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Kinetic regularities of cathode processes during electrolysis of low concentrated NaCl
solutions have been investigated in this work. It was shown that the reduction of hypochlorite
ion on platinum in the concentration range up to 0.015 M is limited by the diffusion stage
as evidenced by linear dependence of the reciprocal limiting current density versus reciprocal
square root of the electrode rotation rate. The diffusion coefficient of C1O™ ions to the Pt-RDE
surface was calculated from the Koutecki-Levich equation and it was 6.6-107% cm? s7!. It
was stated that the cathode material has a significant effect on the overvoltage of hypochlorite
ion reduction. For example, on platinum, the beginning of the current increase corresponding
to the reduction of ClO~ is observed at +0.3 V, whereas it is —0.25 V on steel and nickel
and —0.8 V on titanium. The preparation of a platinum electrode, which affects the
texture and condition of the surface, also affects the reduction potential of the hypochlorite
ion. Thus, the current increase is observed at +0.1 V on a molded and machined Pt-RDE,
while the growth of the current is observed at +0.3 V on a flat Pt electrode etched in aqua
regia. The potentials of the beginning of hydrogen evolution are practically indistinguishable.
It was shown that the electrolysis of NaCl solutions in an undivided cell should be performed
at the maximum possible cathode current densities in order to minimize sodium hypochlorite
losses due to its reduction at the cathode and reduce the rate of chlorate accumulation.
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the cost of construction, reduces energy

The synthesis of sodium hypochlorite solutions
can be organized in flow and non-flow cells. Non-
flow systems are quite simple in terms of design and
have a low cost. Such constructions are in demand
when locally obtaining small quantities of sodium
hypochlorite solutions for disinfection, for example,
small farms, veterinary clinics, at home. The use of
flow-type electrochemical reactors allows one to
organize the continuous production of sodium
hypochlorite solutions with specified parameters. The
cell can be built on the basis of flowing
electrochemical cells with separated or undivided
interelectrode space [1,2]. Both methods of
implementing the electrolysis process have their
advantages and disadvantages. The presence of the
diaphragm complicates and makes the design more
expensive, increases the cost of electricity, however,
allows one to obtain solutions with the maximum
possible concentration of sodium hypochlorite [3].
The absence of a diaphragm simplifies and reduces
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consumption, allows one to synthesize sodium
hypochlorite solutions with a pH of 8.5—9.5,
however, such process leads to a partial loss of sodium
hypochlorite by restoring it at the cathode [4,5].

Optimization of electrolysis parameters (choice
of electrode materials, magnitude and ratio of
electrode current densities, cell design, etc.) can
significantly increase the efficiency of synthesis of
sodium hypochlorite solutions as well as their purity.

The cathode material, along with the required
electrocatalytic activity and selectivity for the
processes of cathodic reduction of oxygen-containing
chlorine compounds, must meet a number of
additional requirements: i) have high corrosion
resistance in environments containing chloride and
hypochlorite; ii) be safe for humans and animals;
iii) be suitable for the manufacture of electrochemical
modules, both coaxially and with plane-parallel
electrodes; and iv) have a low cost.

Materials with the following requirements are
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as follows: titanium, platinized titanium, stainless
steel [1,6,7].

In this paper, we consider the regularities of
cathodic reduction of hypochlorite and chlorate ions
at different electrodes. The choice of cathode material
is also considered in order to optimize the process
for obtaining of sodium hypochlorite solutions with
high purity.

Material and methods

All chemicals were reagent grade.
Electrochemical measurements were carried out in
1 M HCIO, with computer controlled MTech
PGP-550 M potentiostat (Ukraine) in a standard
temperature-controlled three-electrode cell. The
electrochemical kinetics was studied on a Pt rotating
disk electrode (Pt-RDE) with a surface area of
0.19 cm?, mounted in a fluoroplastic. The Pt-DE
surface was treated, before use, by the procedure
described elsewhere [8]. Such preliminary treatment
permits achieving a reproducible surface. All
potentials were recorded and reported vs.
Ag/AgCl/KCl(sat.). The reference electrode was
brought to the working electrode through the Luggin
capillary. The temperature was 25+1°C.

Platinized Ti anode was obtained by platinum
deposition from a nitrite electrolyte on a prepared
titanium surface at 10 mA cm™2 and 80°C [8]. The
surface content of platinum was 2.0 mg cm™2.

