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Abstract

The effects of various factors on the undesired generation of hydrogen peroxide in a zero-gap oxygen-depolarized
chlor-alkali cell employing carbon-supported platinum catalysts were studied. The rate of peroxide generation was
found to decrease with platinum loading and increase with current density. The quantity of peroxide generated also
increased with electrolysis time, and reached a steady state value after a few 100 h of cell operation at 10 kA m™>.
The steady-state peroxide to hydroxide molar ratio was found to increase with brine concentration. This phe-
nomenon is believed to originate from a decrease of water activity at the reaction site that accompanies the brine
concentration increase. No correlation between chloride crossover and the concentration of peroxide generated was
detected. It is postulated that carbon particles are predominantly responsible for the partial oxygen reduction and
that their contribution increases with electrolysis time as a result of processes that render the carbon surface more

hydrophilic.

1. Introduction

The development of the membrane chlor-alkali technol-
ogy and its further optimization resulted in a significant
cut of the energy consumption in chlor-alkali produc-
tion. State-of-the-art membrane reactors operate at
voltages as low as 3.2 V at a typical current density of
4kA m2 (0.4 A cm™?) [1]. In spite of the effort to
reduce the energy use by the chlor-alkali industry, the
brine electrolysis is still one of the most energy-intensive
industrial operations. It is believed that the mature
membrane technology reached the theoretical limit on
energy consumption. As a consequence, further optimi-
zation of this technology is not expected to result in
meaningful energy savings. However, by replacing the
hydrogen-evolving cathode in a membrane cell with an
oxygen-depolarized cathode, the cell voltage and energy
consumption can be reduced by as much as 30% at
4kA m™.

The electrochemical reduction of oxygen in an alka-
line medium has been the subject of several research
studies [2—-19] and the successful application of cathodes
containing silver [20-22] and platinum [21, 22] catalysts
in oxygen-depolarized chlor-alkali cells has been re-
ported.

While oxygen-depolarized chlor-alkali cells signifi-
cantly lower energy consumption per unit weight of
chlorine and caustic product, they also have some
shortcomings. These shortcomings result predominantly
from the corrosion of cathode components, which can
lead to the catalyst loss, electrode flooding, etc. Another
drawback of oxygen cathodes in chlor-alkali cells is the
relatively high stability of peroxide, an intermediate
product in oxygen reduction. The loss of electrical
energy for peroxide formation is of no concern, because
the equivalent quantity of NaOH is formed upon
peroxide decomposition. The potentially adverse effects
of peroxide on cathode durability [23] and caustic
handling issues make peroxide a troublesome byprod-
uct. It is believed that the most significant contribution
to peroxide generation by an oxygen-depolarized cath-
ode (utilizing a carbon-supported noble metal catalyst)
results from oxygen reduction on the carbon particles
[24].

This paper presents part of our research on the
implementation of oxygen-depolarized cathodes in
chlor-alkali cells. It focuses on selected performance
characteristics of the cells with an emphasis on peroxide
generation. As our effort to implement gas diffusion
cathodes in chlor-alkali cells originated from fuel cell
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research [25], the designs of our chlor-alkali cells and
fuel cells are quite similar. For instance, while the
majority of oxygen-depolarized chlor-alkali cells [20, 22,
26-28] can be described as finite-gap or three-compart-
ment (where the cathode compartment is separated by
the gas-diffusion cathode into distinct oxygen and
caustic chambers) we used a fuel cell-like, zero-gap
configuration. In this configuration there are no sepa-
rate oxygen and caustic chambers and the oxygen
cathode remains in intimate contact with the ion-
exchange membrane. In this way, both the flooding of
the cathode by the NaOH solution and the ohmic drop
have been significantly reduced.

