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The aim of this work was to study the operating characteristics of the membrane-free
electrolysis water decomposition for high-pressure hydrogen and oxygen production and
ensure a maximum yield of the potassium ferrates as a target product without using expensive
electrode metals. An electrode assembly consisting of two electrodes, steel 3 (passive, i.e.
gas-releasing) electrode and porous Fe active (i.e. gas-oxidizing) electrode, was used. An
aqueous solution of potassium hydroxide (25%) was used as an electrolyte. To assess the
efficiency of the formation of potassium ferrates, the effects of the current density (in the
range of 0.008 A/cm? to 0.03 A/cm?) and the number of the complete redox cycles on the
density of the electrolyte were studied. It was determined that the density of an electrolyte
increased from 1.23 g/ml to 1.26 g/ml after 10 complete cycles. This indicates an increase
in the concentration of potassium ferrates in the course of the electrolysis process at the
current density of 0.015 A/cm?. A decrease in the current density below 0.01 A/cm? leads
to a decrease in the rates of the gases release (both H, and O,) and ferrate ions formation
which is a critical condition for potassium ferrates formation taking into account their
tendency for self-decomposition. The change of the Gibbs energy was determined taking
into consideration the initial potential of hydrogen and oxygen evolution. Recommendations
were given that concern the application of the developed method of ferric acid salts
production to use them as an oxidizing agent in the process of waste-water treatment.
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Introduction

Currently, the waste-water treatment shows a
tendency to expand the technologies using potassium
ferrates (PF) as an oxidizer in the chlorination
processes [1—3]. Being strong oxidizing agents,
ferrates readily oxidize organic pollutants and provide
an antiseptic effect. At the same time, they, unlike
chlorine, do not form the toxic products.

Therefore, ferrates are increasingly being used
in water purification and water treatment. There are
three main groups of methods for producing ferrates:
chemical oxidation of iron (II) and (I1I) compounds
in alkaline solutions; electrochemical oxidation of
iron in alkaline solutions and high-temperature
oxidation of iron, iron (II) and (III) compounds in
the solid form [4—9].

A significant drawback of the high-temperature
and electrochemical oxidation methods for producing
ferrates is a high energy intensity of these processes.
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Therefore, the problem of developing an
electrochemical process for hydrogen and oxygen
evolution from water while simultaneous producing
PF for the above mentioned application is very
topical. This method will give the possibility for
producing potassium ferrate in a liquid form and
with stable properties to result in reducing the cost
of the electrolysis process. These PFs can be easily
added to or injected into any solution or tank.

Earlier, a method of high pressure hydrogen
and oxygen electrochemical generation in the
membrane-less electrolyzer was developed using
metals with variable valence [10—12]. According to
this method, the process of water decomposition is
cyclical, namely, the processes of hydrogen and
oxygen evolution are alternating in time. The
operating temperature range of the electrolysis process
is from 280 K to 423 K and the pressure range is
0.1-70 MPa.
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The aim of this work was to study the operating
characteristics of the membrane-less electrolysis water
decomposition for the production of high-pressure
hydrogen and oxygen and ensure a maximum yield
of the PF as a target product without using expensive
electrode metals.

Experimental

Materials

When conducting the experimental study, we
used an electrode assembly consisting of two
electrodes: Steel 3 passive (gassing) and porous Fe
active (gas-oxidizing) electrodes. An aqueous solution
of KOH (25%) was used as electrolyte.

To assess the efficiency of the PFs formation,
we investigated the effects of current density (in the
range from 0.008 A/cm? to 0.03 A/cm?) and the
number of the full redox cycles on the density of the
electrolyte.

Methods

When implementing the proposed cyclical
technology, the reaction of water decomposition
occurs continuously in the electrochemical cell with
simultaneous hydrogen and oxygen evolution. At the
first half cycle, hydrogen is generated on the passive
electrode in a gaseous form and is fed to the high
pressure line. At that time® oxygen is chemically
bound by the active electrode (forming a chemical
compound).

