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GENERAL INTRODUCTION TO THE SERIES.

Durine the past few years the civilised world has begun to realise the
advantages aceruing to scientifie rescarch, with the result that an ever-
increasing amount of time and thought is being devoted to various
branches of science.

No study has progressed more rapidly than chemistry. This
seience may be divided roughly into several branches : namely, Organie,
Physical, Inorganic, and Analytical Chemistry. It is impossible to
write any single texi-book which shall contain within its two covers a
thorough treatment of any onc of these branches, owing to the vast
amount of information that has been accumulated. The need is rather
for a serics of texl-books dealing more or less comprehensively with
cach branch of chemistry. This has alrcady been attempted by
enterprising firms, so far as physical and analytical chemistry are
concerned ; and the present series is designed to meel the neceds of
inorganic chemists. One great advantage of this procedure lics in
the fact that our knowledge of the different scctions of science does not
progress at the same rate. Conscquently, as soon as any particular
part advances out of proportion to others, the volume dealing with
that scction may be casily revised or rewritten as occasion requires.

Some method of classifying the clements for trcatment in this way
is clearly essential, and we have adopted the Periodic Classification
with slight altcrations, devoting a whole volume to the consideration
of the clements in cach vertical column, as will be evident from a glance
at the scheme in the Frontispicee.

In the first volume, in addition to a dctailed account of the Elements
of Group 0, the general principles of Inorganic Chemistry axe diseussed.
Particular pains have been taken in the sclection of material for this
volume, and an attempt has been made to present to the rcader a
clear account of the principles upon which our knowledge of modern
Inorganic Chemistry is based.

At the outsct it may be well to explain that it was not intended
to write a complete texi-book of Physical Chemistry, Numerous
excellent works have alrcady been devoted to this subject, and a
volume on such lines would scarcely serve as a suitable introduction
to this serics. Whilst Physical Chemistry deals with the general
principles applied to all branches of theorctical chemistry, our aim
has been to emphasise their application to Inorgame Chemistry, with
which branch of the subject this series of text-books is exclusively
concerned. To this end practically all the illustrations to the laws
and principles discussed in Volume I deal with inorganic substances.

Again, there are many subjeets, such as the methods employed in
the accurate determination of atomic weights, which are not generally
regarded as forming part of Physical Chemistry. Yet these are sub-
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viii OXYGEN.

jects of supreme importance to the student of Inorganic Chemistry
and are accordingly included in the Introduction. '

Hydrogen and the ammonium salts are dealt with in Volume IT,
along with the Elements of Group I. The position of the rare carth
metals i the Periodic Classification has for many years heen a source
of dilficulty. They have all been included in Volume IV, along with
the Elements of Group III, as this was found to be the most suitable
placc for them. )

Many alloys and compounds have an equal claim to he considered
in two or more volumes of this scries, but this would entail unncecssary
duplication. For cxample, alloys of copper and tin might be dealt
with in Volumes IL and V respeclively. Similarly, certain double
salts—such, for example, as ferrous ammonium sulphate—might very
logically be included in Volume II under ammonium, and in Volume IX
under iron. As a general rule this difficulty has been overcome by
treating complex substances, containing two or morc metals or bascs,
in that volume dealing with the metal or base which belongs to the
bighest group of the Periodic Table. For ecxample, the alloys of copper
and tin are detailed in Volume V along with tin, sinee copper oceurs
earlier, namely, in Volume II. Similarly, ferrous ammonium sulphate
is discussed in Volume IX under iron, and not under ammonium in
Volume II. The ferro-cyanides are likewise dealt with in Volume IX.

But even with this arrangement it has not always been found casy
to adopt a perfectly logical line of treatment. For example, in the
chromates and permanganates the chromium and manganese funetion
as part of the acid radicles and are analogous to sulphur and chlorine
in sulphates and perchlorates ; so that they should be treated in the
volume dealing with the mctal acting as base, namecly, in the casc of
potassium permanganate, under potassium in Volume II. But the
alkali permanganatcs possess such close analogics with onc another
that separate trecatment of these salts hardly scems desirable. They
are therefore considered in Volume VIII.

Numerous other little irregularitics of a like nature oceur, but it is
hoped that, by means of carcfully compiled indexes and frequent eross-
referencing 1n the texts of the scparate volumes, the student will
experience no difficulty in finding the information he requires.

Particular carc has been taken with the scetions dealing with the
atomic weights of the clements in question. The figures given are not
necessarily those to be found in the original memoirs, but have been
recalculated, cxcept where othcrwise stated, using the [following
fundamental values :

Hydrogen = 1-00762. Oxygen = 16-000.
Sodium = 22-996. Sulphur = 82-065.
Potassium = 39-100. Fluorine = 19-015.
Silver = 107-880. Chlorine = 85-457.
Carbon = 12-008. Bromine = 79-916.
Nitrogen = 14-008. Iodine = 126-920.

By adopting this method it is easy to compare directly the results of
earlier investigators with those of more recent date, and morcover it
renders the data for the different clements strictly comparable through-
out the whole series.

Our aim has not been to make the volumes absolutely exhaustive,



GENERAL INTRODUCTION TO THE SERIES. ix

as this would render them unnecessarily bulky and expensive; rather
has it been to contribute concise and suggestive accounts of the various
topics, and 1o append numcrous references to the leading works and
memoirs dealing with the same. Fvery effort has been made to render
these references accurate and reliable, and it is hoped that they will
prove a uscful feature of the serics. The more important abbreviations,
which arc substantially the same as those adopted by the Chemical
Socicty, are detailed in the subjoined list.

The addition of the Table of Dates of Issue of Journals (pp. Xix-xxvi)
will, it 1s hoped, enhance the value of this series. It is beheved that
the list is perfectly correct, as all the figures have been checked against
the volumes on the shelves of the Library of the Chemical Society by
Mr F. W. Clilford and huis Stafl. To these gentlemen the Author desires
to express s deep indebtedness.

In order that the scries shall attain the maximum utility, it is
necessary to arrange for a certain amount of uniformmty throughout,
and this involves the suppression of the personality of the individual
author to a corresponding extent for the sake of the common welfare.
It is at once my dutly and my pleasure to express my sincere appre-
ciation of the kind and ready manner in which the authors have ac-
commodated themselves to this task, which, without their hearty
co-operation, could never have been successful. Finally, I wish to
acknowledge the unfailing courlesy of the publishers, Messrs. Charles

sriflin and Co., who have done everything in their power to render the
work straightforward and casy.
J. NEWTON FRIEND.

November 1923.






PREFACE.

OxYGEN is generally recogmsed as one of the most important clements
known to science, and the hiterature referring to it is extraordinanly
voluminous. Although the original intention was to 1ssuc Volume VII
of this serics in one part, 1t has heen found necessary to divide 1t mnto
three, the First Part dealing with oxygen alone, the Sccond with sulphur,
sclenium, and tellurium, whilst the remamnmg clements of Group VI
are relegated Lo the Third Part.

The Authors desire to express their sinecre thanks to many [riends
who have assisted them in one way or another i the preparation of
this work. In particular they would thank Mr. J. II. Coste, who has
alforded considerable assistance in the seetions dealing with the solu-
bilitics of gascs in water, and last, but not lcast, Professor Whecler
and the Council of the Chenucal Socicty for permission to reproduce
the very beautiful photographs in Plate I.

J.N. F.
D.F.T.
November 1923.

YoL. VII: I. xi b






CONTENTS.

Tur Prrsoore TasLe (Fronfispiece)
GENERAT, INTRODUCTION TO THE SERIES
PRrEFACE

L1sT OF ABBREVIATIONS .

TaBLE oF DATES or ISSUR OF JOURNALS

Cunarrer I. General Characteristics of the Elements of
Group V1

(‘hemical Properties of Group VI—Atome W(\lghtswl’hvsmml Proportlcq--
Allotropy—Chemueal Properties—Isomorphism-—Valency—Contrasts

Cnarrer 1. Oxygen . . . .
Ocenrrence—History—Theory of Phlogiston—Ihysical and Chemueal Methods

of Preparation—Biological Processes—Iiquud  Oxygen—Production  of
Liquid Awr and Oxygen.

Cwarrer ITI. The Physical Properties of Oxygen .
Weight of a Tatre of Oxygen—~Solubility—Rate of Solution in Water—Viscosity
—~Speefic Heat—-Coefficient of Bxpansion—Rofractive Index

Critical Clonstants—Variation of Bolng-point with Pregsure—Denaty and
Spectfic Heat of Liqud Oxygen—Sohd Oxygen.

Cmarrir IV. The Chemical Properties of Oxygen

Defimtions—Active Oxygen—Varous Types of Oxides—Slow Oxdation—
Selective Oxidation.

Combustion—Slow Combustion of Hydrogen, Gaseous Hydrocarbons, Phosphorus,
and Coal --Surface Combustion”~Combustion of Sold Carbon.

Flame—Cool Rlames—Hydrogen Flame—Candle Flame—Cause of Luminosity
— Coal-gas  Flame --Smithells Separator—Microphome  Flameg—Tempern-
ture and Pressure upon Luminosity—Cyanogen Flame—Reciprocal Clom-
bustion——Combustion of Carbon Monoxide—Equihbrnum 20022200, +C—
Bquibibrium GO 111,0=C0, - H,.

Limits of Inflammation—The Gageous  Hydrocarbons—Hydrogen—Carbon
Monoxide-—~Orgame Vapours—Influence of Temperature, Pressure, Oxygen
—Residual and Extinetive Atmospheres.

Ignition Tomporatures—Flash-pomt.

Slow Uniform Propagation of Flame—Law of Speeds,

(ascous Explosions—Fxplosion Pressures—Explosion Limits.

Valency of Oxygen—Physiological TProperties—Applications—Detection and
TEstimation—Atomie Weight.

Crarrer V.. Ozone . . . . .

Occurrence and History—Preparation by Physical and Chemical Procesqes—-

fommercial  Production—Physical Properties—Chemical Properties —

Ozomdes—Physiologieal  Action—Applications— Detection—Estimation—
Molecular Weight and Constitution.

xiii

PAGE
v
vii

X1

10

34

49

138



v OXYGEN.

Cuaprer VI. The Atmosphere

Historical—Composition—Physiological - Action— Pereentage  of ().*:ygcn——-[{o-
spired  Air—Carbon Dioside—Water-Vapour—Desiceation of Air—Atmo-
spheric Ozone, FHydrogen Peroxide and Organie Perovides--Nitrogen and
Inert Clases—Carbon Monoside—Miscellancous  Substances—-Soil Afmo-
sphere — Mine Air — Tunnel Air— Dust — Bacteriology — Respired Awr--
Ventilation——Influence of Artficial Light —Awr a Mixture,

General Properties of the Atmosphere—Physieal Properties-—Density —Com-
pressibiity—Specitic Heat—-Solubihty-- Radioactivity.

Liqud Air—General Properties. .

CrarTr VII. Water . . . .
Occurrence—Natural Waters—Clagsification of Potable Waters—Sprmng and
Thermal Waters—Well Water—Upland Surface Waters—Ram Water -~
Rainfall—TLake and Inland Sea Waters—Sea Water.

TFormation of Water—Purification—Storage—Removal of Iron and Algae —
Tiltration— Hardness—Softenmg of Hard Waters—Permutit—=Sterihsation
of Water—Physical and Chemical Methods

Cuaprer VIII. Physical Properties of Water .

Solid Water—Influence of Pregsure on Melting-pomt——Differont Kinds of Tee--

Density—Vapour Pregsure—Expangion—Compressibility —Speaific Heat—-
Latent Heat of Fusion—Collordal lee

Ligmd Water — Density — Compressibihty — Viseosity -- Vapour Pregsure —-
Capillary Water—Supercooled  Water—Thermal — Conductivity—Specific
Heat—Surface Tensiou—Electrical Conductivity—Speetrum— Colour.

Gaseous Water—Critical Constants—Latent Heat of Vaporisation —Specifie Head,

Cnaprer IX. Chemical Properties of Water .

Action of Water on Metals and Metalhie Compoundsg—Decomposition by Radio-
active Substances and Ultra-violet Light— Water as a Catalyst ~Inlluence
of Desiceation upon the Properties of Substances—DPhysiological Action.

Dissociation of Steam—Steam as an Oxidiser.
Detection and Estimation of Water.

CrarrEr X. Composition and Molecular Complexity of
Water . . . . . .
Composition of Water—Ratio of Hydrogen to Oxygen— Molecular Complexity

of Tee—Association of Water—Association at the Critical Point—Water-
Vapour

Constitution of Water—Dihydrol and Trihydrol— Water a Ternary Mixturo.

Cnaprer XI. Water as a Solvent. Water Analysis

Solubility of Gases—-The Inert Gases—Henry’s Law.
Solubility of Laiquids—Critical Solution Temperature

Solubility of Solids—Influence of Temperature, Pressure, and Physical Condi.
tions of the Sohd Phase.

Supersaturated Solutions—Combmed Water.
Waiter Analysis, Qualitative and Quantitative.

CitapTer XII. Hydrogen Peroxide

History—Occurrence—Formation—Preparation—Coneentration of Solutiong——
Physical Properties — Chemical Properties — Catalytic Decomposition —
Decomposition with Self-reduction—Oxidation Processes—Applications.

Composition and Constitution —Detection and Bstimation.

NamE INDEX

SuBJEcT INDEX . . . . .

PAGR
156

205

250

282

294

306

324

351
363



LIST OF CHIEF ABBREVIATIONS EMPLOYED
IN THE REFERENCES.

ABBREVIATED TITLE.

Afhandl. Fys. Kem.
Amer. Chem. J. .
Amer. J. Scu.

Anal. Fus. Quim.
Analyst

Annalen

Ann. Chym,

Ann. Chim. anal

Ann. Chim. Phys
Ann. Mines

dnn. Phurm. . .
dnn. Phys. Chem.
Ann. Physik .
Ann. Physik, Bewbl.
Ann. Sci. Univ. Jassy

Arbeiten Kasserl. Ges‘und}zeits‘-

amte .

Arch. exp. Pathol. Pharmak N

Arch. Pharm.

Arch Scr. phys. nat.
Atty Ace. Torind .
Aty R. Accad. Inncei .
B.4. Reports

Ber. . . . .
Ber. Deut. physikal. Ges.
Bot. Zeit. . .
Bull. Acad. Sect. Cracow

Bull. Acad. roy. Bely. .

Bull. de Belg.

Bull. Soc. chim. .

Bull. Soc. franc. Min.
Bull. Soc. min. de France
Bull. U.8. Geol. Survey
Centr. Min. . .
Chem. Ind.

Chem. News .
Chem. Weekblad .
Chem. Zentr.

Chem. Zeil.

Compt. rend.

Crell’s Annalen . .
Dingl. poly. J. . .
Drude’'s Annalen

Electrochem. Met. Ind.

JOURNAL.

Afhandlingat 1 Fysik, Kemi ochi Mineralogi.
Amernican Chemical Journal.

Amenecan Journal of Science.

Anales de la Sociedad Espafiola Fisica y Quimica.
The Analyst.

Justus Lacbig’s Annalen der Chemie.

Annales de Chimie (1719-1815, and 1914 +).

Annales de Chimie analytique apphquée & 'Industrie, a
I Agriculture, & la Pharmacie, et & la Biologie.
Annales de Chimie et do Physique (Pans) (1816-1913).

Annales des Mmes.

Annalen der Pharmace (1832-1839).

Annalen der Physik und Chemie (1819-1899).
Amnalen der Physik (1799-1818, and 1900 +).
Annalen der Physik, Beiblatter.

Annales scientifiques de I'Université de Jassy.

Arberten aus dem Kaigerlichen Gesundheitsamte.

Archiv fur experimentelle Pathologie und Pharmakologie.

Archiv der Pharmazie.

Archives des Sciences physique et naturclles, Genéve.

Atti della Reale Accademia dello Scienze di Tormbd.

Att1 della Reale Accademia Lincer.

British Association Reports.

Berichte der Deutschen chemischen Gesellschaft.

Berichto der Deutschen physikahischen Gesellschaft.

Botanische Zeitung.

Bulletin international de I'Académie des Sciences do
Cracovie.

Académie royale de Belgique—Bulletin de la Classe des
Sciences.

Bulletin de la Soc1été chimique Belgique.

Bulletm de la Société chimique de France.

Bulletin de la Société frangaise de Mindralogie.

Bulletin de la Société minéralogique de France.

Bulleting of the United States Geological Survey.

Centralblatt fur Mineralogie.

Die Chemische Industrie.

Chemical News.

Chemisch Weekblad.

Chemisches Zentralblatt.

Chemiker Zoitung (Cothen).

Comptes rendus hebdomadaires des Séances de I’ Académie
des Sciences (Paris).

Chem:sche Annalen fur die Freunde der Naturlchre, von
L. Crelle.

Dingler’s polytechnisches Journal.

Annalen der Physik (1000-1908).

Electrochemical and Metallurgical Industry.

Xv



xvi

ABBrEVIATED TITLE.
Ing. and Min. J.
Gazzetia

Gehlen's Allg. J. Chem

Galbert’s Annalen . .

Qiorn div Scienze Naturali ed
Econ. . .

Geol. Mag. .

Int, Zertsch. Mclallographie
Jahrb kk. geol. Rewchsanst. .

Jahrb. Maner.
Jahresber. .
Jenmsche Zewtsch.

. Amer. Chem Soc
. Chem. Soc.

J. Chun. phys

J. Gasbeleuchtung

J. Geology . . . .
J. Ind. Eng. Chem. . .
J. Inst. Metals . .
J. Miner. Soc.
J
J
J
J
J

N

. Pharm. Chim.

. Physical Chem.

. Physwyue .

. prakt. Chem. .

. Russ. Phys. Chem. Soc.

Soc. Chem. Ind.
Landw. Jahrb .
Mém. Paris Acad. . .

~

Mon. scient. . . .
Monatsh. .

Munch. Med. Wochenschr.
Nature

Nuovo Cum.

Ofvers. K. Vel.-Akad Forh. .

Oesterr. Chem. Zew. . .
Pfluger’s Archiv . .

Pharm. Zentr.-h.. . .
Pharm. Post . . .
Phil. Mag. . .

Phil. Trans. . .
Phys. Revew . .
Physikal. Zetsch. . .
Pogg. Annalen . . .