2. Experimental

The cells used in this study (Figure 1) employed
commercially available, 50 cm? double-sided gas diffu-
sion electrodes (ELAT®) with a carbon-supported
platinum catalyst (E-TEK). The catalyst layer contained
either 80% or 20% of carbon-supported (Vulcan XC-
72) platinum with a total Pt loading of 0.05 and
0.005 kg m™ (5.0 and 0.5 mg cm™?), respectively. The
electrodes were separated from the membrane by a thin
hydrophilic spacer (Panex® 30 carbon cloth, Zoltek).
The gas diffusion layer of the cathode remained in
contact with our proprietary gold-plated nickel or
stainless steel (SS316) flow-field and gold-plated nickel
or stainless steel (SS316) current collector. The anode
consisted of two DSA® coated titanium meshes (mesh
120 and 60). An integrated single serpentine channel
anode flow-field and current collector were made of
DSA® coated titanium. The cell gaskets were made from
~1 mm or ~1.6 mm Goretex® Teflon tape. In order to
maintain reproducible conditions at the membrane/
electrode/flow-field interfaces, the cell bolts were tor-
qued to a preset torque that resulted in an average
membrane compression of 689 kPa (100 psi), as deter-
mined in a separate experiment with Pressurex® pressure
sensitive film (Fuji Film).

The cells were operated at 90 °C. The cathode
chamber was fed with oxygen at 239 kPa (20 psig) with
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a flow rate corresponding to five times that required by
stoichiometry of the 4-electron oxygen reduction at the
applied current density. Unless otherwise stated, the
oxygen stream was humidified with 0.5 cm® min~' of
deionized water.

The anode compartment was not pressurized. The
used brine and chlorine from the anode chamber were
separated in a recirculation tank. The tank was
equipped with an overflow and constantly fed with
fresh purified brine (310 k m™, <10 ppb Ca + Mg,
Dow Chemical). Fresh and used brine were mixed
thoroughly in the tank and part of the resulting solution
was redirected to the cell while another part was
collected for recycling. In this way, constant concentra-
tion of the feed solution was maintained.
Unless otherwise stated, the feed concentration was
200+3 kg m™>. The estimated outlet brine concentra-
tion was approximately 186 kg m™ at 10 kA m™2 and
proportionally higher at lower current densities. The
chlorine gas was scrubbed with a 18-20 weight %
NaOH solution.

The peroxide content in the NaOH solution was
determined spectrophotometrically. Fresh samples of
sodium hydroxide were mixed with a known amount of
potassium ferricyanide solution in aqueous NaOH. The
peroxide content was determined from a decrease of
ferricyanide absorption at 418 nm [29].

Caustic current efficiency was determined from titra-
tion of the sodium hydroxide samples with standardized
1.0 M HCI solution (Fisher) against phenolphthalein.
Due to the very weak acidic properties of hydrogen
peroxide (pK,=11.75 [30]), the volume of the acid used
to neutralize the NaOH sample corresponded to the sum
of the sodium hydroxide present in the sample and the
NaOH produced as a result of hydroperoxide anion
(HO3) protonation. Since the latter quantity was also
equal to the amount of NaOH that would form as a
result of HO5 decomposition, the current efficiencies
quoted in this paper are not corrected for peroxide.

Constant current electrolysis was performed using a
Lambda LYS-K-5-0V power supply coupled to a
Hewlett Packard 6060B electronic load-box. The load-
box was also coupled to a high frequency resistance
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Fig. 1. Components of the electrochemical cell: 1 — cathode current collector, 2 — cathode gasket, 3 — cathode flow-field, 4 — gas diffusion
cathode, 5 — carbon cloth spacer, 6 — cation exchange membrane, 7 — anode meshes, 8 — anode gasket, 9 — anode current collector and flow-

field.



