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Abstract

Sodium chlorate is produced in undivided electrolysis cells. Hydrogen is evolved on the cathodes, usually made of
steel, while chloride ions are oxidised to chlorine on the anodes, usually DSA�s. Parasitic cathodic reactions,
lowering the cathodic current efficiency (CE), are the reduction of hypochlorite and chlorate ions. These reactions
are suppressed by the addition of Cr(VI) to the electrolyte. In this work the effects that time of the electrolysis,
chromate concentration and interruption of the electrolysis process have on CE has been investigated. New steel, as
well as steel samples cut from cathodes used in a chlorate plant, were used as cathode material. Laboratory
experiments in a divided cell were made to determine the rate of hydrogen production, and thereby indirectly CE, at
varying operating conditions. It was found that the chromate concentration is important for the CE in the range
0.5–6 g l)1 Na2Cr2O7. The CE was higher on new steel than on the used steel, which had a more corroded and
inhomogeneous surface. When starting the electrolysis the CE was initially low, at a value depending on the
operating conditions, but increased with time of polarisation. The time to reach an approximate steady CE was
generally in the order of hours. Electrolysis shut downs in the presence of hypochlorite ( £ 3 g l)1 NaClO) resulted
in corrosion of iron and a low CE when restarting the process. After one such corrosion shut down the new steel
showed as low CE as the used steel. When restarting the electrolysis after a shut down without hypochlorite the CE
was higher than before the shut down. Current densities of a simulated bipolar plate during a shut down were
measured to 50–150 A m)2, resulting from oxidation of steel and reduction of oxy chlorides on the catalytic DSA�

electrode.

1. Introduction

Sodium chlorate, NaClO3, is a bulk chemical mainly
used for production of chlorine dioxide, ClO2, a
bleaching agent in the pulp and paper industry. During
the last decade chlorine dioxide has replaced chlorine for
environmental reasons, which has increased the demand
for sodium chlorate. Since the price of electrical energy
is constantly increasing it has become even more
important to find ways to improve the current efficiency
in order to minimise costs. Furthermore, the variation of
electricity tariffs during the hours of the day forces the
producers to impose plants to current load variations,
and even shut downs, when prices are too high. This
means that shut downs and start-ups are becoming more
frequent, which may have a negative impact on the
electrodes.
Sodium chlorate is commercially produced in a

process where the main electrode reactions are hydrogen
and chlorine formation (reactions 1 and 2) similar to

those in the chlor-alkali process. As chlorate cells are
undivided, chlorine is hydrolysed and disproportionates
to form hypochlorite and hypochlorous acid (reactions 3
and 4). Chlorate is formed in a chemical reaction
(reaction 5). The rate of reaction 5 is at an optimum at a
pH of 6–7 and the electrolyte is therefore set in this pH
range.

2Cl� ! Cl2 þ 2e� ð1Þ

2H2Oþ 2e� ! 2OH� þH2 ð2Þ

Cl2 þH2O! HClO þ Cl� þHþ ð3Þ

HClO$ ClO� þHþ ð4Þ
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2HClOþ ClO� ! ClO�3 þ 2Cl� þ 2Hþ ð5Þ

ClO� þH2Oþ 2e� ! Cl� þ 2OH� ð6Þ

ClO�3 þ 3H2Oþ 6e� ! Cl� þ 6OH� ð7Þ

Chromate is added to the electrolyte primarily to
increase the current efficiency (CE). It also acts as a pH
buffer, affects the production of the by-product oxy-
gen, [1] and [2], and alters the potential of the DSA�

anode, [3]. In addition chromate may have a retarding
effect on the corrosion of steel cathodes, [1]. During
cathodic polarisation Cr(VI) is reduced to Cr(III) and
forms a thin film of chromium(III) hydroxide on the
cathode, [4]. This film hinders the unwanted side
reactions 6 and 7, while hydrogen evolution can still
take place, though with changed kinetics [5]. The
thickness and growth rate of the film depends on
factors such as the cathode material, the electrode
potential and the chromate concentration, [6]. As low
chromate concentrations as 0.1 g l)1 Cr2O7

