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Abstract. The process of iron oxidation in the sulfate electrolytes was studied by the method of electrochemical
polarization by the steady and transient currents. Initially, in the first electrolyzer, the iron electrodes were oxidized
under the influence of alternating current. The results of iron oxidation in the first electrolyzer were monitored by
determining the weight loss of the iron electrodes. An almost rectilinear increase in the mass of iron is established
to be observed, which passed into the solution in the form of Fe?* ions when the current density changes in the range
of 80-400 A / m?. The current efficiency is close to 100%, and sometimes exceeds 100%, since the chemical
dissolution of iron in sulfuric acid also occurs simultaneously. The iron sulfate (II) can be obtained by evaporation of
the solution. After that, the sulfate solution containing iron ions (llI) was sent to the second electrolyzer, in which the
oxidation of iron (Il) to iron (l1l) was carried out under the direct current. The electrode spaces were separated by an
MA-40 anion exchange membrane. Over 90% of iron (Il) was demonstrated to be transfers into the trivalent state
within 1 hour in the second electrolyzer at a current density of 120 A / m2. A change in the current density to
600 A / m? leads to an increase in the oxidation state to 97.5%, i.e. iron ions (ll) are almost completely oxidized
under the specified conditions. As a result of the experiments, an electrochemical method for producing iron sulfate
(1) was developed.
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Introduction method for producing sulfate and iron oxide nano-
particles: when silica gel and aluminum oxide are

Iron forms many compounds being an active  impregnated with Fe (I) sulfate solutions, ferric
element. Its compounds are widely used in various  hydroxide and oxysulfate nano-particles are formed
branches of technology and industry. Specifically, —on the surface of silica gel, and iron oxide nano-
there is a research devoted to the development of a  particles on the surface of aluminum oxide [1, 17,
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18]. To say more, iron compounds, namely sulfates,
are used in water purification as a coagulant [2-4]. In
medicine, various compounds containing both
ferrous and ferric iron are also used [5,6]. Iron sulfate
(1IT) can be used as a mordant for dyeing wool and as
a background for the enrichment of sour coal. Acidic
solutions are used as an oxidizing medium in the
extraction of useful components out of ores [7]. Iron
ions (111), being active oxidizing agents, are widely used
in the technology of subsurface leaching of uranium,
although the authors of [8] note that the use of sulfate
solutions of ferric iron is associated with the problem of
its regeneration. Nevertheless, the researchers [9] used
a solution of ferric iron along with the ammonium
sulphate and sodium peroxoborate in the study of the
comparative sulfuric acid catalytic oxidation of uranium
(IV) to uranium (V1).

An existing and frequently used method for
producing ferric sulfate is that, first, metallic iron is
chemically dissolved in sulfuric acid when heated to
produce ferrous ions [10]. Further, the iron ions (I1)
are oxidized in the presence of nitric acid, while the
following reactions proceed:

Fe + H:SO4 - FeSOs+ H>
2FeSO4 + H2SO4+ 2HNOs— Fex(SO4)3+ 2NO,T+ 2H;0

Grinding of iron to a state of sawdust is noted
to be required for a more efficient process, in
addition, nitrogen dioxide, a substance that is
uncommon for the environment is released as a result
of the reaction. This is result in the method has certain
disadvantages. Iron sulfate (I11) is also obtained by
dissolving iron oxide (111) in 75-80% sulfuric acid. In
addition, iron sulfate (III) solutions can be obtained
by oxidation of pyrites with nitric acid:

2FeS,+ 10HNO;z= Fez(SO4)3+ H,SOs + 10NOT+ 4H,0

There is also a method for producing iron
sulfate (III), which serves as a coagulant, by treating
pyrite cinder with hot sulfuric acid. The sifted cinder
must first be treated with concentrated nitric acid (in
the amount of 8-10 kg per 1 g of coagulant). The
oxidized cinder is mixed and kept before cooking the
coagulant for 5-6 hours. All these methods are
described in the monograph of Pozin M.Y. [7].

