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Abstract Current efficiency in the sodium chlorate process
is a key issue in the evaluation of the power consumption.
A pilot cell unit for executing the sodium chlorate process
was constructed to study the current efficiency of the anode
and cathode separately. The effects of sodium dichromate
and sodium sulphate concentrations and the electrolyte
temperature on the anode and cathode current efficiencies
were studied. Corrosion products formed on the mild steel
cathodes after their removal from the cell were charac-
terised using X-ray diffraction and infrared spectroscopy.
The results show that the cathodic current efficiency
increases with increasing dichromate concentrations in the
electrolyte until approximately 5 g dm™ is reached. At
this optimum concentration of dichromate, the presence of
sulphate ions decreases the cathodic current efficiency. For
moderate increases in temperature, the cathodic current
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efficiency increases, but oxygen evolution is promoted, and
the power consumption also increases. Surface characteri-
sation of the electrodes after their exposure to air shows
two primary types of behaviour, depending on the process
parameters. At low dichromate concentrations, amorphous
corrosion layers are formed, while at higher concentrations,
reduced forms of iron hydroxides, i.e., “green rust”, are
identified. Although the electrodes were positioned at the
open circuit potential for 40 min before their removal from
the cell, chromium remains on the cathode surface. This
result might explain the corrosion-inhibiting effect of the
addition of chromate to the electrolyte. The results from
this study can be used to optimise operating procedures in
real plants, decrease the energy consumption and minimise
the environmental impact of these processes.
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1 Introduction
1.1 Background

The sodium chlorate process, with an annual production of
approximately 3.6 million tons of NaClO5; worldwide, is
one of the most important electrolysis processes today. The
process is quite energy intensive, with a power consump-
tion of 4600—5000 kWhton ' [1]. The main use of sodium
chlorate is in the environmentally friendly elemental
chlorine-free (ECF) bleaching of pulp. The sodium chlorate
process has been developed for over more than one hun-
dred years, but there are still opportunities for large energy
savings by improving the selectivity and the cell potential.

Today, mild steel is the most frequently used cathode for
the large-scale production of NaClOjs, even though some
plants are using titanium. Mild steel has been used since
1890, succeeding the previous graphite electrodes [2—4].
The material is cheap and has a fairly low overpotential for
hydrogen evolution but suffers from low selectivity [5, 6].
A high faradaic yield is achieved by adding chromium (VI)
to the electrolyte, which forms a Cr(IIl) film that provides
high selectivity at the cathode [7]. A large drawback of the
steel cathode is that it corrodes severely during the shut-
down of the process, at which time the cathodic protection
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is lost. The corrosion process renders the need for a high
concentration of chromate in the electrolyte and also a
decreased current efficiency after the stop and during the
build-up of the Cr(IIl) film [8].

The influence of different parameters, such as the
addition of chromate, changing the temperature, the elec-
trolyte concentration, the pH and the presence of additives,
on the performance of the chlorate process has been
reported [7-11]. The current efficiency has been studied in
some publications, but the most common approach is to
study the cell or electrode potential and oxygen production
[9, 10, 12—17]. It has also been reported that the time it
takes to reach stable conditions in a chlorate cell or at the
surface of a chlorate cathode is significantly long [8]. The
growth of the chromium (III) film on chromium and steel
substrates was studied by Hamm, Olsson and Landolt [18].
They showed that an initial film grows within 10 s,
depending on the conditions, while the formation of a fully
developed film takes a much longer time. This report is
supported by Ahlberg Tidblad et al., who showed that not
even after 8000 s is a fully developed chromium (III) film
established [19]. Several studies on the cathodic current
efficiency, as related to the chlorate process, clearly show
that the performance is time dependent. Directly after start-
up, a quick and immediate increase in current efficiency is
observed, followed by a slow increase in current efficiency
until a final steady state far away from the timeline of most
experiments is reached [8, 20, 21]. Hence, to achieve
results that are relevant to full-scale conditions, it is of
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utmost importance to allow the system to reach the steady
state in the study of the parameters. In the present study,
this result has been achieved by using a pilot plant, running
continuously for several days with planned stops. Different
process conditions were evaluated with regard to perfor-
mance, such as the temperature of the electrolyte, and the
sodium dichromate and sodium sulphate concentrations in
the electrolyte. In addition, a surface characterisation of the
corrosion products formed on the cathodes was performed
since it was shown in a recent study that two different types
of iron oxyhydroxides found on chlorate cathodes actually
influenced the time that was required to reach full current
efficiency [17].

1.2 Current efficiency in the chlorate process:
theory and practice

The true current efficiency is calculated from the amount of
sodium chlorate formed in the electrolyte with respect to
the amount of charge passed through the system. In full-
scale production, this calculation is often done on a daily,
weekly or monthly basis, and the time delay between the
measurement of the added charge and the amount of
chlorate is disregarded. A direct measurement is, however,
slightly tedious and the chemical analysis of chlorate in
combination with electrolyte volume measurements is
needed. A more convenient way is an indirect method
comprising the analysis of the gas production. This mea-
surement can be made continuously and with high accuracy
and repeatability. The method relates to the basic overall
reaction (1):

NaCl + 3H,O0 + electric energy — NaClOs + 3H,. (1)

The overall reaction (1) is a summation of five different
reactions taking place in the chlorate cell, two of which are
heterogeneous electron transfer reactions taking place at
the electrodes,

2C1" — Cly + 2e7, (2)
2H,0 +2e~ — H, + 20H ", (3)

which are followed by three homogeneous chemical steps:

Cl, + 2H,0 — CI~ + HCIO + H;0™, (4)
CIOH + H,0 — CIO™ + H;0", (5)
2CIOH + CIO™ — ClO; + 2C1™ + 2H;0%. (6)

In the perfect process, the cell gas would consist of
100% hydrogen, and all electrons added would generate
chlorate and hydrogen. However, several side reactions
occur at the cathode that detract from hydrogen formation.
At the anode and in the bulk, there are several side reac-
tions that produce oxygen that mixes into the cell gas. The

benefit of using this method to measure the current effi-
ciency is that it makes it possible to separate the different
electrode processes and obtain the anodic, cathodic and
total current efficiencies separately.

