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CATHODE RESTORATION OF SELONIUM ANIONS WITH
THE FORMATION OF ITS POWDERS

Abstract. The article shows the possibility of obtaining selenium powders by cathodic reduction of its anions in
acidic and alkaline solutions. It has been established that in alkaline medium it is impossible to obtain selenium
powders by reducing selenite ions. However, it is shown that selenium powders can be obtained by cathodic
reduction of these ions in a sulfate medium.The main results of the conducted research are the production of
selenium powders by cathodic reduction of “hardly recoverable”, and cathode “non-renewable” selenite-ions and
determination of the regularities of this process.

It has been shown for the first time that in sulfate solutions in the presence of titanium (IV) ions by cathodic
reduction of selenite-ions, selenium powders can be obtained. The effect of the concentration of titanium (IV) ions,
selenite-ions, and cathode current density on the formation of selenium powders was studied.It has been established
that in the absence of titanium (IV) ions, selenium powders are not formed, and at their concentration equal to 5.0 g/1,
the current yield for selenium powder formation reaches 70%. It has been proven that titanium (IV) ions have a
catalytic effect on the cathode formation of selenium powders. It is shown that the formation of selenium powders
proceeds in two stages, i.e. consists of an electrochemical and chemical reaction, namely, tetravalent titanium is
reduced at the cathode to the trivalent state.It has been established that the titanium (II1) ions formed in this case
interact in the cathode space with selenium (VI) anions, reducing them to elemental selenium as an ultrafine powder.

It is shown that an increase in the current density at the cathode leads to a decrease in the current efficiency for
the formation of selenium powders. With an increase in the concentration of selenite-ions, the yield of selenium
powders increases.It is established that with selenium (VI) concentration equal to 10.0 g/l, the yield of selenium
powder formation is 68.1%, and at 30 g/l - 94.9%.The shapes and sizes of the obtained selenium powders were
determined using an electron microscope.
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Introduction. The electrochemical properties of selenium ions in aqueous media are studied in detail
[1-10].

Selenium powders can be obtained by the reduction of selenium ions with sulfur dioxide [11]:

HzSCOg + 2802 + Hzo — Sel, + 2stO4 (1)

Sulfur dioxide (SO,) is a toxic gas so this method is not widespread.

In our first study, we considered the possibility of obtaining selenium powders by the reduction of
tetravalent selenium ions in an alkaline medium. According to the literature, selenite ions can be reduced
according to the following cathodic reactions in an alkaline medium [12, 13]:

Se0;” + 3H,0 + 4¢ — S’ + 6 OH 2)
Se0;* +3H,0 + 6¢ — Se* + 6 OH 3)

From the literature, the newly formed element reacts with hydroxide ions at the moment, and a
disproportion reaction occurs [14]:

3Se® + 60H — 2 Se* + Se05* + 3H,0 4)

According to these data, selenite ions can be reduced at one stage simultaneously to selenide-ions or
elemental selenium.
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Procedure of work execution. In our initial studies, electrolysis was carried out in a solution
containing 15 g/l of selenium (IV) ions and 40 g/l of NaOH. The electrolysis was carried out by a 100 ml
electrolyzer and an unseparatedinterelectrode space. Titanium was used as a cathode, non-oxidizable iron
electrodes (IX18H10T) were used as an anode.

The results of clectrolysis at a current density of 50-350 A/m” on the electrodes showed that selenium
powders did not form at the cathode, mainly the formation of red-brown polyselenide-ions.

The restoration of the cathode in an alkaline medium by six valence selenate ions (SeQ,”) was also
mvestigated. The electrolysis results show that this ion is not recovered. There was no formation of
selenium powders in the cathode, and the color change of the electrolyte did not occur in the cathode
space.

Since the main goal of our research is the production of selenium powders, we did not consider it
necessary to continue research further.

Subsequent studies of selenium powders were carried out in a solution containing sulfuric acid and
tetravalent selenite-ions.Our preliminary studies have shown that selenium powders are formed on the
cathode in an acidic environment.

The presented studies were carried out in the above-mentioned electrolyzer only when using a
graphite electrode as an anode.Our subsequent studies showed that cathodic reduction of hexavalent
selenium ions (SeO*) does not occur in a solution with sulfuric acid, and adding titanium (IV) ions to the
electrolyte, it was found that the formation of ultrafine selenium powders takes place at high speed.