During the subsequent half-cycle, the

electrochemical reduction of the active electrode with
hydrogen is carried out that is accompanied by oxygen
evolution at the passive electrode and its feeding
into the external line. Cyclic generation of hydrogen
and oxygen in time prevents the possibility of gas
mixing and eliminates the need for using separation
membranes in the electrolyzer inter-electrode space.
The electrolyte density was measured by a
hydrometer. The measurement of the evolved gases
volume was performed by the volumetric method
using U-shaped differential manometers of the
oxygen and hydrogen highways. The used method is
similar to that described elsewhere [10,11].

Results and discussion

The main data were obtained experimentally
by studying the electrochemical activity of the
Steel 3—Fe electrode twin. The data are given in
Table 1 and in Fig. 1 and 2.

Based on the obtained results, it was determined
that dark red ferric acid (H,FeO,) is formed near
the iron anode (Steel 3) during the electrolysis process
(Fig. 3) in the oxygen half-cycle and at voltage below
(—1.2 V) when a porous iron electrode is oxidized
by the following reactions:

Fe+20H < Fe(OH),*+2¢, (1)
Fe(OH),+OH «<Fe(OH),+e. (2)
Table 1

The results of the electrochemical activity of the Steel 3—Fe electrode twin

Surface of the active |Current, Current Amount of generated | Amount of generated | Electricity consumption,
electrode, cm’ A |density, A/em®|  hydrogen, m’/h oxygen, m’/h kWh/m’
315 0.5 0.015 0.26:10° 0.13-10° 4.07
' 1.0 0.03 0.33-10° 0.16-10°° 4.24
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Fig. 1. Plots of electrode vs. time dependences of the full cycle of hydrogen and oxygen evolution when Steel 3—Fe electrode twin
is used. Current density: B — 0.015 A/cm?; ¢ — 0.03 A/cm?; A — 0.008 A/cm?
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Fig. 2. Plots of voltage vs. time for complete cycles of hydrogen and oxygen evolution during the electrolysis when the Steel 3—Fe
(sponge) electrode twin is used. Current density 0.015 A/cm?

Fig. 3. Photos of the Steel 3—Fe electrolysis cell in a glass
reactor: a — before the beginning of the redox cycle; b — at the
end of the redox cycle

This effect is associated with the process of ion
transfer between the passive and active electrodes
during the corresponding half-cycles.

The dark red solution of the ferric acid salt
gradually decomposes with oxygen evolution by the
reaction:
4K,Fe0,+10H,0>8KOH+4Fe(OH),+30,T. (3)

The salt of ferric acid is one of the most
powerful oxidizing agents with respect to organic
compounds. It can oxidize even water. It was
experimentally determined that a gradual increase
in the oxygen evolution half-cycle time is observed
with each subsequent electrochemical cycle of gas
evolution. This is due to the deposition of the formed
salts on the electrodes surfaces by the following
reaction:

Fe+2KOH+2H,0-K,FeO,+3H,T, (4)

namely, with each subsequent cycle of hydrogen
(oxygen) evolution the PF density and oxygen
evolution half-cycle duration are gradually increase
due to the additional energy consumption in the
formation of iron salts and gaseous oxygen (Fig. 2).

After 10 complete redox cycles, the electrolyte
density was increased from 1.23 g/ml to 1.26 g/ml.
In this case, 2.6 liters of hydrogen were generated
which corresponded to a flow rate of 2.18-1073 liters
of water per 500 ml of the stock electrolyte (KOH
solution). The dependence of the electrolyte density
on the number of H, (O,) evolution cycles at the
current densities of 0.015 A/cm? and 0.03 A/cm? is
showed in Fig. 4.
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Fig. 4. Dependence of the electrolyte density on the amount of
the performed cycles at the current density: ¢ — 0.015 A/cm?;
B —0.03 A/cm?

With an increase in the current density to
0.03 A/cm?, the amount of the generated H, (O,)
increases by ~20% (Table 1, Fig. 5), a slight increase
in the electrolyte density is observed (up to 1.24 g/ml).
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Fig. 5 Dynamics of the complete cycle of hydrogen and oxygen evolution during electrolysis when the Steel - Fe electrode twin is
used at current density: B — 1= 0.015A/cm? A —1=0.03 A/cm?

Upon completion of 10 complete gases
evolution cycles, the rate of oxygen evolution
increases in accordance with the following reaction:
40H —4e —>2H,0+0,T. (%)

This results in a decrease in generation of the
ferrate ions at the anode.

