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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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FORMATION OF SELENIUM POWDER AT REDUCTION
OF SELENITEIONS IN HYDROCHLORIC ACID SOLUTION
ON THE SURFACE OF COPPER ANODE

Abstract. The article shows the possibility of reduction of selenite ions in the presence of copper (I1I) ions with
the formation of dispersed selenium powders. The effect of the concentration of hydrochloric acid, copper (II) ions,
the current density at the copper anode and the solution temperature on the current efficiency (CE) of the formation
of selenium powder has been studied. The current efficiency of selenium powder was calculated by the weight of the
powder formed. It was found that with increase in concentration of copper (II) ions and the solution temperature, the
current efficiency of the formation of elemental selenium in the form of a powder increases. It was shown that at the
current density below 75 A/m’, the current efficiency of selenium powder exceeds 100%. Previous studies have
shown that titanium (IV) ions cannot be used in the recovery of selenite ions. Using an electron microscope,
micrographs of selenium powder were obtained. They indicate the formation of a finely dispersed selenium powder
of spherical shape with an average particle size of 0.252 pm.

Key words: electrochemistry, selenium powder, selenite ion, copper (II) chloride, reduction, electrolysis,
current density, hydrochloric acid.

Selenium powders have various applications, for example, 23.9% in the metallurgy of ferrous and
non-ferrous metals. Thus, the presence of a small amount (0.2-0.3%) contributes to production of fine-
grained structure in cast steel, freeing it from casting defects and giving good ductility. The additive of
selenium to certain grades of stainless steel improves their ability to be machined. In magnesium-
manganese alloys, an admixture of 0.5-3% selenium increases the corrosion resistance. Another field of
application of powdered selenium is the glass and ceramic industries (25.7%). A small additive gives the
glass a different beautiful color. In an elementary colloidal form, selenium stains glass (depending on the
added amounts) from pink to red-orange and dark red. Glass thus painted is widely used for light signaling
in the form of light filters. The composition of black glass, which has the best light absorbing properties,
includes 0.6% Se and 0.1% CoC;s. Thus, the glass, ceramic and chemical industries, as well as electronics,
have been the main consumers of selenium for a long time [1-3].

A method for producing powdered selenium, which was previously used in industry, based on the
recovery of selenite ions (Se037) is known [4]. As a reducing agent the sulfur dioxide(SO,) is used, which
reduces selenite ion by the reaction:

steO3+2SOQ+H20—)S€0l+2stO4 (1)

The disadvantage of this method is that the use of toxic sulfur dioxide in the reduction process
complicates the process, since a number of problems arise during its production and storage, in addition,
special sealed equipment is required that ensures maximum allowable concentration in working rooms of
no more than 0.02 mg/l. In this regard, this method is not used in industry.
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The most efficient are electrochemical methods for producing selenium from industrial products. In
this regard, a number of scientific research is devoted to the study of the electrochemical behavior of
selenium and its compounds [1, 5-15].

This paper [16] shows the possibility of producing selenium powder upon polarization by a cathodic
impulse current of selenite ions (Se0%™), in which the selenium oxidation rate is “plus four”. It was shown
that in a sulfuric acid solution at a cathodic current density of 1002500 A/m?, selenium powders with
average particle sizes of 7-16 um are formed. It was found that cathodic reduction of selenium proceeds
according to the reaction:

Se0;* +6H +4e—Se° | +3H,0 )

It is also shown that at high cathodic current densities, the formed selenium powders interact with
atomic hydrogen and, as a consequence, there is co-formation of toxic gas - hydrogen selenide:

Se+2H—1H,Se 3)

We previously showed that it is possible to reduce selenate ions, in other words, anions in which
selenium is in the oxidation rate of “plus six” — (Se02?7), in the presence of Ti**ions and copper (II)
[1,13,18]. The possibility of electrocatalytic reduction of selenate ions on a lead electrode was also
established [17].

Our preliminary studies showed that Ti**ions cannot be used in the reduction of selenite ions,
because interacting with each other, they form an insoluble compound - titanium selenite, with the
approximate composition 4Ti0,SeO;-13H,0 or TiO,SeOs;, which precipitates.

