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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 (I1) ions with
the formation of dispersed selenium powders. The effect of the concentration of hydrochloric acid, copper (Il) 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 (I1) 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/m2 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 "m.

Key words: electrochemistry, selenium powder, selenite ion, copper (ll) chloride, reduction, electrolysis,
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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% CoC3. 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 (Se0 |_) is known [4]. As a reducing agentthe sulfur dioxide(SO?2) is used, which
reduces selenite ion by the reaction:

H2Se03+2S02+H20"Seq+2H 2504 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 100-2500 A/m2, selenium powders with
average particle sizes of 7-16 ~m are formed. It was found that cathodic reduction of selenium proceeds
according to the reaction:

SeO32+6H+H4e”Seq+3H20 2)

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 oftoxic gas - hydrogen selenide:

Se+2H"|H 2Se 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” - , in the presence of ions and copper (Il)

[1,13,18]. The possibility of electrocatalytic reduction of selenate ions on a lead electrode was also
established [17].

Our preliminary studies showed that 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 4Ti025e03-13H20 or TiO2Se03, 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 (Il) chloride -
pure grade. The composition of the initial electrolyte: hydrochloric acid, copper (Il) chloride and selenite
ions. The effect of the concentrations of hydrochloric acid and copper (1) 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 (Eg of the Cu (1) - 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 to

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]:

Cu0+ CrrCucCl 1-stage, EO= 0,137B 4)
further
CuCl-erCu2+ CI 2-stage EO= 0,54B (5)

At low current densities, copper is ionized only to form copper (1) ions. Besides, in this case there is a
reaction of comproportionation, i.e. a copper electrode interacts with copper (Il) ions to form copper (I)
chloride:
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Cu+Cu +2CT~”2CucCl (6)
Copper (1) 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 ofthe above redox
systems Cu(l)-Cu(ll) 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 1015 and the
reaction equilibrium is strongly shifted to the right.

4Cu++Se032+6H+"|Se°+4Cu2++3H20 )

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

Cut+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 CuClm-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 ofthe formation of selenium powder.

CE,%
Se(1V)=10 g/I,Cu(I1)=20 g/l, i==75A/m2 Se(1V)=10 g/I,HCI=30 g/l,ia=75A/nr
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 (I1) ions

Increase in the concentration of copper (I1) 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 (1) 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 (Il) 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).
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Se(IV) = 10 g/l, HCI = 30 g/I,Cu(ll) =20 g¢/l, ia= 75 A/m2 Se(IV) = 10 g/l, HCI = 30 g/l, Cu(ll) =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 (Il) 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 (1V) 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 ofthe selenium powder produced on the surface ofa 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 ~m.

c d
Se(IV)=10 g/I; Cu(1)=10 g/l; i=75A/m2, HCI=30 g/I

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 (1) 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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/. B. COKONbCKWUIA aTblHAarbl XXaHapMai Katanus
YKIHE 3NIEKTPOXUMUSA MHCTUTYThI» AK, AnmMatbl, Ka3akcTaH;
22n-Papaby aTbiHAarsl Kasak-¥nTTbiK yHuBepcuTeT Anmartsbl, KasaxcTaH;
POpan theaepanabl yHmBepcmTeT EKaTepmuHoypr, Peceit

T¥3 ublW UbLI bl EPW HAK HAE CeNEeHNT-MoOHAAapblH
TOTbW CbISAAHABIPY KE31IHAE MbIC AHOAbIHbLL
BETIHAE CENEH ¥HTAK;TAPbIHbLL TY3I1NYI

AHHOTaLMA. 3epTTeynep MbIC 3M1eKTPOAbIH Ty3 KbILKbINALI epiTiHAINepAe aHOATLIK Nonspusalmsanay Keswae
TY3iNeTiH MbICTbIH 6ip BaNeHTTI MOHAAPbLIHbIL, KaTbICYbIMEH CENEHUT UOHAAPbIH TOTbIKCbI3LaHAbIPYra apHaaraH.
Tax1lpubenep HaTWXenepi OCbl Xargaiija CeneHuT WOHAAPbIHbIH AUChepcTi YHTaK KYWge TY3ineTiH anemeHTTi
cefieHre fAeiiH TOTbIKCbI3AaHYbl MbIC aHOAbIHbIH GETiHAE YK3HE aHOA dXXaHbIHAArbl KeHiCTiKTe XY PeTiHiH 6ipXaKTbl
KepCeTTi.

