impulses duration 1 - 10~ s for 2 seconds.

After electrochemical treatment of titanium electrodes, they were removed from a
glass three-electrode cell and washed with a solution of heavy metal salts in distilled
water. The first was an aqueous solution of iron (III) chloride with a concentration of
1 - 10° M, and the second one was an aqueous solution of lead (II) nitrate with a
concentration of 1 - 10 M in a complex with polyhexamethyleneguanidine (PGMG)
concentration 1 - 102 M. Complex with PGMG was used because of the assumption
about the need to reduce the activity of lead ions in the exchange reactions.

Titanium samples were contacted with a solution of heavy metal salts not more
than 15 seconds. After this, preparations were made for SEM or the following
electrochemical treatment, followed by washing with a solution of lead salt.
Preparation for SEM was carried out by washing titanium electrodes in 50-ml non-
condensing distilled water for two days. In the first day, water was changed 20 times,

and on the second day three times. Samples were dried in air without heating for 24
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hours and sent to SEM.

4. Results

Metatitanic acid showed high ability to sorb ions of even one-one valence
electrolyte like lithium chloride. After drying, the breakdowns can be identified by
tree-like crystals of salts, which crystallize and contain chlorides shown at point 2 in
Fig. 1. Washing with distilled water for half an hour does not eliminate the electrolyte
from the breakdown places. The content of the elements at point 2 is averaged for
Fig. 1(b) and Fig. 1(c) and confirms that this object is a chloride crystal (probably
lithium). The base of the crystal at point 1 in Fig. 1(b) and the recess at point 1 in Fig.

1(c) contains few chlorides.

I T S e
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Fig. 1. The surface of titanium after electrochemical treatment in 6 M LiCl. SEM

images in the secondary (a, b, ¢) and reflected (d) electrons with an analysis of the

chemical composition at the points:

1.99.88% Ti+ 0.12% CI; 2. 94% Ti + 6% ClI; 3. 100% Ti.

It is probably a metatitanic acid from which the ions of the electrolyte diffused into
the crystallization zone. The remaining surface of the titanium is completely free of
chlorides, as indicated by the chemical analysis at point 3 in Fig. 1. The result
obtained suggested that it is possible to treat metatitanic acid with heavy metal salts
after more thorough washing, as described in the method. The measured content of
titanium in the surface oxide layers is 100% because SEM does not define light
elements.

The points 1 and 2 in Fig. 2 contrasts stand out against the background of the rest

of the titanium surface after treatment with salts of iron and lead.
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Fig. 2. The surface of titanium after electrochemical treatment and successive
immersion in solutions of iron salts and lead (II) complex with PGMG. SEM images
in the reflected (a) and secondary (b) electrons with the analysis of chemical
composition at the points: 1. 49.90% Ti (IV) +49.99% Fe (II) + 0.11% Pb (IV);
2.70.29% Ti (IV) + 29.63% Fe (I1) + 0.08% Pb (IV); 3. 100% Ti (IV).

Moreover, the content of lead in them does not exceed the measurement error
precisely because metatitanic acid has already reacted with iron (III) salts. The
chemical analysis at these points shows the product of the Fe*"ions exchange with
metatitanic acid. Probably Fe**ions were reduced by titanium to Fe?" ions, in the
same way as metallic iron is oxidized by corrosion products [2, 3]. The valence of
lead (IV) in Fig. 2 can be considered wrong due to extremely low concentration. The
rest of the titanium surface does not associate heavy metal ions, seen from the
chemical analysis at point 3 (Fig. 2). The black strokes of a complex shape in Fig.
3(a) have a chemical composition of 100% Ti according to the SEM data. They are
probably the remnants of polymer molecules PGMG, which are almost completely
transparent in reflected electrons and almost do not form secondary electrons.

One should also pay attention to the smaller size of the degeneration zones of the
passive film from titanium dioxide to metatitanic acid in Fig. 2 in comparison with
Fig. 1. This is probably due to the presence of lithium chloride in the places of
breakdowns in Fig. 1. This electrolyte is well known for its hygroscopicity. The
presence of lithium chloride and moisture for a long time in the places of breakdowns
caused more extensive damage to the surface of titanium during air drying in
comparison with the experimental conditions for Fig. 2, where the electrolyte was

eliminated by a longer and thorough rinsing.
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WD=16.4mm 20.00kV__ x2.50k____ 20um

Fig. 3. The surface of titanium after electrochemical treatment and immersion in a
solution of lead (II) complex with PGMG. SEM images with the analysis of the
chemical composition at the points: 1. 94.12% Ti (IV) + 5.88% Pb (II); 2.100% Ti (IV).

If the titanium electrode after electrochemical treatment was immersed in a
solution of lead (II) salt with PGMG, then the passive film breakdown places were
bound by lead ions. This is indicated by the chemical analysis at point 1 in Fig. 3.

If the titanium electrode after electrochemical treatment is rinsed for 5 hours in
distilled water, the result of the interaction with iron and lead salts reveals a
substantially lower concentration of heavy metal ions at the breakdown points (Fig.
4). This indicates the course of aging and dehydration of metatitanic acid, during
which this acid gradually loses its ability to ion exchange. Such a phenomenon will
contribute to an increase in the irreversibility of fixing heavy metal ions in the
breakdown areas, if ion exchange is carried out immediately after the formation of

the breakdown.

WD=16.4mm 20.00kV__ x2.50k __ 20um

(a) (b)

Fig. 4. The surface of titanium after electrochemical treatment, washing for 5 hours

and immersion in a solution of an iron salt and lead (II) complex with PGMG. SEM
images in the reflected (a) and secondary (b) electrons with an analysis of the
chemical composition at the points:

1. 100% Ti (IV); 2. 89.18% Ti (IV) + 9.86% Fe (II) + 0.96% Pb (IV).
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5. Discussion and Conclusion

This work shows the possibility of contrast (for SEM) marking of breakdowns of a
passive titanium film in such a way that it is possible to determine the time interval
for the appearance of specific breakdowns. In this case, the breakdowns can be
caused either by the development of the current corrosion process over time, or
caused by a change in the corrosion conditions over time. It is established that the
places of breakdowns of the passive titanium film are tightened with metatitanic acid.
This gelatinous acid loses its ability for ion exchange for several hours and therefore
it is capable of fixing heavy metal ions irreversibly if interaction with them occurred
immediately after the breakdown. Heavy metal ions contrast in SEM images in both
reflected and secondary electrons against the background of titanium oxygen
compounds. It is possible to carry out experiments in such a way so as to pump the
solution through a three-electrode cell to conduct polarization of the electrodes. In
this case, the background solution can be periodically replaced with a solution with a
certain marker ion. Thus, it is possible to increase the informativity of a single
titanium sample and to reduce the number of SEM preparations for work, which is
especially important in the study of many samples with a strong increase in a deep
vacuum.
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Adsorption model of organic compounds on metals, based on
complex formation conception with charge transfer, and its

application for corrosion inhibitors selection

Pogrebova L.S.
National Technical University of Ukraine «lgor Sikorsky Kyiv Polytechnic
Institute»,37 Peremohy Av., 03056 Kyiv, Ukraine

The adsorption model of organic compounds on metals is proposed based on
the representations about the formation of charge transfer complexes and their
stabilization by means of charge and electronic interaction. The series of equations
were obtained that establish the relations between the activation energies of
adsorption processes, the conditions for the adsorption equilibrium on the metal and
the physical and chemical properties of the reagents. The expediency of using the
proposed model in the interpretation of various types of adsorption occurring on
metals 1s shown. It has been established that in predicting adsorption, in addition to
such fundamental properties as the potentials of ionization of organic compounds and
the work of the electron output from the metal, it is necessary to take into account the
electrical nature of substances and the @-potential of the metal in the Antropov scale.
The prospect of creating effective corrosion inhibitors of metals with the proposed
model is shown taking into account the ways of the influence of adsorbed compounds
on the kinetics of corrosion processes.

Keywords: adsorption, organic compounds, ionization potentials, metal
potential, charge transfer

Moaeab aacopOuii OpraHivyHuX CMOJYK HA MeTaJIaxX, 0 OCHOBAHA HA
KOHIENil YTBOPEHHH KOMILICKCIB 3 IEPEHOCOM 3apsiay, Ta il
BHUKOPHMCTAHHSA NPHU Mix00pi IHridiTOPIB KOPO3ii

[Torpe6osa I.C.

Hayionanvnuii mexniunuu ynisepcumem Ykpainu « Kuigcokuii nonimexniunut
incmumym imeni I2ops Cikopcvrkozoy, Kuis, np.Ilepemocu, 37, kopn.Ne9, 01056

3axucHa i1 OpraHiyHUX 1HT1OITOPIB KOPO3ii 0OyMOBiIEHA iX aacopOlli€ro Ha
MOBEPXHI KOPOJYHOYOTO METaTy 1 BIUIMBOM aJICOPOOBAHUX YACTHHOK Ha MapliayibH1

peakiiii koposiitHoro mporecy [1-7]. ¥ 3B’s3Ky 3 muM Ipu migoopi aacopOIiiiHux
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1HT101TOPIB KOPO31i 0COOIMBOTO 3HAUEHHS HAOyBAalOTh HAYKOBI MIAXOAM, SIKI JalOTh
3MOTY TPOTHO3YBaTH aAcopOIlil0 1 BpaxOByBaTH BIUIMB Ha 1i MPOTIKaHHS PI3HUX
(h13UKO-XIMIYHUX BJIACTUBOCTEH OPTaHIYHUX CIOJIYK Ta METaiB.

Cepen HayKOBHX MIAXOMAIB, SIKI BUKOPHCTOBYIOTh HHHI NMPHU MPOTHO3YBaHHI
azicopOr11ii, HaHOIIBII ITUPOKE 3aCTOCYBAHHS 3HAMIIIOB METOJ] 3BEICHO1, a00 (-IIIKaJIH
noteHuiame JI.I. AntporoBa [8-9], 3acHOBaHMII Ha BpaxyBaHHI CTaIllOHAPHOTO
noTeHIiany Kopoayrdoro merany (E.) Tta #ioro HympoBoi Touku (Ex). YV 3Beneniit
HIKaJIl (-TIOTEHIIIal eIeKTPo/Ia, SKUi BU3HAvYaeThes K @ = Ec — Ex, € Mipoto 3apsiay
HOro mOBEpXHI BIJHOCHO MO0 JaHoro po3uuHy. lle no3Bosisie mMporHo3yBaTu
€JIEKTPOCTATUYHY B3A€EMOJIII0 OPTraHIYHUX CIOIYK 3 IOBEPXHEI0 KOPOAYHYOro
MeTally, BpaXOBYBaTH iXHI €JICKTPUYHI BJIACTUBOCTI 1 BECTH palliOHAJIbHHUI Mi101p
ascopOLIiHUX 1HT101TOPIB KOPO3ii I KOKHOTO KOHKPETHOT'O KOPO31MHOTO MpoLIecy.
Ane mopsa 13 eJeKTPOCTaTUYHOI Ha TOBEPXHI METaliB MpoTikae crenudiyHa
azicopO1is, sika CYIMPOBOIXKYETHCS YAaCTKOBUM a00 IOBHUM IIEPEHOCOM 3apsly
(dacTime BiJ OPraHiyHOI CHOJYKH JO MeETaly) Ta YTBOPEHHSM OpOiTaJIbHUX
(KoBaJICHTHMX a00 KOOpAMHAIIMHMX) 3B’S3KIB MDK ajacopOaToM Ta aJIcopOeHTOM.
Take mpumymieHHs MIATBEPIKYETHCS YUCETHPHUMHU KOPEISTUBHUMHU 3aJICKHOCTIMHU
MDK 3aXHCHOIO €10 1HT101TOpIB KOPO3ii METaliB Ta iX Pi3HOMAHITHUMH (Hi3UKO-
XIMIYHUMU BJIACTUBOCTAMU [1,2,6], HallO1IbIIIe BUKOPUCTAHHS CEpel SIKUX 3HAWIIOB
MIePIINA TOTEHITaN 10H13aIlil opraniyaux cnoiyk (I), skuil € oaHIe 13 OCHOBHHX 1X
byHIaMEHTAIbHUX XapaKTEPUCTHK.

Tak, me y poborax H. Xakkepmana Oyiu BCTaHOBJICHI JIIHIWHI 3aJICKHOCTI
MDXK 1HT10YIOUYOI0 JII€I0 Ta MOTEHIIaJaMH 10H13aI1ii pi3HUX KJI1aciB OpraHIYHUX CIIOIYK,
[0 BUSIBUJIOCH JOIUIBHUM TIPHU PO3poO0Ll OpraHiyHUX 1HT10ITOPIB KOPO3ii METaliB.
[Tiznime y po6otax E.A. HewaeBa [12-14] Oyno moka3aHo, IO Ha 3aJIEKHOCTSIX
napameTpiB aacopOuii BiAg MOTEHIIATIB 10HI3allli OpPraHiyHUX CIOJIYK 4YacTo
CIIOCTEPITraloThCsl MAKCUMYyMH (Ha3BaHI aBTOPaMU «PE30HAHCHUMHM IMOTEHI1aJaMu,
I,), 10 cBIQUUTH IpO BUOIPKOBY aACOpOLII0 HA MOBEPXHI METaliB. 3aCTOCYBaHH:
PE30HAHCHOTO TOTEHIATy SK KpPUTEPIt0 aJIcopOIiiHOI aKTUBHOCTI METaliB

BUSABHJIOCH KOPHUCHHM TMpPU MiA0Opl OpraHiyHuX JO0OAaBOK JO EJIEKTPOJIITIB
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3HEXKUPEHHA Ta EJEKTPOOCA/PKEHHS METalliB, BHOOpPI AESIKUX 1HTIOITOpPIB KOPO3ii
MeTajiB Ta 1H. AJie BUKOPUCTAHHS JIMIIE OJHOro I,-moTeHuiady He 03BOJISE
BpPaxoOBYBAaTH MOTEHINAJl KOPOAYIOYOT0 METaly, MPUPOIY arpeCUBHOTO CEPEIOBUIINA,
€JIEKTPUYHY MPUPOAY OPTaHIYHUX CHOIYK, IO aacopOyroThcs, OyAOBY MOABIHOTO
€JEKTPUYHOIO IIapy Ha MEX1 PO3MOAUTY METAI-eJIEKTPOIIT — (akTopH, sKi
BIIITParOTh 3HAYHY POJIb MPH 1HT10YBaHHI KOPO3il METaJiB.

VY niiicHiii poOOTI poO3rIsiHyTa MOJAENb aAcopOLli OpraHiYHHUX CHOJYK Ha
MeTaJiax, OCHOBaHA Ha YSBJICHHSAX MPO YTBOPEHHS KOMIUIEKCIB 3 TIEPEHOCOM 3apsry
Ta iX crabum3arii 3a paxyHOK 3apsmaHOi (€JIeKTPOCTATUYHOI) Ta EJIEKTPOHHOI
(opbOiTanibHOT) B3aeMoii MK aacopbaToM Ta ajcopoeHToM. [lokaszaHo HEOOXiTHICTH
KOMIUIEKCHOT'O BUKOPHUCTAHHS IIPU IPOTHO3YBaHH1 ajcopOIlii mOTeHIIay 10H13aIlii Ta
3apsSAHOrO YMCia OPTaHIYHUX CIOJYK, pOOOTH BUXOJY €JIEKTPOHA Ta (-MOTEHIliana
MeTany. BcTaHOBIIEHa KOPUCTH 3aCTOCYBaHHS ITi€l MOJEINi, Ta BpaxyBaHHS IUISXIB
BIUIMBY aJCOpPOLIMHUX YaCTHHOK Ha peakilii KOpo3iHOTo mpolecy, Mpu po3pooIn
e(eKTUBHUX 1HT101TOPIB KOPO3ii METAJIB Y BOAHUX arpECUBHUX CEPEIOBUIIIAX.

1. Mopgeab aacopOuii OpraHiyHHUX CHOJYK HA MeTajaX, OCHOBAHA Ha

KOHIeNUil YTBOPEHHSI KOMILICKCIB 3 IePEeHOCOM 3apsay

B pamkax aacopOuiiftHOi Mojielli, OCHOBAHOI Ha YSBJICHHSIX IMPO YTBOPECHHS
MOBEPXHEBUX KOMIUIEKCIB 3 YacTKOBUM IiepeHocoM 3apsay [15-20], mporec
aacopo6mii monekynmu [TAP (SAS) i3 po3umnauka (L) Ha meram (M) moxe Oytu
MpeCTaBICHU OOMIHHOIO PEAKIIIETO:

@y SAS-L+0Bg-L-[M]—- 0B, -SAS-[M]+@pL-L, (1)

a 3MiHa CTaHJAPTHOI BiNbHOI eHeprii axcop6buii SAS Ha merani (—AGS) —
PIBHSIHHSM:

—AGR =B AGGys_y, + Bp - AGL_y — B¢ - AGSss_, 2)

ne AGYs_;, AGY_y, AGQ g 4 — BIINOBIAHO CTaHJAPTHI eHeprii yTBOPEHHs

koMmriekciB SAS-L, L-M, SAS-M, a B, Blg, B., B, — crexiomeTpuyuHi KOePIII€HTH,
K1 XapaKTepU3yITh MOBHOTY 1X yTBOPEHHS.

CranmapTHa BUIbHA €HEPrisi YTBOPEHHS MOBEPXHEBOTO KOMIUIEKCY Y paMKax

TaKOTO MIIX01y MOXe OyTH BU3HAYECHA 13 CIIBBIAHOIICHHS:
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-0 3
_AG.S(')AS—M =AG,— Kch ) AG.S(')AS—M(CI‘L) - Ksp ) AG.S(‘)AS—M(sp)' ( )

B IKOMY A G S — CTaHJapTHA CHEPTis IePEHOCY 3apsny (eIeKTPOHY) B TOHOpA
(gactime SAS) no akuenropa (4acrime M); AGgAS_M(Ch), AGY,s_ M(sp) — CTAHIAPTHI
eHeprii crabuTizaimii IUX KOMIUJIEKCIB BIJIMOBIIHO 32 PaxXyHOK €JIEKTPOCTATUYHOT
(3apsnHoi) Ta cnenudivnoi (opbitanbHoi abo KoBaneHTHOI) B3aemonii, a Kep, Kgp —
Koe(iIieHTH, K1 BpaxOBYIOTh IXHIO YACTKY B aJICOPOIIHHOMY IPOIIECI.

Y Oinpl 3araJibHOMY BUNAAKY 3 BHKOPHCTAHHSM TaKoro MiAXOAY VY i
pIBHSIHHSL MOBUHHI OyTH BBEIEHI JOJATKOBI CKJIAQJOBI, SIKI BPaxOBYIOTb €HEprii
B3aeMofii Mik MonekynaMu SAS Ta posuuHHHKOM (AGo,g_;)1 Monexymamu
posunnHuka Ta MeTanoM (AG)_,,). BBeleHHs IMX CKIafOBHX y piBHAHHS (2)
JI03BOJISIE BPAXOBYBATH BHECOK y MPOTIKAHHS 3arajbHOTO aJaCOPOLIIHOIO Mporecy
bi3uyHO1 aacopOIIii, 00yMOBJIEHOT BUIITOBXYBAaHHSIM MOJICKYJ BOJM 3 TOBEPXHI
MeTay aicopOOBaHIUMH CIIOTYKaMHU.

OTxe, cTaHIapTHA BUIbHA €HEPris ajacopOIii opraHiyHoi cronyku (SAS) Ha

Metaii (M) dopManbHO MOXe OyTH MpeICTaBICHA PIBHSIHHSIM:
0
_AGX =Yy AGSOAS—L + Vg 'AGB—M + Y AG.—vycKen - AGgAS—M(ch) -

~Yc Ksp- AGSQAS—M(Sp)' 4)

sIKe BPaxOBY€ OCHOBHI BUIM aJcopOIlii OpraHigHUX CIONIYyK Ha Metanax [5,20]:
¢i3udHy, OOYMOBJICHY €JIEKTPOCTATUYHOI B3aEMOMIEI0 MK aacopOarom i
a7copOEHTOM Ta BHINTOBXYBAaHHSM MOJIEKYJ BOAM Mousiekyidamu SAS 3 moBepxHi
Metany (1, 2, 4 4neHu npaBoi YacTUHU PIBHAHHSA (4)); crnenudidyHy Nepiioro poay,
sKa BU3HAYA€ThCS B 3HAYHIA Mipl 3apsIHOI0 B3a€EMOJIEI0 MDK ajcopbaromM Ta
afgcopOeHToM (3 1 4 ujeHW yacTUHM PiBHSHHA (4)); cnenudiyHy Apyroro poauy,
oOyMOBJIEHY Hacamrmepe]] XIMIYHOIO HpHUpOJIoI0 peareHTiB (3 1 5 ujeHu mnpasoi
YaCTUHU IILOTO PIBHSIHHS).

I3 eHepreTHYHOTO IUKITY, SKUH BiOOpa’ka€ YyTBOPEHHS Ha MOBEPXHI METAly

agcopOuiiHoro komuiekcy (puc. 1), Butikae, mo npu E=Ex crangaptha enepris
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nepeHocy 3apamy AGL Bin HesapsamkeHoi Monekyau SAS 10 MeTaly BH3HAYacThCS

HACTYITHUMHU PIBHSHHSIMHU:
AG,=ay - (Igy — 0T, (5)
AG. = ar* (Igy — Afpy + Abpy + Vi " F — A0 + Zo xvye - F + A30R)) ©)
MG =ay (1= + VS F+Zy xyp F), (7)
B AKUX BIAIIOBIAHO [ ) 1 [ — mepur moTeHIiany ioHi3amii Mmonekynu SAS y Boi
i y BakyyMmi, a)f,,(L) i w§ — pobOTH BUXOJY €NEKTPOHA 3 MeTaly B ILHX K
cepeoBUIIaX; V,\(,} /L~ BOJIBT-TIOTEHITIAN Ha Mexi oauty M/L nipu Ew; Z; — 3apsaHe
YHICIIO 10HI30BaHOI (OKHCHEHO1) YaCTUHKU; Ale:(P) — peanpHA €Hepris riapaTarii
€JIEKTPOHA; AE(X) — XiMIYHa €Hepris rigparaiii i0HI30BaHOI YACTUHKH; Xy —
MOBEPXHEBUHM MOTEHIIa] Ha MEXI BaKyyM-po3uuHHUK; F — uncno dapanes; a; —
koedirieHT nepeHocy 3apsiay Big SAS go metany (Big 0 mo 1), abo yacTka eHeprii,
sKa Wae Ha 1ei mpoiec (BBaXKAETHCS, MO OKUCHEHHS — MPSIMHUI TMIPOIIEC, TOMI SIK Y
KiHeTULll — 3BopoTHuM). [lpu wupomy w,‘f;(L) i wf nop’sszami Mik €060

CITIBBITHOIIICHHSIM a)f,,(L) = wﬂ + V;\(/} /L F— A?(p)-

0 0
-lfﬁ'__,}, ‘-'1'5'5.-& S-Mich) * Kﬂ? &Gs.ﬂ 5-Misp) :I

[M-SAS] < [M]- + [s4S]%*
Sl S
ttinny (¢' =g +0,) 2, =12, +an

ﬂﬁsﬂas—.'-r

[M], + [SAS],
() (22)

Puc. 1. EHepreTuyHMil UK YTBOPEHHS TOBEPXHEBOTO KOMIUIEKCY MPH

ancopo6mii SAS Ha M 3 moHOpHOIO (QyHKITIEI0 SAS 1 aKIIENTOPHOIO METaTy
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[TIpu E # En, TOOTO mpu BIAXWUJICHHI MOTEHLIATy METally BiJl HOro HyJIbOBOI
TOYKH, B piBHsAHHS (7) Mae OyTu BHeCeHa nmonpaska AVy /;, ika BpaXxoBye€ BIAMOBIIHY

3MiHY BOJBTA-MIOTEHLIANy 1 B MEpHIOMY HAOMMKEHHI BIAMNOBIIAE (-TMOTEHIIATY

MeTaly B IIKam AHTpOIOBA: |AVM /L| = |¢|. OcraHHe BHTIKa€ i3 HACTYITHUX

CIIBBIJHOIIEHB:

AVm/L = ML T IM/Laipy T IM/Liaas) ~ gl(\)/l/L(dip) — Compe — 2L, (8)
¢ =E—-Ey= 9M/Lg + IM/Liaip + IM/Ligasy ~ gl(\)/l/L(dip)’ 9)

1€ gm/L» gy /1> XM/L> Xy /1, — TaIbBaHi 1 OBEpXHEBi CTpHOKHM moTeHuiany npu E ta
En  BIANOBINHO,  Gm/L(q)s 9M/L(dip)s 9IM/L(ads)y —  IOHHHH, JIUIOJIBHUA Ta
ancopOUiiHuii CTPUOKK g /p — NMOTEHIiaNny TpU JaHomy notenmian E, gg/M( din)”
JIIIONIbHUHA CTPUOOK ranbBaHi-notenuiany npu Ex, pisaunero ( xu,, — xy /L) B

neprioMy npuOIMKEHHI MOJKHA 3HEXTYBATH.
Takum umHOM, 11 J0oHOpHOI (GyHKIIT SAS Ta akimenTopHOi MeTaly

CTaHJIapTHA EHEPTis MEPEHOCY 3apsay MOBUHHA TOPIBHIOBATH:
0 N
AG,=ay(I—wy+Vy,  F+Z xyp— ¢ F), (10)
a JUIs 3BOPOTHBOTO TIPOIECY MEPEHOCY 3apsaAy Big MeTany (I0HOp) 10

MouieKyJid SAS (akuenTop):

-0 -
AG,=ay (w§ Vi, F+Zy xy F—Fyp+ ¢ F), (11)

ne (Fgr) - CIOPIJHEHICTL OPTaHIYHOI CIIOJNYKH 10 €NEKTPOHA, (Z2) - 3apsiaHe
YUCJIO pearyrunx YacTUHOK, O, - KOe(DIIEHT mepeHocy 3apsay B METalry 0

MoJsieKys SAS.

e

Ockinbku Bigomo, mo @ = E —Ey, a Ey =%—const [21], Bupa3 (10)

0
MOXHa TakoxX mnoaaTtu sik: AG,= ay * (I + AV F+Zy xypF—E+ const);

-0 -0 -0 -0
a6o AG,.=ay - (A G*(x)— E - F), ne A G*(x) — XiMi4yHa ckiajaoBa eHeprii A G,, sika

HE 3aJIeKUTh BIJ MOTEHIATy €JeKTpoAa. AHAJIOriYHO MOXKHA HABECTU BUpa3 IS

3BOPOTHOTO TPOIIECY MEPEHOCY 3apsiy.
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OTxe, BUpa3u €Heprii akTUBAIil KOPO3IMHUX MPOIECIB, OTPUMaHI y IIHCHIN
mozeni (10), (11), 3HaxoaaThCs y BIAMOBITHOCTI 3 OCHOBHUMH TTOJIOKEHHSIMH TEOPii
aKTy MepeHoCy 3apsay, 3T1IHO 3 AKOK OCHOBHOIO 3MIHHOIO, 1110 BILUIMBAE Ha MEPEHOC
3apsity, € noTeHiian exekrtpoay [21]. PisHung 3HakiB y Bupazax +@F 1ux piBHSIHb
MOKa3ye, 10 EHEPrisl eIEeKTPUUYHOIO MOJIs MPUCKOPIOE TIEPEHOC 3apsAy Bl METaIy 10
MOJIeKyJIu SAS 1 CHOBUIBHIOE TIPOIIEC, SKUM MPOTIKAE B 3BOPOTHHOMY HAIPSIMIi
(aHaNMOT1YHO BILIMBY €HEPTIi MOJI HA MPOIIECH BIIHOBJICHHS T4 OKUCIICHHS).

Bukopucranns pieasisb (10), (11), 103BoJIsIE BUBHAYUTH YMOBU BCTAHOBJICHHS
Ha TOBEPXHI MeTajy aJcopOIiiiHOI piBHOBaru, sika Moxe OyTh OOyMOBJEHa SK
3apsAIHOI0  (€TMEKTPOCTATHYHOI0), TakK 13 EJIEeKTPOHHOI (KOBAJEHTHOIO abo
opOiTanbHOIO) B3aEMOJIIEI0 Mk peareHTamu. llpu azmcopOuii  He3apsaIKEHUX
opraniynux cnoiyk (ITAP monekynspuoro tuny) ta E = E yMOBaMH BCTaHOBJICHHS

a7IcopOI1iifHOT piIBHOBAark Ha METaJIl € CIiBB1IHOIIICHHS:

I~ 2(w§+Vy,F), (12)

AKIIO BBaxatH, mo: z; =0, z, =0, a; =a, =0,5 a [ > F,- B 383Ky i3
HEBHCOKOIO CITOPITHEHICTIO CIOJYK IO €JIEKTPOHA Ta MOCTabJeHHAM ii 32 paxyHOK
eKpaHyro4oi Jii MoJsiekys Boau [12].

Taka oOMiIHHA €JIEKTpPOHHA B3a€EMOMIS MDK MoOJeKkyiIow SAS 1 meramom
(dhopMaIbHO HE CYIMPOBOIKYETHCS MEPEHOCOM 3apsiay, a cTaliIi3alisi TOBEPXHEBOTO
KOMIUIEKCY OOyMOBJICHa YTBOPEHHSIM KOBAJICHTHUX 3B’S3KIB MK ajcopOaToM Ta
a7IcCOpOCHTOM 3a PaxyHOK iX eleKTpoHHOI (opOiTansHOT) B3aeMoli. [Ipu ymoBi o =
1 cmiBBigHOmeHHs (12) BignoBigae 6e30ap’epHOMY MEXaHI3My TEPEHOCY €JIEKTPOHA
1 BCTAaHOBJICHHIO OLJIBIII MIITHOTO aJCOPOIIIITHOTO 3B’ 13Ky MK pearcHTaMH.

Cning BigMITUTH, 1O criBBigHOmEHHS (12), mo BUTiKae 3 AilCHOI Mojedi,
dbopmanbHO 30ira€rbcsi 3 BHPA30M JJII PE30HAHCHOTO TMOTEHIaly, BIEpIIe
3anponioHoBaHuM B poOotax E. A. HewaeBa 1 B. Il. Kynpuna [12-14] Ha ocHOBI
ACSKUX 1HIIMX MIPKyBaHb 1 3HAWIIOB EKCIIEpUMEHTAJIbHE MIATBEPIKEHHS MpH
JOCIIJDKEHH] afcopOIlii pi3HUX KJIACiB OpPraHIYHMX CIOJYK Ha TOBEPXHI  pAIy

metaniB:Bi, Sn, Pb, Cu, Cd, Ag, Cr, Fe ta i1 []. ABTOpaMu Takox OyJ10 IMOKa3aHo, 110
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BUHUKHEHHS PE30HAHCHUX TOTEHITAIIB - MAKCUMYMIB Ha 3QJIKHOCTSIX a/IcopOIii Bij
MOTEHLIANIB 10HI3alii OpraHiyHUX CHOJYK, OOyMOBIEHO a0 MepeKpUBaHHS
XBUJILOBUX (DYHKIIIHA peareHTiB, a00 TYHEIFOBaHHS HEMOIJICHHOT Mapy €JIEKTPOHIB 3
MOJIEKYJIM OpPTraHIYHOI CIIOJYKH Ha BaJICHTHIM opOiTasi MeTany.

Ane mpu amcopOrlii HEWTpaIbHUX OPraHIYHUX CHONYyK B obmacti E # Ey
HEOOXiIHO BpaxOBYBaTH TAaKOXX BIUIMB Ha aKT TEPEHOCY 3apsia (-MOTEHIaTy
MeTala Ta eJeKTPOCTAaTUYHY B3a€EMOMII0 MDK peareHTamu, sika OOyMOBJEHA
BUHUKHEHHSM (BHACIIJOK TMEPEHOCY €JeKTpOoHa) y Moyiekyl SAS dYacTKOBO
NO3UTUBHOTO (87) a00 YacTKOBO HEratuBHOro (&) 3apsyay. Y BUIAIKy JIOHOPHOT
(GYHKIIIT OpraHidYHUX CIONYK, SKi HA0YBAIOTh HAUTAIIKOBUI MO3UTUBHUN 3apsi (5°),
TaKWid TIEPEHOC E€JIEKTpOHA OyJe MPHU3BOAUTH IO iX €JICKTPOCTATHYHOI B3a€MOMII i3
HEraTHBHO 3apsA/KeHOI0 moBepxHero Merany (¢<0), mpu ix akuentopHil QyHKIII 1
BUHUKHEHHI Yy CIOJYK YacCTKOBO HETaTUBHOTO 3apsny(0’) — M0 eNeKTPOCTaTUYHOI
B3a€MOJII 3 MeTanoM, y sikoro ¢>(. 3HauHe BIIXHWJICHHS MOTEHLIaNy €JIeKTpoa Bij
HOro HyJbOBOi TOYKM B OOJACTh HETaTUBHUX (-NOTEHIIANIB, 3TAHO 3 PIBHSIHHIM
(10), mOBWMHHO YCKJIaJHIOBATH akKT IEPEHOCY 3apsna mpu ancopOuii  SAS 13
JTOHOPHOIO (YHKINIE€I0. AHAIOTIYHA KapTUHA Oylle CIOCTEPIraTUCh ISl MOJIEKYI
SAS 3 aknentopHow (YHKIIE€H MPU 3MIIIEHHI MOTEHIady €JIeKTpoaa BiJ HOro
HYJILOBOT1 TOUKH B 00JIACTh O1IBII MO3UTUBHUX 3HAYEHb (O-TIOTEHITIATY (pIBHSHHS 11).

