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Abstract. Various methods of hydrogen production are known: traditional (for example, electrolysis of water and
conversion of hydrocarbons) and combined thermochemical methods. The method of obtaining hydrogen by electrolysis
of aqueous solutions of hydroxides of alkali metals is the most energy-intensive one, though considered one of the most
promising in the European Union. The purpose of this work is the scientific substantiation of the electrochemical produc-
tion of hydrogen with reduced energy consumption in a combined, open mass transfer system, the composition of the
catholyte, and the concentration of its components to ensure the conditions for reducing the energy consumption for the
hydrogen release.

To reduce the energy consumption for hydrogen production in the combined electrochemical method, the anode on
which oxygen is released in an acidic medium is replaced by a soluble anode with an equilibrium potential more negative
than the potential of oxygen release. Such a soluble anode can be iron with a standard potential of —0.44 V. At the same
time, the decomposition voltage in this system was equal to 0.41 V compared to 1.23 V in the case of traditional electrol-
ysis of water. The overvoltage of iron dissolution in a chloride medium is several tens of millivolts, and the potential dif-
ference between the anode and the cathode when hydrogen is released can be much smaller than during the usual de-
composition of water. The Pourbaix diagram and possible products of the electrochemical dissolution of iron were con-
sidered.

The process of iron dissolution was studied in a 1 mol-L-" solution based on Na,SO4 in the addition of NaCl with
concentrations up to about 50 g-L-'. The cathode was platinum, the anode was the St3 iron electrode According to the
data of cyclic voltammetry, it was established that the maximum current density of iron dissolution increases with an
increase in the concentration of sodium chloride in the electrolyte. The dynamics of changes in the potential values of
the onset passivation (the Flade potential) and complete passivation (activation potential) depending on the concentra-
tion of sodium chloride were also established.

It is established that with an increase in NaCl concentration up to 50 g-L-, the Flade potential is shifted shifts to-
wards anode by 0.8 V. At average chlorine concentrations of ~10 g-L-", intense current fluctuations are observed instead
of passivation. The maximum of dissolution iron anode current density 700 mA-cm-2 was achieved in the Na;SO4 solu-
tion with the addition of NaCl in the amount of 50 g-L-".

Keywords: hydrogen, electrolysis, cathode, soluble iron anode, hydrogen energy.

1. Introduction

Hydrogen is commercially produced from fossil hydrocarbons or by electrolysis
of water. These processes occur at high temperatures and/or at high voltages, which
requires significant energy costs. As a result, the obtained hydrogen is expensive,
which limits its use as an environmentally friendly fuel.

We proposed a method for producing hydrogen in a combined electrochemical
system open in terms of mass transfer, in which the anode process of oxygen release
is replaced by the process of dissolving an anode made of a metal with an electroneg-
ative potential [1]. The principal technological scheme of this method of hydrogen
production is presented in the first part of the article [2].

The requirement for the anode material is that this metal should be widespread,
available, and cheap. Moreover, it may be a waste of another production. The anode
dissolution products should not form a solid phase in the electrolyzer, which would
change the hydrodynamics of the circulating electrolyte. They should be used either
as an independent product or be a raw material for another production. Such a materi-
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al can be iron, the most common structural material, the waste of which in the form
of chips or scrap is widely distributed and available.

Note that the cathodic process of hydrogen release and the anodic process of iron
dissolution are inextricably linked by the electric current flowing through the system
and should be considered simultaneously.

The catholyte and the anolyte can have different composition and concentration.
To prevent the mixing of solutions, the cathode and anode spaces are separated by a
membrane [2]. In this case, the electrode processes in the anode and cathode space
can be considered separately.