Proc. Chem. Soc. . .
Proc. K. Akad Wetensch.
Amsterdam . .
Proc. Roy. Irish Acad. .
Proc. Roy. Phil. Soc. Mlasyow
Proc. Roy. Soc. . . .
Proc. Roy. Soc. Bdin. .
Rec. T'rav. chvm. . .

Roy. Inst. Reports . .

Schweigger's J.

Sitzungsber. K. Akad. Wiss.
Berlin., .

OXYGEN.

JOURNALL,
Engineering and Mining Journal.
(azzetta chimica 1taliana.
Allgemeines Journal der Chemie,
Annalen der Physik (1799-1824).

Ghornale di Scienze Naturali ed Economiche.

Geological Magazine.

Tnternationale Zeitschrift fur Metallographie.

Jahrbuch der kaiserhich-kémglichen geologischen Reichsan
stalt.

Jahrbuch fur Mineraloge.

Jahreshericht uber die Fortschritte der (themie.

Jenaische Zeitschrift fur Naturwissengchaft.

Journal of the American Chemical Socioty.

Journal of the Chemucal Society.

Journal de Chimie physique.

Journal fur Gasbelouchtung.

Journal of Geology.

Journal of Tndustrial and Engineering Chemistry.

Journal of the Institute of Motals,

Mineralogical Magazmne and Journal of the Mineralogical
Society.

Journal de Pharmacie et de Chimie.

Journal of Physical Chemstry.

Journal de Physique.

Journal fur praktische Chemie.

Journal of the Physical and Chomical Socicty of Russi
(Petrograd).

Journal of the Society of Chomical Industry.

Landwirtschafthiche Jahrbucher.

Mémourres présentés par divers savants & I'Acaddémio des
Sciences de I'Tnstitut de France.

Moniteuar scientifique.

Monatshefte fur Chemie und verwandte Theile anderer
Wissenschafteu.

Munchener Medizinische Woohenschrift.

Natare.

11 nuovo Cimento.

ﬁfvelrslgh af Kongliga Vetenskaps-Akademiens Iorhand-
mgar.

Oesterr%ichische Chemiker-Zeitung.

Archiv fur die gesammte Physiologie dos Menschen und
der Thiere.

Pharmazeutische Zentralhalle.

Pharmazeutische Post,

Philosophical Magazme (The London, Edinburgh, and
Dublin).

Philosophical Transactions of the Royal Society of London,

Physical Review.

Physikalische Zeitschrift.,

Poggiag;l';))rff’s Annalen der Physik und Chemio (1824-

Proceedings of tho Chemical Socioty.

Konmklijke Akadomie van Wetonschappen te Amstordam
Proceedings (English Version),

Procoedmngs of the Royal Tnish Academy.

Proceedings of the Royal Philosophical Soeioty of (lasgaw,

Procecdings of the Royal Soetoty of London.’

Proceedings of the Roval Socioly of Kdinburgh.

Recueil des Travaux chimiques dos Pay-Bas ot de In
Belgique, )

Reports of the Royal Institution,

Journal fur Chemie und Physik.

Sitzungsberichte der Konilich Proussischon Akademo de
Wissenschaften zu Berlin.



LIST OF CIIEF ABBREVIATIONS.

ApBrEVIATED TITLE,

Sutzungsber. K. Akad. Wass.

Waen .
Scv. Proc. Roy. Dubl. Soc.
Techn. Jahresber.

Trans. Amer. Electrochem.
Soe.

Trans. Chem. Soc. .

Trans. Inst. Min. Eng

Trav. et Mcém du Bureau
wntern. des Poids et Mes.

Verh. Ges. deut. Naturforsch
Aerzte

Waied. Annalen .

Wissenschafil. 4bhandl.
phys.-tcch Reichsanst..

Zeitsch. anal Chem.

Zeatsch. angew. Chem.

Zeitsch. anorg. Chem.

Zeitsch. Chem. .

Zeutsch. Chem. Ind. Kollowle.

Elektrochem. .
Kryst. Mun.
Nahr. Genuss-m.

Zeitwch.
Zeutsch.
Zetsch.
Zeatsch. physikal. Chem.

Zeitsch. physiol. Chem.
Zeitsch. unss. Photochem. .

xvil

JOURNALL.
Sitzungsberichte der Komiglich bayerischen Akademie
der Wissenschaften zu Wien.
Serentific Proceedings of the Royal Dublin Socety.
Jahresbericht uber die Leistungen der Chemischen
Technologle.
Transactions of the American Electrochemical Society.

Transactions of the Chemical Society.

Transactions of the Institution of Mining Engneers.

Travaux et Mémoires du Bureau International des Poids
ot Mesuzes.

Verbandlung der Gesellschaft deutscher Natarforscher
und Acrzte.

Wiedermann’s Annalen der Physik und Chemie (1877-
1899).

Wissenschafthiche Abhandlungen der physikalisch-tech-
nischen Reichsanstalt.

Zertschrift fur analytische Chemie.

Zertschrift fur angewandte Chemie.

Zertschrft fur anorganische Chemie.

Kntwsche Zertschnft fur Chemie.

Zeitschrift fur Chemie und Industrie des Kolloide (con.
tinued as Kolloid-Zeitschrift).

Zenrtschnift fur Elektrochemie.

Zeitschnft fur Krystallographie und Mineraloge.

thsc:hriftl fur Untersuchung der Nahrungs- und Genuss-
mittel.

Zertschrift fur physikalische Chemie, Stéchiometrie und
Verwandtschaftslehre.

Hoppe-Seyler's Zertschrift fur physiologische Chemie.

Zetschrift fur wissenschafthiche Photographie, Photo-
physik, und Photochemie.






TABLE OF DATES OF ISSUE OF JOURNALS

For the sake of casy relcrence, a list is appended of the more
important journals in chronological order, giving the dates of issuc of
their corresponding scrics and volumes. In certam cases the volumes
have appeared with considerable irregularity; in others it has occa-
sionally happened that volumes begun i one calendar ycar have
extended into the next year, even when this has not been the general
habit of the serics. To complicate matters still further, the title-pages
in some of these latter volumes bear the later date—a most illogical
procedure.  In such cases the volume number appears mn the accom-
panying columns opposite both ycars. In a short summary of this kind
it is impossible to give [ull details in cach case, but the forcgomng
remarks will serve to explain scveral apparent anomalies.

g : l - | 2 E 5
roo | Amer | S & Am | SE %, | 32| 88| Pl | Pl | 823
Year. | 7o c:é Mm Qﬁ:‘j qﬂé’ = § A& | Mag | Trans | © é
g T od | s -
1800 | .. [(1)32-35] ... | a6 | .| 58 90
1 . 36-39 [ 7-9 8-11 91
2 . 10-43 v . 10-12 11-14 92
3 . 44-47 . . 13-16 14-17 93
4 . 48-51 1 . . 16-18 17-20 94
1805 . 62-55 - 19 21 .. 20 -23 95
6 . 56-60 . . L2224 . 23 26 96
7 e 61-64 . 25~-27 26 29 97
8 . 66-68 28 -30 29-32 98
9 R 69-72 . . . [81-381(1) 1* | 33, 34 99
1810 . 73-76 - o | 31-36 2 35, 36 100
11 e 77-80 . o 1878 3 37, 84 101
12 81-84 . 40 42 4 39, 40 102
13 . §5-88 - . 4345 5 41, 49 103
14 §9-92 46 48 6 43, 44 104
1815 .. 93-96 " . |49-51((2)1 45, 46 105
6] .. @18 | o ol 0 lsesd| T2 | 47,48 | 106
17 4-6 1,2 v wo | Bb-5T7 3 49, 50 107
18 7-9 3 58-60 4 51, 52 108
19 ] (1)1 | 10-12| 4 61-63| 5 | 53,54 | 109
1820 2 18-15 5 1-8 164 66 6 55, 56 | 110
21 3 16-18 6 . 4-6 67-69 7 67, b8 111
221 4,56 19-21 7 , 2 | 7-9 [70-72 8 59, 60 112
23 6 22-24 8 3-6 |10 12)73-75 9 61, 62 113
24| 7,8 25-27 1 9 7-10 |13 -15| 76 10 63, 64 114 1, 2
1825 9 28-30 ( 10, 11 |11-14|16-18 |9 .| 11 65, 66 1156 35
26 10, 11 31-833 | 12,13 |15-19(19-22 |3 %E 12 67, 68 116 6-8
97 | 12 34-36 (2)1, 2 |20-28|28-26|2 85| 13 (91,2 | 117 | 9-11
28 |13, 14 87-89 3,4 |24-26|27-30 |8 w = 14 3, 4 118 12-14
29 |15, 16 40-42 5,6 |27-80|81-34|© < 15 5,6 119 |15-17

* Fust series known as Bulletun de FPharmacie.
xix



OXYGEN.

* ...J,.m.m RS Y OJ.. 1 3 SRS Tl .u”n..w DR e R Tl £ - D It S St .D‘ = lﬂuhm.,f.. T asS I—12SI "G-1 tos ﬂ (umhm ummmn.,aw a8 = .m: vuu.m ﬁMukD =
~5-F¢ b SRV MORE SR TS Sty DL SR SR IS Si-ul owg gz FII-ICL 8F S¥F 1 03128 9T el l6-2% GIU-8OT 9E & 8%
g8-sa 1t 6 20i—usl; SFL 9T 2L b gr-gz ¥z g2 oel—l¥1 ¥ ‘o I 945 FL 2L FS62 3290 9% ce €9
15-23 o1 n Zei-GOLE 'FT FLE1 T (1} @i-0l @fIg GFI-GFL COF FF 7 G388 & ‘[T IS-6F FOE-IOL F& 88 16
ce-BI 5] By n5-13 9FL  BI 1L 8e-1g 0f "8z SPFI-8SI «F&F i3-¢8 CIL's SF0F 918 &n Iz 89
SI-o1 8 z 98-F5  2F¥L Ol 'B - ©9-¥0 Sg ‘!z 3g1-¢gT ¥ 0F 7 ¥S-I8 1 o5—¢6 , 03 ‘8T SoSI
FIEL 1 19 ¢5-1I5 | FFI ER Tt 6o-1e 9g ‘g FEI-IEL 68 ‘s8¢ R 1: &5-63 QI ‘2T FG
1L o~ e} . ¢6-83 SF1 9‘c 09-S¢  ¥G '8% | O€I-31 ‘fg‘eg - 7 91-¢4 8868 9T ‘GT €9
6 ‘S S ; 1s—¢g ' EFL ¥ e Tt lg-¢c &E ‘1g i 0GI-€XT ¢gPe ., T El69 ¥S-I8 ¢ F1 .mH .nw
Lo ¥ g ¥3—C8 WL ¢ ‘tF), FC—ES¢ 0c ‘61 GEI-BIL €8 'G8 ' 89-99 031 ST'IT {1
g 'y g IS-6. ' OFL ‘g9 | 1g-5F 8L °!T SIT-CIT 18 ‘08 ) ¥9-19 91-gL OL° “cmwm
i i
. i . .
¢ ‘s e T} 8:-9L 681l <8 ‘18 SF0F 9L ¢l | PIIT-T1LT 6% ‘8% _ T 09-4g &89 | 8°L
1 16t " . gL8l | SET S6 'Gg 1 GF6F  FLEL . OIT—fOL .28 95! - 99-89 89-99 m m *
T b T i gL-0L | L8T I8 ‘08 e%—0% &I ‘I1 | 9010t M ¢3 ‘fe, ! BG6F $9-19
! ! 6949 | 98T 62 ‘8% | 68—L8 0T ‘6 | 30166 |85 35 | = | 8F 9P 0929 |3 va 3
oot ] 99-F9 ' 98T LG ‘9% oL 9e-Fg g 8°L 86-¢6 (1503 | ~° . ¥PI¥ 96-8S | 09-8¥ M.:vwﬂ
S 29-19 | 78I m g% ‘9o gg-18 | 9 ‘¢ F6-16 | 6T ‘ST S ) A Z9—6% | L¥ ..3 44
. 4 09-89 s&T | €8 ‘G5 0§-82 | ¥ ‘g 06-18 | LT ‘91 : 98-€¢ 8%-9% | ¢% ‘b¥ | EP
©| Leee | cer h 15 ‘0% T | Le-gg |2 T(e)| 98-s8 ST PI | 7T | 3863 PP-T% | €% 2%  GF
¥G—%G | IS8T ! 6L ‘St © | 9233 xd 38—6Z% | €I ‘Gl © | 8548 0v—4g |17 0% (1%
16-6% | 08T | A1 ‘o 1361 93 81— ror| | ¥8-18 9g-¢¢ | 62 ‘8¢ 0F8I
: 8¥-9% | 681 | ST 9L 81-91 9% $L-12 6 ‘g b 03—4T : 2862 |18 ”om 68
¢v—gv | 83T | €I ‘Gr ci—€1 ¥3 0/-19 ) .. 9T-¢I | ¥1 ‘g1 W 69-49 | 85—9% |98 ‘ve |8€
g &v—0% | 4oL | 1T ‘0T 2101 €3 99-¢9 gy t 1816 1%L IT ! 99-%9 | ¥& 16 | €€ G€ |18
) 68-%4¢ | 931 | 6°S 64 3% 39769 | € B - 8-¢ 10L‘6 | §9-19 | 054 |18 0€ |98
9¢-%¢ | €21 L9 : 9-% 13 8949 1 1 ﬁ: 8 ‘L | 098¢} 9I-SL | 6% ‘8% {9881
ge-1¢ | P3I [ 7 -1 0% $G-1G . - log8% | 9°‘¢ | 1999 BI-6 23-0% | 7€
4 08-2% | €3I gz : 61 09-8% . Lv%% | ¥ ‘s | 96389 8-9 |78 ‘s |&g
T | 9695 | &L |1(8) 1L| ~ 8T Ly—ev ’ ©t | evop lg‘T(e)| 19-6¥ | ¥ T 3G 'Ig (B8
| 8516 | IGT | 0L ‘6 : L1 5368 : 6g-g¢e ! 8%—9% ; 03 ‘6T | 1€
07-8T | 03T 8 ‘L . 91 88-¢¢ | pe-Ie , 8-, | G¥¢F 8T ‘L1 | 0881
TOLM SSTM |y | 208 -8 . weyy | wWryy | L, e . w2 - . sfqq ‘108
DRV E.&AO -£oyy :»W%G.iw suerLy, SR a.ﬂoﬂu«m yyerd | moey m.n od . %:wu 20g H.FHU .NQ.H mﬂﬁmuﬂ ‘wyQ) | uereuny r Isex
toqsSunzig . %, oleord od | U Td [ TOIW ¢ P wu@ (adwog | e | IV V| wuy Tewry g




N

XX1

TABLE OF DATES OF ISSUE OF JOURNALS.

030 ‘g ‘g ‘1 (g) s® walgIAM OS[Y

1930803 Z pue [ Sar19s JulUiop 4

} I
g1 g ‘¥ 09 ‘69 g ‘1(g8)| 3B 244 9L ‘9T 8T-91 : 993-093 i 88 ‘L8 11 68
(3¢ 13 86 ‘LG ” 0¢ ‘6% 13 933 ~ PI‘e1 S1-§1 675875 g1, 98'qg o1 88
IT 1 99 ‘g¢ 8V ‘¥ 03 g6 | BL°IT 101 - 5¥5—L83 gL | TE &8 S, 8
o1 ¥C ‘8¢ ﬁ 9% ‘c¥ 61 8 | 0L ‘6 64 985555 1T | 8g’1¢ 8L | 98
6 %¢ ‘s | F¥ev 8L ez | 8 I - 163233 ot 086 : L9 i g98T
1 N i
§ - . ¥
8 . 0¢ ‘6% ' @F ‘TP A [£54 9°g €1 {9) 923335 6 8% '1C 9'¢ 1 78
L 8% ‘1% 0% ‘68 9L 146 F g 0886 w T 166914 8 g °¢g S g8
9 9% ‘¢¥ | 8¢ ‘g 33 0z% z‘1(8)| 3¢t 3 ke § €4 A ¥Z ‘€% ¥ 8 %8
G P ‘ey © 9e ‘ce I 81% ‘QI3 0z ‘61 ¥3-¢5 ! ' 013903 g e ‘18 €% I8
i @ IY ¥¢ ‘sg &L 413 918 | 8T 4T 1661 | 205003 g 0c ‘61 T | osst
m & - N
8 oy ‘6e | &g ‘I¢ 3 a1z 51z | o1 ‘or 81-91 ! 661961 ¥ ©OSTAL I T 8L
< 8¢ 'lg . 0f ‘BT I e1g ‘3ic ! 31 ‘s1 c1—e1 : $6T—061 € or'st . | s
I 9g ‘ce | 85 ‘I o1 113 018 ; &I ‘II 101 o 68T-%81 3 FLer T L
. Felge . 9% ‘G 6 60T ‘805 | oL ‘6 6L 88T-08T | T ., BLlr - 1 g
’ © ' Belle Tz ‘gz 8 105 ‘908 1 8 %4 9% 6LT-CLT Vo or's ;9481
i i ¥ .. i
- oe ‘6 | &g 'Ig . 4 €0G ‘708 ¢y 9¢ &1 (9) : FLI-TLL - 8% I i ®L
8¢ ‘L | 0Z6T t 9 805103 « ¥ ‘g 08-8% . 041—C91L 9 ‘¢ i ) ©ogl
S B 9% ‘¢g | ST 2T . ¢ ~T0G ‘091-6FT' T ‘1 (L) LT-ST 8 FOI-T9L T Fe o+ 1Bl
‘ ¥6 ‘ss 91 ”E T SFI—G¥L . 03 Mmﬁ e o o.ﬁl.mm” . om “mwﬁmf ) ” m.“.wa
) Tt % fTe | FLeT . € FFI-IFT 8T ‘i1 1561 Z 98T~ | 4
, ! ! . |
' 0@ ‘61 gLtr g OVI-LET i 9T ‘eI ST-91 N ze1-651 | L S | 6o
; (3 % ST ) S A ¢ 98T-8eT | ¥ ‘g1 ST-€T 9 SPI-GFL | T ov ey . T 1 89
; . 9T ‘et | 84 _ : G€I-68L , 3L ‘II 21-01 g FRI-TPL ;7 PEEFP P 1 19
SRR 4 4 - o 9 ‘g : 831921 * 0L '6 624 ¥ opI—4¢T , T, EFIF - T | 99
: coerir o ove FEI-IET 8 L ¥ ¥ ‘s 981681 ; ov ‘68 | €981
1 0L ‘6 g ‘i{e); 7 0eI-AIL 9 . gT(® € ET-6G1 oy 88 ‘L8 Loy e
. 8 g : : 9IL-6IT I F 8 : 8949 3 82I-GG1 1 9gee €9
; i 9t ® oo GIT-60T z‘1(9)! 99-%9 s FEI-IGL o1 oseles . T I 39
’ I - g o 801-COT | 03 ‘61 £9-19 1 08T—L1T | ~ 3¢ ‘18 oo 19
31 d y FOL-TOT ! 8L 4T ' 09-8¢ ’ orT-grr | v w 0g ‘67 0981
! i 1 “ H i
il 4 i r ©ocsmey wo L TuLrey g Eching ..MMMAAH ‘ddng wepenny | gsipeuy QL rpwey) L x
way) ~ MWMM,W wayy 00§ [ingd : € IV | ‘auy .nw—mw uL[RuUy ‘ eWly WY
| ' .




