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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-reductionfof sil-
ver in a solution of hydrochloric acid by the recorded potentiodynamic polarization curves methodvere pre-
sented. The electrochemical behavior of silver electrodes was studied by voltammetry on an SVAA-1BM
potentiostat to elucidate the mechanism of oxidations. The main polarization current-voltage curves wetgtak-
en at a sweep rate of 10 mV/s and were recorded on a flat two-coordinate potentiometer of H 30471A silver
rod was used as the working electrode; its working surface was the front part, the area of which was 4imm?®.
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 mainlyjobtainéd in the
temperature range of 20-70 °C (293-343 K), with potential sweep rates of 54100 mV/séc. Te, clarify the
mechanism of the processes occurring during the polarization by alternating curtent, the electrodes were sub-
jected to cyclic polarization, i.e. the curves were recorded first in the direction of'the cathodéanode, then the
anode-cathode. The effect of electrolyte concentration and temperature, sweepfrate“onliithe 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 theoreticalifoundations of electrode
processes during the polarization of silver and other noble metals by altetnating current and are prerequisites
for the creation of new methods of metal extraction from waste s@lutions and wastewater and procedures for
the synthesis of compounds for use in various industries. The féllowing kinetic parameters were calculated to
characterize the mechanism of the silver electro-oxidation; the\ionitransfer number (c,), the diffusion coeffi-
cient (D), the heterogeneous constant of the electrode process rate (Ky) and the effective energy of the activa-
tion process (E,).

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

Ttroduction

The use of unsteady currents inthe electrolysis processes led to the creation of a new scientific direction
in applied electrochemistry — thig,development of unsteady electrolysis methods. The study of the behavior
of electrochemical systems insalternating current is one of the most powerful experimental methods of mod-
ern electrochemistry. This methodtallows to solve a large number of various problems, starting with a precise
study of the electrode-eleetrolyte 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 ofytheit’ compounds [1]. In a number of works it was established [2, 3] that the non-
stationary modgfof electrolysis contributes to the intensification of electrochemical processes. However, the
advantages of nomsstationary electrolysis are not fully utilized due to insufficient knowledge. Until now elec-
trode progesses’on silver electrodes have not been practically studied during polarization with industrial al-
terfiating ‘Cufrent with a frequency of 50 Hz. In this regard the study of the electrochemical behavior of silver
during the pélarization of alternating current is an urgent task and has both theoretical and practical signifi-
cangcé.

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 altermatelyais,either
the anode or the cathode.

The measurements were carried out in the following way: after the electrode surface wag,renewed, a'po-
tential sweep was switched on with a certain speed in the range of 5-100 mV/s and the“Gerresponding
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 dissolutien/imghydrochloric 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 clectto¢hemical behavior of various elements,
including silver, during polarization with alternating current of industrialifrequency [4-7].

Figure 1 shows the anodic-cathodes and cathode-anodicjcyclic) 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,
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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 ‘@ de-
crease in the rate of silver oxidation.

EaV

CM

Figure 2. Anodic polarization curves of silver at different concentrations of hydrochloric acid (@), V =10 mV/s
and its effect on the height'efithemaximum oxidation current ()

First, with an increase in the chloridé ionmycongentration, 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 ¢he polasization curves results, the order of the silver oxidation reaction was
determined from the lgi — Ig[HEI]| dependence, which corresponds to a value of 0.23.

Figure 3 shows the anodic pelarization curves of a silver electrode in a 0.5 M hydrochloric acid solution
at various potential sweepgtates 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
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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, wvhich
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 préeesses
rate (K,) were calculated, they are respectively equal to: o,=12810", DZ8,07-10° cmYs,
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 temperatute. Thelactivation 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 golution of hydrochloric acid, as a result of current-voltage research, we considered the
effect of the pétential, 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 calcilated” Thémechanism 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 epPIiTiHALIepiHAe KYMICTIH epy KMHeTHKACHI