Taki ysBIEHHS B paMKax IIACHOT MOJIEJI JO3BOJISIOTh MOSCHUTH HANWOUIBIITY
azcopOuiro MoJsiekyasapaux [TAP mo6iu3y HyJIbOBHUX TOYOK METATIB Ta JECOPOIIEI0
1ux [TAP npu Bigxuneni Big Hel (puc.2). MoXIUBICTh Takoi crienuiyHOT B3a€MOII1
npu E # Ey MIATBEPIKYETHCS 3POCTAHHSIM B JEKUIbKa pasiB ajcopOlli Oaratbox
OpraHIYHMX CIIOJYK TMPH TMEePexojl BiJ MEXI PO3MOJLTy MOBITPS-PO3YUH O MEXKi—
pTyTh-po3uud E = Ej. Ane 3HadHe 3pocCTaHHS ancopOIlii IUX CHOIyK Ha 000X
MEXKax PO3MOALTY, SIKE CIOCTEPIraeThCsl MPH 30LIBIICHHI 1X MOJEKYJISPHOI MAacu,
CBIJUUTDH MPO HaKIaJaHHS (HI3UUHOI afcopOuii Ha crenudiuHy y BKa3aHHX yMOBax

MPOTiKaHHS afcopOIii[5,22].
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Taxkum 9rHOM, 13 ypaxyBaHHSIM BHKJIQJCHOTO JIJISI MOJICKYJIIPHUX OPTaHIIHUX
cnosiyk npu E # E yMOBU CTaHOBJIEHHS aJCOPOILfHOI pIBHOBaru MOX»Ha MOKHA
MOKa3aTH PIBHSHHSIM:

I=2(wf+Vy,+@F)+Xan- g, (13)
B SIKOMY CKJIazoBa (), @n¢g) BpaxoBYy€ 3apsaHy B3a€MOJII0 MK METaJoOM i

OpFaHi‘IHOIO CIIOJYKOIO, 3 HaCTKOBUM HAJJIUIIKOBHUMHU 3apPA0MU.

Gf T/ m

!

ooy =<20 I*ii W}a_u'

Zn ?P-B

C:| o — —

Cd

p=D p<0
Puc.2. TUmoBi eJIeKTPOKAIUISIPHI KPUBI, , 3HATI HAa PTYTi B QOHOBOMY PO34YHHI
(1) Ta B po3unHax, Jie € TOBEPXHEBOAKTHBHI aHIOHU (2), KaTioHH (3)
1 MOJIEKYJISIpHI pedoBUHU (4)
binbm cknaguuii BUrisa HaOyBae BUpas JJid YMOB aJICOPOIIHOI piBHOBaru
npu aacopOuli 3apsKEHUX OpraHiyHUX crnoyiyk B obnacti E # Ey. JlilicHo, nipu
a71copO1ii 3apsKEHUX YaCTUHOK Y PIBHSHHI CTaHJIAPTHUX €HEPTii MEepPeHoCy 3apsay
(10), (11) HEOOXiTHO BBECTH IOMATKOBY CKIJIAJIOBY, IO BPaxOBY€E BIUTHB Ay -
NOTeHLIany, sIKui BUHHMKaE mipu aacopOuii [TAP (puc.2), Ha akT mepeHocy 3apsny.
Tax npu aacopOiii I[IAP kaTioHHOTO THNY BHHHUKA€E MO3UTHUBHUM Ay MOTEHIIA
[21,22], sxuii Oyme 3araJbMOBYBAaTH NEPEHOC 3apsAy BiJ MOJIEKYJIM OpraHiuHOI
crnojiyku Ha Metan. HaBnaku HeraTMBHUM Ay -TIOTEHIAN, 110 BUHUKAE MpU
aacopOuii anionoaktuBHuX [IAP, Oyne rampMyBaTH 3BOPOTHIM Mpolec MEPEHOCY
3apsany. Kpim Toro, y piBHSHHS afcopOIliiinoi piBHOBaru (12) HEOOXiMHO BBECTH

JOJIaTKOBY CKJIAJIOBY, SIKa BPaxOBYE EHEPTril0 €JIEKTPOCTATUYHOI B3a€EMOJII MK
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3apsAIKEHOI0 YAaCTUHKOIO Ta MPOTHIIEKHO 3apsPKEHOI0 MOBEpPXHE Meramy. Toni
YMOBH aIcOpOLIIHHOT pIBHOBAru y npu aacopoOiii MOHOQYHKIIOHAIBHUX OPTraHIYHUX

CITOJTYK 3 JOHOPHOK (PYHKIIIEI0 MOXKYTh OYTH MOJIaH1 PIBHSIHHSIM:
251 (wa_/l + V1\91/L "F+Zy Xy — (o —AY)F(z + a;n) (¢ — A¢1F)) =0, (14

Je Z — 3apsiHe YUCII0 YaCTHHKH, IO aacopOyeThes, a Ay, — aacopOIminHui
CTpUOOK MOTEHI[IaNy, [0 BUHUKAE HA MEX1 PO3MOJILITY METaJI-EJIEKTPOJIIT.

Y Ouibll 3araJilbHOMY BHIAJKYy, TMpU aacopOIii mosaidyHKIIOHATEHUX
OpraHiuYHUX CIONYK, SIKI MalOTh JIEKUJIbKA aJCOPOIIITHIX LEHTPIB 1 CXWIBHUX SIK JI0
€JICKTPOHHOI, TaK 1 JJIs 3apsAHOI B3a€MOJII, BUpa3 yMOB aJICOpPOIiitHOI piBHOBaru

HaOyBa€ HACTYITHOT'O BUTJISIY:
I=2[(wfy +AVy_) F + (¢ — A1) - F] = X(z + an) (¢ — AYy)F, (15)

B skoMmy ckiagoBa ).(z+ an)(@ — AyY,)F BpaxoBye 3apsjHy B3aEMOJII0 YCIX
a7copOLIMHUX LEHTPIB CIOJYK Ta MEpepo3NoAll IXHbOTO 3apsIHOTO YHUCIIa
BHACIIIJIOK YaCTUHHOTO TIEpeHocy 3apsaay. [Ipy iboMy ipu HETaTUBHHUX 3HAYCHHSIX (-
MOTEHI[Ialy TMOBHHHA CIIOCTEPIraTucs TMEePEeBaAXKHO aJCcopOIlisi KaTiOHOAKTHMBHUX
OpraHiYHUX CIOJYK, TMPU TO3UTHUBHUX 3HAYCHHSIX — aHIOHOAKTUBHHX, IO
3HaXOJUThCS Yy BIJAMOBIAHOCTI 3 JaHUMHU EJICKTPOKAMUISIPHUX BHUMIPIOBaHb Ha
pTyTi[22], Bimomumu 1ie 3 yaciB I'yi (puc 2).

I3 anami3y piBHsHHS (15) HEBaXKO ToOKaszaTtu, MO croernudivyHa aacoporis
3apsUDKEHUX ~ OpraHiuHMX  CIOJYK Ha  MeTalll BU3HAYA€ThCA HE  TUIBKHU
(QyHIaMeHTaNbHUMM BIACTUBOCTAMHU peareHTiB (Igus, Aw$), ane i 3apagHuM
YUCJIOM OPraHIYHUX CIONYK(Z) Ta (-TOTEHIaJOM METaliB, IO 3ajekaTh SK BIJ
iXxHpoi mpupoau Tak 1 Biag cepenoBuma. lle 103BoisiE MOSICHUTH TIOSIBY Ha
3aJIeKHOCTAX aAcopOuii BiJ MOTEHIANIB 10HI3alli OPraHIYHUX CHOJYK IEKUIBKOX
MakcuMyMiB (I,), BIUIMB Ha pe30HAHCHI NOTEHLIAIN JESKUX MeTaliB (0JI0Ba, cpidia,
HAMpUKIIAa) EJNeKTpoaHOTO TmoTeHIany [12,14], BigcyTHICT st Oaratbox
OpraHIYHUX CIIOJIYK MPSIMOTO B3a€EMO3B’SI3KYy MK aHTUKOPO31WHUMH BIIACTUBOCTSIMU

Ta iX [ ,-nmoTeHuianamu [23], HaBeAEHUMHU B BULIE Ha3BaHUX POOOTax, Ta iH.
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Takum dYMHOM, 13 BUIIE HABEAECHOTO MaTepialy BHTIKae, Mo (i3uyHa
azcopOLis OpraHidYHUX CIOJYK Ta iXHS crenudiyHa aacopOIis MepIioro poay
MOBUHHI Y OUTBIIIN Mipl 3ajeXaTd BiJ (Q-TOTEHIIATY €JIEKTPOoaa, HDK BiJl XIMIYHOT
npupoau Mertaiy. [lpu KoXHOMY @-TOTEHLIadl METally IMOBEPXHEBA KOHIIEHTpALIis
OpraHIYHUX CHOJYK Y LIbOMY BHIIQJIKy BU3HAUAETHCA SIK PE3yJbTaT HaKJIaJlaHHS
cienupiyHUX  CcUJ ajacopOIii Ha enekTpoctaTtuyHi. Takuili Bua crenudpiayHol
B3a€MOJII CIIOCTEPIra€eThCsl, HANPUKIAZ, MpPH afacopOlii OpraHiYHMX CHOJYK, SKi
MICTSTh T-C€JIEKTPOHHI 3B’A3KM Ha pi3HuUX Metanax: Hg, Bi, Zn, Cd, Pb, Fe,
1HTri0yBaHH1 KHCJIOTHOI KOPO3il YOPHUX Ta KOJLOPOBUX METAJIB HITPOT€HBMICHUMU
OpraHiYHUMH CHOJYKaMH, CXHJIBHUMU JI0 T-€JIEKTPOHHOI B3aeMoii Ta iH [5]. Akmro
(-TIOTEHIIIaJl OJHOTO METaly JOPIBHIOE (-TIOTEHIlady APYroro, eleKTPOCTaTHYHA
B3a€EMO/IISI MDDK HUMU 1 aJIcOpOOBaHUMHU YaCTHHKaMU Oyjie mpubim3Ho ogHakoBa. Lle
Jla€ MOXJIMBICTh 3aCTOCOBYBaHHS METOJa (-IIKaJIM TMOTEHIIaliB AHTpOMNOBa MpHU
MPOTHO3YBaHHI TMPOIIECIB aJacopOLii Ta 3aCTOCYBAHHS PTYTHOTO €JIEKTPOILY SIK
MOJICIIBHOTO JJISI OTMHCY aJCOPOIIIHHUX MPOIIECIiB HA MeTajaxX, Kl MalTh CXOXKY 31
PTYTTIO €JIEKTPOHHY OyZ0BY aTOMIB.

Crnenudiyna aacopOIliss Ipyroro pojay TaKOXK 3aJ€KUTh BiJ (-TIOTEHIIATY
MeTajay, OJHAK cTaOuTi3alisi MOBEPXHEBUX KOMIUIEKCIB Yy IIbOMY BHUMAQAKY
BU3HAYAETHCS, B OCHOBHOMY, MOXKJIMBICTIO ajicopOara 1 ajcopOeHTa YyTBOPIOBATH
eICKTPOHHI (KOBAJICHTHUX a00 KOOpPAWMHAIIMHNX) 3B’ sI3KH. Takuil BHJ acOpOMiiHO1
B3a€MOJII1 CIHOCTEpiraeThCcs AJiA 0araTbOX OPraHIYHUX CIOJNYK 3 HEHACHUYCHUMH
3B’s13kaMu, atoMamu N, O, S, P, o MaroTh HENOI1JICH] MapH €JIeKTPOHIB Ta JICSKUX
IHIIMX CHOJYK, SKI IIMPOKO 3aCTOCOBYIOTH IpH 1HTIOyBaHHI  KOpO3li MeETaliB.
Mexani3mu acopOLii TaKMX OpraHIYHUX CIOJYK Ha PTYTI 1 HA MOBEpXHI d—MeTaiB
BHACIIJIOK PiI3HOT OYyJIOBH aTOMIB, CYTTEBO Pi3HATHCSI. OCTaHHE 3HAYHO OOMEXKYyeE
MO>KJIMBICTh BUKOPHUCTAHHS «MOJIEIIBHOT0» PTYTHOTO €JIEKTPOIY ISl OMHUCY TaKHX
azcopOIiiiHuX mpoueciB Ha d-Meranax 1 moTpedye 3aCTOCYBaHHS 1HIIMX Cy4acHHUX

METO/IB aJCOPOIIIHHUX TOCITIKEHb.
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2. Buxkopucranas mMozeJi aacopOuii, 0OCHOBaHOI HA KOHUeENUil YTBOPEHHS
KOMILJIEKCIB 3 IEPEHOCOM 3apsiy, IPU po3podui iHridiTopiB Kopo3ii.

AHaJi3 3Ha4YHOI KUJIBKICTI PEe3yJIbTaTiB KOPO3IMHUX BUIPOOYyBaHb, SIKI Oyiu
MPUCBSIYEHI PO3poOIIl 1HT1OITOPIB KOPO3ii METaiB, CBIAYATH, 1110 aJCOpOLis 1 3aXUcCHa
Jlisl OPTaHIYHUX CHOJIYK 3aJieXaTh BiJl HU3KH (DaKTOPIB, sIKI CTAIOTh JOMIHYIOUMMH B
TUX YM THIIUX YMOBaX MPOTIKaHHS KOPO31iHOTO MPOIIECy.

[Ipu iuriOyBanHi KOpo3ii LUHKY, Yy sAkoro ¢<0, B po3uumHax Cyib(paTHOI
KHCJIOTH, HaOUIbIly €(EeKTUBHICTh MAIOTh OpPTraHiYHI PEUYOBHMHHU KATIOHHOTO THUITY:
YETBEPTUYHI COJl aMOHII0, HITPOI€HOBMICTKI OpTaHiyHI CHOJYKH, CXHJIbHI JO T-
€JIEKTPOHHOI B3aeMonii Ta 1H. OpraHiuHi CHOJIYKH aHIOHHOTO THUITy CYTTEBO HE
BIUIMBAIOTh HAa KUCJIOTHY KOPO3it0 IIMHKY a00, HaBiTh, CTUMYJIIOIOTH ii [5]. HaBmaku
IIPU KUCJIOTHIHN KOpo3ii KaaMito, y sikoro ¢>0, BKa3aHi HITPOr€HOBMICTKOT OpraHigyHO1
CIIOJIYKH MarTh HEBHCOKY 3aXHCHY Ji0, a HaWOuIblly €(GeKTUBHICTh BUSIBISIOTH
OpraHiyHl peYOBMHU aHIOHHOTO TUMY. KOpensITUBHI 3aJIeXKHOCTI1, Mi>K 3aXHCHOIO JII€10
Ta aCOpOIIHHUMH BIACTHUBOCTSIMHU TaKHX 1HTIOITOPIB, BU3HAYCHHUMH Ha PTYTI TIPH
BIJIMOBITHUX (-TIOTEHIIAJIaX, CBIAYATh Mpo iX (i3uuHy aacopOuiro 1 cnenudpiuHy
a7ICOpOIIit0 MEPIIOro POy, SIKI 3aJIeKATh BiJl (O-TIOTEHITIATY.

Ha 3anexxHocti kKoe(dillieHTIB rajJbMyBaHHS KHCIOTHOI KOpO3ii IUHKY (y) B
MOTEHIIAJIIB  10HI3allll OpraHiyHUX CHoJiyk (puc. 3a) crocTepiraroThCs JBa
MakCUMYMH (Ijnax), IO BIAMOBINAIOTH IMOTEHITIAJIAM 10HI3aIii WOro HaWOIIBII
e(eKTUBHUX 1HT101TOPIB KOPO3ii, 1 BigHOCATHCS 10 [IAP kaTioHHOTO THITY: KaTamiHy
(mapaankuImipuANHIA XJA0pUaYy), yV SKOTO Imax = 8,4 eB (mepmmii makcumym Ha
3anexxHoCcTAX y—I) Ta mipuauHy, y SKOTO Imex = 9,4 eB (mpyruit makcumym Ha
3asiexkHocTsIX Y—1). TioceuoBuHa, y sikoi moTeHItia ioHi3aii I qopiBHioe 8,3 eB, ta i
noximHi (MoHOoMeTmionTiocedoBuHa (MMTC), mumerunontiocedoBura (JIMTC)),
aHUTIH Ta Woro moximHi, y skux I < 8,4 eB, mpakTuyHO HEe BIIMBAIOTH Ha HOTO
KHCJIOTHY KOpO3110 a00 HaBiTh CTUMYIIOIOTH ii. BHCOKY €(heKTHBHICTh HpPH HOTro
KHUCIIOTHIA KOpO31l IUMHKY MarTh TaKOX I1HIII YETBEPTUHHI coJil mipuaumHy: N-

neuunxaopuanipuaunin xmopua (AI1X), KITN-1, CIIX ta iH.
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52k

192 2'1

o

161, eB

1 — n-romyigun, 2 — mudeHinamid, 3 — o-TodyinuH, 4 — M-TONyiAWH, 5 — aHTH, 6 —
TioceuoBUHa, 7 — OeH3winamid, 8§ — KaTamiH (mapaankinOCH3WIMPUIUHINA Xiopuna), 9 —
¢denon, 10 — 6enzorpiazon, 11 — tioden, 12 — 2,4-nyriaun, 13 — 2-mikomniH, 14 — peHoKCOM
BIC-15, 15 — nmipuausn, 16 — ninomniBa kucnota, 17 — naypincynsdar Hatpito, 18 — ceuoBuHa,
19 — aneramin, 20 — nmponanoi, 21 — etanon, 22 — MeTaHoJ (KOHIEHTpaIlisa J00aBOK 1-102
monb-1t) [18].

Puc. 3. 3anexHocTi koedilieHTiB raibMyBaHHs (y) Kopo3ii nuHKy B 0,5 M

H,S0O4 (a) 1 10 M KOH (6) Bix moTeHItiaaiB 10H13a1ii CIOTyK

Ha 3anexHocTsx KoedilieHTIB rajJbMyBaHHS KHUCIOTHOI KOpO3ii KaJMil0 Bif
MOTEHIIaMIB 10HI3aIlli OpraHIYHUX CHOJAYyK  (puc. 4), CHOCTEpIraeThCs OJUH
MaKCUMYM, III0 BIJMOBi/Ia€ MOTEHITIaTy 10Hi3a1lli TiocedoBUHU (I, = 8,3 eB). binbm
BHUCOKY 3aXHCHY JiI0, HDK TIOCEYOBHMHA BUSBISIOTH MPU HOTO0 KHUCIOTHIA KOPO3ii
MMTC, IMTC — no6aBku anioHHoro tumy. Karamid, moTeHIIad 10Hi3allii SKOTO
npuOJIN3HO TakuM, K i y TIOCEYOBHHH, HECYTTEBO BIUIMBAE Ha KUCIOTHY KOPO31IO
KaJIMit0, a MPOTOHOBAH1 MOX1AH1 aHAJIIHY, TIPUIUHY TPUCKOPIOIOTH ii.

[Tpu kopo3ii 3ami3a Ta BYIJICLEBHX CTalied, SKI TaKOX, AK ILHMHK, MaloTb
HEraTuBHUN 3apsi moBepxHi (¢ < 0), B po3unHax Cyiab(haTHOI KUCIOTH HaUOUIbIIY
e(EeKTUBHICTh MPU KIMHATHIA TemmepaTypi BusBiIsatoTh KatamiH, JIT1X, KIII-1,
CIIX, CII Ta iHmI 4YeTBEPTHUYHI MIPUAWHIEBI COJI, SIKI 3[aTHI ancopOyBaTHUCh 3a
PaxyHOK 3apsHOl Ta m-eJeKTpoHHOI B3aemonii. TioceuoBuna, MMTC, JIMTC npu

KIMHATHIN TeMIiepaTypl 1 AOCTIIHPKEHUX KOHIICHTPALIsIX MarTh HEBUCOKY 3aXUCHY
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J110 pU KOpO3ii 3ai3a Ta cTajl B po3uyMHaXxX BIAMOBIIHUX peareHTiB. Ha 3anexxHocTi
v—I, orpumaniit qs cram 08Km (puc. 4) y po3unni 0,5M cynbdaTHOi KUCIOTH,
CIIOCTEpIraloTh  JIBA MaKCHMyMa, SKI BIJMOBIJAIOTh HaWOUIBIIOI 3aXMCHOI il
OpraHiuHUX CIOJIYK KaTioHHOTO Tumy: KaTamiHy (Imax = 8,4 eB) Ta 8-oxcumipuauny
(Imax = 9,4 €B). OpraniuHi COJyKA aHIOHHOTO THUITY, SIKI MalOTh OJIM3bK1 MOTEHIIIAIH
1oH13a11i, Taki sk ¢penoi (I = 8,4 eB), TioceuoBuna (I = 8,3 eB), dbenaxkcon BUC-15 (I
= 9,4 eB), caminunora kucnora (I = 9,4 eB), JIC-10 (I = 9,4 eB) npu mocmiKeHUX

KOHIICHTpAIlISIX MalOTh HEBUCOKY 3aXUCHY JIIF0 IIPH 11 KMCJIOTHIM KOPO3Ii.

(g

10 11

1 — nquMeTunaHuIiH, 2 — O-TONYiIuH, 3 — aHimiH, 4 — HadTadiH, 5 — TioOceUuOBHUHA, 6 —
OeH3oTpuason, 7 — cyiab(ocaminuioBa KUCIO0Ta, 8§ — ce40oBHHA, 9 — mpominoBuii cnimpt, 10 —
eTwIoBui crmpt, 11 — MeTunoBuii crmpt (KOHUEHTparis iHriditopis 1102 mome '), 12-
KaTanuH

Puc. 4. 3anexnictb koe(ilieHTIB raibMyBaHHs Kopo3ii kaamiro B 3 M H,SO4

B1JI MMOTEHIIIATIB 10H13aI[li OPraHIYHUX CIIOJIYK

TakuM 4YMHOM, HaBeNEHI JaHi CBIMYaTh MPO 3HAYHY POJIb €IEKTPOCTATUIHOI
B3a€EMOJIIT, ENEeKTPUYHOI TPUPOAM aaCcOpOOBAHMX CIIOJYK Ta (-TIOTCHINAIIB
€JIEKTPOY MpH MiAOOpl OpraHiyHuX 1HrIOITOpiB Kopo3ii. Ilpu kuciaoTHINH KOpO3ii
IIMHKY, 3ajli3a 1 BYTJICIIEBO1 CTaJl, sIKi MalOTh HETaTUBHUN 3aps moepxHi (¢ < 0),
HaWOUIbITy e()EeKTUBHICTh BUSBISIOTH OPraHIYHI CHOJIYKH KAaTIOHHOTO THUIY, HpPH

KHCJIOTHIM KOpPO3ii Kaamito, y sKoro ¢>0,— opraHiuHi CIOJYKH aHIOHHOTO THIIY.
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[Totenmiann MakCUMyMIB (Iyax), SKI BUHHUKAIOTh HA 3QJIEKHOCTSIX Y—I NI IIMHKY, €
JOCTaTHbO OJM3BKUMHU 10 pe3oHaHcHUX mnoteHuianiB (I,), mo Oyiu oTpumani B
pobotax [12,14] ayisi HMHKOBOTO MOPOIIKY B CIPYAHOKUCIOMY €JIEKTPOJIiTI (TadI.).
JIis Kaamito 1 BYTJIENeBOi CTajli MaKCUMYMH, SIKI BUHHKAIOTh HA 3aJIeKHOCTIX Y-,
BIJPI3HAIOTHCA BiJ lp-MOTEHIIaNIB, OTPUMaHUX y poOOTax LUX aBTOPIB, 1 'y OLIbIIIN
Mipi OJIM3bK1 10 MOTEHIATiB po3paxoBaHUX 3a piBHAHHAM (15) mua kaamiro 1 3a
piBHsHHAM (15) — ana crami. OTpumaHi pe3ynbTaTd CBIAYATH MPO BIUIUB (-
MOTEHIIaTy METaTy 1 3apsIHOrO Yucia Ay -ToTeHIlany aAcopOOBaHUX CIOJIYK Ha iX
azCcopOIIito Ta 3aXUCHY JIIFO.

Y

15 4
10 13
° 3
g 11,1 20
1 2 s| 6 " 97 a7 18 19

A ) 10016

0
7 8 9 10 11 1,eB

1 — mudeninamin, 2 — aniniz, 3 — TiocedoBUHa, 4 — KarariH, 5 — penon, 6 — 6eH3miamiu, 7 —
6enszorpuazon, 8§ — 2-mikoiiH, 9 — cunaTanon, 10 — mipuaus, 11 — denokcon BUC-15, 12 — 4-
amiHonipuauH,l3 — 8-okcixinomin, 14 — JIC-10, 15 — cammuioBa kwuciora, 16 —
naypuncynabdar HaTpito, 17 — cedoBuHa, 18 — i3ompominoBuii crupt, 19 — eranon, 20 —

MeTaHol (KoHLeHTpawis 106aBok 11072 mons 1)

Puc. 5. 3anexHicts koediiieHTiB raibMyBaHHs Kopo3ii ctam 08 KII B 0,5 M

H,SOy4 Bix moteHmianis 10Hi3a1li1 CIOIYK

207



Tab6anus. [lopiBHAHHA MOTEHILIANIB 10HI3a11i HAOUTBIT €PEKTUBHUX
1HT161TOp1B KOp031i MeTaliB (Imax ), MOTEHITIAMIB 10HI3aIl1, PO3paxOBaHUX 32
pisrsEEAMU Moaen (Iny, Ime), Im@))” 1 pe3onancanx norenmianis (I,), oTpuMaHux

aBropamu [12]*

Imax,
o, Imq), | Im@), | IM@), Ip,
Cucrema | Eo, B Ex,B | ¢,B eB (0| e MO ’
eB eB eB eB eB
Tumn ITAP
Zn, 8,4 (D)
8,2 (D
0,5M 0,76 | 4,2 | -0,50 | -0,26 | 9,4 (1) 788 | 732 | 77 0.4 (1)
H2SO4 TTAB(K) ’
Cd, 8,3 7,5 (D)
0,50 | 4,0 | -0,70 | +0,20 748 | 7,88 | 8,28
3 M H2S04 TIAB(A) 7,7 (II)
Fe, 8,4 () 7.3 ()
0,5M 20,26 | 4,7 | 40,0 | -0,26 | 9.4 (1) 8,88 | 8,36 | 7,89 | 7.9(ID)
H>S04 TTAB(K) 9,4 (III)
9,4+9,5
Zn, 10 M 8,2 ()
1,20 | 42 | -0,50 | -0,80 | TAP(A), | 7,88 | 6,28 | -
KOH 9,4 (II)
TIAP (M)

[Tpumitku:

1. Po3paxynku motenmianiB ioHizamii Ima), Ime), Im@) mpoBommmam BiamoBigHO 3a
piBasHHAMH (12), (13), (15); npuitmanu z = 1 a6o z = —1, Ay = 0,05 B a6o Ay =-0,05
B, [5] V,S,/L =-0,26 B [12-14], a=0,5.

2. Hudpu (1), (I1), (IIT) — nepmmii, APYTHUH 1 TPETI MAKCUMYMHU Ha 3aJEKHOCTIX V-1
(puc. 3-5) mnsa I[TAB karionnoro (K), aniorroro (A) uu monexkynspraoro (M) tumy, abo Ha
3aJIeKHOCTAX mapameTpiB agcopOiii [TAP Bix 3nauens I, ski Oynu otpumani B po6oTi [12-
14].

binpm  ckmagHa KapTHMHA CIOCTEPITAETbCS TPU  JOCHIIKEHHI  BIUIUBY
OpraHiuYHUX CIOJYK Ha JIy>)KHY KOpO3il0 LUHKY, B yMOBaX SKOi BiJjoMa JIHUIIE
He3HayHa KUIBKICTh €(PEKTUBHUX 1HT10ITOPIB HOro Kopo3ii. OCKUIbKU IUHK Y PO3UYMHI
10M KOH wmae nyxke HeraTUBHUHM (-TIOTEHIlIa], MOKHA OYJIO OUYIKYBaTH MEPEBAXKHY
azcopOILil0 Ha HWOro MOBEpPXHI KaTIOHHOAKTHMBHUX OPraHIYHUX CIIOJYK. AJle TpHu
KOpO3ii IIMHKY Y IIbOMY PO3YMHI HAWOUIbINY €()EKTUBHICTH BUSIBISIOTH OpraHiyHI
CHOJYKH aHIOHHOTO THUIly, Taki, Ak @eHakcon BIC-15, mniHoneBa KucloTa,

naypwicyiabdar Hatpito, y sakux I = 9,3 — 9,5 eB. Taki 3HaueHHS MOTEHINATY
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10H13a11i1 OpraHiYHUX CIOJYK BIAMOBIAAIOTh PE30HAHCHOMY MOTEHIIANY UHKY, SKUN
OyB oTpumanuii aBropamu [12,14], B CipuaHOKHCIOTHOMY PO34YHMHI, 10 BKa3y€ Ha
BUOIPKOBY aJICOPOIIif0 1HTI0ITOPIB HAa MMOBEPXHI IIUHKY, TOKPUTIM HOr0 OKCHAOM abo
TiIPOKCUIOM. AHAJOTIYHO, MpH KOposii cruiaBy MA-8 (puc. 5), MOBEpXHS SIKOTO
MOKPUTA OKCUAOM, HailO1IbIy 3axucHy Aito y 1 M H,SO4 MaroTh opraniuHi COJIyKH
anioHHoro tumy, 3 [ = 9,2 — 9,3 eB, Taxi, ax ¢enokcon BUC-15, JIC-10, y sxux I =
9,2 — 9,3 eB. Tlopsin 3 uuM mpu HOro KUCIOTHIN KOpPO3ii BHUSBISIE TAKOX BUCOKY
e(eKTUBHICTh J100aBKa KaTIOHHOTO TUIY - (PEHIJTaMIHOMPHUJIHUH, IO CBIAYUTH IPO

azcopO1ito 1HT1OITOPY HA MOBEPXHI METaly, M030aBIEHOTO Bil OKCUIIB MarHio.

"
l

11
30 A
25 |I I|
10/ |
20 *
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/ |
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5 ol 2 4 @ o 12\ A5
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@
- g 3 9 13 o 16711 I eB

1 — mudeninamin, 2 — IMTM, 3 — TM, 4 — 6enzorpuazon, 5 — penon, 6 — karamin, 7 —
O0eH30Tpuazoi, 8§ — cuHTaHoi, 9 — dperimaminonipuanH, 10 — penokcon BUC-15, 11 — JIC-
10, 12 — cynbdocaminuioBa kucioTa, 13 — cedoBuHa, 14 — mpomiioBuit coupt, 15 —
€THJIOBHH criupT, 16 — MeTUIOBHIt ciupT (KOHIEeHTpamis 100aBok 1-1072 mons )

Puc. 6. 3aexHicTh KoedilieHTIB raibMyBaHHs Kopo3ii MarHito B 1 M H,SOy4

B1JI TOTEHITIaIB 10HI3aIlii OPTaHIYHUX CTIOTYK

OpHak mopsi 3 MPOTHO3YBAHHSM aICcOpOIl MpH MiA0Opi OPraHIYHUX CIOJIYK
CIiJI BpaxoBYBaTHM MEXaHI3M BIUIUBY aJCOPOOBAaHMX YaCTMHOK Ha KIHETHKY
EIEKTPOJHUX  peakiiil Kopo3iiHuX mpoueciB. Tak, amcopOIisa 3apsKEeHUX
OpraHIYHUX CIIOJIYK Ha TIOBEPXHI METAITy MOXE TPHU3BOJAWTH JO HAKOIMWYEHHS
HAJJIMIITIKOBUX 3apsiiiB B METAJIEBId OOKIaAIl MOABIHHOTO EJIEKTPUYHOTO Iapy,
BUKJIMKATH 3MIHY CKJIaJqy HOTO €NeKTPOJITHOI OOKIaJAKH 1 32 paxyHOK BHHUKHEHHS

aacopOIiitHoro cTpubka moteHiiany (Ay;), TPU3BOAUTH JO 3MIHH IIBHIKOCTI
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MPOTIKAHHSA  €NeKTpOoAHMX mporeciB  [5, 21, 22]. Haitbimem edexTuBHI
KaTIOHHOAKTHBHI ~OpraHiyHl 1HTIOITOpM KOpO3il IMHKY, $AKiI 3a0e3MedyroTh
BUHUKHEHHSI TMO3UTUBHOIO ajcopOIiifHoro crtpubka mnoreHmiany (Ay; > 0),
MiABUIIYIOTh MEPEHANnpyry BUIAUICHHS BOJHIO HAa MOTO MOBEPXHI, KA MPOTIKAE 13
3arajibMOBAHICTIO CTafii 3apsay 10HIB TrigpokcoHiro [5, 7, 20]. Hasmakw,
AQHIOHHOAKTUBHI OpraHiyHl CIOJYKH, IO TMEPEBaKHO aacopOyrOThCS Ha TMOBEPXHI
KaJIMil0, 3MEHILIYIOTh MEePEHANpYry BUJIJICHHS BOJHIO 32 PAaxXyHOK BHHHUKHEHHS
HEraTUBHOTO ajicopOiiiinoro ctpubka noreHmmany (Ay; < 0). Takuii pi3HMI BIUIUB
azcopOOBaHNX YACTUHOK HA BOJHEBY PEAKINIO JO3BOJISE TOSICHUTH OUIBII BHCOKY
3aXUCHY [II0 JOCHIDKEHHX IHTIOITOPIB MpH KOpPO3li LMHKY, HIX MPH KUCIOTHOI
KOpO3ii KaaMisl.

