
ND IN THE FONMATBON OF OZONE 
IN SlbkNT ELECTRIC DISCHARGE. 

By K. K~ishnan a d  S. K. K .  Jatkur. 

Jn Par ts  1-IV (This Jourrlzal, 1937, 20A, 25-48) Bhatt and 
Jalkar showed that water vapour was dissociated to the extent of 
70% in elertrodeless discharge a t  high frequencies. I t  was also 
shown that carbon clioxitle was dissociated to the estent of  25%, 
which increased to 70% in presence of water vapoui-. It was iurther 
pointed out that these reactions were equilibrium reacticms which could 
be shifted to  rither side o i  the reaction, by cooling- a portion of the 
apparatus in liquid air and by rcmoving the liquid air with the clis- 
charge on. 'l'hcse results and the xp1)arent t1isajq)earancc o l  hydrogen 
in a discharge tube were shown to be clue to the reversible chemical 
reactions of the molecules cscited to higher states of cnergy by the 
electronic iinpact. In the casc oE oxygen no ozone fcrmation coultl 
be detected, bccause thc experiments were carried out at  pressures 
below the vapour pressure of ozone a t  liquid air temperature 
( < 0.2  mm.) . Any fall in prcsstu-e clue to formation o f ozone might 
have been counterbalanced by rise in pressure due to dissociation of 
oxygen. 

The above i~lvestigaiions wcrc carried out a t  very high frequencies 
( A  = 1 .S m.) and low powcr, so that it \vas essential to wol-li a t  very 
law pressures. Thcre is another inethod 01 exciting gases at  high 
pressures by electrodeless discharge, namely, by suh.jecti11g the gases 
to silent electric tlischarge in a Siemen's ozoniser. As this apparatus 
was devehjpecl originally for the 1)reparatinn of ozoiie lrom oxygen, 
we have taken up a systematic study 01 the equilibrium conditions 
obtained Tur this I-cnction uilder varying cc~t~litions of prrssure am1 
voltage. 

The formation nT ozone irntler slatic corditions had heen the 
sl~bject of investigation by Inany authors. The inetl~ods adopted for 
tll&l>rc)ductio~, of ozonr arp i 1) thermal, (2)  exposlire to ultra-violet 
iirrht, and (3) hg silent electric dischal-ge. Warburg and 1,eilhauser 
f F c i t .  Anorq. Chenz., 1906. 48, 260-2931 have studied the equilibrium 
of ozone-oxygen mixturrs at  higher temperatures bv passing the 
mixtures through a heated tuhe. Antoney Chassey (Covn/~t .  Rendus,, 
1906, 143, 220-2; 1924, 128. 1484-5) and  V\ia1-b1irg and Rutrip (Zpit. 
Phlrsik, 1925, 32, 245-57) studied the kinetics of the formation of 
ozone it1 silent electric discharge nt different frequenciec,. In all these 



experiments the pressure changes that occurred during ozonisation 
do not appear to have been closely followed. In spite of a large num- 
ber of papers on corona pressure phenomena [cf. Farnweld, Kunz 
and Warner (Phys. Rev., 1914, 4, 1770; 1916, 8, 28; 1917, 10, 483); 
Townsend and Warner (Ibid., 1916, 8, 285); Arnold, Tyndall and 
Searle (Ibid., 1917, 9, 93: 1918, 35, 261); Faze1 (Ibid., 1922, 19) ; 
and Joshi (Malaviye Cor?z~n~~~zo l -a t io l~  Volume,  1932) 1 ,  nobody has so 
far  found an increase of pressure in silent electric discharge in oxygen. 

In the present investigation, we have studied the effect of silent 
electric discharge in oxygen and we observed both a rise in pressure 
which was gradual and was not due to any temperature effect, and 
a fall in pressure which was due to the formation of ozone. W e  have 
shown that the formation of ozone under static condition is due to 
the simultaneous establishment of two equilibria 02* * 0 4- 0 
o,* + 0 = 0,. 

