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EDITOK'S P R E F A C E .

T H E idea of a series of books on Electro-Chemistry emanated
n o t from me, but from Messrs. Constable. Some years back
I wrote for them a book called " Practical Electro-Chemistry,"
intended to cover a great part of the ground of knowledge
t h e n extant. Fortuiiately, knowledge has a habit of growing
a n d of propagating its kind, and my book, in consequence of
t h i s , became a " back number ".

The subject of Electro-Chemistry is so ramified and
specialised that it was impossible for one man to make a
s u r v e y of the whole field. This fact is the genesis of the
p r e s e n t series in which those who have accurate and intimate
knowledge of the various branches of electro-chemistry have
"undertaken the work for which they are particularly qualified.
I t will be readily understood that, as the series of books was
s tar ted at an early period of the war, many contributors were
e n g a g e d in work of national and primary importance, and
•were unable, however willing, to apply themselves at the
xxtoment to exacting literary work. But this difficulty was
gradual ly overcome, as some prospect of a period to the
s t r a g g l e came within view, with the result which the reader
"will judge with consideration for the onerous conditions
"cmcier which my contributors have wrought.

The monographs resulting from their labours speak for
themselves , and if the educational advantages which 1 have
obta ined from reading them during their passage through
t h e press is shared by the public, I believe that the thorough
a n d modern work of my friends and collaborators will be
appreciated, and such faults as there be will be attributed to
t t i e person ultimately responsible—the Editor.



A U T H O R ' S P R E F A C E .

E V E R since the time of its discovery Ozone has attracted the
attention of chemists, physicists, and industrialists alike.
To t h e former it presented the first example of a gaseous
allotrope of an element, differing from oxygen in many
remarkable ways. The physicist frequently came in contact
with the substance in his investigations on the conduction
of electricity through air, whilst the industrialist was not
slow to avail himself of an oxidising agent, unsurpassed in
strength, leaving no objectionable material in its wake, and
at t h e same time easy, if indeed somewhat expensive, to
manufacture.

T h e angle from which Ozone and its modes of prepa-
ration was regarded by these three different sets of investi-
gators naturally "varied, and an endeavour has been made in
the following pages to summarise and correlate the many
different references which are to be found scattered over a
wide field of literature. The merest survey, however, was
sufficient to indicate that our knowledge of Ozone, its pro-
perties and modes of formation, is exceedingly scanty. The
industrialist is ever at hand with extravagant claims as to
the utility of "electrified oxygen"; the evidence as to the
chemical behaviotu: and properties of ozone is somewhat
meagre and frequently conflicting, for example, the existence
of t h e ozonates and of oxozone still awaits confirmation;
whilst the hypotheses advanced to explain the mechanism
of £to fom&Mon, either chemical, thermal, electrolytic, or
photo-chemical, are purely speculative. Ozone is generally
produced by means of the silent electric discharge, the
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Aladdin's lamp of synthetic chfiniMry, tor wh I v* *?*
factory "modus oporandi" han hw n »iuv« tui *• <* •
appearing to result from a cornimmfinn <•! jh f • ' *»
action and electron emission.

A study of the ultra-violet nptrtmm of n»\ *< *» :
allotropes given us an innight into th« v m«m \*\< % > ' *
actions involved, and quant ifativt* jiliifi^n h*j* i * *» *
tained by an application of thi* <j«aiiti4ii4 th« r* ** ' »»i
time the study of the? riiMiitf^mtuin *>r >i/^ ^ * tl
molecules by electron onuHston JH HI >» I in *t n f o ' •

The work of Hir J. «J. frh<uimmi ui ih* c 4 ^
Laboratory on the subject of tlivrmpmn »* !<* j^» * <
new vinta of olectro-chrmifii! r^w#ir*!i( f<*r it A #, 5 »|,i^
that the elements, including cix\{'i«n, iTa» • • ^1 i< ? * >* *
the form of allotroprs, but IIIMI an ul l^fpn* li,^: f «• / '
possessing electrical char#fH. Ji ii*mnm* U*t *h« ! ̂ «4f*
reveal the influcmcct of thew rhnr^H on rb< tti.* n»r-» 4 , ! .

Thanks are duo to thorn* who hitVf I* * n In , i u a I :
place material dealing with lh» ?ijipJit'iitic#ii^ <! % *,« *? n#

disposal, and if the following pii^rh **»n n» ** f*f «ii Li^ 1 *%t 1
research both scientific and ti'rhhtrtil $ti tlu»*,«s*< * I tl»< u,<
interesting branches of rh*ctr»-chrfiiii>trv, ttn" < l y ^ i I U
writer will be fully attained.

KUW K HIM.VI ,

ILLINOIS, U.S.A., Hth Nm^myr, tUl%
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OHAPTEE I.

OZOKTE.

EA.RLT HlSTOEY.

I N 1783 Yan Mamrn, a Dutch philosopher, noticea t h a t the

air in the neighbourhood of his electrostatic mach ine (now

in the museum at Haarlem, Holland) acquired a marked and

characteristic odour when subjected to the "passage of a series

of electric sparks. Cniickshank in 1801 likewise drew at-

tention to the fact that the oxygen gas produced by t h e elec-

trolytic decomposition of dilute acids under certain condit ions

was possessed of a similar odour.

These two investigators merely chronicled the resu l t s of

their experiments, and did not pursue their inquiries to

elucidate the origin of the odoriferous substance. Schonbein,

in a memoir presented to the Academy at Munich i n 1840,

recognised fchat the smell noted in air subjected to t h e spark

discharge, and in the oxygen generated by electrolysis, was

due to the presence of a new gas, to which lie ga-ve t h e name
tl ozone" (#£©—to smell), he also showed that ozone was

formed in certain processes of autoxid&tion, notably by the

action of air on phosphorus, but failed to establish t h e exact

nature or composition of this new substance.

We shall have cause to observe, when discussing t h e pro-

cesses of autoxidation, the development of Schonbein's hypo-

thesis in that ozone or &ctrve oxygen is produced w i t h its
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electrical isomer " antozone" by the disruption of the neutral

oxygen molecule—

+
O2 -> 0 ' ozone + 0 antozone.

This hypothesis naturally led to the division of peroxides

into two groups, the ozonides and the antozonides, and to

an extended search for the two active electrically charged

forms of the oxygen atoms.

Various other speculative hypotheses were made as to

the composition of ozone, all unsupported by experimental

evidence, thus, Williamson suggested that it might be gase-

ous hydrogen peroxide, and Baumert considered ozone to be

an oxidised form of hydrogen peroxide, i.e. H2O3.

, Becquerel and Preny first showed that oxygen could be

completely transformed into ozone, thus proving that ozone

was an allotropic modification of this element.

These experimenters effected the conversion of oxygen

into ozone by the passage of a stream of electric sparks

through the gas, the ozone formed being continuously re-

moved by means of a solution of potassium iodide. In this

way all the oxygen originally in the tube ultimately disap-

peared.