Ha 3ami3i Ta ByrieneBux cTaisix MPoLec BUAUICHHS BOAHIO MPOTIKA€E 3 MPUOIN3HO
OJIHAKOBOKO IIBHJKICTIO CTaaiil po3psay Ta pekoMmOiHalli, 1 JJs1 HUX BIUIMB
CJIEKTPUYHOI MPUPOJIM OPraHiYHMX CIOJIYK Ha BUAUICHHS BOJHIO 3HAYyHO
HiBeNIOeThCS. KaTiOHHOAKTHBHI OpraHiyHi CIOJYKH 32 PaXyHOK BHUHHUKHEHHS IpH
azicopOI11ii MO3UTUBHOTO aJCOPOIIIITHOTO CTPUOKA MOTEHI[IaTy BUSBIISIIOTH OUIBIITY HiXK
aHIOHHI 3aXMCHY JII0 NMPU KIMHATHIA TeMIleparypi iX KUCJIOTHOI Kopo3ii. Aje mpu
MIJBUIIICHUX TeMIlepaTypax MaioTh OUIBII BHCOKY 3aXHCHY JiI0  IOXIJHI
TIOCEYOBMHHM, $SIKI 3/1aTHI YTBOpIOBaTH 13 d-mMeTasiaMu MIilHI 3B S3KHA 3aBISKU
HAsIBHOCTI Y aTOMIB CIPKH HEMOIIJICHUX Tap €JIEKTPOHIB.

Kpim Toro, He3HauHW# BIUIMB BUJIBHUX aMiHIB Ha KHUCJIOTHY KOpPO3il0 IIUHKY Ta
KaJMil0 Yy 3HAuHIi Mipi € OOyMOBIEHHUM MPOTIKAHHAM pEaKiiii MOBEPXHEBOI
MPOTOHI3aI]l 1 e(EeKTIB KaTaTITUYHOTO BHUIAJIICHHS BOJIHIO, XapaKTEepPHI MEPEBaKHO
s s, p — MmetamB [5, 20]. Tak, 3 anamizy aaHux [5] BUTIKae, 1m0 3axucHa mgis
apOMAaTUYHUX aMiHIB, y SKUX [<Inax1), MPU OIHAKOBII MOBEpXHEBIN aKTHBHOCTI Ha
PTYTI TOCTYIOBO 3pOCTa€ 13 MiABUIIEHHSAM iX 3HayeHb pK,. lle mnosicHoeTbCs
3arajibMOBAHICTIO CTaJlii pO3psAAY aJcOopOOBaHUX KaTIOHHUX (OpM aMiHIB, KOHCTaHTa
MIBUAKOCTI SIKOi, 3TIHO TpakTyBaHb bpeHcTena, NpomopiiiiiHa KOHCTaHTI iX
kucinoTHoi aucomianii K§ (0=0,5). 3axucHa nis NOXiMHUX MIpUANHY, Y SKAX [>1maxq),

Ipy MiABUIICHHI iX 3HadYeHb pK, HaBmaku 3MEHIIYEThCSA, IO TOB’S3aHO 13
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3araJbMOBAaHICTIO pEaKIii X MOBEPXHEBOI MNPOTOHI3aIlll, [IsI AKOi KOHCTaHTa
mBUAKOCTI oOepHeHo mnpomnopiiiiHa pK,. Ilpu 3pocranHi moTeHIiamiB i0HI3aLIi Y
MeXKax KOXXHOTO KJacy ITUX OPTaHIYHUX CHOJYK (MOXigHI aHUTIHY a0o0 MIpUIWHY)
CXMJIBHICTh iX 1O KaTaliTHUYHUX €(QEeKTIB 1 CTUMYIIOBaHHS KOpO3il 3HIKYETHCS.
Otxe, nMpu MOPYIIEHHI YMOB aJICOPOINIMHOI piBHOBArv, 110 BHHUKA€E HAa TMOBEPXHI
LUHKY 3’ SIBJISIETHCS MOJIMBICTH 3BOPOTHOTO TIEPEXOAY €JIEKTPOHIB Bij ajcopbary a0
aacopOenty. lle mpu3BOAUTH M0 KATATITUYHOTO BHIUICHHS BOJHIO B MPUCYTHOCTI
OpraHiYHMX CIOJIYK, K1 CXHJIbHI JI0 TpolleciB mpoToHi3anii. KBarepHizallis aToMiB
HITPOT€HY BYIJVICLIEBUMH paJuKallaMd BUKJIIOYA€ MOKJIMBICTh MPOTIKAHHS Ppeakii
MPOTOHI3AIT 1 3a0e3Meuye BUCOKY 3aXMCHY /10 YETBEPTUHHUX COJIEH MIPUAUHY MPU
HOro KUCJIOTHIN KOpO3ii.

Jlng 3amiza Ta BYIJIELEBUX CTajlel e€(eKTH KaTaJiTUYHOTO BUAUICHHS BOAHIO B
MIPUCYTHOCTI BUIBHUX aMiHIB BIIITParOTh 3HAYHO MEHIIY POJIb 3aBIASKH MOMKJIMBOCTI
nepenayi Ha ix HesamoBHeH1 d-opOiTail HEMOJUICHOI THapu eJEeKTPOHIB aTOMIB
HITPOTEHY.

TakuM 4YMHOM, BHKOPUCTAHHS ajcopOliitHOI Mojeni, 1o Oyna 3amnpornoHOBaHa,
JI03BOJISIE IHTEPIPETYBATH MEXaHI3MU aAcopOLii OpraHIYHUX CIOIYK Ha MeTajlax 1
BUSBIIATHCS JOILUIBHUM IPH pallioHAJILHOMY T1100p1 1HTIO1TOPIB KOPO3ii METaIB y
BOJIHUX arpeCUBHUX cepeaoBuiax. KoMiiekcHe BpaxyBaHHS MOTEHIIAIB 10H13alli] 1
CJIEKTPUYHOI TPUPOJAU OPTaHIYHUX CIOJIYK, POOIT BUXOIY €JIEKTpOHAa Ta (-
MOTEHIIJIIB METAaJiB Ja€ MOXKJIMBICTh MPOTHO3YBAaTH CEJIEKTUBHY ajcopOllii0 Ha
MOBEPXHI METaliB MOTEHI[laIbHUX 1HTIOITOPIB iX KOpo3ii. Aye mnpu po3poOii
1HTI01TOPIB, KpIiM aACOPOIIMHUX BIIACTUBOCTEH OPraHIYHUX PEUYOBUH, HEOOXI1THO
BPaxOBYBAaTH BIUIMB aJICOPOOBAHMX YACTMHOK HA peakiii KOpPO31MHMX MPOLECIB,
CXHWJIBHICTh METAJIIB 1 OPTaHIYHUX CHOJYK JO0 PEaKIiil KaTaTITUYHOTO BHILICHHS
BO/JIHIO, HASIBHICTh Ha MTOBEPXHI METAJIIB OKCH/IIB Ta T1IPOKCHU/IIB Ta 1H.

I3 Momeni azacopOuii oOpraHiyHUX CHOJIYK Ha MeTajaX BUTIKAIOTh MUISAXU
MiIBUIEHHS €()EeKTUBHOCTI 3aXHMCHOI Jii OpraHiyHuX IHTIOITOPIB KOpo3ii, sKi

0a3yloTbCAd Ha ULIIECHPSIMOBaHIA 3MiHI aJCOpPOLIMHUX BJIACTUBOCTEH OpraHIYHUX
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CIOJIyK Ta MoaudiKallii MOBEpXHEBUX BJIACTUBOCTEH MeTamiB. [l0 HUX BITHOCATHCS

HACTYIIHI:

- IUIeCTIPSIMOBAHUN CHUHTE3 MOJI(PYHKIIIOHATBHUX OPTaHIYHUX CHOJIYK, CXUIBHUX
710 €JeKTPOCTATHYHOI Ta Crieru(igHOI aacopOIlii, 0 MOKYTh BHUSBJISTH BHCOKY
3aXUCHY 110 B IIMPOKOMY Jlarna3oHi TEMIIEpaTyp arpeCUuBHUX PO3YHHIB;

- BHUKOPHUCTAHHS OPTaHIYHUX CIIOJIYK 3 €IEKTPOHHOAOHOPHUMH 3aMICHUKAMU, SIK1
OyAyTh TOCHWIIOBAaTH ii €IIEKTPOHHY B3a€EMOMII0 3 TOBEPXHEI0 MeETajiB, Ta
BEJIMKHMMHU 33 PO3MIpOM YTPYIOBaHHSMH, IO CIIPOMO>KHI TTiIBHIIYBATH 3aXHCHY
110 1HT101TOPIB 32 PaXyHOK CTEPUUHUX €(EKTiB;

- KBaTepHi3allisl HITPOr€HBMICHUX OPTraHIYHHUX CIIOJIYK 1 IPUTHIYEHHS CXUIIBHOCTI
iX JT0 MPOIIECIB KaTAITUYHOTO BUAUICHHS BOIHIO, 110 3a3BUYail MPOTIKAIOTh HA
MOBEPXHI S,p-METalllB;

- BHUKOPHUCTaHHS CYMIIlIEHl OpraHiYHMX CMOJYyK 3 HEOPTaHIYHUMHU aHIOHaMHu abo
KaTioHaMU — J100aBKaMH-CUHEPTICTaMU, K1 CXWJIBHI JI0 3apsHOI Ta €JIEKTPOH-
HOT B3a€MO/II1 SIK 3 OpraHIYHUMH CIIOJTyKaMH, TaK 1 3 TOBEPXHEIO METaiB;

- momaudikyBaHHSA MOBEPXHI €IEKTPOAIB 3 METOIO MiABUIINEHHS iX aIcopOIiifHOT
aKTUBHOCTI 332 PaxyHOK TMPOIIECiB KOHTAKTHOTO OCA/KEHHS BAXKKHX METaJiB,
CJIEKTPOXIMIYHOTO BIPOBA/DKCHHA IY)KHUX Ta JIy’)KHO3EMEIbHUX METaliB,
YTBOPEHHS T'1JIPOKCHU/IIB Ta 1H.

[ari6iTopu koposii mertamniB, po3poOiueni cmiBpoOiTHHUKamMu «KIII im. Irops
Cikopcekoro» [7,20,24], 3 BUKOpPUCTaHHSM HAaBEJACHUX BUIIE HAYKOBUX II1XO/IIB,
3HAWIIIM TMPAKTUYHE 3aCTOCYBAaHHS TIPW KHUCJIOTHOMY TpPaBJICHHI YOPHHX Ta
koJbopoBux MetaniB (iHridiTopu cepii KITH, CITX, CII), ix 3aXuCTi Bii KUCIOTHOT Ta
MIKpOOHOI KOpPO3ii Yy MPUCYTHOCTI CYJb(aTBIIHOBIIOIOUMX OakTepid, po3pooiii
YIOCKOHAJIEHUX XIMIYHHUX JDKEpea CTPyMy 13 HMHKOBUMHU Ta KaJMIEBUMHU aHOAAMH
(iari6oitopu tuny IKC, IKII[), koMOiHOBaHOMY 3aXHCTI BiJl KOpO31i BYTJIEHEBUX
CTaJiel 3 HAHECEHUMH Ha 1X MOBEPXHIO AUPY31HHUMHI TOKPUTTSIMH.

3. BucHoBKH
1. Mopaenb agcopOIii OpraHiuHUX CHOJIYK Ha METallax, 110 3aCHOBaHA Ha YABJICHHSX

PO YTBOPEHHsSI KOMIUICKCIB 3 TIEPEHOCOM 3apsiiy, BpPAaxOBYE BIUIMB Ha
MPOTIKaHHS aAcOpOIlli 3apsiAHOT Ta €JIEKTPOHHOI B3aeEMOJIl MK ajcopOaToM Ta

afgcopOeHToM. BukopucranHs 1€l Mojeni € JIOIIIBHUM TMpU 1HTepIpeTarii
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pPI3HHX BHUIIB aJCOPOIIMHUX TMPOIECIB Ta MEXaHI3MIB ancopOIlii OpraHidHUX
CIOJIyK Ha MeTajax 13 BOAHHUX €JIEKTPOJIITIB.

2. BcraHoBiieHHs ancopOIiiiHOT pIBHOBArv Ha MOBEPXHI METAIIB 3aJI€KHUTh B PSITY
(b13MKO-XIMIYHMX BIIACTUBOCTEH ajcopOaTiB Ta ajcopOEHTIB (MOTEHIlIATIB
10HI3aIlli Ta EJIEKTPUYHOI MPUPOAN ITOBEPXHEBO-aKTUBHUX PEYOBHH, POOOTH
BUXOJly €JIEKTPOHA 13 MeTajay Ta MOro (-moTeHIIaly B IIKajal AHTpPOIOBA), SKi
HEOOX1IHO BHKOPUCTOBYBAaTH IPO MOJICNIOBAaHHI Ta MPOTHO3YBaHHI IMPOLECIB
azcopOIii Ha MeTajax.

3. KowmriekcHe BUKOPUCTaHHS aacopOIiiHOT MOENi, 110 3aCHOBaHA Ha KOHIIEMITIi
YTBOPECHHSI KOMIUJIEKCIB 3 TIEPEHOCOM 3apsily, 1 BpaxyBaHHAM NPHUPOIH
arpecMBHOTO CEpEeJOBHINA Ta MEXaHi3My BIUIMBY aJICOPOOBAHHMX CIIOJYK Ha
YacTKOBI peakiii KOPO3IMHMX MpOIECIB BHUSBISETHCS MEPCIEKTUBHUM IPU
CTBOpPEHHI €(PEKTHMBHUX OpPraHIYHMX IHTIOITOPIB KOpPO3ii METaliB Yy BOJHHX
arpeCUBHUX CEPEIOBUINAX.
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Chemical and potentiostatic formation of conversion molybadatic

coatings on mild steel's surface

Frolenkova S.V., Motronyuk T.I., Overchenko T.A., Ushchapovskiy D.Yu.,
Nahorniy A.
National Technical University of Ukraine «lgor Sikorsky Kyiv Polytechnic Institutey,
Kiev, Peremohy Avenu 37, 03057

Three directions of formation of molybdenum-based coatings on low-carbon steel
have been developed: 1 - chemical passivation of steel with the formation of oxide
protective films modified with molybdenum compounds; 2 - the restoration of
molybdates on the surface of the active steel with the formation of layers of
molybdenum dioxide; 3 - the potentiostatic formation of films containing compounds
of molybdenum on passive or active steel.

For evaluation of the stability and protective effect of KP, the steel samples, after
treatment in molybdenum-containing solutions, were transferred to distilled water or
water, measured the potential and evaluated corrosion resistance by massometric
method.

Keywords: film, molibdate, conversion coating protective effect, passive or active

steel.

XiMiuHe Ta mMoTeHHioCTATHYHE (DOPMYBAHHS KOHBEPCIMHUX

MOJIIOJATHUX MOKPUTTIB HA MAJIOBYIJIelleBil cTaJi

®ponenkosa C.B., Morpontwok T.1., OBepuenko T.A., Ymanoscekuii [1.1O.,

Haropuun A.

Hayionanvnuii Texniunuu Ynisepcumem Yrpainu « Kuiscokuti nonimexuiunuu

incmumym imeni leopsa Cikopcokoeor, m. Kuis, Ilpocnexkm Ilepemocu 37, 03057
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B cywsacHomy cBiTi Bce dactimie MomiibaenBmicHI koHBepciiHi mokputts (KII)
BUKOPHUCTOBYIOTHCSl 3aMICTh XpOMAaTHHX, SIKI 3a3BUYail HAHOCATH SK MiJUIAPOK MiA
nakogapOHi abo mosiMepHI MOKPUTTSA, a TAaKOXK SK CAMOCTIHHI JJIi TUMYacOBOIO
3axuCTy BiJl aTMoc(epHOoi kopo3ii. Exomoriuna Hebe3neka TeXHOIOT1T XpOMaTyBaHHS
CIIOHYKaJla JI0 3aMiHM XpOMaTiB Ha OUIbII €KOJOT1YHO O€3IMeYHl PEUYOBUHH, TaKi SK
TPHOX3aPSAIHUM XpOM, II€pMaHraHatv, MoJiOJaTh Ta BaHajaTu. B OuibmocTi
JOCIIKEHb BU3HAHO, 10 HAWOUTBII MEPCIEKTUBHUMU € MOIOIATH, K1 BUSBIIIACS
e(DeKTUBHUMHU ISl MMIABUIIEHHS KOPO31MHOI CTIMKOCTI B aTrMocdepl altoMiHI,
MarHito, MUHKY Ta iX CIUTaBiB. AJie IS 3aXHCTy MaJOBYIJICIIEBOI CTalll, fKa €
HANO1JIBII PO3MOBCIOPKEHUM MaTepiajioM MPU BUTOTOBIICHH] PI3HOMAHITHUX JIeTalen
JUIsl 6aratbOX rajy3e MpOMMCIOBOCTI, 3ajladya 3aMiHM XpPOMATIB HA JAHUM MOMEHT
HE BUpIIIEHA B3arali.

Mertoro 1aHoi poOOTH € AOCIIKEHHS MPOoIeciB POopMyBaHHS 3aXUCHHUX ILIIBOK Ha
MaJIOBYTJICIICBIN CTaJll B alleTaTHUX Ta OOpaTHUX PO3YMHAX 3 JI0OaBKaMU MOJI10aT-
ioniB. IlinrpyHtsmM st BuOOpy aneraTiB Ta OOparTiB sIK OCHOBHHUX KOMIIOHEHTIB
€JCKTPOJITIB CIYryBajd JITEPATypHI BIJOMOCTI IIOJ0 TIEBHUX IMaCUBYIOUYUX
BJIACTHBOCTEH ITUX aHioHiB [1-3].

1. ExkcnepyMeHTaJIbHA YaCTHUHA

Po3pobieno Tpu HampsAMKH HAHECEHHs MOJIOJEHBMICHUX TOKPHUTTIB Ha
MaJOBYTJICIIEBY cCTajb: | — XiMiYHa MacuBallis CTall 3 YTBOPEHHSM OKCHUIHUX
3aXMCHUX TUTIBOK, MOJM(IKOBaHUX CHOJyKaMHd MOJIOACHY; 2 — BiJIHOBJICHHS
MOJIIOAATIB HAa MOBEPXHI aKTUBHOI CTajll 3 YTBOPEHHSM IIapiB JIOKCHAY MOJIOJEHY;
3 — morteHuiocTaTuyHe (HOPMYBaHHS IUTIBOK, 11O MICTSTh CHOJIYKH MOJIOJEHY, Ha
MacuBHIM a00 aKTUBHIN CTaIi.

st orinku ctabimpHOCTI Ta 3axucHoi Al KII cranpHi 3pa3ku micis oOpoOKu B
MOJIIOACHBMICHUX PO3YMHAX MEPEHOCWIM Y JIUCTHIbOBaHY a00 BOJIOTIHHY BOJY,
BUMIpPIOBAJIM TOTEHI[ia]l Ta OILIHIOBAIM KOPO3IHHY CTIMKICTh MacOMETPUYHHUM

MCTOOOM.
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2. Pe3yabTaTH TA iX 00rOBOpeHHA

B nepmomy TEXHOJOTTYHOMY PEXHMI CaMOBLJIbHA MACHBALlis CTall MPOSIBISETHCS
B 3MIIIEHHI MOTEHI[ialy B MO3UTUBHOMY HANPSIMKY A0 BeJUM4uuH nopsiaky +0,1 - +0,2
B (u.B.e.). 30BHIIIHINA BUIISI TOBEPXHI CTall MPU LOMY NMPAKTUYHO HE 3MIHIOETHCS,
Kopo3is He Bifg0yBaeThcsa. Yac 0OpoOku moBepxH1 cTaHOBUTH 20 — 60 XB. YTBOpEH1
Cipi, 1HKOJIM 31 CJTa0UM pai1y>KHUM BIATIHKOM, IUTIBKH MalOTh MICISII0 — TAMYACOBO
3aXUIIAI0Th CTaJb BiJ KOpO3il y BOAI Ta B MOBITpsHIM aTmocdepi. 3a qaHUMHU
PEHTIeHIBCHKOTO aHAJ3Y IUIIBKU MICTATH 2 — 4 % MoJiOAeHy.

B npyromy pexumi moTeHIian cTaji 3HaXOAuThcs B Mexax Bif -0,3 mo -0.4 B
(H.B.€.), 1€ 3a paxyHOK aHOJHOI pPEaKIlii OKMCHEHHS 3ajli3a BiOYBA€THCS TPOIIEC
BIIHOBJICHHSI PO3UYMHHHUX MOJIOAATIB 710 JloKcuay ModioaeHy. Ha moBepxHi crai
GOpMyIOThCS YOpPHI 3 CHHIM BIATIHKOM 3aXWMCHI TUTIBKHA, MIIIHO 34YeIieHl 3
MOBEPXHEIO cTam. PexoMeH0BaHa TPUBANICTh HAHECEHHS TOKPUTTS CTAHOBUTH 5 +
10 xB. /I mpuCKOpPEHHS MPOIECIB BITHOBJICHHS MOIIONATy, B PO3YMH JI0JaBAJIH
XJIOPUJ aMOHIIO.

Pexxum 3 1a€ MOXITUBICTH YIIPABISATH CKIIAJIOM Ta BIACTUBOCTSIMHU KOHBEPCIMHHMX
MOKPUTTIB. 3MIIIEHHS MOTEHIaly B MO3UTUBHMUA Oik a0 BenunuuHu 0,7 + 0,9 B
OoOyMOBIIO€ 30UTBIIEHHS TOBIIMHA Ta 3aXUCHOI Jii MACHBHOI TUTIBKH OKCHIY
TPHOX3aPSATHOTO 3ajli3a, aje MEePeIIKOKAE BITHOBICHHIO MOJIOAaTy. 3MIIICHHS
noTeHIiany B HeratuBHui Oik 10 E=(-0,7) + ( -0,8) B 00ymMoOBIIOE TIPHCKOPECHHS
BIIHOBJICHHSI MOJIOAATy 10 JIOKCHAY MONIOACHY 3 YTBOPEHHSM (pa30BOi IUIBKH 3
OJTHOYACHUM KaTOJHHUM 3aXHCTOM CTaJll BiJl TOABIIIOTO pO3UYNHEHHS [4].

[ToTeHirian BiAHOBJICHHS MOJIOMATIB 3aJ€XKUTh BiJl CKJIaly PO3UYHUHY, T'OJOBHUM
yrHOM BiJ pH. Po3paxyHKoB1 3HaU€HHS PIBHOBKHUX MOTEHITIANIB peakiii [4,5]

MoO,* +4H* + 2e = MoO, + 2H,0 (1)
HMoO, + 3H" + 2¢ = MoO, + 2H,0 (2)
HaBeZleH1 B Ta0iuill (YTBOPEHHs MOTIMEPHUX 10HIB HE BPaXOBYBAJIN).

3aaHuil cTanuii moTeHIian cTai 3ade3nedyBaid 3a JOIMOMOIOI MOTEHI0CTAaTa.

JIOCTIIPKEHO TaKOX MOXMIJIMBICTh YHPABIIHHA BEIUYMHOIO MOTEHLIATy MUIIXOM

BBEJICHHSI B PO3YMH NEBHUX J00ABOK Ta BHYTPIUIHBOIO eNeKkTpoiizy. Tak, mo6aBku
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10HIB HITPaTHOI

MOTEHITiaTy TTACUBHOI CTaJIl B TO3UTUBHHM OIK.

KUCJIOTH Ta TPbOX3apAJHOTO 3ajli3a CHOPUSAIOTH 3MIIIEHHIO

Tabauus. PiBHOBaXKHA KOHIIEHTpAITis 10HIB MOJIIO1aTy Ta MOTEHIIAIN 1X

BiTHOBJICHHS IIPY 3arajbHil KOHIEHTpanii Momioaeny 4,85-10° M

PiBHOBa)kH1 TOTEHIIIAIIH,
pH Cmoo:> Cumoos
B (u.B.€)
PO3YHUHY M-10° M-10°
Peaxis (1) Peaxiis (2)
53 0,807 4,043 -0,112 -0,11
3,8 0,030 4,820 0,024 0,02

[TornuOneHHs MACHBHOTO CTaHy JOCATAETHCS TAaKOXK HACTYMHUMH IIISIXaMU:
YTBOPEHHSI Ha TMOBEPXHI CTajl MAJOPO3YMHHHUX CHOJYK (10OABKM KaTiOHIB IUHKY,
KaJbIlito, OICMyTy, CTaHyMy, aHioHM ¢ocdartiB, aleTariB); MPUCKOPECHHS peakIii
BIJTHOBJICHHS MOJi01aTiB (100aBKM KaTIOHIB aMOHIIO, aHIOHIB Hiriapodocdaris);
(dhopMyBaHHS 3aXMCHUX aJCOPOLIIMHUX IapiB (AaHIOHW OPTraHIYHUX KUCIIOT, OpTraHivHI
1HTI01TOPH).

3MillIeHHs TOTEHIIaTy CTajll A0 BEJIMYUHH, 10 OOYMOBIIIOE ii KaTOJHUN 3aXHCT
(TEXHOJIOTTYHUHN PEXKUM 2), JTOCATAETHCA 30BHINIHIM KOHTAKTOM CTaJbHUX 3pa3KiB 3
IIMHKOM B KOMIpIll 3 KaTIOHOOOMIHHOIO MeMOpaHow (METOJ BHYTPIIIHBOTO
enekTpoizy). Crajib 3aHypIOBaJlM B OCHOBHUM €JIEKTPOJIT, a IIMHK - B (POHOBHI
PO34YMH XJIOpUAY aMoHIil0. [Ipy KOpOoTKOMY 3aMUKaHHI €JIEKTPOJIB LMHK HaB s3ye
CTaJi CBiIf HEraTHMBHUN TMOTEHIad. BenmnuumHy mOTEHIiany cTali perytoBan
NIMOMHOKO 3aHYypPEeHHs, TOOTO IUIOHIEI0 ITMHKOBOTO aHoja. AHOJIT MOCTYIIOBO
30arauyeTrbcsd Ha WOHM IIMHKY, XO4ya IMIBUAKICTh PO3YMHEHHS LIMHKY JOCHTH Mala.
[Tpy HakOMUYEHHI BEIMKOI KUIBKOCTI HOHIB IMHKY aHOJIT MOKHa BUKOPHUCTOBYBATH
JUTS TIPUTOTYBAHHS XJIOPUCTOAMOHIHHOTO €NEKTPOIITY IIMHKYBAHHSI.

3. BucHOBKH

[Ipu bopmyBaHHI TOKPUTTS METOJOM BHYTPIIIHBOTO €JIEKTPOII3Yy MOTEHI[IAN CTal
maino 3MmiHtoBaBcs B 4Yaci. Tomuny KII BH3Hauanm MacoOMETpUYHMM METOJIOM B

pO3paxyHKy Ha MIOKCHJ MOJiIOAeHY. 3a OJIHYy TOAWHY OCAJDKEHHS MPHU TMOTEHITIaml
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E =-0,75 B 6yno oTpruMaHe MOKPUTTS TOBIIMHOIO 2,5 MKM. [IOKpUTTS Mano 4opHHiA
HACHMYEHUHN KOJip, OyJIO MIIFHUM Ta MIIHO 34ETJICHUM 31 CTaJIeBOIO TTOBEPXHEIO.
Haiikpami 3 toukm 3o0py 3axucHoi aii KII pesynbpTaTé ojepkaHO MHpH TaKUX
pexXnMax oOpoOKHU CTalIi:
1— macuBaris cTaii npu 3aJjlaHoMy BUCOKOMY IMO3UTHBHOMY IMOTEHIIaMl (Cipl TUTIBKH);
2-moTeHIiocTaTiyHe (OpPMYBaHHsS IUNBKH JIIOKCHUAY MOJIOJAEHY MpPH BUCOKOMY
HEraTUBHOMY MOTEHIliaNl, KU OOyMOBIIO€ KAaTOAHMM 3aXHUCT CTami 1 3amoOlirae
M1ITPABJICHHIO CTAJIbHOI OCHOBU (YOPHI TUTIBKH);
3—nBocTaaiitHa oOpoOka — MacuBarlis CTaxl 3 HAKJIAJAaHHSM IMOTEHI[IOCTATHYHOTO
BIJTHOBJICHHSI MOJIIOAATY (YOpH1, TEMHOCHHI IUTIBKH 3 pali{y>KHUMU BIATIHKAMH);
4-moteHuioctaTuyHa 00poOka crani npu noteHmiani -0,15 + -0.3 B B Takomy
MacUBYIOYOMY PO3UHMHI, Jie¢ CTajb 3HAXOJAWThCA B MACUBHOMY CTaHl, a MOJiOAaTH
BIJIHOBITIOIOTHCS, X04a 1 3 HEBEJIMKOIO MBUAKICTIO (paiiayxHi TuriBku). OO6po06IieHi B
MoaIOHOMY pEeXHUMI CTajdbHI 3pa3Ku TEPEHOCHUIN Yy BOAY 1 BOHU 3alIUIIAIHCS

MacUBHUMHM 0€3 03HaK KOPO3ii BIIPOJIOBK BCHOTO TEPMiHY BUIIPOOYyBaHb — 168 ro.
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Influence of corrosion on percolation of current and mechanical

integrity of anodes in oxygen sensors

Buket O.1., Vashchenko O.M.
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
Peremogy pr.,37,03056, Kyiv, Ukraine

The technical realization of scientific research always comes up against the
problem of corrosion. This problem often has the following two general technical
aspects: the effect of corrosion on the mechanical integrity of an object and the effect
of corrosion on the transfer of electric current in the object's body [1]. These aspects
acquire some independent significance under the condition of polyphase composite
electrodes. Then consider the phenomenon of current percolation through a
conductive matrix [2], which prevents the reduction of the cross section of the
network of conductors due to their corrosion. In this case, the mechanical integrity
and percolation of current do not correlate with each other absolutely exactly.
Therefore, such a case, characteristic of porous lead anodes of amperometric sensors
[3], requires detailed study. The relevance of the study is substantiated by the
importance of the problem of reliability of technical means of monitoring the
suitability of air for human breathing, an important component of which are
amperometric sensors [4]. The results obtained showed that the magnitude of the
corrosion conversion of the mass of the electrode affects the current and strength of
the electrodes in full accordance with the geometric parameters of the structural
components of the porous electrode. The main parameters are the grain size, the area
(or average diameter) of the contact patch of the grains and the relative porosity of
the electrode. Therefore, the deep corrosion indicator, as meaningfully closest to the
geometry, should adequately assess the effect of corrosion on the reliability of
electrodes, taking into account their mechanical integrity and current percolation by
their conductive matrix. It is shown that an inversion of the action of crevice
corrosion is observed, which results in the preferential oxidation of the metal not in
the gap, but opposite the free pore due to current shielding in the electrolyte solution
volume, which substantiates the technical possibility and feasibility of using porous
pressed electrodes. Without such an inversion, the use of porous pressed electrodes
would be fundamentally inexpedient due to the loss of current percolation and
mechanical integrity at the slightest anodic oxidation of the electrode material.

Keywords: amperometric oxygen sensor, porous lead anode, corrosion, resource,
mechanical integrity, current percolation.
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BruiuB Kopo3ii Ha MEePKOJISIII0 CTPYMY i MeXaHIYHY HUTICHICTH

AHO/IB CEHCOPIB KUCHIO

byker O.1., Bamenko O.M.