Makanaza Ty3 KbIIKBUIBI EPITIHAICIHAC KYMICTiH JJIEKTPOXHUMHSUIBIK KacHeTi MOTCHIHOMMHAMUKAIIBIK
MOJISIPU3ALMSUTBIK KHCBIKTAp TYCIPY apKbUIbl 3epTTeni. Herisri nosispu3auusuiblk BOJIbTAMIICPII, KUCBIKTap
noTeHmn Oepy kputaamasirbl 10 MB/c Tycipinim, exi kopaunattel H 301/1 mianHmérri HOTeHI@OMETpPIS
*a3pUbL. JKYMBICIIBI S7EKTPOJ PETiHAE KYMIiC CHIMBI KONIAHBULIBI, OHBIH(3KYMbIGIEl aymams 4 Mm’.
Ornmieynep yI SJIEKTPOATH YAIIBIKTA XJIOPKYMiC 3JIEKTpOKa KaThicThl (£ = +0,203 B) yprizinni. Kemeknri
JJIEKTPOA PETiHJe TIaTHHA KOJIJaHsUIbL. Bonsrammneporpammanap Herizinem20-70.°C (293-343 K) temne-
paTrypa apanbIFbIHAA, MOTEHIHAI Oepy Kpurmamiasirel 5—100 MB/c Gonrania “@ibHIBL. “AWHBIMATBI TOKIEH
TOJIAPHU3AMSIIAaHFAHAA KYPETiH MEXaHU3M IIPOIECTEPiH TYCIHY YIHIH JIEKTPOATAP\IIMKIIIK MOIIpHU3aINsIFa
YIIBIpA b, SIFHU KUCBIKTap JIABIMEH KaTOJ-aHOM, COJaH KeHiHaHOaKaTo1 OarbIThIHA jKa3blIaasl. KyMicTiH
SNIEKTPOXUMUSIIBIK KAaCHETIHE SJIEKTPOJIMTTIH KOHIEHTPALMICHl MEH ECMEEpaTypachbIHBIH ocepi 3epTTeli.
KBIKBIUT OpTaiaFbl TOTHIFY €PeKLIENiKTepi, MeXaHU3MIAepi KOpCeTIAL) ANMBIHFBI )KOHE OCBI 3epTTeyJIepae
aIIFaH MOJIIMETTEp KyMic jkoHe Oacka J1a achul MeTajiapAsl @WHHIMAJbL TOKIICH MOJIApU3alsiaya eTeTiH
AJIEKTPOMATHI MPOIECTEPIiH TEOPHSIBIK HETi3/epi OObIN La0bUIAMbL, COHIAN-aK OHJCITEH ePITIHIIED MEH
arelHJBl CyJapJaH MeTaJJapiAbl adyAblH JKaHa TOCUIEPIH, \@HEPKoCINTIH TYpil cajanapblHia KeHiHEeH
KOJIIaHBIIATHIH OipKaTap KOCBUIBICTApIbl CHHTE3ACyTOCIICPIH | Kacay IbIH aJIFBIIIApTEl OOJNBII TaObUIa b
KyMicTiH 371eKTpOATHl TOTBIFY MEXaHHM3MIH CHNATTAHTHIH \KelTecli KMHETHKANBIK IapaMeTpiep ecenTeli:
HMOH/APABI TaChIMaIAAy caHbl (O,), Auddys3us _kodhpuuueHTi (D), snmexrpon mpouecinin (K;) rereporenai
JKBUIIAM/IBIK KOHCTAHTACHI XKoHe MpolecTiH () ()CKIMBTL aKTUBTEHIIpY SHEepruscH (E,).

Kinm ce30ep: MOTEHINOMHAMUKAIIBIK AOIAPU3AHUAIBIK KUCBIKTAP, MIEKTPOXUMUSIIBIK KAaCHET, KyMic, TY3
KBILIKBLIBI, SJIEKTPOJI, KOHIIEHTPALUsi§ TEMIICPATYPa, STCKTPOTOTHIFY.