The thermodynamics and kinetics of the processes occurring in the system can be
illustrated by the diagram shown in Fig. 1. The kinetics of hydrogen release is de-

scribed by the polarization curve (1) - the dependence of the current density (reaction
rate) on the electrode potential.
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Figure 1 — Schematic position of the polarization curves of hydrogen release (1) and iron anode
dissolution (2) in a combined electrochemical system open for mass transfer

The first part of this work [2] substantiated the composition of the electrolyte, the
pH of which was ~ 1.5. By the Nernst equation, the dependence of the hydrogen elec-
trode potential on pH is determined by the equation:

E=Ey—0.058(V)- pH =0V —0.087V -1.5=—0.087V, (1)

that is, the equilibrium potential of hydrogen is slightly different from zero. When
current is applied, it shifts toward negative potentials (cathodic process). The equilib-
rium potential of iron is more negative. The standard potential of iron is -0.44 V and
shifts to the negative side when the concentration (activity) of iron ions decreases.
Since the optimal concentration of iron ions during the long-term operation of the
system has not yet been determined by us, it can be assumed that it will be in the
range C = 0.01 ~ 1.00 mol-L™'. The equilibrium potential according to the Nernst
equation is equal to — (0.44 ~0.5) V at different concentrations of ions (point A,
Fig. 1).
Process decomposition stress is calculated as:

Uy=E?-E®=-0,087-(~05B)B=041B, )
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where: E_ is the potential of the more positive electrode; E_ is the potential of the

more negative electrode.
This voltage is much less than the water decomposition voltage of 1.23 V.
Noteworthy is zone 3 between polarization curves 1 and 2. Spontaneous dissolu-
tion of iron is possible in this zone without current being supplied from outside:

Fe + 2HC] — F€C12 + Hz. (3)

However, the speed of this process is relatively low, and to increase it, it is neces-
sary to supply current from any external source.

At the same time, the polarity of the potential difference changes to the opposite
(indicated by arrows in Fig. 1). Anode changes the sign from minus to plus and cath-
ode - to minus. After this, the system stops working as a current source and starts
working as an electrolyzer. At certain potentials called the Flade potentials or the on-

set passivation potentials Ep (point B, Fig. 1), the electrode begins to be covered by

the corresponding oxides. As a result, the current decreases sharply.

At the same time, the hydrogen release current flowing through the cathode will
decrease, since the same amount of electricity necessarily passes through the elec-
trodes. At point C, the current reaches a minimum. The potential of this point is
marked as E,, and from this value the activation of dissolution begins with further

cathode polarization.

Further polarization of the electrodes will lead to the achievement of point D, the
beginning of oxygen release, which is categorically unacceptable in this system. In
this case, the purpose of this study is to determine the conditions under which the an-
odic process proceeds at the maximum possible rate (current density) and the limiting
potential of the passivation start (Flade potential, point B). To prevent the passivation
of iron, chloride ions are usually introduced into the solution [3].

During the electrochemical dissolution of the iron anode, the reaction proceeds

Fe +2e — Fe?'. 4)

In the concentration range 10°-1 mol-L™! and at a pH < 6.5, by Pourbaix dia-
gram for the Fe-H,O system iron in the solution is in the divalent ions form (Fig. 2
[4D).

In a neutral medium, ferrous iron hydrolyzes with the formation of an insoluble
precipitate of iron hydroxide

Fe?" + 2H,O — FC(OH)z + 2H". (4)

That is, to prevent the formation of sediment in the electrolyzer, the pH of the
anolyte should be less than 6.

With an increase in pH (in the area 6.5 <pH <9), the solubility of Fe(OH),
sharply decreases from 1 to 10 mol-L™! (see the Pourbaix diagram for the Fe-H,O
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system, Fig. 2 [4] ), which leads to precipitation of iron hydroxide crystals. The sizes
of the formed crystals depend on the pH. In neutral and weakly alkaline solutions,
when the solubility of the hydroxide is high, relatively large crystals are formed. At
pH > 9, a suspension with finely dispersed crystals is formed. The occurrence of this
process in the electrolyzer is undesirable, therefore it is advisable to acidify the
anolyte to a pH of about 3. As can be seen from the Pourbaix diagram, under these
conditions, ferrous iron ions are not hydrolyzed. Thus, the optimal pH value is in the
range of 3 +~ 6.
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Figure 2 — Pourbaix diagram for the Fe-H>O system. The lines correspond to the equilibrium of

reactions (3), (4) at different concentrations of the corresponding Fe?": 1 (solid line), 1072, 104, 10°°

mol-L~! (thin dotted line). In contrast to [4], the lines of the equilibrium potential for the release of
hydrogen and oxygen are given for a pressure of 0.1 MPa