Hayionanvnuii mexuiunuii ynisepcumem Yrpainu "Kuigcokuil nonimexHiyHuu

incmumym imeni leops Cikopcwvkoeo”, np-m I[lepemoeu, 37, 03056 m. Kuis, Ykpaina

TexuiyHa peasizailisi HAYKOBUX PO3pOOOK 3aBXKIM HAIITOBXYETHCSA Ha MpoOiIeMy
Kkoposii. [{sg mpoOieMa 4acTo Mae HACTYIHI JiBa 3arajbHO TEXHIUHI aCIIEKTH: BILJIUB
KOpO3ii Ha MEXaHIYHy IUICHICTb O00’€KTy Ta BIUIMB KOpO3il Ha MepeHoC
CJIEKTPUYHOTO CTPYMY B TUII 00°€kTy [1], 10 0COOMMBO XapaKTepHO MJisi TEXHIYHOI
enexkTpoximii. Haifuacrime 1i acmekTH € KOPCTKO B3a€MOMNOB’si3aHuMU. Jluiie 3a
YMOBH MOJipa3HUX KOMIO3ZUIIMHUX eJNEeKTPOAIB BOHM HAaOyBalOTh JESKOTO
CaMOCTIMHOTO 3HaueHHS. ToAl PO3IIANAIOTh SBHUINE MEPKOJAIIl CTpyMy uepe3
€JICKTPOTPOBIAHY MaTPHILIIO [2], SKOMY NEPEIIKOAKAE CKOPOUCHHS NEPETHHY MEPEXKI
MPOBITHUKIB BHACHIJOK IX KOpo3ii. Y 1bOMYy BHUMAJKy MeEXaHiuHa IUIICHICTH 1
MEPKOJIALIS CTPYMY HE KOPENIOIOTh MiX CO000I0 abCOMIOTHO TOYHO. Tomy Takui
BUIAJIOK, XapaKTepHUW [JIsi TOPUCTHX CBUHIIEBUX AaHOJIB aMIEPOMETPUUHUX
ceHcopiB [3], BuUMarae JETAIBHINIOTO BHUBYEHHS. AKTYaJbHICTh JOCIIIKEHHS
OOTPYHTOBYETHCSI ~ BaXKJIMBICTIO  MPOOJEeMH  HAAIMHOCTI  TEXHIYHMX  3aco0iB
MOHITOPUHTY TPHUIATHOCTI TOBITPS JUIsl JWXaHHS JIFOJWHH, BAXXJIMBOKO CKJIAJOBOIO
AKUX € aMIIEpOMETPUYHI ceHcopH [4].

[Tonepenni AOCHIKEHHST MIATBEPAWIN HAIIAHICTh CUCTEMU CBUHEIb-TY)KHUN
€JIEKTPOJIIT B YMOBaX MPUPOIHUX KOHLEHTpAaLlld BYIJIEKHCIOrO Ta3y y MOBITPI K 3
TEOPETUYHOT TOYKU 30Dy (3a TEPMOIAMHAMIKOIO €JICKTPOXIMIYHUX MPOIIECIB), TaAK 1
excriepuMeHTanbHo [5]. Haspinma morpeba BU3HAYMTH HAMIAHICTh 11 TEXHIYHOI

peaizarii.
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1. MeTroanka eKCliepMMEHTY

ExcriepuMeHTH TIPOBOUIIN Ha €JIEKTpoaax po3mipoM & 18 x 8§ MM mpecoBaHUX 3
TPaHyJ CBUHIIIO CEPEIHIM JIiaMeTpoM | MM, aHAJIOTIYHUX €JIEKTPOaM, JOCTIHKECHIM
panime [5]. BumipioBaHHs NMpOBOAWIM 332 3BUYANHOIO TPUEIEKTPOJHOI CXEMOIO B
CTaHJApPTHIA KOMIpIll 3 KoMIUIeKTy noteHiioctata [11-50-1.1. JocmiaHi enekTpoau
niJ1aBajid aHOAHIM mossipuzauii y myxkHomy posuuHi 30% KOH. BumnpoOysanus
MIPOBOAMIIM TIPY CTPYMOBOMY HaBaHTakeHH1 Ha enekTpoi Bif 0,1 mo 100 MA. ITicns
nporyckanHs 10 % BiJ TEOPETUYHOTO PECYPCY €IEKTPOAa, HOTo BUIIMAIU 3 PO3UMHY,
MPOMHBAIH, CYIIHJIA (DUIBTPYBATHHUM TanepoM. 3a3BUYail 3yCHJUIS Ha CTUCHEHHS
MIpH eKCIUTyaTallii CEHCOPIB KMUCHIO HE MepeBaXkatoTh 5 Kr. ToMy BUIIPOOOBYBaHHS Ha
MIIHICTh TPOMHUTUX 1 BUCYIICHHX €JEKTPOJIB MPOBOIMIM MK JIBOMAa IIACKHUMH
KepaMiYHUMH TUTUTKAMHU, BEPXHIO 3 SIKHX HABAHTAXKYBAJIW €MHICTIO 3 5 JI BOIM.

BunpoOoByBanu naptii OAHOTUIMHUX €IEKTPO/IB KIIBKICTIO BiJ 7 HITYK.

2. Pe3ysabTaTH Ta iX 00rOBOpEHHS

Sk 1 6y7n0 nmokazaHo padimie [5], 32 yMOBU HAasIBHOCTI CBHHIIIO 1 HOTO caMOBUIBHOT
KOpOo3ii a00 NPUMYCOBOTO AaHOJHOTO OKHCHEHHS IOBHA KapOOHI3allisl JY>KHHUX
po3unHIB He BiAOyBaeThcs. llomepenni excrnepumeHTH [3] TakoX IMOKa3ad, IO
ONTUMAJIbHOIO TOPUCTICTIO CBUHIEBUX aHOMIB € 16 %. Liif mopuctocTi BianmoBigae
MaKCUMaJIbHO MOXJIMBA IJIOIIA KOHTAKTY 3€PEH MPU MOXKIMBOCTI aKyMYJIIOBAaTU y
nopax €JIEKTpoJla MaKCUMAaJIbHy KUIBKICTh MPOAYKTIB aHOJHOTO OKMCHEHHS METally
[3]. 3a i€l yMOBH BIAETHCS AOCATTH CTYNEHIO BUKOPUCTAHHS Macu CBHUHIIIO 70 25%
1 HaBiTh 30 %.

MaxkcuMaabHO MOXIIMBHIA pecypc eIeKTpo/ia BU3HAYAIM SIK TaKHil, 1110 BiJMOBIAA€E
MOBHIM  BTpaTi TMepKojslii  cTpymy. B omumcaHux ymoBax — eKcIutyartarii
BUIIPOOOBYBaHI aHOAM BTpavyalld MEPKOJIALII0 CTPYMy IPH BUKOPUCTAHHI OJIM3BKO
25 % Macu enekTpoja, fKa y JaHuX mociuiiax cranoBwia 16,0 r. Butpauenwii y
JOCJTII1 BITHOCHUHM pecypce p, BU3HAYAIM Y BIJICOTKAX BiJl MAKCUMAJIBHO MOKJIMBOTO

3a 3akoHOM Dapajes BIAMOBITHO 10 PIBHAHHS
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1M
025-m-z-F

)2 100 %

(1)

ne M 1 z — MossipHa Maca 1 YMCIIo €KBIBAJICHTIB JOCIIKyBaHOTO MeTany, F — uncio
dapanes,

m — Maca eJIeKTpo/ia,

0,15 — MakcMaIbHO MOYKJIMBHUH CTYITiHb BUKOPHCTAHHS MacH €JICKTpo/a,

I — cuna ctpymy BunpoOyBaHb,

T — TPUBAJIICTH BUIIPOOYBaHb.

0 20 40 60 80 pu, %o

Puc. 1. 3anexHicts BiporigHocti W BTpaTH MIIIHOCTI MOPUCTOTO CBUHIIEBOTO aHOA
BiJl BITHOCHOTO BUKOPUCTaHHS HOro pecypcy 3a piBHAHHAM (1), cria aHOAHOTO

ctpymy, MKA: 1 —10; 2 —100; 3 — 1000.

Biporignicte BTpatu (OpMH €JIEKTpojaa TiJ 3yCHJUIAM 5 KT 3a OJepKaHUMHU
pe3ynbTaTaMu HaBeJeHa pUC. 1, 3 AKOTO BHJHO, IO BUIPOOOBYBAaHHS E€IEKTPO/IIB
ctpymamu 70 10 MKA Majo BIUIMBAa€ Ha BiIMIHHOCTI y MIIHOCTI — IMPAaKTHYHO BCI
CJIEKTPOJM PYHHYIOTbCA MiJA Ji€l0 3ycuwiuid S5 Kr npu BukopuctanHi 50 % Bix
MaKCHMaJIbHO MOXKJIMBOTO pecypcy. 30UIbIIEHHS CHIIA CTPYMY BEZ€ /10 MEePEBaXHOTO
OKHMCHEHHS €JIEKTPOAIB IO 30BHINIHIA, BHAUMIN IUNHAPUYHIA TIOBEpPXHI W
MPU3BOAUTH JI0 TIEpEAYacHOTO pyiHyBaHHs. [IpudnHa momisiranga y Tomy, 0 3yCHIUIS

CTHCHEHHS MPUKJIAAaIocs 0 caMe 10 TUCKOBUIHUX TOPLIB €NEKTPOIB, OJIUH 3 SKHX
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y Jnocmigax OyB TOBEPHEHUH N0 MOMOMIKHOTO €JEKTPOAa JOCIITHOI KOMIPKH
aHAJIOT1YHO TOMY, SIK MOJIOHI €JIeKTPOAH MOBEPHEHI A0 MPOTHIEKHOTO EIEKTPoaa y

CEHCOPHUX CHCTEMax. 3epHa CBUHII0O Yy HA3BaHOMY TOpLI UUJIIHIPUYHOIO aHOMAA

M1aBaIUCS HAWO1IbIIT 1HTEHCUBHOMY OKHCHEHHIO, HACHIJIKOM 4Oro Oyja IIBHUJKa

BTpaTa MILHOCTI.

Puc. 2. HepiBHOMIpHa MOsipy3aliisi MIOBEPXHI MOPUCTOTO €IEKTPOIa BHACIIIOK
B3a€MHOT'0 €KpaHyBaHHS CTPyMy B 00’ €M1 pO3UUHY €IEKTPOIiTy y nopi, 1 — meta; 2

— €JIEKTPOJIT; 3 — PO3MOJILJI BEKTOPIB CTPYMOBOI'O HABAHTAXKEHHS

Opnepxani pe3ynbTaTy BKa3ylOTh HAa LUTKOBUTY 1HBEPCIIO 1T KOpo3ii y miinuHi. Tak
BIJIOMO, M0 IIIJIMHHA CaMOBUIbHA KOPO3isl 3 KHUCHEBOI 1 HaBITh BOJIHEBOIO
JETOJAPU3ALIEI0 CTIPUSE AHOAHOMY OKMCHEHHIO METaJeBOro BUpoOy IepIl 3a BCE B
MaJIOJIOCTYIIHUX MICISIX BHACIHIJIOK HEPIBHOMIPHOI TOJISIpU3allii  YNOBUIbHEHUM
TpaHCIIOPTOM  Jemnosisgpusaropa. Ilpore B aMmepoMeTpUYyHOMY  CEHCOPi
JIETIONISIPU3ATOP BITHOBIIIOETHCS MEPEBAXKHO HA POOOYOMY €JIEKTPO/I1, BHACIIOK YOTO
CTPYM Yy LIUIMHI B3a€EMHO €KPAHYETHCS, SIK MOKa3aHO Ha puc. 2. Tomy, OKMCHEHHS
3epeH CBUHITIO ]I MepEBAYKHO HABIPOTHU TOPH, sIKA € KAaHAJIOM TIEPEHOCY CTPYMY TIO
MPOBIAHUKY ApYyroro poay. Taka iHBepCis IPUHIIMIIOBO YMOXJIMBIIIOE €KCILUTyaTalllio
MOPUCTUX TIPECOBAHMX EJIEKTPOJIB. [HaKIIE BCl €IEKTPOAU MOAIOHOT KOHCTPYKIIii

BUXOAWIM O 3 JaJy NpU BHUKOPUCTAHHI TMEPUIOrO X BIACOTKA BIJ TEOPETUYHOIO

pecypcy.
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3 muxX OpuyuH 301IbIIEHHS IUIAMHA KOHTaKTy MDK 3€pHaMU CBHHIIO BHACIIIOK
MIJBUILEHHSA 3yCWUJIS TMPECyBaHHA Ma€ CHOPUITH 30UIBIICHHIO MAaKCUMAalIbHO
MOKJIIUBOTO PECYpCy €JIEeKTpojaa 3a CTpyMOM. Jl0aTKOBI €KCHEPHUMEHTH MOKa3ajH
OpOMOpLIMHE  3pOCTaHHS  PEeCypcy  MIIHOCTI  — PYWHYBaHHS  €JIEKTPOJIIB
CIIOCTEpIra€eThesl Mpu BUKopucTanHi 70 % BiJ MAaKCUMAJIBLHOTO PECYpPCY 3a CTPYMOM.
[Ipore onHouacHo Oyli0 TOKa3aHO, LIO0 MPHU I[bOMY 3HUKYETHCA HAIINHICTD
€JICKTPOAIB IO Mipi 3MEHIICHHS iX MOPUCTOCTI. [l €NEeKTpPOMaiB 3 MOPHUCTICTIO
menmie 20 % 1HOAlI BUSIBISETbCS OCOOJIMBUI BUJ PYyHHYBAaHHS MiJ A1€I0 KOpO3il —
pPO3pUB E€NEKTPOIIB i [1€I0 BHYTPIIIHBOIOPOBOIO THUCKY MPOAYKTIB KOpO3ii.
Bunpo6oByBaHHSI CBHMHIEBUX €JIEKTPOAIB, AHAJIOTIYHUX OMNUCAHUM 10 puc. 1, y
po3umHi 30 % KOH npu ctpymi anognoro okucHeHHss 500 MKA mokasano, o Mnpu
3HI)KEHHI TOpUCTOCTI enektpoaa Big 20 % 1 HUXKYe pocTe BIPOTIAHICTH PO3PUBY
eJIeKTpoda Mia JI€0 TUCKY, KU CTBOproe Outbiuii 06’em PbO, yTBOproBanuii Ha
MICIII OKMCHEHOTO CBUHIO. ToMy, sk Oyio mokaszaHo padimie [3], onTHMalIbHOIO
MOPUCTICTIO CBUHIIEBOTO €JIeKTposa € 16 %, OCKIIbKM MpU BUIINA MOPUCTOCTI
MaKCUMaJIbHO MOJIMBUN PECypC 3HMKYETHCS BHACHIIOK 3MEHIICHHS IOl TUIIMH
KOHTAKTy 3€PEH, a MPU HUKYIi MOPUCTOCTI MAKCUMaJIbHO MOXKIIMBUIA PECypC 3HAYHO
nepeBakae 37aTHICTh MOP MpUMatTH y cede 00’eMHI TPOIYKTH KOPO3ii 6€3 3HaYyHO1
nedopmariii, MO BUKIWKAE MEPEAYACHUN PO3PUB E€JIEKTPOJa SK CTPYMOIPOBITHOI

MaTpHII.

3. 3akiIr04eHHs

3 onepKaHUX pe3yJbTaTiB MOXHA 3pOOUTH BUCHOBOK, 110 BEJIMUMHU KOPO31HHOTO
MIEPETBOPECHHS MAaCH €JIEKTPO/Ia BIUTMBAIOTH HA PECYpPC €ICKTPOIIB 32 CTPYMOM Ta 3a
MIIHICTIO y TOBHIM BIJMOBIAHOCTI J0 TEOMETPUUHHMX MapaMeTpiB CTPYKTYPHHUX
CKJIaJIOBUX IMOPUCTOTO €JIEKTpoja. BuzHavalbHUMHU MapaMeTpamMu € po3Mip 3epHa,
moma (abo cepemHiil MiaMeTp) TUIIMH KOHTAKTy 3€pPEeH Ta BIAHOCHA IMOPHCTICTH
enexktpoaa. ToMy rimuOMHHMM MOKAa3HUK KOPO3ii, SIK 3MICTOBHO HAMOUIBIN OJM3BKUI

70 TeoMeTpii, Ma€e JTO3BOJIATH aJCKBAaTHO OIIHIOBAaTH BIUIMB KOPO3ii HAa HAaIIMHICTH
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€JIEKTPO/IIB 3 OIJISAY Ha iX MeXaHIYHY IUTICHICTh Ta MEPKOJALII0 CTPyMy MO iX
SIEKTPOIPOBiAHIN Matpuili. [lokazaHo, 1m0 CroCTepiraeThes 1HBEPCIs il MIUTHHHOT
KOpO3ii, HACJIIKOM YOT0 € MepeBaKHEe OKUCHEHHS METally He B IIIJIMHI, a HABNPOTH
BUIBHOI MOpPU BHACIIJOK €KpaHyBaHHS CTPyMYy B 00’€Mi PO3UMHY €JIEKTPOIITY, LIO
OOTpYHTOBYE TEXHIYHY MOXJIUBICTH 1 JOUUIBHICTh 3aCTOCYBaHHS IOPUCTUX
MPEeCOBaHMUX eJeKTpoiB. be3 Takoi 1HBepCii 3aCTOCYBaHHS MOPUCTHX IPECOBAHUX
€JIEKTPOo/1iB OyJI0 6 MPUHIIMIIOBO HEJOLUUIFHUM BHACHIIOK BTPATH MEPKOJIALIT CTPyMy
H MexXaHIYHOI IIJIICHOCTI TPH HAWMEHIIOMY aHOJHOMY OKHMCHEHHI Marepiary

eJIEKTPO/IA.
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Inversion of metal oxide composites structural matrixes

Sakhnenko N.D., Ved’ M.V., Karakurkchi A.V., Mayba M.V.
National Technical University Kharkiv Polytecnic Institute, 2, Kyrpychova str.,
Kharkiv, 61002

The principles of formal description for the metal-oxide systems with a wide
spectrum of application fields, based on electrochemical technologies of synthesis an
are offered. The description of the such systems state is proposed to be constructed by
the graphs theory, which allows to visualize the nature of transformations and to
establish quantitative parameters of dynamics of the indicated processes as the
intensity of transitions between individual states. A generalized inversion scheme of a
two-component bimetal system is constructed, which takes into account the presence
of individual metals, their alloy, two monoxides and a hetero oxide compound. The
factors influencing the nature and intensity of transitions between the nodes of the
graph are analyzed and an example of inversion of a metal oxide composite structural
elements is shown.

Key words: electrochemical synthesis, inversion, metal oxide systems, structural
elements, formalization

IuBepcist CTPYKTYPHMX MATPHUIb METAJTOKCHIHUX KOMIIO3UTIB

Caxnenxo M./I., Bens M.B., Kapakypkui I'.B., Maii6a M.B.

Hayionanvhuti mexuiunuti ynisepcumem « XapKi6cbKuti NOATMEXHIYHUL THCMUMYM »,

M. Xapxis, eyn. Kupnuuosa, 2, 61002

Cy4acHUM TPEHJIOM XIMIYHOTO MaTepialio3HABCTBA € CTBOPEHHS TaK 3BAHUX Smart
MaTepialliB 3 HEBHUEPITHUMHU TaTy3sSMU 3aCTOCYBaHHS. Ta OJHIEIO 3 HEMepeciuHuX
npobsieM, 10 TajlbMYIOTh BIPOBAKEHHS TaKUX MaTepiadiB, € 7iXHS BHCOKa
co0iBapTiCTh, HEOOXIMHICTh 3AJTY4YCHHS MPEIU3IMHOr0 OO0JaJHaHHS Ta BHUCOKHUX
TEXHOJIOT1M, OaratoctaaiiHicTh. O3HaYeH1, Ta 1HIII YMHHUKH, CXOXKI 3a TPHUPOJIOIO,

3HaYHO CTPUMYIOTh BUKOPHUCTAHHS TaKUX MaTepialiB, Ta, 3 IHIIOTO OOKY, CIPHUSIOTH
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PO3BUTKY HOBITHIX TEXHOJIOTIH 1 OJEp>KaHHIO HOBHX 3HaHb. OMHHM 13 NUISIXIB
MOJI0JIaHHSI TPUHANMHI YacTUHU 3 TepeiueHuX NpoOJieM € 3acTOCyBaHHs smart
MarepiaiB He B (OpMI KOHCOJIIOBaHOI CyOCTaHIlli, a TOKPHUBIB BapilioBaHO1
TOBIIMHHU, C(HOPMOBAHUX HaA TMOBEPXHI METAJIEBUX HOCIIB, IO JO3BOJISIE JOCATTH
CYTTEBOT €KOHOMIi KOIITOBHUX METAJIB, CIJIABIB Ta iXHIX CMOJyK. Taka METOM0J0T1s
Maike 3aBXJM BHIpPaBJaHa, OCKUIBKM B TIEPEBXKHIA OUIBIIOCTI BUIAJKIB
3acTOCyBaHHA (DYHKIIIOHATFHUX MartepialmiB Tmepembadae poOOTy Jjwmimie  iX
MTOBEPXHEBOr0 IIapy, TOMY 3aXHUCHI, JIEJIEKTPUYHI, KaTaJIiTU4YHI, BUCOKOMIPOBIIHI,
PE3UCTUBHI Ta 1H. BJIACTHBOCTI pPEali3yIOTbCSI caMe€ B TOBEPXHEBUX IIapax,
HE3aJIe)KHO BIiJl CTYNEHIO IMIOPCTKOCTI. 3HAYHOIO MIPOIO II€ CTOCYETHCS 1 BCHOTO
po3maitTs MmetanokcuaHux cucteM (MOC) — BiT MOHOOKCHJAHUX 3aXUCHHUX JIO
KOMIIO3UTHUX 1 T€TEPOOKCUIHUX ENEKTPOXIMIYHMX MOKpuUBIB. OAHAK MOTJIAIM Ha
CTPYKTYpO- 1 pa30yTBOPEHHS B MOJIMETAJIEBUX 1 OKCUIHUX CHUCTEMax PI3HATHCH, IO
HE JIO3BOJIAE 3 €IUHUX NO3MUINNA 3JIMCHIOBATH IX JW3aMH, a BIJATAK 1 ONTHMI3AIlIIO
TEXHOJIOTIYHUX TMPOIIECIB BHUPOOHUIITBA, TOMY CTBOPCHHS Yy3arajJlbHEHOTO OIHUCY
MOC € HarajabHOIO MOTPEOOIO CHOTOICHHSI.

1. Cran npo0.siemn

B norounwmii yac cepes MOKPUBIB 3HAYHY POJIb BIITPAIOTh KOMIIO3UTHI MaTepiaiiv

3 METalleBOI0 MATPHIIEI0, O CKJIaay SKHX B poJii Apyroi ¢aszu iHKOPIOPOBAHO
OKCUJIM — aJIOMIHIIO, TUTaHy, LHMPKOHIIO, Ta 1H. 3aCTOCYBaHHS cCaM€ METajleBOi
MaTpull, sIKy GOpMyIOTh Ha METAJIEBIM MiAKIA L1, Ma€ YUCIIeHH] nepesary [1, 2].

BoaHouac He MeHIII PO3MOBCIOIKEHUMHU € 1 OKCHJIHI TOKPUBH, TOJIOBHUM YHHOM
Ha BEHTWJIHLHHUX MeTajlax — THTaH1, IIUPKOHII, alfoMiHii, H10011, TaHTaml. B meskux
rajiy3sx MPOMHUCIOBOIO BUPOOHUITBA (reTeporeHHU Ta (oTOKaTaNl3, CEHCOpHI
€JIEeMEHTH, HaHO- Ta MIKPOEJIEKTPOHIKA) MI0 CKJIaay TAaKWX OKCHUIHUX TIOKPHBIB
BKJIIOYAIOTh B POJIi JIETYBAJIbHUX KOMIIOHEHTIB METaJM Ta IXHI OKCHIM, IO HAaJae
3MOTy CYTT€BO MOJIMIIYBAaTH (DYHKI[IOHAJIbHI BJIACTUBOCTI TAKUX T'€TEPOOKCUIHUX
KOMIIO3HUTIB [3-5].

Cepen mnpakTHUYHO peaTi30BaHMX TEXHOJIOTIH KOMIIO3UTHUX MaTepialiB 1

MOKPHUBIB MOKHA BUAUIMTH YUCICHHI TPYIH CIIOCO0IB, IO PI3HITHCS 32 MPUHIIUITAMH
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oprasizaifii — MeTalypriiiHi, TEPMOKOHJEHCAIlIiiHi, MPOCOYyBaHHS Ta BHIAIY,
noiiMepu3amii, 301b-reib 1 T.d. BTIM MOXHAa BHOKPEMHUTH CYKYMIHICTb
raJIbBAaHOXIMIYHUX METOJIIB — KaTOJAHE OCAKEHHS, aHOJIHE OKCUIyBaHHS, 30KpemMa i
MJ1a3MOBO-CJICKTPOTITHYHE,  eleKkTpodope3 Ta  1H.,, BI3UTIBKOIO  SKHX €
OJIHOCTAIIMHICTh, MOXJIMBICTh peaiizailii Ha cepiiHOMY oOJajHaHHI, BHUCOKHI
pIBEHB aJamnTarlii 10 aBTOMaTH3allii Ta pOOOTOTEXHIKH, THyUYKEe KEpyBaHHS mepedirom
MIPOIIeCy, BUCOKA MPOAYKTHBHICTD Ta 1HII, HE MEHII 3HAYYIIll €JIEMEHTH, K1 POOIISIThH
Taki TEXHOJOTIi Maibke Oe3albTepHATUBHUMH. Bil3HauMMmo 1€ OAHY, Maibke He
peali3oBaHy MOXJIMBICTh TaKHUX TEXHOJOTIH, — 3JaTHICTh 10 1HTErpaiii B OJHOMY
TEXHOJIOTIYHOMY LHUKJIl PI3HUX TajlbBAHOXIMIYHUX CHOCOOIB CHHTE3Y. SIK mpHKian,
HaBeJIEM peaji3oBaHUN HaMU MPH CTBOPEHHI MarHiTOEJIEKTPUYHUX HAHOJIAMIHATIB
TEXHOJOTIYHUNA JIAHLIOT, 0 CKJIaay SKOTO BXOJIWIM IJ1a3MOBO-EIEKTPOIITUYHE
OKCUJIyBaHHS Ta eJIeKTpodOopeTHYHEe OCaHKEHHS [6].

2. PoOoua rimore3a

HaBeneni Te3u € eneMeHTaMHu JIOTIYHOTO KOPTEXY, L0 CKJIala€ MIATPYHTS A0
HOBOI TMapajurMu XIMIYHOTO MaTepiajo3HAaBCTBA B IIAPWHI CTBOPEHHS smart
MaTepialiB  — 1HBEpCis MPUPOAU CTPYKTYPHHX €JIEMEHTIB METaJOKCHIHUX
KOMITO3UTIB 3a PaxXyHOK Bapiaiii TeXHoJOTi4HMX 3acan [7]. SIk mpuknaa MokHa
posrisgatu Taki cucremu, sk Ni-TiO,, Ni-Al,Os, Fe-ZrO, Tta iH. [8, 9], B skux
CTPYKTYpHI €I€MEHTH «MaTpulls» 1 «apyra ¢aza» MOXKHA 1HBEPTYBaTH 3a PaxXyHOK
3MIHEHHS PEXKUMIB 1 TMapaMeTpiB €JIEKTPOJi3y Ta KOMIIOHEHTHOTO CKJIaay
enektpoiniTiB. CaMe Ha TaKMX 3acaZax MOXKHA JIOKOPIHHO 3MIHIOBATH BMICT Ta
CHIBBIAHOIIEHHS OKpeMux ¢a3, popMyBaTu Hamepea 3aJaHy T€OMETPII0 MOBEPXHI —
Bl Maibke J3epKajibHO OJUCKY4Oi J0 PIBHOMIPHO TOpyBaToi a00 3 BHCOKOIO
nUTOMOIO TIonier0. CUCTEMHE JTOCHIKEHHsI 1HBEepCli CTPYKTYpU METaJTOKCHIHUX
KOMITO3UTIB JIO3BOJIUTh OJEP>KAaTH HOBI 3HAHHS IIOJI0 YMHHHKIB BIUIMBY HAa TOHKY
CTPYKTYpY MaTepiaiiB, BUSIBUTH KBAHTOB1 €(DEKTH B HAHOPO3MIPHUX IIapax MOKPHUBIB
[10], 3mificHIOBaTH JeTyBaHHS TaKUX CTPYKTYyp B IIHPOKHX MeEXax BapirOBaHHS
KOMIIOHEHTIB, a TAKOXX MPOBOJIUTH LIILOBUH MOIITYK BUCOKOS(HEKTUBHUX MaTEePialliB 1

CTPYKTYp AJisi HOTped 6aratbox rary3eil IpOMHUCIOBOTO KOMILIEKCY.
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3. ®opMmastizoBaHuii ONKMC iHBEPCii JIBOXKOMIIOHEHTHUX CHCTEM
Ha nam nornsin y3aranbHeHy cxemy 1HBepcii IBOKOMITOHEHTHOI OimeTanieBoi (M1
1 M2) cucremu JOIIILHO HaJaTH Yy BUIJISAI Opl€EHTOBaHOro rpada, 1o J03BOJISE
HAOYHO B1I00pa3UTH MPUPOJY NEPETBOPEHb 1 BCTAHOBUTU KIJIBKICHI HapaMeTpH
JMHAMIKA O3HAYE€HUX MPOILIECiB (IHTEHCUBHOCTI MEPEXO0/IiB MK OKPEeMHMH CTaHaAMU
cucteMu). 3anuiiemMo TpaHcdopmarllii, ski OyayTh MaTh Miclle B Takii
METAJIOKCUIHIN cuctemi, B ¢opMi OpyTTO-piBHSHB, a OKpemi (a3u Oyaemo
acoIlifoBaTu 3 By3jaaMHu rpada.
Jlo 4Kcna nepeTBOPEeHb CIIiJl BITHECTH YTBOPEHHS 1HANBIAYaTbHUX OKCHU/IIB
M1 — (M10Ox), (1)
M2 — (M2Qy), (2)

1 3MIIIAHOTO OKCUY (TETEPOMETATIEBOTO OKCHU/TY)

(M1IM2) — (M10x-M20y) (3)
Kpim nporo, BpaxyeMo ¢hopMyBaHHs OIMETAIEBOIO CIJIaBY (IHTEMETAIITY)

Ml & (MIM2) & M2, 4)
a TaKOX BJIACHE KOMIIO3UTY 3 METAJIEBOIO MAaTPHUIICIO BapiiiOBaHOT MPUPOIH

Ml — (M1-M20y) <« (M2Oy), (5)

M2 — (M2-M10x) <+ (M10x), (6)

[inkoM npupoaHo, piBHsAHHSA (1) — (6) BigOuBarOTh Juie ceHe (hopmyBaHHS (a3,
ajle HE MEXaHI3M peakIid, 1 B KOXXHOMY KOHKPETHOMY BHUIAJKy MalOTh OyTH
neranizoBani. Tak, Hampukian, GopmyBaHHs retepookcuay M10x-M20Oy MoxHa
HaJaTH SK HACHAOK mepeliry peakmiil 3a mapmpytoM (3), abo X SK pe3ynbTar

napItiaJbHuX mepeTBopens (1)1 (2).

3 ypaxyBaHHSM BHKJIAQJ€HOrO, BYy3JIM rpady CTaHIB CKIaayTh HACTYIHI

CTPYKTYpHI €JI€MEHTH:

(M1), (M2), (MIM2), (M10x), (M20y), (M10x-M20y), (7)
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70 SKHX BigHECEHO SK IHAWBIAyambHi Metamn (M1) 1 (M2) Tta ix cruas
(iaTepmeranin) (M1M?2), Tak i MoHookcuau (M10x) 1 (M20y), a TaKOX T€TEPOOKCHU]
(M10x-M20y).