The purpose of our work is to produce finely dispersed powders of selenium by reducing selenium
(IV) using cuprous copper ions formed in hydrochloric acid solutions at anodic polarization.

Experimental technique. The experiments were carried out in a thermostatically-controlled
electrolyzer with a volume of 100 ml, the electrode spaces were separated by an MA-40 anion exchange
membrane. A copper plate (99.99%) was used as the anode, and VT-1 titanium was used as the cathode.
The following reagents were used: selenium (IV) oxide of chemically pure grade, copper (II) chloride —
pure grade. The composition of the initial electrolyte: hydrochloric acid, copper (II) chloride and selenite
ions. The effect of the concentrations of hydrochloric acid and copper (II) ions, the current density at the
copper anode and the solution temperature on the current efficiency of the formation of selenium powder
has been studied. The current efficiency of selenium powder was calculated by the weight of the powder
formed.

Results and their discussion. We believe that if certain metals, under certain conditions (i.e., in
solutions), dissolve anodically to form their lower oxidation ions, which are the reducers of selenite ions,
due to the formation of a redox system with a negative potential relative to the Se(IV)-Se system, then the
selenite ion should be reduced to the elemental state on the surface of this metal.

To establish the correctness of this idea, we conducted preliminary studies on the recovery of selenite
ions on the surface of a copper anode in a hydrochloric acid solution. The results of the experiments
clearly showed that in this case, the reduction of selenite ions on the surface of the copper anode occurs
with the formation of elemental selenium in the form of a dispersed powder.

The reason for this is that the standard potential (E°) of the Cu (I) - Cu (Il)redox system in the
hydrochloric acid solution is -0.54 V, and the potential of the Se-Se (IV) system is 0.77 V (as is known
from the reference guide [19]), i.e. the standard potential of the first system has a more negative value
compared to the value of the second one. In this regard, copper ions Cu*reduce selenite ions to form
elemental selenium, while they themselves are oxidized toCu?*.

In theoretical terms, the anodic oxidation of copper in a chloride solution, i.e. in a solution of sodium
chloride proceeds in two stages [20]:

Cu’ + CI'—CuCl 1-stage,E’=0,137B 4)
further
CuCl-e—Cu*"+ Cl 2-stage E"=0,54B (5)

At low current densities, copper is ionized only to form copper (I) ions. Besides, in this case there is a
reaction of comproportionation, i.e. a copper electrode interacts with copper (II) ions to form copper (I)
chloride:
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Cu+Cu*" + 2ClI'—2CuCl (6)
Copper (I) chloride is very soluble in hydrochloric acid solution to form copper (I) ions and chlorine.

The copper (I) ions formed by the reactions (4) and (6), according to the potentials of the above redox
systems Cu(I)-Cu(Il) and Se-Se(IV), will instantly enter into the chemical reaction of reduction (7) on the
surface of the copper anode, since the equilibrium constant (K-value) of this reaction is 10" and the
reaction equilibrium is strongly shifted to the right.

4Cu"+Se0;*+6H — | Se’+4Cu’ +3H,0 (7)

It may be noted that the ions in the solution, as well as copper (II) ions formed by the reaction (7) at
low cathodic current densities, are also reduced only to copper (I) by the reaction:

Cu’"+e — Cu', (8)

The Cu” ions formed on the cathode surface as well may participate in the reduction of selenite ions
to elemental powdered selenium by the reaction (7). But in this study, we have established the patterns of
formation of selenium powder only in the anode space.

As can be seen in figure 1, an increase in the concentration of hydrochloric acid first leads to a sharp
increase in the current efficiency of selenium powder formation. This effect of hydrochloric acid is due to
the fact that, with an increase in its concentration, the stability of copper (I) ions - reducing agent
increases, and in this regard, the ionization rate of the copper electrode in the first stage increases, as well
as the process of formation of selenium powder by chemical reaction (7). On the other hand, the formed
copper (I) ions bind in a complex with chlorine ions of the CuCl," type, where the “n” number increases
with increasing concentration of hydrochloric acid and, accordingly, this leads to a decrease in the
reducibility of cuproions according to the reaction (7). All this in total leads to a more delayed increase in
the CE of the formation of selenium powder.