The concentration of NaClO and NaClO; in
solutions was determined by iodometric titration [9].
The standard deviation in determining of the
concentration does not exceed 3 mg L' and
*+2 mg L' for sodium hypochlorite and sodium
chlorate, respectively. Moreover, standard deviations
for current efficiencies are £1.0% and +0.5% for
hypochlorite and chlorate, respectively.

Results and discussion

There are several characteristic areas on
voltammograms obtained on Pt-RDE in a solution
containing 1.0 M NaClO,+0.15 M NaCl+0.015 M
NaClO (Fig. 1): the limit current wave at potentials
—0.2...—0.8 V, because of the reduction reaction of
the hypochlorite ion (area I) and the exponential
increase in current due to the reaction of hydrogen
evolution (area II). As one can see from Fig. 1, the
dependence of the reciprocal limiting current density
1/jp, is directly proportional to the reciprocal square
root of the electrode rotation rate. This line passes
through the origin, which indicates the diffusion
nature of the process. Thus, the reduction of
hypochlorite ion on platinum in the concentration
range up to 0.015 M is limited by the diffusion stage.
The diffusion coefficient of ClO~ ions to the Pt-
RDE surface was calculated from the Koutecki-

Levich equation [10—12] and it is D=6.6-10"° cm? s,

Voltammetric measurements on fixed electrodes
made of different materials (Pt, Ni, Ti, and stainless
steel) were performed under forced convection of
the electrolyte. The rate of electrolyte agitation in
relation to the surface of the electrodes (6x5 mm)
was varied by changing the velocity of the stirrer
located in the center of the cell. The velocity of the
stirrer was varied by changing the supply voltage of
the DC motor and was controlled by ROs. For
maximum correctness of the experiment, all
conditions were reproduced, including the shape and
size of the electrodes, as well as their position in the
relation to the stirrer and cell boundaries. As it turns
out from Fig. 2, on a fixed Pt electrode, the shape
of the curves at different mixing intensities does not
differ from the voltammograms on the Pt-RDE
(Fig. 1). There is a linear dependence of the value
of the limiting current density (jp) on the speed of
the stirrer, which indicates the diffusion control of
the process. A similar dependence is observed on
other electrode materials, which also indicates the
reduction of ClIO™ at cathode current densities above
15—20 mA c¢cm™ in the diffusion region.

The cathode material has a significant effect
on the overvoltage of hypochlorite ion reduction
(Fig. 3). For example, on platinum, the beginning
of the current increase corresponding to the reduction
of Cl1O™ is observed at +0.3 V, on steel and nickel at
—0.25V, and on titanium at —0.8 V. The preparation
of a platinum electrode, which affects the texture
and condition of the surface, also affects the reduction
potential of the hypochlorite ion. Thus, on a molded
and machined Pt-RDE current increase is observed
at +0.1 V (Fig. 1), while on a flat Pt electrode etched
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Fig. 1. Voltammograms in 1 M NaClO,+0.15 M NaCl+0.015 M
NaClO solution. Pt-RDE rotation speed, rpm: 1 — 0; 2 — 580;
3 —1000; 4 — 1900; 5 — 3000; 6 — 4000. v=1 mV s!
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and the intensity of mixing of the electrolyte. The
curves on heat-treated and non-heat-treated Ti/Pt
(2.0) practically coincide with each other (Fig. 4,
curves 2, 3). The first curve obtained on Ti/Pt (2.0)-
Pd (2.0) is similar in nature to the curves on Ti/Pt
(2.0), with the difference that the current limit is
observed at —0.15 V. Hydrogen release potentials
almost coincide. The second and third sequentially
recorded curves on Ti/Pt (2.0)-Pd (2.0) start at
—0.25 V, with the potential imposed by the palladium
absorbed hydrogen. Here immediately begins a
noticeable gas evolution. Reduction of NaClO
proceeds together with hydrogen evolution reaction
without limiting current. In this sample of titanium,
the reduction of the hypochlorite ion begins at almost
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-E/V (vs. Ag’/AgCl) 900—1000 mV, and the hydrogen evolution reaction
is 420 mV more cathodic than at Ti/Pt (2.0).
Fig. 2. Voltammograms on fixed Pt (0.3 cm?) electrode in 1 M It should be noted that nickel in the presence
NaClO,+0.15 M NaCl+0.015 M NaClO solution at different ~ of NaClO solution in concentrations greater than
mixing intensities. Stirrer velocity, rpm: 1 — 0; 2 — 400; 4.1073 M is exposed to intense corrosion (Fig. 5),
3 —650; 4 — 1200; 5 — 1700. v=1 mV s!
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Fig. 4. Voltammograms on fixed Ti (1), Ti/Pt(2.0) (2), heat-

