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Obtaining of lead (II) sulfate by polarization of bipolar lead electrodes
with alternating current

The process of electrolysis using bipolar lead electrodesat polarization by alternating current of industrial fre-
quency (50 Hz) in sulfuric acid solutions was studied for the first time. It is shown that the oxidation of lead
to the bivalent state on all monopolar and bipolar electrodes takes place in the anode half-period of alternating
current. Next, the anode half-period is replaced by a cathode half-period, then the lead electrode becomes a
cathode and hydrogen is released on its surface. Lead (II) ions react with sulfate anions in the near-electrode
space to form lead (II) sulfate. It was found that the total loss of electrode mass increases with increasing cur-
rent density up to 1200-1400 A/m?, and in the region of 2000 A/m* — significantly decreases, which is asso-
ciated with increased adverse reactions.In the interval of experiment duration 0.5-2 hours the total loss of
electrode mass increases. However, after 2 hoursthis value remains almost constant. Apparently, lead (II) sul-
fate begins to be accumulating on the electrodes and interfere with the dissolution process. It was found that
when using bipolar electrodes, the mass of lead (II) sulfate is about 2.4 times greater at the same current
strength than when conducting electrolysis with only two monopolar electrodes.

Keywords: lead, bipolar electrode, electrolysis, alternating current, oxidation, anodic half-period, sulfuric
acid.

Introduction

Lead (II) sulfate is used in the paint industry as additives in the manufacture of minium [1; 771] for fill-
ing the cells of a lead-acid battery plates [2; 519], in the synthesis of certain acids as a necessary component
of technological processes, and also performs the role of a stabilizer in the production of plasticized PVC
[3, 4]. Obtaining of lead (II) sulfate is usually carried out [1; 771, 5; 322] by precipitation from soluble salts
of divalent lead (nitrate, acetate) with sulphuric acid.

Pb(NO;), + H,SO, = PbSO,4 + 2HNO;

The authors of article [6] proposed a method for obtaining lead (II) sulfate by electrochemical dissolu-
tion of lead electrode in sulfuric acid during polarization by alternating current of industrial frequency of
50 Hz. In this case, one electrode is a metallic lead and titanium is used as the second electrode. Electrolysis
is carried out at a current density of 1500 A/m’® on lead electrode and 8000—12000 A/m” on a titanium elec-
trode. The highest current outputs are observed at current densities at the lead electrode equal to 3000 A/m’
and reach 53.5 %.

The proposed method has certain disadvantages, which include the fact that the formation of lead (II)
sulfate occurs on only one lead electrode in the anode half-cycle of alternating current, as a result of which
the productivity of the process is low.

In addition, at high current densities, lead oxidation reactions may occur with the formation of lead ox-
ides, which can contaminate the resulting product. Besides, the use of titanium causes possible contamination
of the reaction product with titanium ions, since it is known that during alternating current polarization, tita-
nium also passes into solution [7]. The process of formation of lead (II) sulfate as a result of oxidation of
lead sulfide with hydrogen peroxide solution was studied by the authors [8]. It is established that the yield of
the product (lead (II) sulfate) and its purity depend on the amount of oxidant.

In connection with the demand in a number of technological processes, the development of new meth-
ods for producing lead sulfate seems to be an urgent problem. The aim of our work is to develop a method
for producing lead (II) sulfate by electrolysis with polarization by alternating current using bipolar electrodes
and, in this regard, to analyze literature sources covering the issues of bipolar electrode connection.
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Experimental technique

The unit shown in Figure 1 was used for the research. The unit consists of an electrolyzer (1) in which
two extreme monopolar (2) and three (3) bipolar lead electrodes are installed. The electric current of the re-
quired power is supplied through SOURCE (MATRIX of single-phase TDGC-1 1 KVA, 4A), the magnitude
of current measured by the ammeter (laboratoryA-meterE538). Lead plates of C-1 grade were used as elec-
trodes, electrolyte solutions were prepared from sulfuric acid of chemically pure grade. The electrolysis was
carried out with polarization by alternating current of industrial frequency (50 Hz). Two electrodes were at-
tached to the current source, located closer to the wall of the electrolyzer, which are conventionally called
«terminal». Between them three more electrodes were installed vertically and parallel to each other. The dis-
tance between them was equal to 1.4 cm. Surface area of all electrodes were the same and equal to 12.5 cm’.
The electrolyzer was made of plexiglass and had a rectangular shape.

