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ELECTROCHEMICAL BEHAVIOR OF SILVER
IN APOTASSIUM FERROCYANIDE SOLUTION

Abstract. One of the main priorities of the innovative industrialization of the country is the development of
metallurgy and the production of finished products. In this regard, the application of new methods for producing
metals and their compounds or extracting them from solutions is an important task of our time. One of the promising
methods applied currently is the polarization by alternating current of industrial frequency, which arouses the interest
of researchers both from the point of view of oxidation and destruction of the passivating film. The peculiarity of the
processes occurring under the action of industrial alternating current is that, by changing the direction of the current,
it is possible to remove the oxide film and create conditions for the metal to further dissolve.

The work shows the distinctive features of electrochemical processes occurring on a silver electrode during
electrolysis by industrial alternating current in a solution of ferrosyne-sintered potassium by the method of rational
mathematical planning. The optimal conditions for the dissolution of silver are determined by studying the effect of
current density at the electrodes, the concentration and temperature of the electrolyte, the duration of the electrolysis
and the frequency of the alternating current. It is shown that when polarized with an alternating current of silver in a
pair with a titanium electrode, the passivation process of the silver electrode is eliminated and the dissolution rate of
the metal increases.

Keywords: alternating current, silver, electrode, electrolysis, closeness of current, current output.

Recently in electrochemical researches special attention is paid to the processes proceeding with an
electrode involvement by superimposed a. c. technique [1-7].

Use of the nonstationary mode of electrolyzing expands the possibilities of a research of the
mechanism of the cathode and anode processes, opens essentially new opportunities of using them for the
solution of different technological questions.

Electrochemical processes are used to solve various topical issues in the field of production. Rather
than direct current, alternating current allows to create simple, yet rational technological processes [s].

In the works [9-13] is provided this to polarization of a silver electrode by an industrial alternating
current with a frequency of 50 Hz. It was set that in sulfate solution silver is dissolved with a high
efficiency in case of low current densities, and in solution of hydrochloric acid the efficiency of dilution of
silver makes only 10,4%.

It is necessary to mark that the detail researches carried out by us on a silver electrode and other
researchers studying titanium, chrome, molybdenum, lead, etc. in case of polarization by an alternating
current of industrial frequency, showed that the electrode processes proceeding with an electrode
involvement by superimposed a. c. technique, sharply differ both on the mechanism, and according to the
guantitative characteristics [14-17].

Electrochemical processes involving noble metals are interesting, especially silver, in connection with
the increasing need for it in various branches of technology and industry. The most valuable properties of
silver are its high electrical conductivity, reflectivity and beautiful decorative appearance of polished
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sediments. Silver plating is widely used in electronics, electrical engineering and other industries to
improve surface conductivity and minimize transition resistance at the points of contact, as well as to
impart optical properties to the surface of a product. Technical-economic and quality indicators of the
silvering process depend on the nature and composition of the electrolyte. Cyanide solutions are the most
widespread ones, but they are toxic and dangerous to the environment.

The most common substitute for cyanide silvering electrolytes is a solution of ferrous sulphide
potassium. This is explained by the fact that it is less toxic than cyanide electrolyte, cheaper than iodide
and sulphite, and, according to [18,19], it has the best scattering ability. In this regard, it is interesting to
question of the behavior of silver in a ferrosynetosuronic solution during polarization with industrial
alternating current and the possibility of the formation of the corresponding complex compound of silver.

Systemic studies, which allow to establish the laws of the silver electro-oxidation with the subsequent
synthesis of its compounds, can lead to both the intensification of its production and the solution of
resource-saving problems.

In this regard, the study of the processes of silver ionization discharge under the action of industrial
alternating current seems relevant and timely.

The purpose of this work is to study the electrochemical behavior of silver during the polarization of
unsteady currents in a solution of ferrocyanide syngas potassium.

To study the electrochemical behavior of silver in a potassium ferrocyanide syrup solution, the main
experiments were carried out in a 100 ml cell. A titanium wire and a silver plate were used as electrodes.

Electrodes before experiments were thoroughly cleaned, degreased and washed with distilled water.