OXYGEN.

XXl

xix d ‘sromicoy a2y 4

§¢ ‘12 IF 'OF '8¢ FaLe 91 R iz ofF ‘68 6% "8I e ‘ag 1t 61 Fie—iiz  €0f “Sot 63
9z ‘cc  Bg sg ‘e zgtig 5 L ot sg ‘1z sT 11 y2 £g oI 31 0l&-20z o180l 83
¥¢ ‘ez lg°g9g ‘:g 0f ‘6& 8 @ 51 9g ‘eg 6f ey z¢ ‘ig 8 A+ 997-€6Z 201 ‘Fal 13
e ‘1e ¢f 'rg "vg S L+ £l FE g8 1 gt 09 ‘°F 8 ar 9Z-89% €01 ‘5ol a3
0% ‘81 ge ‘ce '1g I 9 ¥ AS cg ‘18 el ‘It SY ‘IF EA 434 S2¢—9%c 101 ‘001 2881
81 ‘21 1€ ‘0¢ ‘sz 9% ¢ g 9t 9¢ ‘6t 01 ‘s 9% ‘oF 9 I FCZ-198 66 "6 ¥8
9T ‘1 . 678G ‘L& oe ¥ ! 528 { 88'lg S 1 PP ‘eF g er 085—1%% 15 ‘o5 €8
PI ST |, 1% ‘9% ‘gc ; ¥eo 8 I M FL , 9% ‘cg 9 ‘c oF ‘1% ¥ (41 9%c—€¥%3 96 F5 z8
gL ‘IT i¢c '¥Fc‘8Cy €& 1 & o €1 ' 53 ‘gs ¥ ‘s 0% ‘s¢ € . Ix 5¥5—68C €8 ‘c6 18
o1‘s 8% 1z, @& | I . (A 2e ‘18 z‘1(g) se’lg g oL S85-6€3 16 ‘05 | ossT
8 ‘L 1z ‘0% ‘61, 1&g 183 03 ‘61 05 ‘65 . 9% ‘cg T 6 . PE€G-1€% | 68 'sg 62
9 ‘g 61 ‘8T ‘L1 0& i o1 8L LT | 83 ‘.3 . ¥g‘ge - 8 0S2—43c | 18 98 8
¥ ‘g L1 9T e’ 61 6 91 ‘¢1 9¢ ‘95 . g g ; 4, 935-8c8 = 98 ‘f8 | 14
% ‘T (e e1 %1 ‘g1, ST ” 8 FL'6T @ %2 '8 | 0% ‘6G 9 . 3ee61c | €8 ‘e8| 9L
09 ‘6% | 6L °aT ‘IT; AT L 8L ‘L1 m %5 ‘16 82 - g ! 8I5—¢Ig ! 1808 | C4ST
| ) | ‘
8% ‘1% 1T ‘0T ‘6 91 i 9 0L ‘6 ~ 0z ‘61 | 1z i ¥Ic11a 6% ‘82 § 7
9% ‘6% 6 ‘8 ‘L g1 . g 8'L 1 81 9% : g 015403 L2792 8L
% ‘ev L9 ¢ 4t 4 9°‘G , 9T°'ST | [+ 4 905803 gL vL ' gL
Z¥F ‘1% G ‘p g (3% e $‘e | Pi'sr ! %3 T 205661 €L 'z 1Z
oV ‘68 gz 1 sl - 4 [ avw 31 ‘IT 8% : 861961 1% ‘0z 0481
8¢ ‘/¢g 1 1T : T 801-901 0T ‘6 “ %% 61161 | 69 ‘89 69
9¢ ‘cg 01 ’ g0TI—£0T 8 ‘2 | 13 o 06T-L8T | 49 ‘99 89
pe ‘sg 6 %01-00T 9 ‘e ! 02 981-€81 g9 M«w L9
8 ‘18 8 : 66—2L6 ¥ ‘e ! 61 Z81—641 89 ‘z9 99
0¢ ‘6% L 96— %6 % ‘1T () 8T e SLI-GLT 19 ‘09 G981
8% ‘1% 9 : £6-16 9% ‘v A B PLI-TIT 6 ‘89 %9
9% ‘0% - g . c 06-88 ¥ ‘SF 91 941-19T 16 ‘99 29
$3 ‘0% e : ” 28-68 Z¥ ‘I¥ SI ’ - 991891 eg ‘3¢ 29
% ‘1% : : ¥8-38 0% ‘68 . - Z9T—6GT 89 ”mm 19
0z ‘61 4 1862 8¢ ‘L8 : 861691 1¢ ‘0g 0981
d0g .
. puy . . . 20g ‘0 L0 bust
. % "PUOTOG |, -we wey) wayyH wry) . 209 e P — .m. od P 180
SeW 1qg | Cerngmy wo Ara.m:oaﬁu . com—m. .w.MM.MHmn. e o | ruawyg e | rweyp e .ueﬁﬂﬁwh fis 0 Burq qdurop A




XXl

TABLE OF DATES OF ISSUE OF JOURNALS.

i !
¥ ‘s ST ¢ B 83 8e—9¢ | 6 86 8 L¥ ‘9p ‘S¥ g e 081 68
3 grrrer I 1% sg-gs | 8 46 - ’ | 9F FF ‘87 ¥ 6.1 88
T | sr'sr =~ 9 1 gg08 | L 96 g6 ; 9 : . 8F'GF € - 8LL 'V | 48
gL ‘1T - ¢z ' 6228 | 9 76 ‘26 g : ;17 ‘0% g LLT 98
© Doator 0o 36 | 957G S %6 ‘16 - ¥ ' 68 8e 1 - 941 9881
W 0T ‘6 ‘8 ¢ €5 €6-18 ¥ 06 ‘68 g : "gg ‘18 ‘98 . GLT 78
8 ‘L %e ' 0381 £ 88 ‘18 3 9¢ ‘cg ‘ve e PLI €8
' A X ) L S B 98 ‘e 1 R ] gLl c8
o9 0% i35 S R ¢ 78 ‘es T g¢ ‘gg ‘1¢ : 3.1 18
R 61 16 | 23 ‘18 1¢ ‘o8 - : M ¥4 ¢ 0881
| ‘wa[BUUY
ol e 8T 89 08 ‘6L - - 0g 65 ‘85 paTM % w 0L1 62
g2 G JAS ¢—g . 82 ‘41 1 8% L8 penunjuo) ! 691 ‘891 87
AU S 9T | &‘T ;T 9L ‘el T ] 93 °¢E 091 . 491 L2
qr : o L2 n S% ‘7% : 60T-29T | 991 9L
. : FL : X ’ zL ‘12 ) - ¥G ‘S5 9eT-%SI | 991 G481
' ¥
; ! : : ) S ” 0L ‘69 €3 ‘B2 . eeT-1eT , 9T V2
P a1 Lo 8g 29 %% ‘1% ) 0ST-8%1 e91 gl
oo I S ! ) _ 99 '¢9 : 12 ‘03 T LFI-GPL ' 89T (2
- : ot | Lo 9 ‘g9 - - 0% ‘61 : FFIGF L 191 1.
. P ! B .. v 919 . 6T ‘ST IFI-68T ~ 09T 0481
. . ¢
: S , w 09 ‘6 ' 8T ‘L1 : 8€1-98T |§  6SI 69
| Z _ " i © 1 o8e e : L1 91 geT—ee1 ' 8CI 89
9 ' I 99 ‘eg ” 9T ‘et " G8I-08T | %91 49
w : g ! . FU ‘g o - ) | v BBI-LEL | 941 99
A S ¥ . ’ : %5 ‘1¢ _ ¥1 - 9%T—%5T ;  6ST 4981
e e ; 1 09 6F : vogwayy' gl e51-151 298 $9
: P z ! 8F ‘IF ' ‘rse ' gl Bl " 03T-8IT |  €cT €9
* Lo L i T v 9% ‘oF © {pemunumo) LI | . LIT-61T . &SI 59
[ ) ‘ oo TF ‘ev ¥ 11 FII-GIT | 141 19
DA ) . T z¥-6¢ : §1 1T ‘o1 Tt | TITeor | 08T 0981
P lm 3 i
wa) aify Ruc] i e} . UOST "UIT )\ "SSI ) WIS . 00 *20 . .
‘rexrsagd | ysfayp Bwnommw .HaM.wO uerenuy @:drm .@mWA« .MW/ . .VMMM 20§ "MoUH .mo.wmm ' EwMO nwmﬂmnnﬂ SURLL 183 X
qasitey ‘Yosqa7Z  [Osiy  'YIsiwy P 1qels Is8qsFunziig, 09y £ e *001g ‘ooxg od md




OXYGEN.

XX1v

mwwﬂ *Ial o
L9t .D.,wm SF
o — w,ﬂ
g9t ‘rg1 oF e 99 F9 sIL”
gl ‘chat if g ‘¢ oIl '8
o1 cat . F 8 9 SII 9 ‘ca
19T ‘o oF I ‘ 111 o feg
a1 ‘0@ y . 1@ L1t G ~
ar - «1 09 G 3 o ‘€c e
b8 s So-ge  rir ey o & 1e
621 3¢ ol e ‘g FIL ‘1T ey .HN c ) wee N
361 g¢ - oz ‘5 i3]
le1 fac s€ GIT 'ITL Jm 5L ey cen . .-
Gt Fel e T cs e R T - .
gt war  &e G eae . oLt , ¥ £S5 . - & orms - A
et n..:wa g€ M 84 «Om SOT ‘20t W.H ..\u.«. 23 o .. .- oF o “.m% an- . 5L
] e 5 Lo 9% 4 901 g0t FL'EL oF 328 w S e O -
69T ‘3FT | VA TOL ‘€0 el "Il i 1c 9 ‘¢ oF ¥ 1y L
GPraTL| i 4F0F L e0T EOT | 0L 8 ST i ¥ g oF ‘8¢ et
PSR N 9 o5 55 | T 8% i 0¢z 5 I(1 0g-83  TOF- 6 pesE0 | gT6
FPL | g oF ‘FF | e 6FC ‘(I ; Le- 0F-Ccge g ap € wory | 61
§VT CIT | mm 3 cF ‘GF | owﬂ 66 0 o85G mm ) | $3 $ag—o98 se wm L8 -vorqug |
IF1 OFI ¢ ¥ ‘0F 6 ‘L6 g = A %z G388 1¢ ce  0c¢ ‘6% | FL
6% 96 ‘C6 ¥ ‘g (54 - - 1661 8.8 ag ¥¢ ‘geg 6% |
681 ‘SST ’ 7 HWM 76 ‘50 Mm.ﬁﬁ o e 9Lt | 1o L1eGle | a3 o8 T oy M%w e
28T ‘98T 86 z6 ‘16 <€ ¥z ¥I ‘gL —91  1ig- ‘68 PP ‘€ It
¢ 1T ’ . Fg ‘g 68 2L ¢ cI~gl 16-70¢8 ¥ ‘6v
Terosr | 3o S cg 18 e | 8 ~L 098~ ze ¢G5 ov s | 90
o ‘ g ¥ 1423 ¥ ° 7 ‘62
G . 6% ‘8% 98 ‘cg 0% 63 9 4 7 oFe— 18 g% ., 8¢ ¢ 80
s e G ¢ i 888 2% ‘12 | g ‘L8
631 ‘821 fo e | Ises 88 L5 cre 900 0 ol seae | 80
= g 9% ‘cg ¢ g ¢ g ‘c
HEAR HRROER R 8 FERES et | B
mmH F31 e 9% ‘%5 | 08 ° ¢ ge 685 | 06 .%3 1363 628-9%¢ mo 8T 4T 061
Tet ‘oet 06 Sl 62 | Be 1z s6c | Stur | to-st g5-0%5 | 7| or a1 28 1§ | 70
T : 03 ° 0% * 5 _ 12— -F1g 31 ‘e g ‘63
(18 . 61 ‘8 YANYA 61 L8 51 e1e— 9% 1 9z ¢ 50
1 QT ¢ 18 4 o1 ¢ §-018 3T ¢ (xa
61T ‘911 /1 ‘91 ¥L ‘gl .NH 0 9¢% T°¢1 ST~ {24 ﬂﬂﬁ 97 ¢ a0
LIL 91T st &1°1L | ot er o | gtz A% gL-9T 605 Y08 oL 6 | 7% e | o0
LA Pt st ST | oL I 8% Jez oL | elot 208-663 75 8L 06T
11 ‘31t T . g1 ‘G1 3 .@Q 2T ‘T [ g nm 6-1 86%-16% mm 9°g [ 2% ‘1%
ot | o Bk e 3 La % - HER S i pe i oL 6
6 ‘S 9 ‘ 9% €5 8578 G 3¢ 61
¢ 8 L ¢ 9° G 1462) 2
L9 79 €9 . oz 185 ‘s | et 0T A er 6
] %98 ‘19 9 ‘g 0eg v ‘g IAhv 258 g '6F L 96
o yeg | P v e A4 ore | 5" (6) | 20-00 e ti | ot | oF 3 ' 681
0 woyy) -39 Al r 832 ST aw.m ¥6-GG L45-L9% hﬁ 9¥% ‘Gr 9T v6
123170} ‘we ) “00g " ) t 9¢3 er M«. ..ﬂ« mdﬁ“ z6
d b N.HWEE ‘souTjy sfy v 68 (3 W@
Py ‘aw d 681
*u
_ vV .M”@O wsreauy | 4sdye -
o og * .
v ..SS% .E%no .
ﬂwsq ..m.wvbﬂ




XXv

OF DATES OF ISSUE OF JOURNALS.

N
)

TABLI

xix -d ‘ejouwqoo] eag .,

8¢ ‘18
9g ‘cg
$¢ ‘g8
8 ‘I8
0¢ ‘63

8% ‘LT
9z ‘6%
44
2% ‘15
0% ‘61

8T ‘LT
9T ‘g1
FL ‘81
31 ‘I1

8% “L¥
9¥
¥% ‘g%
v ‘Iv
0% ‘68

8¢ ‘Le
9¢ ‘ae
Fe ‘ge
28 ‘18
0¢ ‘62

‘SeIv
yd

m
|
|

$01-301 98 oF ge 00 ‘66 14 0% ‘61 _ 11
80T-00T a8 6g JA: "1 8646 F& 8L 'LL : OI
00T ‘66 '86 78 8¢g 9g , 96 '¢6 1z o1 ”ﬁ I 6
86 "L6 ‘96 £8 L8 ge 8% 76 ‘€6 0% 71 ‘g1 8
96 ‘C6 ‘F6 28 9e ¥e ¥, 36 ‘16 61 21 ‘1T Z
76 ‘6 ‘T6| 18 ‘08 cg €8 9% M 06 ‘68 |1 01 ‘6 . 9
6 ‘16 ‘06| 64 ‘84 78 @8 o¥ 88 28 | LI 8L g
06 ‘68 ‘88| L2 ‘92 e¢ 1e ¥F . 98 °‘¢3 i 91 9 ‘g ¥
88-G8 gl ‘vL 28 0g oF $8 ‘e8 ' <1 ? ‘g e
G838 gL ‘gL 18 6% ¥ 8 ‘I8 ¥ ¢ ‘1) 4
2862 14 ‘0L 0g 8% ¥, 08 ‘62 g1 0€ ‘63 1
6L ‘8L ‘L. 69 ‘89 63 lz 0¥ . 8. ‘12 T 8z ‘I1g -
L. ‘9L ‘cL| 19 ‘99 8% 9c 68 9. °¢r 1t 9% ‘e% :
¢l ‘5L ‘8L 979 L5 14 8e | FL sl oI TG ‘€% :
€L ‘6. ‘IL! €9 ‘29 9% 44 18 ' @l 1L 6 %G ‘1% -
12 ‘0L ‘68| 19 ‘09 ¢ 194 98 0. ‘69 8 0G ;W.H -
69 ‘89 ‘49 69 F& 44 cg 89 ‘L9 Z ST ‘41 o
29 ‘99 ‘co 8¢ (4 15 $¢ . 99 ‘g9 9 9L ‘91 |
29 ‘99 ‘g9 19 (44 0% ge¢ ' P9 ‘g9 g I 'SL :
€9 ‘g9 ‘19! 9¢ ‘cg 13 61 ge @ ‘9 k4 31 ‘1T
19 ‘09 ‘68| ¥¢ ‘eg 0z 81 e Be Lo 0T 6 o
6¢ ‘sc ‘Le ) ¢g ‘19 61 21 o8 ‘LS g - 8 ‘2
16 ‘9¢ ‘¢ | 0¢ ‘6F 81 91 6% ‘gg | 9 ‘¢
eg ‘F¢ ‘e¢, 8% LF L1 3¢ 83 '‘sg | ¥ e
$¢ &2 "Ig( 9% ‘CF 91 | I 1z N S ‘19
. |
1¢ ‘0z 6F ! FF ‘e¥ et | €1 9z 6F 08 6% .
6F ‘®F 13 ' &F ‘I¥ FL [ [+ 1y u sG IT
Ly ‘a¥ ‘GF | 0% ‘68 (] It I ‘or ! : 9% ‘¢g ! v
Cy ‘¢F 'SP | 88 ‘AS I 0t €3 ‘€% - ¥z ‘e 1
gF ‘CF ‘TP 98 ‘¢ 11 6 (43 T A O
: - o 1
ooy ., . . !
smey a8 | pvnore] oL | my oM | wedo  wmo wewo
A i Lwopp | U 7. .oonﬂm Sy i um, 1 .N.UE .ME .kuﬁh
= ssny f, ! .

