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It was shown in the preceding communication [1] that an impregnant introduced into an anode has
virtually no specific influence on the anode potential. The electrode potential is raised because the elec-
trolysis process is displaced to the surface and the true current density is increased.

V. 8. Ioffe, who studied simultaneous discharge of C1' and OH' in concentrated NaCl and HC1 solutions,
showed that in the range of technical current densities the current efficiency for chlorine increases and the
current efficiency for oxygen correspondingly decreases with increase of current density [2). This result
was subsequently confirmed by special investigations of the influence of current density on the relative j
evolution of chlorine and oxygen or on chemical wear of unimpregnated graphite [3-5]. V. S. Ioffe attributed
the useful effect of impregnation to the fact that it excludes internal pores from electrolysis; within such
pores the current efficiency for oxygen is considerably higher than on the surface, because of the lower
true current density.

Changes in the composition of the anode gas in electrolysis of sodium chloride solutions when impreg-
nated electrodes were used have been reported in [6-8], but this problem has not been studied in detail,
In some instances there are considerable discrepancies between the results reported in these publicatipns.

We have therefore carried out systematic investigations of the composition of the anode products and
of chemical wear of impregnated anodes for different chlorine—oxygen discharge ratios.

EXPERIMENTAL

The investigations were carried out with graphite electrodes from the Dnepr Electrode Factory (DEZ),
not impregnated and impregnated with different substances, under the conditions described in the previous
communication {1].

Experiments on determination of anode wear in hydrochloric acid were carried out by the method de-
vised by V. S. Ioffe and A. V. Motsareva and improved by ourselvest. It consists of electrolysis of dilute
HCl in a cell without a diaphragm (Fig.1). Constant acid concentration was maintained in the cells by
automatic dropwise supply of hydrochloric acid (concentration 100 g/liter) into each cell, The acid was
fed from Mariotte vessels, the required volume of solution being displaced by hydrogen produced in auxiliary
V-shaped cells with nickel electrodes by electrolysis of approximately 15% caustic soda solution, Experi-
ments with phosphoric acid were carried out in a similar cell.

Because of the absence of flowing electrolyte in the cell, anode mud could be collected and anode wear
determined.

The anode was a graphite specimen 70 X 20 x 20 mm in size, with a working length of 60 mm, The
anode wear was almost uniform on all four sides (for example, 1.5 mm on the cathode side, and 1.3 mm
on the lateral face), The current strength, temperature, and hydrochloric acid concentration (the phosphoric
acid concentration remained virtually constant during electrolysis) were determined at hourly intervals
during electrolysis. The experiments were conducted at 480 A/m? current density and 70° for 50 h; about
125 A-h was passed through the cell. The quantity of electricity was determined with a copper coulometer,

* Communication II in the series of investigations of the protective mechanism of anode impregnation in
electrolytic production of chlorine,

+ This method has now been adopted as a GOST standard for graphitized anodes.
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Fig. 1. Cell for determination
of chemical wear in acid solu-
tions, 1) Cell for anode tests;
2) anode; 3) cathodes; 4) thermo-
meter; 5) rubber lining; 6) lid;
7) transparent plastic insulator;
8) head; 9) nipple and nut (parts
2,3,6,8, and 9 are made of
graphite); 10) feed bottle; 11)
hydrogen inlet tube; 12) funnel
for filling the bottle with acid;
13) auxiliary cell for hydrogen
production; 14) nickel electrodes
(10-14 used in experiments with
hydrochloric acid).

During the initial period of anode operation the main effect is
oxidation of graphite, and mechanical wear does not yet appear. How-
ever, special experiments showed that when the degree of wear has
reached 30% of the specimen weight the influence of this period may
be disregarded in assessment of the total anode wear, For example,
at 250 A/mZ the anode wear rate at 17, 31.5, and 83% wear was
124. 6, 143.2, and 143.9 g per 1000 A-h, Accordingly in determina-
tions of the dependence of wear on current density the specimen size

and operating time could be varied provided that the above condition
(at least 30% wear) was satisfied.