BoueBunp cykymHicTh piBHsSHBb (1) — (6) 1 BigmoBimHi JaHku rpada, M0
B1IOOpaXaloTh JMHAMIKY MEPEXOJIB MiX HOro CTpyKTypHUMH enemeHTamu (7),
J03BOJIAIOTE  cpopMyBaTH ABOBUMIpHUN TpadiuHuii oOpa3 B (HopMi HUKIIYHOI
¢birypu. Y Toil ke yac Ha3uBaTH ii rpad)oM MEBHOIO MIpPOI0 HE 30BCIM KOPEKTHO,
ockuibku B 2D dopmati rpadiunuii o6pa3 Matume pedpa, siki MepeTHHAIOTHCS, TOI
SK 3a TpaBWIaMu 1TOOY0BU TpadiB Taka mporeaypa € HenpumyctuMoro. OgHak 1iei
aCMeKT 3alpolOHOBAHOI CXEMH caMme 1 BioOpakae TOJIOBHY 1/Ie0 — 1HBEPCIIO
ctpyktypuux Matpunb KEII, a BpaxoByrOuM MOXJIHMBICTH BBEIEHHS IIE€ OHOTO
YHIBEpCAJIBHOTO €JeMeHTa rpada — iHTepMmeniara Im, skuil BiAMOBiAa€ CYKYIHOCTI
OPOMIKHUX CTaHIB Ha BCiX eTamax TpaHchopmMallii METaJIOKCHUAHOI CHUCTEMHU
(cmaBoTBOpeHHs,  (opMyBaHHS  KOMIIO3UTHOTO  €JIEKTPOXIMIYHOTO  abo

TeTEPOOKCHUTHOTO TIOKPHBY 1 T.1), y3arajabHEeHa cxema HabyBa€e 3aBEPIICHOTO BUTIISTY

Puc. 1. I'pad craniB 6iMeTaneBoi METAIOKCUAHOI CUCTEMU

[HTEeHCUBHOCTI MEpexo1iB MK OKpEeMHMHU BepiInHamMu rpada Ha puc.l. — e came
€JEKTPOXIMIUHI PpeaKIlii, IIBUIKOCTI SKHUX OOYMOBIIIOIOTHCS 3HAYHOIO KUIBKICTIO

YUHHUKIB (pHC.2), cepea SKUX MPUPOAA, CKJIaa 1 CIIBBITHOIICHHS KOMITOHEHTIB
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CIEKTPOJITIB, TpHpoAa MoJsipu3aii (aHOJHA, KATO/HA, PEBEPCHBHA), PEKHUM
ENEeKTPONi3y (CTamioHapHUHN, HECTAIIOHAPHUHN, IMIYJILCHUN 1 T.M.), a TAKOX HOTO
aMIUTiTyH1 1 4acoBl mapametpu [11]. Came CykymHIiCh TepeidyeHHX Ta 3HayHa
KUIBKICTh  IHIIMX YMHHUKIB B TMIJACYMKY BHU3HA4yalOTh HE TUIBKK CKJIaJ
KOHCOJIIJTOBAHOTO MaTepiany abo MOKPHUBY, aje 1 HOoro CTpyKTypy Ta MOp(OJIOTiio,
CTYMIHb JOKaji3alii okpeMux ¢a3, iX po3mojau Mo TOBIIMHI MaTepiandy, Ta BPEIITI
peIlT BIACTUBOCTI 1 Taily3l MPAKTUYHOTO 3acCTOCYBaHHS. 3pO3yMisIo, IO JUIS
dbopmamizallii moyMeTaIeBUX TEpPHApPHUX CHCTeM, sk y [12], Bizyamizaiio B
O3HAYEHWI CIOCIO 3pOOWTH CKIAQTHO, TYT B HAarojAi CTaHE HAyKOBHHA JOPOOOK

¢b131uHOT XIMIi 3 TOMOJOTIYHOTO ONMKUCY 0AraTOKOMIIOHEHTHUX CHJIIKATHUX CHCTEM.

Hapenena na puc.l cxema mae 1 riambokuit (hitocoChbKUi MIATEKCT, OCKUIBKU
ABIIsIE COOOI0 JesiKy (PI3UKO-XIMIUHY «aBaTapy», SIK BTUICHHS B3a€MO3B'SI3KY 1
B3a€MO3YMOBJICHOCT1 MPOILIECIB 3 iX BHYTPIIIHIM 3MICTOM 1 KPacOK 30BHIIIHHOTO

MPOSIBY.

30BHILLHI
YUMHHUEKW

l

MapameTpu MapameTpu
enekTponiay cepegoeuLLa

Cknap,

Pexumu
enexkTponisy

enekTponity

CTaLjioHapHWiA S i — Temnepatypa
CTPYMYy
KOMMOHEHTU i
- ' ; - noTeHuian — TUCK
: HecTaLjoHapHWiA ]
niranau, MAP P OCambKBHKS
e il | | KinbKiCcTb | posTallyBaHHA
eneKTpUKK EnexkTpoals
chopmn iMNYNbCHUIA
" | koMnnekcie || TpwBanicts || rippofuHamivHi
imnynec/naysa yMOBM
YacTtoTa,
___{lunapyearicTb
iMAyNbCiB

Puc. 2. 30BHINTHI YMHHUKHU €IEKTPOIIZY
Ax npukiman peamizaiii B3aEMHUX TEPETBOPEHb B TaKik OIMETaNI4HINA cucTeMi
MOkHa HaBecTH cucteMy Ni-Al, mis skoi, 30kpeMa, YTBOPEHHS CIUIaBy, I00pe

Bizomoro B Metanyprii sik [IM-HFO50 3a TY 14-22-101-96, moxxe OyTu peanizoBaHO
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€JIEKTPOJII30M B HEBOJHHUX PO3YMHAX, (POPMYBAHHS KOMIIO3UTIB 3 METAJIEBOIO Ta/abo
OKCHJIHOIO MATPHUIIMU — IIUPOKO BiJIOMO, a T€TEPOOKCUIHHUI MOKPUB HAHOCATH B
PEXHMI IJIA3MOBO-EJIEKTPOJIITHOTO OKcHlyBaHHs. Tak, 30kpema, apmyBaHHHsS KEII 3
HIKEJIEBOIO MaTPUIICIO OKCHJIOM QIIOMIHIIO MIABUIIYE (13MKO-MEXaHI4HI BIACTUBOCTI
komno3uty [13], a IHKOpPHOpYBaHHS HAHOPO3MIPHUX METaJeBUX YACTHHOK JI0
oKcuJIHOI MaTpuill miaBuirye Ximiyauid omip KEII B nyXHUX cepenoBUINax 1 HAIAE
TaKOMY MOKPUBY KaTaJITHYHUX BIACTUBOCTEH.

4. BUCHOBKH

3a pesynbTaTamMu aHami3dy 1HGOPMAMIMHUX HKEpell OOTpYHTOBAHO MOIUIHHICTH
noOyn0BU (pOpMaTi30BAHOIO ONUCY METATOKCUIHUX CHUCTEM 3 IIMPOKUM CIIEKTPOM
rajiy3ei 3acTOCyBaHHS, TEXHOJIOT1] CUHTE3Y SIKUX MalOTh €JIEKTPOXIMIYHE MIATPYHTSI.
3anpornoHOBaHO OMMC CTaHy TaKHWX CHCTEM KOHCTPYIOBATH 13 3aJy4CHHSIM Teopii
rpadiB, 0 HaJa€e MOXKJIUBICTh HAOYHO BIJOOpPA3UTH MPUPOAY IEPETBOPEHB 1
BCTAHOBUTHU KUJIbKICHI MapaMeTpy JTUHAMIKH O3HAYEHUX MPOLECIB SIK IHTEHCHUBHOCTI
nepexoliB MK OKpeMuMu craHamu. [loOynoBaHo y3araiabHeHy cxemy 1HBepCii
IBOKOMITIOHEHTHOi ~ OiMeTaneBoi  CUCTEMH, SIKa  BpaxOBy€  IPHUCYTHICTb
IHAUBITyaIbHUX METaliB, iX CIaBy (IHTEpMeETaliqy), JBOX MOHOOKCH[IB Ta
reTepOOKCUHOI cronyku. [IpoaHani3oBaHO YMHHUKMA BIUIMBY Ha NPUPOAY Ta
IHTEHCUBHICTh MEPEXOJIB MDK By3ldamMu rpada Ta HaBEIEHO MNPUKIAI 1HBEpCli

CTPYKTYPHHUX €JIEMEHTIB METAIOKCUTHOTO KOMITO3HUTY.
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Features of properties of PVC compositions filled by graphite

Shariko Ye., Novak D., Plavan V., Bereznenko N.
Kiev National University of Technology and Design (KNUTD)

The work is devoted to the study of approaches for the creation of composite
materials based on polyvinyl chloride with dispersed filler. As a result of the
theoretical and experimental studies, the influence of various types of fillers on the
structure of composite films was established. The electrophysical and mechanical
properties of compositions based on polyvinyl chloride and graphite were analyzed.
The influence of the filler content on the properties of composites was analyzed.

Keywords: polyvinyl chloride, graphite, composite, electrophysical properties,
mechanical properties.

Oco0auBocTi BaactuBocteid IIBX kommno3uuii, HAIOBHEHOI

rpagirom

[Tapuko €.M, Hosak /I.C., [lnaBan B.II., bepe3snenko H.M.

Kuiscokuii nayionanvruil yrisepcumem mexuonozii ma ousauny, m. Kuis,

Hemupoeuua-/lanuenxa, 2, 01011

Uepes BUCOKHMI €IEKTPUYHHUIN OIIp MOJIMEPU BHUKOPUCTOBYIOTHCS MEPEBAXKHO B
CJIGKTPOTEXHIII SK 130JTOpU. B psni BuUMajkiB, OAHAK, MOTPIOHO, 100 MOJIiMEpU
Oynu cTpyMOIpoBiIHUMH. [lomiMepHI CTPpyMOIPOBIIHI KOMITO3MIIIHHI MaTepiaan
3HAXOJATh ChOTOJTH1 HIMPOKE BUKOPHUCTaHHS TUISt BUTOTOBJICHHS
€JIEKTPOHArPIBAIbHUX €JIEMEHTIB, EKPaHYIOUMX Ta AaHTUCTATUYHUX TOKPHUTTIB,
CTPYMOIIPOBIIHUX KJIEiB, (papO, MacT, eJIeMEHTIB MOBITPSAHUX (DUIBTPIB, y MEAUIMHI —
JUIS CTUMYJTIOBaHHS POCTY KICTKOBUX TKAHUH, SIK aHTUTPOMOOT€HHI IMITJIaHTaHTH [1].

[linBumeHHS  CTPYMOMNPOBIAHOCTI  MOXHA  JIOCATHYTH  BBEJICHHSIM Y
KOMITO3UIIIITHUI MaTepian CTpyMOINPOBITHUX HANIOBHIOBAaUIB, HAIIPUKIA METATIIYHUX

MOPOIIIKIB, BOJOKOH, PI3HMX THWINB TEXHIYHOTO BYTJeEIo, rpadity, rpadiToBuX
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BOJIOKOH. SIK 3B’sA3ylounMid Marepias HaiOIIbIIOr0 BHUKOPUCTAHHS —OJEpKajH
deHondopManbaeTiaHI, eHOKCH IHI, (PypaHOBI Ta AEsKi 1HII CMOJIU, Kl B pe3yJbTaTi
3aTBEPAIHHS YTBOPIOIOTH TPUBHUMIPHI CTPYKTYPH, a TaKOX JEsAKl TEPMOIUIaCTH Ta
kayuykd. OHaK Taki MOJIMEpHI MaTepiald Ta METOAM iX OACp M aHHS HE 3aBXKIU
3a0€31eUyI0Th OJTHOPITHICTh HATTOBHEHHS 1 MOTPi1OH1 BJIACTUBOCTI.

Ha choromuimiHii 1eHb Y CBITOBIM MPAKTHUIIl CEPEl THYYKHUX MOJTIMEPIB JOMIHYIOTh
nomBiHimxyopuaHi (IIBX) mnmactukatu. OmHIEI0 3 OCHOBHUX MPUYMH IIAPOKOTO
BukopuctanHa I[IBX mmactukary € #oro 3maTHIiCTh 10 Moaudikaiii IIIIXoM
3MINIYBaHHS 13 LIJIOBUMH J100aBKaMHU 1 OJep>KaHHS HEOOXIIHUX BJIACTUBOCTEH
MarepiaigiB Il TMEepepoOKH BIIOMHUMH METOJaMHU (EKCTpy3is, BaJbI[IOBaHHS,
KaJIaH/APYyBaHH ), 3/IaTHICTh 3racaTu MicJisi BHHECEHHS 13 MOJyM s Ta 1H.

JlociIPKeHHST 3aJIeKHOCTI BeNIMYMHU CTpyMmy Biag T (mpu MIBHUIKOCTI JiHIHHOTO
HarpiBy 3paska 3 K/xB.) [2] Buxignoro [IBX noka3anu, 110 B aiana3oHi TeMrepaTyp
293-385 K Ha cnekrtpi nenonsipuszanii (IKCYIOTbCS MAaKCHUMyMH CHJIA CTPyMYy B
obmacti 313 K Ta o -pemakcaiiiHOro mepexony, SKi BiAMOBIIAIOTH TETEPO3aAPAIY.
3apsin  kommnosuiiiaux [IBX-emekTpeTiB  cmamae 13 30UIBIICHHSM  CTYIICHS

HAIMMOBHEHHS, TIOYMHAIOYH 3 ¢ = 0,5 % 00. lle mosicHioeTbest TUM, 110 TP 301IBIICHH]

KOHIIEHTpallli HalOBHIOBAaua, 3MEHIIYEThCA 00’€M MOJIMEPHOrO MaTepiaiy, SKHii
H1JJISTae TOJIIpU3altii.

Taxox B po6oTi [3] moKka3aHa MOXJIHMBICTh CTBOPEHHS MOJIMEPHUX KOMITO3UTIB Ha
ocHoBl [IBX 3 pi3HUMH TUmamu Ta KOMOIHAI[ISIMH HANOBHIOBAuYiB 3 THYYKHUMH 1
peryiab0BaHUMU €NIEKTPONPOBIAHUMHU BIACTUBOCTSIM.

1. IlocTanoBKka 3aBIaHHSA

OnHuM 13 MPOCTUX 1 €PEKTUBHUX CIOCOOIB, SIKMM 3a0e3leuye KOMIIO3UTaM HOBI
MPOTHO30BaHI XapaKTEPUCTUKH, € BBEICHHS B IMOJIMEPH HAIMOBHIOBAYIB Pi3HOI
XiMIYHOI TIpupoau, GopMH Ta PpoO3MipiB. Y CTPYMONPOBIAHUX MOJIMEPHUX
KOMITIO3UIIN peai3yeThCsl MEPKOJALINHUN XapaKTep 3aJIeKHOCTEH eJIeKTPUYHUX
XapakTepucTuK [4]. Y BITHOCHO BY3bKOMY Jlama3oHi KOHIIEHTpAIlll eIeKTpUYHHIM
Omip MIHSAETBCS OCOOJIMBO Pi3KO, IO TOB si3aHO 3 (OpMyBaHHSM CTIMKO1

CTPYMOIIPOBIIHOT PEUIITKM HarlOBHIOBaUeM [5].
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AHani3yloud BHUIECKa3aHe Oyna ToCTaBlieHa 3aJaya CTBOPEHHA Cy4YacHHUX
CTPYMOIIPOBIIHUX MOJIMEPHUX MaTepianiB Ha ocHOBI [IBX 3 nogaBanHsM rpadiTy.

2. Pe3yabTaTH J0CJiIKEHb

JIist mocmiKeHHsT BUKOpUCTaHi: emynbciiianii nomBiHimxmopus (EITBX) Vinnolit
EP6854, rpadit mapku MCMB (TB-17), nauoktundranar.

CTBOpeHHSI TIOJIIMEPHUX KOMIIO3UTIB BKJIFOYA€ TakKl €Tamd: 3MIITyBaHHS
KOMIIOHEHTIB KOMIIO3UTIB, OTPUMAaHHS 3pa3KiB KOMIIO3WUTIB METOJIOM CIIKaHHS Yy
dopmi. IlepemimryBaHHS KOMIIOHEHTIB KOXXHOTO  TOJIMEPHOTO  KOMIIO3UTY
BiI0yBaJIOCH 3a JOMOMOTOI0 BEPXHBOMPHUBIAHOI MIMIAIKKA TMPOTATOM 5 XBUJIUH.
OTpuMaHy CyMilll 3acUNaId y HWIHAPUYHY GOopMy aiamMeTpoM 26 MM Ta CIIKaIu
npu temreparypi 190°C i Butpumysanu ix nporsarom 10 xumun. ITicas goro 3pasku
BUiManu 3 GopMu. 3pa3kd KOMITO3UTIB OTPUMYBAIIN y BHUTJISIAI KPYTIUX MJIACTHHOK
niaMeTpoM 26 MM 1 ToBmmMHOKO 1,5 MM. OO’eéMHMI BMICT HamoOBHIOBada B

KOMITO3UTax BapitoBaBcs B Mexkax Biz 1 % 06. 10 30 % o0.

BMmicT HamoBHIOBaua, % 00.
0 1 5 10 20 25 30
1.E+00 1 1 1 1 1 1 ]

1.E-02 -
1.E-04 - *
1.E-06 - ®
1.E-08 - * ¢

1.E-10 -
1.E-12 -

L 4

CTpyMonpoBiaHicTh
(ov), log Cm/m

Puc. 1. 3anexxHicTh CTPyMONPOBIAHOCTI BiJl BMICTY HanmoBHIOBava Jijis 3paskis [I1BX,
HAIMMOBHEHOTO TpadiToM.

Ha puc. 1 mnpencraBieHO 3alIeKHICTh CTPYMOIPOBILAHOCTI HpPHU TMOCTIHHOMY
MMOKA3HUKY CTPYMY Ta KiMHaATHIii Temreparypi (~22°C) B BMICTY HallOBHIOBaua JiJisi
aocaiKyBaHux cucteM Ha ocHoBi [IBX 1 rpadity, ryctuHa sxux ctaHoButh 1,35
r/em® ta 1,32 r/cm®, Bimnosimno. CrpubkonomiOHa 3MiHa CTPYMONPOBIZHOCTI,
MOB'sI3aHa 3 SIBUILEM MEPKOJIAIIIT, CIOCTEPIraeThCsl B KOHLEHTPALIHHOMY Aiama3oHi 1

- 20 % 06. IIpu Bmicti 20 % 006. rpadiTy CTpyMONpPOBIAHICTh CUCTEMH Ha IMIBTOPA
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nopsAaKy Oinblie, HDX 10 mopora mnepkonsmii. Taka pizka 3MiHa MPOBIIHOCTI
MOB'I3aHa 3 JUCIEPCI€I0 HANOBHIOBAYa B TOJIMEPHIM MaTpuil Ta YTBOPEHHSIM
Mepexi TpadiToBUX NPOBIAHUX KaHaiiB [6]. Kputuunuit BmicT rpadity poOUTH
MOXJIUBUM TIEpPEXiJi €JMEeKTPOHA KPi3b 130JII0I0Yl TMPOIMIAPKU TOJIMEpPY Ta CIpPHE
P13KOMY 30UJIBIIICHHIO TTPOBITHOCTI.

CyTT€BUM HEIOJIKOM JUCIIEPCHO-HAIIOBHEHUX CTPYMOIPOBIIHUX MOJIMEPHUX
KOMITIO3HTIB € HECTAOUIBHICTh iX BIACTHBOCTEH, siIka MOXE OYTH TOB s3aHa 3 PSAIOM
NPUYWH, HAPUKIIAA, HEPETYIbOBAHOIO 3MIHOIO CTPYKTYPH arperaTiB HallOBHIOBaYa.
Tomy, BaknuBO, mOO Taki Marepiaiy MaTH HE TIIBKM 3aJaHi, a 1 CTaOUIbHI

CTPYMOTIPOBI/IHI Ta MEXaHIYH1 BJIACTHUBOCTI.

6 -
=
o]
ESs - >
s 204 4
S~
= ©3 .
ey C
5 =2 *
2 81
L 9
E % T T T T T 1
1 5 10 20 25 30
BwmicT HanmoBHIOBaua, % 00.

Puc. 2. 3anexHiCTh MEXI1 MIITHOCTI B BMICTY rpadiTy.

60 -
50 A
40 - *

BinnocHe BUI0OBKEeHHSA
npu
po3pusi (g), %

1 5 10 20 25 30
Bmict nanmoBHI0Baua, % 00.

Puc. 3. 3anexxHicTh BITHOCHOTO BUAOBXKEHHS BiJ] BMICTY rpadiry.

OnepkaHl €KCIepUMEHTaIbHI JIaH1 HAIJISAHO UTIOCTPYIOTh TEHJEHII0 3POCTaHHS

MeX1 MIIHOCTI mpHu po3puBi npu BBenaeHHI no [IBX rpadity. [ns xommosumii 3
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BMicToM Tpadity 30 % 00. 3HaYeHHsS] MEXI MILHOCTI MPU PO3PUBI CTAHOBUTH 5.5
MIla, T06TO cnocTepiraeTbCsi 3pOCTaHHS MeEX1 MIIIHOCTI IpHU poO3puBl y 5 pasiB
MOPIBHSAHO 3 KOMITIO3UIII€0 HanmoBHEHOW 1% 06. rpadity. Lle Bkazye Ha Te, 110 B
[bOMY BHIIAJKy YaCTHHKH TpadiTy BUKOHYIOTh apMmyrody GyHKIi. BigHOCHE
BUJIOBXKEHHS 3pa3KiB KOMIO3HUIIIH 31 301IbIIeHHSIM BMICTY Tpadity a0 20 % 00.
3meHuyeThes Big ~50 10 ~18 %. IIpu nopaneiomy 361abieHH1 BMicTy 10 30 %
00. 11ell TTOKa3HUK [0 3MeHIIyeThest (10 15 %). Mu mnos'szyemo 1ie siBuiie 3
THUM, 1110 30UIBIITYETHCS YaCTKA HAMIOBHIOBAYA, SIKMH JIOKATI3Y€EThCs IPU KpUCTasi3alli
B HEBIOPSAAKOBAHUX YAaCTHHAX MOJIIMEpPY. SIKIO Il YaCTUHKHU BEJIMKI y MOPIBHIHHI 3
HEBIMOPSAIKOBAHUMH AUISHKAMH, TO BOHHM BIUIMBAIOTh HA IIi IIJITHKHA BCI€IO CBOEIO
MMOBEPXHEI0, TOPKAIOYUCH JEKUIBKOX TaKuX OO0JacTeil, a TaKOX KPHUCTAIIYHUX
TUISTHOK, Ha SKI BOHM BIUIMBAIOTh MeHIe. [Ipu 11boMy HamoBHIOBaY B TOMY YH
1HIIIOMY CTYTICH1 B3a€MOJIIE 3 TTOJTIMEPOM.

3. BUCHOBKH

BusnadeHo 3a1e)KHOCTI MeXi MIITHOCTI Ta BIJIHOCHOTO TOJOBXKEHHS MPH PO3PHUBI
MOJIIMEPHUX KOMMO3MIIHUX MaTepianiB Ha ocHOBI emyibciiiHoro IIBX Vinnolit
EP6854 Bim BMmicty rpadity mapku MCMB (TB-17). IlokazaHo, mo 301i1bIIeHHS
KOHIeHTpallii rpadiTy TPU3BOAUTH 1O 3MEHIICHHS TIOKa3HUKa BIJHOCHOTO
BUJIOBXXEHHSI TIPW PO3PHUBI KOMIIO3UIIli, ajieé HATOMICTh ITIBUINYIOTHCS TMOKA3HUKH
ME>1 MIITHOCTI TIPH PO3PHUBI Ta CTPYMOIIPOBITHOCTI.
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Recent developments and perspectives of development of microbial

fuel cells in Ukraine

Shchurska K. O., Zubchenko L. S., Galkin O. Yu., Kuzminskiy Ye. V.

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
Kyiv, pr. Peremogy 37, 03056

Microbial fuel cells (MFCs) are devices able to transform chemical energy of
organic compound (carbohydrates, fats, proteins, etc.) into electricity (or hydrogen)
via electrochemical reactions involving biochemical pathways. MFCs are
bioelectrochemical systems that generate electrical current using bacteria. This
process is based on the catabolism of organic substances such as glucose, acetate,
butyrate or other organic compounds contained in wastewaters. Due to oxidation of
the organic compounds, electrons are released, transferred to the anode and delivered
to the cathode through an external electrical circuit. MFCs could be defined as
devices able to transform chemical energy of organic compounds into electricity via
electrochemical reactions involving biochemical pathways [1].

Despite the fact that the idea of using microbial cells for electricity production was
put forward by Potter in 1911, the current concept of MFCs design was proposed
only in 1977 by the research team of Suzuki Toyu. The idea was picked up and
studied later in more detail by Bennetto. They foresaw the possibility of microbial
fuel cells using to generate electricity in third world countries. Beginning in the
1980s, Benneto's research helped to understand the process of fuel cell operation.
Many scientists still admit his unquestionable authority in resolving this issue [2, 3].

More recently, Dr. Logan’s research team of the University of Pennsylvania, which
is working on the introduction of MFC in the industry, found that electricity
generation is not the only result of MFC work. It turned out that with the addition of
electricity to the system, hydrogen is produced on the cathode. In this case, the whole

system becomes a microbial electrolysis cell (MECs). As research concepts, MFCs
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and MECs are parts of the group of bioelectrochemical systems (BESs) [1, 3]. A
significant number of scientific publications appeared in the last two decades shows
that the interest in the use of microbial fuel cells is constantly growing. The scientific
teams of the laboratories in the USA, China, Australia and other countries have been
engaged in research in the field of optimization of the MFCs during recent years. The
objective of this work is to review the current state of research in the field of MFCs in
Ukraine as well as to determine the prospects for their further development.

1. Recent developments in MFCs in Ukraine

In recent years, the theme of the MFCs has received a new powerful impetus. This
is primarily due to growing interest in the production of so-called "green" electricity.
Microorganisms are capable to use a wide range of organic substances as a fuel,
including a variety of waste; this makes the MFCs very promising for research. Thus,
according to the authors of the review article [2], the number of publications about
MFCs has rapidly increased over the last decade from 100 publications in 2006 to
1020 in 2016, quoting from 2000 to 32,000, respectively; for MECs: publications
from 15 to 280 publications for the same 10 years, quoting from 200 to 5500,
respectively. Unfortunately, although this review has about 500 references, non-
English publications of Ukrainian scholars are not provided.

Researches in the field of MFCs are conducted at the Department of
Environmental Biotechnology and Bioenergy in the National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” led by Professor Kuzminskiy.
Researches are conducted in three main directions.

The first one refers to research of hydrogen producing in MECs for wastewater
treatment. The rational hydrogen production process parameters were determined.
The new three-stage method of anode biofilm formation with high exoelectrogenic
ability was developed and constructively executed. Possibility of various organic
wastes using as a nutrient medium for hydrogen production was substantiated: the
efficiency of organic brewery wastewater compounds that had been pre-treated under
anaerobic conditions with hydrogen producing bacteria was 0.02 g H,/g COD

(chemical oxygen demand); the efficiency of glycerol conversion to hydrogen was 39
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%; the efficiency of hydrogen production from malting plant wastewaters was
0.01 g H,/g COD [4, 5].

The second direction of the research 1s devoted to the development of
biotechnological method for electricity generation by the association of
chemoorganotrophic microorganisms on the substrates of different origin. It was
substantiated the rational technological parameters of the exoelectrogenic biofilm
formation process and electrical energy generation, in particular, COD is 0.6+0.8
gO/dm?, the temperature is 30+-35°C, pH is 7-8 units, cultivation modes are periodic
(duration is 6+8 days) or continuous (MFC-bioreactor hydraulic load is 1.1+1.3
m?/(m3-day), with specific current density (12+15)-10 A/m? at R.,=0,5Q). The work
shows the new technical and technological solutions for the flow microbial fuel cell
with mobile electrode blocks for the implementation of the modified selection
procedure for exoelectrogens biofilm. Power density of microbial fuel cell is
3.6+7.5-10° W/m?, and wastewater treatment efficacy was 35+40% (in values of
COD) [6 - 8].

The third direction of the research is devoted to hydrogen production in the
photobioelectrochemical system. The process is investigated in the two-chamber
system with protone-exchange membrane and polycrystalline silicon solar cell, as the
source of additional energy. The silicon solar fuel cell is chosen due to the structure
of its energy levels. While using the sodium acetate as a model substrate for
photobioelectrochemical system the maximum process Columbic efficiency reaches
45 % with hydrogen yield — 0.01+0.015 gH,/gCOD. For the model mixture that
simulates dairy wastewater maximum hydrogen yield is 0.007+0.01 gH,/gCOD. The
Columbic efficiency fluctuates within 32+48% and depends on the mixture
composition and the method of the biofilm formation [9, 10].

The process of electric current generating is studied by a group of scientists from
the Department of Microbiology at Lviv National Ivan Franko University (Bilyy O.,
Vasiliev O., Hnatush S., Katernyak S., Maslovska O., Ferensovich Y.P. etc.). They
study pure culture of Desulfuromonas Acetoxidans IMV B-7384, which are typical

representatives of exoelectrogens. The purpose of their work is to study the
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metabolism of Desulfuromonas acetoxidans in the presence of various compounds in
the nutrient medium (like ferrum (III) citrate, fuchsin, methylene blue, etc.).
Desulfuromonas acetoxidans IMV B-7384 are highly perspective microorganisms for
construction and development of microbial fuel cell technologies aimed for
wastewater remediation from transition metal ions. Metal ions catalyze formation of
reactive oxygen species that could harmfully affect bacterial cells. Activity of
glutathione peroxidase, glutathione-S-transferase and glutathione reductase of D.
acetoxidans IMV B-7384 bacteria was investigated under the influence of different
concentrations of ferric (III) citrate. Enhancement of activity of enzymes of
glutathione system confirms their necessary role in antioxidant protection of D.
acetoxidans IMV B-7384 cells [11].

Unfortunately, there are no other studies in this area in Ukraine. In the country that
is energy dependent and has problems with wastewater treatment, there is no research
on energy production in the MFCs. Such low interest can be explained by insufficient
financing of scientific research in this area, since the study of electricity generation
processes in bioelectrochemical systems at this stage involves the use of expensive
materials and equipment.

2. Perspectives of microbial fuel cells development in Ukraine

Recent studies of aerobic biocathodes, in which oxygen is used as an electron
acceptor, have attracted increased interest because of their stable high power output
compared to the chemical cathode. It is known that the presence of oxygen
suppresses the denitrification. Therefore denitrifying biocathodes are usually
considered to be anaerobic. However, a number of microorganisms have recently
been isolated from an anaerobic reactor based on its ability to use nitrates as an
electron acceptor in air-saturated conditions.

The proposed development of aerobic denitrifying biocathodes for sustainable
wastewater treatment and power generation will include the development of the
following issues:

- establishment of sufficient electrical contact between the bacteria and electrodes

surface;
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- achievement of the appropriate voltage for useful energy obtaining in MFCs;

- avoidance of expensive abiotic catalysts to ensure widespread use;

- increase of the cathodic potential for rising denitrification degree.

Despite all the significant obstacles microbial fuel cell technology has a great
future. Firstly, the "fuel" for MFCs is very simple to find, especially now since the
problem of wastewater treatment and organic waste utilization is very acute. MFCs
technology solves both problems. Secondly, the efficiency of MFCs using can be
very high (although so far only theoretically) [2, 3, 12].

3. Conclusion

MFCs can be used for fuel production and in bioremediation of different organic
wastes. However, this technology is only at the research stage but urgent need for
recycling organic wastes, as well as the intensive search for alternative sources of

energy, is an important stimulus for large-scale research in the field of MFCs.
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Diffused multi-layer coatings with titanium, chrome, aluminium, car-

bon, nitrogen on Y8A steel

Khyzhnyak V. G., Loskutova T.V., Kalashnikov T.Y., Arshuk M.V, Pogrebova I.S.

National Technical University of Ukraine «lgor Sikorsky Kyiv Polytechnic
Institute»,37 Peremohy Av., 03056 Kyiv, Ukraine

The influence of barrier layers on the basis of titanium nitride, chromium
carbides on phase and chemical composition of multi-component titanium alloys,
titanium-chromium coatings of steel USA 1s determined. The TiN nitride layer was
formed on USA steel by physical deposition from the gas phase; layer of chromium
carbides - by chromium diffusion; some samples had been nitrated and subsequently
titanium casted, a layer of TiN was formed on the steel. Barrier layers interfere with
the formation of the chemical-thermal treatment of the Fe,(Al) zone; contribute to the
saturation of outer areas of aluminum coating. Microstructural coatings appear in the
form of light, light gray stripes; practically nonporous. The highest heat resistance at
the test temperature of 1000°C for 100 hours showed titanium aluminum chrome
coatings with a barrier layer based on TiN. Wear resistance in conditions of slip
friction without lubrication of USA steel with coatings was 1.8 - 4.5 times higher than
the initial one after hardening and low temperature (HRC 62).

Key words: protective coatings, USA steel, barrier layer; nitrides, carbides,
nitriding, titanium alloys, physical deposition from the gas phase, micro hardness,
heat resistance, wear resistance.

JAndy3iitni 0araTomapoBi NOKPUTTA 32 Y4ACTIO TUTAHY, XPOMY,

AJIOMiHI0, ByTIJIel10, 30Ty Ha cTajai Y8A

Xwxknsk B. I'., Jlockyrosa T. B., Kanammikos I'. 0., Apmyk M.B., ITorpe6osa I.C.

Hayionanvnuii mexniunuu ynisepcumem Yrkpainu « Kuigcokuii nonimexniunu

incmumym imeni leopsa Cikopcokoeoy, Kuis, np.Ilepemocu, 37, kopn.Ne9, 01056

Jlo TemepilHbOTO Yacy BUKOPUCTOBYIOTH PI3HI TEXHOJOTIT Ui CTBOPEHHS

MOKPUTTIB 3 METOK 30UIBIICHHS EKCIUTyaTallliHUX BIACTUBOCTEH IHCTPYMEHTIB 13
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CTajiel Ta TBepAMX cCIUIaBiB. BuOip Tumy MOKPUTTA ISl PEATbHOTO 1HCTPYMEHTY
BHU3HAYAETHCSI TIEBHUMHU BJIACTHBOCTSAMU a00 KOMOIHAIIEI0 BIIACTUBOCTEH OKpPEMUX
miapiB B 30HI CIOJYK : TBEPHAICTb, KOE(DILIEHT TepTsi, KOEPIIIEHT TEPMIYHOTO
PO3IIMPEHHsI, aAre3iiHI BIACTUBOCTI TOIIIO.

