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The rate of formation of'ozone on a smooth platinum anode was determined in concentrated 
solutions of pure sulphuric acid as well as in solutions containing sulphuric acid and ammonium 
sulphate in various molar ratios, in the range of total current densities 10 -I - 10° A jcm2 at 15, 
20 and 25°C. The dependence of the current yields of ozone, x, on the total current density, i 101, 

can be described, for the range of experimental conditions used, by the relation log x = 

= - 2·49(± 0·25) + 0·57( ± 0·05) log i 10 " where both the coefficients are, within the limits of 
experimental errors, independent of the electrolyte composition and of temperature. 

It is a well-known fact that in electrolysis of aqueous solutions of oxygen containing acids 
or their salts as well as in solutions of hydroxides, at higher potentials (over c. 2·2 V (RHE)) ozone 
is formed on anodes made of platinum group metals besides normal biatomic oxygen. A number 
of papers 1 - 14 was devoted to the investigation of the conditions of the formation of ozone, 
with the result that the highest yields a re obtained in rather concentrated solutions of sulphuric or 
perchloric acids and at the lowest possible temperature. However, it is difficult to compare the 
results of different authors, because of the differences in their experimental conditions. The results 
concerning the effect of several factors are sometimes even contradictory. When comparing the 
respective experimental results it must, however, be borne in mind that processes, taking place 
on a smooth platinum anode in the region of high anodic potentials, are significantly affected 
also by the previous history of the electrode, the composition and properties of its surface, the 
purity of the electrolyte etc. Further, it must be taken into account that the electrode is charged 
at such high potentials with considerably high currents, causing, especially under unsufficient 
cooling, local overheating of the electrode and of its surroundings which, among other, may be 
the cause of differing results found by various authors and also of the relatively worse reproduci
bility of the data. 

In view of the fact that no quantitative conclusions can be drawn from the hitherto 
published data on the rate of ozone formation on a platinum anode under the condi.: 
tions of electrolytic production of peroxodisulphates, we have undertaken new 
measurements the results of which are the subject of the present communication .. 

EXPERIMENTAL 

Experimental conditions were. chosen so as to imitate as closely as possible the reaction conditions 
of the electrolytic production of ammonium peroxodisulphate or of peroxodisulphuric acid as 
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intermediates in the electrochemical preparation of hydrogen peroxide according to Lowenstein's 
method or according to the Weissenstein procedure15 -l? . For this reason the initial solutions 
used were 12N-H2S04 , corresponding roughly to the composition of the electrolyte in the Weis
senstein procedure and further the solutions, containing 23·30% H 2 S04 and 19·64% (NH4 ) 2 S04 
(solution A) in which the molar ratio P0 = mH

2
so

4
/ m(NH

4
),so

4 
= 1·6 and further 26·90% H 2S04 

and 16·31 /~ (NH4 hS04 (solution B) in which P0 = 2·25, corresponding according to previous 
solubility measurements18 to the maximum concentration of the initial solutions for the electro
chemical production of hydrogen peroxide by Lowenstein's method or by the Schmidt modifica
tion, for the temperature of 20°C with the assumed degree of conversion of sulphate to persulphate 
a = 0·8. We also worked with the solution of the composition 22·65% H 2 S04 and 18·92% 
(NH4 hS04 (solution C) corresponding to P0 = 1·6 and to the highest attainable degree of 
conversion a = 0·7 at 15°C. 

Measurement of the rate of ozone formation was carried out in an electrolytic vessel similar 
to that in the previous studies of the formation of different surface oxides on a platinum elect
rode19 . The measurement was based on the determination of the dependence of the total current 
on the anodic potential at steady conditions. At the same time, the rate of exolution of gaseous 
oxygen was measured, in which the content of ozone was determined iodometrically20

. The 
known amount of the anodically evolved gaseous oxygen was thoroughly shaken with buffered 
solution of potassium iodide and the iodine evolved by the act ion of ozone was extracted into 
2 ml of chloroform. The amount of iodine was then determined with a spectral colorimeter 
Specol (Zeiss, Jena) by measuring the extinction at 527 jlm. Total amounts of both gaseous oxygen 
and ozone determined as described above, evolved, at known current density i 101 in a known time, 
served to calculate the partial current densities i 0 2 and i 03 according to Faraday's laws from the 
over-all equations 

(A) 

(B) 