Andrews, Tait and Soret (" C.B.," 1876) took up the in-

vestigation at this stage, and by the following experiments

proved that the allotrope was actually a condensed form

of oxygen:—

A. tube of volume V connected to a sulphuric acid ma-

nometer and containing oxygen gas was submitted to the

action of the spark discharge when a contraction in volume v

was recorded on the manometer. On heating up the tube to
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270° C. the ozone was destroyed and the gaseous mixture then

occupied its original volume V.

Soret showed that no change in the volume of the ozonised

oxygen (V - v) took place when the gas was exposed to

potassium iodide or metallic silver, nevertheless the ozone

was destroyed.

When, however, the gas mixture was exposed to turpen-

tine a further contraction in volume was observed, the final

c

Sulphuric Acid>
In Manometer.

FIG. 1.

v o l u m e b e i n g V - 3v w h e r e v w a s t h e v o l u m e c o n t r a c t i o n o n

o z o n i s a t i o n .

A s a resu l t of t h e e x p e r i m e n t s S o r e t c a m e to t h e c o n c l u s i o n

t h a t t h e m o l e c u l e of o z o n e c o n s i s t e d of t h r e e a t o m s of o x y g e n ,

t h r e e v o l u m e s c o m b i n i n g t o g i v e t w o v o l u m e s of o z o n e —

3 O 2 - 2 O 3 ,

s ince t h e v o l u m e c o n t r a c t i o n v o n o z o n i s a t i o n i s c l ear ly e q u a l

t o o n e - t h i r d of t h e o x y g e n c o n v e r t e d i n t o o z o n e (or o n e - h a l f

of t h e r e s u l t i n g o z o n e ) , w h i c h i s s u b s e q u e n t l y absorbed b y

t h e t u r p e n t i n e . F u r t h e r , t h a t w h e n o z o n e r e a c t e d w i t h
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potassium iodide or metallic silver it liberated an equal

volume of oxygen :—

O3 + 2Ag - Ag2O + O2.

Soret ascribed the structural formula O—0 to the tri-

0

atomic allotrope of oxygen, and confirmed the existence of

ozone by a determination of its density. The theoretical

density of ozone at N.T.P. should be equal to one and a half

times that of oxygen, and this value was obtained by Soret

and Otto by several different methods, which may be briefly

described :—

A glass globe of about one litre was filled with pure dry

oxygen at a determined temperature and pressure; and

subsequently weighed; the oxygen was then displaced by

ozonised oxygen reweighed, and the weight of ozone in the

flask determined by titration with iodine and sodium thio-

sulphate.

If V be the volume of the globe, containing w grams of

oxygen of density J , and w + w' be the weight of the ozonised

oxygen in the globe, where 8 is the density of ozone, and v

and 10" the actual volume and weight of ozone in the globe,

then

(i) w + w = Sv + (V - v)A,

(ii) w" = v$,

(iii) w = AY.

From (i) v(B - A) = w + %of - AY « w\

hence :— $ K -> = to"

or
\w" - w



From two determinations Otto iihtiun̂l thr \ tJu. * f d «!
ratio ̂
or the density of o/.om* wan practfisUly «*IM* un«l a h *lf urn*

that of oxygen,

I)KNsriY ItV \HV\ I *.n»N.

Koret showed that the r.ifcr of trun**jnMtif»n ihr »»i/l« JI

small aperture of the puivst CI/M»I* wh»« li h* r M*IM «*}fti$ii «»i^

intermediate heiwwn the va!u« H nbUtncd f«*r rhJt<ri*i« **t*«l

carbon dioxide, By applying (Jmhuin4** law4 f*» U1*1 lir*ni»*

obtained for the time of tmn^piration of f?/^ne {in4 fiiiK^ti

dioxide, taking / ' an tin* turn* ni tr uirtpiratutii f*ir ;* V*J*IM*«» «»f

carbon dioxide of dtmnity A, and t, hit nn v*\H'%i %*4IIIIP *«f

ozone of density 5,

' ;; -1
the value r534 wan oht'tin^d, trtkiru; Mxy&««it ^lf unit%* I ̂ I4<*I^

burg (" BorM
M HIOl) at a Infer ilntn olittiiii'^ lh«- %»*Iii* t lUSth

for un ozonised oxygen wmi4imn^ >»G J*K r *** nf «//**it̂

We have already referred to SOM'I'H • .uh • XJI» tun* ul>* <**%

the coinpariKon of tin* viAwn^n iirrnjur*! h*» i ^n i i *i« i/lil^ »*f

oxygen and oxone, in which Un* t$mw h*nuv<l it^m n i i i^wn

quantity of oxygen wan r»*titovi»f| by tdmnpUvn in ti»r|

From the rosultnof sovrn ttxprrmi« itl** Ĥ #r# t *it4^»finl %

value differing by only 2*7 prr r ^ n t froin th«* ili^oti u

Ozone poBHemwm a tttrotig |Kiirimliii^ mul r}mri><i«-Mnti<

odour which can be detected in mtm titmtnmH «4 MIH* |>I»II HI
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a million of air. We may note that there is no u n a n i m i t y i n

describing this odour, since it has been likened to s u l p h u r ,

chlorine and phosphorus (presumably undergoing o x i d a t i o n

•when ozone itself would actually be present); other o b s e r v e r s

have compared it to dilute oxides of nitrogen, whilst D B l a

Coux likens it to lobster.

Dilute ozone is practically colourless, but "when v i e w e d

through a tube five or six feet long it is found to give a B k y

blue tint to the column of air.

Hautefeuille and Chappuis (" C.B.," 94, 1249, 1 8 8 2 ) o b -

tained liquid ozone "by compressing ozonised oxygen t o 1 2 5

atmospheres a,t a temperature of - 103° C. Liquid o z o n e in

soluble in liquid oxygen, and Ladenburg ("Ber. ," 31, 2 5 0 8 ,

1898) obtained a mixture of liquid ozone and oxygen, c o n -

taining 84*4 per cent, ozone by passing a current of o z o n i s e d

oxygen through a tube cooled in liquid oxygen, w h i l s t K»

Goldstein ("Zeit. Elektrochem./1 50, 972, 1903) o b t a i n e d

pure liquid ozone by immersion of a double walled q u a r t s

mercury vapour lamp in liquid oxygen. "When a s m a l l

quantity of oxygen was admitted into the vacuous s p a c e ifc

was rapidly ozonised by the ultra-violet light emitted b y t h e

mercury vapour and condensed in the form of small d r o p s ,

the pressure rapidly fell and fresh oxygen could t h e n foe

admitted. Dewar likewise obtained practically pure l i q u i d

ozone by the careful fractionation of liquefied ozonised o x y g e n .

Liquid ozone, which is very liable to explode if a c c i d e n t a l l y

brought into contact with a trace of organic mat te r or if t h e

temperature be allowed to rise, is a dark blue liquid, o p a q u e

in thickness exceeding 2 mm. Olszewski ("Monatsh.," &, 1 0 9 ,

1887; " Ann. derPhysik," 3, 31,1887) gave the b o i l i n g - p o i n t
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at - 106° C. to - 109° 0., whilst Troost (" C.R.,3' 126, 1751,

1898) determined it at - 119° C.

The formation of ozone from oxygen is accompanied by

the absorption of heat and the instability of liquid ozone

and the gas at ordinary temperatures is doubtless occasioned

by its strongly endothermic nature.