JlocBin ekcruryararlii 1HCTPYMEHTIB OCTaHHIX POKIB TOKa3aB HEOOXiJAHICTh
IMPUCYTHOCTI B YCIIIIHUX MOKPUTTAX IIAPIB HACTYIMHUX CIIOJYK : KapOiay TUTaHy
TiC, nitpuny tutany TiN, okcuny Al,Os [1-4]. B TexHOMOrIT XIMIYHOTO OCAIKEHHS 3
razoBoi (aszu mpu otrpumani mapiB TiC, TiN, Al,Os; BHKOPUCTOBYIOTH XJIOPHU/I
tutany TiCly, xmopun amominito Al,Cle, Bogens Ha, sk ra3 Hociil, a Takox N,, CHa,
CO,. KomOiHariisi mapiB CIOJIYK Aa€ MOXKIUBICTh OTPUMYBATHU MOKPUTTA 3 PI3HUMHU
nepeBakaltouuMu BiacTUBOCTSAMU. Tak, cnonyka Al,O3; mae cepen mepepaxoBaHUX
caMy BUCOKY TEpMIuHYy 1 XiMi4HYy cTaOuTpHICTh. BinbHa enepris yrBopenHs Al,Os;
CTAHOBUTH 378 KKaJ/MOJb Ta 325 KKaJ/MOJIb BIAMOBIAHO IpH TemnepaTtypi 298 K Tta
1000 K; TiN — 74,0 ta 58 xxan/moiab, T1C — 43,0 ta 41 kkaj1/MOJIb.

Cama BucOKa TBepaicTh xapaktepHa s crnoayku TiC — 30,0 — 35,0 I'Tla; nns
crionyk TiN, Al,O3, - 20,0 I'TIa.

[leBHe po3TamryBaHHS MIapiB CHOJYK BHU3HAYA€ BIACTHUBOCTI TMOKPHUTTS.
MaxkcruMaabHO BUCOKY TEMIIEpaTypHY CTaOUIbHICTD, XIMIYHY CTa01IbHICTD, CTIMKICTD
70 JYHKOYTBOPEHHSI Ma€ IOKPUTTA 3 HACTYIHUM pO3TAIyBaHHAM MIapiB (BiA
noBepxHi ) : Al,Os, TiN, TiC. ToBmuna okpemux mrapiB He mepeBumye 3,0 — 5,0
MKM. Bimomi OGaratomiapoBi MOKPUTTS Ha CTalsAX 1 TBEPJAUX CIUIaBaX OTPUMAHUX
MeToaamMu (PI3MYHOTO OCAHKEHHS 3 Ta30BOi (Da3u Ta XiMIKO-TEpMIYHOI 0OpOOKH [5 —
10]. Ile mokpuTTs Ha OCHOB1 KapOiiB, HITPUIIB, IHTEPMETATIIIB MIEPEXiTHUX METAJIIB
IV — V rpyn nepiogu4Hoi CUCTEMHU Ta aIFOMIHIIO.

B ocranHi poKM 3HAWNIIM BUKOPWUCTAHHS KOMOIHOBaHI METOAM HAHECEHHS
HNOKPUTTIB, SIKI MOEIHYIOTh, HANpPHUKJIaA, a30TyBaHHS 3 HACTYNMHUM AUQYy31HHUM
TUTAHYBaHHSAM, BaHaJ[IFOBaHHAM, XpoMyBaHHsM [10].

Asorysanns npu temneparypi 540°C Brupogosxk 20 TOAMH CYIPOBOIKYETHCS
dbopMmyBaHHSIM Ha cTajdy Y8A mapy CHojiyk Ta 30HM BHYTPIIIHBOTO a30TYBaHHS.

ITicns turanysands npu Temmeparypi 1050°C Bhnpomosxk 4 roauH Ha MOBEPXHI
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a30ToBaHOi cTalii Y8A (GopMyeTbcs IBOIMIAPOBE MOKPUTTS. 30BHIMIHINA 11ap — KapOif
tutany TiC 3 wmikporBepaicTio 38,6 ['Tla, topmmHoro 14,0 MKM; BHYTpIIIHIN
inentudikonano sk crnonyky TiN 3 mikporsepaictio 29,0 I'Tla 1 ToBmuHOIO 3,5 MKM.
bap’epui  ¢ynkmii mapy TiN npu THTaHyBaHHI a30ToBaHOi craimi YS8A
MIATBEPKYETHCS 3HAYHO MEHINOKO KUTBKICTIO 3amiza HiX B mapi TiC micus
3BHYAaHOrO THUTaHyBaHHS. KpiM TOro, Ha 30BHIIIHIA CTOPOHI a30TOTHMTaHOBAHUX
MOKPUTTIB MPaKTUYHO BiACYTHI mapu cnonyk Fe,Ti, FeTi, Fe,Ti4O, ToBuMHA IKHUX
Ha THTAHOBaHIN cTami Y8A Moke B 3HAYHIN Mipi MepeBaKaTH TOBIIUHY POOOYOTO
mapy TiC.

MoskHa BBakatu, 1m0 Oap’epuuil map TiN Oyae MO3UTHBHO BIUIMBAaTH Ha
3HOCO-, JKapo-, KOPO3iiiHy CTIMKICTh MOKPUTTIB Ha ctaii Y8A. Kpim Toro, Moxaa
MNPUITYCTUTH MOJKJIMBICTh BHKOPUCTAaHHS B SKOCTI Oap’€pHHX CIONYK ACSIKUX
kapOimiB mepexiguuk MetamB IV — VI rpyn mnepiogM4yHOi cHCTEMH MpH
KoMO1HOBaHUX MeTomax X1O.

Bigomi nudysiiiHiii MOKpUTTS OTpUMaHl Mpu OaraTOKOMIOHEHTHOMY
HACHYEHHI cTaji Y8A 13 MOPOIIKOBUX CyMIIIeH 3a y4acTIO MEpPEeXiIHUX METalliB Ta
amominito [11]. Tlpunymenns moao ¢$a3o0BOTO CKIaay Ta BIACTUBOCTEH MOKPHUTTIB
Oynu HacTymHi : KapOinu mnepexigHux MertaiiB yrBopeHi npu XTO Bu3HaA4aOThH
TBEPAICTb, 3HOCOCTIMKICTh IMOKPHUTTIB, CIOJYKH ANIOMIHIIO — »apocTiiikicTs. Lli
MPUITYIIIEHHS HE OylM pealli3oBaHi Ha MpakTulll. BcTaHOBIEHO, 110 Ha TMOBEPXHI
crami Y8A mpu turanoamiryBanni (1050°C; 4 roguHm) B MOPOLIKOBMX CyMilIax
YTBOPIOETHCS OaraToriapoBe MOKPUTTSA. 30BHI po3ramoByeThes map TiC, mig SKuM 1
OCHOBOI0O — CTOBOYacTi KpucTaiau Iapy Ha ocHoBy o-Fe(Al)[11]. Orpumana
KOMITO3HIIiSl HETAaTUBHO BIUIMBA€E HA 3HOCOCTIWKICTh B YMOBaX KOHTAaKTHOI B3a€MOJIII.
3a naHuUX YMOB MOJIJIMBE TpojaBiieHHs Ta pyrHyBaHHs mapy TiC. [lap a-Fe(Al)
30BHI 3a0nokoBanuil mapom TiC, mo He ngae po3unHeHoMmy B o-Fe amromiHio
MO3UTUBHO BIUTUHYTH Ha >KapOCTIHKICTb.

Takum 4YwHOM, 3 aHali3y HaBelIEeHMX pe3yabTariB podit [10,11] moxkHa
3poOMTH BUCHOBOK I[0JI0 HEOOXITHOCTI PO3POOKH crioco0y HAHECEHHS MOKPUTTIB, 3
Oap’epHUM IIapoM, KK 3arobiraB 6u audysii amoMidio npu XTO B ctans Y8A 1
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dbopmyBanHio 30HU o-Fe(Al), a mpu ekcruyartanii rajabMyBaB Ou HeOaKaHHUI
Mepepo3IOIia €JIEMEHTIB MK MOKPUTTSAM 1 OCHOBOIO, TOKPUTTSAM 1 KOHTPTIJIOM.

Sk 3a3HauanM, eKCIUTyaTalliiiHi BIACTHUBOCTI MOKPHUTTIB B YMOBaxX TepTS
KOB3aHHsI 0€3 3MallyBaHHS, Jlli BUCOKMX TEMIIEpaTyp BHU3HAYAIOTHCS HASBHICTIO Ha
30BHILIHIN CTOPOHI MOKPUTTA cronyku Al,Os. Limkom 3po3yMisio, 0 MiJBUIICHHS
xapoctikocTi T1 — Al TOKpHUTTIB € BaxkIuBOIO 3a1a4eto. JKapocTiikicTs criaBiB Ti
— Al 3anexuTh BiJl CKJIay 1 3pOcTae mpH 30LIbIIEHH] BMICTY altoMiHito 10 60 — 70%
mac. binapui crnaBu Ti — Al npu 3HaYHOMY BMICTI aJTIOMIHIIO CTalOTh HaJ3BUYAITHO
KPUXKUMH, IO OOMexye iXx mpaktuyHe BukopuctanHs. CruaBu Ti — Al — Cr 3a
yaactio (a3 JlaBeca Ti(Al, Cr), Tta T-dasu (Tip25Aloe7Croos) BiI3HAUAOTHCS
BHCOKOIO YKapOCTIMKICTIO Ta MEXaHIYHUMH BiacTuBocTsMH [12,13]. B mepury yepry
e cruiaB, skuid Mictutb 70 — 75% 1-azu ta 25 — 30% ¢azu JlaBeca.

Cnin 3a3HauMTH, M0 6AraTOKOMIOHEHTHI MOKPUTTS Ha cTam Y8A 3a ydacTio
Ti, Al, Cr 3 6ap’epHUM 11apOM B HAYKOBO-TEXHIUHIH JIITEpATypl HE MPECTABIICHI.

Metoro po0GOTH € OTpUMaHHS Ha IMOBEpXHI cTam Y8A OararomapoBux
MOKPUTTIB 3a y4acTIO THUTaHY, aJlOMiHII0, XpoMy. BcTaHOBIIEHHS BIUIMBY Oap’€pHUX
mapiB Ha ocHOBI HiTpuAy TuTany TiN, kapOiaiB xpomy Cr;Cs, Cry3Ce Ha dazoBuit 1
XIMIYHUAN CKJIaH, CTPYKTYDY, BJIACTHBOCTI TUTAHOATITOBAHUX Ta
TUTAaHOATIOMOXPOMOBAHUX MOKPUTTIB HA cTam Y 8A.

1. ExcnnepuMeHTAIbLHA YaCTHUHA

B sikocti 00’ekTa mocmipkeHb Oyino BHOpPAaHO IHCTPYMEHTAIbHY CTallb Y 8A
(Bmict Byriemo 0,85 % mno maci). A30TyBaHHS NPOBOJWIM B CEPEAOBMIII
nucouiiiopanoro amiaky (25-35%) npu temneparypi 540°C Bnpomosx 20 roguH.
Hitpun turany TiN Hanocunu Ha yctanoBui BY 1B 3 TuTaHOBUM KaTOJ0M METOJIOM
(Gi3MYHOrO OCa/KEHHS 3 ra3oBoi (asu npu Temneparypu 560-600°C Bnpomosxk 25
XBUJIMH. XPOMYBaHHS BiIOYyBajIOCh B 3aKpPUTOMY DPEAKIIHHOMY MPOCTOPI 3a yMOB
3HI)KEHOTO THUCKY 3 BHUKOPDUCTaHHSIM B SIKOCTI BHUXIIHHX IOPOUIKY XpOMYy Ta
YOTUPHUXIIOPUCTOTO BYTIJICIIIO CCly [14]. TuTtaHoaniTyBaHHS,
TUTAHOATIOMOXPOMYBAHHSI TPOBOAMIM B KOHTEWHEpax 3 IUIABKUM 3aTBOPOM B
cymimmi  mopomkiB  Ti  (40%), Al (15%), NHiCl (5%), AlL,O; (40%);
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tutanoantoMoxpomyBanHs - Ti (15%), Al (15%), Cr (25%), NH4Cl (5%), Al,O3
(40%). Amnami3z nudpakmiiHux mikiB, 3HATHUX Ha audpakrpometpi IPOH YM-1
BUKOBYBajM 3a jgomnomoroi mnporpamu «Powder Cell 2.2.». Ximiunuii anHaimi3
MPOBOAMIIM Ha €JIeKTpOHHUX Mikpockonax «leol ISM — 640LV» 13 cekTpoMeTpoM
ta «Cam Scan 4D». MIKpoCTpyKTypy HAOCITIKyBaqu Ha Mikpockomni Neophot 7,
MIKpOTBepaicTh — Ha mpuiaai [IMT 3.

2. Pe3ysbTaTH A0CTIKEHb TA iX 00rOBOPEeHHS

Pesynpratu nmocnipkeHb (pa3zoBOro CKIALy, CTPYKTYPH, MIKPOTBEPIOCTI,
BJIACTUBOCTEH OTpHUMaHUX B poOOTI TMOKPUTTIB HaBeaeHa B Tabn. 1,2 puc. 1-6.
Pesynbratu anamizy ctam Y8A 3 mokputtsimu Ne 1 — 3 (tabm. 1) mokaszamwm, 1o
ckian, Oymoma BimmosimaroTh BimomuM [11]. Ha moBepxui crami Y8A micus
a30TyBaHHS (OpMYeThbCs 30HA crnojyk HITpuAiB 3amiza FesN, Fe,N Ta 30Ha
BHYTPIIHBOTO a30TyBaHHA. KpiM Toro 3adikcoBaHa MpuUCyTHICTh B TOKPUTTI OKCUTY

3amiza Fe;Oy, 1110 € TUMOBOIO CKJIa10BOIO MOKPUTTS MICIS a30TyBaHHS B aMIaKy.

a 0
Puc. 1. Mikpoctpykrypu Ti-Al-Cr crani Y8A (a); Ti-Al-Cr 3 mapom TiN (06), x300;

CBITJIOBUI MIKPOCKOII.

[Tpu xpomyBaHHi cTani Y8A B CEpelOBHIII XJIOPY 32 YMOB 3HIKEHOTO THCKY
dbopmyeThess TOKpUTTS 3a ydacTio kapoimiB Cr7Cs, Cra;Ce Ta o-haszu. Ha gwactuny
3pa3KiB Mepea TUTAHOAIITYBaHHSIM HAHOCHIM METOJOM (Di3MYHOTO OCADKEHHS 3
razoBoi ¢a3u MOKpUTTS TOBHIMHOW 4,5 — 5,5 MkM Ha ocHoBl crnoiayku TiN. B
CBITJIOBOMY MIKPOCKOI, Imap crnoiayku TiN mae »KOBTYBaTO-30JI0TaBHM KOJIp, IIO

BIIMOBIZIa€ HITPUAY THUTaHA OJU3BKOIO IO CKJIAMy J10 cTexiomeTpudyHoro. OcTaHHe
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M1ITBEP/KYETHCS PEHTreHO()a30BUM aHaII30M, BIAMOBIAHO 10 SKOTO MEpioj TpaTKu

TiN cranoButh 0,4239 um (Tabdm.1).

Tab6aunus 1. @azoBuii ckiIan Ta XapakTepPUCTUKU MOKPUTTIB Ha cTalll Y 8A

Ilepion xpu- _ _
[Toxput- | Bua 06pobku | da3oBuit .| ToBmmna, | MIKpOTBEpIICTS,
CTaJyHO1
Ts1, No TC, uac CKJIaJT MKM I'ma
rpaTKu, HM
1 A30TyBaHHA Fe,N a=0,4799 12,0 5,7
540; 20; c=0,4425
FesN a=0,8413 8,5 7,3
FC304 - -
2 TiN; dizuune TiN 0,4239 5,5 19,6
OCaKEHHS
3 XpoMyBaHHsl | o©-(aza a: 0,8810 3,0 8,5
1050; 3 c: 0,5446
Cr3Cs a=1,072 6,0 17,5
CrsCs a= 1,401 8,5 16,0
¢ =0,4529

TutanoanityBanHs cTaqi Y8A 3 TmoONepeAHbO HAHECEHHMMU MOKPUTTAMU
CYIIPOBOJIKYETHCSI 3MIHOIO (ha30BOT0, XIMIYHOTO CKJIAJlIB, CTPYKTYpH moBepxHi. Ha
azotoBaHii ctami Y8A micns nmojganeioi XTO 3HHMKae 30HA CIOMYK HITPUJIB 3aili3a
FesN, FesN, 3MiHIO€TbCS 30HA BHYTPIIIHBOTO a30TyBaHHs. [licis TuTaHOAMITyBaHHS
a30ToBaHOi cTaji (3pa3ok Ned, Tab. 2) MOKPUTTA CKIIanaeTbes 13 mapiB cronyk TiC,
TiN, Fe,(Ti,Al), Fex(Ti,Al)40, Al,Os. IpucytHicts mapy TiN, sikuii 3a3Ha4uB cede
Ak 0ap’epHUIl, 3yMOBIIOE BIAICYTHICTh B HOKpUTTI mapy cronyku Fe,(Ti,Al), a Takox
mapy Fea(Al), sikuit cTabiapHO ICHYE B 3BUYAHUX TUTAHOQTITOBAHUX TMOKPUTTSAX ITi]T
mrapom kap6iaiB (puc.l). Bei mapu nokputtiB 4 — 7 (1ab6n.2,3) kpim mapy TiN B
nokputTax No5,7 (opMmyloTbCs 3a paxyHOK EKCTPAaKI[ii €JIEMEHTIB OCHOBHU [0
MOBEpPXHI Ta iX B3aemojii 3 aacopOOBaHUMU HACHUyKOUHUMH ejeMeHTamu. Llinkom

3pO3yMiJI0, 0 IPUCYTHICTH Oap’epHoro mapy TiN B mokputti Ne5 Bxke Ha mepuux
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eTarax TUTAHOAJITyBaHHS TalbMye AUQPY3IMHUN TOTIK BYTJICHIO 10 TMOBEPXHI.
OcranHe 3ymMoOBiII0€ MeHIY TOBIIUHY 1apy TiC B mokputTsax Ne5,7 B MOpiBHSAHHI 3
toBiMHOIO mapy TiC B mokputti Ned (Tabmn.2,3).

Tadoauus 2. ®a3oBuii ckilaa Ta XapaKTEPUCTUKH MOKPUTTIB Ha cTali Y8A

[lepion MikpoTt-
IToxk- _ Tos-
Bun 06pobxu T°C, KPUCTaJIi- BEp-
PUTTS, da3zoBuii CKIIaz I1HAa, .
yac 9HOI rpa- JICTD,
No MKM
TKH, HM I'ma
4 A3OTOTHUTAaHOATITY- Fe,(Ti,Al)4O | a=1,1298 9,5 9,5
BaHHA™; Fe,(T1,Al) a=04796| 10,0 12,1
azotyBaHHs, 540;20; b=0,7865
TUTAHOAJIITYBAHHS; TiC 0,4306 7.5 34,2
1050; 4; TiN 0,4235 6,0 20,5
5 TurtanoamityBaHHsg™; Fe,(Ti,Al);O |a=1,1291 11,5 12,0
ctajb 3 mapom TiN TiC a=0,4301 6.0 36,0
TUTAHOATITYBaHHS; TiN a=0,4238 4,5 20,0
1050; 4

* - Ha MOBEPXHI BCTAaHOBJIECHO MPUCYTHICTh Al2O3

Sk B ke 3a3HayaiM, B MPOIEC] TUTAHOAJTITYBaHHS MOJXKJIMBA JHUCOIAIlisS
MEBHUX TIOMEPEAHRO HAHECEHUX CHOJYK IMOKPUTTA. BIiAMOBIAHO 10 OTpUMaHUX
pe3ynbTaTiB B TOKpUTTI Ne6 (TabGn.3) mpu TUTAHOATIITYBaHHI BiIOYBAETHCS
nucoriaiis kap6iga xpomy Cr;Cs, 10 MATBEPIKYIOTHCS 3MEHIICHHSIM TOBIIUHU
fioro mapy micist XTO. 3BuibHeHu# 3 kapOina XpoMy BYTJIEIb B3a€EMO/II€ 3 TUTAHOM 3
yTBOpeHHsAM kapOiny TiC, a xpoMm-intepmetaniaiB. ToBmuHa mapy TiC B MOKPUTTI
No6 (Tabi1. 3) ctaHOBUTH 9,0 MKM.

3aranpHa TOBIIMHA TUTAHOATITOBAHOTO MOKPHUTTS HA ctaimi Y8A mocsrae 35,0
— 36,0 MKM; TOBIIMHA IFeTePOTeHHOi 30HM Ha ocHOBI 1HTepMeTaniaiB (AICrTi, TiAl,

TisAl, Cr,Ti) cranoButs 19,5 MM (moxputtst Ne6, Tabm.3).
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Sk 3a3Hayanu, yTBOPEHHSI TUTAHOATIOMOXPOMOBAHUX MOKPUTTIB 32 CIIOCOOOM
No6 (Tabn. 3) BimOyBaeThCcs MpU TUTAHOATITYBaHHI cTajal Y8A 3 mIapamMu CIOJYK
xpomy Cr7Cs, Cr;Ce, o-hasu. B po6oti 3ampomnonoBano Takox crocio XTO crami
V8A, sikuii mosjsirae B HAHECEHHI Ha MOBEPXHIO HUISIXOM (PI3UYHOTO OCAJKEHHS 3
ra3oBoi (a3u mapy TiN 3 HACTYmHUM THUTAHOATIOMOXPOMYBAHHSM B IMOPOIIKOBIM
cymimn : Ti (15%), Al (15%), Cr (25%), NH4Cl (5%), Al,O3 (40% no maci) npu
temneparypi 1050°C Brpogosx 4 omun. ®a30BHil CKIaJ THTAHOATIOMOXPOMOBAHUX
mokpuTTiB No7 (Tabum. 3) Biapi3HAETHCS BiA (a30Boro ckiaay mokputts Ne6 (tabmn.3).
besnocepentbo 10 ocHoBU B MOKpUTTI No7 (Ta6:1.3) npuMukaroTh mapu cnoiyk TiN,
TiC, 30BHI — mapu Ha OCHOBI IHTEpMETATIJIB TUTaHy, ATIOMIHIIO, XpOMYy, 3aji3a.
Cepen iuTepmetaminiB mokputtss No7 (tabn.3) Oyno iaeHTH(IKOBAHO CIIOIYKY
TiAICr (pa3za JlaBeca) 3 mapameTrpamu rpatku a = 0,3008, ¢ = 0,8156 um. Illap dazu
JlaBeca po3TaiioBaHuil B IICHTP1 30HU 1HTEPMETAIIIIB.

30BHIIIHINA 11ap 13 3HaYHUM BMICTOM XpoMy (T112Al16CrsoFer,) Biporiguime 3a
Bce Biamnosigae cnoayii FeCr (o-daza), map outa cnonyku TiC — (TizpAl13CroFeass)
inTepmeraniny FeTi.

MiKpOpEHTT€HOCTIEKTPaIbHUM aHadi30M OYB BHM3HAUCHHMM XIMIUHHUM CKJIaJl
MOKPUTTIB. BcTaHOBNIEHO, 1110 Ha 30BHIIIHIM CTOPOHI TUTAHOAIITOBAHUX MOKPUTTIB
No6 (Tab:. 3) KOHIIEHTpAITisT ATIOMIHIIO Ta XpOMY CTaHOBUTH BiAmoBiaHO 8,9 — 10,9 %
ta 13,4 — 13,6 % no maci. MakcumalibHa KOHIIEHTpallisl Xpomy OyJia BUSIBJIEHA B 30HI
NOKpUTTA Ha ocHOBI cnioiyku TiCr; — 66,4% mac. 3rigHo 1o aiarpamu crany Ti-Cr-
Al [16,17] Ta oTpuMaHUX pe3yiabTaTIB XIMIYHOTO CKJIaay MOKPUTTIB 6,7(Tabm.3) Bus-
BJICHI CIIOJIYKH CKJIay, 10 BiIHOCAThCA 10 ¢a3 JlaBeca. [llap xkap6iny tutany TiC B
mokpuTTi Ne6 (Tabsn.3), TOBIIMHA SKOTO CTaHOBUTH 6,0 MkM, MicTuTh 78,8 — 80,0 %
TUTaHy Ta He3HauHy KuibKicTh 0,1 — 0,2 % amtominito ta 0,2 — 0,3 % xpomy. Ilo mipi
IPOCYBaHHS /10 OCHOBH B IMOKPHUTTI B 3HAYHIM MIpl 3pOCTa€ KOHILIEHTpALlisl 3aii3a Ta
XpoMy, TlaJla€ BMICT TUTaHY, aJlfoMiHito BianoBiaHo A0 0,1 % Tta 0,2 % no maci.

Po3noain enemMeHTiB 3a TOBIIMHOK THUTAHOATIOMOXPOMOBAHMX IOKPHUTTIB 3
mrapom TiN Ne7 (ta6u. 3) Ha cram Y8A HaBeneHo Ha puc. 2. B 30Hax mOKpuUTTS, sKi
MPUMHUKAIOTH 0 OCHOBH 1 cki1agaroThes 3 mapiB TiN, TiC koHIeHTpallis aJoMiHIIO 1
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XxpoMy He3HayHa; ctaHOBUTH 0,1 — 0,6 % mo Maci 1 He BIAPIZHAETHCS BiJl XIMIYHOTO

CKJIaly TOAIOHWUX 30H B TOKpUTTAX 4,5. Ilpu 11bOMy KOHIIGHTpaIlil XpoMmy Ha

30BHIIIHIN cTopoH1 TOKpUTTs Ne7 (tab:n.3) nocsrae 50,0, amominis- 14,0% mac.

Taoauus 3. ®a3oBuii ckiaa Ta XapaKTEPUCTUKHU TOKPUTTIB

3a y4acTIO XpoMy Ha cTaii Y 8A

Mok [epion Tos MikpoTt-
Bun 06po6ku T°C, KpHUCTAaJTi- BEp-
pUTTH, da3oBUl CKIIA] ) 1[1Ha, .
No qac YHO] Tpa- - TICTB,
TKU, HM I'ma
6 Tura"oamiToBaHa*; AlCrTi a=0,5008 2.5 5,8-6,2
CTaJIb 3 IIapOM
Cr;Cs, CrCe; Cr,Ti a=0,6950| 12,5 |6,1—
o — ¢a3a; 7,0
xpomyBanHs; 1050; Ti5Al a=0,5801 4.5 -
3; ¢ =0,4650
TUTAHOATITYBaHHS; TiC a=0,4326 6,0 36,5
1050; 4 o-haza - 2,0 -
Cr23Cs a=1,0711 7,0 17,0
Cr;Cs a=14110| 40 |-
¢ =0,4530
7 TutanoaaroMOXpoMy- o-haza - 1,5-2,0 -
BaHHA**, cTtanpb 3 ma- | Ti1,Al16CrsoFean 5,0-5,5 9,0
pom TiN; TiAICr a=0,5009 - -
TiN, ¢i3uune oca- c=0,8161
JUKCHHS, Ti31Al1oCroFeso |a=0,3984 | 16,0 12,4
TUTAHOATFOMOXPOMY- TiC a=0,4309 | 3,5-4,0 30,6
BanHs 1050; 4. TiN a=0,4231| 5,0-5,5 204

* - Ha MOBEPXHI BCTAaHOBJIEHO MPUCYTHICTH Al>O3,
** - Ha TOBEPXHI BCTAHOBIIEHO MNPHUCYTHICTH (Pa3u Cr203
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BingMminnicTe (a3zoBoro ckiagy Ta XapakTepy pO3MOJLIY €JIEMEHTIB B
MOKpUTTsIX 6, 7 (Taba. 3) 3ymoBieHi ¢a3oBuM ckiaagoM mnoBepxHi nepen XTO Ta
CKJIaJIOM HAaCHMUYYyIO4Oro cepeaoBuina. Jxepenom 3amisza sl MOKpUTTIB 6, 7 (Tadn. 3)
€ OCHOBa; XpoMa — Il MOKPUTTS Ne6 (Tabi. 3) - kapO1JOXPOMOBI MOKPUTTS; IJIS
nokputtsa No7 (tabn. 3) - Hacuuyroue JKEpesio; TUTaHa, aFOMIHISI ISl TOKPUTTIB
Ne6, 7 — nacuuytoue cepenoBuiie; a3otra — B MOKpUTTI Ne7 (tabn.3) —mitpug TiN.
OyHkIii 6ap’epHoro mapy B MOKpUTTAX Ne6, 7 (Taba. 3) BUKOHYIOTh BiATIOBIJTHO
11apu KapOiJiiB XpoMy Ta HITPUIY TUTaHY.

Ha xoHueHnTtpamiiiniii KpuBiii po3MoAily €JIEMEHTIB 3a TOBIIMHOIO MOKPHUTTS
Ne7 (puc.2) MokHa BUSBUTH MPUCYTHICTH 30Ty 1032 MeXamu Imapy Hitpumy TiN.
Biporigno mpu XTO BinOyBaerscs aucomiamis cnoidyku TiN. BusiBnenui azot He
po3zunHaethess B TiC, map sxoro OesnocepeaHbo mnpumukae mg0 mapy TiN, a
mupynnye no wmapy 30HM I (puc.2). OcraHHe TIATBEPHKYETHCS 3HAYHOIO
MikpoTBepaicTio ciofiyku Tis; AljgCroFeso 3 a3oTom, sika BusiBiisiersest Ha 25,0 — 30,0
% BUIIOIO HIXK CIIOJIYKH 0€3 a30Ty, 1 cTaHoBUTh 12,0 — 12,4 I'Tla.

MiKpOTBEepIICTh OKPEMHUX CKJIAJJOBUX MOKPUTTS 3MIHIOETHCA B LIMPOKOMY
niara3oHi : Bia MikpotrBepaocTi mapiB kapoiay TiC — 30,6 — 36,5 I'Tla, mitpuay TiN
- 19,6 — 20,5 TITla, kap6imiB Cr;Cs;, CrpsCe¢ — 17,0 I'lla, mo TBepmocTi
1HTEepMEeTaiiB, OKCHUIIB (Tadm. 2,3).

baratokoMnoHeHTHI MOKPUTTS, SKI OTpMMaHi B pPoOOTI, BIAMOBITHO J10
MIKPOCTPYKTYPHOTO aHaji3y BHSBISIIOTBCS Y BUIJIAAY CBITIMX IOJIOC C YITKOIO
TPaHUICIO PO3MOJLITY TMOKPUTTSI-OcHOBa (puc.l,2). MikpoTpiluHu, TMOpH B
MOKPUTTSIX MpakTUuHO BiAcyTHi. [llapu HiTpuay tutany TiN B BHUXIJTHOMY CTaHy,
HiCasl TUTAHOAIITYBAaHHS, a30TOTUTHOATITYBAaHHS MAalOTh XapakTEpHUU >KOBTYBATO-
30JI0TaBUM KOJTIP.

Pesynbrati mposenenux npu Temmeparypi 1000°C Bopomosxk 100 romun
BUNMPOOYBaHb MIATBEPAWIA BUCOKY >KapOCTIMKICTh OTPUMAHUX B POOOTI MOKPHUTTIB
(puc.3). Amnamiz miteparypHux kepen [12,18,19] mnokazaB, 1mo B yMoBax

6e3nepepBHOro okucieHHs cmaBiB Ti-Al-Cr, Ha moBepxHI (OpMYyeTbCS OKCHAHA
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riiBka (Al,Cr),O3; 3 BUCOKUM OMOPOM /10 OKUCIEHHS. Y TBOPEHUN TaKUM YMHOM IIap
OKCH/IIB BU3HAYAE KAPOCTIMKICTh MOKPUTTS MPH MOJATBIITNX BUITPOOYBAHHSIX.