The electrodes were placed in such a way that there were no large gaps between the side walls of the
electrolyzer and the electrodes. Before the experiment, the lead electrodes were thoroughly cleaned with
sandpaper, washed with water and treated with alcohol. After electrolysis, the electrode mass loss was de-
termined by weighing.
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1 — electrolyzer; 2 — monopolar electrodes; 3 — bipolar electrodes;
4 — adjustable electric source; 5 — ammeter

Figure 1. Schematic diagram of the installation for the obtaining of lead (II) sulfate
by electrochemical method

The effect of the current density and duration of the experiment on the mass loss of lead electrodes was
studied.As a result of electrolysis in the electrode spaces in the solution, the interaction of lead ions with sul-
fate ions occurred with the formation of lead (II) sulfate, which in the form of a white precipitate fell to the
bottom of the cell. After the experiment, the electrolyte was filtered, the precipitate was separated from the
solution, washed with water and dried. The sediment was identified by x-ray fluorescence, x-ray phase and
elemental analysis methods.
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Results and discussion

As it is known from the literature [9; 178, 10], anodic polarization of lead in an aqueous solution of sul-
furic acid may result in the following electrode reactions:
1) oxidation of metallic lead to a divalent state followed by the formation of lead (II) sulfate:

Pb+ SO —2¢ — PbSO,  E’=-0.356V; (1)
2) oxidation of divalent ions of lead to a tetravalent state with the formation of lead dioxide:
PbSO,+2H,0 —2¢ — PbO,+ SO +4H"  E’=+1.685V; 2)

3) direct oxidation of metallic lead to tetravalent state:
Pb +2H,0 —4e” — PbO, +4H+  E’=+0.66V;
4) release of oxygen:
2H,0 —4e = O, +4H" (in acidic solutions) E'=+1.229 V;
5) the possible discharge of ions SO~ with the formation of acid:
SO —2¢ — S,07 E'=+201V.

Of the several possible reactions at the anode, first of all, the one that requires the lowest energy costs,
i.e. a reaction with more negative potential, i.e. a reaction (1), should occur. It was found [11; 339] that a
fairly dense porous layer of lead sulfate is formed on the surface of the lead electrode. After a certain time,
the reaction (2) takes place, i.e. the formation of lead dioxide, the reaction of the formation of lead sulfate
completely stops, although the supply of metallic lead has not been used upyet. Passivation occurs when the
thickness of the lead sulfate layer is about 1 pum.

In contrast to the known methods of electrolysis, our experiments were carried out under the influence
of alternating current of industrial frequency using bipolar electrodes.

It is known [12; 35] that electrolyzers with mono- and bipolar inclusion of electrodes in the DC circuit
are used in electrochemistry. In a monopolar circuit, all electrodes of the same sign are connected to the
corresponding pole of the current source. In this case, the current passing through one electrode, in
accordance with the law of parallel connection of conductors is equal to the total current divided by the
number of electrodes. The voltage that occurs between a pair of electrodes of the opposite sign is equal to the
total voltage on the electrolyzer.

In the bipolar scheme of inclusion of electrodes, the current is supplied only to the terminal electrodes,
which are monopolar electrodes. All other electrodes located between the terminal monopolar electrodes
have no current leads and work as bipolar — one side of the electrode is the cathode, and the other is the an-
ode. Through each cell of the bipolar electrolyzer all the current coming from an external current source
passes and the total voltage is equal to the product of the voltage on one cell by the number of cells. It is not-
ed [13] that when sufficient voltage is applied to the solution in which the bipolar electrode (BPE) is im-
mersed, oxidation and reduction reactions occur on the opposite sides of the BPE.Since no direct electrical
contact with a current source is required to activate redox reactions, large electrode arrays can be controlled
by only one DC source or even a battery in an electrochemical circuit. The wireless aspect of the BPE also
allows for electrosynthesis and screening of new materials for a wide range of applications.Additionally, the
bipolar connection of the electrodes allows the movable electrodes, called microswitch to move freely in the
solution.Practical application of bipolar electrodes is widespread in water electrolysis [14; 39, 15; 97, 126].
The advantages of electrolyzers with bipolar electrodes are compact design, there is no need to supply cur-
rent to each electrode, the ability to impose high voltages.Advantages of electrolyzers with bipolar electrodes
are compact design, no need to supply current to each electrode, the ability to impose large voltages.