2O3 = 3O2 + 2Q.

The lowest value of Q, the heat of decomposition per gram,

mol. of ozone, is recorded by Hollman in 1868 as 17,064

calories, later determinations by Berthelot (1876) gave 29,600,

Van de Meulen obtained values between 32,600 and 36,000,

whilst Eemsen gives the highest value of 36,600. The most

recent observations of Jahn (" Zeit. Anorg. Chem.," <5o, 357,

1908, and 68, 250, 1910) give 34,000 (see p. 45).

Ozone is soluble in water, but wide discrepancies are found

in the published figures, doubtless occasioned by partial de-

composition during solution.

Schone ("Ber.," 6, 1224, 1873) obtained the value for the

solubility coefficient at 18° C. of 0*366, McLeod at 14° C.

0-2795, Carius ("Ann.," 174, 30, 1874) at 1° C. 0*834, Laden-

burg ("Ber.," 31, 2510, 1898) gave the solubility at 12° 0. as

0*01 per cent, by volume, whilst Mailfert (" C.B.," 119, 951,

1894) gives the following values for the coefficient:—
Temperature. Coefficient of

Solubility.
0°C O64
11-8° 0-5 .
15° 0456
19° 0-381
27° 0-27
40° 0112
55° 0031
60° 0
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about fifteen times the values obtained for oxygen.

gang ("Woch Brauerei," 28, 434, 1911) de te rmined t h e

following values : 10 mgm. per litre at 2° C. and 1*5 m g m . a t

28° C.

In dilute solutions of sulphuric acid (0'03 - 0*09 per c e n t . )

the coefficient of solubility is somewhat higher, as is i n d i c a t e d

by the following figures :—

TemperaUure. Coefficient of
Solubility.

30° 0 0-240
330 0-224
49° 0*156
57° 0*096

Rothmund ("Nernst Festschrift," 391,1912) has i n d i c a t e d

that the above figures are in all probability too low o w i n g to

the decomposition of ozone occurring during the e s t i m a t i o n

of the solubility. He found that this decomposition w a s

remarkably small in O'l N. sulphuric acid at 0° C. and o b t a i n e d

a value 0*487 for the absorption coefficient at th is t e m p e r a -

tu re ; when corrected for the salting out action of t h e s u l -

phuric acid the coefficient in water would be equal to 0 ' 4 9 4 .

Ozone is soluble in acetic acid, acetic anhydride, e t h y l

acetate, chloroform, and carbon tetrachloride (Fischer a n d

Tropsch, " Ber.," 50, 765,1917), forming blue solutions w h a c h

are fairly stable. Solutions of ozone in carbon t e t r a c h l o r i d e ,

in which the solubility is seven times that in water, d o n o t

undergo decomposition for twenty-four hours.

The decomposition of ozone (see p. 133) is f r e q u e n t l y a c -

companied by a phosphorescence noted by Dewar when p a s s -

ing ozonised air through a capillary opening, and by Otto i n t h e

action of ozone on water containing traces of organic n a a t t e r .



A vivid phosphorescence is likewise obtained when a hot

glass rod is brought near the surface of liquid oxygen contain-

ing ozone ("Beger. Zeit. Elektrochem.," 16, 76, 1910).

B. S. Strutt (" Proc. Koy. Soc.," 85, 10, 1911) has ex-

amined a number of cases of phosphorescent combustions,

especially marked in vacuum tubes containing ozonised air

under low pressures. Phosphorescence was noticed during

the oxidation of a number of substances by ozone, amongst

the more important being nitric oxide, sulphur, hydrogen

sulphide, ethylene, and iodine. The spectroscopic examina-

tion revealed a banded spectrum in the majority of cases, but

occasionally continuous spectra were obtained.

The spectrum of ozone is exceedingly complex and has

been the subject of numerous investigations.

Chappuis ("C.R.," 94, 858,1882) found eleven lines lying

in the region X = 628*5 \i\i and X = 444 p/i in the visible

spectrum, those lying on either side of the sodium lines being

particularly distinct and characteristic, X = 609*5 - 595*5 pp

and X = 577 to 560 /&/* Schone (" Zeit. Anorg. Chem.," 6, 333,

1894) added two to the above number, whilst Ladenburg and

Lehmann ("Ber.," 4, 125, 1906) noticed a line in the red

portion of the spectrum.

J. Stark (" Ann. der Physik," 43, % 319,1914) has shown

that the ozone molecule gives rise to many bands lying be-

tween the visible green and the ultra-violet, X = 210 fijju. The

bands of long wave lengths were found to be resolvable into

line series.

Certain lines attributed to the ozone molecule are fre-

quently caused by other allotropes of the element, either of

elementary oxygen in the monatomic or diatomic form, O or
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O2> or of those substances when charged. Thus Stark (" 3?b.ys.

Zeit.," 14, 720, 1913) has shown the existence of two d i s t i n c t

arc spectra of oxygen attributable to the substances O 3 &nd

6r

The line in the visible red of the spectrum n o t i c e d by

Ladenburg and Lehmann (loc. cit) is possibly not due to ozone

but to another allotrope of oxygen, viz. oxozone, O 4 ; w h i l s t

the existence of a band in the infra red or thermal r e g i o n at

X = 1040 [i^i has been claimed for ozone but has not r e c e i v e d

confirmation.

The lines of the oxygen spectrum at the negative e l e c t r o d e

of a discharge tube were examined by Schuster, S t eub ing a n d

F. Croze ("C.K.," 153, 680, 1916) who gives the f o l l o w i n g :

X = 685*3 pp., 662*5, 603*2, 564*6, 529*6 and 498. S c h u s t e r ' s

two negative bands X = 570 - 584 fi^ and X = 601 - 5 9 6 IAJA

could not be resolved.

The lines of atomic oxygen O are found in the e x a m i n -

ation of water vapour as well as in oxygen s u b m i t t e d to

intense electrical discharges. Fowler and Brooksbank ( " l i o y .

Astron. Soc," 77, 511,1917) have likewise shown t h e p r e s -

ence of lines of this series, the third line spectrum of o x y g e n

X = 559*2 fip, and 39618 in stars of the /3 type as wel l an in

Wolf Eayet stars.

The ultra-violet spectra of oxygen and its a l lo t ropes are

of special significance in the consideration of their p h o t o -

chemical interconversion (see p. 70).

That of ozone has been examined by Lenard (" A n n . der

Physik," 1, 480, 1900), Goldstein ("Ber . ," 3d, 304, 1 9 0 8 ) ,

and more especially Eegener (" Ann. der Physik," 2 0 , 1 0 8 3 ,

1906).
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The 0 2 molecule gives short -wave length bands resolvable

into lines between the region X200 and X 188 /^//-correspond-

ing to the ultra-violet fluorescence of oxygen. Steubing

noticed five "bands between A = 183*1, and 191*1 ftp, whilst

L. and E. Bloch ("C.R.," 158, 1161, 1914) isolated two new

ones conforming to the Delandies formula at X = 192*3 to

193*6, and 194*6 to 195*7 pp. The ultra-violet oxygen atom

0 band in the region A = 230 /JL/UL and *X = 340 pp is observed

in the positive column in pure ratified oxygen, and in the

decomposition of dissociation of many oxygen-containing

compounds. The strongest band (see Meyerheim, Grebe,

Holtz and Itowler, " Proc. Eoy. Soc.," 94, 472,1918) is found

at X, = 306*4 fifj,, a,nd is usually attributed to water vapour.