Fig. 3. Voltammograms on fixed Pt (1), Ni (2), stainless steel treated at 530°C Ti/Pt(2.0) (3) and Ti/Pt(2.0)-Pd(2.0) (4, 5)

(3) and Ti (4) electrodes in 1 M NaClO,+0.15 M NaCl+0.015 M electrodes (S=1.0 cm?) in 0.5 M NaCl+0.015 M NaClO
solution. Stirrer velocity is 350 rpm. v=5 mV s™!

NaClO solution. Stirrer velocity is 660 rpm. v=1 mV s™!

in aqua regia, the growth of the current is observed
at +0.3 V (Fig. 3). The potentials of the beginning
of hydrogen evolution are practically
indistinguishable.

Another series of cathode curves in 0.5 M
NaCl+0.015 M NaClO, obtained on titanium (plate
thickness is 0.5 mm; two samples of Ti/Pt (2.0) with
a surface content of platinum 2.0 mg cm™? (one of
the samples was heat-treated at 500—530°C during
3 hours)) and palladium-plated Ti/Pt (2.0)-Pd (2.0)
are shown in Fig. 4. The nature of the curves in
Fig. 4 does not differ from the curves shown in Fig. 3.
The limiting current of hypochlorite ion reduction
is approximately the same for four electrodes;
however, slightly lower than in the previous Fig. 5. Corrosion of nickel in 8 g L' NaCl+0.5 g L-' NaClO
experiment: this is due to the size of the electrode solution
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which makes nickel unsuitable as a cathode material

for non-diaphragm electrolysis of NaCl solutions.
One hour of cumulative electrolysis on heat-
treated at 500°C Ti/Pt (2.0)-Pd (0.5)-anode allows
one to obtain sodium hypochlorite with a concentration
of approximately 500 mg L™' (7-1073 M). The current
density of the anode and cathode in this case was
20 mA cm™2. Chlorates were not detected in the
resulting solutions under such conditions of
electrolysis. As follows from Table 1, the cathode
material does not affect the concentration of resulting
solution during cumulative electrolysis under these
conditions because the reduction of sodium
hypochlorite at all cathodes occurred at a limit
current and with equal current efficiency. These

results are consistent with data depicted in Fig. 4.
Table 1

Concentration and integrated current efficiency (CE) of

NaClO during electrolysis”

Cathode [C(NaClO) mgL™"'| CE(NaClO)/%
Ti 507 91
Ti/Pd(2.0) 508 91.5
Ti/Pt(2.0) 508 91.5
Ti/Pt-Pd(2.0) 507 91

*Note: One hour of cumulative electrolysis of 200 cm?® of NaCl
solution (10 g L™") on heat-treated at 500°C Ti/Pt (2.0)-Pd (0.5)-
anode. Electrode area was 4 cm?, j,=j.=20 mA cm™.

The rate of hydrogen evolution increases with
increasing current density, whereas hypochlorite ion
reduction rate, which is determined by the limit
current, increases almost constantly, as follows from
the partial curves of hydrogen evolution and ClIO~
reduction obtained at Pt electrode (Fig. 6). Therefore,
an increase in the cathodic current density will lead
to a decrease in the current efficiency of ClO~
reduction and, accordingly, reduce its loss at the
cathode. An increase in current is observed because
of additional mixing of the electrode space by the
released gas at potentials corresponding to the
beginning of hydrogen evolution on the partial curve
of ClO~ reduction. The current efficiencies of the
hypochlorite ion reduction, calculated from the
values of the total and partial currents, are shown in
Fig. 6. During the cumulative electrolysis, the current
efficiency of the hypochlorite reduction gradually
increases as the concentration of NaClO in the
solution grows.

