a semiquantitative estimation of the influence of various factors on the selectivity of ion-exchange membranes.
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JOINT ISOLATION OF CHLORINE AND OXYGEN ON
RUTHENIUM DIOXIDE —TITANIUM DIOXIDE ANODES

L. I. Krishtalik UDC 541.138.2:546

It was shown that the distribution of the potential in a thin (several microns) layer of active mass
of anodes is practically uniform. The diffusion of the acid formed in the anodic liberation of oxy-
gen from the pores of the anode is discussed. It was shown that in most of the anode the pH of
the solution in the pores is ~1, and only in a thin surface layer does it gradually approach the pH
of the anolyte. This pH distribution has a decisive Influence on the kinetics of the liberation of
oxygen and the nature of the wear of the anode during the electrolysis of chlorides.

For a discussion of the process of joint liberation of chlorine and oxygen, It Is necessary to consider the
mutual positions of the corresponding polarization curves. The experimental data on the liberation of chlorine
(from strongly acid concentrated chloride solutions) and oxygen (from phosphate buffer solutions with various
pH), pertaining to electrodes produced according to the same technology and possessing the same basic charac-
teristics, were cited in [1, 2]. A comparison of them shows that in strongly acid solutions (pH ~ 0), at the
potential of the liberation of chlorine, the rate of liberation of oxygen is approximately three orders of magni-
tude lower than for chlorine, I.e., the current yield for oxygen is ~0.1% in this case. With Increasing pH of
the solution, the polarization curve of the liberation of chlorine is unchanged, whereas the potentials of the
liberation of oxygen (according to a normal hydrogen electrode) are shifted by ~60 mV per pH unit in the
direction of less positive values [2]. Thus, with increasing pH the mutual arrangement of the polarization
curves for the liberation of chlorine and oxygen (in the absence of chloride) indicates an increase In the relatlve
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rate of liberation of oxygen. In the presence of a sufficient Increase in the pH, the process of oxygen forma-
tion should have already become dominant Iin a weakly acid (pH > 3) chloride solution, However, in practice,
as is well known, even at pH ~ 7 (i.e., under the conditions of chlorate production), the basic process is the

discharging of chloride ions, and not the liberation of oxygen.

The possiblility remains that such a discrepancy may be explained by Inhibition of the liberation of oxy-
gen in the presence of chloride. However, as was shown by the experiments of co-workers of our laboratory,
D. V. Kokoulina and Yu. I. Krasovitskaya, at increased pH the presence of the chloride ion does not have a
sufficiently strong influence on the process of liberation of oxygen.

Thus, we find that in practical electrolysis of a solution of NaCl, the rate of liberation of oxygen on
ruthenium dioxide —titanium dioxide anodes (RTOA) is significantly lower, l.e., the polarization curve of the
liberation of oxygen lies at higher potentials than corresponds to the pH of the anolyte. The cause of this In
weakly acid and neutral solutions may be an acidification of the space near the anode and of the solution in the
pores of the anode in the practically unbuffered medium, such as a solution of alkali metal chloride. We
reported earlier on acidification of the medium In pores and a substantial influence of increased acidity in the
pores in comparison with the acidity in the volume of the anolyte on the course of the oxidation of graphite [3].
However, the kinetic principles both of the chlorine and of the oxygen reaction on graphite and RTOA differ
substantially, and therefore a new analysis of this question was required.

Let us consider first the distribution of the current of liberation of chlorine along the depth of the anode.
This process, as usual [4], is described by differential equatlons

d'q ‘

-d_z.ﬂ - p[, (1)
o dr : v

= @

where 7 is the overvoltage; I 1s the overall current density (calculated for the visible surface) In the cross
sectlon of the electrode at a distance x from its outer surface; p s the specific resistance of the electrolyte
In the pores; I Is the true current density; S is the specific surface of the porous electrode (in cm?/cm?).
Since we are working In a region of rather high overvoltages and since, as will be seen subsequently, at a
small electrode thickness the potential deep within It does not differ greatly from the outer potential, In the
entire Interval of x we can neglect the current of the reverse reaction in comparison with the direct reaction

and can write the dependence of 1 on 7 in the form
' te=dy exp anF/RT. ' 3)
Here o Is the formal transport coefficlent; the remalning notations are as usual,
The boundary conditions are
a0, I=h, A=ns, @)
ul e

zmp, 1-0, ie, ———e=0, .
dz
The condition (5) reflects the fact that in the cross section of the porous layer adjoining the substrate,
current does not pass through the electrolyte,
The solution of Eqs. (1) and (2), considering (3) with boundary conditions ) and (5), Is

(6)

arctg Yexpla(n—no) F/RT ]~ 1 — arctg Yexple(no~1s) F/RT] =1 == -V 2 LapSio Yexp (cnoF/RT) .