1
i

“Toury .Hw

9TT ‘Grt 187 6F ” 61
FIT ‘€IT, OF 8% 8T
GIL ‘ITT © 68 PAS LT
OIT ‘601 ¢ 88 oF 91
80T ‘20T | ig oF : G161
90T ‘€01 ! 9g ¥ 63¢ FI
01 ‘€01 ' ¢€g [34 82¢ e1
0L 10T , *¥8 m av L3¢ [
001 ‘66 @ g§& ! TI¥ 92¢ It
86 ‘16 S I 4 cze 0161
96 ‘c6 | 18 6% 758 60
6 ‘e6 , o 8¢ 3] 80
%6 ‘16 |, 62 18 M zze 10
06 ‘68 8% 98 | 18g 90
88 ‘18 13 ¢g i 0z G061
98 ‘cg 92 -¥e 81¢g 70
$38 ‘€8 ¢z ee 81¢ €0
38 I8 ¥& zg 118 %0
08 ‘62 €8 g 918 10
82 LS %g 0g 3¢ 0061
9. ‘g 1c 6% FIe-11¢ 66
. €2 0% S ' 018-L0% 86
s ¥ 61 1z i 90g-go08 16
0L 69 ST 9% | G08-66a 96
89 ‘z9 A ¢ <z 867865 2681
99 ‘¢o . 91 ¥ . ¥63-168 | %6
79 ‘9 53 €% . 065182 | €6
€919 | FI €6 ' 98%-€8% | 26
09°6¢ ; €T i 13 ©8G-613 16
8¢ ‘g et | o8 ' sizelz | 0681
i
i i
Dog | .Hm._u%w « 9278 ' 1 "Aog M
won) cp i, fodQ I Sgarg | X
i

H
i




OXYGEN.

XXvi

*0e61 ut pareadde ¢g ‘[0A Jo IopUIBIIRY 4

#90SST s14 60101 e , 8¢ M 6¢ - . 88 , ‘pauopueqe . 61
&6 oX ¥3 FOI-30L e ig “ | s8¢ ; Lg 1 T |soujsaroqur FA LS 81
28 et 101-66 0g 9g 1 lg . t1e'9g Tt 2YUITIS JOo 34 113 PAS
%6 ‘16 . 44 86-F6 62 cg | I og y ose 1o 1913 JO VA 115 ‘915 91
06 ‘68 ag 13 £6-06 8% ¥g | ¢ cg : * ¥s uogsoI[qug 9T 912 ‘C1I3 gI6T
H i
88-98 ¥G 03 06—F8 L5 g W | te ¢31 | e w 06 ‘68 0¢ 3¢ ¥1% ‘813 I
98-18 | €9 ‘g 61 €86 9% [ 2 &8 351 T %8 | 68 ‘88 6% 48 €13 ‘G183 €1
08-8% | &g9-09 W ST 68 9% 19 | z8 TZ1 ¢ 18 28 ‘98 | 83 oI %13 ‘113 [
L1-¢2 | o¢ ‘6F L1 €L-69 24 o¢ _ 18 021 ' 0g  98°9898 12 ZI 113 ‘013 1T
$.,-0L | 6% ‘8F ¢ooor 69-G9 gz 6F 08 611 | 63 | #8°s8 92 It 013 0161
i } i
89-¢9 | % ‘9% eI 29-19 7g 8y . 62 811 ! 8% | €8 8 qg [1}8 015 ‘603 60
$9-19 | 9%-F% 1 09-9¢ 13 % 83 L11 . L& | 18 ‘08 ¥3 6 803—L0% 80
09-8¢ | ¥¥ €F eI 99569 0% or | 13 9IL . 9% 08'6L°8L 23 8 £03 20
16-v¢ | 8% ‘GP Gl Z6-8¥ 61 op 9% STT c3 8L°LLV 23 L 908 90
89-0¢ | &¥F-0% m 11 8-8¥ 21 ias i 1491 B 7 9L-%L | 13 9 0% ‘703 9061
67—LF | O% ‘68 . OT 57-8¢ L1 37 s fyg ¥5 » EI1 ' gz ¥l .mm.mm 0% g £03 %0
97-€F | 65718 | 6 1g-¢¢ 91 ¥ mp €3 Il i 2% L 1L 61 ¥ 303003 g0
%y—6€ | 28 ‘95 | 8 €866 ST 53 us[euUY 3% It 1% 0L ‘69 ST g 661 ‘861 | 20
88-9¢ 98-%¢ | 2 6C—9Z 1 oF Se panur} 13 OLT 0%z ' 69 ‘89 FA S 4 261 ‘96T : TO
ge-38 | FECs AN GZ-GG 81 62 -uop 0G 601 61 L9 ‘99 91 T G6T ‘P61 0061
I1£-8% | 28 ‘18 9 ‘g 3T—61 (41 8¢ 69-29 61 801 8L 199 ‘ca‘yg 33 . 261 ‘G61 66
1566 | 18-6% S % 61-91 11 Ig 99-%9 81 10T LT [$9°89°3Y F1 161 86
$6—C& | 6% ‘8% v ‘g SI-¢1 01 9¢ £9-09 IS 90T 9T 29 ‘19 ‘09 g1 06T ‘681 L6
1G-61 83—9G € ‘G |8 &L ‘Il 6 gag 69—-LC 91 c0T ST 09 ‘6g - (38 881 ‘48T 96
81-91 | 4% ‘%3 g1 01-% 8 ¥e 9G-F¢ 38 $01 FT  |6C QG LG 11 . 981 9681
g1-81 | %3 ‘86 1 LG JA 33 ge-1¢ | PI €01 g1  |L9°'99°gg 01 : G381 ¥6
L ‘1T | %% ‘I8 g ‘v ‘g 9 (43 05-8% 31 0L 21 |G ‘8939 6 8T €6
01 ‘6 1% ‘0% g1 g 18 L¥—9% (48 101 IT |84 ‘IS ‘09 8 88T 26
8 ‘2 0% ‘81 i 0g Y76V 11 001 ot 0¢ ‘6¥ Z ) 381 16
9° 8T 2191 T g 3 1768 01 66 6 6% ‘8% ‘L¥ 9 181 V| 0681
way) atpy wey) weyH weyy wey) P “ ‘USSIF | "USTA\ 'SSIA | "WIy) 008 90Q “UID “qOS1TO saer
‘reyqsAyd} gsfay i-oxye[g| Siour | "meSue [eue e —3 v pun PRV M CABL], Loy w.cou 10 ..M MNN o L 189 X
‘Yosjey | YOS}y | YOS}y | YOSy | [YoS}WLZ | "YOSIeg patM Uels | teqsSunziig 29y ooxg d 1BAISATd md




A TEXT-BOOK OF
INORGANIC CHEMISTRY.
VOLUME VII. PART I,

VOL. VIL L.






A TEXT-BOOK OF
INORGANIC CHEMISTRY.

VOL. VII. PART 1.
OXYGEN.

CITAPTER 1.

GENERAL CHARACTERISTICS OF THE ELEMENTS
OF GROUP VI.

Tur clements of the sixth vertical group of the Periodie Table resemble
those of the seventh in that they can be divided mto two sections
possessing  non-metallic and metallie  properties respectively.  But
whereas in Group VIIL the non-mctals—-ihe so-
5 called halogens—are sharply divided [rom the
Group VL metals, in Group VI. the non-metals, beginning
with oxygen, gradually acquire deaidedly metallic
propertics as the atomic weight mercases on
Chr cf}ﬁium Ox?réen passing through sulphur to sclenium and tellurium.
Group. | Group. | Although all the clements in Group VI. possess
certain characteristies in common, or manifest

interesting gradations in propertics, the general

0 relationships arc not so marked as are those
Cr 8 observed in cach subscclion.?

So Chemical Properties of Group VI.—-With
Mo the exeeption of oxygen, all the clements in Group

To VI are solid at the ordinary temperature.  Oxygen
w is a typical non-metal, but as passage is made
U Po through sulphur to selenium and tellurium, metallie

(RaF) propertics  become inercasingly pronounced, the
two latier clements being usually regarded as
metalloids.  All the clements in the chromium
subscetion are characteristically metallie, but, in common with most
metals of more or less high atomic weight, they yicld, in addition
to basic oxides, others that can form [airly powerful acids, which
yicld well-defined salts. Such, for example, arc the chromates, the
molybdates, the tungstates, and the uranates.

1 The main characteristics of the elements of the chromium subdivision are dealt with
in Chapter I. of Vol. VIL, Part 1IT. Those of sulphur, selenium, and tellurium are dis.
oussod in Volume V1L, Part II, Polonium (Radium F) is dealt with in Vol. TIT,

8



4 ’ OXYGEN.

1n the accompanying table are histed a few of the more important
1:yp£s1 of compounlds %elci’cd by these clements. It will be obst.\l?ved t]u}l.
the maximum valeney of the clements with regard Lo oxygen is mmwn:
cally equal to six. An intercsting link between telluvium & hf‘m}f}
member of the oxygen subdivision—and uranium— the last of the
chromium subdivision—is afforded by their union with sulphuric acid
to form sulphates of the type M(SO,),. The heaviest members of hoth
subdivisions exhibit radioactivity.

Type. Sulphur. Tungsten. | Uranium,

Oxygen
Chromium.
Molybdenum,

Selenium
Tellurium.

MH, | OH, | SH, | SeH, | TeH, | ..
MO | 00| .. | 280 | TeO | CrO . . ..
MO, | 0.0, | S0, | SO, | TeO, | Cr0, | MoO, | WO, U0,

M,0 . S,0 ? Se,O .. .. .. .
MO, | .. | SO, | 8¢0, | TeO, | CrO, | MoO, | WO, | UG,
| TeCly | GiCl, | MoCl, | WCL

MCL | .. 3 ol | MoCl | (WOl * | U
MC, | . | SOL | SeCy | TeCl, | .. o | MoCL | Wl | U I,
ME, | .. | SP, | SeF, | TeF, | .. | Mok | WI, Uhs
MOF, | .. | .. .. .. | MoOF, | WOR, ..
MOCl, | .. | SOCL | 8eOCl, | TeOCL, | .. .. .. 3
MO,CL | .. | SO, 00,0l | MoOy(ly| WO, | U044,
HMO, | .. | H,S0, | H,Se0, | H,TeO,| .- .. - y
HMO, | .. | H,S0; | H,Se0, | HiTeO, | HyCr0, | HMoO, | (HyWOF| (HyU0,)
M(0,), . Te(SO)y -» .. U0,

MAg, | OAg, | SAg, | SeAg, | TeAg,
MC | 06| 86 | .. ..
MN | ON | (SN), | SeN | TeN

THE OXYGEN SUBDIVISION.

Atomic Weights.—When the elements arc arranged in the order
of their atomic weights, scveral arithmetical regularitics become
apparent.  As long ago as the beginning of last eentury the attention
of chemists had been drawn to the fact that certain triads of clements
exist which exhibit not only a close similarity in their chemical and
physical propertics, but also an interesting regularity in their atomic
weights.! - For scveral years, however, the subject was allowed {o
drop mnto abeyance until Dumas, in 1851, again brought it to the fore,*
and both he and other chemusts rapidly added to the list of regularitics,
Sulphur, selenium, and tellurium were typical. At first it. was hoped
that all the clements might ultimatcly be grouped into triads, and tha
m this way a complete system of classifying the elements might he
evolved, masmuch as the Periodic Classification had not as yet heen

* In combination only. t Salts are well known.

! Doebereiner, Gilberf's Annalen, 1817, 57, 436 Pogy. Annalen, 1820, 15, 301, See
also Gulbert's Annalen, 1816, 56, 332, which contamns a report by Wurzer on Doobereiner,
s : Dumla,(a)x,) British Assoc. Reports, 1851, Comgpt. rend., 1857, 45, 709 1808, 46, 951 ;

58, 47, 1026,



GENERAL CHARACTERISTICS OF ELEMENTS OF GROUP VI. 5

introduced. These hopes were, however, doomed to failure, and a
severe blow was struck at the utiity of the triads when Cooke?® showed
Lhat some of them actually broke mto natural groups of elements. The
halogens arc a case m pont, for chlormne, bromme, and iodmne are but
three out of four closcly simular clements, and no system of classification
that deals with these to the exclusion of fluorme can be regarded as
satislactory. A smular objection applics to the elements now under
discussion, for whilst 1t is truce that sulphur, sclenium, and tellurium
resemble cach other very closely, a remarkable analogy cxists between
them and oxygen, these four clements thus constituting a natural
tetradie group.

Many triads exhibit an interesting relationship between the numerical
values of thewr atomic weights, the mean of the first and third being
almosl identical with the middle value. The sulphur triads are no
exceeplion to this rule as s evidenced by the following table :

Klement. Atomie weight. Dufference. l\ﬁﬁ?nfcf :V:f;g?:

Lithium . . . 691 P
Sodium . . . 23-00 oo 23-02
Potagsium . . 39-10
Calcium . : . 40 07 .
Strontium. . . 87-63 iggz 88-72
Barium . . . 13737
Sulphur . . . 32:06 1.
Selemium . .. 792 P 7978
Tellurium . . . 127-5
Chlorine . . . 3546 X

. 4446
Bromine . . . 79-92 4;_30 81-19
Iodine . . . 126-92

Dunas also noticed that, il oxygen and the sulphur triads are con-
sidered together, the approximate atomic weights may be arranged as
follow :

0] S Se Te
16 16416 16+16--3X16  16-416-4+2Xx3x16

Such arithmetical connections might be regarded as a curious
chance, were it not for the fact that many other analogous relationships
occur amongst the elements. _

Physical Properties.—Oxygen, in common with most of the
elements in the first short horizontal serics of the Periodic Table, exhibits
several marked contrasts with the remaining clements in its own vertical
group, and to these attention is dirccted in the sequel.  Tellurium,
again, is not typical of the group, partly in consequence of its increased

1 J. P. Cooke, Amer. J. Sci., 1854, 17, 387.



6 OXYGEN.

tendeney to resemble the metals. There is thus l.hv‘ mos| muarhed
resemblance between sulphur and sclenium.  The following table
indicates a scrics of wmteresting gradations in physical propertics with
increasing atomic weight.

PR T

Oxygen.| Sulphur. Selenium. Tellurium,

5

Atomic weight . |16 00|  32-06 792 . 127
Colour (solid) . |Blwsh Pale yellow| Red and grey|  Silvery grey
Density (solid) . | 1-426 |1-96-2:07 | 48 (grey) G-2 (approx.)

Mclting-pomt, °C. | —219| 110-119 | 217 (grey) 155
Boiling-pomt, ° C. | —1838 444 690 At bright red
heat

Allotropy.—All of the clements exhibit allotropy. Oxygen yiclds
two gascous allotropes, namcly, ordmary oxygen and ozonc. These
can co-cxist at room temperatures for indefimte periods withoul mani-
{esting any tendencey to reach a stage of chenueal equilibrium.

Sulphur does not exhibit allotrepy m the gascous condition in the
ordinary acceptation of the term, although vapour density measurements
indicate considerable polymerisation at temperatures near the boiling-
point, the vapour apparently consisting of Sg, Sg, Sg, Sy and even 5,
molccules in varymg proportions according to circumstances.!  Sclenium
vapour yields closcly sinilar results ; below 550° C. it contains a small
proportion of Scg; between 550° and 900° C. it consisls essentially of
Se, and Scg molecules ; above 900° C. it is mostly Sc,, with possibly a
few Sc; molcecules.?

Liquid oxygen docs not appear to manifest additional allotropy,
but three allotropes of sulphur arc recognised as existing in equilibrium
m the hiquid state. This phenomenon is termed dynamic allotropy,
the allotropes being designated as SA, Sy, and S7r vespeetively,  SX s
a ycllow, mobile liquid containing, it is believed, cight aloms within its
molecule, whilst Sy is a thick, viscous liquid, formula Sg.  Sar is probably
tetratomic, S,.  The pereentage of Sy rises with the temperature.® Thus :

Temperature, °C. . 120 140 180 220 Boiling-point
Su per cent. . . 01 13 204 322 369
SA  do. . . 964 987 731 627 591

The freezing-point of the hquid accordingly varics both with the
naturc of the solid phase that separates and with the pereentage of Sp
and in S the liquid.

Liquid selenium appears Lo exhibit allolropy, bul tellurium does not.

~ In the sohd form all four clements exhibil allotropy.  Three forms
oi.oxygcx} arc recogmsed, namely, a, B, and y, the transition poinds
being as follow : 4
a o

~ == ¥
—249-5° C. —230-5° C.

! Preuner and Schupp, Zeitsch. physikal. Chem., 1000, 68, 129,
2 Preuner and Brockmaoller, ibid., 1912, 81, 129,

3 See this Vol, Part TI.  Also this series, Vol. L., p. 67,

* See . 48.
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Sulphur exists m a varicty of forms, two of which are crystalli)
namely, the rhombic and monoclinic allotropes.

Solid sclenium likewise exasts 1 several allotropic forms. The 1
crystalline variety is labile, and may possibly oceur in two modification
both of which arc monoclmic.2 The grey erystalline form appears
consist of two varicties, Se, and Scp, i dynamue cquilibrium with ea
other.t Sohd tellunum manifests allotropy, but to a much less
nounced degree.

_ Chemical Properties.—Sulphur, sclemum, and tcllurum bu
with blue lames yiclding dioxides. If ozonc is regarded as a dioxic
the series may be represented as follows :

0=20=0 0=8=0 0=8¢=0 0=Te=0

in which the central atoms arc regarded as tetravalent.  Cychie schen
may, however, be preferred :
0 0 0] o
0<| s se ] 1ed |
0 0 0 o
The dioxides (save ozone) dissolve in water o form weak aci

1,505 H,8¢05, and H,TcO,, the salts of which may be regarded
analogous to the ozonates. Thus :

K,0.0, K,S0, K,Sc0, K,TecO,
Potagsium Potassium Potassium Potassium
ozonate, K,0,. sulphite. selenite. tellurite.