Results and discussion

The study of the electrochemical behavior of silver in a neutral medium was carried out by the
method of rational mathematical planning [20]. In accordance with the planning for the six factors, and in
each factor of five levels 25 experiments were conducted. The studied factors and their levels are
presented in table 1.

Table 1- Levels of factors under study

Level

Factor 1 2 3 4 5
X1, current density on the silver electrode, A/m2 200 400 600 800 1000
X2, current density on the titanium electrode, kA / m2 20 40 60 80 100
X3, solution concentration, M 05 1,0 15 2,0 25
Xa, duration of electrolysis, min 15 30 45 60 75
Xs, electrolyte temperature, ° C 20 30 40 50 60
X6, frequency of alternating current, Hz 50 100 150 200 250

The experiments results after mathematical processing are shown in Table 2, in which Y1,Y2, etc. -
particular functions, respectively, of factors X1, X2, etc.

Based on table 2, the graphs were plotted (figure 1). To describe point data, it is necessary to choose
the right empirical formulas. The dependence Y 1=f(X:) is described by the equation of a straight line. The
equation of a line is:

Yi=aX @)

Table 2 - Experimental values of private functions.

. Level Average
Function 1 2 3 4 5 value
Y1 70,6 737 61,5 55,2 49,0 62
Y2 52,5 65,5 70,6 63,2 58,3 62
Y3 73,7 64,5 60,2 54,1 46,65 62
Ya 73,7 68,5 63,3 55,8 494 62
Ys 73,7 67,8 60,8 56,4 51,3 62
Y6 73,7 68,6 59,7 55,6 52,5 62
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It can be considered that the straight line drawn on the graph goes out from some point, taken
arbitrarily on the left side of the straight line, with coordinates X1, Y 1. The offset of the origin to this point
is fixed as follows:

Y -Yi=a(X- Xi @)

Selecting on the right side of the line any point with coordinates X, Y2 and substituting them into this
equation, we get:

Y2-Yi=aX:- Xi) (3)
After the final transformation, the equation has the form:
. Y - Y .
Y=Yi+—2—}F (X - Xi) 4)
XZ - X 1

Some graphs have the form of a parabola, we enter the extremum values into the parabola equation. In
the parabola equation (Y = aX2), we enter the values Xi, Y iwith the offset of the origin:

Y =Yi- a(X- Xi: (5)

Then we select the second point with coordinates Xz, Y2 approximately in the middle of the section of
the branch passing through the experimental points, and substitute all four numbers into the final equation:

Y = Yi # e A (X - Xy 2 )
i (X2 - X i) A A

The calculated values at the matrix levels of the arguments are given in table 3.

Table 3 - Calculated values of functions at matrix levels

Function . Level Average

i 2 3 4 5 value
Yi = 93-0,018 (X-300) 7i,i7 74,83 67,60 64,00 60,40 67,60
Y2=9i-0,0037 (X-70)2 65,00 70,63 71,63 66,67 6i,75 67,3
Y3=09i - 4,6666 (X-0,75) 72,i6 69,83 67,5 65,i7 62,83 67,49
Ya=95-0,29 (X-22,5) 77,i7 72,82 68,47 64,i2 59,77 68,47
Ys5=92 - 0,2666 (X-25) 73,33 70,67 68,0i 65,33 62,67 68,00
Y6=93 - 0,0029 (X-40)2 72,70 72,70 70,39 65,75 58,79 68,06

The significance or insignificance of the function can be established without repeated experiments
using the nonlinear multiple correlation coefficient:

5y A= (N - Q)E (Yr- Ys)s
=M N- K- D E (V3 V)2 0
r-Jn - K-

R=— %52

where N is the number of points described, K is the number of active factors, Y3 is the experimental result,
Y tis the theoretical (calculated) result, Yep is the average experimental value.

The nonlinear multiple correlation coefficient for the 5% level and the value of its significance is
tR> ., which indicates the significance of the functions.

The correlation coefficient and the significance of the corresponding particular functions are listed in
table 4. As can be seen, all the considered functions influence the silver dissolution.