If n - n5 < RT/aF, which, as we shall see later, is fully justifled, then considering the equallty (at u «< 1)
arctan vexpu — 1 = arctanvu & yu, we can write (6) In the form

YaGr-MFIRT — Ja(no—n) FIRT = _V 23’;_@&, oxp(anoF/RT)z. 62)

The expresslon lgexp (ansF/RT) I8 none other than 15, where 1 Is the true current denslity at the boundary of
the actlve mass and the substrate. If the overvoltages on the outer part of the surface 1, and at the boundary
with the substrate ns differ little, then the true current density can be considered constant In the first approxi-
mation and then S6i5 = I, is the overall current density on the outer surface of the anode. Consldering this
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circumstance and assuming x = 6 In (6a), we obtain the following expression for the difference of the overvolt-
ages at the front and rear boundaries of the active layer:

TNo=no=2pl08. '_ @

The specific resistance of the electrolyte in the pores p = po(yz/v), where p, is the specific resistance

of the electrolyte, v is the volume porosity of the active mass, and ¥ is the coefficient of tortuosity of the ‘!
pores. Using the usual values for these quantities (py =2 Q-cm, v =~ 0.2, y = 1.5), we find that for a layer
5 p thick at a current density I = 10~! A/cm? (the condition of industrial diaphragm electrolysis), 7y — ng =

2 mV. Thus, the potential and, consequently, the current density through .the entire depth of the active layer S
are practically constant.* .

Let us consider the distribution of the process of liberation of oxygen through the depth of the electrode
in an unbuffered chloride solution [5]. The electrode potential is determined by the basic process - the libera- |
tion of chlorine — and, as was described above, is practically constant through the thickness of the electrode.
Constancy of the potential in the entire layer of active mass still does not mean constancy of the current den-
sity of liberation of oxygen, since the latter also depends on the acidity of the solution. As was shown in [2], 1
for RTOA In the region of potentials close to the chlorine potential, the overvoltage of the liberation of oxygen ‘

does not depend on the pH, and the lower portion of the polarization curve (before its point of inflection) can
be described by the expression

i=i, exp (anF/RT) =i’ exp (aqgF/RT)cx", ®
where 17 is the overvoltage, while ¢ is the potential relative to a constant reference electrode.

Since the Tafel slope of this portion is close to 30~40 mV, the experimental value of o =~ 1.5-2, To
simplify the mathematical computations, it will henceforth be assumed that & =2 (in this case the solution can i
be obtained in analytical form).

In the liberation of oxygen, an equivalent amount of acid is formed. In a unit volume of the porous elec-
trode in 1 sec, j = iS/F moles of acid is formed. The acid formed diffuses outward from the electrode. Thus,
we should solve the problem of diffusion with a distributed source, which is described by the equation

-D Froaatl (L))
Here the direction of the x axls is taken from the electrode to the solution; D is the effective diffusion coeffi-
cient, equal to (v/'yz)Do, where D, is the true diffusion coefficient of the H' fon.
Substituting (8) into (9) we obtain

92° ' (10)
where K = lgexp (a@F/RT)S/F.
The boundary conditions in our problem will be as follows:

1. 9c¢/9x = 0 when x = 0; since x equal to 0 corresponds to the boundary of the layer of active mass and
the substrate, the flux of acid through this plane is equal to 0;

2. ¢ =cy, When x =0, where 6 is the thickness of the electrode; at the outer boundary the acidity is
equal to the acidity of the anolyte.

The solution of the problem Is .
prmn— Y Tt —ﬁ
cco¥et—ct + ¢, aretg Yeo (e~ — co~) =V-B-x. . (11)

Here ¢ is the value of c at x = 0,

*Under the experimental conditions [1], the difference 1, ~ ng was still approximately an order of magnitude
lower. From this, in particular, it follows that the values of the Tafel slope b obtained In these experiments
coincide with the true values. An appreclable difference in 1 (of the order of RT/F) can be achieved under
conditions of mercury electrolysis, i.e., using thicker anodes and higher overall current densities, In this
case the true current densities on the outer and inner boundaries may differ by an order of magnitude. How-

ever, in all cases of practical interest, the current of the reverse reaction can be neglected through the entire
thickness of the anode.
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The second boundary condition gives us ¢ at x = 6. Substituting the corresponding values into (11), we
can find ¢y and then c at any x.