In order to increase the degree of conversion
of ferrous iron to ferric, the authors of [11] propose
adding a catalyst in the form of iron
tetrasulfophthalocyanine to the solution. The essence
of the method lies in the fact that the catalyst is added
to the sulfuric acid solution of iron sulfate (I1) on
carbon fabric and the mixture is stirred in a stream of
oxygen. The degree of conversion reaches 83%.
Using an anode made of graphite or platinum, it is
58

proposed to oxidize iron sulfate  (II)
electrochemically at a temperature of 80°C [12]. The
current yield of iron oxidation (I1) to iron (111) reaches
95.8%. Considering that, iron sulfates are most
widely used in various branches of technology and
industry, as well as in medicine, but the existing
methods of their producing are imperfect and
complex, we believe that the development of new
methods for producing iron compounds is an urgent
problem. In this regard, the aim of our study is to
develop a two-stage method for producing iron
sulfate (I11) by polarizing iron electrodes, first with
alternating current of industrial frequency and then
anodic oxidation of the resulting solution on a lead
electrode.

Testing method

A set was assembled to conduct electrolysis

with alternating and direct current, the circuit
diagram of which is provided in Figure 1.
The set consists of 1 and 2 electrolyzers
(conventionally named “the first” and “the second”
electrolyzers). The first electrolyzer and the cathode
space of the second electrolyzer are filled with sulfate
electrolyte (4). Iron (3) was used as electrodes in the
first electrolyzer, a lead electrode (5) was used as the
anode, and titanium (6) was used as the cathode. In
the second electrolyzer, interelectrode spaces are
separated by an MA-40 anion exchange membrane
(7). We used LATR (8) to obtain alternating current,
and as a constant current source - Matrix MPS -
3003D (9). An alternating current ammeter E 538
(10) and a direct current ammeter (11) were used to
measure the current strength.

A titanium plate cut from titanium sheets of
the VT-1-0 brand was used as the electrodes in the
experiments, iron of St. 3 brand and lead of C-1.
Before electrolysis, the electrodes were cleaned with
emery, thoroughly washed with distilled water,
wiped with filter paper, and degreased with ethyl
alcohol. A sulfuric acid of “chemically pure” was
used for an electrolyte solution to be prepared. In the
first electrolyzer, the concentration of sulfuric acid
was equal to 250 g / dm?® Iron electrodes were
polarized by industrial alternating current with a
frequency of 50 Hz at various current densities. After
dissolution of the iron electrodes by alternating
current, the electrolyte from the first electrolyzer was
fed into the anode space of the second electrolyzer, in
which ferrous iron is oxidized to a trivalent state
during anodic polarization. At the end of the
experiment, the resulting solution was evaporated,
the precipitated crystals were dried and identified by
chemical, X-ray phase and X-ray fluorescence
methods.
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Figure 1 A set flow sheet for producing iron sulfate (II1)
by two-stage electrolysis: 1 and 2 - the first and the
second electrolyzers; 3 - iron electrodes; 4 - sulfate

electrolyte; 5 - lead electrode; 6 - titanium electrode;
7 - MA-40anion exchange membrane; 8 - an alternating
current source - LATR; 9- DC source - current rectifier;

10 - alternating current ammeter; 11 - DC ammeter.

Results and discussion

When the electrodes are polarized in a sulfuric
acid solution by alternating current in the first
electrolyzer (1), the iron oxidation reaction takes
place:

Fe - 2e— Fe?’E°=-0,44 B 1)

This reaction proceeds in the anode half-
cycle of the alternating current.

As the previous studies have established [13,
14], being polarized by alternating current, a targeted
course of electrode processes is possible despite the
fact that the current direction changes with a
frequency of 50 Hz, i.e. within a second, each
electrode 50 times becomes either the anode or the
cathode. But unlike those processes that occur during
polarization by direct current, in this case, the iron
manages to oxidize in the anode half-cycle only to the
divalent state. In the cathode half-cycle of alternating
current, due to the low value of the overvoltage of ion
recovery, hydrogen gas is released on the surface of
the iron electrodes. Moreover, due to the negative
value of the potential of the Fe (11) «&Fe°system, the
reverse cathodic reduction of iron ions (1) to the state
of elements does not occur. The processes are
repeated at a frequency of 50 Hz in cycle. Thus, in

each anode half-cycle, iron electrodes dissolve
according to the reaction (1).