The dioxides vary considerably in stability, ozone, 0.0, t
analogue of SO, cte., being exceptionally unstable. The heats
formation of aqucous solulions of sulphurous, sclenous, and tellurc
acids are as follow : 3

(5, Oy, Aq.)="78,780 calorics.
(Se¢, 0y, Ag.)=56,160 ,,
(Te, Oy, Aq.)=T7,180 ,,
The heats of formalion of aqueous solulions of the morce high
oxygenated acids manifest o similar minmmum with sclenium :

(S, O3, Aq.)=112,410 calorics.
(Se, Og, Aq.)= 76,660 ,,
(Te, Oy, Aq.)= 98,380 ,,

The dioxides of sulphur, sclenium, and tellurium admit of oxidati
to the trioxides 804, S¢0;, and TcO,, which dissolve m water to yi
the corresponding acids, sulphuric acid being the strongest and tellu
the weakest.  An analogy may be found with oxygen in the case of f
oxozonides.  Oxygen is strictly non-metallie, but sclenium, and tc
greater extent tellurium, possess many pronounced metallic properti
and arce thus amphoteric clements.  Thus the dioxide TeO, can funet
as an acidic oxide, as mentioned above, or as a basic oxide, yicld
with sulphuric acid, tellurtum sulphate Te(SOy),. The gradual tr
sition from non-metallic to metallic propertics 15 evidenced in

n

* Kruyt, Zeitsch. anorg, Chem., 1909, 64, 305.
* Muthmann, Zeitsch. Kryst. Min., 1890, 70, 353.
8 Thomsen, Thermochemisiry. Translated by Burke (Longmans, 1908).
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interesting manner by the gradual fall in the heat of union of the
elements with hydrogen. Thus:?

Element . . . . 0 S Se Te
: 842 48t —25 - 34
Heat of combination . {gg _ (1) X é; s 1

(Calorics)

With positive elements, other than hydrogen, definite compounds

are usually formed, analogous in composition to oxides. 1 hus, with
silver—

Ag,0 Ag,S Ag,Se Ag,Te
Oxide. Sulphide. Solende. Telluride.

The sulphur triads combine with fluorme Lo yield well-defined hexa-
fluorides, but oxygen appears to be entirely unable Lo unite with fluorine
to form any kind of compound.

Elcment . . . Oxygen  Sulphur  Selenium Tellurium
Compound . . SE Scky Tk
Bouing-point °C. . .. —62 39 355

All of these compounds are stable gases, exhibiting the maximum
valency of the elements. They neither attack glass nor decompose
spontaneously. The sclemum and tellurium fluorides atlack mereury
making 1t adhere to glass, and i Lhis respeet they resemble ozone,
Sulphur hexafluoride does not do this.

Isomorphism.—Although potassium tellurate, K, TeO,, is nol
isomorphous with the corresponding sulphate,® the hydrogen rubidium
salts of sclenic and telluric acids arc isomorphous.”

Sulphurie, scleme and tellurie acids yicld double salts with alkali
and certam divalent metals, which salts have the general formada

« M,’RO,.M"RO, . 61I,0

where R stands for chromuum or a sulphur triad ; M for ammonium or
an alkali metal, and M" for iron (ferrous), cobalt, nickel, mangancese,
copper, cadmium, magnesium, or zine. These arce isomorphous with
one another. Both sulphur and sclenium (but not tellurium) yicld
alums which are isomorphous, and of the general type

M,'RO, . My (RO, ), . 2411,0

where R stands for sulphur or sclenium.

Valency.—All the clements have a valeney of two in respeel to
hydrogen ; that is, they possess two frce negative valences, as witness
the compounds

H,0 1,8 11,5¢ 11,

These cxhibit a steady fall in stability with rise in molceular weight.
The following per derivatives arc also known :

H,0, IL,S,.

1 Thomsen, Thermochemustry. Translated by Burk

2 g meon, Thetmoc Y, hy o (Longmans, 1908).
8 To water-vapour at 18° C.

* From amorphous sulphur.

% From rhombic sulphur.

8 Sbaudenma}er, Zevtsch. anorg. Chem., 1895, 10, 189,

7 Pelluu, Atti B. Accad. Lincei, 1906, [5], x5, i., 620, 711 : ii. 40.



GENERAL CHARACTERISTICS OF ELEMENTS OF GROUP VL 9

The clements yicld tetravalent dervatives m special circumstances,
in which they function as the basic clements. In the case of oxygen
they are termed ozonium salts ; sulphur yields sulphonium salts ; whilst
sclemum and tellurium offer an even wider range of derivatives. Thus,
the following types of compounds are now well known :

(Jsz\O SH OH,,\S /OH8 CZHE\S /021%5 02H5\Te /02H5

o
R NG B TS oE. N\ oH M
Di-othyl Tri-methyl Tr1-ethyl Tri-ethyl
oXonium sulphonium  selenum (or selenoniuin) tellurium
chloride. 1odide. chloride. 10dide

Contrasts.—Whilst these undoubted analogies exist  between
oxygen and the sulphur twmads, there are many directions m which
oxygen differs from these elements.  This 1s by no means an uncommon
phenomenon in connection with the first clement and 1ts suceessors
in a vertical column of the Periodie Table.

Thus, for example, the boiling-points of the hydrdes of sulphur,
selenium, and tellurium: steacily fall with the atomic weights of the
cleetro-negative clements :

I,Te < 11,8¢ 11,5
Boilmg-pomt ° C. .0 —12 —02
The boiling-point of watcr, therelore, should be, if the analogy were
followed, of Lhe order of —70° (. mstead of 1ts actual value of 100° C.
This 1s undoubtedly due to association (sc¢ Chap. X.).



CHAPTER 1L

OXYGEN.
Symbol, O. Atomic weight, 16:000.

Occurrence.—Oxygen 1s the most abundant clement in the carth. It
is present m the uncombined state in the atmosphere to the extent o
approximately 23 per cent. by weight (sce Chap. VL), but. Lhis amount
1s relatively mmute when the mmense quantities of oxygen in various
forms of combination arc considered. The sca contains roughly 86 per
cent. and the carth’s erust nearly 48 per cent. by weight ol this element
indecd, 1t has been computed that almost exactly one-hall” of the mass
of the whole carth (mcluding the occan and the atmosphere) is due to
oxygen.! From the results of spectrum analysis it is probable that
uncombined oxygen 1s also present in the sun.? \
History.—Krom ancicnt writings it appears thal the Chinese,
already in the cighth century, recognised that a substance, on burning,
combined with onc of the constituents of the air; it was also realised
that this constituent of the atmosphere was present in water, and (hal
1t could be ohtamed in a pure condition by heating cerlam minerals,?
In Europe it was not unti the middle of the seventeenth century that
the atmosphere was regarded as a mixture of which one of the in-
gredients played an important part in combustion, respiration, and the
change in colour of the blood. It was understood by IHooke (1665)
and Mayow (1674) Lhat saltpelre contains a substance ol somewhat
stmular propertics, but although the observation that saltpetre, when
heated to decomposition, gives a vigorous cvolution of gas was made
only a little later, the actual discovery of oxygen was delayed until
the next century, when the experimental methods first introdueed by
Mayow in 1674 % for the collection of gases began to bear fruit.  The
gas was first prepared and recognised as a new substance® by the Swedish
chemist Scheele & about the year 1771 as the result, amongst other
mcthods, of heating red mercurie oxide or “ mereurius caleinatus per se ™

! Stoney, Phil. Muay., 1880, [3], 47, 565 ; Clarke (this serion, Vol L, p. 8) mives 1948
per cent. ; Fersmann (Bull. Acad. Scu. Petrogrud., 1912, p. 367) estimates 5381 por cont,

% Draper, Amer. J. Sc., 1877, 14, 89 ; Trowbridge, Phil. Muy., 1002, 4, 1663 Mebsner,
Physikal. Zestsch., 1914, 15, 668.

8 Duckworth, Chem. News, 1886, 53, 2560.

+ Bee Alembic Club Reprints, No. xvii.

5 Hales had, as early as 1727, prepared oxygen by heating polwssium nitrate, hut
although he eollected the gas over water and measured ity volume, ho did not rosognise
1t as a new gas or determune its properties.

¢ Scheele, Crell’s Annalen, 1785, 2, 229, 291; (‘hemische Abhandlung von der Luft
und dem Feuer (Upsala, 1777). Seo Alembec Cbub Reprints, No. viii. (1891) ; Ortwed,
Speter, and Jorgensen, Ahren’s Sammlung, 1909, 14, 111, Schoole, Naohyelwseene Briofe
und Aufaeichnungen, Nordenskiold (Stockholm, 1§92).

10
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by concentrating the sun’s rays upon 1t with a lens. He termed the
gas empyreal or fire arr, and also showed that the same gas could be
obtamed [from the yellow oxide produced by precipitation of a mer-
curie salt from aqueous solution on addition of an alkali. Unfortunately
for himscll’ these results were not published for some four years after
their discovery, and in the meantime, namely on 1st August 1774, the
English chemist Pricstley,! independently discovered oxygen, hikewise
})y heating mercurie oxade. He communicated his results to Lavoisier
in Paris m October of the same year, and shortly alterwards his discovery
recerved general publication.

The Theory of Phlogiston.—In order to appreciate the enormous
wfluence which the discovery of oxygen was destined Lo exert upon the
further progress of chenustry, 1t is neeessary to gain some idea of the
views then prevalent as to the nature of combustion.

It is undoubtedly a fact that ncither Scheele nor Pricstley reahsed
the important part played m combustion processes by the gas they had
discovered. ‘

By gradual modification the ancient Aristotelean idea of fire, as one
of the four  clements ” of nature, had merged mto the assumption
that all substances capable of burning contained a common com-
bustible constituent or “ principle.” For several centurics sulphur
appears to have been regarded as thus prineiple, and 1ts presence was
postulated in all metals capable of bemg burnt or caleined in air. Becher,?
however, in 1669 took exception to this latter view, mamtaining that
sulphur owed its combustibility to the fact of its contlaining a large
amount of combuslible principle, but that sulphur itself was not that
prineiple. e therefore gave the name terra pinguis or * oily carth
to the last named, and explained the calemation of metals by heating
in air as duc to the expulsion of terra pingus.  What, preascly, this
Lerra pinguis nught be, whether of a materal or non-material nature,
Becher did not say.  Perhaps he regarded it as of a spintual nature,
like flame itsell, and somewhat defying conventional delimtion. His
views were aceepted and amplified by Stahl, who, ¢. 1697, introduced
the word phlogiston (Greek dhoyilew, Lo sct on lire) to denote the
active prineiple producing fire.  Like Becher, Stahl hesitated to deline
exactly the nature of hus phlogiston. It corrcsponded to the terra
pinguis of Becher and the sulphur of the carlier chemists.  Any substance
that would burn was regarded as being rich in phlogiston, and carbon
was considered to be nearly pure phlogiston.

When metals are caleined 1 air, oxides arc usually produced. This
was cxplained by Stahl on the supposition that the mctal, on being
heated, parted with its phlogiston, lcaving a residuc of calw.®

In the light of this idea a metallic calx or oxide was of simpler
composition than the metal itself.  Thus

metal = calx 4phlogiston.
Further, reducing agents such as charcoal were substances which,

1 Priestley, Axperiments and Observations on Different Kinds of Air, 1774, ii., 28. See
Alembic Club Reprints, No. vi. (1894); Freund, The Study of Chemical Composition,
chapter i. (Camb. Univ. Pross, 1904).

2 Booher, LPhysica Sublerrancy, 1669,

3 Latin, cale, imo. Tho procoss of “ burning” chalk to form hme was known to
the ancionts, and as the result of analogy tho term calx was used to designate tho residue
of oxide obtaned after  burning ” a metal,
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bemg rich in phlogiston, could restore this to the metallie ux)u!v 111111(%
so regenerate the mctal. In accordance with these views, Pricst s
named the gas which he obtained from mercuric oxide, dephlogisticated
air as an expression of the rcadiness with which substances burned in
or imparted phlogiston to it; mitrogen, on the other hand, which
appeared incapable of supporting combustion, was regarded 48 heing
already saturated with phlogiston, and was termed by Priestley
phlogisticated air. _

The theory of phlogiston was, durmg the cighleenth century,
exceedingly popular amongst chemists, despite the fact that it was full
of anomalies. For example, 1 phlogiston were a material substance
it 15 evident, from the equation given above, thal a metal must weigh
more than its calx. If phlogiston were non-material, the metal and
calx would posscss cqual weight.  But Jean Rey * had already, in 1630,
shown that lead and twm encrease in weight when caleined, and Bayen,?
m 1774, found that on heating mercury calx to a sulliciently high
temperature, metallic mereury is obtained, accompanied by a diminution
in weight®  Both of these facts arc in dircet opposition to the phlogistic
theory.

Again, Stahl himsell’ was not unaware of the fact that carbon would
1ot burn 1 the absence of air, although, as mentioned above, he regarded
it as almost purc pllogiston. The cxplanation offered was that
phlogiston could not leave a substance unless it had sowewhere 1o go,
The ar, however, could act as a sponge and absorb the phlogiston, and
thus enable combustion to proceed. Such an explanation is, of Course,
adequate m the case of the caleination of melals sinee no account is
taken of the reduction m volume that invariably ensucs.

It was rescrved for Lavoisier to discover the true cause of com-
bustion. Having satisficd himscll that mctals do increase in weight
upon calcination, he defimtely proved that this is duc to their combining
with Priestley’s dephlogisticated atr, and was thus Jed to discard Uhe
idea of a special prnciple of combustibility such as phlogiston. A new
name was therefore necessary for Priesticy’s gas, and Lavoisicr [irst
called 1t “ cminently pure awr,” but laler oaygen (French orygene), in his
belief that the clement was an cssential constituent of all acids.d The
German name Sauerstoff embodics the same ide. Although subscequent
research has demonstrated the inaccuracy of this assumplion, the
names have retained their popularity. ‘

PREPARATION OF OXYGEN.

Physical Processes.—The atmosphere, as a comparatively simple
gascous nuxture, naturally suggests itscll as a source of oxygen. There
are various physical methods available for 1he separation ol [wo sueh
gascs as nitrogen and oxygen, chicl among which are the following :

L. Liguefaction—~When liquid air is allowed Lo evaporale, the
escapng vapour is cxceedingly rich in nitrogen since this gas has a lower
boiling-pomt (namely, 195-G7° C.) than oxygen (b.-pt., 182407 (),

1 See Alembic Club Reprints, No. xi.
 Bayen, J. Physique, 1714, 3, 135, 281,
3 Bayen did not exammne the 88 evolved in thiy prooess, or ho would prabably have
reoq‘gmsed 16 88 & new g, and thus forestalled Priestlay’u discovery of oxygen,
From the Greok, ofvs, sour, and yerrdw, 1 produce,
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The residual liquid in consequence becomes mercasmgly richer
oxygen as evaporation proceeds. This has been made the basis of a
very successful commercial method for the preparation of oxygen.t

2. Solubility. - Oxygen is approximately twice as soluble in water
as nitrogen, henee it follows that water, upon exposure to air, wll
absorb twice as mueh oxygen in proportion to nitrogen as corrcsponds
to Lhe partial pressures ol these gases. Il now the dissolved gases are
expelled from the water by boiling or by the aid of a vacuum pump the
resulting ““ air 7 will contain roughly one part of oxygen to two parts of
nitrogen by volume. By repeating these processes scveral times,
farrly pure oxygen can be isolated.  Mallet,2 m 1869, took out a patent
for the commercial preparation of oxygen based on the foregoing
prnciple.  Ie found that after cight absorptions with water under
pressure, a gas contaming 97-3 per cent. of oxygen could be obtamed.
Iis results for suceessive absorptions were as follows :

No. of absorptions .0 1 2 3 4 5 6 7 8
Percentage of oxygen . . 21 333 475 6256 750 850 910 950 973
Percontage of mitrogen, ete. . 79 667 525 375 250 150 90 50 27

At the present {ime this method does not appear to have any com-
mercial mportance.®  The relative solubilitics of oxygen and nitrogen
in various other solvents have been determined,* but the results do not
encourage the idea that oxygen can be obtained any more readily than
by the employment of water.

3. Transfusion.—Thin layers of caoutchouc allow oxygen to diffuse
through them about 23 times as rapidly as mitrogen, and a rough
separation of the gases can be cllected in this manner.®

4. Absorption in Charcoal. ~When coconut charcoal is cooled to
—-185° C., and exposed Lo pure, dry arr, it absorbs oxygen more readily
than nitrogen, and the gas recovered at 15° (. contains some 56 per cent.
of oxygen. Il allowed Lo eseape slowly, the absorbed gas can be frac-
tionated, the later fractions containing as much as 84 per cent. of
oxygen.®

It is also possible to separate oxygen and nitrogen by taking advan-
tage of thewr dillerences in density as, for example, by direct diffusion
through some inert, porous material, when the gases pass through at
rates consonant with Graham’s Law ; or by centrifugal foree.?

Chemical Processes.--The majority of the methods for obtaining
oxygen [all into this category, and may be classified according to whether
the parent substance is a normal oxide, a higher oxide, or a more complex
oxygenaled compound.  Several of the proeesses can be extended to
serve as methods for the extraction of atmospherie oxygen.

A. Preparation of Oxygen from Normal Owides—Watcr.—Perhaps

L Tor details see p. 31.

8 Mallot, Dingl. Poly. J., 1871, 199, 112; English Patent, 2137 (1869).

3 Seo also Kubsersehky, English Patent, 17780 (1899) ; Humphrey, ibid., 14809 (1905) :
Lévy, ibid., 5931 (1909).

s (laude, Compt. rend., 1900, 131, 447,

8 (fraham, J. Chem. Soc., 1865, 18, 9. Sec also &’ Arsonval, Compt. rend., 1899, 128,
1545,  Soveral procosses based on this principle have been patented. See Hélouis,
Einglsh Patent, 2080 (1881); Neaver, ibid., 6463 (1890); de Villepique, Fourmer, and
Shenton, dbid., 19044 (1898) ; Bartelt, 1bid., 24428 (1906).

6 Dowar, Compt. rend., 1904, 139, 261 ; Ann. Chim. Phys., 1904, [8], 3, 12. See also
Montmagnon and de Laire, Bull. Soc. chim., 1869, 11, 261.