As noted in the first part of the article [2], the electrolyte in the cathode circula-
tion circuit is a mixture of 1M NaCl and HCI at a pH of about 1.5. Such an electrolyte
is quite electrically conductive, relatively non-aggressive, and in the case of diffusion
through the membrane into the anode space does not significantly change the pH
anolyte.

The latter is especially important since the iron ions accumulated in the anolyte
should not be hydrolyzed in the electrolyzer with the formation of a solid phase. On
the other hand, to remove excess iron, its oxidation with air oxygen in a saturator at a
pH of at least 3 is assumed, followed by the Fe(OH); hydroxide precipitation in a
sediment tank and separation in filter presses [1]. That is, the anolyte pH must be
maintained in the range from 3 to 6. It is difficult to assume the participation of anod-
ic reaction products in cathodic processes, since the electrodes are separated by a
membrane, and the potential for reducing iron ions on platinum in an acidic medium
is not reached.
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The solution from the anode space of the electrolyzer enters the saturator, where
divalent irons are oxidized by atmospheric oxygen to the trivalent state. Ferric ions at
pH value 3 to 6 are hydrolyzed, forming a water-insoluble solid phase [5]:

AFe?" + 0, + 8OH- — 4FeOOH | + 21,0 6)
or
6Fe”* + 0O, + 60H™ — 2Fe;04] + 6H,0. (7)

At these pH values and a relatively low temperature (< 40 — 50 °C), as well as the
concentration ratio [OH ]/[Fe*'] < 2, phase-pure y-FeOOH is formed [5, 6]. It can be
seen from the Pourbaix diagram that in the area of pH > 6.5 at temperatures of about
18 °C, it is possible to obtain mixtures of intermediate compounds - Fe(II)-Fe(III) hy-
droxo salts, as well as nanocrystalline a-FeOOH [7, 8]. These processes proceed at a
high speed, but in our case, they are unsuitable since the return of the electrolyte after
the iron separation in the electrolysis process requires its acidification with a signifi-
cant consumption of expensive acids.

From the saturator, the resulting colloidal solution enters the sediment tank, where
the flakes are coarsened, and then to the filter press, in which the solid phase is sepa-
rated from the solution. The solution is returned to the electrolyzer, and the iron hy-
droxide can be used for the production of coagulants, or, after heat treatment, go to
metallurgical enterprises. The content of iron in the resulting precipitate is close to
65 %, which makes it a valuable raw material. In this case, the use of a soluble iron
anode fully meets the above requirements.

The purpose of this work:

— establishing the optimal composition and concentration of the electrolyte of the
anode space to ensure the anode dissolution at the maximum possible speed; to create
conditions for the iron release in the form of hydroxides;

— determining the passivation onset potential (the Flade potential) in solutions of
different compositions.

2. Methods

The research on iron anode dissolution was carried out by the method of cyclic
voltammetry in various electrolytes based on a base solution of Na,SO4 with a con-
centration of 1 mol-L!. Different amounts of NaCl were added to the base electrolyte
to study the effect of chlorine. For each electrolyte composition, four cycles were
recorded in the range of potentials —1.0 —+1.0 V with a potential sweep speed of
10 mV-s™!. Polarization of electrode began in the direction of anode. During the ex-
periment, at the same time as the current and potential were recorded on the electro-
chemical cell, additional parameters were recorded, namely the total voltage between
the steel and platinum electrodes. Potentiostat TIONiT-2.08 was used to record po-
tentiodynamic characteristics. The equipment was controlled using the MultiCycle
program with the recording of measurement results on a computer.