At the end of the experiment the anode was washed in running
water for 2-3 h to remove acid from the pores, and dried at 110-120°
to constant weight. The decrease of anode weight during electrolysis
represented the total anode wear, which was expressed in grams per
1000 A-h. Mechanical wear was found from the weight of the mud,
collected on a paper filter. In experiments with phosphoric acid the
weight of mud was corrected for the acid remaining on the filter;
this was found by leaching of the acid from the mud and the filter,

In addition the content of colloidal graphite and soluble compounds of
graphite and oxygen was determined in the filtrate by coagulation by
the action of concentrated hydrochloric acid; it was 0. 2-0. 4% of the
total mud. The difference between total and mechanical wear gave
the chemical wear of the anode. The reproducibility of the values
for these three types of wear was 1-2 g per 1000 A-h; in some ex-
periments the deviations reached 5 g per 1000 A-h,

At the start of electrolysis the composition of the anode gas
varies appreciably owing to saturation with gases from the electro-
lyte. Therefore in the subsequent work only the data from the follow-
ing period of operation were taken into account, when the composition
of the gas was virtually constant. Since the composition of the anode
gas is strongly influenced by the electrolysis conditions, during the

hour before a sample was taken special care was taken to maintain the required electrolyte acidity and

temperature in the cell,

Under our elaxperimental conditions dissolved chlorine was reduced at the cathode; this was taken into
ac.:cfount as described below, We attempted by various methods to decrease reduction, but the reproduci-
bility of the results was adversely affected, and therefore these attempts were abandoned.

The composition of the anode gas was determined by means of the VTI-2 gas analyzer, a mixture of

the anode and cathode gases being taken into the apparatus. After absorption of the individual components

of the anode gas in the appropriate absorbents, hydrogen was burned out at 350° on copper oxide. The

sealing liquid was saturated sodium chloride solution acidified to 0.1 N. Chlorinewas absorbed in a mixture
of KI and NaCl solutions, Both these liquids absorb CO, to some extent. The correction for CO, was
specially determined: carbon dioxide was absorbed from a previously prepared mixture of CO, and N,

with approximately the same CO, content as the sample, with a standard number of shakings of the apparatus._
The correction was about 15% of the amount of CO, determined. In addition, a correction was applied for
oxygen from the atmosphere, determined from the residue taken as nitrogen (with a total oxygen content

in the sample ranging from 2.5 to 11 cm?, the amount of oxygen from the atmosphere was 0. 5-0. 8 cm?).

The amount of Cl, reduced at the cathode was found from the difference between the theoretical
amount of H, and the amount actually collected during a definite time interval. The loss due to reduction

of chlorine was approximately 50% of its total content.

In calculation of the anodic current efficiency for

chlorine the amount of chlorine reduced at the cathode was added to the amount found in the sample,

The accuracy of analysis of the anode gas in hydrochloric and phosphoric acids was checked in two
ways, First, the balance of anode and cathode products in a given sample, with the current consumption
taken into account, was calculated. The average discrepan.cy in *he balance was 3-4%. Second, the chemi-
cal wear of the anode calculated from the composition of the anode gas was compared with the chemical
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TABLE 1. Current Efficiencies for Anode Gases and Graphite Wear in a Solution of 5 g HC1 per liter at
70°, Current density 480 A/m?

