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Evaluation of anode deactivation in chlor-alkali cells
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Different techniques to evaluate catalytic activity and to quantify residual service life (RSL) have
been applied to DSA® anodes used in chlor-alkali industrial cells. An accelerated service life test in
sulfuric acid was used as a reference method. The results obtained through EIS, cyclic voltammetry
and Ru content analysis of the catalytic layer confirm the results obtained with the accelerated test.
There is a direct relation between the residual service life (RSL) thus obtained and the catalytic
properties of the electrode. The different mechanisms of catalytic activity loss are discussed. An

evaluation methodology is proposed to reduce maintenance costs of industrial cells.
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1. Introduction

Dimensionally stable anodes (DSA®) are widely used
in the chlor-alkali industry because of their durability
and low chlorine overvoltage. During operation, the
electrode catalytic coating suffers a progressive de-
gradation which is manifested by an increase in the
cell operating potential. This is usually the only op-
erating parameter that indicates loss of anode cata-
Iytic activity. As the total anodic surface area of a cell
comprises that of many individual anode plates, it is
difficult to localize damaged units. Moreover, local
differences in the anode properties are more notice-
able in mercury cells where short circuits between
anode and cathode are a frequent problem. There-
fore, the usual, but costly, solution is to recoat the
whole anode assembly.

The evaluation of the anodes state is not practical
using industrial operating conditions because of the
long time it involves. Several tests have been devel-
oped to obtain a quick evaluation of the service life
and/or the stability of these DSA®-type electrodes
[1-10]. Most of these can be classified as accelerated
life tests. They are based on the application of a
constant current with simultaneous recording of po-
tential change with time. The electrode behaviour is
found to be dependent on the nature of the electro-
lytic medium. Sulfuric acid [1, 2, 10], dilute sodium
chloride [9] and sodium hydroxide [8] solutions are
the electrolytes most frequently used in the experi-
ments. Other techniques such as a.c. impedance
spectroscopy [5, 6] and cyclic voltammetry [7, 10]
have also been suggested.

The results obtained in the works described above
are difficult to compare quantitatively because elec-
trodes with variable catalytic coating molar ratios of
RuO,/TiO, were prepared using different methods.
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The aim of this work is to analyse results obtained
by several of the above mentioned techniques and to
define a simple and reliable routine procedure for the
residual service life (RSL) evaluation of industrial
DSA® electrodes.

2. Experimental details

Samples obtained from ‘spaghetti’-type DSA® in-
dustrial electrodes employed in chlor-alkali mercury
cells were used for the experiments. The samples were
cylinders (¢ = 0.3cm) of 1 cm? geometrical area with
nominal operation times ranging from 0 to 36
months.

Accelerated life tests were carried out in 2mM H,SOy4
solution using a conventional glass cell. A constant
current was applied to the sample and the potential
variation with time was recorded [1, 2]. The counter
electrode was a platinized platinum foil and the ref-
erence was a saturated calomel electrode placed near
the anode through a Luggin capillary. The electrolyte
was circulated to maintain a constant temperature
(T = 25°C) and to avoid accumulation of electrol-
ysis products. A Wenking HP88 potentiostat was
used to apply a constant voltage to a fixed resistance
in series with the cell, giving a constant current
through the circuit. An X—t recorder was used to
follow the potential variation. All potential values in
the text were referred to the standard hydrogen
electrode.

The ruthenium content in the catalytic layer was
measured by dissolving the samples coating in a fused
mixture of NaOH and NaNOj [11] at 450°C. The
residue was digested in water and the resulting solu-
tion was acidified with HCI. The ruthenium concen-
tration was determined by atomic absorption
spectroscopy.

Changes in coating morphology and thickness
were followed by optical and electronic scanning
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microscopy. An Olympus PME metallurgical micro-
scope and a Jeol 100 scanning electronic microscope
were used. For lateral surface studies, small frag-
ments of the electrodes were mounted on copper
supports and plated with gold. Samples for transverse
view observations were embedded in epoxy resin and
polished to mirror finish. Coating thickness was
measured by optical microscopy and reported here as
the average of twenty values taken around the elec-
trode contour.