Almost all side reactions at the anode generate oxygen
[9, 22, 23]:

12C1I0™ + 6H,0 — 4ClO;5 + 12H' 4 6C1~ + 30,

+12e7, (7)
CIOH + H,0 — 3H" + CI” + 0, +2e7, (8)
2H,0 — O +4H" +4e™. 9)

By monitoring the oxygen formation in the cell gas, the
anodic current efficiency can be calculated. However, there
are some uncertainties in the coupling between the oxygen
evolution and the efficiency. The anodic oxidation of
chlorate to perchlorate does not form oxygen [24], but it is
kinetically hindered and has a very low rate (reaction 10):

ClO; +H,0 — ClO; +2H" +2¢™. (10)

In the bulk electrolyte, homogenous hypochlorite
decomposition occurs (reaction 11), giving rise to an
anodic current efficiency (ACE) loss [9, 25]:

2CIOH — O, + 2CI~ + 2H*. (11)

This is a redox reaction that causes the loss of the
hypochlorite intermediate and the formation of oxygen.
Recently, it was shown that the oxidation of hypochlorite
ions is afflicted by excess oxygen evolution due to a radical
mechanism induced by the first electron transfer step [23].
Despite the presence of these three reactions, measuring the
oxygen content in the cell gas is considered to be an effi-
cient way of obtaining the separate current efficiencies.

The main reaction at the cathode is hydrogen evolution,
but two other reactions may occur that reduce the cathodic
current efficiency (CCE) [5, 6]:

ClO™ + H,0 +2¢~ — CI~ + 20H", (12)
ClO; + 3H,0 + 6¢~ — Cl™ + 60H . (13)

Based on reactions (12) and (13), the CCE can be cal-
culated exclusively from the amount of hydrogen formed
relative to the charge passed:

MHmeas. o Homeas 2F

CCE = — = . (14)
nHyheo. I

The anodic current efficiency can similarly be calculated
from the oxygen content,

ACE — 1 —pltommess. ¢ 4 R0meas I
N0, theo. 1

(15)
where fi is the molar flow per second, F is the Faraday

constant and [ is the applied current. The total current
efficiency is then the product of the individual parts.
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2 Experimental
2.1 Testing equipment

Electrolytic testing equipment that accounts for the possi-
bility for the long-term exposure of the electrodes under
either potentiostatic or galvanostatic conditions in sodium
chlorate electrolyte was designed for this work. The benefit
of this equipment is that the performance/current efficiency
of individual electrodes can be followed under different
operating conditions, such as the presence of different
additives and operation at different potentials and/or
exposure times. The pilot plant was constructed as a
combination of two parallel loops in which the first main
loop was used to expose the electrodes to the electrolyte
under constant conditions for up to 6 months. Located in
parallel with the main loop, a second, considerably smaller,
test loop was equipped with more instrumentation and gas
analysis equipment for evaluating the current efficiencies.
Through an extensive valve system, it is possible to switch
an individual cell from the main loop to the test loop
without breaking the polarisation of the electrodes. The
electrolyte used in the test loop is taken from the main loop
to maintain the same chemical composition. A schematic
view is shown in Fig. 1.

The main loop reactor is a stirred jacketed titanium
vessel of 200 dm>. The reactor is heated with a Lauda
heating bath and has a propeller stirrer fitted into it. From
the reactor, 1” titanium piping leads to four parallel
mounted electrochemical cells. The cells used in the pilot
plant, Fig. 2, have been developed at AkzoNobel Pulp and
Performance Chemicals for the evaluation of electrode
performance.

The cells were designed to simulate the electrolyte flow
with a cell gap giving the same IR drop as in full scale. The
fittings to the cells were made of PVDF and PTFE. The
circulation of electrolyte was made possible by an ABB
pump with a magnetic drive PVDF housing. A flow metre
was used to control the flow in order to maintain a
0.5 ms™' laminar flow of the electrolyte over the elec-
trodes. The pH was controlled in the loop with a Mettler

0, Analyser

Cl; scrubber

Gas flow meter Gas dryer

Main

Test loop
reactor

loog Cells Q

reactor

Fig. 1 A schematic drawing of the test facility used in this project
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Fig. 2 Cutaway of the cells used in this work

Toledo InPro 4260i/SG pH electrode, and 2 M HCIl was
added to maintain a constant pH. An air flow of 3.6 m® h™!
was purged into the reactor to dilute all formed hydrogen to
a safe concentration that was well under the explosion
limit. To compensate for evaporation, all gases were taken
through a condenser and a level watch was connected to a
pump to keep the level constant by the addition of deio-
nised water. All four cells were connected individually to
separate rectifiers with the ability to run in potentiostatic or
galvanostatic modes.

With the extensive and intelligent valve system, each
cell can be, by themselves or together, bypassed and put
into the smaller test loop without cutting the load on the
cells. The test loop has a 0.7 dm’ jacketed glass reactor
heated with a Lauda water bath. The pH was controlled in
the same manner as in the main loop. Nitrogen can be
added by either flushing large amounts of gas or controlling
addition with a Brooks mass flow controller. The off gas
was washed in 5 M NaOH to remove traces of chlorine and
subsequently dried over silica gel. The clean and dry
hydrogen and oxygen (and sometimes nitrogen) mixture
was analysed for oxygen content by a Servomex param-
agnetic oxygen analyser, and the total flow was measured
by a Brooks mass flow metre. The combination of the mass
flow of gas in normal ml min~' and the percentage of
oxygen in the total flow were used to calculate the molar
flows of oxygen and hydrogen so that current efficiencies
could be estimated. The electrolyte circulation was gener-
ated by an Iwaki pump with PVDF housing generating
150 dm® h™'. In all investigations, the four different cells
were tested to be able to get a mean value with errors.

2.1.1 Validation of testing equipment

Stability tests and validation trials were made in the test
pilot unit with titanium cathodes since they have proven to
be stable and give high faradaic yields [20, 22]. The vali-
dation tests were run with four cells for 19 days with one
power shutdown before the evaluation of the performance.
The cathodic current efficiency was determined to be
97.2 £ 0.4% which is well in line with the work of Gus-
tavsson et al. [20] as well as Spasojevfc et al. [7]. The cell
voltage was 3.135 + 0.015 V at a current density of
2 kA m™2 Variations of the individual electrode potentials
were greater than for the cell voltage, indicating problems
with the stability of the silver wire reference electrode over
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time. Double reference electrodes were therefore connected
afterwards for redundancy. When stable, the individual
electrode potential was measured with an accuracy
of £ 18 mV. Oxygen measurements showed a cell gas
concentration of 1.67 & 0.18%, which resulted in a for-
mation rate of 1.67 4 0.18 mmol h™'. These values clo-
sely correspond to what has been reported in the literature
[7, 9, 26]. The results achieved in the validation trials
closely resembles what can be found in the literature with
respect to the cell potential, current efficiency and oxygen
formation. Hence, the accuracy of measurements was
found to be very good, and the estimated uncertainty of
measurements given for each parameter was also consid-
ered to be within an acceptable range. The performance of
the anode in the chlorate process varies over time, i.e., the
initial performance during the “breaking-in period” and
the final performance may differ [2, 27-30]. All tests were
run with four different electrodes/cells to show repeata-
bility and to obtain some statistics of the results such as
mean values and standard deviations.