BonraH >argai Ty3 KbiwkbiasiHgarsl Cu (1) - Cu (1) TOTbIFY-TOTbIKCbI3f4aHy XYecLl, CTaHAaPTTbIK NOTeH-
unanbiHbiH (E0) Maw -0,54 B KypaiiTbiHbiMeH, an Se-Se (IV) xYWeciniH noTeHunansl - 0,77 B KypaiiTbiHbIMeH,
[eMeK, GipiHLWI XyMeHL, cTaHAAPTTbIK MOTEHUMANbIHbIH M3HI eKiHLWI XYAeHL, NOoTeHUMabIHbIH M3HIHE KaparaHga
TepicTey 6onybiMeH TYciHgipineai. OcbiraH 6alinaHbicTbl Cu+ -MOHAAPbI CENEHUT-UOHAAPbLIH 3/1EMEHTTI CefleH TY3e
Typa TOTbIKCbI3faHAblpaabl Aa, e3aepi Cu2+- re AeLlH ToTbiragbl.

TeopuanbiK TYprolfaH MbICTbIH XJIOPUAN epiTiHAiAe, AeMeK, HAaTpuiA Xnopuii epTHATaHAe aHOATHIK TOThIYbl
eKi cTaguaMeH toKe acapl:

Cu0+ Cl--e”~ CuCl 1-cTagms, E0=0,137 B,
apbl Kapai
CuCl- e Cu+Cl 2-cTagua EO0= 0,54 B.

TOK ThIrbI3fbIKTapblHbIH TEMEHTT M3HAepiHAe MbiC TeK MbIC (1) MoHAapbIH TY3e OTbIPbIN TOTbiragbl. OcbligaH
6acka, 6yn xargalija KoMnponopuusnaHy peakumnachbl opbiH anafbl, AeMeK, MbiC 3anekTpoabl Mbic (1) noHAapbiMeH
MbIC (1) XnopuAiH TY3e OTbIpbIN 3peKeTTeceai:

Cu + Cu2++ 2CI-~2CuCl

Mbic (1) xnopugi Ty3 KbllWKbIAbl epiTiHAige eTe >kakcbl epugi, 6yn kesge mbic (I) MOHAapbl X3He X/0p
TY3inegi.

Xorapblga KenTipinreH peakumsanap 6oibiHwa TY3inreH moic (1) noHgapsl xorapsiga kennpwred Cu(l)-Cu(ll)
XaHe Se-Se(lV) TOTbIry-TOTbIKCbI3AaHy >Xyiheneplil, noTeHUMangapblHbiH M3HAEpiHe Calikec Te3 apaja MbiC
aHoAbIHbIH 6eTiHAge ceneH (V) MOHAApbIH XMMUAMbLIK XXONMEH TOTbIKCbI3AaHAbIPY peakumaceiHa TYcegi, cebebi 6yn
peakuusHbIH 6i3 ecenTereH Tene-TeHAiK KoHcTaHTachl (K™T) 105 Kypaiigbl X3He Tene-TeHAiIK OHra Kapa MapabimMabl
TYPAe bIrbiCKaH.

4Cu++Se032+6H +/|Seot4Cu2++3H20

AWiTa KeTeTw macene, epiTiHaige TY3inreH mbic (I1) noHAapbl Aa KaTOATbIK TOK ThIrbI34bIKTapblHbIH TEMEHM
MaHaepiHAae Mbic (1) MOHAAPbIH TY3e, Keneci peakums 60iblHLLIA TOTbIKCbI3faHabl:

Cuz2++e”™ Cut

TY3inreH 6ip BaneHTTi MbIC MOHAAPbI 4a CeNeHUT-UOHAAPAbl KaTo4 GenHAe XX3He KaTOATbIK KeHicTikTe ane-
M eHT YyHTaK; TYPpiHZeri ceneHre AeliiH TOTbIKCbI34aHAbIpyra KaTbicagbl. bipak 6yn 3epTTeyae 6i3 yHTaK; TYpiHAeri
CeNeHHIH TeK aHOATbIK KewCTXTe TY3ify 3aHAbIbIKTapbIH aHbIKTaAblK.
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CeneH "HTakTapbliHbIH TY37irnH ToK 60MbIHWa WbirbiMbIHA (TLU) TP KbIWKbIAbI KOHLEHTPAUUACLIHbIH, MbIC
(1) noHAAPbIHbLL KOHLEHTPaLMACBIHLIH, MbIC aHOAbIHAArbI TOK ThIrbI3AbITbIHbIH X3He epiTiHAI TemnepaTypa-CblHbIH
acepnepi 3eptTeng” CefneH “HTaKTapbliHbIH TY3ilyiHiH TOK 6OMbIHLIA WHITbIMbI TY3iAreH "“HTaKTbIH Maccachbl
6oibiHWa ecentenar Mbic (1) MOHAapbIHbIH KOHLEHTPALUACLIHBIH X3He epiTiHAi TemnepaTypacbiHblH ecyiMeH
3M1eEMEHT Ce/leH "HTaKTapbIHbIH TY3iNyiHiH TOK 60MbIHLUIA LWbIFbIMbl apTaTbIHAbITbI aHbIKTaNAbl. 75 A/M2-AeH TeMeH
TOK ThIrbI3fbIKTapblHAa CefleH MHTaKTapblHbIH TY3ifyiHiH TOK 60liblHLWA WhIrbiMbl 100 %-AaH acaTblHAbITbI Kepce-
Tigai.