Investigations on the carriers of positive electricity by

Sir J. J . Thomson and Iris co-workers (" The Carriers of

Positive Electricity") have revealed the presence of a great

number of allotropes of oxygen which give rise to their re-

spective band spectra. E. Horton (" Phil. Mag.," 22, 24,1911)

ha,s sliown the existence of carriers of positive electricity in

oxygen of electric atomic -weights, 8,16, 32, 48 and 96.

Becq[uerel has shown that the magnetic susceptibility of

ozone exceeds that of oxygen, and that the ratio of the

specific magnetic susceptibilities exceeds that of the ratio of

their densities.

CHEMICAL PHOPEBTIES.

Chemically, ozone is a strong oxidising a,gent, capable of

effecting the oxidaution of all the elements with the exception

of gold and some of the metals of the platinum group.

I t liberates iodine from potassium iodide and brings about



the oxidation of numerous substances such as lead sulphide,

manganous salts and ferrocyanides, reactions which form the

basis of its qualitative and quantitative detection and esti-

mation.

The general reaction may be expressed by the equation :—

M + O8 - MO + O2.

In some cases, however, oxygen is not liberated, but the whole
1 of the ozone reacts and no free oxygen is evolved. Thus

sulphur dioxide is oxidised to sulphuric anhydride by ozone

according to the reaction :—

3SO2 + O3 = 3SO8

(see Brodie, "Phil. Mag./ ' 1894, and Eiesenfeld, "Zei t . Elek-

trochem.," 17, 634, 1911). In the combustion of the organic

matter in water during the process of sterilisation by ozonised

air this reactivity of the ozone molecule as a whole is likewise

noted.

Eiesenfeld (" Zeit. Anorg. Chem.," 85, 217,1914) observed

a similar series of reactions in the action of ozone on sulphur

compounds. Three atoms of oxygen in the ozone molecule

react with sodium hydrogen sulphite, whilst with neutral

sulphites and alkaline thiosulphates only two atoms react,

the third being liberated as oxygen gas.

With certain peroxides, such as hydrogen peroxide, it

undergoes decomposition as follows:—

O3 + H2O2 = H2O + 2O2,

Eothmund ("Monatsh.," 38, 295, 1917) showed that the

reaction was unimolecular in excess of hydrogen peroxide,

but in dilute solutions the ozone underwent catalytic decom-

position.
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It has found many uses industrially as an oxidising agent,

which will be detailed in a subsequent section of this volume.

Eeference, however, m a y b e made to the deodorising of air,

the conversion of manganates into permanganates, of chlo-

rates into perchlorates, and the "drying" of oils in the pre-

paration of linoleum and varnishes.

At suitable temperatures selective oxidation of undesirable

substances which give an objectionable colour or odour to

many fats and waxes may be obtained, and such processes of

bleaching are receiving extended application. Attempts have

also been made to accelerate the ageing of spirits and wine

"by fractional oxidation with ozone.

Ozone is a powerful germicide, as was first indicated by

Frohlich. I t s high germieidal activity is doubtless due to its

oxidising power, and as a dual agent of this character it has

been fairly extensively employed for the sterilisation of public

water supplies, for the treatment of wounds in hospitals, and

for various purposes of sterilisation and preservation in in-

dustries, such as hide preservation, cold meat storage and

the like. -Although ozone in high concentrations will effect

t h e sterilisation of air, yet such concentrations as are neces-

sary (ca. '05 per cent.) are not eatable of respiration without

damage to the tissues, consequently its chief function is as a

deodoriser and "freshener "for air in confined and crowded

spaces.

In the realm of organic chemistry ozone has received ap-

plication in two directions, firstly as an oxidising agent of

great strength "which introduces no foreign matter, and

secondly as a reagent for the ethylene linkage - C = C - .

A.s an oxidising agent it is employed for the preparation
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of vanillin on an extremely large scale. T h e p r o d u c t i o n of

other substances, such as heliotropine, p i p e r o n a J , a n d animaln<»-

hyde, can also be accomplished with its a i d C se$ c h a . p - I2w-

Apart from its powerful oxidising properties, ozone w i l l x r e a c t

with certain substances in two definite a n d c h a r a c t e r ! n i i c

ways to form ozonates and ozonides.

T H E OZONATES.

Baeyer and Villiger ("Ber.," 35, 3038, 1 9 0 8 ) s t a t e t h a t

strong ozonised air fumes in moist air c o l o u r s b l u e l i

red, and causes an increase in the c o n d u c t i v i t y of

water when passed through it. They t h e r e f o r e regcurr lcsd

ozone as the anhydride of an unstable o z o n i c ac id , U ^ O f .

According to these authors, if due p r e c a u t i o n s a r e t a / k e t i ,

highly coloured ozonates may be prepared by t h e i n t e r a c t i o n

of ozone and moist solid alkali hydroxides o r c o n c e n t r a t e d

solutions of the same at low temperatures.

The ozonates are usually orange or b r o w n . If o z o n o b o

passed into a cold ammonia solution, it a c q u i r e s a d a r k vot\

colour attributed by these investigators t o t h e f o r m a t i o n of

ammonium ozonate, NH 4 H0 4 . Lithium o z o n a t c w a s f o u n d

to be least, and that salt of caesium most s t a b l e .

A white granular precipitate of calcium p e r o x i d e is f o r m e d

on the passage of ozonised air into cold l i m e w a i t e r .

According to W. Manchot ("Ber.," 41 , 4 7 , 1 9 0 8 ) , B a e y o r

and Villager's results are to be attributed t o t h e p r e s e n c e

of small quantities of oxides of nitrogen i n t h e i r o z o n i s e d

air, since he found that ozone possessed n o a c i d i c
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T H E OZONIDES.

The ozonides are formed by the interaction of ozone with

organic compounds containing unsaturated ethylene linkages

according to the general equation :—

—C — C—(X
!l + 0 3 -> I >O

_ C — C—(T

Discovered by Harries (" AJIH.," 343. 311, 1905 ; "Ber.," 38,

1195, 1905), this reaction was successfully employed by him

to elucidate the composition of rubber (see p. 170), and has of

recent years been frequently utilised to identify the presence

of ethylene linkages.

Where compounds containing ethylene linkages are

treated with strongly ozonised oxygen (ca. 40 per cent. O3)

the ozonides thus formed on analysis yield more oxygen than

is to be expected by the assumption of simple saturation of

the ethylene linkage according to the equation:—

_ C —C—Ox
II + O3 -» I > 0

_ c _ c—or
According to Harries, oxozonides are formed by interaction of
the organic compound with oxozone present in the gas:—

_ c —c—0—0
11 + o4 -> 1 1

_ G —C—O—0

More recent experiments, however (see p. 184), have failed

to establish the existence of oxozone in ozonised air or oxy-

gen and consequently some other explanation for the forma-

tion of oxozcnides must be advanced.