To describe the statistical multifactor dependencies, the particular functions generalized
M.M.Protodyakonov’s equation [2i]:
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Y = [93- 0,018(X 1-300)]+ [91- 0,0037(X 2- 70)2]*[91- 4,6666(X3- 0,75)]
N 88,855¢[95 - 0,29(X4- 22,5)] *[92 - 0,2666(X5- 25)] *[93 - 0,0029(X6- 40)2]

Table 4 - Correlation coefficient R and its significance tR for particular functions

Function R R Function significance
Y1 0,92 19,08 Significant
Y2 0,75 2,72 Significant
Y3 0,88 5,65 Significant
Y4 0,95 85,64 Significant
Y5 0,96 14,38 Significant
Y6 0,94 10,15 Significant

Based on the equation, we find the correlation coefficient for N = 25 and K = 5. It is equal to 0.4956
and the significance is tR= 3.02> 2, which indicates the adequacy of the generalized equation.

Based on the equation, s was determined as the optimal conditions for the electrochemical dissolution
of silver: the density on the silver electrode was 200 A/m2 the density on the titanium electrode was
60 kA/m2 the electrolyte concentration was 0.5-1.0 mol/l, the electrolyte temperature was 20-40 °C,
electrolysis duration - 15-30 minutes, frequency of alternating current - 50 Hz.

As the research results have shown, during the silver polarization by industrial alternating current,
silver ions, silver dicyanoferrate are formed.

In the cathode half-period, gaseous hydrogen is released on the titanium electrode and silver ions are
reduced. At this point, the silver electrode is in the anodic half-period and dissolves to form silver ions,
dicyanoargentate and silver oxide.

With an increase in the current density at the silver electrode, the current output (CO) of silver
dissolution decreases (Fig. 1a). This is due to the fact that at high current densities, the proportion of
electricity affected by a side process - oxygen evolution - increases compared to the amount of electricity
affected by the dissolution process of silver.

The effect of current density on the titanium electrode on the CO dissolution of silver was studied in
the range of 20-100 kA/m2. The maximum CO value is observed at in = 60 KA/m: (Fig. 1b).

When studying the electrolytes concentration effect on the results of electrolysis, it was found that the
maximum value of the current efficiency is achieved at a concentration of 0.5 mol/l (Fig. 1c).

Studying the effect of the electrolysis duration on the dissolution process of silver during polarization
with industrial alternating current showed that with an increase in the electrolysis duration, the current
dissolution rate of silver naturally decreases. It should be noted that on the electrode during prolonged
experiments the electrode surface is covered with a layer of dark color.

The study results of the temperature effect on the electrically dissolving the silver electrode showed

that the behavior of silver in the electrolyte solution under study has a similar character with the above
data (Fig. 1le). An increase in temperature adversely affects the electrochemical activity of silver.
Apparently, with increasing temperature, electrode processes become more reversible, that is, compounds
formed in the anodic half-period can be restored back to the cathode.
Figure 1f shows the dependence of CO dissolution of silver on the alternating current frequency. With an
increase in frequency, the W of metal dissolution decreases. The decrease in the electrolytic silver
dissolution with increasing frequency of the current, apparently, is due to the decrease in the duration of
the anode half-period.
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Figure 1- Point graphs and curve approximation effect on W silver dissolution:
a - current density on a silver electrode, b - current density on a titanium electrode, ¢ - electrolyte concentration,
d - electrolysis duration, e - electrolyte temperature, f- AC frequency

Thus, we studied the electrochemical behavior of silver during polarization of industrial alternating
current in a potassium ferrocyanide potassium solution by rational mathematical planning, it is shown that
when the system of silver-titanium electrodes is polarized by an alternating current, the silver electrode
dissolves to form potassium dicyanoargentate, and it has been established that the parameters studied have
a significant influence on the silver dissolution.
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KAUM ®EPPOLIMAHUAL EPITIHAICIHAEML
KYMICTI4 SNEKTPOXUMUANbL, LLACUET1

