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Kinetics of silver dissolution in aqueous solutions of hydrochloric acid

In this article results of the kinetic regularities of the processes of electrochemical oxidation-reduction of sil-
ver in a solution of hydrochloric acid by the recorded potentiodynamic polarization curves method were pre-
sented. The electrochemical behavior of silver electrodes was studied by voltammetry on an SVA-1BM
potentiostat to elucidate the mechanism of oxidations. The main polarization current-voltage curves were tak-
en at a sweep rate of 10 mV/s and were recorded on a flat two-coordinate potentiometer of H 301/1. A silver
rod was used as the working electrode; its working surface was the front part, the area of which was 4 mn’.
The measurements were carried out in a three-electrode cell relative to the silver chloride electrode
(Ey=+0.203 V). Platinum was used as an auxiliary electrode. Voltammograms are mainly obtained in the
temperature range of 20-70 °C (293-343 K), with potential sweep rates of 5-100 mV/sec. To clarify the
mechanism of the processes occurring during the polarization by alternating current, the electrodes were sub-
jected to cyclic polarization, i.e. the curves were recorded first in the direction of the cathode-anode, then the
anode-cathode. The effect of electrolyte concentration and temperature, sweep rate on the electrochemical
behavior of silver has been studied. The peculiarities of silver oxidation kinetics in an acidic medium were
revealed. These data and the results of our previous studies serve as the theoretical foundations of electrode
processes during the polarization of silver and other noble metals by alternating current and are prerequisites
for the creation of new methods of metal extraction from waste solutions and wastewater and procedures for
the synthesis of compounds for use in various industries. The following kinetic parameters were calculated to
characterize the mechanism of the silver electro-oxidation: the ion transfer number (c,), the diffusion coeffi-
cient (D), the heterogeneous constant of the electrode process rate (K) and the effective energy of the activa-
tion process (E,).

Keywords: potentiodynamic polarization curves, electrochemical behavior, silver, hydrochloric acid, elec-
trode, concentration, temperature, electro-oxidation.

Introduction

The use of unsteady currents in the electrolysis processes led to the creation of a new scientific direction
in applied electrochemistry — the development of unsteady electrolysis methods. The study of the behavior
of electrochemical systems in alternating current is one of the most powerful experimental methods of mod-
ern electrochemistry. This method allows to solve a large number of various problems, starting with a precise
study of the electrode-electrolyte boundaries structure, and ending with the clarification of fine details of the
mechanism of electrochemical processes and the dissolution of sparingly soluble and sometimes insoluble
metals and synthesis of their compounds [1]. In a number of works it was established [2, 3] that the non-
stationary mode of electrolysis contributes to the intensification of electrochemical processes. However, the
advantages of non-stationary electrolysis are not fully utilized due to insufficient knowledge. Until now elec-
trode processes on silver electrodes have not been practically studied during polarization with industrial al-
ternating current with a frequency of 50 Hz. In this regard the study of the electrochemical behavior of silver
during the polarization of alternating current is an urgent task and has both theoretical and practical signifi-
cance.

However, the question of studying the electrochemical behavior of silver during polarization by indus-
trial alternating current remains open, since there are only fragmentary data in the scientific literature. In ad-
dition, it should be noted that the tendency of the silver surface to passivation during anodic electro-
oxidation as a result of the oxide films formation by which the characteristics of its electrochemical behavior
is determined.

Experimental

The electrochemical behavior of silver electrodes was studied by voltammetry on an SVA-1BM
potentiostat to elucidate the mechanism of oxidations.
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The main polarization current-voltage curves were taken at a sweep rate of 10 mV/s and were recorded
on a flat two-coordinate potentiometer of H 301/1. A silver rod was used as the working electrode; its work-
ing surface was the front part, the area of which was 4 mm®.

The measurements were carried out in a three-electrode cell relative to the silver chloride electrode
(Ep =+0.203 V). Platinum was used as an auxiliary electrode.

Voltammograms are mainly obtained in the temperature range of 20—70 °C (293-343 K), with potential
sweep rates of 5-100 mV/s. To clarify the mechanism of the processes occurring during the polarization by
alternating current, the electrodes were subjected to cyclic polarization, i.e. the curves were recorded first in
the direction of the cathode-anode, then the anode-cathode. Thus, to a certain extent, a change in the direc-
tion of the current that occurs during the passage of an alternating current was imitated.

The cyclic polarization curves to a certain extent reflect the situation when the metal alternately is either
the anode or the cathode.

The measurements were carried out in the following way: after the electrode surface was renewed, a po-
tential sweep was switched on with a certain speed in the range of 5-100 mV/s and the corresponding
potentiodynamic polarization curve was recorded.