CaMmy BHCOKY >KapOCTIMKICTh CE€pel NpPEICTaBICHUX B pPOOOTI, MPOSBUIU
nokpuTTs Ne 6,7 (tabn. 3). MikpoaHaiii3 HOBepxHI Micisi BUIPOOyBaHb MOKa3as, IO B
mporieci OKHUCIEeHHS (OPMYEThCS NIUThHA OKCHIHA TUTIBKA TEMHO-CIpOTO, Maibke
YOPHOT'O KOJBbOPY; CKOJH, BiAmapyBaHHs BiacyTHi. [lepeBara mokputtiB Ne 6,7 Hax
MOKPUTTSIMU 4,5 3yMOBJIeHa (JOPMYBaHHSAM MPU OKHUCJICHHI SIKICHOT 3aXHUCHOI TIJTIIBKU
(Al,Cr),0;5 [12,18,19]. Ha moBepxHi TUTaHOATITOBAHUX MOKPHUTTIB 32 THX K€ YMOB
OKHUCJIEHHS (OpPMYETHCS MEHIN IIJIbHA, MyXka ruiBka okculiB TiO, ta Al,Os 3

He3aJ0BIILHUMH 3aXUCHUMH BiacTuBocTsIMU [12,18,19].
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Puc. 2. MikpocTpyKTypa TUTAaHOATIOMOXPOMOBAHOT cTalll Y 8A 3 monepeaHbo
HaHeceHnM mapoM TiN (a — eTeKTPOHHUI MIKPOCKOT) Ta PO3MOILIT €IEMEHTIB 32
TOBIIMHOK NOKpUTTA; 0 — T1, B — Al, 1 — Cr; 1 — Fe; e — N; Hacuuyroua cymimi : Ti

(15 %); Cr (25 %); Al (15 %); NH4Cl (5 %); Al,O3 (40 %); T=1050°C; t=4 roaunu;
30Ha [ — Ti12Al16CrsoFeqn; IT — T1AICr; I — Ti31Al10CroFeso; IV — T1(N,O); TiC; V —
TiN.
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3HOCOCTINKICTh OTPUMAHUX B POOOTI MOKPHUTTIB, JJISl SIKMX BEJIMYUHY 3HOCY
OIIHIOBAJIM 3a PO3MipaMH JIYHKH TepTs, BUsBWIAch Buiow y 1,8 — 4,5 pasu 3a
3HOCOCTIMKICTh BHUXIIHOI cTami (puc. 4). Bucoka 3HOCOCTIMKICTH 3yMOBIJIECHA
OyJIOBOIO Ta BIJACTUBOCTSIMH IIOKPUTTIB, iX BHCOKOI MIKPOTBEPMAICTIO Ta
xkapocrtidikicTio: HasBHicTio mmapiB TiC, TiN; inrepmeranigis; Al,O;. MoxHa
BBa)XaTH, 10 BUMPOOYBaHHS Ha 3HOCOCTIMKICTh 3a PO3MIpaMU JIYHKH MOJICITIOE
PO3BUTOK MPOLIECIB TEpTs B dYaci 1 MPOCTOpI Ha BIAMIHY BIJ pe3yJbTaTiB
BUIIPOOYBaHb 3 MPUTEPTOIO NoBepxHeto. CTaH, CTPYKTypa, XIMIYHUN CKJIaJ IOBEPXHI

KOHTAKTY 1 TOBEPXH1 O1J151 TYHKH HaBEJCHO Ha puc. 5, 6, Tadn.4.
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Puc. 4. 3H0cocTiiiKicTh cTaimi Y8A 3 MOKPUTTSIMHU B yMOBaX TepPTs KO3BaHHs 0e3
3marlryBaHHs; a — ctasib Y8A; HRC 61; 6 — a30TyBaHHs 3 HACTYITHUM
TuTaHoaiTyBaHHsAM (Ne4, Tabi. 2); B — HaHeceHHs 1mapy TiN 3a HaCTyImHUM
TUTaHOAMTYBaHHIM (Ne5, Tab. 2); r — XpOMyBaHHS 3 HACTYITHUM
tutaHoamiTyBaHHAM (Ne6, Tab. 3); 1 — HanecenHs mwapy TiN 3 HacTymHUM
TUTaHoaroMoxpomyBaHHsIM (Ne7, Tabi. 3). [IIBuakicTs kKoB3aHHS 5,0 M/C;
HaBaHTaxxeHHs 1,5 H; yac Bunpo6osyBanns 300 c.
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JIInssHKYM 3 MaKCUMaJbHOIO Ta MIHIMAJbHOI BHUCOTOIO TOBEPXHI B 001acTi
TepTa TMokazaHi Ha puc.5. Ciija 3a3HauuTH, 10 PO3IIAPyBaHb, BIJIOKPEMIICHHS
OKpPEMHUX YaCTOK, MOSBH CITKH TPIIUH MpU BUIPOOYBaHHI MOKPUTTIB Ne 6, 7
BUSIBJICHO HE OYJI0.

[TpucytHicTh B mokputTsx Ounga ocuoBu mapiB TiC, TiN, mapy Al,O; nHa
30BHIINIHI CTOPOHI CIPHUS€ 3POCTaHHIO 3HOCOCTIMKOCTI ctam Y8A. Illap oxcumy
amoMiHio Al,Os, skuii po3TanioBaHUM Ha 30BHINIHIN CTOpPOHI aAMQY31iHOT 30HHU,
Oap’eprmii map TiN moctymaroThes 3a MIKpoTBepaicTio mapy kap6imy TiC, ame
CYTTEBO 3MEHIIYIOTh MPH TEPTI B3a€EMOJIII0 KOHTPTLIA 13 cTauio Y8A. Ha noBepxHi
TepTst (puc. 5,6) cmocrepiralotbes JiHIT aOpa3sMBHOTO MIKPOpPI3aHHS B HAIpPIMKY
KOB3aHHS. B skocTi abpa3uBy BHUCTYMaOTh, BIPOTIAHINIE 32 BCE, OKpEMi TBEpAi
YaCTKU MOKPUTTA (KapOiau, HITpUAM, OKCUau) abo KoHTpTuia. KpiMm Toro B 30HI1
KOHTaKTy B1I0yBarOThCS MPOILECH MPY>KHOI, MIacTUYHOi nedopmallii, pyHHyBaHHS.

[ToBepxHsi JIyHKU B MPOIIEC] TEPTA 3TIAIKYETHCS.

~ 316.8 MEM

Legs Vb 270.8 MEM
201.0mEM TN 237 63N

a 0
Puc. 5. Tonorpadis moBepxHi TepTs cTaii Y8A 3 XpOMOTUTAHOATITOBAHUMU
nokputTsimMu 3 mapoM TiN (Ne6, Tabi. 3) — a; 3 TATAHOXPOMOATITOBAHUMH
nokputTTsimMu 3 mapom TiN (Ne7, Tabi. 3) — 6; yMoBHU TepTsi: HaBaHTakeHHs 1,5 H;

MIBUKICTHh KOB3aHHS 5,0 M/c; yac BunpoodyBanb — 300 c.

AHami3 MIKPOCTPYKTYpH Ta XIMIYHOTO CKJIaJly THUTaHOAIFOMOXPOMOBAHHX
MOKPUTTIB Ha cTani Y8A B 00JaCTl JTyHKH 3HOIIYBAaHHS O3BOJIMB BU3HAYUTH 30HU 3

pI3HUMHU 0COOMBOCTIMU OyA0BU (puc.6, Ta61.4). 30Ha A — cBiTJIa 30HA 3 TEMHUMU
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BKpAIUICHHSMHM 13 CJIIJIaMH pi3aHHS B3JI0BXK PyXy KOHTPTLJIA, BIJMOBIJAE MaTepialy
ocHOBH;. 30Ha b — nedopmMoBaHe 1 YaCTKOBO 3pyMHOBAHE MMOKPUTTS.
MiKpOpeHTI€HOCTIEKTPAIbHUM aHai30M MOKa3aHo, 10 crojiyka cnektpy Nel
B 30H1 A, Ne5 B 30H1 b Bianosigae okcuny (Al, Cr),Os (puc. 6, Tabn.4). Bkazanuit
okcup chopmyBabcs abo mpu XTO, abo B mporieci TepTs KOB3aHHS B KOHTAKTHIM
30HI, JIe¢ TeMIlepaTypa MOXE JOCSATaTH 3HAYHUX BEJIMYHMH, OKpeMi JAUISHKU B 30HI b

BIIMOBIIAIOTH CIOJIyKaM, 110 BXOsATh 110 ckiany nokputts: TiN, TiC, Fe(Ti, Al)4O.

“WD=15.9mm

Puc.6. MikpocTpyKTypa 30HH TepTs cTam Y 8A 3 THTaHOATIOMOXPOMOBAaHUMH
nokputTsiMu 3 TiN (Ne7, tabn. 3); HaBanTaxenHs 1,5 H; mBuakicts koB3anHs 5,0

M/c; yac BuripodyBaHb — 300 c; (€JIeKTpOHHUN MIKPOCKOIT).

Ta6auus 4. Po3nosin eneMeHTiB Ha MOBEPXH1 JTYHKH 3HOCY

TUTAHOATIFOMOXPOMOBAHOTO MOKPUTTS Ha cTaii Y 8A 3 mapom TiN.

3o0Ha Ne dazoBui Bwmict enemenTiB, % mac
CIICKT CKIaA Ti Al Cr Fe O N
py | (MOXIMBHIA)
A 1 (AL Cr),03 0,6 30,4 7,0 1,0 41,0 -
OcHoBa
- 8 Fe, (Cr, Si) 0,1 0,3 0,5 OCHOBa - -
VA (Cr, Fe);Cs
2 TiN OCHOBa 2,5 1,5 1,0 - 15,0
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3 [(ALCr),0; 1,0 | 255 | 9,0 1,5 | 630 | -

. 4 TiC OCHOBa 2,8 2,2 1,8 1,4 0,6

30Ha 5 | (ALCr),03 0,8 28,5 8,6 2,0 40,1 -

O [ Fea(TLADs | 63,0 | 160 | 05 | 150 | 55 | -
0

7 [FexTi,Al)s | 620 | 180 | 09 | 146 | 55 | -
0

OTtpumaHi 1 AOCHIIKEH1 B poOOTI OararomapoBi MOKPUTTS 3a y4acTIO KapOi/IiB
XpoMy, KapOily THUTaHy, HITpUAY THUTaHy, IHTEPMETANIIIB OTPHUMAHI IUIIXOM
MOCIIJIOBHOI peasi3alii KIJIbKOX METO/IB HACHYEHHS : a30TYBAaHHS, XpOMYBaHHS,
(GI3UYHOTO OCAPKEHHSI 3 Ta30Boi (a3 3 HACTYMHOIO AUQY31HHOIO MeTaTi3ali€cro.
OTpuMaHi MOKPUTTSI MAaIOTh BUCOKY >KapOCTIMKICTh, 3HOCOCTIMKICTh Ta MOXYTh OyTH
NEPCIIEKTUBHUMHU IIPU eKCIuTyaTallii BupoOiB 13 ctani Y8A B yMoBax il KOHTAaKTHUX
HABaHTAXKEHb, MIJBUIIICHUX TEMIIEPaTYpP.

3. BucHoBKHM:

1. [Ipn 6araTOKOMIIOHEHTHOMY THUTaHOAJIITyBaHHI cTayi Y8A micis a30TyBaHHS, 3
mapom TiN, 3 mapoMm kapOiiB XpoMma; MpU TUTAHOATIOMOXPOMYBAHHI CTail 3
mapom TiN Ha mnoBepxHi (opMyroTbCs OaraTomapoBi TMOKPUTTS 3a Y4YacTIO
HactynHux cnoiyk : TiC, TiN, Al,Os, iHTepmeramau 3a ydactio Ti, Al, Cr, Fe.
[Tpu audy3iitHii MeTamizalii mapu KapOoiaiB XpoMa 1 HITpUy TUTaHA BUKOHYIOTh
Oap’epri  (yHKIIl; TadbMyIOTh TNPOHUKHEHHS aJIOMIHIIO B  OCHOBY 1
MePENIKO/KaUl TaKUM YiHOM yTBOpeHHs Fea(Al).

2. MikpoTBepaicTh OKpeMuX mapiB Ha ctam Y8A nactynHa: map TiC — 30,0 — 36,6;
TiN — 20,0 — 20,5; mapwu iaTepmeranigis — 5,8 — 12,41 T]a.

3. Cama Bucoka »xapocTiikicth mpu Temreparypi 1000°C Bmogosxk 100 roawn
BCTAQHOBJICHA JJIsi MOKPUTTIB Ha ctam Y8A 3a ywacTio HiTpuay Tutany TiN 1

HACTYIIHOT'O TUTAHOAJIFOMOXPOMYBAHHA.
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4. 3H0COCTIMKICTh cTayml Y8A 3 3aXMCHUMH MOKPUTTAMH B YMOBax TEPTS KOB3aHHS

0e3 3marnryBaHHs 3poctae B 1,8 — 4,5 pa3u B NMOPIBHSAHHI 31 CTIMKICTIO BHXIJIHOI

cram (HRC 62).
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The structure of functional coatings of tin-lead alloy on foil glass

fiber deposited from the melt

Ushchapovskiy D.Yu., Linyucheva O.V., Motronyuk T.I., Pidvashetsky G.Yu.,
Zabaluev A.S., Aksonova O.V.

National Technical University of Ukraine «lgor Sikorsky Kyiv Polytechnic Institutey,
Kiev, Peremohy 37, 03056

The structure of functional coatings of tin-lead alloy investigated by XRD and EDX
methods. It was established that the composition and structure of Sn-Pb coatings are
heterogeneous. The coating layer adjacent to the copper base is the intermetal of the
approximate composition of CusSns. The coating consist of two main phases: the a-
phase is saturated with lead and the B-phase is saturated with tin. The multiphase non-
eutectic composition of the coating may be due to the interaction between the copper
base and the mother maturing coating at the temperatures of its deposition.

Key words: functional coating, lead-tin alloy, copper base, heterogeneous structure.

Crpykrypa QyHKIiOHAJIBHUX MOKPUTTIB 3i CILIABY 0JI0BO-CBHHEIb

Ha (POJIBIOBAHOMY CKJIOTEKCTOJIITi, HAHECEHHUX i3 PO3ILIABY

Ymanoscekuii J1.1O., Jlintouea O.B., Motpontok T.1., [Tinpamenskuii I'.10.,
3abamyeB A.C., AkcbonoBa O.B.
Hayionanvnuii Texniunut Ynieepcumem Yxpainu « Kuiscokuii nonimexuiunuil

incmumym imeni leops Cikopcbkoeo

[TokputTst 31 CIUIaBiB OJIOBO-CBHHEIL, a 30kpema [IOC-61, HaOyiu HIUPOKOTO
BUKOPHUCTaHHSA Yy TEXHOJIOTIi BHUPOOHMIITBA IUIAT JPYKOBAHOTO MOHTaxy. Taki
MOKPUTTSA HA3UBAIOTHCS (PIHIIMIHUMHU, 1 HAHOCATHCS HA KOHTAKTHI IUIOIIAAKU Ta
MeTaJli30BaHl OTBOPHU JIJII MOHTaXY paJllOCJIEMEHTIB METOJIOM MasHHA. [IokpuTTs 31
crutapy I1OC-61 HaHOCATH ABOMa croco0amMu — TalbBaHIUHUM Ta «rapsuum» 13
posminaBy (HASL texnonoris) [1, 2]. Ha manuit MOMEHT rajapbBaHIYHUN COCIO BCe

pilie BUKOPUCTOBYETHCS Yy TMPOMHUCIOBOCTI 4Yepe3 €KOJOTiYyHy HeOe3MeUHICTb.
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Hanecennss mokputtiB 13 posmiaBiB abo HASL texHosoris, depe3 BiJICyTHICTb
BHCOKOTOKCHUYHUX CTIYHUX BOJ Ta KOPOTIIY TPHUBAIICTh TE€XHOJOTIYHOTO MpPOLECY
ctae jnoMiHyr4or. OcHoBHMM HenojikoM HASL TtexHosorii € BUCOKUN Tepemnaj
TOBIIMHU TIOKPUTTS Ha PI3HUX JUISHKAX IUIACKMX KOHTAKTHUX IUIONIAIOK Ta,
30KpeMa, HaCKpI3HMX MeTali3oBaHuX OTBOpiB [3]. Lle yHEMOXIMBIIOE MOHTaX
paJioeIeMEHTIB 3 IJIJaHAPHUMU BUBOJIaMM METOJaMU TpymnoBoi maiiku. [Ipore s
APYKOBAaHUX BY3MIIB 13 paJlOeieMEHTaMH, IO MOHTYIOTbCSI 3a JOMOMOTOIO
mTuphoBUX BUBOJIB, HASL TexHosoris € HalO1IbII €KOHOMIYHO BHUIIPABIaHONO. 3
TOYKH 30pY MPOMHCIOBOTO BHUPOOHUITBA, AKTYaJIbHOIO HAYKOBO-IPAKTUYHOIO
3aJ]a4el0 € BU3HAYCHHSA CTPYKTypH MOKpHUTTIB 31 ciuiaBy [1OC-61, oTpumyBaHuX
«rapsuum» cnoco6oM. Oco0IMBO BaXJIMBUM II€ € TPH Balijlailii TUX YU 1HIIUX
METO/I1B KOHTPOJIIO SIKOCT1 Ta CKJIaJy HOKPHUTTIB.
1. MeToauka a0Cai’KeHb

[TokpuTTsS HaA 3arOTOBKM JPYKOBAHUX IJIAT HAHOCWJIU 3a ctaHgapTHoro HASL
TEXHOJIOTi€r0 [2]. 3aroTOBKY IJIaTH 3aHYpIOBaIM y po3iuiaBieHuit 10 260 °C npuroii
Ha yac J10 2 XB, MICJIsI YOT0 HAJIUIIIOK MPUIIOK0 3HIMAIX 001yBaHHAM rapssuum (290 —
300 °C) crucHeHuM MOBITpsAM. B skocTi Marepialy MOKPUTTS BUKOPHCTOBYBAJIU
eBrekTruHui punoit [IOC-61 nmoBipenoro ckiany, o Bianorigae 'OCT 21930-76.
[TokpuTTss HaHOCWJIM Ha 3pa3Kd JBOCTOPOHHBOTO (POJIbITOBAHOTO CKJIOTEKCTOJITY
(puc.1 a) Ta Ha 3aroTOBKU OJHOOIYHOTO (DOJTBrOBAHOTO CKIIOTEKCTONITY 31
c(hOpMOBaHMMHU KOHTAKTHUM IUIONIQJKaMHU KBaJpaTHOI ¢opMu po3mipamMu 5x5 Ta

10x10 mm? (puc.1 a Ta 6, BiANOBigHO).

Puc.1. 3pa3ku GpoaproBaHoOro CKIOTEKCTOIITY 13 MOKPUTTSAM OJIOBO-CBUHEIIb.
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[Ipsime BuMIpIOBaHHS MacOBOi YaCTKU KOMIIOHEHTIB (IHIIIHUX MOKPUTTIB Ha
MOBEPXHI 3aroTOBOK JPYKOBAaHMX IUIAT 3IHCHEHO METOJOM HEPYWHIBHOTO
eHeprojucnepciiinoro  penrtreHodgayopecueHTHoro  aHanmizy  (XRD)  6e3
BUKODUCTaHHA  eTajioHiB. JOCHI/KEHHS  MPOBOAMIMCH 13  BUKOPUCTaHHSAM
MYJIBTHEJIEMEHTHOTO  Mpeuus3iiHoro  ekcnpec-aHamizatopa «EXPERT  3Ly.
AmHanizarop 3abe3neuye BU3HaUYCHHsS MacCOBHX YacTOK eJleMeHTIB Bia 12Mg no 92U B
OyIb-SIKMX TUIIAaX CIUIABIB.

CTtpykTypy Ta KUIBKICHUH CKJIaJl y IIONEPEYHOMY TMepepi3l IMOKPUTTIB
JIOCTKYBaIM 3a jaonomororo Mertanorpadiuaux nurigis. Hlmidu BUroTOBISIM
[IUISIXOM BHUPI3aHHS XapaKTepHOI JUITHKA Ha 3pa3kax 3aroTOBOK JPYKOBAHUX ILIaT 3
MOJAJIBIIMM  3alIPECOBYBaHHSIM ix y OakemitoBy ocHoBy. IlmidyBanns Tta
MOJIIPYBaHHS 3A1MCHIOBAIM 32 CTaHAAPTHOIO METOJMKOI0, Ha NUTi(yBalbHIM
yctaHoBli ¢ipmMu Buhler 3 BukopucTtaHHsM aOpa3UBHUX MalepoOBUX KPYTIB 13
3epuucticTio 2500. [locmipKeHHs TPOBOJWINCH 13 BUKOPUCTaHHSIM PacTPOBOIrO
eIeKTPOHHOTO Mikpockornma POM-106U, i3 BOymoBaHMM aHami3aTOpOM, IO JaBaB
MOXJIMBICTh BUBHAYUTH KUIbKICHUH ckJiag mokputTs (EDX meromgom).

2. Pe3yabTaTH TA iX 00rOBOpEHHS

Pesynbprat BU3HAYCHHS CKJIaay MOKPHUTTIB 31 CIUIaBYy OJIOBO-CBHHEIh HAHECEHHX
Ha 3aroToBKH (OJBIOBAaHOTO CKJIOTEKCTONITY (puc.l.a) HaBegeHo B Tabm.1. He
TUBIITYACH HA TE, IO MOKPUTTS HAHOCWIIM 13 po3iiaBieHoro mpumnoro I10C-61,
CKJIaJ] TIOKPUTTIB y 3HA4YHIA MIpl BIAPI3HIETHCS BIJl CKIIATy BUXIAHOTO MaTepiany.
OpnHak, K BUJIHO CKJIaa TOKPHUTTIB (Tabn. 1, 3pasok Ne3), ski He miggaBamu Iii
rapsiaoro CTUCHEHOTO MOBITPS € OJIMKYUM JI0 CKJIay BUXITHOTO MaTepiany.

Hanani Oynu mnpoBeAeH! AOCHIIKEHHSI TOMEPEYHOro Mepepidy MNOKPUTTIB 3

BHKOPHCTaHHIM MeTajorpadiuaux mutidis (puc.2.).
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Ta6auuns 1. Cknaa MOKPUTTIB CIIJIABOM OJIOBO-CBHHEIb OTPUMAaHUX 13

posmuiaBy 3a nanumu EJ[PDA ananizy

Bwmict mac.%

Enement 3pa3ok Nel 3pa3ok No2 3pazok Ne3*
Sn 42,58 | 27,04 | 43,11 | 27,07 | 49,74 51,11
Pb 57,42 | 72,96 | 56,89 | 72,93 | 50,26 48,89

* - MOKPHUTTS HaHECeHe 0e3 BUKOPUCTAHHS 3aBeplIaibHOI 00poOKH (00 1yBaHHS rapsuuM

CTHCHEHUM TIOBITPSIM)

.

-,

‘WD=16.2mm 20.00kV  x5.00k 10pm | WD=16.2mm 20.00kV  x5.00k

=101x|

®afin Mpaexa Cwcrema PassepTka BrasokaMan Bua 2 _”
[HFAam| 1]2]3|m| oo| =] =] i+ 102030 4[Focus =050

‘WD=16.2mm 20.00kV x7.85k

B
Puc. 2. MikpodoTo3HiMku 1utidhiB 3pa3kiB (GOJIBIOBAHOTO CKIOTEKCTOMITY 3

IOKPUTTAM 31 CIIaBY OJIOBO-CBHHCIIb.
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AN rdoponn ST} - rbopmanrn S RI=TE

| 8| B¢ 0[R| 2%~ @8 B 02 a|Ys| &Ele BEzR 02 295
Hanpsserwe (kB 20.00 Hanpasenue (kB): 20.00 Hanpaserue (kB]: 20.00
0 Cyrara #:100.00 Cypirda %:100.00
Fnemerr [Mer. |cx | Fnemerr W, | B | Jnement M. [cx |
Ca 144 ] Ca 378 1304 Cu 3198 9945
Ca 3 0.00 Ca 4 000 ALy kx| 0.00
Cu 187 4.3 Cu 1267 4561 Sn 10 015
Ay -3 0.00 Ay 5 0.00 Sn 4 0.00
Sn 207 7.54 5 2117 51.29 Ph 7 000
Sn 17 0.00 Sh 3 000 KFb 9 0oa
KFb 379 .00 #AFb 8 000
Pb 2845 86.55 Ph 2 007

a 0 B
Puc. 3. Pe3ynbrati BUBHAYEHHA CKJIaAy 3pa3Ka y TOUKaxX MMO3HAYeHUX Ha puc.l: a —

(+1); 6 — (+2); B — (+3).

Cyraraa #: 10001

= |I=|— |- |=

= |l=|— |~ |=| |=
=z ||z = |=

SAx BUAHO 3 puC.2. MOKPUTTA MIHNCHO HE € TOMOTCHHHM, CIIOCTEPITarOThCA JIBi
oKpeMi MeTaliuHi ¢a3u. AHaI3 TOKPUTTA y OUIbIN CBITIIM 30H1 (puc.3, Touka +1)
MmokaszaB, 10 JlaHa (a3a micTuth Onu3bko 86,55 % cBunimo, 7,54 % omnona, 4,3 %
MiJi, Y He3HauHi# Mipi npucyTHid kanblii (1,6%). AHami3 MOKPUTTA y OUIbLI TEMHIM
30H1 (puc.3, Touka +2) mokaszaB, 110 JaHa (aza MicTUTh O0ym3bko 51,3 % onoBa Ta
45,6 % wmini. Touka (puc.3, Touka +3) — ocHoBa — MmimHa (oasra. TobTo, Ha
30BHIIITHINA TOBEPXHI MOKPUTTS HEPIBHOMIPHO PO3IMOIIAETHCS HACUUCHA 32 CBUHIIEM
daza, y rmOuHI TOKPUTTS OJIMKYE 10 OCHOBU (TOUKa +2, puc.2) 3HaXOAUTHCS TAKOX
MiJTb, IO MOKE CBITUYMTH MPO HASBHICTHh IHTEPMETAIIIIIB, SIKI YTBOPHIIUCS B HACIITOK
B3a€MO/IiT PO3ILJIABJICHOTO CIUIABY 3 MIJIHOKO OCHOBOIO CKJIOTEKCTOJITY.

Pesynbpratu MOCHIKEHHS CKIIAAy MOKPUTTS Ha IuTidax 3pa3kiB 3 KOHTAaKTHUMU
TJIOMIAKaMH KBaJpaTHOI (HOpMH MOKa3adu HacTymHe. Ha KOHTaKTHUX TUIOIIaaKax

PO3MIpPOM 5X5 MM TOBIITMHA ITOKPUTTS BaAPIIOETHCS y Mexka 2 — 6 MKM (puc.4).

| @wan Mpaoa Cacroes Poseewirea Baaroransn Bra 1

e .
|rm—.us = 0.50 l cicacac a||Focus =05

(47% Cu; 51,8% Sn; 1,2% Pb)

WD=16.2mm 20.00kV _ x3.93k 20.00kV__ x3.93k

a
Puc. 4. ®ortorpadii uwmiiB pparMeHTiB KOHTAKTHUX IUIOIMIAJ0K PO3MIPOM S5X5 MM 3

MIOKPUTTSIM OJIOBO-CBHHEIb HAa BEPXHI (a) Ta Ha HUXKHIM (0).

269



CtpykTypa 1 CKJaJ TOKPUTTS € TaKOXX HEOJHOPITHUMHU. Y BEpXHIA YacTHHI
KOHTAKTHOI TUIOMIAKH, /1€ TIOKPUTTS MAa€ MEHIITY TOBIIUHY, MICTUTBCS B OCHOBHOMY
MiJib Ta 0JIOBO (puc.4 a). Y HIKHIH YacTHHI KOHTAaKTHOI IUIOIIAJKH, J€ TOBIIMHA
NOKpUTTA € Outpmiolo (puc. 4 0) 3’sBisS€TbCA OUIbIIE CBITIIMX BKpAIUICHb, SKi
BIJIMOBIAAIOTh HASBHOCTI MEPEBAYKHO CBUHIICBMICHOI (ha3u, siIka KOHIIEHTPYEThCA Ha
30BHIITHINA MOBEPXHI MOKPUTTS.

=lol =
Duin Mpseecs  Chctenn  Palsepics  Bnasccsean Bea §

: i Wuﬂl 129 fes] e o] =[]+ Cicacac|[siamy 015

20.00kV _ x2.50k ___ 20um | WD=15.3mm 20.00kV_ x3.93k

1
et Mpwws OKTews Pajoepteo EBvacorowan Baa 2

[Z[F e 1]2a[a | o] =[]+ cacacacallF

o (2,5% Cu: 93% Sii; 4,5% Pb)
T b S SR w T

TR R

20,00V x2.50k ___ 20pm | WD=15.5mm 20,008V x1.57k
B T

Puc. 5. ®otorpadii nutidis pparMeHTIiB KOHTAKTHUX IUIOMIAI0K po3MipoM 10x10 mm

3 MOKPUTTSIM OJIOBO-CBHMHEIIb HAa BEpXHiH (a, B) Ta HAa HWKHIiH (0, T) YacTHHAX.

Ha xonTakTHuX miomaakax po3mipoM 10x10 MM TOBIIMHA TOKPUTTS BapiIOETHCS B
mexax 2 — 80 mxm (puc.5). TommmHa nmokpuTTs 80 MKM BIJNOBIAA€ HATUIMBY Y
HWDKHIN YacThHI. SIK BUJIHO 3 pUC.5, UMM OUIBIIOI0 € TOBIIMHA MOKPUTTS, TUM O1JIbIIIE
3’ABIISIETbCST 30aradeHoi Ha cBUHENb ¢Ga3u 1 TUM 18 (pasza OUTBIT PIBHOMIPHO
po3moiaeHa y 00’ eMi MOKPUTTSL.

OTpuMaHi pe3ylbTaTH MOSICHIOIOTHCS HACTYNHUM. 3HAUEHHS TEMIEpaTryp Ipu
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HAaHECEHHI MOKPUTTIB 31 criaBy 0yioBo-cBuHEIb (200 “C) 1 mpu 00yBaHHI rapsauM
ctucHenuM TmoBiTpssM (300 °C) Ta mani miarpamu  ctany Cu-Pb-Sn  (puc.6 a)
BIJIMOBIAAIOTh YMOBaM yTBOpeHHs 1HTepMmeTaniga CueSns, B SKOMY MICTUTBCS
ommsbpko 60,5 mac.% Sn ta 39,5 mac.% Cu. Buznauenuii ckinaa mapy HOKPHUTTS, IO
npuisirae 10 MigHoi ocHOBU (puc.2 6 Ta puc. 4 a) € ONU3BKUM J0O CKIaay
iHTepMeTainia. ToOTo, Mpu HAHECEHH1 MOKPHUTTS 13 PO3IUIaBy JIMCHO BiOYyBa€ThCs
XIMIYHAa B3a€EMOJIS MIJHOI OCHOBH 13 PO3IUIABJICHUM TPHUIIOEM, SIKA MOXKeE
1HTeHCU(IKYyBaTUCh TIPU 00 1yBaHH1 MMOKPUTTSI TapsiauM MOBITpsM. Lle npuzBoauTh 10
3MEHIIICHHS] BMICTY OJIOBa Ta 301JBIIICHHS BMICTY CBUHIIIO Y 00’€Mi PO3IUIaBy OIS
MOBEpXHi MiHOI OcHOBU. BiamoBimHo 70 (puc. 6 0) y BUNaAKy KOJIM BMICT CBHHITIO Y
CIJIaBl CTa€ OUIBIIMM 3a €BTEKTHYHUH, CTPYKTypa CIUIABYy CTa€ HEOTHOPIAHOK. Y
CIuTaBi 3’ABISE€ThCS Oarata Ha CBUHENb oO-(a3a 13 BMICTOM CBHUHITIO OJM3BKO
80 mac.%, sixka Oyae oapa3y KpHUCTali3yBaTHCh Ha MOBEPXHI IJIaTH (TeMIiiepaTypa
kpuctamsaiii 61u3bpko 300 °C). lle miaTBepKyIOTh OTPUMaHI y JaHI poOOTI JaH1
(puc. 2 — 5). Ilicns xkpucTtanizarlii 6aratoi Ha CBUHEIb 0-(ha3u, MPUITOBEPXHEBUH Iap
pO3ILUIaBy 301THIOETHCS HA CBUHEIb 1 MOXKE MMO0YaTH BUKPUCTAII30BYBATUCH OaraTta Ha

0J10BO [-(ha3za.

300

200

(19.2 wt® Sn)

Temperature (°C)

; structure

#— Primary o«
(19.2 wt% 5n) 7

]

|

NG

| /N

Eutectic o 3(97.5 wt% 5n)
9.2 wt% 5n)

aed 1 I I
0ysng?® 4 6 80 100 0 20 A e w00
n Mass % Cu Cu (Pb) 4 Composition (wt% Sn)

Puc. 6. [liarpamu crany cucrtemu Cu-Pb-Sn (a) [4] Ta cuctemu Pb-Sn [5, 6].

Hagani B mporieci BHiTydeHHs 3aTOTOBKH 13 pO3ILJIaBy (BEpTUKAIbHE BUTATYBAHHS),
PO3IUIaBJIEHUH CIIaB i A1€I0 BIACHOI BarM CTIKA€ 10 HU)KHBbOI YACTUHU KOHTAKTHOI

IJI0MaaAKH, a HOro HAaJIMIIOK BUAAACTBCA TapA4YUM HOBiTpHM. Takum YNMHOM, Ha
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BEpPXHIM YaCTHHI KOHTAKTHOI IUIOMIAJKH TOKPUTTS SIBISE COOOI0 B OCHOBHOMY
inTepmetanmin (CueSns) 3 HACHYCHOIO Ha CBUHENb 0-(pa30l0 Ha IOBEPXHI, IO
HIATBEPKYEThCA puc. 4 a, 5Sa 1a 5 B. Ha HIKHIN 9aCTHHI KOHTAKTHOI IUIOIIAJIKH
HaKOMMUYYEThCS TeTepo(a3Huid CIUIaB, M0 MICTUTH O-(a3y HACHYEHY CBUHIIEM Ta [3-
a3y HacudeHy 0J10BOM (pHcC.5 0, T'), 0 Y3TOJKYETHCS 3 TaHUMU PUC.6 O.