2.0k, Twremonsa, A.b. baemos, I'.K. AitbonoBa

Kunernka pactBopennsi cepedpa B BOJHBIX PACTBOPAX COJISTHONH KHCIOTHI

B crarbe npenéraBicHBL Pe3yIbTaTHl UCCIIEAOBAHNUS KHHETHYECKUX 3aKOHOMEPHOCTEH MPOIECCOB IEKTPO-
XMMHYECKOI'0 OKVICIICHHS-BOCCTAHOBIICHHS cepedpa B pacTBOPE COJSTHOW KHCIOTHI METOIOM CHSITHS ITOTEH-
IMOINHAMPYEC KX HOMS PU3AINOHHEIX  KpUBBIX. OCHOBHBIE ITOJISIPU3AIOHHBIC BOJBTAMIEPHBIE KPHBBIE
CHUMAJIHCH IPUICKOPOCTH pa3BepTku 10 MB/c ¥ 3amuceiBasich Ha INIAHIIETHOM JBYXKOOPAWHATHOM IOTEH-
mometpeyH 30171, B xauecTBe pabodero 3;1eKTpoja MCHONIB30BAIN cepeOpsHBIA CTepkKeHb, ero padodel mo-
BEPXHOETHIQMBIIAIACH TOPIOBAS YACTh, IUION[AAh KOTOPOi cocTaRmsana 4 MM°. MI3MepeHHs MPOBOIHIHCEH B
TpexdieipoIHOil sueiike OTHOCHTENBHO XyopcepeGpsHoro snekrpoa (E° = +0,203 B). BenomoratenbHEM
JEKTPOAOM CITyKHJIa TIaATHHA. BosbTamiieporpaMmel, B OCHOBHOM, HOJIy4EeHBI B MHTEpBase TeMneparyp 20—
70°C"(293-343 K), npu ckopocTsix pa3BepTku noteHuuana 5—100 mB/c. s BBIACHEHHsS MeXaHH3Ma MPO-
LIECCOB, MPOTEKAIONINX IIPH MOJSIPH3AIMN NEPEMEHHBIM TOKOM, JICKTPOABI MOJBEPTaINCh IUKINIECKOH 1mo-
JSIPU3aIiy, T.€. KPUBBIC 3alMCHIBAINCH CHAa4Yala B HANPaBICHHH KaTOJ-aHOJ, 3aTeM aHoA-Karoj. V3ydeHo
BIMSHHE KOHIEHTPAMM M TEMIIEPaTypsl JJICKTPOJINTA, CKOPOCTH Pa3sBEPTKM Ha DSJIEKTPOXHMHUYECKOE
noBezieHne cepebpa. Beum mokazaHbl 0COOCHHOCTH KMHETHUKH OKHCIICHUS cepedpa B KHCIOH cpene. OTH 1
JpYrHe JaHHbIC, TOJIYy4YEHHbIE HAMM B IPEABIAYLIMX MCCIEIOBAHUAX, CIYXKAT TEOPETHYECKMMHM OCHOBAMH
NEKTPOAHBIX MPOLECCOB, MPOTEKAIOIIMX MPU MOJAPU3ALMY cepebpa U Apyrux OlaropoAHbIX METAUIOB IIe-
PEMEHHBIM TOKOM, a TAKKe SABJIAIOTCS HMPEANOCHIIKONW CO3JaHUsI HOBBIX CIIOCOOOB M3BJIECUEHUSI METAIIOB M3
0TpabOTaHHBIX PACTBOPOB U CTOYHBIX BOJ|, CIIOCOOOB CHHTE3a PAa COCANHEHUH, HAXOAAIIMX LIUPOKOE TIPHU-
MCHEHHE B Pa3JINUHBIX OTPACIAX NMPOMBINIIEHHOCTH. I XapaKTepHCTHKH MEXaHHW3Ma IIpoIecca dJIeKTpo-
OKHCIIeHUsI cepedpa pacCYMTaHbl CIEAYIOIINEe KHHETHYECKHUE MTapaMeTphl: YUCIIO MepeHoca HOHOB (0,), KO-
a¢¢unment quddysun (D), rereporeHHas KOHCTaHTa CKOPOCTH JIEKTPOAHOTro mporecca (K) u d3pderTus-
Hast 9HEpI'Us aKTHBAINK nporecca (£,).
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Kniouegvie cnosa: NMOTEHLMOIMHAMUYECKUE MOJISPU3ALMOHHBIE KPHUBBIC, JIEKTPOXUMHYECKOE IIOBEICHHE,
cepedpo, cossHas KUCIIOTa, NEKTPOI, KOHLEHTPALHUs, TEMIIepaTypa, SJIeKTPOOKHCIICHHE.
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