Theoretical. According to the literature, hexavalent selenium ions can be reduced by strong reducing
agents only in alkaline media at temperatures above 200 ° C and only at high pressures. Hydrogen,
sulfides, elemental sulfur or organic reducing agents are used as reducing agents.[11-13]. In acidic
environments by boiling the selenium ion to the tetravalent state in concentrated hydrochloric acid, and
then gaseous sulfur dioxide restores to the elemental state. In this case, the recovery of six valence
selenium ions occurs in two stages[11]. These processes significantly aggravate the working
condition.Since this is a very complex process, the above steps are not available for the production of
elemental selenium from six valence selenium ions.

However, the selenate ions with an octahedral shape are surrounded by oxygen atoms (shiclded) that
cannot penetrate into the double electrode layer on the cathode surface, which leads to kinetic difficulties.
Information on the non-recoverability of selenate ions in the cathode is given in the literature.[1, 11-13].

From the point of view of thermodynamics, selenate ions should be restored at the cathode, and their
standard potentials are given below:

Se0,”" + 3H' + 2¢ — HSeO; + H,0 E° =+ 1.075V (5)
HSeO; + 5H' +4¢ — Se + 3H,0 E° =+0.77V (6)
Se0,” + 8H" + 6¢ — Se + H,0 E°=+0.877V (7)

The current output for the formation of selenium powder is determined depending on its weight.
During electrolysis, the formation of red was found dispersed amorphous selenium on the surface and area
of the cathode.

The effect of the concentration of sulfuric acid and titanium (IV) ions, as well as the effect of the
current density of cathode electrodes in the solution on the current output for the formation of selenium
powders was investigated.

Experimental. The results of the study showed that tetravalent titanium ions have a significant effect
on the current efficiency of the direct reduction of selenium powder with selenate ions.For example, when
the current density on the cathode electrode is 100 A/m* and the concentration of titanium in the solution
is 2.5 g/, then the current for the formation of selenium powder will be 44.1%, at 5.0 g/l - 68.5%, and at
10 g/l will be equal to 79.8%. Table 1 shows the effect of current density on the current output of selenium
powder.
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Table 1 -Influence of titanium (IV) ions present in the solution on the formation of selenium powders:
Se (IV) = 10 g/1, H,SO, — 100 g/1, i, = 100 A/m’, T= 1 hour

Ti(IV), g/l 0.5 1.0 2.5 5.0 7.5 10.0
Current output, % 20.9 30.5 44.1 68.5 72.1 79.8

If we take into account that the value of selenium ions (VI) is lower than the value of the limiting
current - at 100 A/m” completely restores selenium powders. This phenomenon indicates that selenium
(V]) ions are not restored on the cathode surface in a direct way, and their recovery occurs with the help of
intermediate titanium (I1I) ions.Consequently, titanium (I'V) ions can be reduced to three valence states at
the cathode, and then the subsequent reduction of the selenite-ions to selenium powder is observed.

With an increase in the concentration of sulfuric acid in the solution (in the presence of titanium ions),
a slight decrease in the current yield of selenium powder is observed.

The increase in cathode current density leads to a decrease in the current for the formation of
selenium powders (Fig. 1), this phenomenon can be explained by an increase in the proportion of
hydrogen gas in the cathode layer, and it can be traced by the smell of hydrogen sulfide at high cathode
densities. However, it was found that when the cathode current density is 50-175 A/m’ and the
concentration of selenium (VI) ions exceeds 10 g/1, the formation of hydrogen gas does not occur.

current yield, %

50 100 150 200 250 300 i A/m?
Se (V) - 10 /I, SO, — 100 g/1, Ti (IV) = 5 g/l

Figure 1 —The effect of cathode current density on the current output for the formation of selenium powder

Changes in the concentration of selenium ions in solution have a significant effect on the current
efficiency of the formation of selenium powder at the cathode. For example, while the current density is
100 A/m” and the concentration of selenium ions is 5 g/l, the current efficiency will be 45.5%, and at 10
g/l it will be 68.1%, at 30 g/l it will be 94.9%. Figure 2 shows the effect of the current density on the

titanium cathode on the current efficiency for the formation of selenium powder.
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Figure 2 — The effect of the concentration of selenium (VI) ions in solution
on the current output for the formation of selenium powders
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The aforementioned rescarch results show that in the presence of titanium (IV) ions in solution,
hexavalent selenium ions cause a direct reduction of their own powders. This phenomenon can be
explained by the catalytic effect of the Ti (IV) —Ti (II) redox system.