A sulfate solution containing ferrous ions
formed in the first electrolyzer (1) was fed into the
anode space of the second electrolyzer (2), in which
an MA-40 anion exchange membrane separated the
electrode spaces. The membrane serves to prevent the
reverse reduction of iron ions (l11) at the cathode. On
the surface of the anode from lead, ferrous ions are
oxidized to a trivalent state:

Fe*— e ->Fe*E°=-0,77B

The results of iron oxidation in the first
electrolyzer were monitored by determining the
weight loss of the iron electrodes. In the second
electrolyzer, the amount of iron ions (I11) formed was
determined by the photocolorimetric analysis method
[15]. The dependences of the decrease in the mass of
the iron electrodes upon polarization by alternating
current, and the current efficiency of their dissolution
on the current density in the first electrolyzer (Fig. 2)
and the dependence of the oxidation degree of iron
ions (I1) to iron ions (111) on the current density upon
polarization with the direct current in the second
electrolyzer are established (figure 3).

When the current density changes within 80—
400 A / m?, an almost rectilinear increase in the mass
of iron is observed, which transferred to the solution
as Fe?* ions (Fig. 2, curve 1). The current efficiency
(curve 2) is close to 100%, and sometimes exceeds
100%, since the chemical dissolution of iron in
sulfuric acid also occurs simultaneously:

Fe + 2H* - Fe?t + H,

Watt,% Am,gr
104 0,6
103 - 1 - 0,5
102 - 2 - 04
101 A

- 0,3
100 -
99 - - 0.2
98 - -0l
97 t } t —t—1— } t 0
B0 180 240 320 400 i,A/m?

Figure 2 The effect of the current density on the mass of
the iron electrodes decrease (curve 1) and the current
efficiency (curve 2) when polarized by alternating current
(t=1 hour; HSO4 = 200 g / dmd).

Additional
current

experiments were performed
polarization with the same
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electrodes. It was found that at room temperature in
sulfuric acid with a concentration of 200 g / dm?, the
iron electrodes are dissolved chemically and within
30 minutes, the mass loss of the two electrodes does
not exceed 0.0012 g, i.e. 1.2 mg. In this case, the
concentration of sulfuric acid has a slight effect on
the change in mass of the electrodes (Table).

A table Change in the mass of iron electrodes when
dissolved in the sulfuric acid depending on its
concentration with no current imposing

H,S04, g/dm® 50 100 150 | 200
Am,mg 0,3 0,4 0,5 0,6
(1-electrode)
Am,mg

(2-electrode)

0,3 0,4 0,5 0,6

The sulfate solution obtained in the first
electrolyzer is noted to be subjected to evaporation in
order to obtain iron sulfate (1I) as may be required.
The testing carried out in the second electrolyzer with
the same mass of Fe?* ions provided that even at a
current density of 120 A / m? for 1 hour more than
90% of iron (I1) goes into the trivalent state. A change
in the current density to 600 A / m? leads to an
increase in the oxidation state to 97.5%, i.e. iron ions
(I1) are almost completely oxidized under the
indicated conditions (Fig. 3). This is apparently due
to the fact that, with an increase in the current density
at the electrodes, according to the Tafel equation, the
anode potential shifts in a more positive direction, i.e.
more favorable conditions are created for the
oxidation of iron (II).

98%7%
9% -
94 -
92 -
90 -

88 e I
80 160 240 320 400 i, A/m?

Figure 3 Influence of the tocan density on the degree of
iron oxidation (I1) being polarized by direct current
(mFe?* = 104,1 mg, T = 1 hour)

As the studies provide, an increase in the
density of the token electrodes leads to an increase in
the rate of the reaction, and accordingly, the
efficiency of the process is intensified. We note that
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by adjusting the current density in the first
electrolytic cell, respectively, in the second
electrolytic cell, it is possible to control the rate of
formation of the target product.