AHHOTauus. Enimi3giH  MHHOBaUMANBLIK  MHAYETPUANAHAbIPYbIHbIH - HEri3ri  6aebIMAbIKTapblHbIH - 6ipi -
MeTannyprus MeH faibiH 6 MibiMaapabl eHaipy. OebiraH 6ainaHbleTbl, MeTangapabl XaHe 0napabil KoeblableTapbiH
EHAIPYAIH XaHa 3ficTepiH KongaHy Hemeee onapabl epiTiHAinepaeH 6Genw any eTe MaHbIi3gbl. Kasipri kesge
KONAaHbINaTbIH MepenekTUBaNbIK 3aieTepdiH 6ipi - €eHAIPICTIK XuinikTeri aliHbiManbl TOKMeH Monspusauus.
OHepKaeinTiK aiiHbIMabl TOKTbIH 3eepiHeH eTeTL MpoLeeTepaiH epeKLUenikTepi TOK 6arbITbiH aybICTbIpFaH Ke3fe,
OKenATi NieHKaHbl anbin TacTayFa XaHe MeTangbl api kapaw Y3gikci3 epiTy YwWiH xaFaali xxaeayFa 6onagbl.

Baranbl MeTangapablH, aeipeee, KYMieTiH KaTbiCybiMeH XYPETiH 31eKTPOXMMUANBIK NPOLeeTep MalluHa xaeay
MeH ep”cm N 3pTYpni eananapbiHAa, e \paHbleTblH eeyiHe 6GainaHbleTbl, Kbi3blKTbl 60/bIM OTbIp. KYMieTiH eH
K¥B/[bl KaemeTTepi - OHbIH XXOFapbl 3M1eKTP eTKI3riWTiri, waFbinbicy KabineTi X3He XbINTblipaTbiiraH TyH6aHbIH
3gemi eaHgik TYpi.

Kanuingin  teppoumnaHug epiTiHgici  KYMieTeHAipyde UMaHAbl 31eKTPONAUTTepAiH eH ~n  TapanFaH
anmaeTblpFbiwbl 60/bIN eaHanagbl. KYMieTiH 3neKTpTOThIFY 3aHAbINbIKTapbIH aHbIKTayFa MyMLIHAX GepeTiH, OHbIH
KoebinbleTapbiH enHTe3geyre XYprisinren xYWeni 3epTTeynep OHbIH eHfipieiH KapKblHaaTyFa fJa, eoHpaii-ak
peeypeTbl YHeMaey MaeefienepiH wewlyre ae akenyi MyMK1H.

X~™MbleTa aliHbiManbl TOKMNeH nonspusauusanaHFaH KYMie 31eKTpogblHAa Kanuil  rekcauuaHodepparts
epiTiHaieiHae XYpeTiH anekTpoxuMmusanblk YPLieTepaiH epekLuenikTepi paynoHangbl MaTeMaTuKaibiK >oenapnay
apici 6olblHWa KepeeTinreH. XXoenapFa eaiikee anTbl (akTop YLiH X3He 3pb6ip dakTop 6Gee paeHreiire ue
25 skcnepuMeHT XYprisingi. CtaTmeTukanblK Kenenwemai Tayenginikrepgi emnarray YLWiH >Keke (yHKuuanap -
M.M. TpoTOAbAKOHOBTbIH TeHAeyi KongaHbingbl. Oebl TeHAeyAl, HerisiHge 6i3 n = 25 x3He K = 6 ywuw
Koppenaunsa KoauUUeHTIH aHblKkTagblK. OHbIH M3 0,4956 xaHe tr = 3,02>2 x3He 6”1 xannblnaHFaH TeHaeyaLy
e3MKeeTTH KepeeTeai.