As the pilot was run unattended, it must be equipped
with rigorous safety measures. The pilot used in the
experiments had interlocks to avoid the explosive mixture
of hydrogen and oxygen, as well as the incidental release of
chlorine gas. These interlocks are mainly based on in-line
measurements of potential, current, ventilation capacity, air
purging, pH and flow measurements. Any event that can
cause danger to a human or the environment will stop the
equipment automatically; this is referred to as a ‘trip’.

2.1.2 Comparison between the pilot plant and full-scale
plant performances

The performance of the pilot plant was validated against
the full-scale plant performance. During the validation
experiment, the pilot plant was run under constant condi-
tions, and only the temperature varied (within 5 °C). The
oxygen concentration and cell voltage were measured
during the tests. For practical reasons, it was not possible to
measure total current efficiency nor extract the cathodes for
surface characterisation. The results from four different
AkzoNobel sodium chlorate plants were used to span dif-
ferent cell technologies. Both monopolar and multi-
monopolar cells were involved in the comparison. The
temperature dependencies from the full-scale experiences
at the four different plants show decreased cell gap volt-
ages of 4-8 mV °C™! in the temperature interval of
70-80 °C. In the pilot study, the value in that interval
showed a decrease of 6 mV °C~'. The correlation from
this pilot study to the full scale is further exemplified by the
temperature effect on the oxygen content; in the previously
mentioned study, the four full-scale plants showed
increased oxygen content in the off gas, with an average of

0.04-0.07% °C~'. The corresponding value in this pilot
study is 0.05% °C™".

2.2 Electrodes

DSA (PSC120 from Permascand) was used as the anode,
and mild steel (DOMEX MS 21033 from SSAB) was used
as the cathode; these electrodes were cut with a water jet
and rinsed with deionised water. Aged steel cathodes from
two different chlorate plants from AkzoNobel Pulp and
Performance Chemicals were used in two test cycles. In
one trial, cathodes made from titanium (grade 1 from
Permascand) were used. The exposed electrode area in the
test cells was 30 cm?. A simple Teflon-coated silver wire
was used as the reference electrode (often referred to as a
pseudo- or quasi-reference electrode) [31]. The silver wire
was inserted into the centre of the cells and was made from
pure silver wire from Sigma-Aldrich (99.9998%).

2.3 Chemicals

The electrolyte was produced from a brine of recrystallised
NaCl and raw washed and dried NaClOj; crystals from the
AkzoNobel (Eka SC); the electrolyte was diluted to
110 g dm~* NaCl and 590 g dm > NaClO5 with deionised
water. Sodium dichromate (Fluka, reagent grade) and
sodium sulphate (Merck, p.a.) were added in appropriate
amounts to fit the experiments. To maintain the pH in the
electrolyte, NaOH and HCI (Scharlau p.a.) were added.

2.4 Method

Two different types of investigations were made. The first
was a study of different process parameters on the fresh
mild steel. Three different parameters were varied to
investigate the effects on power consumption and corro-
sion. The parameters chosen were the temperature and the
concentrations of sodium dichromate and sodium sulphate.
These parameters were chosen since they are known to
influence the performance of the process and are also
simple to alter in the full-scale production. At the full scale,
dichromate is added to improve the current efficiency and
reduce corrosion in the process. The temperature is kept
high to increase the conductivity and the reaction rates.
Sodium sulphate enters the process as an impurity in the
brine. It is not unusual to have concentrations up to
20 g dm ™~ of sodium sulphate in the electrolyte. In this
study, the concentration of sodium dichromate was 1, 3, 5
and 7 g dm—. In separate measurements, the sodium sul-
phate concentration was 0, 5, 10 and 20 g dm_3, while the
sodium dichromate concentration was kept at 5 g dm . In
the absence of sulphate and the presence of 5 g dm >
sodium dichromate, the temperatures studied were 65, 68,
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71 and 78 °C. For each performance test, a fresh mild steel
cathode was used and operated for several days. Plans were
set to have only one controlled shutdown lasting 40 min
every week, but the plant’s own safety system did some
emergency shutdowns due to various safety reasons
marked as ‘Trips’ in Table 1. A schematic figure of the
different trials is given in the supplementary information
(Fig. S1).

2.4.1 Stop procedure

Three different types of stops were made in the pilot during
the investigations: intermediate stops, trips and final stops.
Intermediate stops are made while the electrodes are con-
nected to the main loop by shutting off the rectifier, i.e., the
electrolyte flow and temperature are maintained. Thus, the
corrosion occurs in the presence of a continuous supply of
hypochlorite. Trips are unintentional stops triggered by the
safety system. Two types of trips were observed in these
experiments. The first type of trip was a shutdown of the
rectifiers but with the heat and electrolyte circulation still
running. The second type results in a complete electrical
shutdown, meaning that the circulation and heating also
stopped. During the trips, the electrodes were at open cir-
cuit potential and corrode in the electrolyte. The final stop
was made when the electrodes were taken out of the main
loop. Before the final stop, the cells were connected to the
test loop, one-by-one, to measure the current efficiency,
oxygen formation and cell voltage. Before the measure-
ments were performed in the test loop, the system needed
to reach the steady state. The reason was that the concen-
tration of hypochlorite in the electrolyte would increase
due to the lower electrolyte volume in the test loop relative
to the applied current. There was also a delay in the gas
monitoring system, as the test loop vessel was initially
filled with nitrogen for safety reasons. Displacing the
nitrogen and obtaining a stable hypochlorite concentration
took a long time (2 h) for the first monitored cell, but then
the system is equilibrated, and the following cells only
needed 40 min to obtain stable values. An average of the
measured values was taken during 15 min at the end of the
time period. After the measurement, the electrode was
reconnected to the main loop and the rectifier was stopped,
i.e., the electrode was at the open circuit potential under the
steady-state conditions in the main loop. The cathode
underwent corrosion for 40 min, if not stated otherwise.
The steady-state concentration of the sodium hypochlorite
in the main loop was approximately 0.5 g dm>. During
shutdown, the hypochlorite concentration decreases due to
the chlorate formation reaction (6) and reaction in which it
decomposes to oxygen (11). Approximately, 10-15 mol%
decays during that 40 min, based on data obtained under
very similar conditions reported by Cezner et al. [32]. After
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the corrosion period, the electrolyte flow was stopped, the
cell was emptied, and the electrode was removed and
rinsed with deionised water. The removed electrodes were
stored at ambient temperature in plastic bags in air. A
summary of stops for the different tests is given in Table 1.