The research was carried out at a room temperature of 18 °C. In the process of
electrochemical experiments, the temperature of the solution was controlled. A slight



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 166 57

increase in temperature was observed, approximately by 1 °C per cycle, i.e. within
18+22 °C.

3. Results and discussion

Based on the registered potentiodynamic characteristics (Fig. 3), the effect of
adding NaCl on the dissolution process of the iron anode was analyzed. The obtained
cyclic curves allow studying the process of the anode dissolution and passivation,
namely, to determine the passivation onset potentials (the Flade potential, £,) and
complete passivation potentials (activation onset potential). The Flade potential is de-
termined by the intersection of the activation and passivation branches of the polari-
zation curve, i.e., point B in Fig. 1. The complete passivation potential corresponds to
point C. The process of the onset of activation £, is determined by the reverse course
of the polarization curve. It is close to the complete passivation potential (point C).

In our case, the greatest attention is paid to determining the passivation onset po-
tential, since it corresponds to the maximum value of the current density, and, accord-
ingly, the speed of not only the anode dissolution but also the hydrogen release.

Dependencies of the E, value and the maximum current density on the concentra-
tion of sodium chloride are presented in Fig. 4, 5.

In the absence of chlorine (Fig. 3a), the dissolution peak reaches a maximum in
the first cycle at the value of the current density i,=in,=39 mA-cm? (E,=
Ena=—0.24V).

When adding NaCl solution to the basic sodium sulfate solution, an increase in
the maximum value of the current density (1 maximum) is observed with increasing
concentration (Fig. 3b—e). This dependence is shown in more detail in Fig. 5. At the
same time, at low concentrations of chlorine, for example, 2.5 g of NaCl per one liter
of 1M Na,SOq solution (Fig. 3b), after the first cycle, the surface passivation increas-
es, and the maximum value of the dissolution current decreases in the potential range
from 0.3 V (and more). When the amount of NaCl is 5.0 g'L™! Na,SO4 solution
(Fig. 3c), the value of the first maximum of the current density increases significant-
ly.

Figure 4 shows the change in the maximum current density at points B(i,) and
C(i,) depending on the Cl ions concentration in the working solution. A similar de-

pendence for the potentials Ejand E,, which was determined by the differential

curves of the change in current density from polarization, is shown in Fig. 5.

Fig. 6 schematically shows the change in the course of the polarization curves of
cathodic (1) and anodic processes (2) in different electrolytes. The figure also shows
the polarization curve of oxygen release.

The analysis of cathode polarization curves 1y and 1, was carried out in the first
part of this work [2]. In a sodium chloride solution with a concentration of 1 mol-L,
the hydrogen release overvoltage at the platinum electrode is significant (about 1 V),
and the polarization curve 1 is flat. In the NaCl + HC] mixture at a pH of 1.5, the po-
larization decreases significantly, so curve 1; has a smaller angle of inclination.

The course of anode polarization curves strongly depends on sodium chloride
content. In a pure Na,SOj solution, the iron anode is quickly passivated, and the max-
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imum current density does not exceed 50 mA-cm (curve 2o). In the electrolyte com-
position Na;SO4 + NaCl 50 g-L! at a pH of ~ 5.5, the maximum current density in-
creases 30 times and reaches 700 mA-cm™ (curve 2;). This provides a fundamental
opportunity to significantly intensify the process of hydrogen production, subject to
additional research and the use of an appropriate catalyst.
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In classical electrolysis of water, the breakdown voltage is 1.23 V and does not
depend on the composition and concentration of the electrolyte and the material of
the electrodes. At the current densities used in industry, the voltage during electroly-
sis increases due to overcoming polarization and ohmic resistances. At operating val-
ues of the current density of 150+200 mA-cm™, the voltage is in the range of
1.8-2.2 V, depending on the design of the electrolyzer, the catalyst material, and the
composition of the electrolyte.
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1o — hydrogen release in NaCl solution on a platinum electrode; 11 — hydrogen release in a
NaCIl+HCI solution on a platinum electrode; 2 — dissolution of iron in solutions: 2o — 1M NaxSOs;
21 — IM NaxSO4+5 g-L ! NaCl; 3 — oxygen release