KYMieTiH 3M1eKTPOXMMUANBIK epyLULL, OHTalNbl Lapanapbl aHblKTangbl: KYMie 31eKQOoabIHbIH ThiFbi3abiFbl -
200 A/M2 TuTaH 3neK(poAblHbIH ThiFbI3gbIFbl - 60 KA/M2, 31eKTPONMT KOHUeHTpauusiesl - 0,5-1,0 mons/n,
3NeKTPONnT TemnepaTypaebl - 20-40 °C, aneKTPonun3 y3akTbiHbl - 15-30 MUH., aiiHbIManbl TOK XU n - 50 Iy,

TuTaH 3nekdogbiMeH X/ NTaekaHAa, K"We 31eKTPOAbIHAA MaeevBTEHY MpPOLEei XOWbibIN, MeTanabliH epy
XblNAaMAbIHbl apTaTbiHbl aHbIKTanabl. KaTtofATbl XapTbliail nepuofTa TUTaH 3MeKTPOAblHAA ra3 Tapisgi eyTeri
6eniHesi X3He K"lWe MOHAApbIHbIH TOTbIKebI34aHybl Galikanagbl. Oebl €3TTe KYMie 3M1eKTPOAbl aHOAThI XapTblnali
nepnoara 6onagbl XX3He KYMie MOHAAPbIHbIH, AMUNAHOapPreHTaTTbiH X3He KYMie OKenAiHIH nainga 60n1ybiMeH epugi.
3epTTenreH napameTpnep KYMieTi epiTy npoueeiHe eneyni seep eTeTiHi aHbIKTaNAbl.

TywH ce3gep: aillHbIManbl TOK, KMWe, 31eKTPO/N3, ailHbIMabl TOK XWiNiri, TOK TbiFbI3AbIFbl, TOK 60/biHWA
UbRM
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SNEKTPOXUMWYECKOE NMOBEAEHWE CEPEBPA
BPACTBOPE ®EPPOLIMAHNOA KANTNA

AHHOTaUuA. O,ELHVIM N3 OEHOBHbIX TMPUOPUTETOB MHHOBaLI.VIOHHOVI nHayetTpnannsaynn etpaHbl AB/AeTesa
pasBuTMe MeTalyprum n nNpou3BOLETBO rOTOBbIX MPOAYKTOB. B 3TOl eBA3n NMPUMEHEHNE HOBbIX enoeo6oB
nosiy4yeHna MeTasioB N Ux eOG,El'VIHeHVIVI nnn Wn3BMEYEHNA UX N3 PAETBOPOB ABMAETEA aKTyaanon 3a,qaqe171
€0BPEMEHHOETHN. OAHMM N3 MNepeneKTnBHbIX enoeo6os., NMPUMEHAKOLWNXEA B HaETOALLEE BpPeEMA, ABNAETEA
nonapusauna nepeMeHHbIM TOKOM I'IpOMbIUJHEHHOVI 4aeToTbl, KOTOpPasa BbI3blBAET UHTEPEE Meene,qOBaTeneﬁ KaK e
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TOYKM 3pEHMs OKCMA000pa3oBaHMs, TaK W paspylleHWs naccuBupytowein nneHkn. OCOB6EHHOCTb MNPOLEeccos,
NPOTeKalLWMX Mof [eACTBMEM MPOMBILLAEHHOTO MEPEMEHHOr0 TOKa, 3akK/4aeTcs B TOM, 4TO MpU CMeHe
HanpaBfeHNa TOKa YAaeTCa CHATb OKCUAHYH MAEHKY M c034aTb YCN0BUA ANA 6ecnpensaTCTBEHHOro AasibHenLero
pacTBOpeHus MeTasa.

VIHTepecHbIM MpeLCTaBNAOTCA AEKTPOXMMMUYECKME NPOLIECCHI C yHacTMeM 6/1aropofHbIX MeTasnoB, B 0CO6GEH-
HOCTM cepebpa, B CBA3U C BO3pacTatoLLell NOTPe6HOCTLI0 B HEM Pas/IMYHbIX 0TPACc/iel TEXHUKM 1 MPOMBbILLIEHHOCTU.
Haunbonee LeHHbIMK CBOCTBaMU cepebpa ABMSETCA ero BbICOKAas 3/1eKTPOMPOBOAHOCTb, OTpaXkaTe/bHas Ccrocob-
HOCTb 1 KPaCuBbI AeKOPATUBHbIA BUA NONMPOBAHHbIX 0CALKOB.