The sulfate solution containing iron ions (111)
was evaporated after electrolysis to form a viscous
pasty mass (according to the procedure described in
[10]), while its temperature reaches 120°C. The mass
was cooled to 45-50°C, the precipitated crystals were
sucked off on a Buchner funnel and dried at a
temperature of 65°C. The obtained crystals were
identified by X-ray phase analysis (Fig. 4), X-ray
fluorescence (Fig. 5) and chemical analysis. It was
found that the composition of the compound
corresponds to the formula: Fez(SO4)3 - 9H,0.

Figure 4 X-ray diffraction pattern of iron sulfate (111)

|
L L g |
| } J“ ‘ Ji' . W" .LW‘M]M‘thWzlwH'WIm"[fhml(wm“ﬂ“\kw.\fﬁuh.ﬂf
[ gV

|

Coand 1

; At ot
) v

Figure 5 X-ray fluorescence analysis of iron sulfate

Summarizing the results of testing, when the
iron electrodes being polarized with the alternating
current, the iron was found to be oxidized to a
divalent state, and iron sulfate (I1) is formed in the
solution. With further polarization of the resulting
solution by direct current, the iron ions (Il) are
oxidized to a trivalent state. Based on the results of
the study, an electrochemical method for producing
iron sulfate (I11) was developed [16]. A patent of the
Republic of Kazakhstan for a utility model defends
the method. The differences and the advantages of the
proposed method are that debris, scraps of iron,
which are wastes from various technological
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processes are used as the feedstock. There is no need
to grind metal, making the process easier. The
process takes place at room temperature; working
conditions are improved, because there is no
electrolyte vapor. In addition, there is no need to use
nitric acid, respectively, the harmful effects of toxic
gas - nitrogen dioxide on the environment are
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CTanuoHapJIbI JKOHE CTAIMOHAPJIBI eMeC TOKTAPMEH MOJIspu3alusiyiay Ke3inae Temip
cyabdaTTapbIHbIH TY3L1Yi

Baemoga A. K., baemos A., Kymabaii ®. M., lllakenosa M. I11.

Tyiiinaeme. TemipaiH TOTBIFYy NpONECi CTAIMOHAPIBI JKOHE CTAlMOHAPIBI €MEC 3JIEKTPOXHMUSUIBIK IMOJISPU3aNNs
ONiCIMEH KYKIPT KBIIIKBUIIBI 3JEKTPOJIUTTEPAE 3epTTenii. EH anabiMeH TeMip 3JeKTpPOATapbIHBIH TOTBHIFYBI OipiHIIi
ANIEKTPOJIM3Ep/Ie alHBIMAIBI TOK dcepiMeH Kyprizuiai. TemipaiH OipiHIII AJIEKTPONU3Epe TOTHIFYBIHBIH HOTHKEIEPI
TeMip 2J1eKTPOATAPBIHBIH MacCalapbIHbIH a3aiobiMeH O0aKbiIanabl. ToK THIFEI3ABIFE 80-400 A/M? apaibIFbIHA ©3TepreH
Ke3Je, epiTingire Fe?* Typinje eTkeH TeMipiH Maccachl TiK ChI3BIKTHI TOYENALIIK O0ibIHIIA ©3repeTini anbIKTa bl Tok
OoiipiHmia welFbIM 100% -ke xakbiH, an keit6oip kezne 100%-ten acampl, cebebi Oip yakbITTa TeMIpAiH KYKIpT
KBIIIKBUIBIHAA €pyi Jie OpbIH anansl. by epitinaini Oynanapipy apkbuisl Temip (1) cynbdarsin anyra 6onansl. Ocklnan
kedlin KypambiHga Temip (II) wmoHmapblr Oap KYKipTKBIIKBUIABI €PITIHAI CKIiHINI SJeKTpoim3epre xibepimmi. Byn
anekrpommsepae teMip (II) monmapera temip (I11)-ke neiiH TypaKTHI TOK 9CepiMEH TOTBHIKTBIPY KYPTi3iii. DIEKTPOATHIK
KeHicTikTep MA-40 memOpaHaceiMeH Oeninmi. ExiHImi simekTponnsepne TOK THIFBIIBEFHL 120 A/m%6orranaa 1 carat
immiage temip (1) monmapeHbH 90%-1 yII BaneHTTI Kyiire eTeTiHi KepceTinai. Tok THIFeBABFEH 600 A/M? -re neiiin
©3repTKeHIe, TOTBIFY Hopexeci 97,5%-ke xeteni, neMek, Oy sxarmaiina temip (II) noHDapEl TONBIK JEPIiK TOTHIFAIBI.
XKyprizinren sxciepumenTTep HoTmkecinae Temip (I11) cymapdareiH aryIbIH AIEKTPOXUMHUSIIBIK 9/1iC )Kaca bl
Tyiiinai ce3aep: TeMip, 3MEKTPOINT, CyIb(haT, JMEKTPOIN3, AHBIMAIIBI TOK.