(HFR) measurement system that was comprised of a
Voltech model TF200 frequency response analyzer and
two Stanford Research Systems model SR560 low-noise
preamplifiers for current and voltage signals. The system
was controlled by Labview® software (National Instru-
ments) installed on a Maclntosh computer. A cell
voltage measurement was performed every 6 min and
was immediately followed by a resistance measurement.
In the latter case, a high frequency (2 kHz) ac signal of
small amplitude (30 mV) modulated the voltage of the
load-box and consequently the cell voltage and the
current. The ratio of the ac components of the cell
voltage and the current was assumed to be equal to the
ion-exchange membrane resistance, hereafter called
HFR. The error associated with this approximation
was rather small, as the observed phase shift was
typically in the range of 15-17°.

The system was also equipped with a Hewlett Packard
model 3488A switch/control unit, a model 3421A data
acquisition/control unit, as well as an I0Tech model
488/4 serial bus converter. These were responsible for
switching between the different modes of measurement,
data acquisition from the two test stations, and data
transfer to the computer.

3. Results

Figure 2 shows the cell voltage, HFR and cell voltage
corrected for ohmic drop, obtained from a typical long-
term test. After approximately 100 initial hours, where
lower current densities were applied, the cell was
operated at 10 kA m™2 without significant deterioration
of its performance for around 660 h, when the exper-
iment was terminated by an extended power outage. The
current density of 10 kA m™ is 2.5-3.3 times higher
than the current densities used in industrial hydrogen-
evolving membrane cells. Most of the data presented
below were for this current density.
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The observed decrease in high frequency resistance
during the initial hours of electrolysis originates from
the increase in current density and the associated
increase in water transport through the membrane [31].

3.1. Peroxide generation

3.1.1. Effect of catalyst loading and current density

The cells were operated for approximately 24 h at five
consecutive current densities of 2.0, 4.0, 6.0, 8.0, and
10 kA m™ and the peroxide level was measured in the
initial 3 h of operation at a given density. The peroxide
content in the sodium hydroxide generated was found to
increase with current density at both high (80% Pt,
0.05 kg m™?) and low (20% Pt, 0.005 kg m™?) catalyst
loading (Figure 3). This effect is believed to originate
from the different kinetics of complete 4-electron reduc-
tion and partial 2-electron reduction of oxygen:

0, +2H,0 + 4e” — 40H" (1)
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Fig. 3. Effect of current density and Pt loading on peroxide genera-
tion.
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Fig. 2. Cell voltage, high frequency resistance and ohmic drop-corrected cell voltage in a typical long-term test of a 50 cm? cell. Platinum
loading: 0.05 kg m™2. Vertical sections of the plots correspond to different current densities. For comparison, ohmic drop corrected cell volt-
age for 0.005 kg m™2 Pt is also shown. See experimental section for other experimental conditions.
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0, + H,0 + 2~ — OOH™ + OH™ (2)

The increase of current density shifts the cathode
potential towards the more negative values and affects
the relative rates of peroxide and caustic generation.

The ratio of peroxide concentrations generated at
high and low catalyst loadings is roughly independent of
current density and its average value for the plots in
Figure 3 equals 4.5. The ratio of peroxide concentra-
tions generated at high and low catalyst loading
qualitatively correlates with the relative contents of Pt
in catalytic layers of both electrodes, and suggests that
carbon and platinum particles compete as oxygen
reduction centers. While the numbers of electrons
involved in the ORR on individual Pt and C particles
and their respective efficiencies of peroxide generation
are unknown, the literature data clearly demonstrate
that gas diffusion electrodes containing pure carbon in
the catalyst layer produce significantly more peroxide
than electrodes containing carbon supported Pt catalysts
[11, 12, 24, 32, 33].

The slightly higher overpotentials of the oxygen
cathodes with low Pt loadings may also contribute to
the higher peroxide generation rates at low Pt loadings.
The magnitude of this effect is rather small, since the
observed differences in ohmic drop-corrected voltages
amount to 0.05-0.08 V at 10 kA m~> (Figure 2).