Conducting the process at lower current
densities (<0.01 A/cm?) is not economically feasible.
This is due to the fact that a lower current density
leads to a decrease in the rate of the gases evolution
(H, and O,) and formation of ferrate ions. That is
critical condition taking into account the tendency
of the resulting PF to self-decomposition.

In the gas evolution process, the initial
potentials of hydrogen and oxygen evolution were
0.35 Vand —1.22 V, respectively. After 10 complete
cycles of gases evolution, the initial gas evolution
potentials reached the maximum values: 0.41 V for
H, and (—1.4 V) for O,. Then the potentials were
constant in the next half cycles (Table 2). This
indicates the maximum possible density of the formed
PF in the electrolyte solution under given parameters.

Deposition of the PFs on the electrodes surfaces

leads to an increase in overvoltage at the
corresponding half-cycles and to an increase in the
energy consumption per unit of the gas generated
volume. There is a need to provide multi-stage
washing of the resulting PF precipitate as well as the
following recrystallization, extracting in the inorganic
and organic solvents and subsequent drying to use it
as a commercial product [13].

The changes of the Gibbs free energy were
calculated (Eq. (6)) to confirm thermodynamic
probability of H, and O, evolution reactions in the
initial period [14].
AG=—zFop, (6)
where z is the number of the electrons participating
in the process; F is the Faraday constant; ¢ is the
electrode potential in the initial period of H, (O,)
evolution.

The obtained results are listed in Table 2.

The negative values of the Gibbs free energy
indicate a high thermodynamic probability of H, (O,)
evolution at the initial period of gas formation. An
increase in the initial potential of gas evolution leads
to an increase in the time of the beginning of the gas

Table 2

Data on electrochemical activity of the Steel 3—Fe (sponge) electrode twin

Active c . Current Gassing beginning Change of Gibbs standard Electric power
electrode urjien > | density, voltage, V energy, —AG, J/kg consumption,
surface, cm’ Alem’ H, 0, H, 0, kWh/m’
0.35 -1.22 2.23-107 8.123-107 4.07
31.5 0.5 0.015
0.41 ~1.4 2.611-10" | 10.537-107 4.3
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formation process and a corresponding increase in
the energy consumption per 1 m?® of hydrogen
produced in the industrial conditions.

Conclusions

1. Generation of hydrogen and oxygen in a
membrane-less electrolysis system using the Steel
3—Fe electrodes twins is accompanied by the PF
formation upon reaching the —1.2 V potential in the
oxygen evolution half-cycle which results in an
additional energy consumption for 1 m3 hydrogen
generation.

2. Maximum concentration of the formed PF
is reached under the maximum initial potentials of
hydrogen and oxygen evolution (0.41 Vand —1.4V,
respectively), an increase in the KOH aqueous
solution density being observed (up to 1.26 g/ml).

3. Conducting the process at a low current
densities (<0.01 A/cm?) is not economically feasible.
This is due to the fact that a lower current density
causes a decrease in the rate of the gases evolution
(H, and O,) and formation of ferrate ions. That is a
critical condition taking into account the tendency
of the resulting PF to self-decomposition.

4. Analysis of the values of the Gibbs free energy
change calculated taking into account the electrode
potential in the initial period of gases evolution under
corresponding half-cycles showed a high probability
of the H, (O,) evolution reactions.

A high oxidation level of iron (+6) allows using
the PF powder after selection and technological
treatment for cleaning the domestic and industrial
waste-water from mobile heavy metal ions as well as
for microbiological purification from the bacteria and
viruses. It was stated that liquid potassium ferrates
having stable properties can be produced as an
additional commercial product in the process of
hydrogen and oxygen generation by controlling the
gases evolution parameters. This is a positive
economic effect of the considered electrolysis process.
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YTBOPEHHA ®EPPATY KAJIIO B
BE3SMEMBPAHHOMY EJIEKTPOJII3HOMY ITPOLIECI
PO3K/IAJAHHS BOJAN