It should be noted that the real surface area of
the electrode is recognized to play a significant role,
along with the hydrodynamic conditions. Thus, the
losses of sodium hypochlorite will be more significant
at the cathode with a developed surface, than at the
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Fig. 6. The total (1) and partial steady-state current-voltage
curves of hydrogen evolution (2) and ClIO™ reduction (3) at Pt
electrode in 0.15 M NaCl+1.0 M NaClO,+0.015 M NaClO
solution under mixing. CE stands for current efficiency of C1O~
ions reduction

smooth electrode. The cathode current density in
the experiment was varied by changing the geometric
area of the cathode under other constant conditions
of electrolysis. Analysis of experimental data shows
(Table 2) that the cathode material does not have a
significant effect on the concentration of sodium
hypochlorite in solution starting from j,=10 mA cm™.
In this case, an increase in the current density leads
to a decrease in the current efficiency of ClO~
reduction. The current efficiency of reduction of
NaClO was more than 85% at a cathode current
density of 10 mA c¢cm™2 for 30 min of electrolysis and
less than 30% at 40 mA cm™. Some difference in
the values of the sodium hypochlorite concentration
at a given overall current density for different
materials is probably due to differences in the real
surface of the cathodes. As demonstrated by the
example of electrolysis with a titanium cathode
(Table 2), reducing the degree of surface roughness
(because of the electrode polishing) leads to a
decrease in the sodium hypochlorite reduction by
increasing the true current density.

The energy consumption for the synthesis of
1 kg of NaClO are 3.1 in the case of titanium cathode;
2.95 for the cathode made of stainless steel, and 2.7
kilowatt-hours in the case of Ti/Pt. These values
were calculated after cumulative electrolysis in
undivided cell at anode and cathode current densities
of 60 mA cm™2 at the anode Ti/SnO,-Pt (8)-Pd (12).
The maximum difference in energy consumption
between Ti and Ti/Pt cathodes in terms of obtaining
1 liter of sodium hypochlorite solution with 1 g L™!
concentration is only 0.3 watt-hours, which makes
the use of Ti/Pt not appropriate. The use of Ti/Pt as
a cathode material may occur if the synthesis of
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Table 2
Current efficiency of sodium hypochlorite reduction reaction in the divided cell”
C(NaClO)mg L' | CE/% | C(NaClO)/mg L' | CE/% | C(NaClO)mg L' | CE/%
Cathode Cathodic current density / mA cm *
10 20 40
Pt 540 87.9 776 50.2 910 28.8
Ni 535 88.7 763 52.3 898 30.7
Polished Ti 550 86.3 780 49.6 921 27.0
Unpolished Ti 530 89.5 690 64.0 840 40.0
Stainless steel 555 85.5 785 48.8 925 26.4

Note: Initial concentration of sodium hypochlorite was 1090 mg L™'. I=176 mA. Cathode surface arca was 17.6; 8.8 and 4.4 cm?,
accordingly. The pH of catholyte was maintained at 8.5. Electrolysis duration was 40 minutes with stirring.

sodium hypochlorite is carried out on anodes with a
high current efficiency of NaClO,. In this case, partial
reduction of chlorate will occur on Ti/Pt, which
will lead to some integral decrease in concentration.

It should be noted that current efficiencies given
in Table are integrated for 40 minutes of electrolysis.
There is a gradual decrease in the concentration of
sodium hypochlorite in the cathode space of the
cell with the diaphragm during the electrolysis, and,
as a consequence, a decrease in the partial current
of ClO~ reduction and, accordingly, the
instantaneous current efficiency. The integrated
current efficiency will also decrease over time. For
example, at the titanium cathode, the average current
efficiency for 15 min of electrolysis (j.=20 mA cm™2) is
58; 50 for 30 min, and 39% for 60 min, accordingly.

A series of electrolyses with one anode and
different cathodes was performed in order to
investigate the influence of cathode material on the
NaClO concentration after 1000 mg L™! during the
electrolysis in a cell without a diaphragm (Table 3).
The anode was Ti/TiO,-RuO,-1rO,, at which the
current efficiency of NaClO under these conditions
is 60—70%. This anode was used to synthesize the
initial solution of sodium hypochlorite. Thus, we
tried to simulate a situation where the concentration

of NaClO has already reached 1 g L™! in the process
of cumulative electrolysis, and then the cathode
material was replaced or the cathode current density
was changed.

A solution with 1053 mg L™' NaClO and
10 mg L' NaClO, was taken as the initial electrolyte.
The experiment was performed at cathode current
densities of 10 and 20 mA cm™2 with three cathodes:
Ti, Ti/Pt (2.0) and Ti/Pt (2.0)-Pd (2.0). There is a
negative integral CE of NaClO (20—25%) at a
cathode current density of 10 mA cm™2 at all
cathodes, as one can see from the obtained results.
This indicates that the rate of reduction of
hypochlorite at the cathode exceeds the rate of its
formation at the anode. When the current load was
doubled (the anode, cathode, and bulk current
densities were doubled), the integral CE of NaClO
became positive within 30—31%.