Cyclic voltammetry was carried out in a conven-
tional glass cell using continuous sweeps in the po-
tential range 0.05V < E < 1.25V. The sweep rate was
0.05 Vs~ and the electrolyte was 0.5m H,SO4 so-
lution. Steady-state voltammograms were recorded
while the anodic sweep charges were measured using
a digital coulometer.

Impedance measurements were performed in
0.5M H»>SO4 solution at £ = 1.5V, using oxygen
evolution as test reaction. Measurements were carried
out applying a small amplitude sine wave voltage
(10mV peak-to-peak), with a Solartron FRA 1172
frequency analyser, jointly with a Solartron 1286
electrochemical interface commanded by a HP 9000
computer. The frequency range was 65.5kHz—
0.002 Hz.

3. Results and discussion
3.1. Accelerated life test

In the accelerated life test one variable (potential or
current) is fixed and the other is recorded during the
test. Anode deactivation is indicated when current
falls (constant potential) or when potential rises
steeply (constant current). A typical response for the
latter is shown in Fig. 1 in which an extended zone
with slight potential variation is observed, followed
by a swift rise to higher potential. The time for the
voltage to rise to 10V defines the failure time (FT).
This value is the time required for total removal of
the electroactive surface layer [3] and can be used as a
relative measure of the RSL for a given electrode.
Figure 1 shows that FT, defined in this work as the
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Fig. 1. Determination of failure time in 2m H,SO, at 1.5Acm™.

t,: time when the sample potential reaches 10V; #,: time when the
sample potential reaches 1V with reference to the initial potential;
t.: time obtained from the intersection of the tangents to the curve.

intersection of the tangents to the curve, can also be
quantified in different forms. FT values show similar
trends although they depend on the experimental
procedure.

Two accelerated life tests records are shown in
Fig. 2. Whereas samples obtained from an unused
electrode show an FT close to 16h for a current
density of 1.5 A cm™, totally deactivated samples fail
after a few minutes.

The current distribution and the electrolyte com-
position are important factors affecting the FT results
[1, 2, 9]. The FT is also strongly dependent on current
density. For example, when current density increases
from 1.5 Acm 2 to 2 A cm™2, the FT value falls to half
of its original value.

Operation times reported in industry are based on
continuous operation of a given cell. Samples ob-
tained from various locations in a mercury cell show
significant differences in the state of their catalytic
coating owing to local differences in current distri-
bution and short circuits between anode and cathode.
Therefore, FT values of samples obtained from dif-
ferent electrodes of the same cell vary and it is im-
possible to find an exact and quantitative relation
between cell operation time and electrode failure
time. Nevertheless, for individual samples the failure
time, determined for the accelerated life test, may be
used as an indication of their residual service life.
Although the accelerated life test is confined to
samples that are a small part of an anode
(size = 0.6m x 0.6m), its catalytic state may be
evaluated by taking several samples from it and
performing the accelerated life test to obtain the FT;
values. This strategy requires an appropriate sample
collection: the current distribution should not be
changed too much and the location of the samples
should represent the total anode state.

Hence, it is necessary to determine if the failure
time thus obtained relates to the sample catalytic
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Fig. 2. Potential variation with time for electrodes with different
catalytic states throughout the accelerated life test in 2m H,SOy4
(i=15Acm™). Key: (—) unused electrode; (----) deactivated
electrode.
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conditions. In the following discussion, the catalytic
state of different samples is evaluated using different
techniques and is compared to the corresponding FT.
The possible deactivation mechanism involved is also
analysed.

3.2. Ruthenium content and microscopy studies

The potential rise observed at the end of the accel-
erated life tests may arise from one of the following
causes:

(i) Anodic oxidation of RuO, with formation of
soluble Ru species [9].

(i) Electrode active mass decrease through loos-
ening of poorly adherent pieces of coating. This
process is produced by the mechanical action of
bubbles evolving in the coating cracks [11], or
by mechanical erosion due to turbulent hydro-
dynamic conditions.

(i) Substrate oxidation leading to electrical insu-
lation of the coating. A nonconductive layer of
Ti oxides formed at the interface between metal
and the RuO,-TiO, catalytic layer may be re-
sponsible for this behaviour [1, 2].