2) has been
shown to efficiently hinder reduction of Fe(CN)6

3) on
smooth platinum [2], however the concentration in
chlorate electrolyte is generally 3–8 g l)1 Na2Cr2O7, [7].
A parasitic reaction that can have some importance
during start-up of the electrolysis process is reduction
of iron oxides on steel cathodes.
DSA�s or platinum–iridium coated titanium are

currently used as anodes, whereas steel or titanium are
the preferred cathode materials. Steel corrodes in the
aggressive chlorate electrolyte when not under cathodic
protection. The corrosion not only reduces the lifetime
of the cathodes but also contaminates the electrolyte
with metal particles that may cause short circuits in the
narrow electrode gaps. A positive effect of the corrosion
is that the cathode surface is renewed with removal of
cathodic deposits. However, the beneficial chromate film
may also dissolve or react chemically during a shut
down.
In the absence of chromate the rate of electrochemical

chlorate reduction depends strongly on the electrocat-
alytic properties of the electrode material, whereas
electrochemical hypochlorite reduction is mass transport
controlled. Chlorate is present at a high electrolyte
concentration, typically 500–650 g l)1, whereas the
hypochlorite concentration is about 1–6 g l)1 HClO
and ClO), calculated as NaClO3 and NaClO respec-
tively. Thermally prepared iron oxides have been found
to catalyse chlorate reduction, whereas smooth Co, Ni,
Mo, Ti, Hg and C were inactive for chlorate reduction,
[7]. Relatively smooth iron cathodes, mildly corroded in
chlorate electrolyte, have shown a high catalytic activity
for chlorate reduction in the absence of chromate. The
current efficiency for hydrogen evolution increased with
time of polarisation, [5]. Current efficiency measure-
ments on RuO2 in chlorate electrolyte with no chromate
at 3 kA m)2 and 70 �C showed a very high activity for

chlorate reduction – the CE for hydrogen evolution was
less than 5%. Lowering the temperature of the cell
favoured the selectivity for hydrogen evolution and
increased CE, [8].
Most studies of the chromium hydroxide film in the

chlorate process have been made on inert, smooth
electrodes such as polished platinum and gold. In this
work we approached practical chlorate process con-
ditions by studying the current efficiency on steel
cathodes, some of which had a corroded and inho-
mogeneous surface from operation in a chlorate
plant. The primary questions addressed in this work
are:

– How high a chromate concentration is required to
reach a high current efficiency on corroded steel
cathodes?

– How long does a production shut down affect cur-
rent efficiency and how long does it take to reach
the same level as before the shut down?

– How do the conditions during the shut down affect
the CE when restarting the electrolysis?

2. Experimental

Measurements of current efficiencies were made using a
divided cell. The technique to measure CE, outlined
below, required a divided cell to separate formed
chlorine gas, oxy chlorides and oxygen from the cathode
compartment. Measurements of current densities and
electrode potentials of a simulated bipolar electrode
were made in an undivided cell that better represented
the industrial case.

2.1. Current efficiency measurements

A divided cell was used, where the rate of hydrogen
gas evolving from the cathode compartment was
measured. The two compartments, separated by a
diaphragm from Gore Scandinavia AB, each had a
volume of 300 ml. Gas evolved from the cathode
compartment was passed through a washing bottle
with water at room temperature and then fed to a gas
burette. The electrolyte contained 550 g l)1 NaClO3

(Eka Chemicals) and 110 g l)1 NaCl (p.a. grade) at
70 �C. Additions of chromate were made from a
concentrated stock solution made from Na2Cr2O7•2-
H2O (p.a. grade) to reach concentrations between
0.5–6 g l)1 Na2Cr2O7 in the electrolyte. In some
experiments NaClO was added to the electrode
compartments from a concentrated solution from
BDH Laboratory Supplies, analysed by arsenite titra-
tion. Additions of 25 ml NaClO-solution gave an
initial electrolyte concentration of about 3 g l)1,
decreasing with time as chlorate formed according to
reaction 5. The electrolyte pH was adjusted using
NaOH and HCl to 6.5± 0.05 prior to polarisation,
but was not controlled during electrolysis. Thus the
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pH of the catholyte bulk increased during electrolysis,
but it is assumed that the pH at the cathode surface
remained approximately constant and strongly alka-
line. Temperature was controlled at 70 �C by placing
the cell in a thermostatic water bath.
The time needed to collect 25 ml gas was measured

and converted to a CE from the relation CE (%) = IH2
/

Itot*100, where IH2
was calculated from the actual

hydrogen production rate measured and Itot was the
total current applied. A current density of 3 kA m)2 was
used in all experiments. The gas measurements were
calibrated using a 5 M NaCl electrolyte and a platinum
cathode, where 100% CE for hydrogen evolution was
assumed.
New and used steel electrodes were investigated, all