The second study was performed using cathodes that
were previously used in two different chlorate plants.
These electrodes were only run continuously, with no
shutdown or trips during the test period. In this case, all
electrodes were removed from the electrolyte while still
polarised.

2.5 Surface analysis

Photographs of the surfaces were taken through an Olym-
pus stereo microscope at x20 magnification. X-ray
diffraction of the electrodes was made with a Siemens
D5000 diffractometer with a Cu Ko (1.5418 A) radiation
source at a 5° incidence angle. Fourier transform near
infrared analysis was made in transmittance mode using
KBr on a Nicolet 6700 FT-IR. Samples were prepared by
cutting out coupons of 2 x 2 cm for photographs and XRD
analysis. For the IR measurements, the corrosion products
on the coupons were scraped off from the coupon to be
mixed with KBr for analysis. Energy dispersive X-ray
analysis (EDX) was made with a Leo Ultra 55 FEG SEM
equipped with an Oxford Inca EDX system. A 3 keV
energy beam was used for imaging and 30 min of a 10 keV
energy beam was used to perform the EDX analysis.

3 Results and discussion
3.1 Implications of safety trips

The implications for corrosion and current efficiency from
the described safety trips, Sects. 2.1 and 2.4.1, are difficult
to estimate, as the plant started up, ran for several days
afterwards and then stopped in a similar controlled manner
for all samples. However, it is reasonable to believe that the
time elapsed during the trip will influence the time for
hypochlorite to oxidise the chromium (III) film as well as
the steel cathode. There will most likely also be a differ-
ence in corrosion if the circulation is running during the
trip or not. A continuous feed of hot hypochlorite-con-
taining electrolyte should be more corrosive compared with
the situation in which the circulation stops. Without the
forced feed, the enclosed electrolyte in the cell gap will
decrease in temperature and eventually be depleted of
hypochlorite. The total exposure time for each electrode, as
well as the intermediate, final stops and trips is given in
Table 1. It is believed that the well-defined final step is
decisive for the composition of the cathode.
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Table 1 Operation time and

shutdown of the pilot plant Na,Cr,04 Days of trial Intermediate stops Trips Final stop Total stop time
durmg the t.rlals. A trip is when 1 gdm™ 3 _ 1 x19h 80 min 20 h 20 min
the pilot unit shut down due to _3 i i
process safety issues or power 3 gdm 14 - 1 x34h 40 min 34 h 40 min
failure 5¢g dm™ 14 1 x 40 min - 40 min 1 h 20 min

7 gdm™? 15 1 x 40 min - 40 min 1 h 20 min

Temperature Days of trial Intermediate stops Trips Final stop Total stop time

65 °C 14 2 x 40 min - 40 min 2h

68 °C 14 1 x 40 min 40 min 1 h 20 min

71 °C 20 1 x 40 min 1 x 4h* 40 min 5 h 20 min

78 °C 19 1 x 80 min 1 x15h 40 min 3 h 30 min

Na,S0,4 Days of trial Intermediate stops Trips Final stop, min Total stop time

Og dm™ 20 1 x 40 min 1 x 4h* 40 min 5 h 20 min

5gdm™ 20 1 x 40 min 2h 40 min 3 h 20 min

10 g dm™? 20 2 x 40 min - 40 min 2h

20 g dm™ 22 1 x 40 min 1 x 15min 40 min 1 h 35 min

# No circulation

3.2 Influence of sodium dichromate additions
3.2.1 Process performance

The performance in the test loop was evaluated just before
the final shutdown (see Sect. 2.4.1), and the values in
Fig. 3 are the averages from four individual cells with their
standard deviations shown as error bars. The rate of oxygen
formation shows a linear decrease with the increase of
sodium dichromate concentration in the electrolyte,
Fig. 3a. Both cathodic current efficiency, Fig. 3b, and cell
voltage, Fig. 3c, increase with the increasing content of
sodium dichromate.

The rate of oxygen formation is presented as millimoles
of formation per hour. The more commonly used unit,
percentage of oxygen in cell gas, has been avoided since it
can be misinterpreted when hydrogen gas formation varies,
as noted by Hardee and Mitchel [9]. The experiments
clearly show a linear trend of decreasing oxygen formation
with the increasing concentration of dichromate in the
electrolyte, Fig. 3a. This result is in line with full-scale
plant experiences and other pilot trials, as discussed in the
literature [9, 33]. In contrast, Hardee and Mitchel show in
their experiments that the oxygen formation is constant
with respect to the dichromate concentration in the range of
1-5 g dm ™~ [9]. However, their study used an electrolyte
with only 50 g dm™> of NaCl, which gives unnaturally
high oxygen content in the cell gas. Together with their
claimed uncertainty in the measurements, it would not be
possible to observe the same effect that is shown in the
present work. The reason for the decrease in oxygen for-
mation with increasing chromate concentration is due both

to the buffering effect of the chromate system, keeping the
electrolyte pH in the optimal region for chlorate formation,
and to the catalytic activity of chromium (VI) towards the
disproportionation reaction of chlorate formation
[7, 33-35]. Both of these phenomena keep the reactant
(hypochlorite and hypochlorous acid) concentrations in the
electrolyte low, which in turn lowers the possibility for
oxygen formation, both in the bulk electrolyte (reaction 11)
and at the anode (reaction 8). This is an indirectly positive
effect of dichromate that needs to be considered if it is
substituted with another substance.

The effect of chromate on the anode performance has
been discussed in the literature. Cornell et al. [36] and
Nylén et al. [37] discuss how the addition of chromate
increases the buffer capacity and thereby hinders the
decrease of the pH at the anode surface. They further
discuss that the chromate adsorbed at the active sites leads
to a higher overpotential, which in turn results in increased
oxygen formation according to Eberil et al. [38]. However,
in the present work, the total oxygen formation decreases
with increasing chromate concentration, and thus, this
effect must be very small compared with the catalytic
effect of chromate on the disproportionation reaction.

The cathodic current efficiency is strongly dependent on
the concentration of sodium dichromate in the electrolyte,
as seen in Fig. 3b. The addition of sodium dichromate
provides selectivity towards water reduction by forming a
chromium (III) oxide or hydroxide that effectively blocks
the reduction of hypochlorite and chlorate [16]. In addition
to current efficiency, there are also a change in physical
appearance as a result of the formation of the chromium
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(III) film, i.e., the observable corrosion product and chro-
mium (IIT) layer thickness.

