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KINETICS AND MECHANISM
OF ELECTROOXIDATION-REDUCTION OF SULPHUR
IN ALKALINE SOLUTIONS

Abstract. In work kinetics and mechanism of electrode processes of oxidation-reduction of sulphur proceeding
on electro-conductive sulphur-graphite electrode in alkaline solutions have been studied by potentiodynamic method.
To elucidate the mechanism of electrode processes occurring in the polarization non-stationary currents sulphur-
graphite electrode were carried out anode-cathode and cathode-anode cyclic polarising curves, anodic potentiodyna-
mic polarising curves. According to polarising measurements data the coefficient ionstransfer (o), coefficients of
diffusion (D), heterogencous constants of velosity (k;), effective energy of activation of electrode processes (A«
kinetic parameters are calculated. The analysis results and polarising measurements of the calculated kinetic para-
metres of electrode processes has shown that sulphur-discharge ionization in alkaline solution proceeds in two suc-
cessive stages and is quasi-reversible 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-
Iution.

Introduction. The increasing value gets the decision of a problem of emissing and use of sulfur
compounds from natural gas, oil and coking raw materials. Decrease in intensity of the ecological situa-
tion which has developed as a result of harmful influence of sulphur containing wastes of chemical and oil
refining indust-ries, is carried out by their reusing. In this connection, the problem of search and develop-
ment of various approaches to the decision of questions of rational use of products of oil and gas desul-
phurization is important and actual. For the problem decision comprehensive investigation of elementary
sulfur and its compounds is necessary. The requirement for studying of electrochemical properties of
sulphur and its various compounds which results will allow to explain its behaviour at working out of new
technological processes continuously grows.

It is necessary to notice that many works are devoted to studying of laws of electrochemical beha-
viour of metals in the water mediums. The electrochemical behavior of nonmetals is much less studied, in
particular the sulphur badly installing electricity, despite the big potential possibilities of this research.

For working out and improvement of the electrochemical technologies based on electrolysis of
sulphur containing materials it is necessary the information on behaviour of elementary sulphur at
electrochemical dissolution of the electrodes containing sulphur or its alloys with various metals.

The mechanism of electrochemical oxidation-reduction of sulphur and it oxygen containing com-
pounds in water solutions represents the certain theoretical and practical interest.

Some works on electrochemical behaviour of elementary sulphur in water solutions are known. In
works of the Russian scientists [1] the anode behaviour of sulphur in alkaline solutions on platinum, cobalt
and molybdenum is researched. The behaviour of sulphur in aprotonic solvents in dimethylsulphoxide,
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tetrahydrofuran and dimethylformamide on gold, platinum and graphite electrodes, and also in alloys [2-4]
is also known. By the Japanese scientists [5] it is investigated the kinetics of oxidations of the suspended
particles of elementary sulphur covered by the layer of copper sulphide in acidic and alkaline ammonia
solutions. Oxidation of disperse sulphur is studied on electrodes from platinum, nickel and stainless steel
[6]. As the results of this work have shown, the oxidation potential of sulphur powder depends on a
material-substrate. The authors notice that the overwork of oxygen emission in the presence of sulphur
increases and displaced in more positive area in comparison with a background solution. Authors explain
the given phenomenon by partial passivation of the anode surface and adsorption of sulphur atoms on the
clectrode surface. The mechanism of electrochemical reduction on mercury of elementary sulphur in the
dissolved condition is studied in work [7,8].

The analysis of the literary data has shown that sulphur shows electrochemical activity, is restored
and oxidized in certain mediums on ¢lectrodes depending on their material with formation of various
products. However regular researches on electrochemical behaviour of sulphur in water solutions were not
spent. In this connection, studying of electrochemical behaviour of sulphur was of interest.

The purpose of the given work was research of kinetic laws of electrode processes of electrooxi-
dation-reduction of sulphur in alkaline solutions and finding-out of the mechanism of electrode processes
by the method of removal of potentiodynamic polarizing curves.

Materials and methods. Kinetic laws of anode processes of electrochemical oxidation of sulphur in
alkaline solutions are researched by the method of removal of potentiodynamic polarizing curves. Pola-
rizing measurements were carried out by potentiostat SBA-1BM with use of three-clectrode thermostated
glass cell YAES-2. Thermostatting was carried out by thermostat ITZH-0-03. Curves current-potential
were registered by a tablet two-co-ordinate recorder H301/1 at speed of development 10-100 mV/s. As the
working clectrode the specially made sulphur-graphite electrode (S = 0,04 cm®) [9] was used. As the
comparison ¢lectrode silver-chloride electrode, as auxiliary - a platinum electrode were used. In work all
values of potential of working ¢lectrode in relation to silver-chloride electrode (E° = +0,203 V) are
resulted.