Tetravalent titanium ions are reduced at the cathode to trivalent:

TiO* +e +2H — Ti*" + H,0 E°=-0,04 V (8)

According to the literature [15], the standard potential of the Se (VI) -Se system is +0.86 V, and Ti
(IV) -Ti (1D is +0.04 V.

Titanium (II) ions react with selenite-ions in the cathode region, and as a result of the redox reaction,
selenium powder is formed:

6Ti*" + Se0,” + 2H,0 — Sc¢° + 6TiO* + 4H" 9)

As a result, tetravalent titanium ions are regencrated, then they are re-reduced at the cathode to the
trivalent state and restore selenium (VI) ions in the cathode region. This process is repeated
cyclically. Therefore, in this case, the reduction of selenate ions to selenium powders is a catalytic process.
In our earlier works, we mentioned that titanium (IV) ions act as a catalyst in the formation of copper
powders.[16-22].

The shape and size of selenium powder obtained by electrolysis were obtained using electron
microscopy (JSM-6610 LV).The results of the study showed the formation of selenium powder in its
mostly round shape, not exceeding 1-2 microns in size. No significant changes are observed in the shape
and size of selenium powders formed on the cathode at a current density in the range of 100-150 A/m>.

AP¥E —
SEl  20kV WD11mm SS20 x30,000 0.5um SEl  20kV WD11imm SS20 x10,000 1pm S—
Sample 10797 28 Mar 2019 Sample 10799 28 Mar 2019

SEl  20kV wWD12mm  SS20 x10,000 1pm p— SEl  20kV WD12mm 5820 x25,000 1pm ——
Sample 10814 28 Mar 2019 Sample 10813 28 Mar 2019

b b’

Se (VI) — 10g/1, H,SO, — 100 g/1, Ti IV) — 5.0 g/l, t =1hour
a,a -i=100 A/m% b, b - i=150 A/m>

Figure 3 — Micrographs of selenium powder obtained by reducing selenate ions
at the cathode in the presence of titanium (IV) ions
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In conclusion, we showed for the first time that selenium ions “non-reducible” at the cathode are
reduced in the presence of titanium (IV) ions, and we also obtained pink amorphous selenium powder.
Titanium (I'V) ions have been shown to have a catalytic effect. Under optimal conditions, it was found that
the current for the formation of selenium powder exceeds 90%.
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CEJEH AHHOHIAPEIH KATOJITA TOTBIKCBI3TAHALIPY APKELITEI
OHEIH YHTAKTAPLIH ATTY

AnHoTanmusi. Makanana KpIIIKBIIIBI XKOHE CIITIMI €PITIHAIICPAC CEICH aHHOHIAAPBIH KATOATHI TOTHIKCHI3IAH-
JBIPY APKBUIbI CEJICH YHTAKTApBIH Ay MYMKIHIIITIKTEPl KepcerinreH. CIaTiai Oopraja CENCHUT-HOHAAPHIH TOTHIK-
CBI3JAHIBIPY APKBLIbI CEJICH YHTAKTAPHIH aTyFa OOJMAHTBHIHABIFBI KOpceTinreH. An 00ipak Oy HOHAApAsl KYKIpT
KBIIKBUTBI  CPITIHDICIHAC KATOATHI TOTBHIKCHI3AAHABIPY APKBUIBI CCIICH YHTAKTAPBIH ajlyFa OOJATBIHABIFHI
aHbIKTaIFaH. JKYpri3iareH FhUIBIME 3ePTTEYICPAIH HETI3TI HOTIXKEICPIHAC KHBIH TOTHIKCHI3TAHATHIH, a1 KaTOATHI
«TOTBHIKCHI3TAHOAUTHIH» CEJICHAT-HOHJAPBIH KATOATHI TOTBHIKCHI3AAHABIPY APKBLTBI CEJICH YHTAKTAphIH Ay
MYMKIHIILTIKTEPI KOPCETLIIIN, OYJI POIIECTIH 3aHABIIBIKTAPHI AHBIKTAIFAH.