Known literature sources [16] present the results on study using bipolar electrodes and show that the ef-
fective removal of fluoride ions from water occurs when the electrodes are bipolar.

In addition, in the review [17], the authors note the prospects for the use of bipolar electrodes, using the
expression «bipolar electrochemistry». They stress that this method of electrolysis has attracted new interest
in the last two decades, due to the use in several fields — from materials science to sensing and so on.

The same review presents new examples of the use of the bipolar connection, focused on the sensing of
electrotransplantations, the electrodeposition and the use of graphene as a bipolar electrode.

The authors of [18] demonstrated that bipolar electrode coupling can be used for high-performance cor-
rosion tests covering a wide range of potentials in one experiment, and that this, combined with rapid image
analysis, is a simple and convenient way to verify the corrosion properties of conductive materials.
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Interesting studies have been carried out in the work of the authors [19]. They show that the rotation of
the bipolar electrode in a constant electric field between the supply electrodes causes an alternating bipolar
current with alternating current frequency, which depends on the rotation speed.

It should be noted that the use of bipolar connection of electrodes in direct current polarization is de-
scribed in the known literature sources.

In this report, we present the results of the use of bipolar connection of lead electrodes at polarization
by alternating current of industrial frequency. In this regard, we note: it was previously shown [20; 43, 21]
that when metals are polarized by alternating current, the anode half-period of the alternating current is
quickly replaced by the cathode half-period. In this regard, oxidation processes can occur in the anode half-
cycle.

But at the same time, changing the direction of the alternating current does not favor the flow of all pos-
sible anode processes. Consequently, in the case of alternating current polarization of lead in the anode half-
period, the reaction first proceeds, which has a more negative potential, i.e. oxidation of lead to the divalent
state:

Pb’—2¢ — Pb*’
Then, in a matter of seconds, the anode half-cycle is replaced by the cathode half-cycle, i.e. the lead
electrode becomes the cathode and hydrogen is released on its surface:
2H'+2¢ — H,
Bivalent lead ions formed in the near-electrode space interact with sulfate anions. Due to the low value
of the solubility product (1, 6-10™) [22; 739] lead (II) sulfate precipitates to the bottom of the electrolyzer:
Pb*" + SO2~ — PbSO,

Bubbles of hydrogen release carry crystals of lead sulfate formed from the electrode surface. The de-
scribed processes are periodically repeated with a change in the direction of the current depending on its fre-
quency, i.e. in our case 50 times per second. It becomes possible to purposefully proceed with the formation
of lead sulfate (II). Moreover, when using bipolar electrodes, the oxidation reaction of lead occurs on those
electrodes that are not directly connected to the current source. In the cathode half-cycle, the reduction of
lead ions to the elemental state does not occur, since this reaction proceeds with a high overvoltage.

We have studied the effect of current density on the mass loss of lead electrodes during alternating cur-
rent polarization in the presence of bipolar electrodes. As shown in Table 1, the mass loss of monopolar and
bipolar electrodes increases with increasing current density to 1200-1400 A/m’, and significantly decreases
in the region of 2000 A/m* which is associated with increased adverse reactions. Terminal monopolar elec-
trodes are conventionally designated 2' and 27, bipolar electrodes located between them — 3', 3% and 3°.

Table 1
Effect of current density on the mass loss of monopolar and bipolar lead electrodes
during alternating current polarization (C(H,SO,) = 150 g/I; T = 0.5 hour)
Magnitude of mass loss 800 1000 Cll;r(;(e)m e 112/0“(;2 1600 2000
Am (2" 0.1272 0.1892 0.2348 0.2512 0.2214 0.2095
Am (3") 0.0813 0.1406 0.1413 0.1411 0.1402 0.1344
Am (3%) 0.0675 0.0928 0.0959 0.0952 0.0822 0.0811
Am (3%) 0.0914 0.1371 0.1368 0.1485 0.1236 0.1208
Am (2°) 0.1244 0.1912 0.2125 0.2487 0.2257 0.2136
Em 0.7509 0.8213 0.8847 0.7931 0.7594

Figure 2 graphically shows the dependence of the mass loss of one monopolar electrode — 2' and the
total decrease in the mass of the electrodes from the current density. We note that the values of the mass loss
of monopolar and bipolar electrodes are quite close to each other, in this regard, these values are not graph-
ically reflected, but are given in detail in Table 2.