The behaviour of a sulphur-graphite electrode in solutions of potassium hydroxide in the range of
concentration of 0,5-5,0 M is studied, at temperatures of solution 20-70°C and speed of potential sweep
10-100 mV/s. For finding-out of the mechanism of the ¢lectrode processes proceeding on sulphur-clec-
trode of special design the anode-cathodic and the cathode -anodic cyclic polarizing curves were made.

Experimental. At polarization of a sulphur-graphite electrode on cathode-anodic cyclic voltampe-
rogramm, presented on Figure 1, at potential displacement in the cathodic area, the appreciable current of
reduction of sulphur is not observed; however near-clectrode space was painted in the characte-ristic
yellow colour inherent to polysulfides-ions. This process can be described by the following equation:

nS°+2¢ — S,"E°=-0,5B (1)

Results of research of kinetic laws allow making a conclusion that oxidation-reduction reactions of
various on structure polysulfides-ions will proceed with formation of the same end-products (sulphides-
ions) and with equal degree of completeness. It is possible to present reaction of transformation of the
polysulfide-ion to sulphide-ion by:

S.” +2 (n-1)¢” - nS™ 2)

At displacement of potential from cathode area into anode on polarogram two waves with the current
maxima are observed, one clear at potential "minus" 0,25 V, and the second - at "plus" 1,25 V. On the
basis of standard oxidation-reduction potentials, it is possible to believe that at anode development the first

maximum of a current corresponds to oxidation of polysulfides-ions to elementary sulphur, and the second
- to oxidation of new-formed sulphur to sulphites-ions on following reactions:

S.” -2¢ >nS°E°=-0,5B (3)

S° + 60H -4¢ — SO;* + 3H,0E°=- 0,657 B (4)

The results of the chemical analysis of electrolysis products confirm of formation of sulphites-ions,
received after anode polarization of a sulphur-graphite clectrode. Apparently, oxidation of new formed

sulphur to sulphites-ions proceeds with a high overwork. Besides, in the presence of sulphite-ion on the
electrode the displacement of potential of oxygen emission in more positive area is observed.
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Figure 1 — Cathode-anodic cyclic voltamperogramm of sulphur-graphite electrode
in2 MKOH at v =10 mv/s and t = 20°C

Studying of anode behaviour of the sulphur-graphite ¢lectrode after preliminary cathode polarization
at potential "minus" 1,75 V depending on concentration is presented on Figure 2. From dependence Ig i - g Cyoy
the order of reaction of sulphur and sulphite-ions formation equal 0,41 and 0,44 accordingly is determined
that is characteristic for the difficult electrochemical reactions proceeding through intermediate stages.
Dependence Ig 1 - lg C,oy is presented on Figure 3. Linear increase of processes speed with increase of
alkali concentration specifies on participation of hydroxyl ion in oxidation of polysulfide-ions and sulphur.
Speed of process of elementary sulphur dissolution increases in alkaline solutions with rise of temperature,
and with increase of solutions concentration. Though the content of sulphite-ions in a solution is caused
mainly by process of oxidation of sulphur, their some part is formed also at the expense of dispropor-
tionation reaction of sulphurs in the alkaline medium on the equation:

(2n+1)S + 60H < 2S,” + SO;* +3H,0 (3)
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Figure 2 — Anode polarizing curves of the sulphur-graphite electrode depending on concentration of KOH
(v=10mV/s,t=20°C): 1-05M;2-1,0M;3-2,0M; 4-3,0M;5-40M, 6 -50M
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Figure 3 — Logarithmic dependences of size of maxima of polysulfide-ions (1) and sulphur (2) oxidation current
from concentration of electrolyte

For clearing up of character of anode polarization of sulphur-graphite ¢lect-rode the temperature
influence also has been studied. The course of voltamperogramm is similar to the polarizing curves,
received at research of influence of electrolyte concentration. At temperatures 20-70°C on all polarograms
two waves of oxidation in the form of accurately expressed current maxima corresponding to oxidation of
polysulfide-ions and sulphur are observed. Thus the limiting current is proportional to electrolyte tempe-
rature.