3.2.2 Surface characterisation

X-ray diffraction was used together with FTIR spec-
troscopy to analyse the corrosion products formed on the
mild steel cathodes during the final stop. After removal of
the electrodes from the main loop, they were rinsed with
water and stored at ambient temperature in plastic bags in
anticipation of surface characterisation. A first set of
analyses was made using XRD and SEM/EDX after about
three months.

A qualitative elemental analysis was made with EDX to
get a rough view of the content at the surface. The surface
layer contains mainly iron, chromium and oxygen but also,
to a different degree, sodium, magnesium, calcium and
chloride (Table 2).

The measurements show that chromium remains on the
cathode surface even after spending a long time at the open
circuit potential in the cell. It is generally believed that
hypochlorite will oxidise the chromium film formed at the
cathode during polarisation [8]. This belief is also sup-
ported from a thermodynamic point of view, as the oxi-
dising power of hypochlorite is, by far and even at very low
hypochlorite concentrations, enough to oxidise the chro-
mium (IIT) film and the steel cathode. However, the
experiments show that the chromium film lasts at least
40 min during shut-down. This persistence may well be the
reason for its corrosion-inhibiting properties. The open
circuit potential was also measured during shutdown for
the planned stops, the trips and the final stops. In Fig. 4, the
open circuit potential during the final stop is shown as a
function of the dichromate concentration in the solution.

The open circuit potential reached a constant value
between —0.2 and —0.1 V versus Ag/AgCl in the elec-
trolyte. The potential of the Ag/AgCl electrode can be
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Fig. 3 Measurements of the oxygen formation (a), cathodic current
efficiency (b) and cell voltage (c) in a sodium chlorate pilot unit prior
to the final stop. The electrolyte was 110 g dm > of NaCl,
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estimated to E° = 0.169 versus NHE at 71 °C [39]. For
oxidation of the chromium film, the redox reaction (16)
applies:

CrO3~ + 4H,0 + 3¢~ < Cr(OH),(s) + SOH™

1
E’ = —0.13 V versus NHE. (16)

At the pH of solution, 6.8, the potential for this reaction
is approximately 0.45 V versus the reference electrode
used in this study. It is clear that the chromium film is not
oxidised under these conditions. The fairly constant
potential that is obtained is probably related to the
Fe(OH)3/Fe(OH), redox couple in the solid phase
(—0.35 V vs. Ag/AgCl), which is slightly more negative
than the measured potential. The measured open circuit
potential is probably influenced by the presence of the
hypochlorite/hypochlorous acid in the solution.

The iron content on the surface differs significantly
between the samples and reflects the surface composition.
With 3 g dm ™ of dichromate in solution, the iron content
is approximately 20 at%, while at the higher concentrations
of dichromate, it amounts to approximately 5 at%. Since
the amount of chromium is fairly constant, this result
indicates that the surface layer is much richer in iron with
low dichromate concentrations in solution.

Further washing with water was performed, and new
XRD and FTIR analyses were made. In general, the XRD
spectra developed with time, showing more crystalline
compounds on the surface. In Fig. 5, the results obtained
after approximately one year are shown. The composition
and amount of corrosion products on the cathode depend
on the chromate concentration.

As the concentration of chromate in the solution
increases, the corrosion products formed during shutdown
become more crystalline (Fig. 5a). For the trials with 1 and
3 gdm™? of sodium dichromate, the corrosion layer is
mainly amorphous with some broad peaks in the XRD,
indicating some ordering with small crystallites.
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580 g dm~> of NaClO; and the concentration of sodium dichromate
varied between 1 and 7 g dm™ at 71 °C
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Ferrihydrite is known to be poorly ordered, with two to six
broad reflections in the XRD pattern, and might form on
the surface. Ferrihydrite can be transformed into goethite
and lepidocrocite depending on the conditions [40]. In the
IR spectrum obtained with 1 g dm™> of sodium dichromate
(Fig. 5b), there are peaks at 1020, 745, 610 and 478 cm_l,
indicating the existence of lepidocrocite [40]. Peaks at
890 and 796 cm™' are also observed that may arise from
goethite [40]. In the trials at 3 g¢ dm >, no lepidocrocite
could be observed; rather, an oxidised form of green rust,
exGR-Fe(IIl) [41], with broad peaks at 655 and 470 cm™ !,
was found.

The two electrodes from the trials with 5 and 7 g dm™
of sodium dichromate show similar results in the XRD and
IR analysis [39]. First, it is evident that chlorate is left on
the surfaces, even after a thorough rinsing in water. This
presence is observed in both the XRD and IR (Fig. 5). In
the IR spectra, the characteristic peaks for chlorate are
marked with an * (Fig. 5b). Green rust products are also
observed: both green rust 1 (GR1), formed by inclusion of
anions such as chloride and carbonate, and green rust 2
(GR2), containing three-dimensional anions such as sul-
phate or chromate. In the 20 range used in XRD, the main
peak for GR1 is located at ~ 11°; for GR2, the main peak is
found at ~ 16° with a smaller peak at ~24°. Green rust has
two characteristic peaks in the IR at ~420 and 550 cm™ ',
which are clearly observed in the IR spectra in Fig. 5b.
Green rust products form by gentle oxidation of ferrous
phases and are characterised by a crystal structure con-
sisting of stacked brucite-like layers of Fe(OH)q octahe-
drons carrying positive charges and interlayers of anions
and water molecules that restore the electroneutrality of the
whole structure [41-47].

With higher concentrations of chromate in solution, the
oxidation of the ferrous phases results in chloride-

3

Table 2 The EDX analysis of surfaces with different amounts of
sodium dichromate in the electrolyte

-3

Element at% 3 g dm™> at% 5 g dm™> at% 7 g dm
CrL 17.6 17.9 20.0
Fe L 20.5 4.8 5.6
OK 45.7 49.8 52.7
CIK 0.8 5.7 2.4
AgL 0.2 0.3 0.9
CK 10.8 8.9 7.5
CaK 0.6 6.4 4.9
Mg K 1.0 22 3.1
Na K 0.7 1.8 1.1
Si K 1.1 0.3 0.3
Ti K 1.0 1.9 1.5
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Fig. 4 Open circuit potential on mild steel cathodes in sodium
chlorate electrolyte after a shutdown of the process, with concentra-
tions of sodium dichromate ranging from 1 to 7 gdm™' in the
electrolyte

containing GR1 and probably chromate or chromium (III)
species in GR2. These GR products are surprisingly stable,
since they were detected after storing the electrodes for one
year in air. In the presence of sufficient amounts of chro-
mate, the oxidation of ferrous phases may also involve the
reduction of chromate, and the potential at the cathode
remains low even in the presence of hypochlorite. It has
been shown that chromium (III) species formed on the
surface by subsequent oxidation of the ferrous iron inhibits
the further oxidation of ferrous oxide [45]. This observa-
tion might explain the formation of green rust and the high
amount of chromium found in the EDX analysis.