Another series of investigations (Table 4) was
conducted on purpose to confirm the above
assumption concerning the need to apply a high
cathode current density in undivided cells in order
to increase the efficiency of electrolysis of low
concentrated NaCl solutions. All the electrolysis
parameters were fixed here, except for the cathode
current density in contrast to the previous experiment

Table 3
Concentration and integrated current efficiency (CE) of NaClO and NaClO, during electrolysis”
Cathode I/mA | j/mAcm” | C(NaClOymgL™' [ CE/% | C(NaClO;)/gL" | CE/%
Ti 40 10 990 22 6.8 —0.6
Ti 80 20 1225 +31 19.6 +3.5
Ti/Pt(2.0) 40 10 981 =25 6.8 —0.6
Ti/Pt(2.0) 80 20 1225 +31 13.6 +1.3
Ti/Pt(2.0)-Pd(2.0) 40 10 996 —20 12.8 +3.5
Ti/Pt(2.0)-Pd(2.0) 80 20 1214 +29 5 —1.0

* Note: Forty minutes of cumulative electrolysis of 200 cm? of 9 g L"'NaCl+1053 mg L™! NaClO+10 mg L' NaClO; solution on
Ti/TiO,-RuO,-1rO,-anode. Electrode area was 4 cm?. Current efficiencies were calculated taking into account the initial concentrations

of NaClO and NaClO; in the solution.
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Table 4

Concentration and integrated current efficiency (CE) of NaClO and NaClO; during electrolysis®

Cathode jo/mA cm” | C(NaClO)mg L' | CE/% | C(NaClO,)/mg L™ CE/%
Ti 10 1014 -19.0 12 0.1
Ti/Pt 10 1017 -17.4 12 0.0
Ti/Pt-Pd 10 1007 -22.1 13 0.3
Ti 20 1050 -1.7 12 0.0

Ti/Pt 20 1048 -2.6 -1 -12.9
Ti/Pt-Pd 20 1049 —1.7 11 -0.9
Ti 40 1069 7.6 12 0.0
Ti/Pt 40 1069 7.7 4 —7.7
Ti/Pt-Pd 40 1069 7.6 11 -0.9
Ti; anode Ti/Pt-Pd 20 1178 57 11 0.0

* Note: Forty minutes of cumulative electrolysis of 200 cm?® of 9 g L' NaCl+1053 mg L' NaClO+11 mg L~ NaClO, solution on
Ti/Pt(2,5)-anode. Electrode area was 4 cm?. I=40 mA. Current efficiencies were calculated taking into account the initial concentrations

of NaClO and NaClQO; in the solution.

(Table 3).

Chlorate is not formed at the anode at an anode
current density of 10 mA cm™ and its current
efficiency is less than 0.1%, thus the additional
accumulation of chlorates does not occur during the
electrolysis. Since the anode and bulk current
densities in all experiments of this series remained
fixed, the rate of formation at the anode of NaCIO
and its current efficiency can be taken as a constant
value. The integral current efficiency of hypochlorite
accumulation is the difference between the current
efficiency of sodium hypochlorite formation at the
anode and the current efficiency of its reduction at
the cathode.

The current efficiency of NaClO reduction on
the cathode should depend on the cathode current
density and the cathode material. The cathode current
density was changed by changing the area (4—2—1
cm?, masking part of the surface) of the cathode. As
one can see from obtained results, the integral current
efficiency of NaClO accumulation is practically
independent of the cathode material and significantly
depends on the cathode current density. The ClO~
reduction rate significantly exceeds the formation
rate at j.=10 mA cm™2, and the integral CE is
negative: from —17% on Ti cathode to —22% with
the Ti/Pt-Pd cathode. At j.=20 mA cm2, the integral
CE of NaClO accumulation is close to zero, and at
jc=40 mA cm it is close to +8%. Thus, an increase in
the cathode current density from 10 to 40 mA cm™
leads to a decrease in the reduction of CIO~ by 25—
30%.

The integral CE of NaClO,; accumulation,
taking into account the error of analytical
determination, is close to zero when using both
cathodes Ti or Ti/Pt (2.0)-Pd(0.5). Current efficiency

of chlorate formation is in the range from —8% to
—13% in the case of a Ti/Pt cathode at the current
density of 20 and 40 mA cm™2. Negative values of
CE indicate the reduction of chlorate at the cathode
on Ti/Pt.

