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ELECTROCHEMICAL PROPERTIES OF SULFUR
IN ALKALINE SOLUTIONS

Abstract. The kinetics and mechanism of the electrode oxidation-reduction of sulfur on an electrically
conductive sulfur-graphite electrode in an alkaline solution was studied by the potentiodynamic method. To examine
the mechanism of electrode processes occurring during AC polarization on a sulfur-graphite electrode, the anode-
cathode and cathode-anode cyclic polarization and anode polarization curves were recorded. An analysis of the
results and calculated kinetic parameters of electrode processes showed that discharge ionization of sulfur in alkaline
solutions occurs as a sequence of two stages and is a quasireversible process. Final influence on speed of process in
whole renders velosity of the stage of oxidation sulphur to sulfite ions, being slower and having, possibly, mixed
nature of the control. In the field of potentials between the cathodic reduction of sulphur and its anodic dissolution,
sulphur-graphite electrode is stable in alkaline solutions investigated and it can occur oxidation and reduction
processes involving sulphur-containing ions.

Key words: sulphur, sulphur-graphite electrode, electrooxidation-reduction, kinetic parameters, electrodisso-
lution.

Introduction. The isolation of sulfur compounds from natural gas, oil, and coke-chemical raw mate-
rials and their utilization is becoming an increasingly important problem. The deteriorating environmental
situation resulting from the harmful impact of sulfur-containing waste in chemical and oil-refining
industries is alleviated by recycling these wastes. Therefore, the search for various approaches to solving
the problems of rational use of oil and gas desulfurization products is a challenge. A comprehensive study
of elemental sulfur and its compounds is needed for solving these problems.

It is necessary to study the electrochemical properties of sulfur and its various compounds to explain
its behavior in the development of new technological processes.

The laws governing the electrochemical behavior of metals in an aqueous medium were considered in
many publications. The electrochemical behavior of nonmetals, in particular, sulfur, which is a poor
conductor, was much less studied, despite the great potential of this study. To develop and improve the
electrochemical technologies based on the electrolysis of sulfur-containing materials, information is
required on the behavior of elemental sulfur in the electrochemical dissolution of electrodes containing
sulfur or its alloys with various metals.

The mechanism of the electrochemical oxidation reduction of sulfur and its oxygen-containing
compounds in aqueous solutions is of interest from the theoretical and practical viewpoints. Only a few
studies are available that deal with the electrochemical behavior of elemental sulfur in aqueous solutions.
The Russian scientists studied the anode behavior of sulfur in alkaline solutions on platinum, cobalt, and
molybdenum [1]. The behavior of sulfur in aprotic solvents in dimethylsulfoxide, tetrahydrofuran, and
dimethylformamide on gold, platinum, and graphite electrodes and in melts was investigated in [2-4]. The
Japanese scientists studied the kinetics of oxidation of suspended copper sulfidecoated particles of
elemental sulfur in acid and alkaline ammonia solutions [5]. The oxidation of disperse sulfur was studied
on platinum, nickel, and stainless steel electrodes [6]. According to [6], the oxidation potential of
powdered sulfur depends on the substrate material.

— 62 ——
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It was noted that the oxygen over potential in the presence of sulfur increases and shifts toward
higher positive values compared with the supporting solution.

This effect was explained by partial passivation of the anode surface and adsorption of sulfur atoms
on the electrode surface. The mechanism of the electrochemical reduction of elemental sulfur on mercury
in a dissolved state was des-cribed in [7, 8]. An analysis of the literature data showed that sulfur exhibits
elect-rochemical activity and is reduced and oxidized to various products in definite media on electrodes
depending on the electrode material. However, there were no systematic studies on the electrochemical
behavior of sulfur in aqueous solutions. Therefore, it was of interest to study the electrochemical behavior
of sulfur.

The goal of the present study was to investigate the kinetic regularities of the electrode processes of
sulfur electrooxidation and electroreduction in alkaline solutions and to examine the mechanism of the
electrode processes by recording the potentiodynamic polarization curves.