3.1.2. Effect of electrolysis time

The rate of peroxide generation depends on the elec-
trolysis time. Peroxide concentration changes occur in
times of tens to hundreds of hours and depend on
experimental conditions. The typical dependence of
peroxide concentration on electrolysis time is shown in
Figure 4. We believe that the observed increase of
peroxide generation at constant current density reflects
the increasing role of carbon particles in oxygen
reduction. The contribution from the carbon centers is
likely to increase with time in the presence of peroxide
[23], oxygen, and hot and concentrated caustic. These
harsh conditions can lead to surface oxidation of the
carbon particles and an increase of their hydrophilicity.
Another likely reason for the higher contribution of
carbon in peroxide generation at the cathode is the loss
of platinum surface area due to agglomeration of Pt
particles [33] and/or loss of Pt particles due to oxidative
corrosion of carbon carriers [34].

A loss in hydrophobicity of the cathode was always
observed after a life test, which ranges from a few
hundred to 2000 h. The water contact angle on the
catalyst side of the electrode before life test was
approximately 147° and 170° on the gas diffusion layer
side. The contact angle dropped below ~120° on the
catalyst side and below ~140° on the gas diffusion layer
side after electrolysis. These measurements were only
rough estimates, because the contact angle varied
considerably over the electrode surface due to inhomo-
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Fig. 4. Time effect on peroxide generation rate. Platinum loading:
0.005 kg m~2. Current density: 10 kKA m™2

geneity of the samples. In the areas, where the flow-field
remained in direct contact with the sample, the gas
diffusion layer exhibited exceptionally elevated hydro-
philicity. When the electrode was rinsed, water fre-
quently adhered to the electrode in the areas of contact
and formed a pattern that was reproducing the geometry
of the flow-field.

The measurement of the contact angle on the catalyst
side was distorted by another phenomenon. Prolonged
electrolysis invariably resulted in some adhesion of the
catalyst layer and the carbon cloth spacer. When the
parts were being separated, numerous carbon fibers were
transferred to the catalyst layer and some material from
the catalyst layer was transferred to the carbon cloth.
While the presence of the material from the catalyst
layer on the hydrophilic spacer could be frequently seen
with a naked eye, the presence of the carbon fibers on
the electrode surface was detected using a microscope.

Even though the amount of material transferred from
the catalyst layer to the spacer was rather small, no
attempts were made to determine the quantity of
platinum present in the catalyst layer after electrolysis,
since such an experiment would not help understand the
observed changes in peroxide generation rate at 10 kKA m™.
Our previous experiments, where the cells equipped with
no spacer were used, frequently indicated some catalyst
loss during electrolysis, in accordance with the data
obtained by Morimoto et al. [34]. However, since the
experiments at current densities above 2-4 kA m™>
required ‘‘conditioning” of the membrane at lower
current densities to prevent its possible damage at higher
current densities, any platinum loss determined after
electrolysis always reflected the sum of losses in all
current densities applied. Among them, the possible loss
of platinum at 10 kA m™> was most likely negligible [34]
and masked by significantly larger losses resulting from
the cell operation at lower current densities [34] during
the initial hours of electrolysis.

An examination of the electrode after electrolysis
under the microscope revealed also numerous cracks in



both the gas diffusion layer and the catalyst layer. The
number of cracks per unit surface area seemed to be
higher on the catalyst side of the electrode.

An attempt was undertaken to determine, if peroxide
was predominantly responsible for the loss of electrode
hydrophobicity. Small pieces of ELAT® were placed in
three beakers containing: deionized water, 31% (weight)
sodium hydroxide, and 31% (weight) sodium hydroxide
with as high as possible quantity of peroxide added [35].
The temperature of the solutions was maintained at
approximately 90 °C. Unfortunately, due to the fast
peroxide decomposition, the experiment required fre-
quent additions of peroxide and for this reason it could
not be continued beyond 8 h. After such a short time,
none of the samples exhibited any meaningful change in
the contact angle.