For research at a constant temperature, a special electrolytic cell of the YSE-2 brand, mounted in the
thermostat of the ITZh-0-03 brand, was used.

Results and Discussion

The purpose of this work is to investigate the anodic silver dissolution in hydrochloric acid solution. In
this paper, we studied the effect of acid concentration and temperature, potential sweep rate on anodic silver
oxidation by removing potentiodynamic polarization curves.

We have previously conducted a series of studies on the electrochemical behavior of various elements,
including silver, during polarization with alternating current of industrial frequency [4—7].

Figure 1 shows the anodic-cathodes and cathode-anodic cyclic polarization curves of silver obtained
by us.
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Figure 1. Anodic-cathodes (1) and cathode-anodic (2) potentiodynamic cyclic polarization curves of silver
in hydrochloric acid solution

When the current-voltage curves are shifted to the region of cathode potentials, a current maximum is
observed, due to the reverse recovery of the formed silver chloride.

When removing the cathode-anodic cyclic polarization curves in the region of the cathode potentials,
only a current of hydrogen evolution is observed. As is well known in chloride environments, silver chloride
is always present on the surface of a silver electrode. In the polarogram, a wave of silver chloride reduction
is not observed; this is probably due to the fact that chloride films on the silver surface passivate the elec-
trode. The release of hydrogen is observed at more negative potentials («minus» 0.75-1.0 V):

2H" +2e — H,

60 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Kinetics of silver dissolution in aqueous solutions ...

The data we obtained are consistent with the literature. Under the conditions of a linear potential sweep
in solutions of halides [8, 9] and chromates [10], the oxidation of silver occurs by the formation of salt films
by the reaction:

ZAg+ A" o AgA+ze
A=CI,Br,I,CrO/

Next, we investigated the effect of various factors on the anodic silver dissolution in a solution of hy-
drochloric acid with the formation of AgCl by the method of removing polarization curves.

The electrochemical silver dissolution depending on the hydrochloric acid concentration was studied at
a solution concentration of 0.5-5.0 M (Fig. 2a). In a solution of hydrochloric acid with an increase in the
concentration of acid to 3.0 M, the height of the current maximum increases, and then it falls due to a de-
crease in the rate of silver oxidation.
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Figure 2. Anodic polarization curves of silver at different concentrations of hydrochloric acid (@), V =10 mV/s
and its effect on the height of the maximum oxidation current ()

First, with an increase in the chloride ion concentration, the reaction rate increases, since formation of
silver chloride is facilitated, and then denser silver chloride films are formed, and partial passivation occurs
and the reaction rate decreases.

Based on the processing of the polarization curves results, the order of the silver oxidation reaction was
determined from the lgi — Ig[HCl] dependence, which corresponds to a value of 0.23.

Figure 3 shows the anodic polarization curves of a silver electrode in a 0.5 M hydrochloric acid solution
at various potential sweep rates in the range of 5-100 mV/s.
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Figure 3. Anodic polarization curves of silver at different potential scan rates and its effect
on the height of its oxidation current maximum

Cepusa «Xumuns». Ne 4(96)/2019 61



E.Zh. Tuleshova, A.B. Bayeshov, G.K. Aibolova

In the anodic-cathodic cyclic polarogram the maximum current in the acid solution in the potential

regions +0.075... +0.4 V reflects the process of silver anodic oxidation to form silver chloride:
Ag+Cl'=AgCl+e  E’=+0222B

With more positive anodic potentials, a weak release of oxygen and chlorine is observed:

2H,0 —4e — O, +4H"
2CI -2¢ =Cl, E’°=+1,396B

With an increase in the potential scan rate, the height of the silver oxidation current maximum, which
indicates that the process proceeds in the diffusion mode increases.

Based on the processing of the polarization curves using the Galyus method [11], the transfer number of
silver ions (o), the diffusion coefficient (D) and the heterogeneous constant of electrochemical processes
rate (K,) were calculated, they are respectively equal to: o,=1,28-10", D=8,07-10" cm’s,
K,=6,6:107 cm/s.