AnFamr per CCACHAT-HOHAAPHIH KYKIPT KBIIKBLIHI epiTiHmiciHae TuTaH (IV) HOHZAphl KaTHICHIHAA KATOITHI
TOTBHIKCHI3JAHIBIPHII CETICH YHTAKTAPBIH aTyFa OOJIAThIHABIFBI KepceTireH. CeleH YHTAKTapbIHbIH TY311y IMPOLECiHE
tutaH (IV) HOHZAPBIHBIH, CETCHAT-HOHIAPBIHBIH KOHICHTPANMSUIAPBIHBIH, KATOATAFbl TOK THIFBI3ABIFBIHBIH dCEpi
seprrenai. Turan (IV) HOHZApHI KAaTBICHIHCHI3 CEJICH YHTAKTAPBIHBIH TY3UIMEHTIHAIr, ax oHbIH Memmepi 5,0 r/n
OOIFaHAA CEJICH YHTAKTAPBIHBIH TY3UIViHIH TOK OOWBIHINA IIBIFBIMBI 70 %-K¢ KAKBIHAAWTBIHIABIFBI AHBIKTAJIBL.
CencH YHTAFbIHBIH KAaTOATHI Ty3UtyiHme TutaH (V) HOHTAPHIHBIH KATATHTHKAJBIK OCEP KOPCCTCTIHAITIHE K63
skeTkizinai. CeneH YHTAKTaphIHbIH TY3UIyl €Ki CTaausIa, SFHU 3JICKTPOXUMISLIBIK XKOHE XMUMUSUIBIK PEAKIMAIAPIAH
KYpPalaThIHbl AHBIKTAJABL Jlomipek aWTaTelH OOJCaK, KATOATA TOPT BAJCHTTI THTAH YII BAJCHTTITC [eHiH
TOTBIKCBI3JAHBIN, Karoj ayMarbiHAa ceneH (VI) HMOHZApBIH 37EMEHTTI YJIBTPAJUCHEPCTI YHTAK TYPIHE IcHiH
TOTBIKCHI3JAHBIPATHIH/IBIFbI AHBIKTAIIBL

Karoararbl TOK THIFBI3ABIFBIHBIH 6©CYl, CEJNECH YHTAKTAPBIHBIH TY3UIYIHIH TOK OOMBIHIIA IIBIFBIMBIH
TOMCHACTCTIHIAITI KOpCeTinmi. ANTHI BAJCHTTI CCIICHAT-HOHAAPBIHBIH KOHICHTPAINACHIHBIH OCYIMCH, CCJICH
YHTaKTApBIHBIH TY3UIYiHIH TOK OOHBIHINA INBIFBIMBIHBIH O©CETIHIITI aHBIKTANAbl. CeleH YHTAKTapBIHBIH TY3LIyiHIH
TOK OoMbIHIIA WBIFBIMBL ceicHHIH (V) kormenTparmsace 10,0 r/n 6omranaa — 68,1 % Oonca, an 30 r/m-ae — 94,9 %
TCH OOIATHIHABIFEI KOPCCTLITAL.

ATIBIHFAH CEJICH YHTAKTAPBIHBIH Pa3Mepl MEH (JOpMACHI INEKTPOHIBI MHKPOCKOTI APKbIIbI AHBIKTAIIBL

Tyiiin ce3qep: CCACH YHTAFbl, CCICHHT-, CCJIICHAT-HOHIAPHI, KYKIPT KBIKBLTBL 3ICKTPOIH3, KATOM, TOK
OOUBIHINA TIBIFBIM.
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KATOAHOE BOCCTAHOBJIEHUE AHUOHOB CEJIEHA
C OBPA3OBAHHMEM EI'O TIOPOIIKOB