Current efficiency (%) Anode wear (g/1000 A-h)
Impregnants
Number
Impre t i - -
mpregnants ofexpts. | Cl, | co, | 0, |co |total |mechanical | Y differ- | gasanal
ence ysis
15% manganese linoleate 7 51,2 | 34.3 ]10.4 | 4,1 | 71.6 24,0 47.6 47.5
15% lacquer 411 5 54.1 | 33.4 8.1 | 4.4 79.1 29.1 50,0 47,3
15% linseed oil 6 42.4 | 45.1 9.4 | 3.1 86.0 28.8 57.2 57.6
100% linseed oil 6 40.6 | 44.9 J10.5 | 4.0 90.8 32.6 58.2 59.2
15% "Etinol" lacquer 5 40.4 | 46.4 9.5 | 3.7 92.5 34.4 58.1 60,4
Unimpregnated 6 38.1 | 48.8 7.9 | 5.2 |123.6 56,2 ©67.4 66,4

wear found from the difference between total and mechanical wear. The deviation between the average
values for chemical wear found from the weight and from the results of gas analysis was 1-5%. It should
be noted here that the chemical wear by weight is'the average value for the experiment, and is influenced
by all the fluctuations of the process conditions, whereas chemical wear as given by gas analysis repre-
sents the situation at the instant of sampling. Therefore better agreement between the two values is hardly
to be expected, and the agreement found should be regarded as quite satisfactory.

Determinations of total and chemical wear of anodes in sodium chloride solution (concentration 170
g/liter, acidity 0. 03 N) were performed by the method described earlier [9]. Anodes which had been
through a full run of industrial electrolysis were taken for the tests, because their mechanical losses were
stabilized and also because separation of the impregnating substance, which occurs with fresh anodes im-
pregnated with linseed oil, had ceased.

Preliminary experiments showed that at anolyte concentrations above 0. 03 N the CO, content is almost
constant, It may be noted that in the more concentrated NaCl solutions used industrially a constant rate of
wear is attained at a considerably lower acidity [9].

Complete analyses of the anolyte and catholyte were performed every 24 h, The NaCl concentration
in the anolyte was 170 + 6 g/liter. The anolyte acidity was adjusted 2 h before the gas sample was taken,
The experiment was continued for 30-40 h. The total anode wear was found from the experimental results,
and chemical wear of the anode was calculated from the composition of the anode gas. The difference be-
tween the two gave the mechanical wear. It must be emphasized that the precision in determinations of
mechanical wear is not high, as it was found as the difference between two large quantities, without any
independent check (it is virtually impossible to collect the anode mud quantitatively in a diaphragm cell),
The composition of the anode gas was found by the "nonchlorine® method [9, 10]. The discrepancies in the
values found for the Cl, and CO, contents were 0, 1-0, 2%. However, since the CO, content is itself very
low (0. 8-1.3%), the relative error in this determination is fairly high.

EXPERIMENTAL RESULTS AND DISCUSSION

Table 1 contains average data on the composition of the anode gas and on the loss components for im-
pregnated and unimpregnated anodes in hydrochloric acid. Impregnation of the graphite with any of the
substances tested resulted in considerable changes in the relative proportions of the anode products. The
observed difference can in general be represented by two tendencies: 1) increase of the ratio of chlorine
to oxygen liberated; 2) increase of the proportion of free oxygen given off, and decrease of the proportion
of combined oxygen* (CO, and CO). The extent of the difference depends on the impregnant used. These
changes in the composition of the anode gas led to considerable decreases of chemical wear; for example,
by a factor of 1.4 in the case of anodes impregnated with manganese linoleate solution,

* The increase of the chlorine—oxygen ratio with impregnated anodes was observed qualitatively by F, I.
Mulina and L. M. Elina in 1956,
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TABLE 2, Current Efficiencies for Anode Gases and Graphite Wear in a Solution of 170 g NaCl per Liter, Acidifieq
to 0.03 N, at 1000 A/m? and 80°

Current effi- '
ciency (%) Anode wear (g/1000 A-h)