BignoBigHoO 10 OTpUMaHMX JaHUX MOXKHAa 3POOMTH BHCHOBOK OO Bajifarii
oOpaHuX METOMIB NJisi BUSHAUCHHS yCEPETHEHOTO CKJIAaay OCHIKEHUX MOKPUTTIB.
OCKUIbKY CTPYKTYpa MOKPUTTS 31 CIUIABY-0JIOBO CBUHEIb OTPUMAHOTO 13 PO3IIABY €
HeonHopigHoto, Metonn XRD ta EDX, mpuaatHi ans BU3HA4YEHHS KUIBKICHOTO
CKJaay JHIIe Yy TeBHIH Jyxke oOMmexeHit oOnacti (obmacte  (okycy
BUMPOMIHIOBaHHs). TouyHe BHU3HAYEHHS YCEPEAHEHOTO CKJIAay IOKPHUTTS Ha BCii
JIOCTKYBaHI IUIOIIMHI € MOMJIMBUM JIMIIE 3 BHUKOPUCTAHHAM KUIBKICHOTO
XIMIYHOT'O aHa3y.

3. BucHOBKH

[Tokazano, mo 31 301IBIIEHHSM PO3MIPY KOHTAaKTHUX IJIOIIAJA0K 301IBLIYETHCS
nepenaj TOBIIMHU TMOKPUTTS 31 CIUIABY OJIOBO-CBUHEIb, HAHECEHOIO «TapsuuM»»
CrIocoooM.

BceranoBneHo, 1110 ckiiaJ Ta CTpYKTypa MOoKpuTTiB Sn-Pb € neognopignumu. Llap
MOKPUTTS, 110 MPUJISATAE A0 MiJHOT OCHOBH SIBJISIE COOOK0 IHTEPMETAII1/I OPIEHTOBHOTO
ckiany CueSns. OCHOBY MOKPUTTS CKIAAar0Th ABI da3u: o-(a3a HaCMUYCHA CBUHIIEM
Ta B-paza HacuueHa osoBoMm. bararodaszHuil HEOAHOPITHUN CKIA] TMOKPUTTS MOXKE
OyTH 3yMOBJIEHUN B3a€EMOJIEI0 MK MITHOIO OCHOBOIO Ta BUXIJTHUM MaTepi MOKPUTTS

3a TeMIepaTyp HOro HAHECEHHs, a TAKOXK 0COOTMBOCTAMH TEXHOJIOTIYHOTO MPOIIECY.
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Electrochemical reduction of benzaldehyde at platinum single

crystal surfaces

Bolielyi O. S.

Kyiv Polytechnical Institute named by Igor Sikorsky

1. Introduction

Nowadays, catalytic technologies are the object of a great interest for industrial,
business and ecological sectors all over the world. It is known that nowadays
considerable amount of the heterogeneous catalysis processes include hydrogen,
which is mostly produced by steam reforming of various organic compounds e.g.
methanol and natural gas. As this process produces incredible amounts of CO; in
contrast to steam reforming, reduction of CO;-emissions from the chemical sector
require the CO, neutral production of hydrogen. This can be achieved by the
electrochemical production of hydrogen when the used electricity stems from zero-
emission technologies. Hence, heterogeneous hydrogenation would require a
hydrogenation plants and an electrolysor. However, it can be more cost effective if
the hydrogenation of organic compounds will occur due to electrolysis. In that case
there is no more need in hydrogenation plant. This idea motivates scientists to study
the mechanisms of electrocatalytic hydrogenation of organic compounds.

In order to study the process of benzaldehyde reduction at platinum single crystal
surfaces cyclic voltammetry (CV) experiments were carried out. There were different
types of single crystal electrodes used during experiments: Pt(111), Pt(110) and
Pt(100).

There were already several papers where reduction of acetaldehyde, acetone and
acetophenone were studied [1,2,3,4,5,6,7]. Basically, their aim was to study the
reduction process of organic compounds at different single crystal electrodes in acidic
media and by doing so they could suggest their mechanisms for reduction processes.
From these papers the trend of C—C bond stability acetaldehyde < acetone <
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acetophenone was acquired. It is interesting to know, where is benzaldehyde placed
in this stability trend.

The comparison of the CVs in blank electrolyte and the electrolyte with
benzaldehyde showed, that the presence of benzaldehyde suppresses the features of
all the single crystals. What exactly is happening is hard to say, however it was
suggested that there might be a poisoning reaction occurring at single crystal
surfaces. This can be caused by CO adsorbing at the surface, as well as the phenyl
ring from benzaldehyde or the products of its reduction or oxidation. All processes
occur due to the cleavage of C—C bond in benzaldehyde.

The aim of the experiments is to define whether any processes occurring at the
platinum surfaces of electrodes in acidic media in presence of benzaldehyde.

2. Experimental

The blank electrolyte was 0.1 M H,SO4, prepared from MiliQ-water and H,SO4
(suprapure, Merck). Experiments on benzaldehyde reduction were performed with the
blank electrolyte containing 20 mM of benzaldehyde. Benzaldehyde (99.5%, Sigma-
Aldrich) was used. As it is important to keep the electrolyte cell free from oxygen to
prevent unwanted reactions, all solutions were freed from oxygen by purging with
argon (6.0, Linde).

All potentials were measured versus a reversible hydrogen electrode (RHE) in
contact with the blank electrolyte containing 0.1 M H,SO4 A platinum wire was used
as a counter electrode. Prior to use the counter electrode it was rinsed with MiliQ
water followed by annealing.

Cyclic voltammograms were recorded on Iviumstat (Ivium Technologies) and Bio-
Logic VSP-300 (Science Instruments).

There are many different types of single crystals with different atomic orientation.
This research was conducted with the use of Pt(111), Pt(110) and Pt(100) single
crystal surfaces. Fig. 1 represents the atomic arrangements mentioned above types of
single crystal atomic arrangements. Thus, (111) surface has typical hexagonal
arrangement of atoms, (100) has square arrangement and (110) has rectangular

arrangement of atoms.
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In order to achieve a single crystalline surface, the electrode was prepared by the
Clavier method [8]. After flame annealing the crystal was cooled in and atmosphere
of 80% argon and 20% hydrogen. After a cooling period of 20-30 s the crystal was
dipped in water, saturated with the above-mentioned gas mixture, and transferred to

the electrochemical cell.

(111) (110) (100)

Fig. 1. View from the top at the atomic arrangement of (111), (110) and (100)
surfaces

Cyclic voltammetry experiments were conducted with bead type single crystals.
The glassware used in experiments was kept in permanganate solution for at least 8
hours. Before using glassware, it was cleaned with solution of sulfuric acid (95-97%,
ACS reagent) and hydrogen peroxide (35%, Merck) and must be boiled in MiliQ
water for at least 3 times. Used sulfuric acid and hydrogen peroxide solution were
neutralized before pouring it out into a sink. In order to do this sodium bicarbonate
powder (100%, VWR Chemicals) was used.

3. Results and discussion

Fig. 2 compares CVs obtained in the blank electrolyte of 0.1 M H,SO4 with those
obtained in the electrolyte of 0.1 M H,SO4 and 0.02 M of benzaldehyde. In the CV of
Pt(111) obtained in the blank electrolyte adsorption/desorption at the Pt(111) terraces
is observed in the potential range of 0.15 to 0.35 V. In the potential range of 0.0 to
0.15 V there is a current which corresponds to hydrogen evolution and it is present at
all types of single crystals. The typical sulfate spike at Pt(111) is present at 0.5 V. In
contrast, CV in the electrolyte with benzaldehyde shows that Pt(111) features were
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suppressed, which means that during the experiment some species were adsorbed at
the platinum surface. As these species can no longer be removed by cycling to 0.85
V, they block the surface and fewer amounts of products can be adsorbed in further
cycles. The current in the potential region between 0.0 V and 0.15 V decreases with
the addition of benzaldehyde to the blank solution. This feature indicates, that less
hydrogen is evolved and if there is a benzaldehyde reduction, then less species are
reduced. Hence, there is something being adsorbed at the Pt(111) surface in presence
of benzaldehyde, that blocks the surface.

We do not observe an oxidation process in the first sweep starting from 0.85 V
going in negative direction. This indicates that benzaldehyde does not oxidize or
anything else present in the electrolyte as the oxidation process should already take

place in the first sweep.

104 20

] Pt(111) A N Pt(100) B
04 /‘_’/K_
0 [
5
g_ 10 -104
= s < 20
> 0.1 MH,SO 807
251 -1 MH,SO, ——01MH,SO,
0] ——0.1MH,S0, +0.02 M benzaldehyde 40 ——0.1 M H,50, + 0.02 M benzaldehyde
35 -504
-40 T T T T T 1 -60 T T T T T 1
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
EN  20- EN
104 Pt(110)
o- C
_10 -
< 20-

——0.1MH,SO,
——0.1 M H,SO, + 0.02 M benzaldehyde

T T T T T 1
0,0 0,2 0,4 0,6 0,8 1,0
E/V

Fig. 2. CVs at different types of platinum single crystal electrodes in blank
electrolyte (blue curves) and in solution containing 0.02 M benzaldehyde (red

curves). CVs at Pt(111) (A), Pt (100) (B) and Pt(110) (C)
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There is also a slight current increase at potentials starting from approximately 0.75
V at positive going sweep, which might indicate an oxidization process. Hence, there
i1s something accumulating at the platinum surface during a cycle and at 0.75 V it
starts to oxidize. This oxidation process might be the CO,q4s being oxidized to CO»,
what usually happens at potentials starting from 0.5 V. There can also be some
species related to the products of benzaldehyde reduction or oxidation, which adsorb
at the platinum surface during a negative going sweep and they start to oxidize at
higher potentials. These results are interesting because acetone does not suppress any
Pt(111) features [5]. This means that acetone does not adsorb at the Pt(111) electrode
and it appears to be inactive towards acetone reduction. In case of acetophenone
Pt(111) features are suppressed due to reduction of acetophenone. Hence, there is
strong acetophenone adsorption at the Pt(111) indicating considerable activity of the
Pt(111) electrode for acetophenone reduction.

At the other types of the single crystal surfaces the situation does not change. The
CV at Pt(100) in the blank electrolyte shows us a typical peak at 0.4 V indicating
hydrogen adsorption at Pt(100) terraces. At Pt(100) the current corresponding to
hydrogen evolution is observed between 0.0 V and 0.15V. With addition of
benzaldehyde these processes are suppressed and the current, which corresponds to
hydrogen evolution is reduced. The same situation is observed for Pt(110), where
hydrogen adsorption takes place at the potential of 0.15 V. The addition of
benzaldehyde to the blank electrolyte leads to the suppression of all reactions at any
type of platinum surfaces. This is an indication of the adsorbate presence, which
competes with the adsorption of hydrogen at the platinum surfaces. There is only one
reduction region at potential range of 0.0 V to 0.15 V, where reduction of
benzaldehyde can take place, or the hydrogen evolution occurs.

In order to see if the electrode can be reactivated specific experiment was
conducted. This experiment was aimed to obtain a CV, which consists of 4 cycles in
the solution with benzaldehyde at Pt(111). The first cycle is an ordinary cycle carried
out without any changes. At the end of the second cycle the potential was stopped at

0.85 V for 3 minutes. Cycles number 3 and 4 were also obtained without any
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changes. From the CV data shown at Fig. 3 the current between 0.0 V and 0.15 V is
reduced in the second cycle compared to the first cycle. The deactivation of the
electrode from the first to the second cycle indicates that an adsorbate accumulates at
the surface of the Pt(111) electrode. On the other hand, reactivation of platinum
crystal occurs in the third cycle, meaning that some adsorbate was oxidized, while
staying at 0.85 V. It results in the increase of a current at the third cycle, meaning that

less adsorbate was adsorbed at the third cycle in respect to the second cycle.

I/uA

0,0 I 0,2
EN
Fig. 3. CV in the electrolyte containing 0.1 M H,SO4 and 0.02 M benzaldehyde at
Pt(111). Numbers are the sequence of the cycles

Hence, reactivation happened due to the oxidation process, that was taking place at
the second cycle. However, reactivation is not complete, as the current between 0.0 V
and 0.15 V in the first and the third cycles are different. That might indicate the
presence of the species, which were not fully oxidized at 0.85 V for 3 minutes.
Previously it was mentioned that adsorbed CO 1is oxidized around 0.5 V. If the
adsorbate was only CO we would expect it to be removed at 0.85 V already. Hence,
there is another fragment of benzaldehyde than CO accumulates at the Pt(111), which
1s more difficult to remove than the CO.

The results of this experiment show that adsorbate is being formed during the

process at the platinum surface in solution containing benzaldehyde. The surface of
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platinum single crystal can be reactivated if the potential remains at 0.85 V, but this
reactivation is only partial. Some adsorbate remains at the surface of platinum
electrode indicating poisoning reaction at Pt(111).

4. Conclusions

The data obtained from CVs indicate that a poisoning reaction leads to deactivation
of the platinum single crystal surfaces. However, holding the potential at 0.85 V for
extended periods of time reactivates the single crystal surface partially. Although,
from the data obtained it is obvious that there is a poisoning reaction occurring at all
types of single crystal surfaces these data are not enough to understand whether the
poisoning reaction is adsorption of CO or the adsorption of species related to
benzaldehyde or its products. We can only suggest in correspondence to literature,
that CO,q4s species are totally removed from the platinum single crystal surface at
potentials higher than 0.5 V. If that is so then the poisoning reaction, which takes
place at the platinum single crystals occurs due to the presence of benzaldehyde
inside the cell with the electrolyte.

It is also hard to say if benzaldehyde reduction is taking place, so there is no clear
evidence for the position of benzaldehyde in stability trend acetaldehyde < acetone <
acetophenone. Hence further researches are required to answer this question, as well
as to define whether benzaldehyde reduction is taking place at the platinum single
crystal surfaces and if so, then which products are formed during the reduction.
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Thermally synthesized Mn203, Mn3O4
oxides for anodes of Mg-battery with

Mg-perchlorate electrolyte based on dimethylformamid

Apostolova R.D., Savchenko A.S.
Ukrainian State University of Chemical Technology, Dnipro, Ukraine,
Gagarin ave, 8, 49005

According to the literature, nanometer Mn,Os, Mn3;O4 oxides, together with
nanometer electrically conductive fillers, are capable of providing a high discharge
capacity at high rate of discharge in an electrolyte with a narrow window of
electrochemical stability in anodes for a magnesium battery. Since the use of
nanometer manganese-oxide compounds is associated with a threat to human health,
the possibility of using synthesized oxides of Mn,Os;, Mn3;O, with a particle size
above the submicron level for anodes of magnesium batteries in magnesium-
perchlorate electrolyte based on dimethylformamide solvent using impedance
spectroscopy was studied with Mg-counterelectrode. Discharge capacity of Mn,Og,
Mn3O,4 with Norit electrically conductive filler equals to 200 mAh/g. The electrolyte
used does not provide effective electrochemical conversion of Mg.

Tepmuuecku cuHTE3UpOBaHHBIC OKCcHIBI Mn203, Mn304
mis anomoB Mg-6atapen ¢ M@-iepXJa0paTHBIM 3JIEKTPOJIUTOM Ha

OCHOBE qUMeETHIhopMaMuia

Anoctonona P./]., CaBuenko A.C.

Ykpaunckuti I'ocyoapcmeennviti Yuusepcumem Xumuuecxou Texnonozauu, /[Hunpo,

Ykpauna, np. I'acapuna, 8, 49005

1. BBenenue
Huokcun MnO; OTHOCAT K NEPCHEKTUBHBIM KATOAHBIM MaTepHuajaM Jyisl
MarHueBon Oarapew, KOTopas NpejiaracTcsi B3aMEH JIMTUEBOM Kak Ooree

Oe3omacHasi, sHeproeMkas u nemenas. Okcunbl Mapranma MnO, Mn,Osz, Mn3O4 He
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MPOSBJISIOT AJIEKTPOXMMUYECKOM AKTUBHOCTHM B KaTOAAaX JUTUEBOM M MAarHUEBOU
Oatapeii. CoBceM HETaBHO OOHAPYKUJIU CIOCOOHOCTHh yKa3aHHBIX MN-OKCHIIOB K
3G (PEeKTUBHOMY DSIEKTPOXUMHUYECKOMY MpPeoOpa30BaHUI0 B aHOAAX JIMTHEBON H
MaraueBor Oartapeir [1, 2]. VX BbIcOKas paspsgHas €MKOCTh H CKOPOCTHAs
CIIOCOOHOCTH MPOSIBIISIOTCS MPU MCIOJIb30BAHUM HAHOMETPOBBIX YACTUIl aKTUBHOIO
Marepuaisa B COBOKYNHOCTM C  HAHOMETPOBBIMU  3JIEKTPONPOBOASIIUMHU
HAMlOJIHUTENIAMA. YCHeX ObUT JIOCTUTHYT TPHU HUCIOJB30BAHUUW MarHUEBOTO
anekrposuta ¢ Al-¢penunpabiM  koMiuiekcom (APC) Ha ocHOBe 3HUPHBIX
pactBoputenei [3]. APC-amekTponuT 001a1aeT Y3KUM OKHOM JJICKTPOXUMHUYECKOM
CTaOMJILHOCTH, U OH HE TPUTOJICH JJII MarHUEeBBIX OaTapeil ¢ BBICOKO-BOJIHTOBBIMU
KaTOAHBIMM MaTepuajaMu, TMpeIHa3HAUYCHHBIX I 3aMEHbl JIMTHEBBIX Oarapeil.
[Touck mMOAXOASIIETO SJEKTPOJIUTA ISl BHICOKO-BOJIBTOBBIX KATOJHBIX MaTE€pUaJOB
BEIyT pa3pabOTYMKU MarHUEBOM OaTapeu.

B nanHoit pabGore anpoOupoBaii MarHUN-TIEPXJOPATHBIM  BJIEKTPOJIMT,
OCHOBAHHBIA Ha PACTBOPHUTENIC AUMETHI()OpMaMUJ NPUMEHHUTEIHHO K OKCHIaM
Mn,Os3, Mn3Os wu Mg. TlockonbKy HCIOJIB30BAaHHE HAHOMETPOBBIX MapraHell-
OKCHJHBIX COCIUHEHUN COMPSHKEHO C yrpo30#l ISl 3I0pPOBbsl YEJIOBEKa, B paboTe
M3y4eHa BO3MOXKHOCTh MCIOIb30BaHUS CUHTE3UPOBAHHBIX OKcHaA0B MNy0O3, Mn3O4 ¢
pa3MepoM YacTHI] BbIllIe CYOMUKPOHHOTO YPOBHS /JI1 aHOJIOB MarHUEBbIX Oatapei, ¢
MIPUMEHEHNEM UMITCIAHCHON CIIEKTPOCKOTIHH.

2. DKcepUMEHTAIbHAS YaCTh

Oxcuasl Mny03, Mn3O4 monydens! TepmuueckuM pasnoxkenueM MnO; npu
900° C ¢ mocnemyromuM ObICTpbIM oxJaxaeHueM. [lo naHHeIM peHTreHo(a3z0BOro
aHanu3a, npoBelieHHOro Ha ycrtaHoBke JIPOH-2, B mpoaykTe CHHTE3a COIAEPIKUTCS
cmech okcumoB MnyOs (70%), Mn3Os (30%). Pasmep kpuctammmutoB — 79,9 HM.
CUHTE3UpPOBAHHBIC OKCHJIbI HMCCJCIOBAIM C MAarHeBbIM MpOTHBOANIEKTpogoM (Mg
96,96) pasmepom 1x1 cm B smextpomute 1 momb -1l M@(CIO,),, BeImEpXkaH Han
neomutamu 4A — (Momo6pom,), maumerundopmamuzn (JIM®) — Sigma-Aldrich.
Okcuael  Mapranna MnyOs;,  Mn3Os  ucnonb3oBaii B KOMIIO3UITUK  C

anekTponpoBosamM  HarmoHuTedaeM  Norit A SUPRA  USP ¢ yaenbHoi
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2.1

noBepxHocThio 1900 w1, ycmemHO ampoOMpPOBAaHHBIM B KOMIIO3ULIMU CO
mmuHeIbi0 LiIMN;O, [4]. Bbuti M3roToBIEHBI 3JEKTPOIBI, B COCTaBe KOTOPBIX, %0:
(Mn;O3, Mn3O4) — 80, Norit — 10, dropmtacroBoe cs3yromee P4 — 10. Ux
cyumn pu remneparype 250° C (7-8 1).

3apsa-paspsaHble XapaKTEPUCTHKHU AJIEKTPOIOB MOTYYCHBI Ha UCIIBITATETLHOM
CTCH/IE C TPOTPAaMMHBIM OOCCIICUEHHEM B TajJbBAaHOCTATUYECKOM TIpOIlecCe.
HMnienancHbIE CHEKTPhl PETHCTPHPOBAIN W AHAIM3UPOBAIM C MCIIOJIB30BaHUEM
nporpamm ZPlot, ZView (Version 2.1 b) B wacrotHoM psay 100 kI['n—10 mI'1. /IBa
aJICKBATHBIX MCCIIEAYEMBIX AJIEKTPOJA TOISPU30BAIN C TIOMOIIBIO JBYX MarHHEBBIX
POTUBORJIEKTPOIOB. Comorpadst UMIIeIaHCa IBYX AHAJIOTUYHBIX
MPOTHUBORJIEKTPOJIOB B KOHTAaKTE€ C DJCKTPOJIUTOM CHHUMAJIM B 3aBHCHMOCTH OT
MOTEHIIMAJa AJIEKTPOJOB B KBa3MPAaBHOBECHBIX YCIOBHUSX Ha paamomerpe VoltalLab
PGZ 301.

3. Pe3yabTaThl U HX 00Cy:KIeHHE

HanpsokeHne pa3oMKHYTOW menu cucteMbl KOMHO3UTHBIA (Mn2Os, MnzOy
Norit)-anektpon / Mg(ClO,),, IM® / Mg naxomutcs B mpenenax 1,7-1,9 B. Ee
paspsaHblii poduiab Mogo0eH MPO(UII0 HAHOMETPOBBIX OKCHAOB MapraHIa,
NPEICTABICHHBIX B JIMTEPATYpPHBIX HCTOYHWKAX. HadanpHBIA crajg HampspKeHUs
CMEHsIETCS TIPOTsHKeHHbIM ydyacTkoM BOmu3u 0,4-0,2 B (Puc.1).

- Z!Ioh.m cm2
E B 1200 -

1,8 ] ;

300 2

1,2 Z

»

400 ,
0,6

0 100 200 0 200 600 [ 1000

Q, mAy -l Z. ohm cm?2
Puc. 1. CraproBast KpuBas MarHE3UPOBAHUS ] Puc. 2. Togtorpad) nmnenanca ABYX
(Mn203, Mn304, Norit) B MaraueBoM anektponos (Mnz203, Mn3Oa, Norit),
3JIEKTPONTHTE TIPH TLIOTHOCTH ToKa 20 MKA -cM 2. pazneneHHbIx Mg-351eKTpoauTOM.
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D} PexkTUBHOCTh  AIEKTPOXUMUUYECKOTO  MPeoOpa3oBaHsi  KOMIIO3UTHOTO
ANEKTpOJa C MAarHUEBBIM MPOTHUBORICKTPOJOM 33aBUCUT OT TPEX OCHOBHBIX
COCTaBJIAIONIUX B 4Kciie nmpounx: Mg-anekrpoaa, (Mn,0s, MnzO,4, Norit)-anektpoaa
u ayekTposuta. Jljisi ompedeneHuss MX HWHIUBUAYAIBHOTO YYacTUs B IPOIIECCE
MarHe3upoBaHUsl TpUBIIEYEHA HMIIEIAHCHAsI CHEKTpockonusi. B uMIenaHcHbIX
MCCJICIOBAHMSIX TIPOAHATU3UPOBAHbl Tojorpadbl HMIIEaHCa  KOMIIO3UTHOTO H
MarHue€BOTO JJIEKTPOJIOB B KOHTAKTE€ C DJIEKTPOJUTOM, a TaKXKE CHUCTEMBbI
KOMITO3UTHBIN 3JIEKTPOJ / DNEKTPOJIUT / MATHUEBBIN 3JIEKTPOJ.

['oporpad mmmenanca aByx anektpoaoB (Mn,Osz, Mn3O., Norit), pasaeneHHbIX
cimoeM oayektposmta (1 MM), TpEACTaBIIeT JYyry OKPYKHOCTH B BBICOKO-,
CpeIHEYaCTOTHOM 00JIacCTH, MEePEXOAsIIyl0 B JUHEUHBINA HIIeH() B HU3KOYACTOTHOM
obnactu (puc. 2). JIByXa/eKTpoaHas cCUCTeMa, MPOoCcTass B TEXHUYHOM HCIIOJTHEHUH,
MO3BOJISIET MCKJIIOYUTh BIUSHHUE DBJEKTPOJAa CPAaBHEHHUS, MHCIOJIb3YEMOTO B
MMIIETAHCOMETPUH, M3MEHSAIONIETOCs B KOHTAKTE C JJeKTpoiauToMm. [omorpad
MMIIEJIaHCA JBYX 3JIEKTPOJIOB-aHAJIOrOB TOMOIE€HHOI'O COCTaBa MPEJCTABISET AYTY C
napamMeTpamu ciaraeMbiX ABYX 3JEKTpoaoB. B nanHoM ciyyae rojporpad ummnegaHca
sBisiercss xapakrepuctukord (MnyOs, MnzOa, Norit)-amexTposa ¢ MOBEPXHOCTHIO
paBHOM JBYM HCCIEayeMbIM dJekTpojaM. HenuHelHbIli ydacTok rojgorpada
nmnenanca (Puc. 2) anmpokcUMHUPYyeTCs DJIEKTPUUECKON CXeMOH, B KOTOpOH
IOCIIENOBATENBHO  COEMUHAIOTCS OMHMYECKOe compotuBieHne Ro=20 Owm-cm?
(OTHECEHHOE K COMPOTHUBIICHUIO DJIEKTPOJIUTA) U COMPOTUBIIEHUE MEpPeHoca 3apsiia
yepe3 TpaHUIly DJJIEKTPOJ / DJIEKTPOIUT R, MIyHTHPOBAaHHOE EMKOCTBHIO
reoMeTpu4eckord moBepxHOCTU pazfena C. B UCXOAHOM COCTOSIHMM SJEKTPOJOB
Ri=175 Om-cm?, C1=6,17 mMx®-cm?, B konue paspaga Ri>500 Om-cm?, C1=4,37
MK®-cm? . Ungekc 1 OTHOCHTCA K mapaMeTpaM OJHOTO 3JIEKTPOJA.

B rogorpade umnenanca AByX MarHMEBBIX 3JIEKTPOJIOB, Pa3/IEJIECHHBIX CIOEM
ANEeKTpoauTa B 1 MM, uMeeTcss oAHa Oojblias Jyra OKPYKHOCTH, TPaeKTOPHS

KOTOPOM MCKaKaeTcs B HU3KOYacToTHOM obnactu (Puc.3).
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3naueHue 3PPEKTUBHOTO COMPOTUBICHUS MepeHOca 3apsA/1a, OTPaHUINBAEMOTO
OapbepHBIM  COMPOTUBIEHUEM TOBEPXHOCTHBIX d3(dexktoB Ha Mg-3nexTpose,
HpEeBbIIIACT 3HaYeHHE R KOMIIO3UTHOTO 3JIEKTPO/Ia HA JABa MOPSIKA.

lomorpad wmmmnenanca cuCTeMbl MPAKTUYECKH COBMAAAET C Trojorpadom
UMIIEJaHCa MarHueBoro sjiekTpona. [lons ydacTusi KOMIIO3UTHOTO JJIEKTPOAa B

CONMPOTHUBJICHUU NIEPEHOCA 3apsi]ia CUCTEMBI cocTaBisieT 2-3%.

o EE. Ohm cm°

50 7

15 30 45 &0 .
21. Ohm em™

Puc. 3. 'omorpad nmmnemanca nByx Mg-31eKTpo0B, pa3aeieHHbIX dJIEKTPOIUTOM.

4. 3akioveHue

W3BecTHO, dYTO  DIEKTPOXUMHUYECKHE  XapaKTEPUCTUKH  DJICKTPOTHOTO
Marepuaia 3aBUCAT OT MHOTHX (DAKTOPOB, B YHCIIC KOTOPBIX OAWH M3 BAXHEHIIHMX —
croco0 cCMHTe3a MaTepuaia. B maHHOM HCClieIOBaHUN UCIIOJIB30BAH TPATUIIMOHHBIHN
TepMUYECKUN croco0. Ero aocTomHCTBOM SBISETCS TEXHHYECKAas IMPOCTOTa
M3rOTOBJICHUST MaTepuana. Ho K HemocTaTkaM OTHOCHTCS arjioMeparus YacTHI]
CUHTE3MPYEMOT0 Marepuaia, BO3pacTaroilas C TMOBBIIICHHEM TeMIepaTypel. B
JaHHOM ucciienoBanuu, okcugam Mny,Osz, MnsO4, TepMUUYECKH CHHTE3UPOBAHHBIM
npu 900° C, u3HaAuanbHO TPYAHO KOHKYPHUPOBAaTh C HAHOMETPOBBIMHU aHAJIOTaMH,
NPEICTABICHHBIMU B JINTEPAType KaK TMEPCIEeKTHBHBIC KaHIUAATHI B aHOJHBIC
MaTepualibl JIJii MarHueBOoM OaTapeu, CIOCOOHON 3aMEHHUTh JIMTHEBYIO OaTapero.
Kpome Toro, TpymHOCTH ompeaensieTcss HeOOXOAMMOCTBIO IMOMCKA AJIEKTPOJIUTA,
COBMECTUMOTO B OSTOM Cllyda€é C CHHTE3UPOBAHHBIM MapraHel-OKCHIHBIM

MAaTCpruaJIiOM W MArHuCM.
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[Tomy4yeHHbIe pe3ynabTaThl TEPMHUYECKH CHUHTE3MPOBAHHOTO  MaTepuasa
MOKa3aJIM BO3MOXXHOCTh TOJYUYEHUS Pa3psAIHON €MKOCTH B MarHUH-MIEPXJIOpPaTHOM
AJIEKTPOJUTE, OCHOBAHHOM Ha pacTBOpUTENEe IUMETUI(hOopMamMui, C MarHUEBBIM
MPOTUBOAJIEKTPOIOM, focturatromyio 200 mAu/r. MmmnemxancHbie UCCIIEIOBAHUS
okcugoB Mny03, Mn304 B KOHTaKTE C JIEKTPOIUTOM MO3BOJISIIOT OLIEHUTH €r0 TOK
oOMeHa M0 JaHHBIM COMPOTHUBIICHMS MEPEHOCA 3apsAjia Yepe3 MOBEPXHOCTh pa3felna
snekTpos / snekrponut. OHa oneHuBaeTcs mopsaakom 10° A/em?,

JlaHHble MMIEAAHCHOM CHEKTPOCKONMM MAarHMBOTO AJIEKTPOJA B KOHTAKTE C
ANEKTPOJIUTOM  CBHUJACTEIBCTBYIOT O HEYJIOBIETBOPHUTEILHONH COBMECTUMOCTH
Mg-anektpoga ¢ Mg-nepxiopaTHbIM  3JEKTPOJIMTOM,  OCHOBaHHBIM  Ha
IUMeTUIpOopMaMHuie W OrPAaHUYMBAIONIMM  TOTEHIMAJIBHBIE  BO3MOXHOCTH
TEPMUYECKA CHUHTE3UPOBAHHOTO DJIEKTPOJAHOTO0 Marepuana. i1 OKOHYATEIbHOMN
OLICHKU MPUTOJHOCTH HCIOJIb3yeMOro B paboTe 3JIEKTPOJuTa JUIsi KOMIIO3ULIUU
(Mn;O3, Mn3O4, Norit) B aHome  MarHui-MOHHOM OaTapen HEOOXOAUMBI B
JaNbHEHIIEM  WCCIEAOBaHUS  C  TOAXOMAIIAM  KATOOHBIM  MaTepuajioM,
ONTUMHU3UPOBAHHBIM 110 Macce.

Cratest moaroroBieHa B pamkax mnpoekta Ne 42/170790 «Pa3surue
HSHEPrOEMKHX HCTOYHUKOB SHEPIHHM, OCHOBAaHHBIX HA YKPAUHCKUX MArHUEBBIX U
MapraHIIEeBbIX CHIPHEBBIX MaTepuaax sk MTHHOBAIMOHHOTO MPUOOPOCTPOCHUS» TIPU
nojanepxkke Munuctepcrsa O6pazoBanus u Hayku YkpauHsi.
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