3.1.3. Effect of brine concentration

The effect of brine concentration on peroxide produc-
tion was studied at a current density of 10 kA m™ for
times longer than 500 h after a steady-state peroxide
generation rate was reached (Figure 4). Brine concen-
tration was adjusted by modifying the fresh brine supply
to the recirculation tank. It usually took around an hour
for the brine concentration to reach its steady-state
level. For the purposes of hydroxide and peroxide
analysis, samples of the caustic were taken after an
additional one half to one hour after the brine concen-
tration stabilized.

Figure 5 shows the effect of brine concentration on
the composition of the NaOH solution generated. An
increase of brine concentration from 136 to 228 kg m™>
produces an increase of NaOH concentration from
around 26.5% to a little more than 31%. The peroxide
content in the solution increases even faster, as mani-
fested by approximately 25% increase of the peroxide-
to-hydroxide molar ratio. As fully discussed in Section 4
below, the effect of brine on peroxide generation most
likely results from changes in water activity at the
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Fig. 5. Effect of brine concentration on peroxide generation rate and
NaOH concentration. Platinum loading: 0.005 kg m™2. Current den-
sity: 10 kA m™2. Reproduced with permission from Abstracts of the
201st Meeting of the Electrochemical Society, Vol. 2002-1. Copyright
2002 The Electrochemical Society.

oxygen reduction site caused by the NaOH concentra-
tion changes.

The effect of brine strength on NaOH concentration
most likely results from changes in the membrane
swelling. At lower brine concentrations, the membrane
is more swelled and more permeable than at higher
concentrations. As a consequence, more water is trans-
ported through the membrane [31] yielding lower caustic
concentration. A more quantitative measure of the
degree of membrane swelling and permeability is its
resistance, which increases about 7% for the measured
increase in brine concentration (Figure 6). As could be
expected, the caustic current efficiency also increases
with the brine concentration as a result of decreased
caustic crossover (Figure 6).

One may also suspect the partial oxygen evolution [36,
37] on the DSA® anode to contribute to the above
phenomena (Figures 5 and 6). This reaction produces
hydronium cations and its relative contribution to the
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Fig. 6. Effect of brine concentration on membrane resistance and caustic current efficiency. Platinum loading: 0.005 kg m™2. Current density:
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measured current increases with the decrease in brine
concentration [36, 37]. The increase in the brine acidity
may produce an increased H;O" flux across the
membrane, which may result in a lower membrane
resistance, lower current efficiency, and lower NaOH
concentration. Such an explanation would be plausible
for a sulfonated membrane, which behaves like a strong
electrolyte in both the acid and the sodium salt form and
its conductivity correlates with the molar conductivities
of hydronium and sodium ions [38]. The picture seems
more complex in the present case. As the carboxylic
layer of the bi-layer membrane behaves like a weak
electrolyte when in the protonated form, the net effect of
the enhanced oxygen evolution and the increased brine
acidity may be opposite to the effect observed. Conse-
quently, the effect of brine concentration on the extent
of the membrane swelling offers a better explanation of
the effects shown in Figures 5 and 6.

One should note that the current efficiencies in
Figure 6 are generally lower than the current industrial
standard for membrane cells, i.e., 93-95%. The lower
current efficiencies in present experiments result pre-
dominantly from the much higher current densities
applied in our cells (10 kA m™) than those typically
used in industrial membrane cells (3.0-4.0 kA m™). The
current efficiencies measured by us for 200 kg m™ feed
brine at lower current densities were: ~95%, 93%, 92%,
and 91% for 2.0, 4.0, 6.0, and 8.0 kKA m™>, respectively.
Higher current densities are likely to decrease caustic
current efficiency by increasing membrane swelling and
permeability [31], by more significant contribution of the
oxygen evolution reaction as well as by membrane
blinding by chlorine gas. Some modifications of our cells
have recently resulted in a significant improvement of
caustic current efficiency.