We have also studied the formation of ozone by the dynamic 
method and we ha\-e made several new observations which will be 
described in the next part (VI) of this series. 

In this paper results of experiments done to study the ozone 
formation by silent electric discharge under static condi!ions have been 
,reported. Care mas taken to eliminate mercury vapour from the 
system. The pressure changes were followed by a glass Bourdon 
gauge sensitive to 0.25 mm. The use of mercury manometer was 
avoided, as it mas intended to study the reaction in presence and absence 
of mercury vapour. Sulphuric acid has been used as manometric 
liquid by previous workers but it was considered to be unreliable 
owing to appreciable quantity of ozone absorbed. 

EXPERIMENTAL. 
The apparatus used is shown in Fig. 1. 
The ozoniser was made of pyrex glass (4 mm. gap, 30 cm. length) 

and was cooled in a tank of water. The high potentials were obtain- 
ed from an ordinary Neon Sign transformer run on 60 cycles mains. 
Only half the section of the secondary mas used, as the mid-point of 
the transformer was connected to the body. The vo!tage was regulated 
by a resistance in series with the primary and by connecting high 
voltage condensers across the secondary. The changes in pressure 
were followed by the Pyrex Bourdon gauge, the position of the *,ointer 
being read by a microscope with sca!e in the eye-piece The rest of 
the apparatus is clearly shown in the figure. The whole of the appara- 
tus was thoroughly evacuated by means of Hyvac pump and the re- 
action tube was degassed by repeatedly subjecting it to 15,000 volts 
discharge without cooling the apparatus. Oxygen was prepared by 
heating potassi~m permanganate and was passed over calcium chloride 
and phosphorous pentoxide before entering the ozoniser. The apparatus 
was rinsed with pure oxygen several times and thoroughly evacuated 





with 'hot' discharge on. During each experiment the gas was admit- 
ted at  a known pressure which was read on a constant volume mercury 
manometer, the Bourdon gauge being used as a null instrument. When 
the discharge was on. water at  a known temperature was circulated 
in the cooling tank. The  pressure changes in the system were read 
from the positions of the gauge pointer on the micrometer scale. The 
readings were taken a t  frequent intervals until no further change 
was noticed. 

The results of the pressme readings are given in the following 
tables. 

Gxpt. 1 
Pressure i l 5  mm 

Time 
minutes 

0 

5 

10 

15 

30 

2.5 

35 

45 

.j5 

60 

70 

sw 
90 

1UO 

110 

1?0 

130 

IK) 

~ 

Expi. '7 
Pressure 713 mm. 

Pressure 
mm . 

Eupt. 3 
Fressure GO8 mm. 

Time Pressure 

1 
* Indicates the changes in pressures after the discharge was switched off. 



* Indicates the changes in pressures after the ddischarge was switched off. 

Expt. 6 
Preszure 3 9 mm. 

E x p ~  4 
Presmwo 521 mm. 

Expt. D 
Pressure 411 mm 



Elipt. 7 
Pressure 180 mm 

Pressure 
rnm. 

Expt. 8 
Preasura 108 mm 

Time 
mnutes 

Pressure 
mm. 

Expt. 9 
Pressure :33 mm. 

The results in Table I were obtained when the exciting potential 
was 9,000 volts, and are shown graphically in Fig. 2, 'which shows 
the variations of pressure i s  the ozoniser with time. 

Experiment No. 1 (curve 1) was carried out with an  initial 
pressure of 725 mm. in the ozoniser filled with pure oxygen. The 
equilibrium was reached after passing the discharge ior  two hours. 
The final readings were obtained by switching off the current. 

Experiment No. 2 (curve 2) was conducted with an  initial pres- 
sure of 713 mm. The equilibrium was reached within an  hour and 
there was no difference in the pressure after switching off the current. 

Experiment No. 3 (curve 3) was done with an  initial pressure 
of 683 mm. in oxygen. The results show that the equilibrium pres- 
sure was attained within 10 minutes. 