®opmupoBanue cyJab(aToB Kejie3a NPU MOJSAPU3ANMI CTAHMOHAPHBIMHA H
HECTAMOHAPHBIMH TOKAMH

baemoga A. K., baemos A., 7Kyma6aii ®. M., [llakenosa M. III.

AHHOTaUUsl. MeTOOM 3JIEKTPOXUMHUYECKON TMOJIAPU3aIMK CTAIlHOHAPHBIMH M HECTAI[HOHAPHBIMH TOKaMH H3y4eH
MIPOIIeCC OKUCIICHHS JKeJIe3a B CePHOKHCIBIX JIEKTPOINTaX. BHavyame B mepBOM AIIEKTPONN3epe MPOBOAMINA OKHUCICHUE
JKEJIE3HBIX AIEKTPOIOB MO ASHCTBUEM MEPEMEHHOTO TOKa. Pe3ynbTaThl OKHCIICHHS JKeje3a B MEPBOM 3JIEKTPOIH3epe
KOHTPOJHPOBAIH IIyTeM OMpPEICIICHUS YOBUIA MACCHI XKEJIe3HBIX 3JICKTPOJIOB. Y CTAHOBIICHO, YTO MPH U3MCHEHUH CHIIBI
Toka B mpenenax 0,1-0,5 A HaOmogaeTcss MPaKTHYECKU NPSAMOJIMHEHHOE YBEIMYCHHE 3HAUCHUSI MACCHI JKelesa,
HepelIeuIeEro B pacTBop B Buje HOHOB Fe?*. Brixon mo Toky 6mmu3ok k 100%, a mHorma mpesbimaer 100%, Tak kak
MIPOUCXOJUT MapalieIbHO U XUMUYECKOE PAaCTBOPEHHE Kelie3a B CEpHOM KuCioTe. BrimapuBaHuem pacTBopa MOMXKHO
noxyuuTh cynbdar xenesa (II). ITocne 3Toro cepHOKHCIBINH pacTBOp, coaepskamuii HoHsl xenesa (I11), oTnpasnsau Bo
BTOPOM JIEKTPOIH3EP, B KOTOPOM MpoBo iy okucieHue xenesa (1) mo sxenesa (I11) mox peficTBreM MOCTOSTHHOTO TOKA.
DNEeKTpOaHBIE TPOCTPAHCTBA OBUIM pa3zielieHbl aHUOHMTOBOW MeMOpaHoii MA-40. IlokazaHo, 4TO BO BTOPOM
ANEeKTpoNn3epe mpu cuiie Toka, paBHoi 0,1 A, B Teuenue 1 gaca 6omee 90% sxenesa (II) mepexoaut B TpexBajIeHTHOE
coctosinue. M3menenue cumbl Toka 10 0,5 A MPUBOIUT K YBEITUYCHUIO CTEIIEHU OKHUCIeHUs 10 97,5%, T.e. NOHBI Kele3a
(I) mpakTHYecKH IMOTHOCTHIO OKHCIIAIOTCA B YKAa3aHHBIX YCJIOBUSAX. B pe3ympTare NMpOBEAEHHBIX SKCIEPUMEHTOB
pa3zpaboTaH dIEKTPOXUMHYECKUAN crioco0 mosrydenus cynbdara xenesa (I11).

KiroueBble cji0Ba: jxene30, IEKTPONINT, CyIb(haT, AIEKTPOIN3, TIEPEMEHHBINA TOK.
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