3.1.4. Effect of oxygen stream humidification

The significant change in oxygen humidification level
from 0 to almost 6 cm® min™' decreases the peroxide-to-
hydroxide molar ratio by approximately 10%. At the
same time, caustic concentration drops from 31.6% to
12.6%, i.e., much more than observed in experiments
where the brine concentration effects were studied (see
above). Quantitative comparison of the humidification
and brine concentration effects on peroxide formation is
shown in Figure 7. Here, the molar ratio of peroxide-to-
hydroxide is plotted against NaOH concentration,
which is a common measure of the quantity of water
introduced into the cathode compartment either by
transport from the anode compartment through the
membrane or by direct humidification of the oxygen
stream. The much weaker effect of the direct humidifi-
cation of oxygen (Figure 7) indicates that most of the
humidification water does not reach the catalyst layer
and thus affects neither the composition of the liquid
phase at the reaction site nor the membrane permeabil-
ity (see also Section 3.2.2 below). The main effect of
oxygen humidification is the diluting of the NaOH
solution that already left the electrode.

0.031 [
C brine concentration ]
effect ]

0.030 |
0.029 [

0.028 [

0.027 F
C oxygen humidification
[} effect

0.026 [

Peroxide to Hydroxide Molar Ratio

0.025 [ ° 3

0.024 —————— e — :
10 15 20 25 30 35

NaOH Concentration / weight %

Fig. 7. Comparison of effects of oxygen stream humidification and
brine concentration on peroxide generation rate. Platinum loading:
0.005 kg m™2. Current density: 10 kKA m™.

3.1.5. Effects of the hydrophilic spacer and the oxygen
flow rate

The hydrophilic spacer significantly reduces peroxide
generation (Figure 8). We believe that the presence of
spacer reduces likelihood of carbon particles participat-
ing in the oxygen reduction in two ways. First of all,
since the spacer acts as an efficient drain for NaOH
solution [39], the quantity of NaOH remaining inside the
electrode decreases and corrosion of carbon particles is
less likely to occur. Secondly, without the spacer, the
catholyte can accumulate in the pores of the catalyst-
free gas diffusion layer, and partial reduction of oxygen
may occur on carbon particles inside the gas diffusion
layer.

The above conclusion seems to be supported by
another observation. We found that the decrease of
oxygen flow in the cathode compartment from five to
two times of that required by the stoichiometry of
reaction 1 reversibly increases the peroxide generation at
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10 kA m™ by a factor of two. Unlike the pressure in
the cathode chamber, the flow rate cannot have a direct
effect on the reaction stoichiometry. Consequently, we
postulate that high velocity of oxygen in the cathode
chamber helps removing NaOH solution from the pores
of the gas diffusion layer and it thus has a similar effect
on peroxide generation as the spacer.

3.2. Chloride transport through the membrane

Sodium chloride is a major impurity of the sodium
hydroxide produced in diaphragm chlor-alkali cells, but
it is also present in much smaller quantities in the NaOH
obtained from the membrane process. The presence of
chloride in the solution may have adverse effects on the
operation of the oxygen-depolarized chlor-alkali cell,
because chloride is a known inhibitor of the 4-electron
reduction of oxygen. In similarity to other inhibitors of
oxygen reduction, chloride promotes partial, 2-electron
reduction of oxygen to peroxide [40, 41]. The effects of
the cell operating conditions on chloride content in the
NaOH and its potential effects on peroxide generation
are described below.

3.2.1. Current density effect

The concentration of chloride in a NaOH solution
decreases substantially with the increase in current
density (Figure 9). Since chloride anions are transported
to the cathode compartment by diffusion and electroos-
motic flow, and negated by migration [42], the observed
effect indicates the predominant role of migration in the
observed changes of chloride content in the caustic
product. This effect cannot be correlated with peroxide
formation, as different current densities correspond to
different kinetics of oxygen reduction.