Q
CE,% CE%
120
160
100
80 120
60 20
40
40
20 Cu(ID), g/1
HCL, g/! : u(ll), g
0 30 60 90 120 150 10 20 30 40
Se(IV)=10 g/1,Cu(IN=20 g/l, i,=75A/m’ Se(IV)=10 g/L,HCI=30 g/1,i,=75A/m’
Figure 1 — Reduction of selenite ions to form selenium powder Figure 2 — Reduction of selenite ions to form selenium
depending on the concentration of hydrochloric acid powder depending on the concentration of copper (II) ions

Increase in the concentration of copper (II) ions in solution leads to a proportional increase in the
current efficiency of selenium powder formation (figure 2). This is due to the formation of additional
amounts of copper (I) ions due to the well-known chemical reaction (6). As can be seen in figure 2, with
an increase in the concentration of copper (II) ions, the rate of formation of copper (I) ions increases.

Besides, in this case, the fraction of copper ionization reaction in the first stage increases, i.e. mainly
to form copper (I) ions. Additional experiments showed that in the absence of copper (II) ions in solution,
the reduction of selenite ions proceeds with a low current efficiency (CE does not exceed 10%).

As the solution temperature rises, the current efficiency of powder formation sharply increases
(figure 3), which is due to an increase in the rate of formation of copper (I) ions by the chemical reaction
of re-disproportionation (9).

Using the Arrhenius dependence, the apparent activation energy of 38.5 kJ/mol was calculated, which
is typical for processes with a mixed diffusion-kinetic nature.

With an increase in the current density at the copper electrode, a decrease in the CE of the formation
of selenium powder is observed (figure 4).

— 128 ——



ISSN 2224-5278 Series of Geology and Technical Sciences. 3. 2020

CE.% CE. %
350 1504
250
150+
150 100+
501 )
= LC 0 50 100 150 200 i A/m?
0 30 40 50 60 70
Se(IV) = 10 g/l, HCI = 30 g/1,Cu(Il) = 20 g/l i,= 75 A/m’ Se(IV) =10 g/1, HC1 = 30 g/I, Cu(II) = 20 g/l
Figure 3 — Reduction of selenite ions to form selenium Figure 4 — Reduction of selenite ions
powder depending on the temperature of the electrolyte to form selenium powder depending on the current density

This is due to the fact that, with an increase in the anode current density, according to the Tafel
equation, the electrode potential shifts to the positive side, in this regard, the rate of the second stage
increases, i.e. the formation of copper (II) ions, which cannot participate in the reduction reaction, i.e. in
the formation of selenium powder. This leads to a decrease in CE of powder formation. It should be noted
that up to a solution temperature of 60°C red amorphous selenium powders are formed, and abovethat -
gray selenium.

We note that the excess of CE of selenium powder by 100% in all cases is due to the participation in
the reaction of copper (I) ions formed owing to the chemical reaction of reproportionation (6). Thus, in the
presence of selenium (I'V) anions in solution, they are reduced on the surface of the copper anode due to
cuprous copper ions formed as a result of the anodic electrochemical reaction and chemical reaction (6).
But the fraction of the latter decreases with increasing current density at the copper anode to a certain
value.

It should be noted that in this case, copper selenide is formed in small amounts on the surface of the
copper anode.

Figure 5 shows microphotographs of the selenium powder produced on the surface of a copper anode
obtained using a JSM6610Welectron microscope. As can be seen in the above microphotographs, the
particles of the produced selenium powder have mainly spherical shapes, the average particle sizes of
which are 0.252 um.