The remaining Ru content measurement per geo-
metric area of electrode should give information
about the coating state if mechanisms (i) or (ii) have
operated. Table 1 shows a direct relation between the
ruthenium content and FT for different samples.
These results confirm that the coating degradation
occurs along with the loss of catalyst.

In addition, samples with different F7 show
changes in the catalytic coating morphology. These

results are consistent with a type (ii) deactivation
mechanism. The surface of an unused electrode
(Fig. 3(a)) shows the typical grooves and cracks of
the catalytic coating produced by the manufacturing
method. In the event of a partially deactivated elec-
trode, the surface presents a more noticeable cracking
(Fig. 3(b)). In totally deactivated electrodes, wide
areas free of catalytic coating are observed (Fig. 3(c)).
In some cases, big pieces of coating loosening from
the electrode surface can be seen.

The electrodes evaluated with the accelerated life
test in sulfuric acid solution (Fig. 3(d)) show mor-
phological features similar to the electrodes degraded
in industrial conditions (Fig. 3(c)). This observation
indicates that the same deactivation mechanism
operates in both cases.

The loss of electrode active mass can also be ob-
served by measuring coating thickness of samples
with different FT. Figure 4 shows transverse views of
an unused electrode with the typical variations in the
coating thickness as was demonstrated by Nidola
[12]. Samples of these unused electrodes partially
deactivated using the accelerated life test in sulfuric
acid show a reduction in the coating thickness
(Fig. 5). Likewise, the same phenomenon is observed
in samples obtained from industrial mercury cells and
the thickness of the remaining coating is directly re-
lated to the respective FT recorded (Fig. 6). The
dispersion observed in the results appears because the
anode coating is nonuniform in thickness, as can be
seen in Figs 4 and 5.

Ru content measurements and microscopy studies
indicate that DSA®-type electrode deactivation is
produced, initially by a gradual loss of TiO,—RuO,

Fig. 3. SEM micrograph of the samples surface with different deactivation states. (a) Sample from an unused electrode (F7' = 16h);
(b) partially deactivated sample (FT' = 4.5h); (c) totally deactivated sample (F7T = 5min); (d) sample from an unused electrode partially

deactivated using the sulfuric acid test for 5h.
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Fig. 4. Transverse views of an unused electrode showing the
irregular thickness of the catalytic coating.

coating. This coating loss is caused by dissolution and
mechanical erosion processes. In later stages, coating
pieces become less adherent and consequently, they
detach from the electrode surface and fall into the
solution. The same mechanism occurs in both sulfuric
acid solutions and chloride solutions, but with dif-
ferences in the rates involved. This fact is in agreement
with Loucka [1] who proposed that the electrochem-
ical activity loss is related to oxygen evolution. In
chloride solutions the oxygen discharge rate is much
slower than in sulfuric acid solutions. Accordingly,
the time required to degrade the electrodes is very

Fig. 5. Transverse views of an unused electrode after a partial
deactivation in 2m H,SO, solution. i = 1.5Acm™>.

short in the second case. The phenomenon may be
accentuated by bubbles evolving in the coating cracks.
These bubbles produce mechanical tensions decreas-
ing the catalytic coating adherence.

3.3. Cyclic voltammetry

This technique has been applied to DSA® to char-
acterize electrode surface state [11, 13—18], determine
oxide mixture compositions [7] and obtain a relative
measurement of the real surface area [11, 19]. This
technique has been suggested using the coulombic
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Fig. 6. Relation between the mean coating thickness and the
respective FT of samples obtained from industrial electrodes.

charge transferred in the anodic half cycle (Q,) to
monitor the surface properties of oxide electrodes
[3, 8]. The Q, value depends on the potential range
analysed, the sweep rate, and the electrolyte nature.
The influence of these factors makes it necessary to
standardize the measurement conditions to compare
results from different electrodes.