Hence, at low concentrations of sodium dichromate, the
dominant corrosion product is a trivalent iron oxyhydrox-
ide, while at high chromate concentrations, green rust is
formed. Green rust has a lower oxidation state and is an
intermediate in the oxidation of Fe(OH), to different three-
valent oxides or hydroxides [41, 48-50].

Lower amounts of corrosion products were formed on
the cathode with increasing chromate concentrations in the
electrolyte. This was visually seen in the photographs
(Fig. 6 and especially in Fig. 6¢, d) in which the grinding
tracks are still observed. This result is due to the corrosion-
inhibiting effect of the chromium (III) layer that is formed
under cathodic polarisation [8, 9]. Also, the thickness of the
chromium (IIT) film has been discussed in the literature as
being beneficial for corrosion inhibition. It has been
reported that the more chromate that is present in the
electrolyte, the thicker the film gets [19]. However, from
the cell voltage shown in Fig. 3c, it seems that the effect of
the chromate levels off at concentrations approximately
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20/° (Cu Ka = 1.544)

Fig. 5 X-ray diffraction (a) and FT-IR transmission (b) analysis of
corroded mild steel cathodes from pilot plant trials. The electrolyte
was 110 g dm ™~ of NaCl, 580 g dm~> of NaClO; and the levels of
sodium dichromate varied between 1 and 7 g dm™ at 71 °C. The

5-7 g dm—>. This observation can be interpreted as a
limiting thickness of the chromium layer, which is an
interpretation supported by the work of Ahlberg Tidblad
et al. [19].

The difference in corrosion products is also evidenced
from the visual appearance of the electrodes, as their col-
ours were divided into two sets. The electrodes subjected to
1 and 3 g dm > of chromate have an orange to dark brown
colour, indicating iron (III) oxyhydroxides (Fig. 6a, b),
while for the higher concentrations of sodium dichromate,
5and 7 g dm ™, the electrodes show a bluish green lustre
(Fig. 6¢, d), supporting the formation of green rust.

3.3 Temperature effects
3.3.1 Process performance

The amount of oxygen in the cell gas (Fig. 7a) increases
with increasing temperature. The cathodic current effi-
ciency (Fig. 7b) increases with increasing temperature up
to 71 °C, followed by a dramatic decrease at higher tem-
peratures. This effect is observed on all four cathodes
investigated and is thus not an outlier. The cell voltages
show a steady linear decrease with increasing temperature.
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reflection at 44.7° is related to the substrate. An XRD reference
diffractogram is plotted from PDF 04-013-3719 and the asterisk
represents the chlorate peaks in the IR spectrum

This is a good example of why the molar flow, rather
than the percentage, of oxygen should be investigated.
With the large variations in cathodic current efficiency, it
would not have been possible to detect the almost linear
response of oxygen formation to the temperature increase
(Fig. 7a). The obtained temperature dependence of oxygen
formation is in line with what Hardee et al. [9] have
reported and discussed. The increase in oxygen formation
relates to an increased decomposition rate of hypochlorite,
as well as the oxidation on the anode described by reactions
(7) or (8).

The cathodic current efficiency has also a clear tem-
perature dependence. The current efficiency shown in
Fig. 7b increases with the temperature from 65 to 71 °C,
while further increases in temperature lower the efficiency
at the cathode. A possible reason for the decreased current
efficiency at 78 °C could be the reactions between the
chlorate and the chromium (IIT) film. It has been shown
earlier that chlorate can be reduced in the presence of
chromium(III) at elevated temperatures [51].

The cell voltage decreases linearly by 83 mV from 65 to
78 °C, Fig. 7c. The electrolyte conductivity changes, at the
same time, from 34.3 S m~! at 65°C to 40.6 Sm~' at
78 °C. The cell voltage is thus reduced due to a decreased
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iR drop of 36 mV under present conditions, which how-
ever, does not fully explain the entire voltage drop during
the temperature increase. The remaining 47-mV decrease
can be explained by effects at the electrodes, of which a
25-mV decrease was found on the anodic side (Fig. 8).

The magnitude of the decrease in anodic potential is in
line with earlier studies [37]. The remaining potential
dependence can be explained by effects at the cathode and
are in the range of what has been reported earlier,
1.6-1.9 mV °C~' [10].

3.3.2 Surface characterisation

The XRD analysis (Fig. 9a) shows that at the lower tem-
peratures, the phases have poor crystallinity. They resem-
ble the XRD from the 1 and 3 g dm > dichromate samples,
with broad reflections at approximately 27° and 35°. The
complementary IR spectra show small peaks that can be
assigned to exGR-Fe(Ill). The XRDs from the electrode
run at 71 °C have several reflections; the reflection at 2©
equal to 19.1, 23.4, 27.1 and 30.4 can be assigned to
sodium chlorate. This electrode has been rinsed but the
removal of the chlorate was unsuccessful. It does also show
a strong reflection at approximately 11° (GR1), as well as a
small one at approximately 16° (GR2). The results are
similar to the 5-g dm ™ dichromate sample but with the
opposite sizes of the reflections corresponding to GR1 and
GR2. For the electrode exposed to 78 °C, the XRD
reflections are again wider, showing poorly crystalline
phases; however, GR1 and GR2 may still be seen in this
surface.

In these trials, the colours of the electrodes were also
divided into two sets. The electrodes from the lowest and
highest temperatures, which also had the lowest current
efficiencies, have an orange to dark brown colour
(Fig. 10a, d), while those at the intermediate temperatures
were blacker and blueish (Fig. 10b, c). Hence, electrodes
exposed to the lowest and highest temperatures seem to
have more of the trivalent corrosion product on the surface
[40]. This indicates that the chromium (III) film found in
the mid-temperature range protects the electrodes from the
oxidising environment during a stop. This might be related

to decreasing the hypochlorite concentration with increas-
ing temperature. However, as previously mentioned, at the
high temperature the chlorate oxidation of the chromiu-
m(IIl) film becomes significant [51], resulting in more
corrosion even though the hypochlorite concentration is
lower.