Esperiment No. 4 (curve 4) was conducted with an  initial 
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1 5  minutes, and after smirching off the discharge at  45 minutes, there 
was a gradual iall in pressure which attained an equilibrium value at  
70 minutes, the pressure being lower than the'initia! pressure. 

Experiment So .  6 (curve 6) Tvas conducted with an initial pres- 
sure of 309 mm. There xras rise in pressure which attained its equi- 
librium value after 15 minutes. When the discharge was switched off 
there was a gradual iall in pressure n-ith time, the final pressure 
reached being lower than rhe initial pressure of oxygen. 

Experiment No. 7 (curve 7) was done with an initial pressure 
of 180 mm. There was a similar rise in pressure as in previous 
experiments and fall in pressure after s~virching off the discharge. 
which was only slightly lower than the starting pressure. 

Experiment No. S (cur\-e 8) shows the results obtained when 
the initial pressure was 108 mm. There n-as a rise in pressure which 
shows the equilibrium value on continuation of the discharge and 
a fall in pressure after switching off the current, the final pressure 
being nearly the same as that of initial pressure. 

Experiment No. 9 (curve 9 )  shows similar results when the 
initial pressure was 33 mm. 

Experiments were next coliducted with 10,000 volts as the excit- 
ing voltage. The results are shown in Table I1 and Fig. 3. 

0 ,  
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TABLE 11. 
10 R.V. 

T m e  
minutes 

- 
Pieseurc 

mm. 
T ~ m e  

minutes 
- 

0 

10 

15 

26 

35 

40 

45 

a 
56 

60* 

61 

62 

64 

65 

7 - 
10 

55 

-- 
Pressure 

mms. - 
580 + 

16.0 

20 .o 

22.5 

22.5 

21.3 

20 .0 

18.5 

17.0 

15.0 

15.0 

11.2 

10 4 

7.0 

7.0 

0 . 3  

1 .0 

Expt. 12 
Prrssure 491 mm. 

Time 
mlnllles 

- 
Pressure 

mm. 

Expt 13 
Pressure 342 mm 

Tlme 
minutes 

- 

0 

5 

10 

15 

20 

25 

30 

40 

55 

60 

62 

65 

80 

- 
Saitohed off. 

Experiment No. 10 mas done with an initikl pressure of 727 mm. 
There was a gradual fall in pressure, the equilibrium being reached 
within 10 minutes. 

Experiment NO. 11 was carried out with an initial pressure of 
596 mm. The Dressure rose by 6 .5  mm. within 15 minutes and on 
continuation of fhe discharge came to an equilibrium value which was 
only 1 mm. less than the original. After switching off the discharge 
the pressure gradually fell down by 1 5  mm. 



Experiment No. 12 was conducted with an initial pressure of 
491 mm. There was a rise in pressure for about half an hour and 
fall to an equilibrium valuc which was 9 mnl. higher t1m1 the original. 
After switching off the discharg-c, the pressure grnc!ually fell to 
a value which was 10 mm. less than the original pressure. 

Experiment No. 13 was carried out with an initial pressure of 
342 mm. There was a rise in pressw-e again which was 13 mm, higher 
than the original and remained constant when the dischnrge mas con- 
tinued for an  hour. After switching off the dischargt the pressure 
gradually fell to a value which was only 4 mm. lower than the original. 

The next set of experiments were conducted with an esciting 
voltage of 10.500-11,000. The results are shown in 'I'ablc I11 and 
Fig. 4. 

T A B L ~  111. 
70.5-11 K.V. 

Frpt. 14 
Prcsswe 691 mm. 

Time 
minui.ea 

I'rewm 
mm. 

Expt. 15 
Prrsaure 741 mm. 

Pressure 
mm. 
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FIG. 4. 

Experiment No. 14 was conducted with an  initial pressure of 
621 mm. There was a sinall rise in the initial pressure in 10 minutes 
and a subsequent fall which attained an  equilibrium value after one 
hour which was 20 mm. less than the original. On switching off 
the discharge there was a further fall in pressure, viz., 33 mm. less than 
the original pressure in the same time as in the previous experiments. 