AnHoramus. B craTbe mokazaHa BO3MOKHOCTb MOJTYYCHHA MOPOLIKOB CEJICHA KATOJHBIM BOCCTAHOBJICHHCM €TO
AHHOHOB B KHCIBIX H INCIOYHBIX PACTBOPAX. YCTAHOBJICHO, YTO B MICJIOYHOM CpPEAC HEBO3ZMOXKHO MOIYYHTH
HOPOIIKH CCICHA BOCCTAHOBJICHHUCM CCICHHT-HOHOB. OTHAKO IOKA3aHO, UTO IyTEM KATOAHOTO BOCCTAHOBJICHUS
3THX HOHOB B CEPHOKHUCIOH CPEIC MOMKHO MOJNYYHTbh MOPOIIKH ceyicHa. OCHOBHBIMH PE3yJIbTATAMH MPOBCICHHBIX
HAYYHBIX  MCCIACAOBAHHH  SBISCTCA  TOJYUYCHHE  MOPOINKOB  CEJCHA  KATOOHBIM  BOCCTAHOBJICHHEM
«TPYOHOBOCCTAHABIHBACMBIX», a KATOAHO «HCBOCCTAHABIMBACMBIX» CCIICHAT- HOHOB H  ONPCACICHHCE
3aKOHOMEPHOCTCH JAHHOTO MPOIIEcCa.
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BroepBble MOKA3aHO, YTO B CEPHOKHCIBIX pACTBOpAaX B MNPHUCYTCTBHH HOHOB THTaHa (IV) kaTogHbIM
BOCCTAHOBIICHHEM CEJICHAT-HOHOB MOKHO MOy YHTh MOPONIKH celeHa. MicCcae0BaHO BIMAHKE KOHLIECHTPALMH HOHOB
tuTana (IV), ceICHAT-HOHOB, KATOTHOH IIOTHOCTH TOKA HA MPOICCC 00pa30BAHHS MOPOITKOB CCICHA. YCTAHOBJICHO,
YTO B OTCYTCTBHH HOHOB THTaHA (IV) mOopomku cecHa HE 00pasyrOTCA, a MPH WX KOHIICHTPALMH, paBHOH 5.0 1/m1,
BBIXOJ II0 TOKY OOpa3oBaHHS HOPOINKOB ceieHa mocruract 70%. [lokazaHo, 4To Ha KaromHoe (popmMmpoBaHHE
MOPOIIKOB CeicHA HWOHBI THTaHA ([V) OKas3hBArOT KatanmuTHUcckoe ackcreue. [lokaszaHo, uTO 00pa3oBaHHC
MOPOIIKOB CENCHA MPOTEKACT B ABE CTAAMHU, T.€. COCTOMT H3 JICKTPOXHMHYCCKOH M XMMHYCCKOH peakiuu, a
HMMCHHO, YCTBIPEXBANCHTHBI THTAH BOCCTAHABIMBACTCA HA KATOAC M0 TPEXBAJICHTHOTO COCTOSHHA. YCTAHOBICHO,
410 00pa30oBaBIIHCCS MPH 3TOM HOHBI THTaHA (1) B3aMMOACHCTBYIOT B KATOAHOM MPOCTPAHCTBE C AHHOHAMH CCJICHA
(VD), BoccTranaBauBas UX A0 3JIEMEHTHOTO CEJICHA B BHJC YJIbTPAAUCIEPCHOTO MOPOILKA.

HOKBSaHO, UTO YBCJIHICHUC INIOTHOCTH TOKA HA KATOAC MPUBOANT K CHHKCHHI) BBIXOOA IO TOKY 06p330BaHI/I}I
nmopomkos ceneHa. C BO3pacTaHHEM KOHIICHTPALMH CEJICHAT-WOHOB IPOMCXOJUT IOBBINICHHE BHIXOAA IO TOKY
00pa30BaHUA MOPOIIKOB CCIICHA. Y CTAHOBJICHO, UTO MpH KOHICHTpanuu ceneHa (VI), pasroit 10,0 r/m BeIXOA 1O
TOKY 00pa3oBaHMs MOPOIIKOB ceneHa coctaBmieT 68,1%, a pu 30 /1 — 94,9%. @opMel U pa3Mepsl MOIYICHHBIX
MOPOIIKOB CEJICHA ONPEACICHBI ¢ MOMOIIBIO 3ICKTPOHHOTO MHKPOCKOIIA.

KimoueBnbie c/10Ba: OPOIIOK CEICHA, CENICHUT-, CEICHAT-HOHBI, CEPHAS KUCJIOTA, IEKTPOIIN3, KATO/, BHIXO 110

TOKY.
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