Impregnants iu:anbi: c1 co, | tota | Mechanical c(lgrn:gl:sal
Xpis. 2 2 (by difference) analysis)
15% lacquer 411 . . . . . . . . ... 3 98.15 | 1.85 | 2.76 0.71 2. 05
15% linseedoil. . . . .. ... ... 4 98, 2 1.8 2.63 0.63 2.0
Unimpregnated. . . . . e e 4 97.6 2.4 3.83 1.13 2.7
Unimpregnated, at the potential of
an impregnated anode (at 2000 A/m?) 7 98.0 2.0 3.08 0.88 2.2

It should be taken into account that such substantial changes in the relative proportions of the anode
gas components could occur only in an electrolyte in which a fairly large proportion of the current is ex-
pended for discharge of oxygen. It is quite evident that the quantitative proportions given in Table 1 apply
only to the solution investigated. However, the nature of the influence of impregnation on gas composition

and chemical wear should be similar for any electrolyte under conditions of competing chlorine and oxygen
discharge.

In experiments with sodium chloride solution of a concentration of 170 g/liter, in which the anode
process is accompanied by predominant discharge of chlorine (conditions close to industrial), impregnation
altered the proportions of anode products in the same direction as in hydrochloric acid solution: the chlorine
content increased and the carbon dioxide content decreased (Table 2). Similar changes in the proportions
of the components of the anode gas in NaCl solution were observed earlier [6,7].

In accordance with the views put forward by Ioffe (2], impregnation of the anode displaces the elec-
trolysis process from the graphite pores onto the surface; i, e., the current density distribution over the
depth of the electrode alters. Rise of the true current density decreases the proportion of current consumeq

for liberation of oxygen. The displacement of electrolysig to the surface was attributed by Ioffe to complete
blocking of the pores by the impregnant,

Our investigations of the composition of the anode
nated graphite showed that the effect is not necessarily

nant, It may be obtained at a relatively low degree of pore filling, as the result of increased resistance of
the electrolyte in the pores and a certain amount of shielding of the active graphite surface, The impreg-
nating substance does not exert any appreciable specific influence on the electrode potential. Therefore
the main effect of impregnation is apparently due to displacement of electrolysis from the graphite pores,

Equal surface potentials should correspond to approximately equal distributions of current density over the
depth of the anode and consequently to equal chemical wear.

gas and of the polarization characteristics of impreg-
due to blocking of the internal pores by the impreg-

To verify this explanation, we com
nated and unimpregnated graphite at the
investigation [1],
anode,

pared the compositions of the anode gas and the wear of impreg-
Same potential. In agreement with the results of our preceding

the current density at the unimpregnated anode was roughly double that at the impregnated
The results are plotted in Fig. 2; they show that variations of the individual components of the anode
gas with current density or potential are the same for impregnated and unimpregnated graphite. In both
cases the ratio of chlorine to oxygen increases *, It is important to note that the compositions of the anode
gas and chemical wear values of impregnated and unimpregnated anodes are much closer at an equal poten-

tial than at an equal geometrical current density. For example, the current efficiencies for CO; at an unim-
pregnated anode and at one impregnated with 15% linseed oil at 1. 68 V potential are 48. 8 and 47, 8% respec-
tively (Fig.2), and at 480 A/m? current density they are 48. 8 and 45. 1% (Table 1). Thus, the explanation
that the influence of impregnation on wear is due to increase of the true current density is in general con-
firmed. However, the respective curves do not coincide completely. Impregnation has a somewhat greater
influence on chemical wear than a mere increase of current density to the same true current density at the
anode surface (the same electrode potential), This may be explained as follows: the resistance of the
electrolyte in the finest pores is very high because of their small cross section. Therefore the true current
density is lowest in the fine pores, and consequently conditions for oxygen evolution are the most favorable.

* Similar variations of the composition of the anode gas or of chemical wear of unimpregnated graphite in
narrower ranges of current density were reported in [3-5].
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Increase of the geometrical current density results

in "displacement" of electrolysis from the fine pores
into larger ones. This results in a decrease of oxygen
evolution and in increase of the current efficiency for
chlorine [11]. In an impregnated electrode the im-
pregnant fills the fine pores to a considerable extent,
Electrolysis in those pores does not merely weaken
but ceases almost entirely, Therefore a large gain

of current efficiency for chlorine is obtained with an
impregnated anode.