3.2.2. Oxygen humidification effect

Within the limits of experimental error, there was no
effect of oxygen humidification on the chloride content
in the NaOH solution other than dilution, i.e., the ratio
of CI” to the NaOH concentration remained virtually
insensitive to the humidification level. In similarity to
the humidification effect on the peroxide generation rate
(see above), this result reflects the ineffectiveness of the
humidification, i.e., its rather weak effect on the com-
position of the liquid phase at the membrane/catalyst
layer interface.

3.2.3. Brine concentration effect

As opposed to a predicted decrease of the NaCl
content in the NaOH with brine concentration [42], the
chloride concentration was found to be rather insen-
sitive to brine concentration changes within the range
of 160-205 kg m™. The NaCl concentrations were
scattered between 18.5 and 24.4 ppm. Similarly, no
definite trend could be detected for the NaCl contents
normalized for NaOH concentration — the latter varied
between 26.5% and 30.1% for the above brine con-
centration range.
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Because brine concentration was shown to be a major
factor determining membrane swelling and permeability
(Section 3.1.3), the lack of detectable effects of brine
concentration on the NaCl content in the sodium
hydroxide solution seems surprising. It may suggest
that the opposite effects of chloride concentration
(driving force) and ionic strength (membrane swelling
and permeability) on chloride transport through the
membrane cancel at high current densities. Also, the
chloride concentration in the NaOH may be elevated
due to the transfer of chlorate, hypochlorite, or both
from the anode compartment and their subsequent
chemical or electrochemical reduction to chloride in the
cathode compartment. The magnitude of this effect is
most likely small [42].

3.2.4. Time effect
The concentration of chloride in a NaOH solution
generated at 10 kA m™2 seems to decrease after 1500 h
(Figure 10) of electrolysis, but the magnitude of this
decrease is unclear. As the opposite effect may be
expected for a prolonged cell operation at high current
densities [31], the decrease in chloride concentration
may be associated with changes in current distribution
over the membrane surface [42]. Some regions of the
membrane may be initially inactive due to incomplete
wetting of the carbon cloth/electrode interface. Such
regions exhibit increased carry over of anions because of
lowered local current densities [42]. A gradual increase
in the hydrophilicity of the electrode may decrease the
surface area of the inactive regions and lead to a more
even current distribution and a decrease of chloride
crossover. The small decrease of chloride concentration
(Figure 10) in the NaOH seems to have no effect on the
peroxide generation rate (Figure 4).

The lack of correlation between the peroxide gener-
ation rate and chloride crossover is clearly visible at the
shorter electrolysis times. Figure 11 presents time
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Fig. 11. Changes of chloride and peroxide concentrations in caustic
-2

soda during the first 300 h of cell operation at 10 kA m™.

dependencies for the concentrations of chloride and
peroxide in the NaOH solution generated at 10 kA m™>
during the first 300 h of cell operation. During this time
the most significant changes in peroxide concentration
occur (Figure 4). At the same time, the chloride content
does not vary, except for the first 20 h at 10 kA m™>
(between 50 and 70 h after the start of electrolysis),
where the membrane may not have attained its steady
state permeability. These results demonstrate the insig-
nificance of the chloride effect on peroxide generation.

4. General discussion and conclusions

As shown in the preceding sections, the important
factors that determine formation of peroxide in our
chlor-alkali cells are: (i) catalyst loading, (ii) current
density, (iii) time, (iv) composition of the solution at the
reaction site, and (v) quantity and distribution of the
solution inside the gas diffusion cathode. The observed
effects of catalyst loading and current density on

peroxide generation seem to have a rather obvious
explanation based on the relative kinetics of the 4-
electron and 2-electron reduction of oxygen on the
surfaces of different catalysts (platinum vs. carbon) and
at different overpotentials, respectively. The effects of
time and catholyte composition on peroxide generation
require additional discussion.