Partial current density, corresponding to the anodic formation of peroxodisulphate ion was then 
calculated using the relation 

(J) 

In this way it was possible to determine not only the course of the total polarization curve but also 
the polarization curves of partial anodic reactions. Polarization curves were measured under 
galva nostatic conditions, i.e . the electrolytic vessel was polarized by constant current and after 
stabilization of the anodic potential its value was read off; the rate of formation of gaseous oxygen 
was then measured at this current together with the analytical determination of the ozone content. 
To find the real value of anodic potential, the ohmic drop between the outlet of the Luggin capil
lary and the anode surface was determined, in most cases using the i ~ terruption technique21

• 

Since the stabilization of the anodic potential at the chosen current lasted mostly several hours 
to tens of hours, the content of the simultaneously formed peroxodisulphate ion or of its hydro
lytic products increased in the anodic region. In order to prevent their possible effect on the rate 
of ozone formation, the electrolyte in the anodic region was quickly replaced by a fresh one 
without interrupting the polarization of the electrode, whereupon the anodic potential, the rate 
of oxygen evolution as well as the content of ozone were measured. 

The electrolytic vessel was supplied by constant current from a stabilized source 1 SZ 13 
{Elektrocas), the current was measured with an amperemeter Metra DLi (accuracy class 0·5), 
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anodic potential against a hydrogen reference electrode immersed into the same initial anolyte 
was measured using valve voltmeter MY II (Clamann & Grahnert, GDR) with precompensation, 
the accuracy of the measurement being ± 2 mY. Platinum anodes, in the form of wires, (diameter 
0·05 em) were on both ends sealed into the glass to eliminate the edge effect. Their total surface 
was 0·0785 cm2

• The relatively small surface area was chosen in order to make, even at current 
densities of the order of magnitude 10° Ajcm2

, the total current and hence also the Joule heat 
formed in the course of anodic reaction as small as possible. The electrolytic vessel was placed 
in a thermostat maintained at the desired temperature. within the accuracy of ± 0·05°C. The anode 
itself was not cooled so that, especially at the ·highest current densities, the temperature in the 
vicinity of anode was by several degrees higher, similarly as it is in production-scale electrolyzers. 

Solutions for measurement were prepared from sulphuric acid, reagent grade purity, and from 
ammonium sulphate, also reagent grade purity, which was additionaly purified by recrystallization. 
The ready solutions were no more purified . The gas burette for measuring the rate of anodic oxygen 
evolution within the accuracy of ± 0·01 ml was also maintained at the same temperature as the 
thermostat. 

RESULTS AND DISCUSSION 

Both the total and partial anodic polarization curves, measured in solutions of the 
above mentioned composition on a smooth platinum electrode polarized with 
current densities 10- 1 

- 10° Ajcm 2 are presented in Figs 1 and 2. Fig. 1 shows the 
polarization curves in 12N-H2S04 at thermostat temperatures 15, 20 and 25°C and 
further the polarization curves in the initial solution of electrolytic preparation of 
ammonium persulphate according to Lowenstein (molar ratio P 0 = 1·6) and according 
to Schmidt (P0 = 2·25) for the assumed degree of conversion of sulphate to per-

25 ;-

i 
-4 ---:J·- --'-2,....---,c-_"-, 

FIG. 1 
Course of Total Anodic Polarization Curves (1a-(, 2 and 3) and of Partial Polarization 
Curves of Ozone Evolution (1'a-c, 2' and 3') on a Smooth Platinum Electrode in Solutions 
of 12N-H2S04 (1a - c) and in Solutions A (2, 2') and B (3, 3'), at l5°C (1a, 1'a), 20°C 
(1b, 1' b, 2, 2', 3 a :1d 3') and 25°C (1c, 1'c) 
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TABLE I 

Values of the Constants of Kinetic Equation (5) for the Dependence of Current Yields of Ozone 
on Total Current Density in Various Solutions and at Various Temperatures 

Solution t,°C b' b" E' E" A B 

12N-H2 S04 15 0·212 0·135 2·772 3·142 -2·740 0·570 
20 0·215 0·136 2·662 3·012 -2·573 0·580 
25 0·224 0·143 2·527 2·842 -2·202 0·568 

A 20 0·210 0·133 3-478 3·786 -2·317 0·579 
B 20 0·210 0·134 3·139 3-468 -2·455 0·568 
c 15 0·220 0·152 3·080 3·455 -2·468 0-474 