of a low carbon steel grade, with an iron content over
99%. The used electrodes had been operated in a
chlorate plant and washed with water only, thus having
traces of chromium, calcium etc. deposits on the
corroded surface. Only one side (6 cm2) of the samples
was in contact with electrolyte, the other was covered
by epoxy resin. A new electrode sample was used for
each experimental curve. As counter electrode a DSA�

from Permascand AB was used, immersed in the
anodic compartment.
The series of trials with shut downs at different

chromate concentrations were made as follows: after
one hour of electrolysis the current was switched off,
pH in the catholyte adjusted to 6.5 and the cathode
allowed to corrode for 30 min. Then 40 min of
electrolysis followed, and after switching off the
current 25 ml hypochlorite solution was added to the
catholyte compartment, pH adjusted to 6.5 and the
cathode allowed to corrode for 30 min. After elapsed
time another period of 40 min of polarisation followed,
whereafter the catholyte pH was adjusted and the
cathode was allowed to corrode for 60 min. The trials
ended with a final period of 40 min of polarisation.
During all periods of electrolysis the CE was measured.
The electrical connections during the shut down were

made in two different ways: either the electrodes
(DSA� and steel) were not connected during all shut
downs, or they were electrically connected (short
circuited) during all shut downs. When the electrodes
were short circuited a current was allowed to run from
the former cathode to the former anode, simulating a
bipolar electrode (though in this case in different cell
compartments).

2.2. Measurements of potentials and currents on a
simulated bipolar electrode during a shut down

A jacketed one-compartment cell with an electrolyte
volume of 0.5 l was used, connected to a water bath for
temperature control. The electrolyte and the electrodes
were similar to those described above, though in these
experiments the exposed electrode areas were 3 cm2.
The electrodes were immersed in the electrolyte with a
distance of 1 cm between them. A Luggin capillary,
centred between the electrodes, was connected to a Ag/
AgCl reference electrode (K201 from Radiometer) at
room temperature. This arrangement gave an iR drop
of less than 20 mV at measured current densities
during shut downs. A PAR 273A potentiostat in
combination with a Nicolet Integra 20 oscilloscope
was used to control and monitor the currents and
potentials. After 30 min electrolysis at a current density
of 3 kA m)2 the cell was switched off. Hypochlorite
solution, 25 ml, was added to the electrolyte and pH
was adjusted to 6.5. To polarise the electrodes prior to
the measurements another 5 min of electrolysis fol-
lowed. An electrolyte sample was taken and the
hypochlorite concentration analysed with arsenite titra-
tion to give 1 g l)1 NaClO. The potential between
anode and cathode was then set to 0 V, simulating a
bipolar electrode and the electrode potentials and the
current in the cell were monitored on the oscilloscope.
In this single compartment cell low concentrations of
hypochlorite built up during electrolysis and were thus
also present during the shut downs with no hypochlo-
rite addition. During the shut downs the hypochlorite
concentration gradually decreased.

3. Results and discussion

3.1. Current efficiency measurements

The current efficiency for a new steel cathode at varying
chromate concentrations is shown in Figure 1. It is clear
that the efficiency increased with time of polarisation as
the chromium(III) hydroxide film built up and the iron
oxides, active for chlorate reduction, were reduced.
Apart from chlorate reduction, the current loss may be
due to reduction of iron oxides. Hypochlorite was not
present in the cathodic compartment in these experi-
ments. An efficiency of 98–100% was reached for the
highest chromate concentration, 5 g l)1 Na2Cr2O7, after
20 min of polarisation. For 1 and 3 g l)1 Na2Cr2O7 the
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Fig. 1. Current efficiency for hydrogen evolution on new steel cath-

odes in chlorate electrolyte with different chromate concentrations at

the current density 3 kA m)2. No hypochlorite added. Temperature

70 �C, initial pH 6.5. s 0.5 g l)1 Na2Cr2O7, D 1 g l)1

Na2Cr2O7, � 3 g l)1 Na2Cr2O7, - 5 g l)1 Na2Cr2O7.
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current efficiency reached 98% after about 1 h, whereas
lower efficiencies were found for 0.5 g l)1 Na2Cr2O7.
Data for a used cathode, Figure 2, show lower CE