Also potentiodynamic curves in 1 M solution of potassium hydroxide on the sulphur-clectrode at
various speeds of development of potential have been recorded (Figure 4). Studying of influence of
potential development speed in the range of 5-100 mV/s on sulphur-electrode has shown that with increase
of speed of potential development the height of oxidation current maxima of polysulfide-ions and sulphur
raises. Dependences of both peak currents corresponding to oxidation of polysulfides and the formed
sulphur from speed of voltage development have nonlinear character (Figure 5). Electrode processes are
supervised, possibly, simultaneously by kinetics of electrons transfer and speed of diffusion.
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Figure 4 — Anode polarizing curves preliminary cathodically polarized sulphur-graphite electrode in dependence
from speed of potential development: 1 —5 mV/s; 2 — 10 mV/s; 3 —20 mV/s; 4 — 50 mV/s; 5 — 100 mV/s; Cxon = 2 M, t=20°C
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Figure 5 — Dependence of size of current maxima of polysulfide-ions (1) and sulphur (2) oxidation
from speed of potential development
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On the basis of processing of polarizing curves for the characteristic of the mechanism of sulphur
electrooxidation-reduction process the following kinetic parameters are determined: coefficient of charge
transfer (a), diffusion factors (D), heterogeneous constants of electrode process speed (k) and effective
energy of process activation (E,) (Table).

Kinetic parameters of sulphur oxidation

o D, cm’/s ky,cm/s E,, kJ/mole

for the first stage
8,7 -2¢" — nSs°

0,059 1,03 104 3,3103 11,45

for the second stage
§°+ 60H -4e”— SO;* + 3H,0

0,049 0,7 107 6,810 933

>

On the basis of values of potential of peak Ep and semipeak Ep, of voltamperogramm the electron
transfer coefficient (o) for the first and second stage of anode processes are calculated by the equation of
Matsuda and Ayabe:

o 1,857RT ’ ©)
nF(Ep ) —Ep)
where n — quantity of electrons, participating in reaction.

Temperature increase from 20 to 70°C causes insignificant decrease of o, value for a stage of
polysulfide-ions oxidation from 0,059 to 0,045 accordingly, that is characteristic for irreversible processes.
Values of a,, for the second stage of oxidation of sulphur till sulphite-ions at the same temperatures show
also irreversibility of process (0,049 - 0,034). Low values of oxidation process transfer coefficient o, of
sulphur till sulphite-ions allow to make the conclusion that the second stage of electrons transfer is much
slower, and it is obvious that inhibition is at electrochemical stage.

Calculation of heterogeneous constants of speeds of electrode processes was carried out by the
equation of Matsuda:

lgk, =114-1g

L+llg(a-n-v)+a-n- 2 , @)
JD 2 0,059

where f - coefficient of activity of ions in electrolyte; D - coefficient of diffusion, cm”/s; o - transfer
coefficient; » - quantity of electrons, participating in reaction; v - speed of potential development, V/s;
L - peak of potential, V.

As is clear from Table, heterogeneous constant of speed of the first stage of polysulfide-ions oxida-
tion is higher than heterogencous constant of the second step of process speed. Low values of kg of the
second stage allow considering it as the slowest in total electrode process. The analysis of speeds con-
stants of oxidation electrode process of polysulfide-ions and elementary sulphur, according to criteria on
Matsuda and Ayabe, indicates about quasi-reversible course of processes on the sulphur-graphite
clectrode.

The value of effective energy of activation E, calculated from temperature-kinetic dependences for
the first stage of process in the studied temperature interval of 20-70°C is equal to 11,45 kJ/ mole, for the
second stage of process is observed insignificant decrease in energy of activation to 9,33 kJ/ mole. The
received values of energy of activation indicate about diffusion control of electrochemical processes.

Thus, comparing results of polarizing researches with the data of literary studies on electrochemical
behaviour of sulphur and its compounds, it is possible to assume the following scheme of the processes
occurring on a sulphur-graphite electrode.

In cathode region of polarization at negative potentials there is a reduction of sulphur to polysulfides
of the various form on reaction (1). Results of research of kinetic laws allow to make a conclusion that
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oxidation-reduction reactions of various polysulfide-ions on structure will proceed with formation of the
same end-products (sulphide-ions) and with equal degree of completeness.