In this paper, the effect of temperature on the silver oxidation process was also investigated. As can be
seen from Figure 4, the height of the current maximum increases with rising temperature. The activation en-
ergy calculated by the temperature-kinetic method is equal to 11.43 kJ/mol. This indicates the flow of anodic
dissolution is on the diffusion mode.
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Figure 4. Anodic polarization curves of silver at different solution temperatures
and the logarithmic dependence of height current maximum temperature

Conclusions

Thus in the solution of hydrochloric acid, as a result of current-voltage research, we considered the
effect of the potential sweep rate, electrolyte concentration and temperature. The activation energy, the
reaction order, the diffusion coefficient, and the heterogeneous constant of the electrochemical process rate
were calculated. The mechanism and peculiarities of oxidation in acidic medium are shown.
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2.XK. Tynemona, A.b. baemos, I'.K. Aiibonosa

Ty3 KbIIIKBLIBIHBIH CYJIbI epPITiHAIepiHAe KYMICTIH epy KHHETHKACHI

Makanaga Ty3 KbILIKBUIBI EPITIHAICIHIAEC KYMICTiH JJIEKTPOXHUMHUSUIBIK KACHETi MOTSHIHOJHHAMUKAIIBIK
HOJISIPU3ALMSUIBIK KUCBIKTAp TYCIpY apKbUIbl 3epTTeni. Herisri noispu3aunsuiblk BOJIBTaMIICPIIiK KHUCHIKTap
noteHumn Oepy skputmamaeirsl 10 MB/c tycipinin, exi kopaunattel H 301/1 nuaHmerTi moteHIpoMeTpae
Ka3bUbL. JKYMBICIIBI S7EKTPOJ PETiHAE KYMIiC CHIMBI KONIAHBUIABI, OHBIH KYMBICHIBI aydaHbl 4 MM .
Orueyep Y SIeKTPOATH YAIIBIKTA XIOPKYMIC 3IeKTpoIKa KaTeIcTsl (Ey = +0,203 B) sxyprizinni. Kemexmri
JJIEKTPOA PeTiHJe TUIaTHHA KOJIJaHsubl. Bonsramneporpammanap Herizinen 20-70 °C (293-343 K) temne-
paTrypa apanbFbIHIA, MOTeHIHAN Oepy kpurmamiasrel 5—100 MB/c Gomrannma anslHABI. AWHBIMAIBI TOKIECH
TOJISIPU3AMSUIAaHFAHAA KYPETiH MEXaHU3M IIPOIECTEPiH TYCIHY YINIiH IEKTPOATAap HMUKIIIK MOISIpH3aIHsiFa
YUIBIPAiiJbl, IFHA KUCHIKTApP aJIILIMEH KaTO/-aHOJ, COJaH KeHiH aHOJ-KaTox OarbIThIHA ka3buianbl. KymicTin
UEKTPOXUMUSAJIBIK KaCHETIHE 3JIEKTPOJIMTTIH KOHILEHTPAMICHl MEH TEeMIEpaTypachIHBIH ocepi 3epTTeli.
KBIIKBIT OpTafarbl TOTHIFY €PEKIIEeTIKTepi, MEXaHU3M/Iepi KOPCETUImi. AJABIHFBI JKOHE OChI 3epTTeylepae
aJIFaH MAJIIMETTEp KyMiC jkoHe 0acka Ja achul MeTayiap/ibl alHbIMAJbl TOKIICH MOJIIpH3alusiIayla eTeTiH
AIIEKTPOITHI TMPOLECTEPIIH TEOPUSUTBIK HeTi3aepl OOk TaObLIabl, COHAANH-aK OHICITCH CPITIHIICD MCH
arelHJBl CyJaplJaH MeTaJJapiAbl aXyAblH KaHa TOCULAEpiH, OHEPKACINTIH TYpJl cajanapblHia KEeHiHEeH
KOJITaHBUIATHIH OipKaTap KOCBUIBICTAP/IBI CHHTE3ZEY TOCUIAEPIH XKacay/blH aIFBIIApThl OOJBII TaObUIa b
KyMicTiH 37eKTpOATHl TOTBIFY MEXaHHM3MIH CHIATTAHTHIH Keleci KMHETHKANBIK IapaMeTpiep ecenTeli:
MOHJIap/bl TackIMaliay caHel (0,), muddysns kodddumuenti (D), snekrpon npouecinin (K) rereporensi
JKBUIIAM/IBIK KOHCTAHTACHI XKoHE MpolecTiH 2Q(HeKTUBTI akTUBTEHIpY SHEepruscHl (E,).

Kinm ce30ep: MOTEHUNOOUHAMMKAIIBIK MOJSAPU3ALMAIBIK KUCBIKTAP, MIEKTPOXUMUSIIBIK KAaCHET, KYMicC, TY3
KBILIKBLIBI, SJIEKTPOJI, KOHIIEHTPALUs, TEMIIEPATYPa, SIEKTPOTOTHIFY.