3.4 Sulphate effects
3.4.1 Process performance

In the experiments where the sulphate concentration was
varied, there is a decrease in the oxygen formation rate in
the presence of sodium sulphate in the electrolyte
(Fig. 11a). The rate of oxygen formation seems to expo-
nentially decrease, but the order of magnitude on the error
bars does give the impression of the formation being
independent of sulphate concentration in the concentration
range studied. In the literature, there are contradictory
results [52-54] regarding the contribution of sulphate ions
to the oxygen formation at the anode. Recently, Owe et al.
showed that sulphate ions adsorb at the oxygen evolution
active sites on iridium oxide electrodes [55, 56]. The
cathodic current efficiency (Fig. 11b) is lower in the
presence of sulphate but independent of concentration. The
addition of sodium sulphate does not seem to affect the cell
voltage since all of the values are within the standard
deviation. However, an increase in the anode potential with
sodium sulphate in the electrolyte has been reported by
Nylén et al. [37]. According to the present results, such an
increase in the overpotential must be compensated for by a
lowering of the overpotential at the cathode, since the cell
potential is the same in the absence and presence of sul-
phate ions in the electrolyte (Fig. 11c).

3.4.2 Surface characterisation

The experiment with 0 g¢ dm > of sulphate is the same as
the experiment at 71 °C presented earlier. It shows GR1
and some GR2 on the surface, with chlorate potentially
included in the structure. The two XRDs from samples 5
and 10 g dm—> of sulphate (Fig. 12a) did not show any

Fig. 6 Photographs taken through an Olympus stereo microscope at x40 magnification of corroded mild steel electrodes in electrolyte

containing, from left to right, 1,3, 5 and 7 g dm™3 of Na,Cr,0,

@ Springer



1002

J Appl Electrochem (2017) 47:991-1008

31 320 95.0 293

29 - 3.00 T 291 I

2.7 T e 1 2.89 4 © |

=5 | - 2.80 . - l 4
= 25 - ¢ 53.0 > 287 - |
= | 260 & EA B

=
£ 23 | 5 8 285
& 240 E 3
21 - @ ¢ g 920 2 283
© 3
220 i S,
1.9 - §is I 81
17 - ©Oxygen inmmol h-1 | 54 ’ = 279 -
OOxygen in %
1.5 T T T T 1.80 20.0 T T T T 2.77 T T T
60 63 70 75 80 85 60 65 70 73 80 85 60 65 70 75 80 85
Temp/ °C Temp/ °C Temp/ °C

Fig. 7 Measurements of the oxygen formation (a), cathodic current
efficiency (b) and cell voltage (c) in a sodium chlorate pilot unit after
two weeks of operation. The electrolyte was 110 g dm™ of NaCl,
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Fig. 8 The anodic potential of the DSA electrode as a function of
temperature at 2 kA mfz, pH6.7,110 g dm™3 of NaCl, 580 g dm™
of NaClO; and 5 g dm ™ of Na,Cr,0

crystalline phases, just as was observed for the low tem-
perature and low dichromate trials. The corresponding IR
spectra (Fig. 12b) indicate that the corrosion layer consists
of exGR-Fe(IIl). The XRD pattern from the electrode used
at the highest concentration of sodium sulphate had several
peaks related to GR2 and some small peaks related to GR1.
Sodium chlorate was also present and was not removable
with water. The IR spectra (Fig. 12b) show only exGR-
Fe(II) for all electrodes.

The photographs taken of the electrodes (Fig. 13) show
that for all electrodes with sulphate in the electrolyte (b, ¢
and d), there are brown and blackish corrosion products on
the surface. For the electrode without sulphate and with the
highest current efficiency (Fig. 13a), the surface has a grey/
bluish appearance. Hence, the sodium sulphate seems to
increase the corrosion compared with the trials without
sodium sulphate in the electrolyte. It seems that the
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580 g dm™ of NaClO3, and 5 g dm™> of Na,Cr,07, and the
temperature varied between 65 and 78 °C

corrosion inhibition by the chromium (III) film is not suf-
ficient when other species that promote the corrosion are
present.

3.5 Electrodes previously used in sodium chlorate
plants

To further relate the different corrosion products with the
performance at full scale, two electrodes that have been in
operation for several years in two different sodium chlorate
plants, showing different performance levels, were inves-
tigated. The conditions during full-scale operation and the
surface analysis of the electrodes have been described
earlier [17].

The electrode from plant 1 had goethite on the surface,
and the electrode from plant 2 had lepidocrocite. To show
the differences in performance for these two iron oxyhy-
droxide species, they were tested in the pilot plant. The
cathodic current efficiency as a function of time is shown in
Fig. 14. The results clearly illustrate a large difference
between the two corrosion products. For the electrode with
goethite on the surface, the cathodic current efficiency is
approximately 75% at the beginning and increases to
approximately 90% during the time of experiment. In
contrast, the current efficiency of the electrode with lepi-
docrocite on the surface is zero at the beginning and only
slowly increases. After approximately 50 h, it performs
similarly to the electrode with the goethite initially on its
surface, and thereafter, the two electrodes have similar
performance. These results clearly demonstrate that lepi-
docrocite initially inhibits the water reduction, which
increases the power consumption and the cost of the pro-
cess. The fact that the two different plant electrodes behave
the same after approximately 50 h show that the active
sites for hydrogen evolution are produced in the reduction
process as described previously [15].
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Fig. 9 X-ray diffraction (a) and FT-IR transmission (b) analysis of
corroded mild steel cathodes from pilot plant trials. The electrolyte
was 110 g dm™> of NaCl, 580 g dm— of NaClOs, and 5 g dm™ of
Na,Cr,07, and the temperature varied between 65 and 78 °C. The
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reflection at 2@ = 44.7 is related to the substrate. An XRD reference
diffractogram is plotted from PDF 04-013-3719 and the asterisk
represents the chlorate peaks in the IR spectrum

Fig. 10 Photographs taken through an Olympus stereo microscope at x40 magnification of corroded mild steel electrodes in electrolyte with a

temperature of, from left to right, 65, 68, 71 and 78 °C

The IR spectra of the electrodes before they were tested
in the pilot plant does show the characteristic peaks for
goethite for the electrode from plant 1 and lepidocrocite for
the electrode from plant 2 (Fig. 15). After the trials, the
two electrodes showed similar structures. Peaks at 800 and
795 ecm™! for goethite and peaks at 555 and 430 for
maghemite were apparent. No lepidocrocite could be
detected on the electrode from plant 2. The XRD did not
show conclusive results. Sharp peaks at 2@ equal to 31.7
and 45.5 were observed for the electrode from plant 1,
representing sodium chloride; peaks at 23.4, 27.1, 30.4 and

33.7, representing sodium chlorate, could also be seen, but
nothing more could be detected (Fig. 15).