Figure 6 — Schematic representation of polarization curves of hydrogen release (1) and iron an-
ode dissolution (2) in electrolytes of different compositions and concentration. The green curve is
the polarization curve of oxygen release
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In our system, spontaneous flow of the process of hydrogen release is possible
with the simultaneous iron dissolution. The electromotive force of this process is
~0.41 V. As the current density gradually increases, the potential difference decreas-
es (the gap between the anode and cathode curves, Fig. 6) and at point A becomes
equal to O (short-circuited element). At the same time, the current densities are rela-
tively low. To increase them, it is necessary to set the voltage from the outside. In this
case, the system stops working as a chemical source of current and starts working as
an electrolyzer. At a current density of 100 mA-cm™, the decomposition voltage in
our laboratory model was exactly 0.55 V. This is approximately 3—4 times less than
in traditional water electrolysis. Thus, our proposed hydrogen production scheme is
more energy efficient. It does not require high temperatures, or the use of expensive
materials and reagents, but ensures the production of electrolytically pure hydrogen.

4. Conclusions

1. The anodic process of iron dissolution in electrolytes of different compositions
and concentrations in a combined electrochemical system open for mass transfer was
researched.

2. The dissolution of iron in a neutral solution of 1M Na,SOy is accompanied by
anode passivation and oxygen release, which is unacceptable in this system. The ad-
dition of chlorine ions to the solution leads to a decrease in the anode passivation.

3. The maximum current density of the iron anode dissolution increases with an
increase in the content of chlorine ions and reaches 700 mA-cm™ at a concentration
of 50 g of NaCl in a liter of 1M Na,SO, solution.

4. The values of the onset potentials (the Flade potential) and complete pas-
sivation of the anode was determined depending on the sodium chloride concentra-
tion. When the concentration of chlorine ions in the solution increases to 50 g-L-!, the
Flade potential shifts towards anode (that is, to higher potentials) by approximately
0.6-0.8 V.

6. The energy characteristics of electrolysis with hydrogen production in the pro-
posed combined system was analyzed. It is shown that the voltage in this case is 3—4
times lower (0.55 V) than in classical electrolysis of water (1.8-2.2 V). In this case,
the possibility of hydrogen production of electrolytic purity with reduced energy con-
sumption is substantiated.
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OTPUMAHHSA BOJHIO B KOMBIHOBAHIA ENEKTPOXIMIYHIM CUCTEMI: AHOOHUW NPOLIEC
Hegedos B.I"., Mameees B.B., YenuHcbka O.0., Noniwyk FO.B.

AHoTauis. Bigomi pisHi cnocobu BMpoGHMLTBA BOAHIO: TpaguUiiHi (Hanpuknag, enexkTponia BOAM i KOHBepCis BY-
rMeBOAHIB) Ta KOMOIHOBaHI TepMOXiMiuHi MeToaM. Cnocib OTPUMAaHHS BOLHIO €NEKTPOSI30M BOAHWX PO3UMHIB riBpPOKCUAIB
NYXHUX MeTanis - Le HanbinbLl eHeproeMHuin cnocib, ane po3rnsagaetbes B €BponeiicbkoMy Cotosi K 0auH 3 Hainep-
cnekTuBHIWMX. MeToto Uiei poboTn € HaykoBe 0BIPYHTYBAHHS €NEKTPOXIMIYHOTO OTPUMAHHS BOZHIO i3 3HXKEHUMM EHEp-
roBuTpaTami B KOMBIHOBaHIN, BIAKPWTIA 32 MaconepeHOCOM CUCTEMi, CKnagy KaTomniTy Ta KOHUEHTpaujii oro kommo-
HeHTiB Ans 3abe3neyeHHs yMOB 3MEHLLEHHS eHEProBUTPAT Ha BUAINEHHS BOLHIO.