20 0·226 0·154 2·946 3·334 -2·520 0·468 
25 0·276 0·160 2·760 3·182 -2-455 0·568 

Average - 2·49' 0·57 
±0·25 ± 0·05 

sulphate rx = 0·8 at 20°C. This figure shows, in addition to the total polarization 
curves, further only the partial polarization curves of ozone evolution which are 
most important in our present studies. Fig. 2, illustrating analogous results for 
initial solutions of the electrolytic preparation of peroxodisulphate according to 
Lowenstein with the assumed degree of conversion rx = 0·7 or 0·8, shows in addition 
to the total polarization curve also the polarization curves of all anodic processes, 
i.e. of the formation of normal oxygen, of ozone and peroxodisulphate. 

These results in which each point represents an average of at least five measurements 
show that the course of both the total polarization curve and the partial polarization 

20c___~3 __ ..:...__;;-2 -----,.-!----!:-0-1-og_i _ _j 

FIG. 2 

Course of Total Anodic Polarization Curves 
( 1- 4) and of Partial Polarization Curves of 
Ozone Evolution (1'- 4'), Oxygen Evolution 
(1" to 4") and Peroxodisulphate Formation 
( 1"' to 4'") in Solutions A at 20°C ( 4) and 
C at 15°C (1), 20°C (2) and 25°C (3) 
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curve of ozone evolution is in all cases approximately linear (in the usual semi
logarithmic plot). The non-linearity of the polarization curves of the formation of 
peroxodisulphates as well as of the evolution of normal oxygen at high current 
densities is evidently caused by local over-heating of the anode surface and by the 
acceleration of chemical decomposition of the formed peroxodisulphate. The slope 
of the over-all polarization curve amounts the values between 0·21-0·27 V/log unit 
of the current density, whereas for the polarization curve of ozone evolution this 
quantity lies between 0·13- 0·16 V. This range of values of the slope b, which is 
relatively narrow with respect to the reproducibility of the data, indicates that the 
rate limiting process of anodic ozone evolution is a one-electron reaction with the 
charge transfer coefficient rx = 0·37 -0·45. In spite of this, the true kinetic parameters 
of this reaction cannot so far be determined from the course of these partial polar
ization curves of ozone evolution decisively enough, since it has not been as yet 
unambigously proved in which over-all electrode reaction this product is formed and, 
consequently, what is the value of its equilibrium potential. The value of the standard 
equilibrium potential for the hitherto often proposed reaction 

(c) 

is Eo = 2·076 V, whereas for reaction (B) the resulting value is E0 = 1·510 V (see22
). 

For our purposes, however, the most important task was to determine the depen
dence of the current yield of ozone formation on the total current density under 
various conditions existing in the electrolytic production of peroxodisulphates. To 
derive the respective quantitative relations the fact can be taken into account that 
both the total polarization curve and the curve of anodic ozone evolution can be 
expressed by the equations (analogous to Tafel's equations) 

E = E' + b' log i 101 , or E = Ell + b11 log i03 , (2), (3) 

in which E' and E 11 denote potentials at which the total current density, i 101 , and the 
partial current density, i0 ,, respectively, attain the value 1A/cm2

• The value of the 
partial current density of ozone evolution at i 101 and the corresponding anodic 
potential E is then given by the expression 

E' + b' log i 101 = Ell + b11 log i03 , (4) 

which upon transformation can yield the desired expression for the dependence of 

the current yield of ozone Xo, = i0 ,/itot 

log Xo, = A + B log i 101 , (5) 
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where 

A = (E' - E")fb" (6) 

and 

B = (b' - b")fb". (7) 

The values of coefficients A and B can in general be a function of the variable reaction 
conditions, particularly of the composition of the electrolyte and of temperature. 