Se(IV)=10 g/I; Cu(II)=10 g/I; i=75A/m’; HCI=30 g/l

Figure 5 — Microphotographs of selenium powder produced in the anode space, magnified:
a) 50,000 times; b) 25,000 times; c¢) 10,000 times; d) 3000 times
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Conclusions. We for the first time showed the possibility of reducing selenite ions in hydrochloric
acid solutions on the surface of a copper anode. It was found that an increase in the concentration of
hydrochloric acid and copper (II) ions, as well as an increase in the solution temperature leads to an
increase, and an increase in the current density at the copper anode leads to a decrease in the current
efficiency of selenium powder formation.
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1«I[. B. Coxonpckwmii aTeiHaars! JKaHapMaii katanms
JKoHE deKkTpoxuMust HHCTUTYTE» AK, Anmartsl, Kazakcran;
*On-Dapabu atbingarsl Kazak-¥aTThIK yHHBepcHTeTi, Anvarsl, KasakcTam;
3Opan henepanst yHuBepcureTi, EkarepunOypr, Peceit

TY3 KbIIIKBLTEI EPITIHAICIHAE CETEHAT-NOHIAPBIH
TOTBIKCBI3JAHABIPY KE3IH/IE MBIC AHO/BIHBIH
BETIHJE CEJIEH YHTAKTAPBIHBIH TY3LIYI

AHHOTanumsi. 3epTTeysiep MbIC 3JEKTPOABIH TY3 KHIIIKBUIABI epiTIHIUIEpAe aHOATHIK MOISIpU3aLysiay Ke3iHae
TY3UIETIH MBICTBIH Oip BaJEHTTI MOHIAPBIHBIH KaThICYbIMEH CEJIEHHT HMOHIAPHIH TOTHIKCHI3JAAH/ABIPYFa apHajFaH.
ToxipuOesnep HOTWIKENIEPl OCHI JKarjaia CEICHUT HOHIApBIHBIH IHCIEPCTI YHTaK KYHAe TY3UIETIH AJIEeMEHTTI
CeJIeHTe JCHiH TOTHIKCHI3JaHyBl MBIC aHOIBIHBIH OCTiH/IE OHE aHOJ| KaHBIHAAFBl KEHICTIKTE JKYPETiHIH OipKaKThI
KOPCETTi.

Bonran xarmait Ty3 KeuKeUeIHAAFE! Cu (I) - Cu (II) TOTBIFY-TOTBIKCHI3IAaHY JKYHECiIHIH CTaHAAPTTHIK IOTECH-
uuansieie, (E°) moni -0,54 B xypaiitembiven, an Se-Se (IV) xyiiecinig norennuans — 0,77 B KypalThIHBIMEH,
JIEMEK, OipiHII JKYHEeHIH CTaHAaPTTHIK MOTCHIMAIBIHBIH MOHI €KIiHII KYHEHIH MOTCHIMAIBIHBIH MOHIHE KaparaHaa
Tepicrey GosmybiMen Tycinmipineni. Ocbiran GainansicTel Cu™ -HOHIAPHI CENEHUT-HOHAAPHIH IEMEHTTI CEJIEH TY3€
Typa TOTBIKCHI3IaHbIPa bl 13, 031epi Cu?* - re AeifiH TOThIFaIbL.

TeopusuTbIK TYPFBIIaH MBICTBIH XJIOPHATI epIiTIHIINE, TeMeK, HATPHH XJIOPUAL epITIHIICIHAE aHOATHIK TOTHIFYHI
€Ki CTa/INsIMEH iCKe acajpl:

Cu’+CI - e — CuCl 1-cranus, E’=0,137 B,
apbl Kapait
CuCl-e — Cu*'+Cl 2-cragus E’=0,54 B.

TOK THIFBI3IBIKTAPBIHBIH TOMEHTT MOHAEpPiHAE MbIC TeK MbIC (I) HOHIAPBIH Ty3e OTHIPHIN TOThIFaAbl. OCBIAAH
Oacka, OyJ1 JKaraiiia KOMIIPOIIOPILUSIIAHY PEAKIMSCHI OPbIH aJajibl, AeMeK, MbIC 31eKkTpoabl MbIic (II) noHgaprIMeH
MeIc (1) XJITOpUIiH Ty3€ OTHIPHI OpeKeTTeCeIi:

Cu+ Cu®" + 2CI' —2CuCl

Msic (I) xmopuai Ty3 KbIIIKBUIABI SPITIHAIAS ©TE KAKChl epuii, Oy1 ke3ge Mbic (I) MOHmApPBI JKOHE XJIOP
Ty3inemnl.