From the photographs taken of the industrial electrodes,
one can see that the cathode from plant 1 (Fig. 16a) has a
colour between dark grey and black at the beginning. After
the trial, the surface remained fairly similar, although the
colour was a little bit more brownish (Fig. 16b). The
cathode from plant 2 before the trial (Fig. 16¢) had a colour
between orange and brown on the surface; it is also the
electrode with the low current efficiency at the beginning.
After trials with the same stop procedure and running
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Fig. 11 Measurements of the oxygen formation (a), cathodic current
efficiency (b) and cell voltage (c¢) in a sodium chlorate pilot unit after
two weeks of operation. The electrolyte was 110 g dm—> of NaCl,
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Fig. 12 X-ray diffraction (a) and FT-IR transmission (b) analysis of
corroded mild steel cathodes from pilot plant trials. The electrolyte
was 110 g dm™> of NaCl, 580 g dm ™ of NaClOs, and 5 g dm ™ of

conditions, as well as the same current efficiency, the
visual appearances of the electrodes were the same
(Fig. 16b, d). Hence, after reducing the corrosion product,
the poorly performing (lepidocrocite) electrode was
recovered. This result means that even though poor stop
conditions may occur in the plants, it is not completely
devastating for the cells. Running the plant under optimal
conditions again will renew the surfaces and restore the
good performance of the cathodes.
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Na,Cr,05 at 71 °C. Sodium sulphate was added to final concentra-
tions 0, 5, 10 and 20 g dm >

3.6 Power consumption

The increase in power consumption of poorly performing
cathodes can be estimated from numeric integration of the
current efficiency all the way to steady-state conditions.
The steady state was considered to be achieved after 200 h.
Adding the current efficiency to the formula for power
consumption and multiplying with the production rate over
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Fig. 13 Photographs taken through an Olympus stereo microscope
containing, from left to right, 0, 5, 10 and 20 g dm™ of Na,SO,

time will give the increase in kW h per start. The numeric
integration was done as shown in the following equation:

200
[ CCEdr

CCEpyp = >~ 17
g At ( )
where CCE stands for the cathodic current efficiency. This
calculation yields an average cathodic current efficiency
over the first 200 h. The power consumption, P, is calcu-
lated according to (17),

1511 U¢en

_ —1
= ACE » CCE KWh ton™'],

(18)
and the production rate at 100% current efficiency in the
cell gap is

13600M

Rate = "7
e =" F106

[ton NaClOsh™'], (19)
where [ is the current in Amperes, M is the molar mass in

g mol ™', nis 6 electrons per chlorate molecule and F is the

&~ Cathode from plant 1
—*~Cathode from plant 2

Cathodic current efficiency/ %
o
=

0 T — - —
0.01 0.1 1 10 100
Time/h

1000

Fig. 14 Pilot evaluation of used full-scale plant electrodes. The
cathodic current efficiency is plotted for electrodes previously run in
the sodium chlorate process. The surfaces of the electrodes consist of
goethite (oa-FeOOH) and lepidocrocite (y-FeOOH) [17]

at x40 magnification of corroded mild steel electrodes in electrolyte

Faraday constant. Combining these equations will give a
value for the energy consumption during a start-up. The
maximum of the measured CCE in this work was 94%, and
this value can be used as a reference value to yield steady-
state production costs. To find the costs for a start-up with a
good cathode and a start-up with a poorly performing
cathode, a couple of more values are needed. An average
cell voltage of 2.8 V was found in this work, as well as an
anodic current efficiency of 96%. The current running
through the industrial cells was set to 70 kA, which is
significant for the industrial cells of AkzoNobel, Atochem,
Chemetics, and Krebs [57]. The figures quantifying the
power consumption in one cell gap during 200 h of steady
state operation, a start-up with a strongly performing
cathode and a start-up with poorly performing cathode are
seen in Table 3.

These values need to be multiplied by the number of cell
gaps in a cell and the number of cells in a cell line to get
the total energy cost for each start-up. For a contemporary
plant with 50 thousand tons of annual production, each
start-up with strongly performing cathodes will add
270,000 kW h; each start-up with poorly performing
cathodes will add 351,000 kW h.

4 Conclusions

A pilot facility was used to investigate how different
operating conditions in the sodium chlorate process affect
the power consumption and, especially, the cathodic cur-
rent efficiency and the corrosion of the cathodes. The
results show the following:

The current efficiency of the cathodes increases with the
increasing concentration of dichromate in the elec-
trolyte, reaching a steady-state value approximately 5 to
7 gdm™

The influence of sulphate in the electrolyte is negative
for the cathodic current efficiency, but no concentration
dependence could be determined.

There is an optimum temperature for the chlorate
process at which the corrosion is minimised and the
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Fig. 15 X-ray diffraction (a) and FT-IR transmission (b) analysis of corroded mild steel cathodes from pilot plant trials

Fig. 16 Photographs taken through an Olympus stereo microscope at x40 magnification of corroded mild steel electrodes taken from, from left
to right, plant 1 before the trial, plant 1 after the trial, plant 2 before the trial and plant 2 after the trial

Table 3 Power consumption during start-up with steady-state performance, the use of good cathode and the use of poorly performing cathode
for the production of sodium chlorate during 200 h at 70 kA, 2.8 V cell voltage and 96% anodic current efficiency

Steady state/kWh

“Well performing cathode”/kWh

“Poorly performing Cathode”/kWh

Power consumption for 200 h per cell gap 43,400

46,000

cathodic current efficiency is maximised. Diversion from
this value (approximately 71 °C) will decrease the
current efficiency and increase the power consumption.
Amorphous corrosion layers as well as “green rust” are
found to be the most common corrosion species in these
trials. This result is despite the fact that the electrodes
were left at open circuit potential for 40 min before
being taken out from the pilot cells.

@ Springer

It is remarkable that chromium stays on the surface of
the cathode after shutdown and the subsequent corrosion
period. The open circuit potential during shutdown
indicates that iron corrodes, although the chromium (III)
film remains under cathodic protection.

It is shown that if a poorly performing cathode is put into
service under good conditions, it will slowly be regen-
erated and start to perform well again. This regeneration
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period depends on the corrosion products that were
formed on the cathodes.
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