7 Bredig, Zeitsch., physikal. Ohem., 1895, 17, 459,
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the most unportant process by which water ean be mude toyicld sty
oxygen in o free state consists in cleetrolysis in the presenec of an
alkaline substance sueh as potassium ecarbonate or an alkali hydroxide,
The oxygen oblained in this manner, il due preeantions are observed,
presents a high degree of purity, and is henee partieularly suitable for
metal cutling and welding (see po 185). Care must be taken to ayoid
contamination with hydrogen durmg the process, owing to the dangers
ously explosive nature of the mixture. o

For laboratory purposes a glass apparatus after the principle of 2
Kipp may be conveniently used.  The cleetrolyte eonsists of a 30 per
cent. solution of sodium hydroxide, whilst sheet-nickel plates serve as
cleetrodes.  The inner cleetrode functions as anode and the supply of
oxygen regulates itsell automatically, the liguid in the iuner spaee
surrounding the anode bemg gradually expelled, as in Kipp's apparatus,
as the pressure of the gas above mercases, until the anode is left high
and dry, when, of course, cleetrolysis ceases.t Very pure oxygen may
be obtained by the cleetrolysis of barivn hydroxide solution.  To a
certain extent the clectrolysis of waler is used for the commereial
preparation of oxygen.* To this end, containing vessels of iron are
uscd, the eleetrodes consisting of this metal or of nickel. The eleetrolyte
consists of 15 per cent. caustie soda solution, and the iberated hydrogen
and oxygen arc collected in separate dome-shaped vessels under a
pressure of some 60 mm. of water. A higher pressure cannot salely be
cmployed owmg lo the danger of mixing. By means of a metallie
partition between the cleetrodes, this danger is still further minimised.
The contaming vessels are packed in wooden hoxes with sand, wherehy
the heat of the reaction 1 conserved, the temperature rising to about
70° C. Each vessel yaelds 110 litres o oxygen per hour of purity 97
per cent.®  Dilute solutions of acids, particularly sulphurie acid, may
be cmployed instead of alkalics, but the latter are preferable.

Electrolytic oxygen may conlain as much as 4 per eent. of hydrogen.
This may be removed as water by passage over platinised ashestos.®

Attempls bave been made 1o cheapen the proeess by producing
electrolytic oxygen without the simultancous liberation of hydrogen
by the adoption of depolarising clectrolytes, or eathodes; also of
cathodes which absorb hydrogen and may subsequently be employed as
clements in gas cclls.®

At high temperatures steam dissociates into hydrogen and oxygen,
and these gases admit of isolation by taking advantage of the greater
velocity of diffusion of the hydrogen as explained on p. 287, This
by no means constitutes a convenienl method of preparing oxygen, but
the process may be faalitated by the introduction of some substanee
capable of uniting with the hydrogen.  Thus steam is readily decom
posed by chlorine when the two are passed through a red-hot poreclain
tube. The reaction is accclerated by the presence of fragments of
porcelain in the tube to inerease the heating surface.

2[]20 “‘I"Q(‘»lziz ‘1’[[(.‘!1 'l"()z-

! See Ruhstrat, Zeitsch. angew. Chem.,, 1912, 25, 1277,

* See Zeitsch. Hlekirochem., 1901, 7, 857,

* The resistance of each cell is 2:8 volts, A current of 600 amperos iv supplied, the
theoretical yreld of oxygen from which is 125 litres per hour.,

4+ Moser, Zewtsch anorg. Chem., 1920, x10, 125,

* See Cochn, German Patent, 75930 (1893); Brinnchon, French Patent, 4307387 (k).
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The hydrochlorie acid may be absorbed by passage of the resulting
gases through water or causlic soda solution.

Silver oxide, Ag,0, 15 rcacily decomposed by heat, evolving oxygen,
and the characteristic change in eolour [rom brown to silver-white
renders the reaction particularly suitable for leeture demonstration.
The equilibrium pressures of oxygen have been measured up to 800° €,
and are found to conform with the followmg law :

log p=6-2853 —2859/1"

where p is the pressure m abmospheres, and T the absolute temperature.t

The decomposition of mercurie oxide by heat has already been
menlioned as the method by which Priestley was led to the discovery
ol oxygen. The oxide, which is yellow or brick red m colour, first
becomes black—a reversible, physical effect.  Oxygen 18 then cvolved
and a sublimate of mercury colleets on the cooler parts of the con-
taining vessel.  The reaction is reversible, thus :

9HgO==2Hg +-0,.

In the following table are given the dissociation pressures of mercuric
oxide between 860° and 480° C.2

Temporature, ° C.

Pressure, mm.

Temperature, © C.

Preggure, mm.

360 90 440 642
380 141 460 1017
400 231 480 1581
420 387 e ..

The rate of decomposition is aceclerated by suitable catalysts such
as fincly-divided platinum, ferric oxide, and manganese dioxade.
Aluminium and stannie oxides are apparently without elfcet.

The normal oxides of several other metals behave in an analogous
manner Lo mercuric oxide. Thus palladous oxide, PdO, decomposcs
when heated, yielding metallic palladium and oxygen,® the reaction
heing reversible :

2Pd0==2P1+0,.

At 877° C. Lhe dissocialion pressure of the oxide is 760 mm.

In the ease of auric oxide, Auy0,, the rveaction 15 not reversible.
When heated al 150° 1o 165° C., oxygen is evolved and aurous oxide,
Au0, remains. AL 250° C. Lhis latter oxide is completely converted
into metallie gold.*  Simularly, platinwn dioxide, PtO,, upon igmtion
evolves oxygen, a residuc of metallie platinum being obtained together
with a solid solution of cither the monoxide or sesqui-oxide i the
dioxide.®

1 Keyes and Hara, J. Amer. Chem. Soc., 1922, 44,479 ; Lewis, Zestsch. physikal. Chem.,
1906, 55, 449.

3 Taylor and Hulett, J. Physical Chem., 1913, 17, 565. ;

3 Wihler, Zeitsch. Elekirochem., 1906, 12, 781 ; 1905, 11, 830.

4 Seo Kriss, Annalen, 1887, 237, 296 ; Ber., 1886, 19, 2541.

% Wohler and Froy, Zeitsch. Blektrockem., 1909, 15, 129.

\
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When chlorine 1s passed over zine oxide al a high temperature
oxygen is evolved, zine chloride remaining behind.

9Zn0 +2C1,=27nll, | O,

Oxides of the alkahne carth metals, namely (a0, SeO, and BaO,
may he similarly employed, as also litharge, PhO, and eadminun oxide,
(dO.?

B. Preparation of Oxygen from Iigher Oxides.  In addition to their
normal oncs, many metals yield oxides in which the pereentages of
oxygen are greater than correspond to the valencies of the metals as
manifested in their more common salts.  Such compounds ave con-
veniently termed higher oxides, and may usually he made to part with
themr excess of oxygen cither by heating alone or with sulphurie acid.

Manganesc dioxide, MnO,, when heated to moderate redness, evolves
oxygen and leaves a vesidue of the sesqui-oxide My,

MO, - 2Mn, 04+ O,.

The reaction beging at 530° C. m air,® and if the temperature is raised
to 910° C. the sesque-oxide in turn decomposes, yielding a further
supply of oxygen and a residuc of trimanganic tetroxide, MnyO,.

6Mn Oy 4Mn, 0, | O,

The foregoing reactions at one time olfered one of the eheapest
methods of preparing oxygen for commercial purposes.  The souree
ol the dioxide was the mineral pyrolusite, but the high temperature
required to extract the oxygen led to the superseding of this method hy
other more convenient processes.

When heated with concentrated sulphurie acid, manganese dioxide
evolves oxygen, leaving a residue of manganese sulphate,  The renetion
takes place m two stages,® namely :

(1) At 110° C.
4MnO, 61,50, 2Mn,(50,),-1-6H,0 4 O,.
(2) At the boiling-point of sulphurie acid
2Mn2(S04)3'~‘:44MnS04*’}'2808"*02.

Lead dioxide, PhO,. when heated above 8107 €., decomposes,
vielding oxygen and lead monoxide.

2Ph0,-- 2Ph0O | O,

Similarly red Iead, PhyOy, when strongly heated evolves oxygen, a residue
of lead monoxide remaining.  This reaction is reversiblet

9Pby0,==6Ph0-| 0,

At 580° C. the red lead may be completely eonverted into monoxide

1 See Gay fmsnac, and Thénard, Recherch, physicochim,, 1800, 2, 143 ; Wober, Poyy.
Annalen, 1861, 112, 619, ’ i e ehen, Logg
¢ Meyer and Ratgers, Zeitsch, anorg. Chowm., 1908, 104, See also this weri
Vol. VIIL, Chap. 6. { ok e T

¥ Carius, A nnalen, 1856, 98, 53,
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m a vacuum, bul in the presence of air a igher temperature is essential,
as is evidenl from the following data.t

Temperature © . . . . . 445 500 555 636
Dissociation pressure of PhyO) inmm. . 5 60 183 1763

Alkali peroxides are rapidly decomposed by water, oxygen being
evolved. In the case of sodium peroxide the reaction procceds according
to the following cquation :

2Na,0, +211,0 =4NaOIT 40,

The reaction is conveniently carried out in a flask fitted with a drop
funnel through which the water 1s slowly admitted. Some hydrogen
peroxide is simultancously produced. The evolution of oxygen 1s
facilitated by the addition of a catalyst, such as a salt of nickel, cobalt,
or copper. When pressed into small blocks or cubes, the mixture of
sodium peroxide and catalyst may be placed m a Kipp or other gas-
generating apparatus based on a similar principle, and a steady supply
of oxygen obtained. The commereial commodity known as *“ oxylithe
has the lollowimg composition :

@

Sodium peroxide . . . 98-32 per cent.
Oxade of 1ron . . . . 100 ,
Copper sulphate . . . 068

and 1s very swtable for this type of reaction.?

"The preparation of small quantities of oxygen for laboratory purposes
may be conveniently cffected by gently warnung a mixture of fused
sodium peroxide with some salt containing water of crystalhsation.
For this purpose erystals of sodium carbonate or sulphate are very
suitable.  The oxygen is ¢volved in a steady stream which 1s readily
kept under control.®

By the action of acids upon alkali or alkaline carth peroxides,
hydrogen peroxide is liberated, which immediately undergoes partial or
complete decomposition according to circumstances. Thus oxygen is
readily obtained ® by the employment in a Kipp of lumps of the mixture
obtained by adding 100 parts of sodium peroxide and 25 parts of
magnesium oxide to 100 parts of molten potassium nitrate. The liqud
reagent consists of dilute hydrochlorie acid. The magnesia does not
seeve as a catalyst ; on the contrary, it is added as an inert diluent to
moderate Lhe violenee of the reaction.

Hydrogen peroxide readily yields up 1ts oxygen cither under the
influence of heat or of a catalyst. As examples of the last namdd,
colloidal solutions of the platinum metals may be mentioned.

In neatral solution hydrogen peroxide 1s decomposed catalytically
by lead dioxide, but in acid solution the action 1 different and quanti-
tative.8  Thus, in the presence of nitrie acid,

Mangancse dioxide behaves similarly in acid solution, and, if charged in

1 e Chatelier, Bull. Soc. chim., 1897, [3], 17, 791. See also this series, Vol. V.
2 See Hanman, Bnglish Patent, 9783 (1903).

% . J. Turner, Amer. Chem. J., 1907, 37, 106.

4 Wolter, Chem. Zeit., 1908, 32, 1066.

® Schlosshorg, Zeitsch. anal. Chem., 1902, 41, 735.

VOL. VIL : I. 2
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lump form mto a Kipp and subjected in the usual manner to the action
ol commercial hvdrogen peroxide acidified with sulphurie acid. a steady
stream of oxygen 15 obtamed.!

Instead ol using free hydrogen peroxide, barium peroxide may he
used, lamps of a mixture of barmum peroxide, gypsum, and mangancse
dioxade being introduced mto the Kipp, the liquid reagent consisting
ol hydrochloric acid.? ' .

Iydrogen peroxide reacts with potassium permanganate in aeid
solution evolving oxygen. In the presence of dilute sulpharie acid the
reaclion procceds along the lines indicated by the cquation

9KMnO, -F511,0,- 311,50, = K,S0,-4+-2MnS0, | 8EL,0 | 50,

Yor laboratory purposes 3 a steady cvolution of oxygen may he
obtained by allowing a solution of 25 grams of potassium permanganate
in 500 c.c. of water and 50 c.e. of coneentrated sulphurie acid to ow
from a dropping funncl into a htre flask containing 500 ¢.c. of hydrogen
peroxide solution (10 vol.).2 No heat is required.

Ilydrogen peroxide reacts in an analogous manner with potassium
bichromate, evolving oxygen. A convenient way of preparing the gas
in small quantitics consists in adding 150 grams of concentrated sulphurie
acid to hydrogen peroxide solution (10 vol.) * and allowing the mixture
to come into contact with erystals of potassium bichromate ®in a Kipp's
apparatus. The erystals should be large and the process carried out
with care in Lhe cold, as otherwise the reaction is liable (o be very violent,
In order to prevent small picees of the bichromate from falling into the
lower chamber of the Kipp, a layer of small picces of pumice may be
introduced into the middle chamber prior to the admission of the salt.
The reaction proeeeds according Lo the equation

K ,Cry0p -] 1,80, -311,0,.- K,80, | (ry(80,), | TILO |80,

In alkaline solution potassium ferricyanide and hydrogen peroxide
also yicld a steady stream of oxygen which can be immediately eheeked
by the addition of an acid.®

The reactions involved appear to be represented by the following
cquations :

9K, Fe(CN ) +2KHO= 2K, Fe(CN)g + 11,0 0 (naseent)
() }“I[zng”ﬂ 1120 ‘l'()z-

Experiment shows that it is the amount of alkali present that controls
the reaction— an observation in harmony with the above equation,

With bleaching powder, hydrogen peroxide in acidificd solution
readily viclds oxygen gas,”

Ca(OCCL-HILO0, ~CaCly | 11,0 1 O,

1 See Baumann, Ber,, 1800, 23, 324 Zeitsch. angew. Chem., 1800, p, T2,

* Neumann, Ber., 1887, 2o, 1584,

% Gihring, Chem. Zeit., 1889, 13, 204 ; Seyowotz and Poiza, Compt, rend,, 1907, 144,
86 ; Nl\;[lounlm'. Chem. Zentr., 1909, iv, 785 ; from Zeitach, Ally. Oesterr. Apoth, Ver,, 1908),
43, 30L

 That is o solution of hydrogen paroxide, yielding upon docomposition into water
and oxygen ten times its own voluine of the latter.

5 Blaw, Monatsh , 1892, 1 3, 281; Erdmann and Bedford, Ber,, 1004, 37, 1184,

¢ Kassner, Chem, Zeit,, 1889, 13, 1302, 1338, 1407 ; Arch, Pharm., 1890, 228, 442.
'b'; \:l’g{l)}z’z-rd, ;ﬁnnal@n, 1889, 253, 246 ; Lunge, Zeitach. angew, Chem., Y890, p. 7, Vanina,
101d.. .. 8O,
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Barium peroxide 1s readily decomposed by heat, the reaction being
reversible :

2Ba0,==2Ba0+-0,.

By contmuous removal of the oxygen, therefore, decomposition will
contimue at constant temperature until the whole of the sohid phase has
been converted mto the monoxide,

If; on the other hand, the pressure of oxygen m contact with the
solid phase 1s mercased beyond the dissociation pressure at a given
Lemperature, the barium peroxide is regenerated, the foregoing reaction
now proceeding from right to left.!

In the following table are given the dissociation pressures of barium
peroxide in contact with moisture 2 at various temperatures ranging
from 618° to 868° C.

Temporature ° C. . . 618 655 697 737 794 835 853 868

Oxygen pressure (cm. mercury) 11.3 268 654 141 378 718 937 1166
Water-vapour (em. mercury) — 7-3 13-7 263 47 98 159 195 231

Boussmgault attempted to use the foregoing reactions for the pre-
paration of oxygen on a commercial scale, but found that alter several
reheatigs the barum oxide lost 1ts power of absorbing oxygen. This
dilliculty was eventually overcome by the brothers Brin,® who formed a
company for the preparation of oxygen for industrial purposes.

The barium oxide was obtaned in a hard and porous condition by
ignition of the nitrate. Picees about the size of a walnut were heated
10 600° C. in vertical stecl retorts into which air, purified from carbon
dioxide and [rom most of 1ts moisture, was conducted under a pressure
ol about 10 Ib. per sq. inch. After seven minutes the pressurc was
reduced to b inches (10 em.) of mercury, the temperature remaining
constant, whercon the absorbed oxygen was evolved. Thus process was
repeated four times per hour, and a gas of 95 per cent. purity obtamned.®

As late as 1907 three works were producing 30,000 cubic fect of oxygen
per day by this process, which 1s now, however, obsolete in Great Britain,
having been superseded by the liqud-air process,® which not only
yiclds a cheaper but a purer gas, namely, 97 per cent. oxygen.

In 1913 a process was patented 7 by which the oxygen of the air could
be obtained by alternate oxidation and reduction of oxides of nitrogen.
Vapour of nitric acid is passed over heated sulphuric acid whereby
oxygen is liberated and water and nitrosulphuric acid are produced.
The latter is treated with water yielding sulphuric acid and a mixture
ol wtrie oxide and mtrogen peroxide, the last named heing reconverted
into nitric acid by solution m water i presence of air.  The reactions
may be represented as follows :

1 See Boussingault, Ann. Chim. Phys., 1852, [3), 35, 5, 1880, [5,] 19, 464, Gondolo,
Compt. rond., 1868, 66, 488. The veloaty of formation of barium peroxide has recently

been studiod by Susaki, Mem. Coll. S¢i Kyoto, 1921, 5, 9.

2 Which is necessary for the reaction. See Hillebrand, J. dmer. Chem. Soc., 1912, 34,
246. Compare Le Chatelier, Compt. rend., 1892, 115, 654.

Y Brin, Mém. Soc. Ing. cwv., 1881, p. 450 ; English Patent, 1416 (1880).

4 The veloaity of formation of barium peroxide has been studied by Sasaki, Mem. Coll.
Sei. Kyolo, 1021, 5, 9.

5 Seo English Patents, 1416 (1880) ; 4955 (1889) ; 4292 (1891); 17298 (1891); 14918
(1893).  Also Murray, Proc, Inst. Mech. Bng., 1890, p. 1315 Thorne, J. Soc Chem. Ind.,
1890, 9, 246.

¢ See p 51,

7 Bergfold, Hnglish Patent, 21211 (1913) ; J. Soc. Chem. Ind., 1914, 33, 831.
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(i) 4TINO,— INO,--211,0 -0,
(1) 411,80, | INO, H[(NO)SO, | 211,01 0,,
() 2I(NOJSO, | TL,O 211,50, 1 N,0,,

(v) N,O, | O, PO 21INO,

C. Preparation of Ovygen from maore Compler Compounds.  Many
oxygenated salts and other compounds yield oxygen when subjected to
the i fluenee of heat, cither alone or in contact with other substances.
They may even yield oxygen at ordmary temperatures in contaet with
suitable catalysers.