XKorapsina kenripiinren peakuusuiap OoiibiHiia tysinres moic (1) nonnapst xorapeina kentipinres Cu(l)-Cu(Il)
xkoHe Se-Se(IV) TOTBIFY-TOTBIKCHI3MAHY JKYHENICepiHiH MOTCHIHMAIIAPIHBIH MOHACPIHEe COMKec Te3 apaaa MbIC
aHoBIHBIH OcTiHae cenieH (IV) HOHIaphIH XUMHUSIIBIK JKOJIMEH TOTHIKCHI3IaHIBIPY PEaKIUsIChIHA Tycei, ce0ebi Oy
peakiusHbIH 6i3 ecenTeren Teme-Ter ik koncTanTach (Ky.;) 10" Kypaiisl xoHe Terme-Ter/IiK OHFa Kapail MapIbIMIs!
TYpZE BIFBICKAH.

4Cu'+Se0;"+6H"— | Se®+4Cu® +3H,0

AfiTa KeTeTiH Macene, epitiHaine Ty3inreH meic (II) mOHAApH! Ha KAaTOATHIK TOK THIFBI3IBIKTAPBIHBIH TOMEHT]
MoHzaepiae Meic (1) moHmapeIH Ty3e, Keeci peakius OOMBIHIIA TOTHIKCHI3IaHa IbI:

Cu*'+e— Cu’

Tysinren Oip BaJeHTTI MbIC HOHIAPHI 1a CEIICHUT-HOHIAAPABI KAaTOJ OETIHIE )KOHE KaTOATHIK KEHICTIKTE dJIe-
MEHTTI YHTaK TYPIHJET] CeleHre JIeiiH TOThIKChI3IaHIbIPYFa KaThicajbl. bipak Oy 3eprreyze 0i3 yHTaK TypiHaeri
CEJICHHIH TeK aHOJTHIK KEHICTIKTE TY3UIy 3aHJbUILIKTAPbIH aHBIKTA/IbIK.
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CeneH yHTaKTapbIHBIH TY31TyiHiH TOK OobiHIIA MEFEIMBIHA (TIL) TY3 KBIIKBUIE KOHIIEHTPAIMACHIHBIH, MEIC
(IT) MOHAAPBIHBIH KOHICHTPAIMSCHIHBIH, MBIC aHOJBIH/IAFbl TOK THIFBI3IBIFBIHBIH JKOHE SPITIH/I TeMIIEPaTypa-ChIHbIH
ocepiepi 3eprrenni. CelneH YHTaKTapbIHBIH TY3UIYiHIH TOK OOWBIHINA IIBIFBIMBI TY3UITEH YHTAKTBHIH MAaccachl
OoitbiHma ecenrtenai. Mbic (I1) MOHAAPBIHBIH KOHLEHTPALMACHIHBIH JKOHE €pITIH/AI TeMIepaTypachiHbIH ©CYiIMEeH
9JIEMEHTTI CeJIeH YHTAKTaPbIHBIH TY3LIyiHIH TOK OOWBIHILA IBIFEIMbI APTAThIHABIFG AHBIKTAIIBL. 75 A/M’-1ieH ToMeH
TOK THIFBI3/ILIKTAPbIHA CEJICH YHTAKTapbIHBIH TY311yiHIH TOK OoMbIHIIA IbIFBIMBI 100 %-aH acaThIHIBIFBI KOpCe-
Tinai.

DeKTPOHIbI MUKPOCKOII KOMETIMEH CEJIeH YHTaKTapbIHBIH MHKpOCYypeTTepi Tycipinai. by Hotmxkenep chepa
mitnHgl 6enmmexkTepain opra eimreMi 0,252 MkM OOJIBIN KEJIETiH Maiia JUCIIEPCTI CEIeH YHTAKTapbIHBIH TY3UITeHIH
KOPCETTi.