Voltammograms of samples with different deacti-
vation stages obtained in sulfuric acid solutions are
shown in Fig. 7. For unused electrodes large back-
ground currents are observed (sample A). During the
voltammetric experiment, the surface is oxidized and
reduced reversibly through a mechanism involving
proton exchange with the solution [20, 21]. The volt-
ammetric charge is believed to be a measure of the
number of sites able to exchange protons with the
solution [22]. Thus, this voltammetric charge is a
measure of the electrochemical real surface area [23].
The voltammogram of a sample extracted from an
electrode used for 21 months in a mercury cell (sample
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Fig. 7. Voltammograms of samples with different electrochemical
activity: A: unused electrode; B: partially deactivated electrode in
industrial conditions (FT = 10.5h); C: totally deactivated elec-
trode (FT = 5min). Solution: 0.5M H,SOy, [dE/d:| = 0.05Vs™\.
Key: (—) sample A; (——) sample B; (----) sample C.

B) is quite similar to one obtained with unused elec-
trodes. However, higher current densities are ob-
served. This effect may arise from an increase in
roughness, which leads to a higher active surface area.
These results are in agreement with those from mi-
croscopic examinations since the coating surface of
this electrode and others with similar histories show a
higher degree of cracking (Fig. 3(b)). The voltammo-
gram is quite different in a completely deactivated
sample (sample C). The current densities are lower
than in the previous cases. At potentials close to zero
there is an increase in the cathodic current density
promoted by the beginning of the hydrogen reaction.
Similar voltammograms are obtained with pure tita-
nium electrodes which indicate a change in the chem-
ical nature of the sample interface. This is in agreement
with electron microscopy observations that show a
nearly total catalytic coating loss in these samples.

Samples with different deactivation stages ob-
tained from industrial cells were studied using both
techniques to obtain the relation between Q4 and the
FT. An increase in Qp is observed while the sample
FT decreases (Fig. 8). Only samples having a volt-
ammetric response like samples A or B in Fig. 7 were
included in Fig. 8. Samples with voltammograms like
sample C were discarded because in those cases the
total coating was lost, the QA recorded values were
very low and the respective failure times were only a
few minutes. Comparing Figs 6, 8§ and Table 1 it is
possible to conclude that, as the samples have lower
FT, they show loss of Ru content and a coating
thickness reduction together with a surface rough-
ening. In addition, the relation between the FT and
these parameters seems to be linear.

3.4. Electrochemical impedance spectroscopy

Studies using electrochemical impedance spectrosco-
py (EIS) [5] suggest that this technique is a sensitive
tool to characterize the catalytic state of DSA®-type
electrodes. In our work samples with different FT
were tested with EIS using oxygen evolution as test

0.08

0.06 -

0.02

0 5 10 15 20
Failure time/ h

Fig. 8. Relation between the voltammetric anodic charge Q, and
the respective FT of the samples.
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Table 1. Ruthenium content of electrodes with different deactivation
stages and the corresponding FT

2

Sample Failure Time/h Ru content/mgem™
A 16.0 2.00
B 14.7 1.80
C 13.5 1.70
D 10.1 1.00
E 8.6 0.85
F 7.5 0.60
G 5.5 0.39
H 2.5 0.13

reaction. Some of the impedance diagrams obtained
in the complex plane are shown in Fig. 9. When the
catalytic coating is still present, the diagrams are al-
most a perfect semicircle. This behaviour can be
simulated by a transfer function corresponding to a
simple equivalent circuit composed by the electrical
double layer capacitance Cg in parallel with the
transfer resistance R;, and this parallel RC circuit in
series with the uncompensated electrolyte resistance
Ronm [24]. As the FT of the samples decreases, the
diagrams show a slight reduction in the transfer re-
sistance R;. When the sample has practically no
coating, which is corroborated by the voltammetric
record and by measuring the coating thickness and
Ru content, the FT is close to zero and the tendency
in the impedance diagram changes. Thus, a very high
increase in R, and two time constants are observed
(Fig. 9). Figure 10 shows the relation between the FT
of the samples and the respective values of R, and
double layer capacity Cg calculated from the time
constant (Cq; X Ry) [25]. In both (a) and (b) of Fig. 10
the tendencies of R; and Cy; are indicated with dashed
lines when no coating exists on the sample. The most
important result from impedance measurements is
that the double layer capacitance shows a nearly
linear relation with the F7. Comparing Figs 8 and 10,
it can be seen that the trend is similar to that observed
for the anodic charge, although the dispersion degree
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Fig. 9. Nyquist plot of samples with different F7. Solution: 0.5m