When metallic chlorates are gently heated, oxygen is evolved, a
chloride being generally left behind. The salt which, for various
reasons, has been studied most carefully in this connecetion is potassium
chlorate. The decomposition of this salt is liable to be explosive if
the heating is carried out suddenly.r This is readily demonstrated by
allowmng very small drops of molten chlorate on the eud of a glass rod
to fall on to the bottom of a test-tube heated to redness,  Sharp
detonations resull.  When heated to 357 (. this salt undergoes no
perceptible decomposition, but the powder cakes together and when
examined under the microscope shows signs of ineipient fusion.*  The
salt beecomes liqud at a shghtly higher temperature and at 370 to
380° C. there 15 a rapid evolution of oxygent  Several reactions now
begin to take place :

(1) The formation ol perchlorate.  This is a case of autoxidation,
onc moleeule of ¢hlorate oxidising three other molecules of ehlorale to
perchlorate and being itself redueed to ehloride.  Thus

K10, 8KC10, ~KC1 § 3KC10,.

This reaction 1s exothermue, evolving 61,300 calories.’

The veloeity of formation of potassium perchlorate has heen measured
at 395° C. and the reaction shown to be tetramolecular and to proceced
m accordance with the above equation.®

(2) In addition to the foregoing reaction, potassium  chlorate
undergoes decomposition into oxygen and potassium chloride,  "This is
a monomolccular veaction 7 and proceeds according to the equation

2KCI0, 2K |80,

(3) I the temperature is raised sufliciently the potassium per-

! Bertholot, Compt. rend., 1899, 129, 926.

2 MLeod, Trans. Chem. Soc., 1889, 55, 184,

% Using an oleotrical method, . D. Carponter (Chem. Mot Eng., 1021, 24, 569) has
dotermined the meltmg-pomt as 357-10 “ (.

¢ Oxygen 18 vory slowly ovolved at temporatures helow the melting point of the
chlorate (Rilliet and Crafts, B.4. Reports, 1882, p. 493).

8 In many toxthooks this reaction is deseribed as taking plice wecording to the
equation

KGO, KOO | KOOy

Tt has long been known, however, that this is incorroot (Marignae, Jakresher,, 1846, 24, 192 ;
Toed, Proc. Chem. Soc., 1886, 1, 106; 1880, 2, 141 s Trans. Chen, Sor,, 1887, 51, 283 ;
Frankland and Dingwall, iid., 1887, 51, 274). The formation of perchlorate is nat per ae
accompanied by the evolution of oxygen,  See Sodeaw, Trons, (hom, Soe., 1902, 81, 1066 ;
Fowler and (rant, ibid., 1890, 57, 279,

¢ Scobu, Zeitsch. physikal. Chom., 1903, 44, 319,

7 Seobad, loe. eit.
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chlorate formed in the first rcaction begins to decompose, in the main
according Lo the cquation

KCI0,=KCl+20,.

This reaction 15 inappreciable even at 111° C,t but readily proceeds to
completion at k3% C.2 A small quantity ol potassium chlorate 1s
sitnultancously regenerated.®

A trace of chlorme 1s usually found in the oxygen obtamed by
heating potassium chlorate in glass apparatus, a larger amount heing
obtained with Jena glass than with either soda or Bohemian com-
hustion glass.  When the chlorate 1s decomposed m platmum vesscls,
however, chlorine 1s either not evolved, or only in infinitesimal quantities
whether at atmospheric or under reduced pressure.®

Sodium chlorate decomposes in o precisely similar manner to the
potassium salt.’

The forcgomg method of preparing oxygen possesses two disadvan-
tages. Not only is the cvolution of the gas inclined to be violent and
diflicult to control, but the temperature at which the reaction takes place
15 Ltoo high to bc satisfactonly carried out in a glass vessel. These
difliculties arc overcome by miximg the chlorate with manganese dioxide
prior to heating, a procedure first deseribed by Docberemer ¢ in 1832.
Under these conditions the evolution of oxygen 1s stcady and com-
menees at about 2.40° C. instead of 370° C

It 15 important to remember that commercial mangancse dioxide
is occasionally contaminated with carbonaccous material such ag coal
dust.  Such a muxturc s very liable 1o cxplode when heated with
potassium chlorate owing to the rapid combustion of the carbon m the
oxvgen.  Manganese dioxide should, therefore, always be tested before-
hand and rejeeted for the preparation ol oxygen if 1t 1s found to contain
any carbonaceous matter.

The manner im which the manganese dioxide assists the decomposition
of the c¢hlorate has been made the subject of considerable controversy.
The oxide may be used over and over agam without any mcasurable
diminution ol its activity.” It has been suggested from time to time
that its action is purcly mechanical ® analogous to that of sand, cte., in
promoting the boling of water. The analogy, however, is misleading,
for reduction of pressure does not materially [acilitate the evolution of
oxygen [rom potassium chlorate, although 1t greatly reduces the boilng-
point of watcr.? Agawm, were the action purcly mechanical, all other
fincly-divided substances, irrespective of their chemical composition,
might be expected to act in a similar manner just as they are known to
do in the case of boling water. This, however, 1s not the case, for

L Soobad, loe. cit.

& That is, at the boilmg-point of sulphur. See Frankland and Dimgwall, Trans. Chem.
Soc., 1887, 51, 279,

3 Pood, loc. it ; Prankland and Dmgwall, loc. cub. _

1+ Nodeaw, Trans. (them. Noc., 1900, 77, 137, Compare Willams, Proc. Chem. Soc., 1889,

, 26,

5 5 Neobud, Zeitsch. physikal. Chem., 1903, 44, 319.

¢ Doeboreiner, A nnalen, 1832, 1, 236,

7 M‘Lood, Trans. Chem. Soc., 1889, 55, 184.

# Voloy, Phil. T'rans. 1888, [A], 179, 270. i

o Sodeau, Trans, Chem. Soc., 1900, 77, 14d; 1901, 79, 939,
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although oxides of iron, cohalt, nickel, cerium.! and copper facilitate
the reaction, the oxides of zine, magnesium, cte., appear incapable of
doing so.

The most probable explanation 1s that alternately ugher and lower
oxtdes of manganese are formed 2 the higher oxide by the oxidising
action of the heated chlorate, and the lower oxide by the decomposition
of the higher, cither alone or in contact with a further supply of ehlorate,
Mention has already been made of the fact that, when potassium
chlorate is heated alone, some perehlorate is formed through self-oxidation
simultancously with the evolution of oxygen.  This reaction does not
oceur in the presenee of manganese dioxide,® since this oxide effeets the
decomposition of the chlorate into chloride and oxygen al a temperature
considerably below that at which autoxidation of the ehlorate procecds
at an appreciable rate

That scveral other minor or side reactions should take plaee, i
addition to the main eyele indieated above, is only to he anticipated.
Thus the fact that the oxygen invariably contains traces of chlorine?®
suggested that a peculiar form of ozone was produced rather than
chlorine; but this is negatived by the results of M Leod.$ Small quan:
tities of potassium permanganate are also undoubtedly formed in the
solid wmass, for when potassium ehlorate is fused with a very small
quanlity of manganese dioxide a pink colour is observable on cooling.
When this pink mass is fused over a flame, oxygen is evolved, hul
the colour persists until nearly all the chlorate s decomposed 5 it then
becomes greenish and ultimately brownish. — If the dioxide is present
i considerable quantity any pink colour is masked by the blackness
of the mixture.

M‘Leod explains these changes as follows = 7

(1) The dioxide acts on the ehlorate forming permanganate, ehlorine,

and oxygen.
2KClOy-F2Mn0,= 2KMnQO,-| €1, | O,.

(2) The permanganate then undergoes decomposition by the heat
yielding potassium manganate, manganese dioxide, and oxygen.

2KMnO, =K ,Mn0O, { MnQ, { O,.
This reaction begins at about 2007 C., and is rapid at 260" C.¥
(3) The manganate is decomposed by chlorine yielding potassium
chloride, manganese dioxide, and oxygen,

K,MnO, | Cl, 2K | Mu0, | 0,

! Namely corium dioxido ; German Patent, 1915, No. 290505,

* Sodeau, T'rans. Chem. Soc., 1902, 81, 1066,

3 Hoeoles, J. Chem. Soc., 1876, 29, 857 ; Teed, T'reans, Chem. Soc., 1887, 51, 284,

t Sodeay, loe. 6it.

b Brunck, Ber., 1893, 26, 17605 Zeitsch, anorg, Chem,, 1805, 10, 222,

S M*Leod, Trans. Chem. Soc., 1894, 65, 2025 1806, 69, 1015,

T MéLeod, bid., 1889, 55, 184,  For further details of the diseussions on the
decompostion of potassium chlorate the reader in referred to the following reforoners
in addition to those already eited @ Borthelot, Compt. rend., 1809, 129, 920 Warren,
Chen, News, 1888, 58, 2475 Hodgkinson and Lowndes, Chen, News, 1888, 88, 300 ; 188y,
59, 635 Boltomley, ibid., 1887, 56, 227 ; Mawmend, ibid., 1886, 53, L4 Jungtlemch,
Bull. Soc. chim., 1871, (2], 15, 65 J. Pharm. Chim., 1871, 14, 1305 Baudvimont, ihid.,
1871, 14, 81, 161; Debray, Ber., 1870, 3, 247; Wiederhold, Ann, Phys, Chem., 1862,
116, 171 ¥ Sue p.
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Oxygen may also be obtained by heating the chlorates of other
metals, notably barium,' calcium,? strontium,® lead,* and silver,® or
by decomposition of metallic bromatces and iodates.

Aqucous solutions of alkali hypochlortes rcadily yield oxygen at
the boilmg-point under the influence of catalysers. This 1s easily
accomphshed by passing a current of chlorme through a concentrated
solution of caustic soda at the boiling-point, to which a small quantity
of a cobalt salt has been added.” The eycle of reactions mvolving the
Iiberation of oxygen may be represented as follows :

2NaOH +(1,=NaCl0 +NaCl+H,0
NaCl0 -+Co0 =NaCl+Co0,
2000,=C00 +0,.

An aqucous solution of bleaching powder, to which a trace of a
cobalt salt has been added to serve as catalyst, readily evolves oxygen
when warmed to about 80° C.  The procedure may be varied by using
a thin cream of bleaching powder 1n water and warming this on a water-
bath to 70° or 80° C. in the presence of a small quantity of a cobalt salt.
The muxture froths cxcessively, but this tendency may be overcome
by addition of a little paraflin oil.

The mechanism of the process consists in the immediate conversion
of the cobalt salt into an oxide which undergocs alternate reduction
and oxidation. What the composition of the higher oxide may be 1s
uncertain ; probably it is either the sesqui-oxide, Co,0j, or the dioxide,
Co0),.¢  Assumng 1t to be the latter, the reactions taking place may be
represented as follows

2Ca(0C1)C1+2C00 =2CaCl, +2C00,

The veloaty of reaction indicates 1t to be monomolcecular.?  Salts of
nickel, copper, or iron may be uscd instcad of thosc of cobalt, but arc
less active.  The theory that the catalyst effects the decomposition by
its own alternate oxidation and reduction is supported by the result
of passing chlorine into a 50 per cent. solution of sodium hydroxide
conlaining dissolved copper hydroxide; the blue solution at first
deposits a yellow copper peroxide, which rapidly decomposcs, cvolving
oxygen and regencrating the original solution.®  The clfect of adding
two catalysts to Dleaching powder is remarkable. If the bleaching
powder is made into a cream with water, oxygen may be liberated at

L Potilitzin, J. Russ. Chem. Soc., 1887, p. 339 ; Ber., 1887, 20, Ref. 769, Schulze,
J. prakt. Chem , 1880, [2], 21, 407, See also Sodean, Trans. Chem. Soc., 1900, 77, 137.

% Qodeau, Trans., Chem. Soc., 1901, 79, 247 ; Potlitzamn, J. Russ. Phys. Chem. Soc.,
1890, 22, 333.

3 Potilitzin, loe. it , 1889, 21, 451,

+ Sodeaw, Trans. Chem. Soc., 1900, 77, 117 ; Wéohter, J. prakt. Chem., 1843, 30, 329 ;
Schulze, loc. e, ; Spring and Prost, Bull. Soc. chim., 1889, [3], 1, 340.

& Nodoewu, ibid., 1001, 79, 249,

¢ I3, H. Cook, sbid., 1894, 65, 802

7 See Bloaching Powder below. .

8 Hoo Carnot, Compt. rend., 1889, 108, 610 Schroder, Chem. Zentr., 1890, i, 931 ;
Hittbner, Zeitsch. anorg. Chem., 1901, 2%, 81 ; M‘Leod, Brit. Assoc. Reports, 1892, p. 669.

9 Bell, Zeusch. anorg. Chem., 1913, 82, 145

10 Neo Kloitmann, Annalen, 1865, 134, 64 ; Bottger, J. prakt. Chem., 1865, 95, 309, 375 ;
Stolba, ibid., 1866, 97, 309 ; Winkler, ibid , 1866, 98, 340 ; Denigds, J. Pharm. Chim.,
1889, 19, 303 ; Bell, Zeitsch. unorg. Chem., 1013, 82, 145.



94 OXYGEN.

the ordinary temperature by addition of a {errous or manganous salt
and in the presence of a copper or nickel compound.  The best result
is obtained with a mixture of ferrous and copper sulphates.?

Practically the same reaction takes place when a stream of ehlorine
gas 15 passed throngh borling milk of lime containing a trace of coball
oxide ay catalyst.  The oxygen is steadily evolved.

2 (O, 201, 20aCly § 20,0 | O,

Oxygen s readily evolved at the ordinary temperature on adding
water to a mixture of bleaching powder and an alkali or alkaline earth
peroxide in the presence of a catalyst such as ferrous or copper sulphate,
Lf the solid mixture is pressed into small lumps or eubes, iCmay be used
in a Kipp's apparatus and thus afford a convenient method of preparing
the gas for leeture or laboratory purposcs.?

Ca(OCTYCL N0,y 4 11,0 Ca(O11),

Coneentrated sulphuric acid, when strougly heated, decotposes into
water and a mixture of sulphur dioxide and oxygen.

211,80, =211,0 -+ 250, | 0,.

To this end the acid is allowed to drop on to a red-hot. surface and the
resultant gases treated with suilable absorbents to remove the sulphur
dioxide and steam.®

Concentrated nitric acid readily decomposes, when heated, into
water, nitrogen dioxide, and oxygen. The two former are readily
converted again into nitric acid by the action of the atmospherie air.!

Alkali mtrates, when heated above their melting-points, yield the
corresponding nitrite and oxygen; bul the gas is contaminaled with
nitrogen resulting from partial decomposition of the nitrite.  In the ease
of potassium nitrate Lhe reaction may he represented by the equation : 8

2KNO; 2KNO,-| O,

Priestley had noliced as carly as 1772 that, when a lighted candle is
lowered into the gas obtained by heating potassium nitrate, the flame
“increased,” indicating more intense combustion,®

The decomposition of alkali nitrates appears Lo be a reversible
reaction.  When heated in oxygen at a pressure of 175 atmospheres at
a temperature gradually rising from 395° to 530 (. during nine hours,
sodium nitrite is almost completely oxidised Lo nitrate,  Fhus :

2[NaNO, |-+ (0,)=2 2| NaNO, | | £5,000 calorics.
Calcium nitritc undergocs oxidation to nitrate in similar eireumstances.?

Potassium permanganate decomposes when gently heated, The
pure, dry salt shows signs of decomposition at 200" (‘8 T'he renetion

L]

FENall | O,

L Jaubort, German Patent, 157171 (1905),
* daubert, Compt. rend., 1902, x34, T18; Buglish Palent, 11466 (1900) ¢ VI8N (1Dorg),
¥ This procoss is used commercially, not for the propuration of oxygen, but for pre

paring & mixture of sulphur dioxide and oxygon in the requisite proportions to yiekl
sulphur trioxide,

¢ Seo Bergfeld, J. Soc, Chem. Ind., 1914, 3 3, 831,

b Lang, Ann, Phys. Chem., 1863, [2], 118, 282,

8 Driestloy, Phil. Trans., 1772, 62, 245.

7 Matignon and Monnet, Compt. rend., 1920, 170, 180,

§ Moles and Crespi, Zeitsch. physikal, Chem., 1022, 100, 337,
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15 appreciable at 215° C. and 1s complete at 240° C. The oxygen pressure
of the residue corresponds with that of pure manganese dioxide up to
£85° C. The heat of dissociation of potasstum permanganate 1s 60,000
calories.!
The reaction proceeds approvimately according to the equation
2KMnO,-=K,Mn0,-+Mn0,40,,

a resudue of potassium manganate and mangancse dioxade bemg
oblaned.?

When a mixture of mangancse dioxide and sodium hydroxide is
heated to dull redness in a current of air, sodium manganate 1s formed :

INaOIl 4-2Mn0,+0,==2Na,Mn0, +211,0.

The absorption of oxygen begins at 240° C., the rate ol absorption
mereasing with the temperature, the optimum temperature bemg 600° C.
The product, on treatment with steamn at 450° C., evolves oxygen,
sodium hydroxide and manganese dioxide being regencrated :

9Na,MnO, +211,0 = INaOIl +2Mn0, +0,.

The foregoing reactions were made the basis of a commercial method
for the preparation of oxygen from the air, but, owing to the short hie
of the solid phase, the process has not proved particularly successtul.®

Tassicr and Chaillaux ® suggest the employment of barytes and
manganous oxide which are heated together to redness with the pro-
duction of manganese dioxide and barium sulphide :

BaSO,~+4Mn0O =1BaS 4-4MnO,.

The temperature is now raised to white heat, wherchy the dioxide
dissociates,  Thus :
4Mn0,=4Mn0 4-20,.

Finally stcam is injected under pressure, reconverting the barium
sulphide into sulphate and liberating hydrogen :

BaS +41I,0=BaS0, +41,.

These reactions are interesting as constituting one of the few com-
niereial processes in which hydrogen is simultancously obtained in
cquivalent quantity to the oxygen.