CHArTEB II.

THE NATURAL OCCURRENCK OF OZONK.

THE occurrence of ozone in ordinary atmospheric air ha*

long been a matter of dispute. C. Bchonboin (" J. f. Prziht'

Chemie," 73, 99, 1858), as early as 1858, showed that wtarrh

iodide paper, when exposed to the air, slowly turnrri t#It**\

thus demonstrating the existence of some oxidising aff«*m\v.

He noted that the rate of liberation of iodino varied from tiny

to day and attributed this to an alteration in tho. ozono <*nn*

tent of the air. Cloez and Bincau pointed out that t!»«*

liberation of iodine from starch iodide could iikowiHts hi*

caused by the presence of oxides of nitrogen naturally prcmrut

in atmospheric air.

Houzeau ("Ann. Chom. Phys." IV, 27, 5, l^T2f nnA

" C.E.," 74, 712,1872), as a result of over 4000 detrrmina-

tions with neutral litmus starch iodido paper, catntt to ttm

conclusion that ozone was present in atmospheric air in ft4*

dition to the frequent occurrence of oxides of nitrogen. A»

a maximum ozone content Ilouzcau recorded 2*H in^m. p««r

cubic metre. Houzeau's views were supported by H a r t l e y

("Trans. Chem. Soa/1 39, 10, 111, 1881, and "Nalnre/* s*>

474, 1889), who noted that many of the dark linen of the*

spectrum were coincident with those that would haves

produced on the assumption that atraospharic ozone

light of these particular wave lengths emitted from tha mun,
(16)
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thus exhibiting the Frauenhofer l ines; which conclusions

were confirmed by Meyer ("Ann. der Physik," IV, 12,

849, 1903).

The vivid blue colour of ozone was asserted by Hartley

to give the characteristic coloration to the summer sky, an

alternative theory to the one first propounded by Lord Eay-

leigh in 1871 (Hon. S. W . Strutt, " Phil. Mag./ ' u , 107,1871)

and extended by Schuster (" Theory of Optics," p . 325) and

King (" Trans. Phil. Eoy. Soc," A, 212, 375, 1913).

Rayleigh showed that the intensity of the light scattered

by small particles of dust in the atmosphere would vary in-

versely as the fourth power of the wave length, i.e. the light

in the ultra-violet and blue end of the spectrum being of the

shortest wave length would be most intensely scattered and

)hus made visible. I t may be noted that in Lord Bayleigh's

experiments the sky light appeared somewhat bluer than

inticipated by this theory, and thus indicated that absorption

>y ozone may be a contributary cause to the colour of the

iky. C. Fabry and H. Buisson ("C.B. ," 156, 782, 1913), as

1 result of a series of experiments on the absorption coefficient

•zone for light of the wave lengths X = 255 fifjb to 330 /A/A,

howed that a thickness of only 25 /A of ozone reduces the

acident light intensity by over 50 per cent. For a wave

sngth of X = 300 fxiM the proportion of transmitted light for

thickness of 5 mm. of ozone was only 1 per cent., approxi-

lat ing to the conditions of the terrestrial atmosphere exposed

D solar radiation. If uniformly distributed this would equal

*6 c.c. or 1*4 mgm. per cubic me t r e ; this concentration is

)mewhat high for air at low altitudes, hence it may be

cgued that with increasing altitudes the ozone content rises.
2
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E. Kron (" Ann. der Physik," 45, 377, 1914) r e c o r d s A =

325 ^ as the limit of the effective solar spec t r am a t sea-level

on the clearest days. Fabry and Buisson's resu l t s "between

the "wave length X = 200 and X = 350 pp a re s h o w n in the

following graphical form :—

150

100 /
./

/
/

\
\

\

ZOO 250 300

FIG. 2.

More recently Fowler and Strutt ( u P r o c . Roy . S o c . / r 93,

577, 1917) showed that the Frauenhofer l ines b e t w e e n the

wave lengths X = 319*9 p/i a,nd X = 333*8 pp, t h e u l t r a - v i o l e t

lines shown by Ladenburg and X e h m a n n t o be p r e s e n t i n t h e

ozone absorption spectrum, were present i n the g r e a t e s t in-

tensity in the solar spectrum at low alt i tudes , or w h e n t h e

terrestrial air str&tum through which the l ight h a d t o pass

was greatest, thus again supporting Hart l ey ' s c o n t e n t i o n that

the atmospheric ozone was an effective a g e n t i n f i x i n g the

extension of the. solar spectrum, in the ultra-violet .

Strutt ("Proc. R o y . S o c , " 114., 260, 1918) l i k e w i s e s h o w e d

that the limitation of the solar spectrum to the l o w e r w a v e
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length of X = 294'8 fi/j, was due to the absorption by atmos-

pheric ozone. By long distance experiments on absorption

of the light from a cadmium spark and mercury vapour lamp,

the lower air, mass for mass, was found more transparent

than the upper air, and that if the absorption was not due to

dust, the ozone content would not exceed 0*27 mm. at normal

pressure, in four miles of air.

Engler and Wild ("Ber." 29, 1940, 1896) likewise con-

firmed the presence of atmospheric ozone by the action of

air on manganous chloride paper, whilst Schone in 1897

("Brochure," Moscow, 1897) obtained as maxima and minima

the following values :—

Maximum, 100 mg. per cubic metre.

Minimum, 10 „

In the same year, Thierry (" C.R," 124, 460, 1897) made

the important observation from experiments conducted on

Mont Blanc, that the ozone content of the atmosphere rose

with increasing altitude, thus, at 1000 metres height he ob-

tained 0*039 mg., and at 3000 metres, 0*094 mg. of ozone per

cubic metre of air. Similar figures were observed by H . de

Varigny (Smithsonian College, " Proc," 39, 27), viz. a maxi-

mum and minimum of 0 0 3 and 0'01 mg. per cubic metre.

These observations were continued by Hatcher and Arny

(" J. Amer. P h a i m , " 72, 9,1900), who determined the amount

of ozone in the air by two different methods, viz. the iodide

and arsenitic titration processes, as maxima and minima,

they observed the following values:—

Method of
Estimation.

Iocllde
Arsenite

Mmvmwn.

158
84

Maximum.

316 mg. per cubic
80 i« 11 ,«

metre.
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Henriet and Bonyssy (" C.B.," 146, 977, 1908) s h e w e d t h a t

the ozone content of the air at ground level v a r i e d a p p r o x i -

mately inversely with the carbon dioxide c o n c e n t r a t i o n .

Hayhurst and Pring («J.C.S.," LXII , 868, 1 9 1 0 ) d r e w

attention to the wide variation of the results o b t a i n e d b y

numerous investigators, and conducted a series o f obse rva -

tions on Glossop Moor in Derbyshire. They s h o w e d , u t i l i s ing

Houzeau's original method of estimating bo th i o d i n e a n d

alkali liberated from potassium iodide solutions, a p r o c e d u r e

which was found to give extremely accurate r e s u l t s , b o t h for

ozone and mixtures of ozone and nitrogen d i o x i d e , t h a t in

this neighbourhood at least, oxides of nitrogen w e r e a l w a y s

present in the air up to an altitude of 8000 ft., a n d t h a t t h e

quantity of ozone present, if any, was too s m a l l t o b e de-

tected. With an increase in the altitude small q u a n t i t i e s of

ozone were obtained up to a height of 10 mi l e s . C o n c e n -

trations of the order of 0*12 to 0*4 mg. per c u b i c m e t r e of

ozone, and smaller quantities of oxides of n i t r o g e n w e r e ob -

tained.