Tyiiin ce3aep: 3MEKTPOXUMHUS, CEJICH YHTAKTaPhl, celIeHUT-UOH, MbIC (II) XIopuIi, TOTBIKCHI3aHY, SIEKTPOIH3,
TOK THIFBI3/IBIFBI, TY3 KBIIIKBLIBL

A. Baemonl, A. K. Eaemonaz, Y. A. A621yBaJmeBal, 0. 11. 3aiikos®

1I/IHCTI/ITyT TOIUIMBA, KaTtanu3a u snexkrpoxumun uM. /1. B. Cokonbckoro, Anmatsl, Kazaxcran;
2 Ka3axCKuil HAMOHABHBII yHHBEpcHUTET nMeHH anb-Papabu, Anmarsl, Kazaxcran;
Y panbckuii (penepanbubiii yansepeuter, Exatepunbypr, Poccus

®OPMHUPOBAHMUE ITOPOILIKA CEJIEHA ITPX BOCCTAHOBJIEHUHA CEJIEHUT-UOHOB
B COJISIHOKHNCJIOM PACTBOPE HA TIOBEPXHOCTHU MEJHOI'O AHOJA

AnHoranus. VccnenoBaHus MOCBANICHBI BOCCTAHOBIICHHIO CEJICHUT-HOHOB B COJITHOKHCIBIX PAacTBOpax C
y4acTHEeM WOHOB OJHOBAJCHTHON MeIW, OOpa3yroIIeics MpU aHOAHOW IMOJIIPH3AlUN MEITHOTO 3JIeKTpona. Pesynb-
TaTHI OTIBITOB OJHO3HAYHO ITOKA3alli, 9TO B JAHHOM CIIy4ae BOCCTAHOBJICHHE CCIIEHUT-HOHOB MPOUCXOANT ¢ 00pa3o-
BaHUEM JJIEMEHTHOTO CEJE€HA B BHJE AMCIEPCHOTO IOPOIIKA HA IMOBEPXHOCTH MEIHOTO aHOJa W B MPHUAHOTHOM
MIPOCTPAHCTBE.

DT0 0OBACHAETCS TEM, YTO CTaHaapTHbIM notennuan (E°) okucanTtensHo-BoccTanoButenbHoi cuctemsl Cu (T) -
Cu (IT) B conmsHOKHCIIOM pactBope paseH -0,54 B, a morenuman cuctemsl Se-Se (IV) — 0,77B, 1.e. cTaHmapTHBII
MOTEHI[MAJ MEPBOI CUCTEMBI MMeeT Oojiee OTpULIATeIbHOE 3HAYCHHE 110 CPABHEHUIO CO 3HaYeHHEM BTOpol. B aToit
CBA3M HOHBI Meau Cut BOCCTAHABIMBAIOT CENEHUT-UOHBI ¢ OOPA30BAHHMEM JJIEMEHTHOIO CEJIEHA, a CAMU IPH 3TOM
okmcTsIoTes 10 Cu?t,

TeopeTrnveckn aHOJHOE OKHCIICHHE MEIX B XJIOPUIAHOM PacTBOpPE, T.€. B paCTBOPE XJIOPUIA HATPHUS MPOTEKAET
B JIBC CTaJIUU:

Cu’+CI - e — CuCl 1-cranus, E’=0,137 B,
nanee
CuCl—e — Cu*" +CI 2-cramus E’=0,54 B.

ITpy HEBBICOKHX IUIOTHOCTSIX TOKa MEJlb HOHU3UPYETCS TOJIBKO ¢ oOpa3oBanueM nonos mexu (I). Kpome Toro, B
JAHHOM Cllydae MMEET MECTO PEaKLHsl KOMIIPONOPLUOHMPOBAHMSA, T.€. MEIHBIN 3JIEKTPOJ B3aHMOJICHCTBYET C
noHamu Menu (1) ¢ o6pazoBanuem xnopuna meau (I):

Cut+Cu*" + 2CI' -2CuCl

Xnopun mMenu (I) oueHb XOpOIIO PACTBOPSETCS B COJNISTHOKUCIIOM pacTBOpe ¢ oOpasoBaHueM MOHOB Meau (1) u
XJI0pa.