As shown in Table 1, the dissolution process of the electrodes is intense at a current density of 1200—
1400 A/m’, the rate of electrochemical dissolution is reduced at 2000 A/m?, as the reverse process.
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Figure 2. Dependence of the mass loss of one monopolar (2') electrode (curve 1)
and the total mass loss of all electrodes (curve 2) on the current density on the electrodes

The study of the effect of the duration of the experiment showed that in the range of 0.5-2 hours the to-
tal mass of lead ions transferred to the solution increases (Fig. 3, curve 2). However, after 2 hours the mass
remains almost constant. Apparently, the resulting lead sulfate begins to accumulate on the surface of the
electrode and prevent the process of dissolution of the metal electrode. Table 2 shows the values of the mass
loss of monopolar and bipolar lead electrodes depending on the duration of electrolysis.
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1 — in electrolysis with monopolar electrodes; 2 — in electrolysis with bipolar electrodes;
i=1200 A/m?; C(H,SO,) = 150 g/l

Figure 3. Dependence of the total mass of lead ions (m, g),
passed into the solution of the duration of the experiment

The results of the experiments show that the mass loss of two monopolar (terminal) electrodes have
similar values. Also, the values of the mass loss of two bipolar electrodes located next to the terminal
monopolar ones are quite close, although their values are slightly lower than the mass loss of the two ex-
treme monopolar electrodes. Nevertheless, in the case of dissolution of each monopolar and each bipolar
electrode, it is noticeable that after 2 hours the mass loss remains practically unchanged. Note that the Table
shows the values of the mass loss of all electrodes, and the Figure shows only the curve of the total mass loss
of all electrodes (monopolar and bipolar) and for comparison shows the curve of the mass loss of only one
monopolar electrode.
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Table 2

Effect of the duration of the experiment on the dissolution of monopolar and bipolar electrodes in sulfuric acid
during industrial alternating current polarization, i = 1200 A/m’>, C(H,SO,) = 150 g/l

Magnitude Electrolysis duration, hour
of mass loss 0.5 1 1.5 2 3 4
Am (2") 0.2348 0.4112 0.8255 0.9748 0.9684 0.9538
Am (3") 0.1413 0.2939 0.5584 0.8283 0.9148. 0.8481
Am (3%) 0.0959 0.1771 0.2011 0.8108 0.8871 0.7811
Am (3%) 0.1368 0.2921 0.5546 0.8384 0. 8916 0.8943
Am (2%) 0.2125 0.3811 0.8369 0.9961 0.9088 0.9783
zm 0.8213 1.5554 2.9765 4.4484 4.5707 4.4556

In order to show the advantages of using bipolar electrodes, experiments with two monopolar electrodes
were conducted separately. A comparison of the results of electrolysis carried out using two electrodes and
electrolysis using five electrodes showed that during electrolysis using two monopolar and three bipolar elec-
trodes, the oxidation of lead in sulfuric acid with the formation of lead sulfate is intensified more than 2.4
times. Table 3 shows the results of the process of dissolution of lead electrodes in bipolar compounds
(5 electrodes in total) and in monopolar (2 electrodes in total) compounds under industrial alternating current
polarization.

Table 3
Comparison of the total mass that passed into the solution in experiments with 5 electrodes and 2 electrodes

Electrolysis duration, hour 0.5 1 1.5 2 3 4
Zm (in the experience with 5 electrodes) 0.8213 1.5554 2.9765 4.4484 4.5707 4.4556
Zm (in the experience with 2 electrodes) 0.43 0.6315 1.2101 1.7997 1.6037 1.825
n 1.91 2.46 2.46 2.47 2.85 2.41

Note. Table «n» shows how many times more dissolved lead electrode using five electrodes compared to the experience with
two lead electrodes.