This experiment once again demonstrates the
importance of choosing such a cathode size that the
cathode current density in the electrolysis process
was not less than 40 mA cm™2. The cathode material,
however, does not significantly affect the rate of
reduction of NaClO. If an electrode with a sufficiently
high chlorate CE, for example, Ti/Pt, is used as the
anode, it is advisable to use Ti/Pt as the cathode, on
which the reduction of chlorates with a noticeable
CE is observed.

If, other conditions being equal, replacing the
anode Ti/Pt(2.0) with an equal heat treated
Ti/Pt(2.0)-Pd(0.5)-anode, which implements the
synthesis of NaClO with a current efficiency greater
than 90%, then on Ti-cathode at j.=j,=20 mA cm™
current efficiency of sodium hypochlorite formation
is +57%.

All the considered cathode materials are
characterized by a close rate of reduction of
hypochlorite ion under galvanostatic conditions of
electrolysis. The cathode material will mainly affect
the polarization and, accordingly, the voltage on the
cell. When creating diaphragmless electrolyzers for
the synthesis of sodium hypochlorite solutions, it is
also necessary to take into account the possibility of
dissolved oxygen reduction in the electrolyte at the
cathode [13,14]. The occurring products of reduction
can react with oxygen-containing chlorine
compounds, affecting both the content of
hypochlorite and chlorate in the resulting solutions.

The reduction of ClO™~ is preceded by a wave
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of dissolved oxygen reduction current in solutions
containing sodium hypochlorite, on electrodes made
of Pt, Ni, Ti and stainless steel. On Pt-ODE, it is
observed in the potential range —0.5...—0.1 V (Fig. 1),
and the wave current is directly proportional to o'/?,
which indicates its diffusion nature. The limiting
current of the wave involved increases on all cathode
materials at artificial saturation of a solution with
oxygen.

The relative position of the electrodes has a
slight effect on the concentration of hypochlorite
and chlorate formed during the electrolysis of NaCl
solution in undivided cell. If the cathode is placed
directly behind the anode so that under stirring
conditions it is washed by an oxygen gas loop formed
at the anode, there will be a slight decrease in the
rate of accumulation of hypochlorite and an increase
in chlorate concentration compared to the mutual
arrangement of electrodes diametrically opposite. The
increase in the rate of chlorate accumulation is
probably due to the formation during the reduction
of O, particles that are able to oxidize hypochlorite,
at least to CIO,". Such particles can be, for example,
hydroperoxyl radical HO, or superoxide anion-
radical O, [14]. Next, the chlorite ion reacts rapidly
with hypochlorite to form chlorate [15]:

ClO-+HO,>ClO, +OH"; (1)

Cl10, +ClIO -»C1 +Cl10;". (2)

The electrolysis was performed in cells with
separated and undivided electrode spaces in order
to confirm this assumption. Electrolysis was
performed with a titanium cathode (j,=20 mA cm™2)
blown with oxygen from an electrochemical
generator. In order to take into account the possibility
of reducing the concentration of sodium hypochlorite
because of the desorption of hydrochloric acid from
the solution by purging with oxygen, the electrolyte
without electrodes was purged with oxygen with
stirring for 30 minutes. At the same time, no

significant change in the concentration was recorded
(Table 5). As one can be from the table, blowing
oxygen to the cathode leads to a decrease in the rate
of accumulation of hypochlorite and an increase in
the concentration of chlorate in solution. Analysis
of the results shows that only part of the hypochlorite
ions is oxidized by oxygen reduction products with
the formation of chlorate. Another number of CIO~
ions can be reduced to chloride ions formed during
the reduction of oxygen by hydrogen peroxide by
the reaction [15]:
Cl0O~+H,0,-»Cl1"+H,0+0,. (3)

Another experiment was performed in a circular
undivided cell with a stirrer in the center in order to
demonstrate the effect of cathodic oxygen reduction
on the concentration of sodium hypochlorite and
chlorate. Pt was taken as the anode, on which CE
of NaCl is 30—40%, CE of NaClQO, is 20—30%, CE
of O, is 30—40%. The electrodes were placed parallel
to the cell walls and oriented along the bulk flow.
During the experiment, the relative positions of the
anode and cathode were changed. In the first
experiment, the cathode was placed directly behind
the anode so that the oxygen gas loop formed at the
anode washes the cathode (Fig. 7). Such conditions
are most favorable for the cathodic reduction of
oxygen with the formation of hydrogen peroxide. In
the second experiment, the cathode and anode were
diametrically opposed to each other. The location
of the cathode in the immediate vicinity of the anode
leads to a decrease in the concentration of sodium
hypochlorite and an increase in the concentration
of chlorate in the electrolyte bulk (Fig. 7). The
decrease in the concentration of sodium hypochlorite
can be associated both with an increase in the rate
of electrochemical reduction at the cathode, and
with the interaction of the hypochlorite ion with
hydrogen peroxide by reaction (3). The increase in
chlorate concentration can be explained by the
possibility of reactions (1)—(2).