At offset potential in anode area there is a process of oxidation of polysulfide-ions to elementary
sulphur at values of potentials "minus" 0,5 - 0 V on reaction (3), and the limiting current is determined by
speed of diffusion of polysulfide-ions to the electrode surface. The second maximum of current at
potentials "plus" 1,15 - "plus" 1,25 V is connected with oxidation of sulphur to sulphite-ions on reaction
(4). Speed of oxidation process of elementary sulphur increases in alkaline solutions with rise of tempe-
rature, and with increase of concentration of potassium hydroxide solutions. Though the content of sul-
phite-ions in the solution is caused mainly by primary process of oxidation of elementary sulphur, some its
share is formed also at the expense of disproportionation reaction of sulphur in the alkaline medium by the
equation:

(2n+1)S + 60H < 2S,* + SO,* + 3H,0 (8)

Temperature researches show that rise of temperature leads to increase of speed of process of electro-
dissolution of sulphur. The analysis of the received results and the calculated kinetic parameters of elec-
trode processes has shown that the sulphur discharge ionization in alkaline solutions proceeds in two con-
secutive stages and is quasi-reversible process. Decisive influence on speed of process as a whole has
speed of the oxidation stage of sulphur to sulphite-ions, being slower and having, possibly, mixed nature
of the control.

Conclusion. Thus, on the basis of potentiodynamic polarizing curves, the mechanism of electrooxi-
dation-reduction of sulphur on the electrode is established and kinetic parameters of electrooxidation of
sulphur are estimated. In the field of potentials between cathode reduction of sulphur and its anode
dissolution, the sulphur-graphite electrode is steady in the investigated solutions of alkali and on it the
oxidation-reduction processes with participation of sulphur containing ions can proceed.
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KHUHETHKA U MEXAHUW3M SJEKTPOOKHUCJIEHUA-BOCCTAHOBJEHUA CEPBI
B EJOYHBIX PACTBOPAX

Annoraums. B pabore uccie10BaHbl KHHETUKA M MEXAHU3M 3JICKTPOAHBIX NPOLECCOB OKUCICHHA-BOCCTAHOB-
JCHHA CEPBI, MPOTEKAIOIHX HA 3JCKTPOIPOBOJHOM CEPO-TpaUTOBOM IEKTPOJE B IICIOYHOH CPEAe MOTCHIMOU-
HAMHYCCKUM METOmOM. JI7 BBIICHEHMSI MEXaHH3MAa JJICKTPOJHBIX IPOICCCOB, MPOTCKAONIMX NPH MOJLIPH3AIMA
TIEPEMEHHBIM TOKOM Ha CEPO-TpaMTOBOM 3IIEKTPOAC, OBLIHM CHATHI AHOAHO-KATOJHBIC M KATOTHO-AHOHbIC ITHKIIH-
YECKHE MOJIPU3ANNOHHBIC KPHBbIC, a TAKKE AHOJHBIC IMOJIIPU3AIMOHHbIC KpHBbIe. [10 JAHHBIM MOIIPU3ANHOHHBIX
HM3MEPCHUI PACCUMTAHBI KHHETHUCCKHE apaMeTpsl: K03 duimeHTsr mepeHoca 3apsaaa (o), ko3 puunenrsr auddy-
3un (D), reTeporeHHble KOHCTAHTHI CKOPOCTH 3IeKTpomHoro mpounecca (k;) m 3(derrusHas 3HEPrHUsS aKTHBAIMA
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mpouecca (E,). AHamM3 MONYYCHHBIX PE3YJIbTATOB M PACCUUTAHHBIX KHHETHUCCKUX IAPAMETPOB IJICKTPOIHBIX
MPOLECCOB MOKA3AJL, YTO Pa3psA-HOHM3ALUS CEPBI B IICTOYHBIX PaCTBOPAX MPOTEKACT B ABE MOCICA0BATEIbHBIE CTa-
JUU M ABIACTCA KBAa3HOOpAaTHMBIM IpolieccoM. Pemarornee BIMAHHE HA CKOPOCTh NMPOLECCA B LEIOM OKAa3bIBAET
CKOPOCTb CTaJMHU OKHCJICHHA CEPBI A0 CyIb(DUT-HOHOB, ABIAACH 00JICE MEUICHHON M UMCIOLICH, BEPOATHO, CMEILIAH-
HYI0 NIPUPOAY KOHTPOA. B 00iacTu mOTEHUMANOB MEKAY KATOAHBIM BOCCTAHOBICHHEM CEPBL M €€ AHOIHBIM pac-
TBOPCHHEM, CEpO-TPAQUTOBBINA 3JIEKTPOJ ABIICTCS YCTOHUMBBIM B HMCCICJOBAHHBIX PACTBOPAX INECJIOYH M HA HEM
MOIYT IPOTEKaTh OKHCIUTEIbHO-BOCCTAHOBUTEIbHBIC IIPOLIECCHI C YUACTHEM CEPOCOACPIKALIMX HOHOB.