Experiment No. 15 was conducted a t  a higher initial pressure, 
namely, 743 mm. The table shows continuous fall in pressure which 
attainecl an  equilibrium value in 40 minutes, the decrease being 12 mm. 

'On switching off the discharge there was a further fall in pressure 
showing a total fall of 27  mm. 

DISCUSSION. 
The fall in pressure in an ozoniser is obviously due to the form&- 

tion of ozone. The rise in pressure is more difficult t c  account for. 
This rise cannot be the same as  the so-called corona pressure, as 

the latter is obtained instantaneously on switching on the discharge, 
while in all our experiments we have found that the pressure rises 
slowly and takes 10 to 15 minutes to reach the maximum. I t  appears 
to  us that the rise in pressure is due to dissociation of the oxygen 
molecules by the impact of the small number of ionised oxygen which 
is present in the tube. The observed pressure rise or fall is thus 
due to the si~nultaneous existence of two equilibria (1) Oab S 2 0 ,  
12)  02" +- 0 = 0 3 .  

The above mechanism is identical with that of W a r b ~ ~ r g  (Prez~ss. 
Akad. PViss., Berlin, 1914, 872) who has sbown that the formation of 
ozone in ultra-violet light is due to  the two reversible equations given 

2s 



above. Thus the atomic oxyg-en in equation ( I )  may react wlth an- 
other atomic oxygen to form ~nolccular oxygen, or it may react with 
excited oxygen ~-ilolecule ti> form uzrine (equation Z).. Ozone furma- 
tion may. therefore, take place without ionisation of the gas. This 
was 1)roved by the fact that  light of shorter wave-let~pth is required to 
produce ionisatioc of oxygen than that necessary to producc atomic . . 
osyg-en. 

The following- table (TX') s h o n ~  the values of the three eclnili- 
brium constants, 

l0,l 
I( 1 - - [o,"], 1'?12 K = [O::.j, [01, and I;:: - -  [O].I' = I<,K,' 

calcnlated from the various results of the esperin~ents. Po,, Po 
and Po, represent the pressures of n~olecular oxygen, atomic oxygen 
and ozone which are appareiitly present in equilibria. Pi and Pi arc 
respectively the initial PI-essure hefore switching on the discharge and 
the final pressure after switching off. Spl  is tbc fall in presswe due 
to the formation of ozone (the actual pre,wlre of ozone Po,, being 
twice S p l j ;  S p 2  is the rise in pressure due to the dissociation tr1 oxygen 
including the small proportion of ioilised oxygen, the actual pressure 
of the atomic oxygen bring 2 ( &  + a#%) ; Po,  i? the pressure of 
n~olecular osygen present in equilibrium. I<, and K, were calculated 
from the partial pressures of molecular and atomic oxygen and of 
ozone. K t  was calculated from the partial pressures of molecular 
osygen and ozone in the system and was equal to Ti, x K U 2  except 
in experiments 1 and 2, n-here values of K, and I;, could not be cal- 
culated owing to the fact that no rise in pressllre was recorded. 

The observed cquilibriurn constants for K,, K, and 1<, are fairly 
concordant and wcll within experimental errnr. 

I t  will be seen Erom Table IV that the dissociation constant 
(I<,) of oxy,qen. increases tenfold by changing- the voltage 
from 9 to 10 K.V., there being no appreciablr difference hetween 10 
and 11 ICV. The equilibrium constant for the formation of ozrine fronl 
atomic and molecular osygen apparently passes throug-h a minima 
at  10 ICV. The comparatively 1aro.e value for this equilibrium shows 
that a t  10 K.TT. the rate of formatyon and decomposition of ozone are 
nearly the same.  TI^ the last column. the values o f  the equili1,riiim of 
osygen with ozone in the silent electric d isc l lar~r  for rliff'erent exciting 
voltages and different initial pressures hacc been shown. Thc mean 
value of the equilibrium at 9 1i.V. is 0.027. The value of the equill- 
hriuln at 10 K.V. is nearly fmir times the ahove value and the olle at  
I1  X.V. beina fifteen times that at  10 K.V. The results obtained s h o ~ ~  
that one molecule of ozom is present in ecpilibrium ~ v i t h  one atomic 
osycen and with nho~tt 12 molecules of oxygen. 