[ns 3MEHLLEHHS eHeproBuTpaT Ha BUPOBHMLITBO BOAHIO MpW KOMBIHOBAHOMY enekTpoXiMiyHOMY cnocobi, aHod, Ha
SIKOMY BUAINSETLCS KUCEHb Y KUCIIOMY CEPEeLOBULL, 3aMiHAKTb HA PO3YMHHUIA @HOA 3 PIBHOBAXHMM MOTEHLianom GinbLu
HeraTMBHUM 3a MOTEHL|ian BMAINEHHS KUCHIO. TakuM PO3YMHHUM aHOAOM Moxe OyTu 3ami3o i3 cTaHgapTHUM NOTeH-
uianom —0,44 B. Mpu LpOMY Hanpyra posknafaHHa B AaHii cuctemi gopisHioe —0,44 B npotv 1,23 B npu TpaguuinHomy
enekTponisi Boau. MNepeHanpyra po34nHEHHS 3anisa B XNOPUOHOMY CepefoBMLLi CTaHOBUTb Kiflbka AECATKIB MiniBonbT, a
Pi3HMLS NOTEHLianiB aHOAA i kaToga Npy BUZINEHI BOAHIO MOXeE 6YTH 3HAYHO MEHLLOIO HiXX NPW 3BUYAHOMY pO3KIasaH-
Hi Bogu. byno posrnsaHyTo giarpamy lMyp6e Ta MOXn1BI NPOAYKTW eNEeKTPOXiMIYHOTO PO34MHEHHS 3aniaa.

[Mpouec po3unMHeHHs 3anisa SOCRigXyBanu NPy LMKYBaHHi y po34mHi Ha ocHOBi NapSO. 3 KOHLEHTpaLieo 1 Monb/n
3 pobaskamu NaCl koHueHTpayieto npubnusHo go 50 r/n. Katoa Ans npoBedeHHs NMpOLECy enekTponidy — nnatuHa,
aHog — 3anisHuit enektpog C13. 3a AaHMMM LMKAIYHOT BONbTAMNEPOMETPIl BCTAHOBMEHO, LU0 MaKCUManbHa rycTuHa
CTPYMy PO34MHEHHS 3anida 3pocTae i3 36iNbLUEHHAM KOHLEHTpaLii xnopuay HaTtpito B enektponiti. Takox Gyna BcTa-
HOBMeHa AuHamika 3MiHW 3Ha4eHb MoTeHujianie novatky nacveadii (noteHuian ®nage) i NoBHOI nacuBauji (noTeHuian
aKTWBaLliT) B 3aNeXHOCTI Bif KOHLEHTpaLLii Xxropuay HaTpis.

BcraHoBneHo, wo npu 36inbweHHi koHueHTpayii NaCl go 50 r/n noTeHujan ®nage 3millyeTbca B aHoaHMI Gik Ha
0,8 B. lMpu cepepHix koHueHTpauisax xnopy ~10 r/n 3amicTb 30HK NacuBallii CnocTepiraeTbCa 30Ha IHTEHCUMBHUX KO-
BaHb CTpyMy. MakcumarbHa rycTuHa CTpyMmy po3uuHeHHs 3anisHoro aHogy 700 MA/cm2 Byna JocsirHyTa B PO3YMHi
Na,SO4 npu pogaeanHi NaCl B kinbkocTi 50 r/n.

KntouoBi cnoBa: BogeHb, eNeKTponia, katog, PO34YMHHIIA 3ani3Hui aHoA, BOAHEBA eHepreTuka.
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