SNeKTPOHALI MUKPOCKON KEMENMEH CefileH “HTaKTapblHbIH MUKpoCypeTTepi TYcipingi. BAn HaTWXenep chepa
niwiHai 6enwekrepaiH opta enwemi 0,252 MKM 60/1bIN KeNeTiH Mailfa AUCNepcTi ceneH MHTaKTapblHbIH TY3iNreHiH
KEepCeTTi.

TYWiH ce3fep: aneKTPOXMMUSA, CeNleH “HTaKTapbl, CENEHUT-NOH, MbIC (I1) XNOPUA" TOTLIKCHI3AAHY, 3N1eKTPO/NS,
TOK ThITbI34bITbl, T:P KbILKbIbI.

A. baewosl A. K. baewosa2 Y. A. Abgysanuesal, tO. IN. 3aiikoB3

MHCTUTYT TONNMBA, KaTanusa u anekTpoxumum um. [l. B. Cokonibckoro, Anmarsl, KaszaxcraH;
2Kas3axcKunil HauMoHanbHbI YHNBEPCUTET UMeHM anb-Papabu, Anmatbl, KasaxcraH;
3YpanbCckuii heaepanbHbIi yHUBepcUTeT, EkaTepuHbypr, Poccus

®OPMNPOBAHWE NMOPOLLUKA CENEHA MNPV BOCCTAHOBMEHWW CEJTIEHNT-MOHOB
B CONMAHOKMC/IOM PACTBOPE HA NMOBEPXHOCTW MEAHOIO AHOJA

AHHOTauma. MccnegoBaHus MOCBALLEHbI BOCCTAHOBMIEHWIO CENEHUT-MOHOB B CONITHOKUC/BIX PacTBOpax C
y4acTMeM MOHOB OAHOBa/IEHTHOW Meau, 06pasytoLlelics npyu aHOAHOW NonApu3aLumM MegHOro 3nekTpoja. Pesynb-
TaTbl OMNbITOB OAHO3HAYHO MOKa3anu, YTo B IAHHOM C/lyyae BOCCTAHOBNEHWE CENEHUT-UOHOB NPOUCXOAUT ¢ 06pa3o-
BaHWEM 3M1eMEHTHOr0 CeneHa B BMAE AUCMEPCHOro NopoLika Ha MOBEPXHOCTU MeAHOr0 aHofa W B NPMaHOAHOM
MPOCTPaHCTBE.

370 06BLACHAETCS TEM, YTO CTaHAAPTHLIN noTeHuman (EQ okMcnuTenbHO-BOCCTaHOBUTENbHOM cuctemsl Cu (1) -
Cu (Il) B consiHokucnom pacteope paseH -0,54 B, a nmoteHuman cuctembl Se-Se (IV) - 0,77B, T.e. cTaHAAPTHbIN
MoTeHUMan nepBoii CUCTEMbI MMeET 60Mee OTpMLATE/IbHOE 3HaYeHMe MO CPaBHEHWIO CO 3HayeHVeM BTOpoi. B aToi
CBSA3U MOHbI Mean BOCCTaHaBNMBAlOT CE/IEHUT-UOHbI C 06pa30BaHNEM 3IEMEHTHOrO CefieHa, a caMmu npu 3ToM
OKUCNATCA [0

TeopeTnyeckn aHOAHOE OKUCNEHWE MeAN B XI0PMAHOM pacTBope, T.e. B paCTBOPE X/1I0punAa HaTpus NpoTekaeT

B [BE CTAANMU:
Cu0+ Cl--e”~ CuCl 1-cTagms, E0=0,137 B,
fanee
CuCl- e Cu2++ ClI- 2-cTagua EO= 0,54 B.