Influence of cathode oxygen blowing on concentration of NaClO and NaClO,’ fable
Cell Conditions Cracio/mg L' | Cryioy/mg L
without membrane O, purging without electrodes 1098 19.0
without membrane Wigf:;f ;;gging iggg ;?;
with membrane, cathode space Wiglf:flf ;r;lg;ng Z (1)2 ég;‘

* Note: The initial solution contained 9 g L' NaCl, 1100 mg L' NaClO and 20 mg L' NaClO;. Ti/SnO,-1rO, (4.4 cm?) anode,
Ti (8.8 cm?) cathode; Electrolyte volume was 250 cm?. Electrolysis duration was 30 minutes, =176 mA.
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Fig. 7. Influence of mutual arrangement of electrodes on
concentration of NaClO (1; 2) and NaClO, (3; 4) during
electrolysis of 9 g L~! NaCl solution in undivided cell.
Electrolyte volume 250 cm?®; anode: Pt (4.4 cm?); cathode:
Pt (4.4 cm?); current density 40 mA cm™

Reduction of oxygen at the cathode can be
completely avoided if electrolysis is performed in an
electrochemical cell with a diaphragm. However, the
use of defined anode materials can minimize the
amount of oxygen released. When using
electrocatalysts, for example, based on palladium
oxides, the current efficiency of sodium hypochlorite
can reach 95%. If even the current efficiency of
oxygen is 20% and hydrogen 90%, the concentration
of oxygen in the gas mixture released, excluding water
vapor and hydrochloric acid, will not exceed 10 mol.%.
The electrolyte in the cathode space will be maximally
enriched with hydrogen due to the intense release of
the latter. As one can see from Table 5, even blowing
the cathode with pure oxygen does not lead to a
significant increase in the concentration of chlorate
and a corresponding decrease in the content of
hypochlorite.

The negative effect of oxygen reduction at the
cathode in undivided cells may occur, however, it is
not significant. The use of a diaphragm in the design
of the cell to prevent the oxygen reduction at the
cathode in this case is not appropriate.

Conclusions

The cathode material has a significant effect
on the reduction rate of NaClO because of the
reduction process proceed at the current limit.
Electrolysis of NaCl solutions must be performed at
the maximum possible cathode current densities in
an electrolyzer without a diaphragm to minimize
sodium hypochlorite losses due to its reduction at
the cathode and reduce the rate of chlorate
accumulation. Cathodes must have a surface with a

minimum coefficient of roughness. It is desirable to
polish their surface.

If the anode is an electrode with enough high
current efficiency of chlorates, Ti/Pt, for example,
it is advisable to use a cathode made of Ti/Pt, at
which the current efficiency of chlorates reduction
is noticeable. The use of Ti/Pt also reduces the energy
consumption for NaClO synthesis from 3.1 (Ti) to
2.7 kilowatt-hours per kg (Ti/Pt). If oxygen is formed
at the anode, the possibility of it getting on the
cathode should be eliminated as much as possible.
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HI/I3I)KOKOI:IHEHTPOBAHI/II71 EKOJIOTTYHO
BE3IIEYHHUU NaClO: BINIUB KATOJHOI'O MATEPIATY
HA KIHETUYHI 3AKOHOMIPHOCTI EJIEKTPOJII3Y