0155 162 166 174 160 156 79°B The overall oxygen current efficiency falls in
both cases with increase of current density. How-
ever, the ratio of free to bound oxygen varies in dif-
ferent ways in different regions of potential. In the
region of 1. 56-1, 60 V, the activity of the discharging
oxygen is already so high that the proportion of the
current consumed for oxidation of graphite is roughly
20 times the proportion for evolution of free oxygen.
As the potential increases, despite the continuously increasing oxygen activity, the graphite oxidation rate
begins to lag behind the increasing rate of oxygen evolution; this is especially pronounced in the region of
1.74-1.80 V.

It is possible that increase of the anode potential has a greater accelerating effect on discharge of
oxygen than on the subsequent reaction of graphite oxidation.

Fig. 2. Current efficiency for the anode gas
as a function of the potential in a solution of

5 g HCI per liter at 70°, A) Current efficiency
(%); B) potential (V). Current efficiency: 1, 2)
Cl,; 3,4) COy; 5,6) Oy; 7,8) CO. Graphite: 1,3,
6, 7) Unimpregnated; 2, 4, 5, 8) impregnated.

Another possible explanation of the results obtained is that the proportion of current consumed for
evolution of chlorine increases with increasing current density, Chlorine evolution has virtually no effect
on the oxygen discharge rate [1], but it may retard the oxidation of graphite, which follows liberation of
atomic oxygen.* In that case the decrease of the relative amount of combined oxygen and increase of the
amount of free oxygen on increase of potential may be attributed to the increasing influence of the chlorine
liberated. As will be shown later, under our experimental conditions chlorine does in fact have a con-
siderable retarding effect on the oxidation reaction. It is possible that the decrease of the relative amount
of CO, in the total oxygen on increase of the potential is due to the simultaneous influence of both the above-
mentioned factors.

Thus, investigation of the influence of current density on the composition of the anode gas obtained
with unimpregnated and impregnated graphite confirmed the suggestion that the influence of impregnation
on chemical wear of the anode is due primarily to increase of the true current density. However, the in-
crease of current density produced by impregnation of the graphite is more effective than would be due
to a mere increase of current strength, because the current efficiency for chlorine is influenced by the
degree of participation of the finest pores in electrolysis as well as by the true current density at the sur-
face. Apparently, the differences in chemical wear with different impregnants are due to differences in
the degree of participation of these pores,

Introduction of approximately equal amounts of substance into the graphite pores leads to almost
equal increases of current density and potential. However, most probably the distribution of different
substances in the graphite pores differs somewhat, and depends on the physical properties of the substances
(viscosity, adhesion to graphite, etc.). Therefore differences of current distribution in the pores, and
therefore in the relation between the individual components of the anode gas, are to be expected. Substances
with the most suitable combination of physical properties probably fill the very fine pores more effectively,
and this would lead to a somewhat greater decrease in chemical wear of the graphite.

Investigations of the influence of impregnation on the relative proportions of the individual components
of the anode gas during simultaneous evolution of chlorine and oxygen could not give a definite answer as to
whether the impregnant has any specific influence on the rate of graphite oxidation. To settle this point,
experiments were carried out under conditions of discharge of oxygen only; the composition of the anode

* The retarding influence of chlorine on the rate of chemical oxidation of graphite has been observed pre-
viously [12]. Co
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TABLE 3, Current Efficiency for Anode Gas and Graphite Wear in a Solution of 70 g H3PO, per Liter at 70°
and 1, 78 V Potential '