The results of the determined values of A and B under various reaction conditions 
are summarized in Table I. The measured values obviously do not differ too much 
from each other and for one measured solution and for a given range of experimental 
conditions no effect of the electrolyte composition or temperature could be proved. 
Therefore the mean values of coefficients A and B were calculated f;om the measured 
values A and B, A = -2-49 ± 0·25 and B = 0·57 ± 0·05. With respect to the 
reproducibility of the experimental results themselves the conclusion can be drawn 
that the current yield of _ozone evolution under the conditions of the technical 
electrolytic production of peroxodisulphuric acid or ammonium peroxodi
sulphate as intermediates in the electrochemical production of hydrogen peroxide 
i>, in the studied range of current densities, electrolyte composition and temperature, 
practically only a function of the total current density according to equation (5). 
In this relation coefficients A and Bare practically independent of the reaction condi
tions. The verification of this conclusion by comparison with experimental results 
is illustrated in Fig. 3, in which full line denotes the dependence according to Eq. (5) 
with the mean values A and B, and the different points correspond to the actual 
experimental mean values in the described electrolyzer, where the content of peroxo
disulphate was negligible. Fig. 3 also shows the result of measurement on a laboratory 
-scale flow model of electrolyzer for the preparation of concentrated solutions of 

-2 

log rO:J 

·3 

-1 

9 '" . 

.. FIG. 3 

Dependence of the Ozone Current Yields on 
Total Current Density in Solutions of 12N
-H2S04 at l5°C (e), 20°C (o ) and 25°C (~), 
in Solution A (EEl) and B (e) at 20°C, in 
Solution Cat l5°C (®), 20°C (8 ) and 25°C 
( G:l) and in Solution D (())at l0°C 
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ammonium peroxodisulphate23
. In this experiment the initial solution for electrolysis 

had the molar ratio P 0 = 2·0 for the presumed over-all degree of conversion rx = 0·8 
(solution D); the electrolysis was carried out with current density 2·7 Ajcm2 at 10°C, 
and the real degree of conversion at the chosen flow of electrolyte was rx = 0·76. 
As can be seen, even this result (point()) in which the leaving anolyte contained 
18·05% H 2S04 , 3·57% (NH4 ) 2S04 and 19·05% (NH4 ) 2 S20 8 and the current yield 
of peroxodisulphates amounted 49·5%, lies within the range of experimental values, 
obtained in the described non-flow small electrolyzer. This finding also supports 
the earlier result that the presence of peroxodisulphates has practically no effect on 
the rate of anodic ozone evolution1

•
11

•
12

. The fact that the current yields of ozone 
evolution are, in the range of chosen experimental conditions practically a function 
of the initial current density only, although the individual polarization curves show 
distinctly the dependence on both composition of the electrolyte and on temperature, 
can be explained by the assumption that both these factors affect the course of the 
total polarization curve and of the patrial anodic process of ozone formation relatively 
in the same extent. Since the current yield of ozone represents the ratio of both the 
mentioned current densities under the given reaction conditions, their effect cannot 
appear in the final dependence, at least not in the rather narrow studied range of 
experimental conditions. 

The dependence of the current yields of ozone formation on the total current 
density, found in paper4 had a linear course of the form Xo 3 = k . i 101, where constant 
k is indirectly proportional to temperature (in the original paper this constant was 
not numerically evaluated). This result, slightly different from our data, can be 
explained so that the range of measured current densities in paper4 was narrow, 
lying between 0·3 -0·5 Ajcm 2

• On the other hand in paper3 the current yields of 
ozone in the range of total current densities 0·05-0·3 Ajcm2 in 30% HC104 at 
-45°C were independent of i 101, which is in contradiction both with the results of 
the cited authors4 and with our own results. The relation (5) derived in the present 
paper, which was also verified experimentally (Fig. 3), is moreover in accordance 
with further data on the general course of the partial polarization curve of ozone 
evolution as well as of the total polarization curve in the region of higher anodic 
potentials24 (over c. 2·5 V). The derived general relation (5) for the dependence of 
current densities of the partial electrode reaction on the total current density contains 
only differences of kinetic constants of the assumed partial and total polarization 
curves and thus it is practically independent of the accuracy of reading off the real 
electrode potentials, especially at higher current densities, since a possible inaccuracy 
in determining the ohmic part, IR, of the total measured electrode potential, corre
sponding to the voltage drop between the electrode surface and the orifice of the 
Luggin capillary, manifests itself in the same way in both polarization curves and is 
finally compensated. This also makes possible to explain the practical indepen
dence of the final constants A and B on the reaction conditions, even though the 
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polarization curves proper show such kind of dependence. It is especially valid 
for the results described in Fig. 2 where not too great differences in the composition 
of the solutions resulted in a considerable shift of the polarization curves which can 
most probably be explained by an error in theIR term determination. 
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