2.K. Tynemoga, A.b. baemos, I'.K. AitbonoBa

Kunernka pactBopenns cepedpa B BOTHBIX PACTBOPAX COJISTHONH KHCIOTHI

B crarbe npencraBieHBl pe3yabTaThl UCCIIEAOBAHHUS KHMHETHIECKUX 3aKOHOMEPHOCTEH MPOIECCOB IEKTPO-
XMMHYECKOTO OKHCICHHSI-BOCCTAHOBIICHHS cepedpa B pacTBOpE COJSTHOM KHCIOTHI METOJOM CHSITHS ITOTEH-
IUOJMHAMHYECKAX MOJSIPU3AIMOHHBIX KPHUBBIX. OCHOBHBIC MOJSPU3AIMOHHBIC BOJIETAMIICPHBIC KpPUBBIC
CHHUMAJINCH NIPH CKOPOCTH pa3BepTku 10 MB/c ¥ 3amuchiBasich Ha IDIAHIIETHOM JIByXKOOPAWHATHOM ITOTECH-
mmometpe H 301/1. B kadecTBe pabovero aJeKTpo/ia UCIIOIL30BAIN CepeOPSHBII CTepKEHb, ero padoueii mo-
BEPXHOCTBIO ABIIACH TOPLOBAs YACTh, IUIOLIAAb KOTOPOil cocTaBisita 4 MM>. M3MepeHHs pOBOIMINCH B
TPEX3IEKTPOHOMN sueiike OTHOCHTEIBHO XIopcepebpsHoro snektpona (E° = +0,203 B). BemoMoraTenbHbM
3JIEKTPOIOM CITyXKHJIa ITaTHHA. BojbrammneporpaMmsl, B OCHOBHOM, ITOJIy4YEeHBI B HHTEpBaie TeMmnepatyp 20—
70 °C (293-343 K), npu ckopocTtsix pa3sepTku noteHuuana 5—100 mB/c. st BbIACHEHHsS MeXaHH3Ma IPO-
LIECCOB, IIPOTEKAIONINX IIPH MOJSIPU3ALIN EPEMEHHBIM TOKOM, JICKTPOABI MOBEPraIiCh IUKINIECKOH 1mo-
JSIPU3aIAy, T.€. KPUBBIC 3alMCHIBAINCH CHAa4yala B HANPaBJICHHU KaTOJ-aHOJ, 3aTeM aHoA-Karoj. V3ydeHo
BIMSIHAE KOHIIEHTPAIIMM M TEMIIepaTyphl 3JIEKTPOJIMTA, CKOPOCTH PAa3BEPTKH Ha DIIEKTPOXUMHUYECKOE
noBezieHne cepebpa. Beumi mokazaHel 0COOCHHOCTH KMHETHUKH OKHCIICHUS cepedpa B KHCIOH cpene. OTH U
Ipyrue IaHHBIE, MOJY4YEeHHBbIE HaMH B HPEABIIYLIMX HCCIECAOBAHUAX, CIYXKAT TEOPETHUYECKUMH OCHOBAMH
3JIEKTPOAHBIX MPOLECCOB, MPOTEKAIOMIUX MPU MOJIApU3aLUK cepebpa U Ipyrux OlaropoAHBIX METAJIOB IIe-
PEMEHHBIM TOKOM, @ TaKXe SIBISIFOTCS IPEAINOChIIKOA CO3AaHMsI HOBBIX CIIOCOOOB M3BJICUSHUSI METAIUIOB U3
0TpaboTaHHBIX PACTBOPOB U CTOYHBIX BOJ, CIOCOOOB CHHTE3a Psia COSANHEHHUH, HAXOIIMX IMPOKOE TPH-
MCHEHHE B Pa3JIMUHBIX OTPACAX NMPOMBINIIEHHOCTH. I XapaKTepHCTHKU MEXaHHW3Ma IIpoIecca 3JIeKTPo-
OKHCJIEHUs cepedpa pacCUUTaHbl CIEAYIONEe KMHETUYECKUE TapaMeTphl: YHCIO MepeHoca HOHOB (0,), KO-
a¢¢unment quddysun (D), rereporeHHas KOHCTAaHTa CKOPOCTH IEKTPOAHOro mporecca (Ky) u d3pdeKTuB-
Hast 9HEpIUs aKTHBAIMH npouecca (£,).
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Kniouegvie cnosa: NMOTEHLMOIMHAMUYECKUE IMOJIAPU3ALMOHHBIE KPHUBBIC, IEKTPOXUMHYECKOE IIOBEICHHE,
cepedpo, cosHas KUCIIOTA, MEKTPOI, KOHLIEHTPALHs, TeMIIepaTypa, SIeKTPOOKHCIICHHE.
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