. Iipenxo, O. IlImuuxosa, O. Beaiuenxo

Y po6ori gociiakeHo KiHeTUUHI 3aKOHOMIPHOCTI KaToj-
HMX MPOLIECIB MPU eJeKTPOIIi3i HU3bKOKOHLIEHTPOBAHMX PO3UMHIB
NaCl. IToka3aHo, 1110 IBUAKICTb BiAHOBJIEHHSI iOHY TiMOXJI0pU-
Ty Ha TUIaTUHI B Aiana3oHi koHueHTpauiit 1o 0,015 M BusHa-
Ya€eThCS CTamieto nudysii, TIpo 10 CBiMYNTS JIiHiTHA 3aJIeXHICTh
00epHEeHOI TPAaHUYHOI I'YCTUHU CTPYMY Bill 0OEpHEHOro KBaj-
paTHOro KOpeHsl LIBUAKOCTI o0epTaHHs enekTpona. KoeditieHT
nudysii ioniB ClO~ no nosepxHi Pt-RDE po3paxoByBanu 3a
piBHsiHHSIM KyTterpbkoro-JleBnya, BiH cTaHOBUB 6,6-107¢ cm? ¢!,
Byno nokazaHo, 1110 MaTepiajl KatoJa CyTTEBO BIUIMBAE Ha Iie-
peHarpyXeHHs BiJHOBJIEHHS iOHiB rinoxioputy. Hanpuknan,
Ha TUIaTUHI TOYaTOK 3POCTaHHS CTPYMY, 1O Bi/ITOBiIa€ BiTHOB-
nenHio ClO~, cniocrepiraetbest mpu +0,3 B, Ha crani ta Hikei —
npu —0,25 B, a Ha Tutani — ipu —0,8 B. [linroroBka ruratmHo-
BOTO €JIEKTPOJia, L0 BIUIMBAE HAa TEKCTYpY Ta CTaH MOBEPXHi,
TaKOX BIUTMBA€E Ha MOTEHINiaJl BiTHOBJIEHHS i0HA TilIOXJIOPUTY.
Tax, Ha BiguutihoBaHOMY Ta MexaHiyHO 00pobieHomy Pt-RDE
30iIbIIIEHHST CTPYMY crioctepiraeThes npu +0,1 B, Tomi sk Ha
rutackomy Pt-enektponi, BUTpaBiIeHOMY B IIapChKill TOpii,
3pocTaHHS cTpyMy crioctepiraetecst ipu +0,3 B. TMotenuianm
MOYaTKy BUIIEHHSI BOIHIO MPAKTUYHO HeE BiApi3HsioThes. [1o-
KazaHo, 1110 esiekTpodiz po3unHiB NaCl y HeposaineHiit komipui
TMOBUHEH MPOBOAMTHUCS 32 MAKCUMaTbHO MOXJIMBUX TYCTUH Ka-
TOJTHOTO CTPYMY, 11100 MiHiMi3yBaTV BTpaTH HATPiil TiMOXJIOPUTY
yepe3 MOro BiAHOBJEHHS Ha KaToli Ta 3MEHIUWTH LUBUAKICTb
HaKOMUYEHHS XJIopary.

KmouoBi cjoBa: miaTiHa, TIATUHOBAHUIT TUTAH, KaTOI,
HAaTpIlo TIMOXJIOPUT, XJIOparT.

LOW CONCENTRATED GREEN NaClO: INFLUENCE OF
CATHODE MATERIAL ON KINETIC REGULARITIES OF
ELECTROLYSIS
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Ukraine
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Kinetic regularities of cathode processes during electrolysis
of low concentrated NaCl solutions have been investigated in
this work. It was shown that the reduction of hypochlorite ion on
platinum in the concentration range up to 0.015 M is limited by
the diffusion stage as evidenced by linear dependence of the
reciprocal limiting current density versus reciprocal square root
of the electrode rotation rate. The diffusion coefficient of ClO~
ions to the Pt-RDE surface was calculated from the Koutecki-
Levich equation and it was 6.6-107° cm? s7!. It was stated that the
cathode material has a significant effect on the overvoltage of
hypochlorite ion reduction. For example, on platinum, the
beginning of the current increase corresponding to the reduction
of CIO™ is observed at +0.3 V, whereas it is —0.25 V on steel and
nickel and —0.8 V on titanium. The preparation of a platinum
electrode, which affects the texture and condition of the surface,
also affects the reduction potential of the hypochlorite ion. Thus,
the current increase is observed at +0.1 V on a molded and
machined Pt-RDE, while the growth of the current is observed
at +0.3 V on a flat Pt electrode etched in aqua regia. The potentials
of the beginning of hydrogen evolution are practically
indistinguishable. It was shown that the electrolysis of NaCl
solutions in an undivided cell should be performed at the maximum
possible cathode current densities in order to minimize sodium
hypochlorite losses due to its reduction at the cathode and reduce
the rate of chlorate accumulation.

Keywords: platinum; platinized titanium; cathode; sodium
hypochlorite; chlorate.
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