H,SOy4; E = 1.5V; amplitude 10mV. FT: (¢) O min, (H) 5min, (A)
1.5h, () 3.3h, (*) 7.5h, (O) 10.5h and (| ) 16.2h.
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Fig. 10. Relation between the FT of the sample and (a) the charge
transfer resistance R, (b) the corresponding double layer capacity

is lower. An increase in surface roughness is probably
the predominant contribution in the linear region of
the curve. When the electrode has lost the catalytic
layer, the capacity decreases drastically and falls to
much lower values. The problem is to distinguish if
an electrode with a relatively low capacity is a new
electrode or a very worn out one. Looking at
Figs 9 and 10 it can be seen that the R, of most
electrodes, ranges from 100 Qcm™> to 200 Qcm ™. In
a completely deactivated electrode (e.g., FT = 5min)
the diagram shape changes, a second time constant
appears and R, is greater. On the other hand, cyclic
voltammetry also show substantial changes in the
records obtained for all these cases. Thus, by exam-
ining the response in voltammetric experiences, the
impedance diagrams shape and the R; values ob-
tained, it is possible to deduce whether the sample has
the features of a relatively unused electrode or the
typical response of a deactivated one.

4. Recommended practice for RSL evaluation
Regardless of which deactivation mechanism takes

places during the operation, a gradual loss of cata-
lytic material with an increase in the surface rough-
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ening is observed in DSA®-type electrodes. This
conclusion was reached through microscopic studies
as well as voltammetric and EIS measurements. It has
been demonstrated that these effects are directly re-
lated with the failure time obtained with the acceler-
ated life test in sulfuric acid solution. When the
electrodes present greater deterioration, which is
corroborated by thickness measurements and the
ruthenium content analysis of the catalytic coating,
failure times are shorter. This parameter has an ad-
equate sensitivity and, consequently, its measurement
constitutes a practical technique to determine the
residual service life of industrial DSA®-type elec-
trodes. On the other hand, FT shows a linear rela-
tionship with Qa, R, and the coating thickness. All
these parameters could provide the necessary infor-
mation to evaluate the anode catalytic state. From a
practical point of view, the accelerated test in sulfuric
acid and the cyclic voltammetry, are the easiest
techniques to use in an industrial plant.

Taking into account the results obtained, we pro-
posed the following method for evaluation of DSA®
anodes in chlor-alkali cells:

(i) Cyclic voltammetry and the accelerated life test
in sulfuric acid solution should be applied to
samples of unused anodes to obtain the Q5 and
FT, values. The FT, obtained corresponds to
the residual service life (RSL,) indicated by the
manufacturer (five years in most cases). As the
sample area is small compared with the total
anode area, the choice of an adequate sampling
policy is of utmost importance. Extraction sites
should be chosen so as to obtain information
about the total anodic area without altering
current distribution conditions excessively.

(i) Both techniques should be also applied to
samples of used anodes to obtain the F7; and
QO values prior to deciding the anode recoat-
ing. The voltammetric response and the O and
FT; values are compared with those obtained
from unused anodes of the same lot.

(iii) Considering the FT,, the RSL, and the FT; for
the actual electrode, the RSL; can be calculated
by

FT;

RSL; = RSL
(-

(iv) The voltammetric response and the Q, value
are used to verify that a catalytic layer is still
present on the considered electrode.

(v) When EIS or microscopy techniques are avail-
able, they can be used to corroborate the re-
sults.

(vi) The RSL of the anode will be obtained by
averaging the corresponding RSL; values.

(vil) Anodes with similar RSL are reassembled , so
as to operate with equivalent catalytic power in
all of them.

(viii) Anodes with low RSL are sent to be recoated.

Implementation of an analysis programme, similar
to that one indicated above, permits the development

of a data base which will allow to a better knowledge
of cell operation. This will also reduce cell mainte-
nance costs since the recoating is carried out on the
anodes that really need it and not on those which still
show significant catalytic activity.
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