Methods. The kinetic regularities of the anode electrochemical oxidation of sulfur in alkaline
solutions were studied by recording the potentiodynamic polarization curves. The polarization measu-
rements were performed with the aid of an SVA-1BM potentiostat using a YaES-2 three-electrode
thermostatted glass cell. The cell was thermostatted with an ITZh-0-03 thermostat. The current—potential
curves were recorded with an H301/1 flatbed XY recorder at a scan rate of 10-100 mV/s. The working
electrode was a specially manufactured sulfur-graphite electrode (S = 0,04 cm?) [9].

A silver chloride electrode was used as a reference electrode, and a platinum electrode was an
auxiliary electrode. All the values of the working electrode potential are given here relative to the silver
chloride electrode (E° = +0,203 V).

The behavior of the sulfur-graphite electrode was studied in potassium hydroxide solutions in
the concentration range 0,5-5,0 M at solution temperatures of 20—-70°C and potential scan rates of 10—
100 mV/s.

Results and discussions. The anode-cathode and cathode-anode cyclic polarization curves were
recorded to clarify the mechanism of electrode processes occurring on a sulfur electrode of special design.

When the sulfur-graphite electrode was polarized, the cathode-anode cyclic did not show any
appreciable sulfur reduction current when the potential shifted to the cathode region, but the near-elec-
trode space was colored yellow, which is the characteristic color of polysulfide ions. This process can be
described by the following equation:

nS°+2¢” — S,”E°=-0,5V (1)
The results of kinetic studies suggest that the redox reactions of polysulfide ions with different

compositions will form the same final products (sulfide ions) and be completed to the same extent. The
conversion of the polysulfide ion into the sulfide ion can be represented as
S, +2 (n-1)e” — nS* )
When the potential shifts from cathode to anode region, the polarogram shows two waves with
current peaks: one distinct peak at a potential of —0,25 V and the other at +1,25 V. Based on the standard
redox potentials, it can be assumed that during the anode scan, the first current maximum corresponds to
the oxidation of polysulfide ions to elemental sulfur, and the second to the oxidation of freshly formed
sulfur to sulfite ions by the following reactions:
S.> -2¢ > nS°E°=-0,5B (3)
S° + 60H -4¢” — SO;* + 3H,0 E°=- 0,657 B 4)
The formation of sulfite ions is indicated by the results of the chemical analysis of the electrolysis
products obtained after the anode polarization of the sulfurgraphite electrode. As can be seen, the
oxidation of freshly formed sulfur to sulfite ions proceeds with high overvoltage. In addition, in the
presence of the sulfite ion, the oxygen release potential on the electrode shifts toward higher positive
values. Figure 1 shows the anode behavior of the sulfurgraphite electrode after preliminary cathode
polarization at a potential of —1.75 V at different concentrations. The reaction order for the formation of
sulfur and sulfite ions was determined from the logi—logCcon dependence: 0.41 and 0.44, respectively;
these values are typical for complex electrochemical reactions occurring via the intermediate stages. The
log i—log Ccon dependence is presented in figure 2. The linear increase in the reaction rate at increasing
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Figure 1 — Anode polarization curves of the sulfur-graphite electrode as a function of KOH concentration
(v=10mV/s, t=20°C): (1) 0,5, (2) 1,0, (3) 2,0, (4) 3,0, (5) 4,0, and (6) 5,0 M

—logi
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Figure 2 — Logarithmic dependences of the current maxima of oxidation of (1) polysulfide ions and (2) sulfur
on the electrolyte concentration

alkali concentration suggests that the oxidation of the polysulfide ions and sulfur involves the hydroxyl
ion. The rate of dissolution of elemental sulfur in alkaline solutions increases with the temperature and
concentration of solutions. The sulfite ions are mainly formed by sulfur oxidation, but some of them also
form due to sulfur disproportionation in an alkaline medium according to the equation:

(2n+1)S + 60H" < 2S,” + SO;* +3H,0 (5)

To examine the anode polarization of the sulfurgraphite electrode, we also studied the temperature
effect. The form of the voltammograms is similar to that of the polarization curves obtained in the study of
the electrolyte concentration effect. At 20-70°C, all the polarograms show two oxidation waves in the
form of clear-cut current maxima corresponding to the oxidation of polysulfide ions and sulfur. The
limiting current is proportional to the electrolyte temperature. The potentiodynamic curves were also
recorded on a sulfur electrode in a 1 M potassium hydroxide solution at different potential scan rates
(figure 3). A study of the effect of the potential scan rate in the range 5—100 mV/s showed that the height

~(|) - _..-'._é”:;-;
N
VLN S
=

I, mA

Figure 3 — Anode polarization curves of the preliminarily cathode-polarized sulfur-graphite electrode
as a function of the potential scan rate: (1) 5, (2) 10, (3) 20, (4) 50, and (5) 100 mV/s; Cxoy =2 M, t =20°C

— (4 ——
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Figure 4 — Dependences of the current maxima of oxidation of (1) polysulfide ions and (2) sulfur on the potential scan rate

of the maxima of the oxi-dation current of polysulfide ions and sulfur increases with the potential scan
rate. The dependences of both peak currents corresponding to the oxidation of polysulfides and the
resulting sulfur on the potential scan rate are nonlinear (figure 4). The electrode processes are probably
controlled simultaneously by the electron transfer kinetics and the diffusion rate [10].

The following kinetic parameters were determined by processing the polarization curves for
characterization of the mechanism of sulfur electrooxidation reduction: charge transfer coefficients (o),
diffusion coefficients (D), heterogeneous rate constants of the electrode process (k;), and effective
activation energies of the process (£a).

For stage 1, S,” -2¢” — nS° 0,,=0,059; D = 1,03 10™* cm’/s; k, = 3,3'10” cm/s; E,= 11,45 kl/mol.

For stage 2, S° + 60H -4¢ — SO;> + 3H,0: 0,=0,049; D = 0,7 10™* cm*/s; k, = 6,810 cm/s;
E.= 9,33 kJ/mol.

An increase in the temperature from 20 to 70°C caused a slight decrease in o; from 0.059 to the
values characteristic of irreversible processes (0.045) for the oxidation stage of polysulfide ions. For the
second stage of sulfur oxidation to the sulfite ions at the same temperatures, the a, values also show that
the process is irreversible (0.049-0.034). The low values of the o, transfer coefficients of sulfur oxidation
to the sulfite ions suggest that the second stage of electron transfer is much slower; i.e., the inhibition
evidently occurs at the electrochemical stage.

The heterogeneous rate constant of the first stage of oxidation of polysulfide ions is an order of
magnitude higher than that of the second stage. The low kg values of the second stage suggest that this is
the slowest stage of the overall electrode process. According to the Matsuda and Ayabe criteria, an
analysis of the rate constants of the electrode oxidation of polysulfide ions and elemental sulfur shows that
the processes on the sulfur-graphite electrode are quasi-reversible. For the first stage of the process, the
effective activation energy Ea calculated from the temperature kinetic dependences in the temperature
range 20-70 °C is 11,45 kJ/mol; for the second stage, there was an insignificant decrease in the activation
energy to 9,33 kJ/mol. The obtained activation energies indicate that the electrochemical processes are
diffusioncontrolled.

Thus, comparing the results of polarization studies with the available literature data on the electro-
chemical behavior of sulfur and its compounds, we can propose the following scheme of processes on the
sulfurgraphite electrode.

At negative potentials in the cathode region of polarization, sulfur is reduced to polysulfides of varied
composition by reaction (1). The results of the kinetic studies suggest that the redox reactions of different
polysulfide ions form the same end products (sulfide ions) and occur with the same degree of comple-
teness.