Equation (11) expresses the distribution of concentration in implicit form; therefore numerical calcula-
tlons were performed on an electronic computer,* making the picture more graphic. The value Dy =4.107%
cm?.sec™ was taken. To estimate the value of K, we proceeded from the experimental value of the apparent
current density I in strongly acid solution (1 mole/liter = 10~ mole/cm®). In such a solution the H' lon con-
centratlon is so high that no significant variation of it in the pores can be expected, and therefore it can be
assumed that the true current density i Is distributed uniformly over the thickness of the electrode (a confir-
mation of the uniformity of the distribution of concentration under these conditions is given below). In this
case I = IS6 and K = Sic?/F = Ic?/F6. On the usual electrode with thickness 6 = 5-10~¢ cm, with a working
potential of the chloride electrolyzer, I = 1073 A/cm?, from which K =2.107!! (mole/cm?)3. sec™t,

Calculation gave the following results. At an acidity of the external solution 1 M, the maximum enrich-
ment of the solution in the pores is only 0.07%, and at an acidity 0.2 M it Is 0.8%. 'Thus, In a strongly acid
solution the acid concentration in the pores of the electrode is constant with a high degree of accuracy, which
justifies the assumption of its uniformity made above in the estimation of K. For lower concentrations of the
external solution, the changes in the concentration in the pores become more appreclable. Thus, ¢y = 0,167 M
at can = 0.14 M and c¢( = 0,125 M at cgp = 0.08 M.

Typleal calculation curves for the distribution of pH through the thickness of the electrode are presented
in Fig. 1. It Is important to emphasize that for these -parameters of the anode and conditions of the process,
for any acidities of the external solution, no matter how low, the acidity within a large portion of it (~98% of
the thickness) is established at the level of 0.01-0,1 M (~80% of the volume works at an acidity =0.05 M);
moreover, the maximum value of the acidity will be ¢y 5 0.1 M. Our calculation cannot be considered accurate
for two reasons, In the first place, the estimate of the constants is given approximately. However, this does
not introduce any qualitative changes, but leads only to a change of the scale along the x axis without any sig-
nificant change In the shape of the curve. The second simplification Is more important — the curve of libera-
tlon of oxygen was described by one Tafel straight line, while actually it consists of two Tafel portions [2].
The potential of transition from the area with low slope to the area with high slope lies above the potential of
liberation of chlorine for solutions with pH € 1.5-2, but at higher pH the process of liberation of oxygen proves
to correspond to the upper portion with a larger slope. Thus, in the external layer the liberation of oxygen
proceeds at a lower rate than was assumed in our calculation. In view of this, the region with pH > 2 should
be somewhat broadened, but its contribution to the total current will be somewhat smaller.

Calculation shows that when the pH of the anolyte is varied within a broad range of values (approximately
from 1 to 6), lL.e., In the entire region of practical interest, most of the anode works at pH close to 1. A
comparison of the rate of liberation of oxygen at this pH with the rate of liberation of chlorine shows that the
fraction of current for the liberation of oxygen should be several percent, which approximates the practical
data (~1-2%) in order of magnitude [6-9]. Considering the approximate nature of the calculatlon, the agree-
ment of these values should be considered quite satisfactory.

*The calculatlons were performed by V. V. Topolev, to whom I éh‘oﬁld like to express my gratitude.
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From the picture of the pH distribution through the depth of the anode, two important conclusions follow.

In the first place, the current yield for oxygen in work on an RTOA should be relatively insensitive to the pH
of the anolyte, especially at pH > 2,

The second conclusion is associated with the fact that at increased pH of the anolyte, a thin surface
layer of the anode — of the order of 0.1 4 — works at a relatively higher pH. This means that this layer Is
under conditions of increased oxygen overvoltage, i.e., in the region of potentials above the point of inflection
of the polarization curve. As was shown earlier [2], this potential is critical; above it wear of the anodes is
accelerated. Thus, although the entire anode works under a practically uniform distribution of current of
liberation of chlorine, the nature of the distribution of acid in the pores leads to a nonuniform wear of the
anode — the surface layer wears out more rapidly. Consequently, the thicker the anode, the longer its life-
time. In this the wear of the anode in chlorine electrolysis differs from the wear under conditions of acceler-
ated tests in strongly acid solution, when the stability is unchanged within a definite range of thicknesses.

Thus, although the pH of the anolyte has no sharp influence on the current yield of oxygen and on the deep
wear, increasing the pH should greatly affect the wear of the surface layer. In particular, this should lead to
a more rapid wear in chlorate electrolysis in comparison with chloride electrolysis. In chloride electrolysis,
however, efforts should be made to maintain a low pH of the anolyte. In particular, at pH £ 2, the electrode
still does not exceed the critical value, beginning with which the wear of an RTOA Is substantially accelerated.
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