OO6pazoBaBiirecs 10 BbIIIEYKa3aHHBIM peaknusM HoHbl Meau (I), cormacHo BelMYMHAM IOTEHIMAIOB BbIIIE-
YKa3aHHBIX OKHCIUTEIbHO-BoccTaHOBUTENBHBIX crcteM Cu(l)-Cu(Il) u Se-Se(IV), OymyT MOMEHTaIBHO BCTYNaTh B
XMUMHYECKYIO PEaKIHI0 BOCCTaHOBJIEHHs cesieHa (I'V) Ha moBepXHOCTH MEIHOTO aHOJa, TaK KaK pacCuUTaHHAs HaMH
KoHcTaHTa paBHoBecus (K;) naHHOH peakiuy paBHa 10"° 1 paBHOBECHE CHITLHO CMEILCHO BIIPABO.

4Cu'+Se0;"+6H'— | Se®+4Cu® +3H,0

Crenyer OTMETHTB, YTO HMEIOLIHECs B pacTBope noHbl Meau (II) mpu HEBBICOKHMX KaTOIHBIX IUIOTHOCTSIX TOKa
TaK)ke BOCCTaHABIIMBAIOTCS ¢ 0Opa3zoBanueM noHoB Menu (1) mo peakmuu:

Cu* +e— Cu',

OOpazoBaBurecsi OJHOBAJICHTHBIE HMOHBI TAaK)X€ MOTYT y4acTBOBATh B PEAKINH BOCCTAHOBIICHUS CEIICHUT-
MOHOB JI0 3JIEMEHTHOTO MOPOIIKOOOPa3HOro celieHa Ha MOBEPXHOCTH KaToja U B MPUKATOIHOM IMpocTpaHcTBe. Ho B
JTAHHOM HCCJIEZIOBAaHUU HaMH yCTAaHOBJIEHBI 3aKOHOMEPHOCTH (POPMHUPOBAHMS MOPOIIKA CEJICHA TOJILKO B aHOAHOM
MIPOCTPAHCTBE.

HccnenoBaHo BinsiHUE KOHLEHTPALMN COJISHON KUCIOTHI, HOHOB Meau (II), mnoTHOCTH TOKa HAa MEIHOM aHOAE
U TeMIepaTypbl pacTBopa Ha Beixox 1o Toky (BT) oOpa3oBanus nopomika ceneHa. BbIxos 1o ToKy nopoika cejaeHa
paccunTHIBAIM 110 BeCy 00pa30BaBLIETOCs MOPOLIKA. Y CTAaHOBIICHO, YTO C YBEJIMYEHNEM KOHIIEHTPALUK HOHOB MEIN
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(IT) 1 TemmepaTypbl pacTBOpa IOBBIIIAETCS BBIXOJ 10 TOKY OOpa30BaHMS 3JIEMEHTHOTO CEJeHa B BHAE MOPOIIKA.
Iloka3aHo, 4TO MPH IIIOTHOCTH TOKA HIKeE 75 A/M” KaXKyIIuiics BBIXOJ IO TOKY TIOPOIIKA cejleHa pebimaet 100%.
C MOMOIIBI0 IEKTPOHHOTO MHUKPOCKONA MOJTYYeHB MuUKpodotorpaduu mopomka ceneHa. OHH CBUAETEINb-
CTBYIOT O ()OPMHPOBAHUH MEJKOAUCIIEPCHOTO MOPOILIKA CeJIeHA C YacTHLaMH cepruyecKoil pOopMbI cO CpeAHUMH
pasmepamu 0,252 MKM.
KiroueBble cjioBa: 3IEKTPOXMMHUS, MOPOLIOK CENIeHa, celneHUT-uoH, xjopux Mmenu (II), BoccranosneHue,
3JIEKTPOJIN3, ITNIOTHOCTb TOKA, COJIIHASL KUCIIOTA.
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