When the potential shifts to the anode region, the polysulfide ions are oxidized to elemental sulfur at
potentials from —0.5 to 0 V according to reaction (3), and the limiting current is determined by the rate of
diffusion of polysulfide ions to the electrode surface.

The second current maximum at potentials from +1.15 to +1.25 V is related to the oxidation of sulfur
to sulfite ions by reaction (4). The rate of oxidation of elemental sulfur in the alkaline solutions increases




Becmuux Hayuonanvrot akademuu nayk Pecnybnuku Kazaxcman

both with the temperature and concentration of potassium hydroxide solutions. Although the content of
sulfite ions in solution is mainly determined by the primary oxidation of elemental sulfur, some of them
are also formed due to sulfur disproportionation in the alkaline medium by the equation (6).

(2n+1)S + 60H < 28,% + SO* + 3H,0 (6)

The temperature studies show that an increase in the temperature leads to an increase in the
electrodissolution rate of sulfur. An analysis of the results and the calculated kinetic parameters of the
electrode processes showed that the discharge ionization of sulfur in alkaline solutions occurs in two
successive stages and is quasi-reversible. The rate of the process mainly depends on the rate of the stage of
sulfur oxidation to sulfite ions, which is slower and probably has a mixed nature of control.

Conclusion. Thus, the electrooxidation-reduction mechanism of sulfur on the electrode was
determined and the kinetic parameters of sulfur electrooxidation were evaluated from the potentiodynamic
polarization curves. In the range of potentials between the cathodic reduction of sulfur and its anodic
dissolution, the sulfur- graphite electrode is stable in the alkaline solutions under study, and redox
processes involving sulfur containing ions can occur on it.
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CUITI EPITIHAVIEPJAE KYKIPTTIH
SJNEKTPOXUMUSAJIBIK KACUETTEPI

An"oranus. JKyMpICTa TOTCHIMOIWHAMHKAIBIK OMICIICH CUITUTIK OpTaja 3JEKTPOTKI3TIM KYKipT-rpadurTi
3NEKTPOIBIHIA KYPETIH KYKIPTTIH TOTBIFY-TOTBIKCBI3IaHy 3JEKTPOATHI IIPOLECTEPIHIH KHHETUKACHl MEH MEXaHU3MI
3eprrenred. Kykipr-rpadutri 3JeKTpoAbIHAa alHbIMAabl TOKIEH MOJSpU3alusiiay Ke3iH[e JKYPETiH 3JIeKTPOATHI
HpoLEeCTepIiH MEXaHU3MIH 3epTTey YIIIH aHOA-KaTOATHI )KOHE KaTOI-aHOATHI LUKJAI MOJISPU3ALMSIBIK KUCBIKTAp,
COHBIMEH KaTap aHOATHI MOJISIPU3ALMSIIBIK KUCHIKTAp TYCIPUIreH. AJIBIHFaH HOTHXKENIEP MEH JIEKTPOITHI Ipolec-
TEpPIiH €CeNTeIreH KMHETHUKAIIBIK MapamerpiepliH Tauiaybl OOWBIHIIA CUITUIK opTaja KYKIPTTiH MOHIAHYBI €Ki
caThl OOMBIHIIIA KOHE KBA3UKANUTHIMJIBI OOJIBIN TaOBUTATBIHBIFBI aHBIKTAJBI. [IpOIIeCTiH KbUIIaM IBIFbIHA KYKIPTTIH
cynbp(uT-nOHAApFa JeWiH TOTHIFY CaTHICBIHBIH JKbIIIAM/BIFBI aca MaHbBI3Ibl 9CepiH KepceTei, Oyl caTbIChl eadyip
Oasty xKypeni xoHe apaiac TaburaTtka ue. KyKipTTiH KaToAThl TOTBIKCHI3/IaHy YKOHE OHBIH aHOJTHI €py MPOLEeCTEePiHiH
MOTEHLMANap aiMarblHAa KYKIPT-TpadUTTI 3JI€KTPOJL 3ePTTENreH CUITI epiTiHIepaAe TYpaKThl OOJIbIT KeJIETIHIIr
JKOHE OHBIH OeTiHAe KYpaMbIHIa KYKipTi 0ap HOHIAPBIHBIH KATHICHIHA TOTHIFY-TOTHIKCHI3IAHY MIPOIECTEPiHIH KYPY
MYMKIHJIIT1 aHBIKTAJIJIBL.