Hanbonee pacnpocTpaHeHHbIM 3aMeHUTeNneM LUMaHUAHbIX 31eKTPOAUTOB CcepebpeHnst ABNsSeTCA pacTBop
YKENe3snCToCMHepoANCToro Kanua. CUCTEMHble UCCef0BaHMsA, MO3BOMIAKOWME YCTAHOBUTL 3aKOHOMEPHOCTM
3NeKTPOOKMCEHNs cepebpa ¢ MOCNeAyOWUM CUHTE30M ero COeJUHEHNA, MOTYT NPUBOANTL KaK K MHTEHCU(UKAL MK
€ro Npon3BOACTBa, TaK 1 peLlaTb NPobemMbl pecypcocbeperkeHus.

B paboTe nokasaHbl OTANYUTENbHblIE OCOOGEHHOCTW 3MEKTPOXMMUYECKMX MPOLLECCOB, MPOTEKaoWMX Ha
cepebpsAHOM 3/1eKTPOAe MPU 37EKTPONM3e MPOMbILLAEHHBIM NEPEMEHHBIM TOKOM B PacTBOPe >Kene3nCTOCMHepo-
AVCTOr0 Kanus MeTof0M pauvoHanbHOro MaTeMaTuyeckoro nnaHMpoBaHUs. B cOOTBETCTBMM C MIAHUPOBAHMEM A1
LIecTu (hakToOpOB, a B K&XA0M (PakTope NATb YPOBHEN 6blf0 NpoBefeHO 25 onbITOB. [0S 0nucaHus CTaTUCTUYECKNX
MHOro(aKTOPHbIX 3aBMCUMOCTEN YacTHble yHKUUM 06061mn ypaBHeHne M.M.MpoToabsakoHoBa. Ha ocHoBaHUK
ypaBHEHMS Hawnn KoahduumeHT koppensaumm npu N = 25 n K = 6. OH paBeH 0,4956 n 3HauyMmocTb tR= 3,02> 2,
YTO YKa3blBaeT Ha aleKBaTHOCTb 0606LLEHHOI0 YpaBHEHNS.

OnpegeneHbl ONTUMasbHbIE YCNIOBUS 3IEKTPOXMMMUYECKOrO pacTBOPeHUs cepebpa: NAOTHOCTb Ha cepebpsHOM
anekTpoge - 200 A/M2 nAOTHOCTb Ha TWTAHOBOM 3fekTpogde - 60 kJ1/M2, KOHUEHTpauus 3nekTponuTta -
0,5-1,0 monb/n, Temnepatypa anekTponuTa - 20-40 °C, NpOAOMKUTENBHOCTL 31eKTponusa - 15-30 MuH., yacToTa
nepemMeHHoro Toka - 50 I'u.

lMokasaHo, YTO Npy NonspM3aLumn NepemMeHHbIM TOKOM cepebpa B nape ¢ TUTaHOBbLIM 3/IEKTPOAOM, YCTpaHseTcs
npouecc naccusaumMm cepebpsHOro 3/MeKTpoda, M CKOPOCTb PacTBOPEHUS MeTanna Bo3pacTaeT. B kaTtogHom
nofynepuofe Ha TUTAHOBOM 3M1EKTPOAE BblAeNseTcA razoobpasHblii BOLOPOA M Habno4aeTCs BOCCTaHOBMEHME
MOHOB cepebpa. B 3TOT MOMEHT cepebpsiHbIA 3M1eKTPOS HaxOAMTCA B aHOLHOM MONyNepuofe M pacTBOpsieTcs C
obpa3oBaHMeM MOHOB cepebpa, AuLMaHoapreHTaTa M OKcuaa cepebpa. YCTaHOBMEHO, YTO MU3YyUeHHble napamMeTpbl
0Ka3bIBaKOT 3aMeTHOE B/IMsSHME Ha NPOLLECC pacTBOPeHMWS cepebpa.

KntoueBble cfoBa: nepemMeHHbIN TOK, cepebpo, 3NeKTPon3, YacToTa TOKa, MNI0THOCTb TOKA, BbIXOZ MO TOKY.
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