than the new cathode. After 2 h of polarisation the CE
was about 95% for 3–6 g l)1 Na2Cr2O7. It is also likely
that the CE values in this work (see for example
Figure 2) would continue to slowly increase with con-
tinued polarisation. Chromate was most important in
the lower concentration range in Figure 2 but increasing
from 3 to 5 and 6 g l)1 had a smaller effect.
Lower CE values for used electrodes than for new

may be explained by the longer time needed to form a
protective chromium hydroxide film on the more com-
plex surface of the corroded used electrodes. The larger
amount of iron oxides, active for chlorate reduction, will
also affect CE but will decrease with time of polarisa-
tion.
Figure 3 shows results from two trials with shut

downs for new electrodes when the chromate concen-
tration was 3 g l)1, with unconnected and short cir-

cuited electrodes. It is seen that a 30 min shut down,
with unconnected electrodes and no hypochlorite added,
did not adversely affect CE as about 100% CE was
noted both prior to and after shut down 1. Shut down 2,
where hypochlorite was added, as well as number 3 gave
a low CE when restarting the electrolysis, and 40 min of
polarisation was not sufficient to regain 100% efficiency.
The drop in CE after a short circuited shut down was
significantly larger than when the electrodes were not
connected. When the electrodes were short circuited,
which can be compared to a bipolar cell or when a
current is allowed to go through the turned off rectifier,
the corrosion attack on the cathodes was much more
severe and could be seen by eye. A comparison with
results from similar experiments for used electrodes,
Figures 4 and 5, indicate that new electrodes behave like
used electrodes. They become ‘‘used’’ after a shut down
in the presence of hypochlorite, or after a shut down
with short circuited electrodes.
Figures 4 and 5 show trials with used electrodes,

where the chromate concentration was varied. The
electrodes represented in Figure 4 were not connected
during the shut downs. It is clearly seen that after the
first shut down, where there was no hypochlorite present
in the catholyte, the CE increased for all chromate
concentrations. This can be explained by a growth of the
chromium hydroxide film in a corrosion reaction during
the shut down, where iron is oxidised while Cr(VI) is
reduced to Cr(III), forming a protective film. Similar
reactions, and also formation of mixed iron–chromium
oxides have been discussed regarding iron passivation in
alkaline solution, [9].
Chromate had a clear positive effect on the CE in

Figure 4. At the highest chromate concentration, 6 g l)1

Na2Cr2O7, the CE also remained at a high level of 95–
98% after shut downs 2 and 3. For 0.5 g l)1 Na2Cr2O7

and 3 g l)1 Na2Cr2O7 the approximate steady state
values were about 10% lower and initial values after
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Fig. 2. Current efficiency for hydrogen evolution on used steel cath-

odes in chlorate electrolyte with different chromate concentrations at

the current density 3 kA m)2. No hypochlorite added. Temperature

70 �C, initial pH 6.5. s 0.5 g l)1 Na2Cr2O7, D 1 g l)1

Na2Cr2O7, � 3 g l)1 Na2Cr2O7, - 5 g l)1 Na2Cr2O7, • 6 g l)1 Na2-
Cr2O7.
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Fig. 3. Current efficiency for hydrogen evolution on new steel cath-

odes in chlorate electrolyte with a chromate concentration of 3 g l)1

at the current density 3 kA m)2. Shut down 1: 30 min. Shut down 2:

30 min with 25 ml of NaClO added. Shut down 3: 60 min. Tempera-

ture 70 �C, pH when each shut down started was 6.5.
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Fig. 4. Current efficiency for hydrogen evolution on used steel cath-

odes in chlorate electrolyte with different chromate concentrations at

the current density 3 kA m)2. Shut down 1: 30 min. Shut down 2:

30 min with 25 ml of NaClO added. Shut down 3: 60 min. Tempera-

ture 70 �C, pH when each shut down started was 6.5. Unconnected

electrodes during shut down. s 0.5 g l)1 Na2Cr2O7, � 3 g l)1

Na2Cr2O7, • 6 g l)1 Na2Cr2O7.
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shut downs 2 and 3 were even lower, particularly for
0.5 g l)1.
Results in Figure 5, where the electrodes were short

circuited during the shut downs, show no CE increase
after shut down 1. Instead the initial CE decreased after
all shut downs and the decrease was smaller the higher
the chromate concentration. The CE values reached for
6 g l)1 Na2Cr2O7 are lower than those in Figure 4, likely
due to the more severe corrosion for short circuited
electrodes needing a longer time of cathodic polarisation
to reduce the iron oxides and to form a protective
chromium hydroxide film. From the trend of the CE
values after the shut downs, it seems likely that the CE
would continue to increase with increased time of
polarisation – no steady state level was reached after
40 min electrolysis.