In our experiments the prospects of bipolar connection of electrodes at polarization by industrial
alternating current with frequency of 50 Hz are shown. The rapid change of the current direction on the
electrodes noted above contributes to the fact that lead oxidation reactions stop at the first stage and the
phenomenon of electrode passivation is practically not observed due to the formation of electrically
conductive oxide compounds directly on the electrode surface.
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Figure 4. X-ray Fluorescence analysis of lead (II) sulfate obtained by using bipolar electrodes
during alternating current polarization
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Figure 5. Diffractogram of lead (II) sulfate obtained by using bipolar electrodes
during alternating current polarization

The composition and purity of the resulting lead (II) sulfate were determined by x-ray fluorescence, el-
emental and x-ray phase analysis methods (Fig. 4 and 5). It is shown that all the reflexes of the x-ray belong
to lead (II) sulfate, i.e. to PbSQ,, the ratio of the elements allow us to judge the production of lead sulfate
PbSO, of high purity.

Conclusions

Thus, this article presents a number of literature data on the electrochemistry of lead and bipolar con-
nection of electrodes. For the first time, the process of dissolution of bipolar lead electrodes under alternating
current polarization with an industrial frequency of 50 Hz was studied. It was found that when using BPE,
the mass of the resulting lead (II) sulfate is approximately 2.4 times greater at the same current strength in
the electrochemical circuit than during electrolysis with only two monopolar electrodes.
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Bbunouasipjibl KOPFachbiH 3JIEKTPOATAPBIH AHHBIMAJIBI TOKIIEH
noJisipuzanusuiay apkbuibl KopracsiH (II) cyasgaTein amy

Anramn pet enpipicrik xuinikreri (50 I'r) aliHpIMaBl TOKIEH MOJSIPU3ALHSIAY APKbUIbI KYKIPT KBIIIKBLIBI
epitinainepinae Ounossipisl  (BIID) KopracklH dNEKTPOATApbIH HalilalaHyMEH JJISKTPOJIU3 IMPOLEci
3eprrenai. ARHBIMANBI TOKTBIH aHOITHI JKapThUlail MEPUOABIHIA KOPFACHIHHBIH €Ki BAJCHTTI Kyiire neilin
0apibIK MOHOIIOJAPIIBI JKOHE OUIIOIISIPIIEI JIEKTPOATap/a TOTHIFATHIHBL KepceTinmi. ComaH KeiliH aHOATHI
JKapThUIail epruoj KaTO/ThI JKapThUlail MEPHOJKA aybICalbl, IEMEK, KOPFACBIH 3JICKTPOJbI KaTOJ KbI3METIH
aTKapajbl XoHEe OHBIH OeTiHIe cyTek OeuiHenmi. Exi BaJgeHTTI KOPFachblH MOHIAPHI 3JIEKTPOJ ayMarbIHIAFbl
KEHICTIKTe Cylb(ar-aHHOHAapbIMeH opekerTeceni ne, KopracelH (II) cymsdarsr tysimeni. Kopracen
UEKTPOATAPHIHBIH MACCACHIHBIH a3al0 MOJILIEPiHe TOK THIFBI3/BIFBIHBIH 9Cepi 3epTTeN . DNeKTPOATaAP/BIH
MacCaIapEIHBIH KHEIHTHIKTEI TYPAC 43210 MOJIIIEp] TOK THIFRBABIFBIH 1200-1400 A/M>-re neifin apTThIpFaHIa
Kebeiterini, am 2000 A/M> ayMarbIHIa — ailTapIIBIKTAll TOMEHICHTIHI KOPCeTiNreH, Gy KOCHIMIIA PeaKius-
JapAblH KbUILAMIBIFBIHBIH apTyblHa OalnaHbicTel. Toxipnbe y3axkThiFbiHbIH 0,5-2 caraT apaiblFblHIA
ANIEKTPOATAP MACCACHIHBIH a3al0 MeJIepi apTansl. bipak 2 caraTtaH KeiliH — OyJI mamMa TYpakThl KaJbllKa
Tyceni. MyssH cebebi, anmexrpoxnrap Oerinae koprackH (II) cynmbdarsl skuHaKTanaxel 1a, epy IpoleciHe
Kemepri kenrtipe Oactaiimel nen Ooipkayra Oosaxel. BIID kompmamran kesne TysimreH kopracwkiH (ID)
CyNb(aTHIHBIH Maccachl €Ki MOHOIIOJISIPIIBI 3IEKTPO KOJJAHBII KYPTi3reH dIeKTPOI30eH CABICTRIPFaHa,
Gipzeii TOK KyIIiH/e, )KYBIK IaMmaMeH 2,4 ece apThIK eKeHi aHbIKTaJI/IbL.