H . N. Holmes (" J . Amer. Chem. Soc," 4 7 , 4 0 7 , 1909)

has shown that the maximum amount of ozone i s f o r m e d in

moving areas of air under a high barometric p r e s s u r e w h a n

the conditions are favourable for bringing air of h i g h , altitudes*

close to the earth's surface.

It may be concluded that ozone is a normal c o n s t i t u e n t

of pure air, and that the quantity of ozone in t h e a i r i n c r e a s e s

with the altitude. Seasonal variations in the o z o n e c o n t e n t

have likewise been obtained. Thus, Houzeau, a s a r e s u l t of

eight years observation with neutral and alkaline i o d i d e t e s t -

papers Qoc. cit.), noted that the ozone content of t l i e a t m o s -
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SOURCES OF NATUEAL OZONE.

Various alternative hypotheses have been advanced to

explain the mode of formation of this small ozone concentra-

tion in atmospheric air. I t is at once evident that even this

minute quantity exceeds the normal thermal equil ibrium

amount, and consequently there must be a continuous source /

of ozone. We may classify the various hypotheses as to this

source under three groups :—

(a) chemical; (b) photo-chemicaj; (c) electrical.

NATUEAL CHEMICAL PROCESSES.

The earlier investigators such as Schonbein, Houzeau ,

B6rigny, Peyrou, and Mari6 Davy, were of the opinion that

the green vegetation of plant life was responsible for the

production of ozone, thus accounting for the observed maxi-

mum and minimum ozone content in the months of M a y and

November respectively. I t was shown, however, t h a t coloured

plants yielded no volatile oxidising substances wha tever , and

more recent experiments have shown that the oxidising agent,

which can always be detected in green plant g rowth , is hy-

drogen peroxide. According to Priestly and Ushe r (" Proc.

Phys. Soc," 78, 3, 38, 1906), the plant chlorophyll serves

merely as a light sensitiser to bring about the reac t ion—

3H2O + CO3 + light energy - HOHO + 2H 2 O2,

the formaldehyde thus formed is subsequently polymerised

to formose (d.L glucose) by the protoplasm of the cell chloro-

plast.

The hydrogen peroxide is usually destroyed by one of the

numerous enzymes, termed oxidases, present l ibera t ing mo-

lecular oxygen—
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2H2O2 -> 2H2O + O2

(see Bach and Choat, "Arch . d. Sci. Phys . et Nat . Geneva,"

17, 4771, 1909), but many investigators suspect t h a t during

the decomposition of the hydrogen peroxide small quantities

of ozone may be produced.

The production of ozone by the atmospheric oxidation of

various gums and essential oils exuded by trees and plants,

such as turpentine, sandal-wood oil, or oil of lavender, has

long been suspected, and undoubtedly the rapidity wi th which

starch iodide slips are turned blue in a pine forest is, in some

measure, due to the ozone present in the surrounding air,

although the formation of hydrogen peroxide under these

conditions is without doubt the more important natural pro-

cess contributing to the freshness of the air.

PHOTO-CHEMICAL PROCESSES.

W e shall have occasion to refer to the interesting fact that

oxygen is ozonised by exposure to ultra-violet irradiation of

wave length X == 120 - 180 fifi whilst ozonised oxygen is re-

solved into its original form by light of somewhat longer wave

length, viz. X = 330 /x/x.

Hartley (" Trans. Chetn. S d c , " 39, 10, 111, 1881) noted

the presence of Frauenhof er lines in the visible solar spectrum

corresponding to those which would be absorbed b y ozone.

These conclusions in the visible part of the spectrum were

confirmed by Meyer ("Ann. der Phys ik / ' IV, 12, 849, 1903)

and extended by C. Fabry and H . Buisson {" C.R.," 156,

782, 1913) and Fowler and Strut t ("Proc. Eoy . Soc.,"

93, 77, 1917) to the ultra-violet portion of the spectrum.

Furthermore, all experimental evidence indicates tha t the
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ozone concentration is greatest in the upper portion of t l a e

atmosphere, where the intensity of the ultra-violet r a d i a t i o n

would naturally be greatest (see also K. Birkeland, " C a i r o

Soc.," 8, 287, 1916). I t would appear that the p resence of

ozone in atmospheric oxygen is largely due to the s y n t h e t i c

operation of solar radiant energy of short wave length.

(X = 120 - 180 fjL/ji), whilst the limitations in the a m o u n t i n

the upper parts of the atmosphere is caused by the d e s t r u c t i v e

action of light of longer wave length ( \ = 300 JJL/U,), a d y n a m i c

equilibrium being finally established between the r a t e of

formation and the rate of decay. Near the earth's s u r f a c e ,

as we have seen, smaller ozone concentrations are o b t a i n e d ,

partly owing-to the fact that the light of longer wave l e n g t h ,

penetrates somewhat further into a dusty atmosphere t h a n

that of short wave length, but more especially to the r e d u c i n g

action of easily oxidisable substances both on the e a r t h ' s

surface, and carried to low altitudes by the wind. C o u n t r y

air, according to Houzeau, contains more ozone than t h a t

around villages, whilst its presence can rarely be detected, i n

towns. This observer, in fact, records the disappearance o f

ozone in the air after the passage of a crowd on a public f £ t e

day, and its gradual reappearance when the normal c o n d i t i o n s

had been re-established.

ELECTEICAL PEOCESSES.

The increasing attention which during the last few y e a r s

has been paid to a study of atmospheric ionisation and e l e c t r i -

fication has not only clearly demonstrated that the p o t e n t i a l

difference between different parts of the atmosphere and b e -

tween earth or water and the air may reach extremely h i g h .
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values during periods of atmospheric disturbances such as

electrical storms, but even during periods of fair weather,

local potential differences of high magnitude may result.

Evidence for the ozonisation of oxygen during periods of

intense electrical discharge, either silent as in the aurora,

natural corona, and the remarkable Andes glow occasionally

observed in S. America (see " Knoche Meteor. Zei t ," 29, 329,

1912), or violent as in lightning and the so-called thunderbolt

or globular discharge, is somewhat conflicting. Undoubtedly

oxides of nitrogen are present, since these can always be

detected during periods of heavy discharge, and in many cases

it appears probable that ozone is formed either without or

more probably in conjunction with the oxides of nitrogen.

Thornton (" Phil . Mag.," 21, 630, 1911) has advanced the

view that the globular discharges themselves are purely

gaseous bodies and consist of ozone in active combination.