The interpretation of the time effect based on the
increase of carbon active area vs. that of platinum seems
most reasonable. Of the two materials, platinum and
carbon, the latter is much more susceptible to chemical
attack in a strongly oxidizing and hot environment. Due
to their increased hydrophilicity, the surface oxidized
carbon particles can become oxygen reduction centers.
However, any chemical process — including oxidation —
that can modify hydrophilicity of the carbon surface, is
also likely to modify the ability of carbon to support
platinum. In the worst case, the modified carbon surface
may no longer support Pt particles and an irreversible
loss of platinum may occur. The magnitude of such a
phenomenon was shown [34] to decrease with an
increase in cathode overpotential (current density), and
with a decrease in the degree of graphitization of the
carbon support. While the data in Ref. [34] suggest that
the catalyst loss due to the oxidative corrosion of carbon
carriers and platinum dissolution should be negligible at
high current densities, some effect of these phenomena
on the observed time dependence of the peroxide
generation rate cannot be excluded.

Another effect, which may have led to some decrease
of platinum surface area vs. that of carbon, is platinum
particle agglomeration, which was shown [33] to occur
at elevated temperatures in strongly alkaline media.
However, this process seems to occur during only the
first 24 h of electrolysis [33].

On the other hand, the results in Section 3.1.5
demonstrate that quantity and distribution of NaOH
inside the electrode have a very significant effect on the
peroxide generation rate. The inefficient transport of
NaOH from the cathode in cells without the spacer and/
or at low oxygen velocities leads to an increase of the
carbon surface area in contact with NaOH solution and
to a significant increase in the peroxide generation. Since
the increase in hydrophilicity of carbon particles
increases the surface area of carbon in contact with
NaOH, it is expected to lead to an increase of the
peroxide generation rate as well. A contribution to the
variation of the catalytic/surface properties of carbon
particles from possible chloride poisoning [43] cannot be
excluded either. Most likely, carbon particles in both the
catalyst layer and the gas diffusion layer contributed to
the observed phenomena.

There seems to be no correlation between the chloride
and peroxide levels in the caustic (Section 3) unless
chloride adsorption is significantly slower than the
observed chloride concentration changes in the caustic
stream (Figure 11). Such an effect is highly unlikely in
the case of platinum. Hence, the observed time effect
on peroxide generation cannot be attributed to the



inhibition of 4-electron oxygen reduction (Equation 1)
by the progressive accumulation of chloride on the
platinum surface. Consequently, the observed changes
in the peroxide generation rate shown in Figure 11
originate from the increasing contribution of the oxygen
reduction process on carbon particles.

Another potential source of the time dependence of
peroxide generation might be the poisoning of the Pt
surface by chlorates that gradually accumulate in the
recirculation tank [44] as a result of slow homogeneous
reactions [45]. Unfortunately, the chlorate concentration
in the recirculation tank was not monitored. Based on
the comparison of chloride and perchlorate adsorption
on platinum [46], one may expect that chlorate is more
weakly adsorbed than chloride. Hence, the effects
resulting from chlorate adsorption should be generally
weaker than those expected for chloride and therefore
can hardly be responsible for the time effect on peroxide
generation. Based on similar argumentation, the ob-
served brine concentration effect on peroxide generation
most likely does not originate from changes in chlorate
adsorption.

We believe that the brine concentration effect on
peroxide generation results from the associated changes
in NaOH concentration (Figure 5) at the reaction site.
In fact, concentrated sodium hydroxide is a medium of
a low and strongly concentration-dependent water
activity [47]. While the complete 4-electron reduction
of oxygen to hydroxide requires 2 mol of water per
1 mol of oxygen (Equation 1), its partial reduction
(Equation 2) requires two times less water. An increase
in the caustic concentration is accompanied by a
decrease in water activity, which makes the reaction 2
more favorable. This interpretation seems supported by
a recent paper by Chatenet et al. [33]. Their study of
oxygen reduction on Pt in NaOH solutions revealed
more significant peroxide formation in 11.1 M than in
1.0 M solution.
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