Tyiiin ce3gep: KYKIpT, KYKipT-TpaUTTi 3IIEKTPOM, IMEKTPOTOTHIFY-TOTHIKCHI3IaHy, KHHETHKAIBIK MapamMeTp-
Jepi, MEKTPOXUMUSIIBIK epy.
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SJEKTPOXUMHUYECKHUE CBOMCTBA CEPBI
B IIEJIOYHbBIX PACTBOPAX

AnHotanusi. B pabore nccienoBaHbl KHHETHKA M MEXaHU3M DJIEKTPOAHBIX IPOLECCOB OKUCIICHUA-BOCCTAHOB-
JICHUSI CepBbl, MPOTEKAIOIINX Ha 3JIEKTPOIPOBOIHOM CEpO-Tpa(UTOBOM 3JIEKTPOJIE B IIEIOYHOM Cpeie MOTEHIINO M-
HaMUYECKUM METOIOM. [[s1 BBISICHEHHMS MEXaHU3Ma 3JIEKTPOIHBIX IPOLECCOB, MPOTEKAIOIIMUX IPU MOJSIpU3ALUU
MEPEMEHHBIM TOKOM Ha CEpO-Tpa)UTOBOM AIIEKTPOAE, OBUTH CHATHI aHOJHO-KATOMHBIC M KaTOTHO-aHOIHBIC ITUKIIH-
YECKHE NOJSPU3ALMOHHBIE KPUBBIE, a TaKXKE aHOJHBIE IMOJISIPU3ALMOHHBIE KPUBBIE. AHAJIM3 MOJYYEHHBIX PE3YJib-
TaTOB U PACCUUTAHHBIX KMHETUYECKUX IapaMeTPOB 3JIEKTPOAHBIX IIPOLECCOB MOKa3all, YTO pa3psA-MOHU3ALUS CEPBI
B ILEJIOYHBIX PacTBOpax MPOTEKaeT B JIBE IOCIENOBATEIbHbIC CTAJWU U SIBISETCS KBA3HOOPATHMBIM MPOLECCOM.
Pemraromee BImsSHHE Ha CKOPOCTH NPOIECCA B IIEJIOM OKAa3bIBAE€T CKOPOCTH CTaIWU OKHCICHHS CEphl A0 CYIb(HT-
WOHOB, SBJISISICH OOJiee MEJUIEHHOI U MMEIoLIeH, BEpOSTHO, CMEIIaHHYI0 PUPOYy KOHTpoiIi. B oGnactu noreHuua-
JIOB MEX/1y KaTOJHbIM BOCCTAHOBJIEHUEM CEPBI M €€ aHOJHBIM PACTBOPEHHEM, CEpO-TpadUTOBBIN 3JEKTPO/ SBISETCS
YCTOMUYUBBIM B UCCIIEOBAHHBIX PACTBOPAX ILENOYM U HA HEM MOTYT NPOTEKaTh OKUCIUTEIbHO-BOCCTAHOBUTEIIEHBIE
MPOLIECCHI C YYACTUEM CEPOCOAEPKALINX HOHOB.

KitroueBble ciioBa: cepa, cepo-rpaMTOBBIA 3JIEKTPOJ, JIEKTPOOKUCICHUE-BOCCTAHOBIICHNE, KMHETHYECKHUE
apameTpsl, JIEKTPOPACTBOPEHUE.
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