In a subsequent chapter we shall observe that the condi-

tions for the possible ozonisation of oxygen by means of

ionisation are established when a discharged electron or a gas

ion strikes an oxygen molecule wi th sufficient violence so as

to permit the temporary distortion of, or the actual removal

of one of the valency electrons circulating round the oxygen

molecule from its orbit, and a rough computation of the volt-

age of discharge which is necessary to give the emitted

electron this requisite energy is but nine volts, a relatively

low figure.

The potential difference between strata of air during

periods of fine weather is frequently extremely great and quite

sufficient to produce atmospheric ionisation, with the conse-

quent possible production of ozone, thus P . Mercanton
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i x i e d . in air during the fall of heavy drops of rain from a

clear sky in hot summer weather.

- O d d o (" Gaz. Soc. Chim. Ital.," 45, 395, 1915) ascribes

f o r m a t i o n of gas ions under these conditions to the

ionisation of water vapour when rarified. One

of m o j s t a][ r (773.4 litres when dry at N.T.P.)
c ° n t a i n s 89 x 10 "2 0 hydrogen and hydroxyl ions at 15° C.

ftticl 7 6 0 mm. pressure; he shows that a fall in temperature

na, t ta . i?£bl ly diminishes the content of water vapour in the air

* n x t a , l s o increases the degree of ionisation below 32° C, where

i t I s p r a c t i c a l l y zero. The optimum temperature range for

ionisation was found to be 5° to 20° C, which, it

b e noted, is the optimum for animal and vegetable life

*TI t h e temperate zones.

ULtenard , in a series of researches on the Electricity of

W s t t e r f a l l s (« Ann. der Physik," 45, 7, 100, 1914), showed that

i o n i s a j t i o n was effected not only by the impact of suspended

< l i r o p s u p o n obstacles such as rocks or stones, but by impact

o f c l r o p s against each other resulting in the production of

s o c o n c l a r y drops.
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CHEMICAL PRODUCTION.

AN indication of the production of ozone can be oh.-» rvr«i in

a great variety of chemical reactions such as t h e d ^ r o i n p * i-

tion of certain peroxides, in processes of autoxi<liitinu, u iu l sti

many cases of combustion of gaseous fuels. In tli«* I?if l« r

case the ozone is doubtless of a purely thermal o r i g i n an*i *

consideration of the mechanism of production b y I I ILS men?* *

will be deferred to a subsequent section.

Ozone can nearly always be detected in oxygen r* MIIIMIJ*

from chemical decomposition. The temporary c*xi*4*-nr«' <*f

atomic oxygen liberated according to the; equat ion :

M"02 + H,KO4~>MSO4 + ILO + O

has not yet been definitely proved, although tho c*vi«l« ti**** f**r

the formation of atomic hydrogen by similar proccHHf H IH IM^W

extremely strong. In any case during the d<»comp«i<>,iUt*tt r#f

the peroxides, the atomic oxygen polymerises w i t l i |*r# «i

rapidity to the molecular form:—

O + 0 -> O2.

C. Brodie ("Phil . Trans. ," 141, 759, 1850) first ar ivuncvi i t i n -

view that ordinary oxygen during processes of

action was split up into two parts termed ozone a n d

O2 -> O' (ossono) 4- O (antossono).

As we shall have occasion to note in discussing p r o e m * * * *4
(28)
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autoxidation, Brodie's hypothesis was strongly-supported by

the experimental work of Schonbein. " ' ^ - * ~ T ^

E. Clausius ("Zei t . Phys. Chem.," 103, 644, 1858) sug-

gested that Brodie's so-called " ozone " and " antozone " were

identical with atomic oxygen, possessing opposite electric

charges

This view was further enlarged upon by van't Hoff

(" Zeit. Phys. Chem.," 16, 411, 1895), who, as a result of his

studies on the autoxidation of phosphorus, came to the con-

clusion that there exists a definite equilibrium in normal

gaseous oxygen between the molecular and atomic form, the

atomic being charged:—

O2 ? r :± 0 + 0'.

Nernst ("Zeit. f. Elektrochem.," 9, 891, 1903) showed, from

a series of observations on the electromotive force of ozone-

oxygen cells, that if the three allotropes of oxygen were as-

sumed to exit in equilibrium with each other under normal

conditions, according to the reversible equations:—

O3 ;* O2 + 0

O2 ^ 0 + 0 ,

none of the allotropes possessing an electrical charge, then

the equilibrium concentration of the atomic oxygen would be

only 1/1023 of the normal ozone concentration, which we shall

see is of the order 10~5 per cent. The normal concentration

of atomic oxygen is, therefore, so small as to render its exist-

ence as a chemical substance, to which the ordinary methods

of statistical calculation of its concentration and properties in

bulk can be applied, extremely doubtful.
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Nevertheless, the formation of ozone in small quanti t ies

may be expected to occur in the decomposit ion of the per-

oxides, since, on the above assumption, t he following sequence

of chemical reactions may be assumed to occur :—

(i) BaO2 ->BaO + O.

(ii) O + O -> O2.

(iii) O2 + 0 -» O8.

We have already noted that reaction (ii) proceeds with great

rapidity, and that reaction (iii) is merely a side reaction,

which will only proceed during the evolut ion of oxygen.

Any ozone formed may, of course, be subsequent ly decom-

posed, by catalysis at the surface of the decomposed peroxide,

or by the somewhat elevated temperature necessary to cause

decomposition of the peroxide.

Houzeau, in fact, was able to obtain concentrationB as

high as 28 gms. of ozone per cubic metre of oxygen evolved,

by gently heating small quantities of powdered barium per-

oxide in eight times its volume of concentra ted sulphuric

acid. Hydrogen peroxide is likewise formed in small quan-

tities under these conditions:—

4H2SO4 + 4BaO2 -> (i) 4BaS0 4 + 4 H 2 O + 2O a

(ii) 4BaSO4 + 4 H 2 O + 0 3 + 0

(iii) 4BaSO4 4- 4 H 2 O 2 .

The same investigator showed tha t s imi la r results wore

obtained with other peroxides, notably those of magnesium,

zinc, sodium, and potassium.

Even better results can be obtained by t h e decomposition

and gentle dehydration of permanganic ac id or potassium

dichromate,

Mn2O7 -> 2MnO2 + O3.
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As dehydrating agent, sulphuric acid is niost conveniently

employed in the proportions of one of potassium perman-

ganate to two of sulphuric acid. De la Coux (" L'Ozone," p.

67) states that oxalic acid can be likewise employed in the

proportion of 10 gms. of permanganate to 15 gms. of oxalic

acid, and that 90 c.c. of oxygen containing 3 mgm. of ozone

can be obtained from this mixture.

Satisfactory yields of ozone may also be obtained by the

cautious addition of barium peroxide to a solution of potas-

sium permanganate in sulphuric acid, of density 1*85.

By the thermal decomposition of the persulphates, small

quantities of ozone are likewise disengaged, Malaquin (" J .

Pharm. Chem.," VII , 3, 329, 1911) gives the following details

for the preparation of ozonised oxygen by this means.