Current eifi- Anode wear (g/1000 A-h)
ciency (%)
chemical
I t Number -
mpregnants of expts. ! . by dif- gas anal-
P Cco, O, Cco total | mechanical ference | ysis
15% Mn linoleate . . . . . 7 94.1 0.3 5.6 194, 2 77.0 117.2 117, 2
15% lacquer 411 . . . . ., 5 92,7 | 1.1 | 6.2 | 200.8 82,9 117.9 117. 4
15% linseed o0il, . . . . . . 6 92.3 0.5 7.2 211.9 92.7 119, 2 119.3
100% linseedoil . . . . . . 6 92.2 1.0 6.8 221.4 95.5 125.9 118.3
15% "Etinol" lacquer . . . 3 94.5 0.2 5,3 212. 7 95.1 117.6 118.4
Unimpregnated. . . . . . . 5 92.8 1.4 5.8 221.1 103. 8 117. 3 116. 8

gas was determined in a solution of 70 g HyPO, per liter with the use of unimpregnated graphite, and of
graphite with various impregnants,

The results, obtained at the same surface potential, are given in Table 3; they show that the composi-
tion of the anode gas is almost the same with and without the use of various impregnants; i, e, , that the
impregnants have hardly any influence on the ratio of free to combined oxygen. Therefore chemical wear
of impregnated and unimpregnated anodes is also almost the same.*

It is interesting to compare oxidation of graphite in phosphoric and hydrochloric acid at the same
potential (i.e., at the same partial current density for oxygen). The proportion of CO, in the total oxygen
at 1, 78 V potential is 92% in H;PO, and 71% in HC1 (calculated from Fig. 2). Therefore evolution of chlorine
clearly retards oxidation of graphite by oxygen. Accordingly, two factors decreasing the proportion of
combined oxygen with increase of the potential may become more pronounced: first, increase of the pro-
portion of chlorine intensifies retardation of the oxidation; second, at a lower oxidation rate the lag of
oxidation behind the increasing rate of oxygen evolution becomes more pronounced,

Changes in the relative proportions of free and combined oxygen become noticeable only at a high
potential. At the anode potential of the industrial chlorine cell (below 1,5 V) almost all the oxygen is com-

bined as CO, and the proportion of the other products (O, and CO) is very small.
sistent with the findings of Vaaler [7],

lower than the CO, content.

This result is fully con-~
who reported that the contents of CO and O, in chlorine are much
Therefore changes in the relative amounts of chlorine and oxygen liberated
are of decisive significance for the effect of anode impregnation in industrial cells.

The data in Table 2 show that in electrol
tion of CO, considerably. Most of the effect i
surface, and a small additional effect is due t
clear from the data for an unimpregnated ano
is considerably lower, but is still somewhat

ysis of NaCl impregnation does in fact decrease the propor-
s due to displacement of electrolysis from the pores to the

o displacement of electrolysis from the fine pores. This is
de at the potential of an impregnated one: its chemical wear
higher than that of the impregnated anode,

Tables 1-3 also contain data on mechanical wear of anodes, i.e., on weight losses due to crumbling
of separate particles. This wear com

ponent is also considerably less for impregnated anodes, and is not
proportional to chemical wear,

CONCLUSIONS

1. It is shown that impregnation of graphite leads to an increase in the ratio of chlorine to oxygen.

Chemical wear decreases with increase of the true current density, owing both to displacement of elec~
trolysis to the anode surface and to blocking of fine pores.

The differences in the effects of different impregnants are attributed to differences in the distribu-
tion of the substances in the anode pores, leading to different distribution of current density acrossthe anode.

2. It is shown that the chemical activity of anodic oxygen is not diminished to any appreciable extent
in presence of impregnants in the graphite pores.

*The somewhat greater chemical wear of the anode impregnated with 100% linseed oil is probably attribut-

able to inaccurate determination of the total wear and therefore of chemical wear, due to separation of oil.
The composition of the anode gas did not show any peculiarities,
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3. During simultaneous discharge of chlorine and oxygen,chlorine has a retarding effect on oxidation

of graphite,

Lo
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