TABLE IV. 
Equilibriunz in Silent Electric Discharge. 

Expl 
Nu. 

- 
volts 
K.V. 
- 

9 

10 

11 

- 

mm. mm. I -- 

.. .. 

.. .. 

3.25 13 

2.5 11 

17.5 43 

17 54 

13 34 

Warburg and Leithauser ( A m .  Physik., 1909, 28, 29)  also found 
at equilibrium 1 molecule of ozone to 12 of oxygen for a static system 
in silent electric discharge at normal temperature and pressure. Our 
results are thus in agreement with previous observations and are fur- 
ther an advance over the older work in that we have shown that the 
equilibrium in the oxygen-ozone reaction is the resultant of two other 
equilibria, one being the dissociation of oxygen (K,) and the other 
formation of ozone by combination of activated molecular oxygen with 
atomic oxygen (K,). 

The assumption of the presence of atomic oxygen is supported 
by the views of Anderegg (Jozw. Amw. Chew. Soc., 1917, 39, 2581) 
who says that oxygen atoms are probably present in all cases of ozone 
formation. 

I n  brush discharge the increase in pressure ( ) due to breaking 
up of molecules by ionic collisions has been shown to follow the rela- 
tionship V X i = 2, Spr, where V is the applied voltage, i is the corona 
current and 710 is the volume of the gas subjected to discharge 
(Townsend and Warner, Phys. Rew., 1916, 8,  285). I n  
experiments 14 and 15 the steady current at  equilibrium was 
17 .5  milliamps. Taking the pressures instead of volume (which was 



kept constant) as  proportional to v,, we find that the products o i  
S p ,  x pressure P r  are 20.05, 20.6 which compare with the value of 
voltage current, viz., 19.25 within experimental error. 

The statement that there is scarcely an;. rise in pressure in the 
discharge in osygen (cf. Rideal, OXJTK, 1920, Constable and Coml~any, 
p. 95) must be revised in t l ~ e  light of our observations, which indicate 
conclusively that the increase in pressure clue to dissociation has been 
obscured by the'fall in pressure due to ozone formation. 

The application of thermodynamics to the chemical equilibria 
observed in electrical discharge will be discussed in a s~~bsequent part 
of this series. 

SUMMARY 

W e  have investigated the reaction in the Siemen's ozoniser under 
static col~ditions and the equilibrium has been studied from the stand- 
point of the application o:F Ihe law of mass action. Equilibrium was 
attained from one side unly, using different initial rxessures and 
different exciting roltages. At higher pressures there was a gradual 
approach to equilibrium when the exciting voltage was low. At lower 
pressures, there was a rise in pressurc apparently due to the dissocia- 
tion of oxygen ~nolecule into oxygen atoms. When the excitin,.; poten- 
tials were increased the equilibrium was reached in a shorter time and 
the dissociatio~~ of oxygen was obsenwl a t  a higher pressurc of oxygen 
than in experiments at a low exi t ing  voltage. 

The ozone produced is never proportional to  ionization as  the 
quantity of ozone fonned is not at  all related to the current flowing. 
Instead of assuming that a large number of secondary ions are pro- 
duced by shock excitation and ifmi these ions do not reach the electrode 
even under saturating conditions, it is much simpler to assume that 
dissociation of oxygen molecule occurs under the effect of silent elec- 
tric discharg? and that the atomic oxygen combines with the excited 
oxygen molecule to form ozone. 

W e  have calciilated the equilibrium constant for the two reactions 
0,* * 2 0  and 0," + 0 =+ 0,. which occur simultaneously. The 
equilibrium constants are fairly concordant and well within the 
experimental error. 
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