Twenty gms. of dry and freshly prepared ammonium persul-

phate are mixed with 15 gms. of nitric acid in a small flask;

the air is subsequently displaced by carbon dioxide, and the

mixture cautiously raised to 65° to 70° C. The reaction,

which is strongly exothermic, proceeds somewhat vigorously

when once started, and the resulting oxygen, after removal

of the carbon dioxide, contains 3 to 5 per cent, of ozone and

small quantities of nitrogen. '

Moissan, in his researches on the properties of fluorine,

which he isolated by the electrolysis of fused potassium

hydrogen fluoride, noted that appreciable quantities of ozone

were produced when a few drops of water were introduced

into an atmosphere of fluorine.

The formation of ozone proceeding according to the

equation:—

3F2 + 3H2O - 6 H F + O8,
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is especially marked at low temperatures, when the rate of

thermal decomposition of any ozone formed is considerably

reduced.

An ozone content of upwards of 14 per cent, in the oxy-

gen disengaged by means of this reaction may be obtained,

if the temperature be maintained at 0° C. De la Coux

(" L'Ozone," p. 70) suggests that the preparation of strongly

ozonised oxygen, by this method, offers some hope of techni-

cal application.

Small quantities of ozone may likewise be obtained by

the thermal decomposition of other oxygen-containing salts,

but the quantity of ozone in the liberated oxygen is far

smaller than in the cases alluded to above. Thus Bammels-

berg noted that ozone may be detected in the oxygen evolved,

on heating crystallised periodic acid up to 135° C.

Periodic acid is formed by the action of iodine on an

aqueous solution of perchloric acid, and can be obtained as

crystals containing two molecules of water. "When heated

carefully, periodic anhydride is formed.

2(HIO4 . 2H2O) -> I2O7 + 5H2O,

which on continued heating, loses oxygen to form iodic an-

hydride :—

+ o2.
The iodic anhydride itself suffers decomposition into its ele-

ments at 300° C , consequently the liberation of ozonised

oxygen by decomposition of the crystallised periodic acid

only takes place within a somewhat narrow temperature

range. Aqueous solutions of the acid and its sodium salt

likewise gradually acquire the smell of ozone.
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(>. Brunckhan nhown t h a t commercial samples of potas-

ftiuin c h l o r a l liberate o z o n i s e d oxygen during thermal de-

composition, although p u r i f i e d samples fail to yield any ozone.

The yield or »*>nc in B e n s i b l y increased by the addition of

miuiKanoHis dioxide, thiw e q u a l weights of manganese dioxide

and pntafmmm chlorate l i b e r a t e 0*3 per cent, of the weight

of chlorate* rmployecl in t h e form of ozone. Wi th twenty-

five iitwH an much m a n g a n e s e dioxide, over 1-5 per cent, of

th<» weight of chlorate c a n b e recovered in this form. Other

oxides, KU«TII an those of c o p p e r , iron and zinc do not exhibit

this behaviour, which a p p e a r s to be characteristic of man-

ân<*H(' dioxide, although B l i g h t activity is noted in the cases

of the. oxidett of nickel a n d . cobalt. This is doubtless associ-

ated with the property of fo rming unstable peroxides, which

undergo Kuwmdary decorupos i t ion , liberating atomic oxygen,

which ran Horondarily r e a c t wi th the molecular form to pro-

duce o7.ont\

In thct thermal d e c o m p o s i t i o n of many metallic peroxides

th** pr«HC*n<:<* of ojsone m a y b e detected in the oxygen evolved,

the? yii*hl of nasonci hcin^ n a t u r a l l y greater in the case of those

prroxidpff which undergo t h e r m a l decomposition at relatively

low tampcraturfw, mrh a s silver oxide, yielding oxygen

containing 4 to 5 per c e n t , of ozone. Lead peroxide and

timnmricoxulitaro l ikewise c a p a b l e of yielding small quantities

tif oftont**

If t\w peroxide of m a n g a n e s e , or cobalt, or nickelic oxide

bft nuhjijctitfl to ihuntial d e c o m p o s i t i o n in a current of oxygen,

appreciable quantities of ossoxie are stated to be formed.

AH thiMW oxidii d e c o m p o s i t i o n s , resulting in the formation

of small quantities of o z o n e , may be referred to chemical
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processes of activating atmospheric oxygen, whilst in t h o

case of the decomposition of chlorates and iodic a n h y d r i d e

these salts may be regarded as convenient sources of oxy&tm -

In the case of the elements of the first group of the p e r i -

odic table, namely, copper, silver and gold, the sub a n d

normal oxides of copper, Cu4O, Cu2O, and CuO, are s o m e w h a t

too stable, cupric oxide possessing only a small dissociation

pressure at very high temperatures. The oxides of both BI I v<*r

and gold, on the other hand, dissociate much more r e a d i l y ,

silver oxide possessing a dissociation pressure equal to t h a t

of atmospheric oxygen at 250° C. Silver peroxide, AggO t t ,

readily liberates hydrogen peroxide and oxygen c o n t a i n i n g

ozone when dissolved in acids. Mercuric oxide closely r«~

sembles silver oxide in its chemical properties.

The general reactions involved maybe expressed by t h o

following sequence of reactions :—

(i) 2M + O2 = 2MO ;

(ii) 2MO = 2M + 20 ;

(iii) 20 ^ O 2 ;

(iv) O + O 2 -*O 8 ;

in which by the operation of the first two reactions tho o x y g o n

molecule is-temporarily split up into its atoms, the ncceBRary

energy to perform this operation being supplied by hea t ing o r

cooling the metal to form or decompose the oxide. T h o

atomic oxygen so formed may then instantaneously r e c e n t -

bine to form molecular oxygen or combine with mo lecu l a r

oxygen to form ozone.

OZONE PRODUCTION BY AUTOXIDATION.

It had long been known that many substances when ex*

posed to the air undergo a process of slow oxidation.
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Exemplifications are found amongst the most diverse

types of substances such as the corrosion or rusting of metals,

e.g. zinc, lead and iron, of certain non-metallic elements such

as sulphur and more especially phosphorus, and in many

organic substances, such as benzaldehyde, turpentine, linseed

oil and various essential oils, such as oil of cinnamon, lavender

or citronella.

It was formerly thought that these reactions were com-

parable to the ordinary processes of oxidation or combustion

except in so far as the reaction velocity was exceedingly low.

In 1858, however, C. F . Schonbein (" J. f. Prakt. Chemie,"

73, 99, 1858, et seq.f to 1868) opened a new and interesting

chapter in the theory of oxidation by showing that in these

cases of slow oxidation, for every molecule of oxygen consumed

by the substance undergoing oxidation a molecule of oxygen

was simultaneously transformed to a more active state. This

activated oxygen would then secondarily react to form a

fresh series of new substances.

Thus in the presence of oxygen, ozone could be produced ;

in the presence of water as in the wet oxidation of the metals,

an amount of hydrogen peroxide was produced equivalent to

the quantity of metal oxidised. In the presence of other

oxidisable substances the active oxygen can oxidise them,

frequently bringing about oxidations which cannot be accom-

plished by ordinary atmospheric oxygen ; thus indigo is

converted into isatin during the autoxidation of palladium

hydride or benzaldehyde.

The quantitative relationship between the production of

active oxygen and the quantity of substance undergoing the

process of slaw oxidation was shown by Schonbein to hold in
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