IMpn HEBLICOKMX MNOTHOCTAX TOKa Meflb MOHU3NPYETCS TOMbKO € 06pa3oBaHMem noHoB meam (). Kpome Toro, B
[aHHOM cflyyae MMeeT MeCTO peakuuss KOMMNPOMOPLMOHUPOBaHMS, T.e. MeAHbIA 3MeKTPoj B3aUMOAEWCTBYeT C
noHamm megu (I1) c obpasosaHmem xnopuga megm (1):

Cu+Cu2++ 2Cl-" 2 CuCl

Xnopug meam (l) o4eHb XOPOLLO PacTBOPSETCA B COMSHOKUCOM pacTBope ¢ obpasoBaHuem MoHOB Meaun (1) n
xnopa.

O6pa3oBaBLUMeCs MO BbllleyKa3aHHbIM peakuuam noHbl Mmegm (1), cornacHo BenuuYMHaMm MOTEHLUMaNnoB Bbllle-
yKasaHHbIX OKUCMTeNbHO-BOCCTaHOBUTEbHBIX crcTem Cu(l)-Cu(ll) n Se-Se(1V), 6yayT MOMeHTanbHO BCTyMNaTh B
XMUMUYECKYIO peakLuto BocCTaHoBeHUs ceneHa (V) Ha NOBepPXHOCTU MeAHOro aHofa, Tak Kak paccyuMTaHHas Hamu
KOHcTaHTa paBHoBecus (Kp) gaHHON peakummn paBHa 10151 paBHOBeCHE CU/IbHO CMELLEHO BMpPaBo.

4Cu++Se032+6H+"1Se°+4Cu2+3H20

CnepyeT OTMETUTb, YTO MMeOLLMECs B pacTBOpe MOHbI Mean (I1) Npu HeBbICOKMX KATOAHbIX MMOTHOCTAX TOKA
TakK)Xe BOCCTaHaB/MMBalOTCA ¢ 06pa3oBaHMeM MOHOB Meau (1) No peakumu:

Cux+e”™ Cut,

Ob6pasoBaBLUMECA OAHOBAMEHTHbIE MOHbI TakKXe MOryT Y4acTBOBaTb B peakUuu BOCCTAHOB/IEHUS CENEHUT-
MOHOB A0 3/1EMEHTHOIO NOPOLLIKOO6PA3HOro CefleHa Ha MOBEPXHOCTU KaTofa 1 B MPUKATOAHOM MpocTpaHCcTBe. Ho B
[aHHOM WCCNefoBaHMM HaMW YCTaHOB/IEHbI 3aKOHOMEPHOCTY (DOPMUPOBAHUS MOPOLLKA CefleHa TONbKO B aHOLHOM
MPOCTPaHCTBe.

VccnefoBaHo BNUAHUE KOHLEHTPALMMW COMSIHON KUCNOTbI, MOHOB Meau (1), NNoTHOCTM TOKa Ha MeJHOM aHoze
1 TemnepaTypbl pacTBopa Ha BbiXof no Toky (BT) o6pa3oBaHus NOpOLLKa CeneHa. BbiXoA Mo TOKY NOpoLLKa ceneHa
paccynTbiBaAM Mo Becy 06pa3oBaBLUEroCA NOPOLLKA. Y CTaHOBMIEHO, YTO C YBEINYEHWEM KOHLEHTpaLMm MOHOB Meaw
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(I) n TemnepaTypbl pacTBOpa MOBbLILIAETCA BbIXO4 MO TOKY 00pa3oBaHUA 3MEMEHTHOr0 cefeHa B BMAE MOPOLLKA.
MokasaHo, 4TO MPW NOTHOCTU TOKa HUXKe 75 A/M2 KaxKyLLMIACs BbIXO MO TOKY NOpoLLKa ceneHa npesbiwaeT 100%.
C NOMOLLbIO 3/M1EKTPOHHOT0 MMKPOCKOMNa MoJfiyvyeHbl MUKpoQoTorpagum nopoluka ceneHa. OHM CBUAETESb-
CTBYIOT O (hOPMMUPOBAHUM MENKOAUCMEPCHOrO MOPOLLUKA CefleHa C YacTuuamy cepuyeckor (hopmbl CO CPesHUMM
pasmepamu 0,252 MKM.
KnioueBble C€noBa: 3MEKTPOXUMWA, MOPOLLIOK CeneHa, CeneHuT-uoH, xnopup meau (ll), BoccTaHOBEHUE,
3/1EKTPONU3, MIOTHOCTL TOKA, COMIAHAA KUCoTa.
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