KmoueBsle cioBa: cepa, cepo-rpaUTOBBIH 3ICKTPOJ, ICKTPOOKHCICHUE-BOCCTAHOBICHHE, KHMHETHYCCKUE
MAapaMeTPBl, 3ICKTPOPACTBOPCHUE.
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CLIATLII EPITIHALJIEPAE KYKIPTTIH
AJEKTPTOTHITY-TOTBIKCBI3JIAHY KHHETUKACBHBI MEH MEXAHHN3MI

AnnoTtamust. JKyMpICTa MOTCHIMOJMHAMHKAIBIK SMICICH CLITIMIK OPTaza 3JCKTPOTKIATI KYKIpT-rpadurTi
3JCKTPOABIHA KYPETiH KYKIPTTIH TOTHIFY-TOTBIKCHI3IAHY 3ICKTPOITH MPOLUCCTCPiHIH KHHCTHKACH MCH MCXaHH3Mi
3eprrenreH. KykipT-rpaduTTi 37ACKTPOIBIHAA AWHBIMATGI TOKIICH MOJPH3AMMANAY KE3IHAC KYPCTIH 3ICKTPOATHI
TIPOLIECTEPAIH MEXaHM3MIH 3EPTTEY YIIIH aHOJ-KATOATHI KOHE KATOM-AHOATHI IUKIIL IMOJHIPHU3AIMSIIBIK KHUCHIKTAP,
COHBIMEH KATap AHOATHI MOJBIPH3AINLIIBIK KUCHIKTAp TYCipiareH. IIOMSpH3ampsuIBIK OIMICYJICPAiH MOTIMETTEP]
OOMBIHIIA KHHCTHKAJIBIK ITAPAMETPIIEP: 3apSATHIH TackiManaay kodhdunuentrepi (o), auddysusa ko3ddummeHTTepi
(D), 3MeKTPOATH MPOICCTIH TSTCPOTCHI KBITAAMIBIK KOHCTAHTANAPHI (K;) KoHE 3()()CKTHBTI AKTHBTCHY SHCPTHACH
(E.) ecenrenminreH. ANBIHFAH HOTIDKEIIEP MCH JICKTPOTHI MIPOLECTEP/IIH ECENTEITCH KMHETHKANBIK MApaMeTPIACPIiH
Tajgaysl OOWBIHINA CINTLTIK OPTaga KYKIpTTiH HOHTAHYBI ¢Ki CAaThI OOMBIHIIA JKOHC KBASHKAUTHIMABI OOJBIT TAOKI-
JATBIHABIFBl AHBIKTATABL. [IPOLECTiH >KbLIIAMIBIFBIHA KYKIPTTIH CyJb()MT-HOHAAPFA NCHIH TOTBHIFY CATHICHIHBIH
JKBITTAMIBIFBI aCa MAHBI3ABI 9CEPIH KOPCETe i, OYIT CaThICH ea0yip Oasdy sKypeadi skoHe apanac TaduraTtka ue. Kykiprt-
TiH KATOATHI TOTBIKCHI3AAHY ’KOHC OHBIH AHOATHI CpPYy MPOLCCTCPIHIH MOTCHIHAIAAP alMAFBIHAA KYKipT-rpadurri
3JEKTPO, 3€PTTEITECH CIITI EPITIHALIEPAEC TYPAKThI OOIBIN KEICTIHIITI KOHE OHBIH OCTIHAE KypaMbIHIAa KYKIPTi Oap
HOHTAPBIHBIH KATHICBIHAA TOTBHIFY -TOTBIKCHI3IAHY ITPOLECCTEPiHIH KYPY MYMKIHZIIT1 AHBIKTAIIBL.

Tyiiin cezmep: KYKIpT, KYKIpT-TpaQUTTI 3MEKTPOA, INMEKTPOTOTHIFY-TOTHIKCHI3AAHY, KHHETHKANBIK TAapaMeTp-
Jepi, FNCKTPOXUMHUSIIBIK EpPY.
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