3.2. Measurements of potentials and currents on a
simulated bipolar electrode during a shut down

Figure 6 shows the current during a shut down with
short circuited electrodes, where the steel electrode
acted as anode and cathodic reactions dominated on
the DSA�. The curve trends are similar – directly after
the shut down the currents were high, but decreased
quickly to lower values after which they slowly
declined in an approximately linear manner. Both
hypochlorite and chromate concentrations affected the
current during the shut down – a low chromate
concentration and a high hypochlorite concentration
both resulted in a high corrosion current (trials with
low hypochlorite concentration are not shown in
Figure 6).
As explained above, in connection with the trials in

the divided cell, the corrosion rate was much more
severe during a shut down with short circuited elec-
trodes than when the electrodes were not connected. A
reverse current during the shut down with short

circuited electrodes can explain this, where hypochlo-
rite and chlorate are reduced on the DSA� and iron
oxidised on the steel electrode. The electrode potentials
during the shut downs were about )0.1 to )0.15 V vs.
Ag/AgCl, after an initial lower potential during the
first minute of the shut down (the iR drop was
calculated to less than 20 mV and has not been
corrected for). This is within a potential region where
a chromium(III) hydroxide film may start to form on
the DSA�, hindering hypochlorite and chlorate reduc-
tion. Thus the effect of chromate concentration on the
currents in Figure 6 may be due to phenomena on the
DSA� – at higher chromate concentration a protective
film is more easily formed, hindering the cathodic
reactions and thereby hindering the counter reaction –
oxidation of steel. Chromate may also affect the steel
corrosion rate; a high chromate concentration slowing
the oxidation process down.

4. Conclusions and practical implications

• The chromate concentration had an effect on the
current efficiency in the range studied (0.5– 6 g l)1

Na2Cr2O7). The higher concentration the greater
values of CE, though the effect was largest when
increasing from 0.5 to 3 g l)1 Na2Cr2O7.

• The time to reach an approximately steady CE on a
corroded steel surface was generally in the order of
hours.

• New electrodes showed higher current efficiencies
than used electrodes. During a shut down in the
presence of hypochlorite or with short circuited elec-
trodes, the new electrode corroded and showed cur-
rent efficiencies like a used electrode when the
electrolysis was restarted.

• A shut down in a hypochlorite-free electrolyte with
unconnected electrodes improved the CE. The chro-
mium(III) hydroxide film probably grew during the
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Fig. 5. Current efficiency for hydrogen evolution on used steel cath-

odes in chlorate electrolyte with different chromate concentrations at
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shut down as Cr(VI) was reduced to Cr(III) while
iron was oxidised.

• A shut down with short circuited electrodes lowered
the CE and the drop, as well as the galvanic current,
was larger at low chromate concentration.

• After a shut down with hypochlorite in the catholyte
the CE was lower than before the shut down for
chromate concentrations lower than 6 g l)1. The
drop in CE was more pronounced at lower chromate
concentrations. Hypochlorite oxidised the protective
film and the steel electrode and the increased
amount of iron oxides on the surface enhanced chlo-
rate reduction.

• The net reverse current on a simulated bipolar elec-
trode during an electrolysis shut down was 50–
150 A m)2, higher at low chromate concentration
and high hypochlorite concentration.
A practical implication of this work is that in order to

reach a high current efficiency, steel corrosion should be
minimised during the production shut downs. Therefore
the hypochlorite concentrations during the shut downs
should be as low as possible. Monopolar technology
allows cathodic protection to be used during the shut
downs by passing a current of about 15–75 A m)2, [10],
thereby suppressing steel corrosion. The chromate
concentration should be relatively high (probably at
least 6 g l)1 Na2Cr2O7) for a high current efficiency,
though in specifying the optimum chromate concentra-
tion for a specific plant other effects of chromate
concentration must be taken into account.
Extended measurements of current densities and

electrode potentials during shut downs at different
conditions, combined with analyses of corrosion prod-

ucts, would give valuable information to take this work
further.
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