M.M. 3inynnixoe

Memoro danoi pobomu 6y10 6CMaHOBAEHHS PENCUMHUX XA~
PaKmepucmuk, wio 3abe3neuyoms MaKcuManbHull euxio kanitl gep-
pamy K Yinb06o2o npodyKkmy be3 GUKOPUCAHHS 6APMICHUX eneK-
MpPOOHUX Memanie 6 ymoeax beameMopanHoi eneKmpoaizHoi mexHo-
J102ii po3KAadaHHs 800U | 00epHcanHs 600HIO | KUCHIO 3 8UCOKUM
muckom. Tlpu 30ilicHenHi excnepumenmanbHux 00caioxHceHs 3acmo-
cosyeanace eaekmpooHa 30ipka, wo ckaaoaemucs 3 NACUBHO20 (2a-
306udintoearoeo) eaekmpoda — Cmanv 3 i akmuenoeo (2a300Kuc-
NH068aH020) eaekmpoda — nopucmoeo Fe. ik eaexkmponim euxopu-
cmosysascs 25%-nuil 600Hul posuun Kanii eidpokcudy. s oyi-
HIOBAHHSA eheKmuUeHOCmi ymeopeHHs Kaiill gpeppamy 6ya0 docai-
dxceno enaue eycmunu cmpymy 6 inmepeani 6id 0,008 A/cm? do
0,03 A/cm? i Kinbkocmi NOBHUX OKUCHO-BIOHOBHUX UUKAIE HA 2yC-
MUKy GUKOPUCMOBYBAHO20 eaekmpoaimy. Becmanoseaeno, wo nicas
10-mu nosHux yukaie eycmuHa eaeKmpoaimy nidsuwulacs 6io
1,23 e/ma do 1,26 ¢/ma, ye ceiduums npo nioguuyeHHs: KOHUEH-
mpauii ymeopeHoeo kaiitl peppamy 6 eneKmponizHoMy npoueci npu
eyemuni cmpymy 0,015 A/cm?. SHudicenHs eycmutu cmpymy Hudicue
0,01 A/cm? npuzeodums 0o 3meHUIeHHs WEUOKOCMI YIMEOPeHHs 2a3ie
(H,, 0,) i peppam-ionie, wjo € Kpumu4HuM 3 02430y HA CXUAbHICIb
do camoposkaadanus ymeoproeanoeo Kaniil geppamy. Busznaueno
3HaueHHs1 3MiHU eHepeii Ti66ca 3 ypaxyeamHam NOYaAmMK08020 NO-
meHyiany eazoeudineHHs 600HH0 | KUCHI. 3anponoH08aHi peKomeH-
dauii w0do 3acmocyeanHst 0aHo20 cnocoly 0 00ePICaHHs coaell
heppamuoi Kucaromu 3 Memoro ix BUKOPUCMAHHS 8 AKOCMI OKUCAHO-
eaua npu 06pobaeHHi 600U | 600HUX 6i0X00i6.

Kimouosi cioBa: BoneHb, KUCEHb, Kalliii deppar, Kamii
TiZIPOKCH, €JIEKTPOITi3HA CUCTEMA.
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The aim of this work was to study the operating characteristics
of the membrane-free electrolysis water decomposition for high-
pressure hydrogen and oxygen production and ensure a maximum
yield of the potassium ferrates as a target product without using
expensive electrode metals. An electrode assembly consisting of two
electrodes, steel 3 (passive, i.e. gas-releasing) electrode and porous
Fe active (i.e. gas-oxidizing) electrode, was used. An aqueous solution
of potassium hydroxide (25%) was used as an electrolyte. To assess
the efficiency of the formation of potassium ferrates, the effects of the
current density (in the range of 0.008 A/cm? to 0.03 A/cm?) and the
number of the complete redox cycles on the density of the electrolyte
were studied. It was determined that the density of an electrolyte
increased from 1.23 g/ml to 1.26 g/ml after 10 complete cycles. This
indicates an increase in the concentration of potassium ferrates in
the course of the electrolysis process at the current density of
0.015 A/cm?. A decrease in the current density below 0.01 A/cm?
leads to a decrease in the rates of the gases release (both H, and O,)
and ferrate ions formation which is a critical condition for potassium
ferrates formation taking into account their tendency for self-
decomposition. The change of the Gibbs energy was determined taking
into consideration the initial potential of hydrogen and oxygen
evolution. Recommendations were given that concern the application

of the developed method of ferric acid salts production to use them as
an oxidizing agent in the process of waste-water treatment.
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