Kinm ce30ep: KOpFachlH, OHIIOIAPIBI MEKTPOJ, MEKTPOIIH3, aHBIMAIbBI TOK, TOTHIFY, aHOATHIK >KapThUIai
HEpUOJ, KYKIPT KbIIIKBUIBI.

A K. baemosa, A.M. Konsipar6aii, ®.M. XKymabaii, A. baemos, b. Jlecka

IHonay4yenne cyabdara ceunua (II) npu mossspuzanuu OMNMOJISIPHBIX
CBHHIOBBIX 3JIeKTPO/10B NlepeMEeHHbIM TOKOM

BriepBrie n3ydeH mpomuecc 31eKTpoin3a ¢ UcHonb3oBaHueM onnossipHsIx (BI1D) cBHHIOBBIX 31€KTPOIOB pH
MOJISIPU3ALMU TIEPEMEHHBIM TOKOM NPOMBIIIIeHHOH yacToThl (50 I') B pacTBOpax cepHoit kucnotsl. Iloka3za-
HO, 4TO B aHOJAHOM TIOJIyIIEPHOJIE TMEPEMEHHOTO TOKA MPOTEKAeT OKUCIEHUE CBHUHIIA JI0 ABYXBAJIEHTHOTO CO-
CTOSIHUSI HA BCEX MOHOIOJISIPHBIX M OMIMOJISIPHBIX 3eKTpoaax. Jlanee aHOMHBIN MONYNEPHO CMEHSETCS Ka-
TOJHBIM MOITYNEPHUOAOM, TOTJ[Aa CBUHLIOBBIN 3/IE€KTPOJ] CTAHOBUTCS KAaTOJOM M Ha €r0 MOBEPXHOCTU BBIAEIIS-
etcs Bonopon. Monsl cBunna (II) B3anmMoaeicTByIoT ¢ cyiabdar-aHHOHAMU B IPUAJIEKTPOJHOM IIPOCTPAHCTBE
¢ obpazoBanueM cynbdara ceunna (II). Ycranosneno, uro cymMmmapHasi yObIIb MaccChl SJIEKTPOJIOB BO3pacTaeT
C YBEJIMYEHUEM IUIOTHOCTH Toka 0 1200-1400 A/Mz, a B o6macta 2000 A/M> — 3aMeTHO YMEHBIIAETCS, YTO
CBSI3aHO C yCHJICHHEM IOOOYHBIX peakuuid. B mHTepBane mpogomkurensHocTH ombita 0,5-2 9 cymMmapHas
yOBUIb MacCHI AJIEKTPOOB yBenmuuBaeTcst. OHaKo Mociie 2-X 4 3Ta BEIUYUHA IIPAKTHYECKH OCTaeTCsl OCTO-
suHoit. [lo-BunumMomy, cyinbgar ceuxua (II) HauMHaeT HakamIMBaTHCS HA AIIEKTPOAAX M HPEMSTCTBOBATH
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Obtaining of lead (ll) sulfate by polarization ...

MPOIIECCY PACTBOPEHUS. Y CTaHOBIICHO, 4YTO IIpU Hcmoib3oBaHuK BIID macca cynbdara ceunua (I1I) 6onbme
HPUMEpHO B 2,4 pa3a IpH OJMHAKOBOH CHJIE TOKA, YeM IPH NPOBEACHUH 3JIEKTPOJIH3a TOIBKO C ABYMS MOHO-
HOJIIPHBIMHU JICKTPOJAMHU.

Knrouesvie crosa: CBHHCI, 6HHOJI$IpHLIﬁ DJIEKTPOA, DJICKTPOJIN3, HepeMeHHLIﬁ TOK, OKHUCJICHUC, AHOJHBIN TIO-
Jynepuona, CepHas Kucjiora.
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