The alkali bichromates, when gently heated with coneentrated
sulphuric acid, are converted mto chromium salts with liberation of
oxygen.® Thus:

21, Cr,0, | 811,80,=-2K,50,-+-2Cry (80, );+811,04-30,,.
The change in colour undergone by the mixture durmg the reaction

L Moles and Crespi, loc. ek,

¥ Soo Askonasy and Solberg, Festschruft W. Nernst,, 1912, p. 53 ; Tessié du Motay and
Maréchal, Dingl. Poly. J., 1870, 196, 230 ; Rousscau, Compt. rend., 1886, 103, 261 ;
M‘Lood, T'runs. Chem. Soc., 1889, 55, 184,

3 Seo thas series, Vol. VIII., Chap. 6 )

4 Togsié lu Motay and Maréchal, English Patent, 85 (1866) ; Parkinson, bid., 14925
(1890) ; Bowman, ¢bid., 7851 (1890); Fanta, ibid., 3034 (1891); Chapman, «bid., 11504

1802).

{ b ?l‘eiasiur and Chaillaux, French Patent, 447688 (1912).

¢ Balmadn, J. Pharm., 1842, 2, 499,
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is very marked. the deep red of the bichromate giving plaee to the deep
green of chromie sulphate.

Upon exposure to moist ar cuprous chloride absorbs oxygen, heing
converted mto the basie oxide CuyOCL.  This, on healing to 400" C.,
yields free oxygen and a residue of euprous chloride, from which the
basie salt can be obtamed again as indieated above.,  The initial supply
ol basic cuprous chloride may be convemently obtained by heating
moist muxture of cupric chloride, sand, and elay in a current of steam
at 100° to 200° C.!

Other processes that have been suggested involve the use of nitro-
sulphonic acid ? and hamoglobin.®

Plumboaan, a mixture of the manganate and meta-plumbate of
sodium, namely, Na,MnO, . Na,Pb0O,, rcadily cvolves oxygen when
heated m a current of steam at 430° to 450° ¢ The plumboxan is
regencrated at the same temperature by replacing the steam with air,
the 1ssuing gas, during the initial stages of regeneration, consisting of a
fairly pure nitrogen.t

The oxygen obtained by this process is very pure if the precaution
is taken to remove the last traces of nitrogen from the pores of the
plumboxan afler regencration by connecting Lo a vacuous vessel before
mtroduemg the steam.  The chemical reactions taking place are very
complex, and but mperfectly understood.

Orthoplumbates of the alkaline carth metals yield oxygen when
strongly heated.  The caleum salt, Ca,PhOy, is readily obtained by
heating caleium carbonate and lead oxide in the presence of air® at
about 600° C.  When heated more strongly, the sall dissociates,
yieldimg [ree oxygen, the dissociation pressures being as follow
Temperature, “ C. . 880 940 1020 1060 1100 110
Pressure i mn. .47 112 350 557 940 1010

Although o Ingher temperature is required for the preparation of
oxygen by this method than is the case with bariutn peroxide (see p. 19),
the caleium plumbate is more rapidly regenerated in the presence of air
when the temperature is lowered 5 furthermore, it is nol neeessary to
remove the carbon dioxide from the air as in Brin's process,

The reactions entailed may be represented by the equation

4CaCOy2PbO -0y (from air)==2Ca,PhO 4 | CO,
2Ca,PbO,===14Ca0 +-2Pb0O -{ -0,

The oxygen may be derived from caleium plunbate, however, in
other ways than by heat alone.  One method consists in heating to

1

about 700° C. in carbon dioxide :
4CO, -2Ca,PbO, == 4CaCOy- +2hO | O,

The residue 1s then healed suceessively in steam and air wherehy the
plumbate is reformed.?

L Mallot, Compt. rend., 1867, 64, 226; 1808, 66, 349 ; Knglish Patent, 2034 (1864) ;
3171 (1866). * Borgfold, English Patent, 21211 (1913) 5 soo also p. 19,

? Sinding-Larsen aud Storm, thid., 8211 (1910) ; 12728 (1910).

U Kassner, Areh. Pharm., 1913, 251, 596.

& Kassnor, 30id., 1890, 228, 109 ; 1894, 232, 375,

S Lo Chateher, Compt. rend., 1893, 117, 109,

7 Kassner, Chem, Zeit,, 1898, 22, 225; 1900, 24, 615, Nee abo Salwwon, Euglis
Patent, 6553 (1890). ‘
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Another method consists w1 exposing the calelum plumbate to moist
furnace gases at a temperature of about 80° to 100° C. The carbon
dioxide 15 readily absorbed, the solid phase being converted mto a
nuxture of caleium carbonate and lead dioxade.  On raising the tempera-
ture, oxygen is evolved, the process being facilitated by the mtroduction
of steam. The caletum plumbate 1s then regenerated by heating i arr.

Biological Processes. —Undcr the mfluence of hght the green parts
of plants steadily assumulate carbon dioxide * and water, converting
them into stareh and evolving oxygen as a by-product. The volume
of oxygen set free is approximately cqual to that of the carbon dioxide
absorbed, so that the mitial and final stages of the very complex series
of reactions involved may be represented by the equation

6(’()2 '{*5[120 :(“'GI 11005 ““G()gu
(starch)

The energy necessary for this reaction, whuch 1s endothermue, is obtamed
from the light, the most active rays being, curiously cnough, those
of the red, orange, and yellow portions of the spectrum,? and not the
chenmueally reactive rays of the blue and wiolet end.

The evolution of oxygen from plants is readily demonstrated by
placing resh green leaves, such as those of mint or parsley, in a jar of
water more or less saturated with earbon dioxade and exposed to sun-
light.  If the mouth of the jar s closed with an mverted funnel fitted
with a Lap, suflicient oxygen will colleet m an hour or two to admit
of being tested with a glowig splinter. The experiment may be carried
out in a glass cell in a projecting lantern, an mmage of the whole being
thrown on to the sereen by means of clectrie ight® - Bubbles of gas wll
be seen Lo colleet rapidly on the leaves under the mfluence of the hght.

This reaction is of particular interest masmuch as 1t constitutes
nature’s method of replemshing the free oxygen content of the atmo-
sphere. The efficiency of the proeess 1s evident when, to quote an
example of medmm assimilatory activity, it is remembered that one
square metre of sunflower leal can efleet the decomposition of some
10 grams of carbon dioxide, and the simultancous evolution of 30 grams
ol oxygen in one summner day of 15 hours’ duration.

.

LIQUID OXYGEN.

Oxygen was nol obtamed in the hiquid state by Faraday m his
classical investigations on the liquefaction of gases, because the refrger-
ating agents used by him did not suflice for the atlainment of the
critical temperature of the gas, above which it is mnpossible to cffect
liquefaction, no matter how great the pressure. .

The gas was [irst reduced to the liquid state by Cailletet * in 1877,
and almost simultancously by Pictet. The former investigator, who
clfected the cooling merely by the sudden expansion of the gas from a
pressure of 300 atmospheres, obtained only a mist of small globules of

1 Soo Baly, Heilbron and Barkor, T'rans, Chein. Soc., 1921, 119, 1025,

2 See Ploflor, Plawmen Physiol., 2nd ed., vol. i, sec. 60; Kohl, Ber. deut. Bot Ges.,
1807, Heft. 2. )

4" The rays should bo first passed through a water cell to intercopt the hoeat heforo
entering the cell contaming the leaves. . .

v Cailletet, Compt. rend., 1877, 85, 1213, 1214. & Protot, ibid., p. 1276,
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liquid oxygen. Pictet, however, cooled the gas, alrcady compressed
to 820 atmospheres, to —140° C. in a bath of rapidly cvaporating liquid
carbon dioxide and was able to colleet a small quantity of the liquid.
Liquid oxygen was first produced m sullicient bulk for satisfactory
examination by Wroblewsk: and Olszewski ! who made use of hquid
cthylene, bouing rapidly under reduced pressurc, as a refrigerant.
The rapid evaporation of hquid cthylene in vacuo leads to a temperature
of —152° C, and Dewar ? utihised this in preparing hquid ar and oxygen
m large quantities.

Production of Liquid Air.*—The methods for the production of
liquid air are divisible into two classes according to whether the coolng
of the gases 18 duc to the eaternal or internal work performed by them.

The former mecthod 1s based on the princaple that the sudden,
adiabatic expansion of gases against an external pressurc causcs external
work to be done by them, accompanied by a proportional diminution
m their own internal energy manifested by a reduction in temperature.®
Although this method was mtroduced by Cailletet m 1877 % and was
successfully applied by him to the hquefaction of oxygen, mitrogen, and
air, it was not until 1905 that 1t was successfully applied on a commercial
scale, namely, in the Claude Process.®

The difficulty of lubrication appears to have been mamly responsible
for the failure of previous attempts, and this was [irst overcome by the
cmployment of petroleum cther which does not solidify, but mercly
becomes viscous at such low temperatures as —140°to —160° C.  Later,
however, 1t was found that leather rctamns its ordmary propertics al
these low temperaturces, and mn 1912 leather stampings were litled Lo
the working parts of the machmery to the entire exclusion of lubricants.
Claude’s apparatus is shown diagrammatically m fig. 1.

Air, compressed to 40 atmospheres, passcs along the mmer tube Ty
of the usual concentne system to the branched tube B, where it is placed
in connection with a ‘““liqueficr ” whilst much of the gas passes on
through the expansion machine. Cooled by its loss of cnergy during
expansion, 1t procceds to the tubes mside the hiquefier, and [inally
passes along the outer of the concentric tubes, thus cooling the oncoming
air which reaches the expansion machine at ~100° C. So cold docs
the expanded gas become that the compressed awr in the liquelier
finally condenses and is tapped off periodically, whilst the gas, after
cxerting this cooling effect, flows from the tubes of the liquefier into the
outer tube T, and reduces to approximately —100° C. the temperature
of the air reaching T;.

The liqud air 1s usually collected and stored m Dewar vacuum
flasks. These are double-walled glass vessels, the space between the
walls bemng completely evacuated, so that the hqud in the flask is
vacuum-jacketed. The hcat conveyed by radiation across the vacuous

1 Wroblewsk: and Olszewsks, Comgpt. rend , 1883, 96, 1140, 1225 ; Wied. Annalen, 1883,
20, 243 ; Wroblewsky, Compt rend., 1884, 98, 304, 982, 1885, 100, 979 ; 1886, 102, 1010;
Olszewsk, 1bud., 1885, 100, 350 ; Monatsh., 1887, 8, 73.

® Dewar, Pl Mag, 1884, 18, 210; Proc. Roy. Inst.,, 1886, p. 550,

3 fee discussion on the Ueneration and Utihsation of Cold, Trans. Faraday Soc.,
1922, 18, part n 4 See this seriey, Vol. L, 3rd ed., p. 40.

51§:e Calletet, Compt. rend., 1877, 85, 851, 1016, 1213, 1270 ; Ann. Chim. Phys., 1878,
15, 132.

o gslgude, Compt. rend., 1902, 134, 1568 ; 1903, 136, 1359 ; 1905, 141, 762, 823 ; 1906,
143, 0%9.
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spacc 18 only about one-sixth of that which would reach the liquid by
conduction and conveetion 1f the space were filled with air ; and this
can be reduced to one-thirtieth by silvering the interior of the jacket.
This latter procedure, however, 1s impracticable 1f for any purpose 1t 1s
necessary to observe the contents of the flask.

The second method of producing liquud air is hased on the internal
work performed by a gas upon expansion during passage fiom a high to a
low pressure, the work bemng mainly that necessary to overcome the
attraction between the gascous molecules. This work 1s carried out at
the expensc of the sensible heat of the gas, and the cffect 1s the greater
the lower the temperature. It would not exist m the case of a perfect

A gy T~
¢
% aty, ~~T2
S~ 7.1
B Expansion
N
Machine
/ —
Liquefier, l

Fre. 1.—Claude’s apparatus for the production of liquid air.

gas upon free expansion, namely, into a vacuum, and must be carefully
distinguished from the cooling already considered as the result of
adiabatic expansion agamnst the external atmospheric pressure, and as
utilised m the Claude Process. This thermal effect was first studied by
Joulc and Thomson,! and 1s exhibited by oxygen and nitrogen and there-
fore by air, 1n the case of the last named, up to a temperature of 259° C.
under normal pressure.2 The coolng, which is a small effect, amounting
mn the case of air at the ordinary temperature to only about 0-255° C.
for a fall in pressure of one atmosphere,® may be calculated from the
expression
278\%
(ir‘tz)=0'276(191'_?2)<_rf‘> ’

1 Joule and Thomson, Phil. Trans., 1853, 143, 357 ; 1854, 144, 321; 1862, 152, 579

2 QOlszewsky, Bull Acad Sci. Cracow, 1906, p. 792.

3 Tor discussions of thus value, see Keyes, J. Amer. Chem. Soc., 1921, 43,1452 ; Hoxton,
Phys. Review, 1919, 13, 438 ; Bradley and Hale, wbad., 1904, 19, 391; 1909, 29, 258.
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where py 1s the mutial high pressure, p, the final low pressure, and T the
mitial absolute temperature, the cooling bemg expressed o degrees
centigrade. By employmg high pressures the cooling clfect is pro-
portionately enhanced. Thus, if a pressure difference of 100 atmospheres
1s employed, workmg at 0° C., the fall m temperature 15 27 6 centigrade
degrees.
By allowing air to cxpand suddenly at orcinary temperatures a
certam cooling is thus produced, and by applymg this cooled gas to the
reduction of the tempera-
) ture of yet unexpanded gas,
the latter after expansion
will attain a still lower tem-
peraturc. In this way 1t 18
possible to make the cool-
ng effect cumulative so that
at last the tempcrature ol
the air is reduced to the li-
quefying point. The Lande,
Dewar, and Hampson hque-
flers arc based on this prin-
ciple.t
A diagrammatic repre-
sentation of the Linde
machme is given m fig. 2.
Air compressed to 200 atmo-
spheres passes through the
steel bottle B where 1t de-
posits its moisture, and
thenee proceeds to the
comPrEssoR  worm surrounded by a re-
frigerating mediim.  Here
the temperature 1s reduced
to —50° C. and the last
traces of water-vapour arc
removed. The gas passes
thence down the mnermost
of the concentric copper
tubes T, by way of which it
Frg. 2.—The Linde ligmd-air machine. reaches the needle-valve V. ,
where 1t cxpands to a pres-
sure of 40 atmospheres. This limited cxpansion yiclds the major
portion of the Joule-Thomson cffect and at the same time reduces the
subsequent necessary work of compression.  The cooled expanded gas
rcturns through the second concentric tube to the compressor, cooling
the oncoming air as 1t passes. As this process is continucd, the air
reaching V steadily falls in temperature until at last it begins to condense
to the liquid state, when the hquid 1s allowed periodically to pass through
the valve Y where, on account of the further decrcase ol pressure to
one atmosphere, the hiquid evaporates vigorously until its temperature
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! See Linde, Ber., 1899, 32, 925; Wied Annalen, 1895, 57, 328; Olszewski, Bull.
Aead. Ser. Cracow, 1902, p. 619 ; Hampson, J. Soc. Chem. Ind., 1898, 17, 411 ; English
Patent, 1895, No. 10165 ; also this series, Vol. 1., p. 41.
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falls to its normal boiling-point for this pressure ; the cold gas from the
evaporation passes away through the outermost concentric tube and so
assists 1 cooling the compressed air, whilst the hiquid air collects in
the recaver R and can be drawn off as required by the tap C. The
apparatus 1s enclosed in a packing of non-conducting material such as
wool and 1s supported cxternally by a wooden or metallic case. In the
carlier forms of this type of hiquefier the process was somewhat simpler
becausc the pressure was allowed to fall directly to the ordinary external
atmospheric pressurc by one expansion only. Machines of the more
modern type have been constructed to yield over 50 htres of liquid awr
per hour.!

Production of Liquid Oxygen.—On account of the great import-
ance of oxygen and the increasing importance of nitrogen for industrial
and other purposes, the hqmd mixture of thesc elements provides a
promising field for a successful process for the production of the gases
on a large scale.

As 1s indicated by the curves m fig. 85 the vapour of boiling liquid
air is richer 1in mtrogen than the hqud, hence careful fractional distilla-
tion or cvaporation should finally yield the oxygen in a pure condition
because the boiing-pomt rises steadily as the percentage of oxygen
mereases.  Bearing m mund the proximity to the absolute zero, 1t will
be easily recognised that the relative differcnce between the boiling-
points of the two constituents, namely oxygen —182-9° C. and nitrogen
—195 67° C., 18 very considerable and that the main difficulties are
likely to be of a mechanical type.

Several forms of apparatus have been proposed. One of the earlier
forms 2 suggested by Linde consisted of a modification of the apparatus
represented m fig. 2; this was supplied with only one valve which
allowed immediate cxpansion to atmospheric pressure, the hquid air
produced by the cooling bemng collected i a suitable recaiver. The
compressed gas, before reaching the valve, was made to circulate
through a copper coil actually inside the receiver so as to be covered by
the liquud air already formed. The relative warmth of this gas caused
an evaporation of the more volatile nitrogen, the iquid lost by evapora-
tion beng replaced by fresh liquid air produced by the expansion of
the cooled gas. Proceeding in this way, the receiver soon contains
[airly pure hiquid oxygen which can be drawn off as necessary and
transported, in the form of compressed gas, in steel cylinders. As the
gaseous nitrogen which passes away from the apparatus 1s formed by
the evaporation of a hquid contaiming at least 21 per cent. of oxygen,
the nitrogen is not pure but must contain at least 7 per cent. of oxygen.
A recent form of the Linde oxygen plant is shown in figs. 8 and 4.3

Prior to admussion to the plant, the air 1s compressed to 185 atmo-
spheres (2000 1b. per square mch), and cooled to —20° C.1n an ordinary
refrigerating apparatus. This serves to freeze out atmospheric moisture.
Carbon dioxide 1s removed by passage through a slaked lime purifier.

1 The Hampson machine 18 described in this series, Vol. I, p. 41.

2 See British Patents, 14111 (1902), 11221 (1903); 12528 (1895) The production of
pure oxygen and impure nitrogen requres a slightly different plant from that for yielding
pure mitrogen and impure oxygen. Hence slightly different forms of apparatus are used
according to the object in view Gnffiths (T'rans Faraday Soc , 1922, 18, 224) discusses
the production of hiquid oxygen for use on air-craft

3 See Engineering, 1915, 99, 155.
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Thus treated, the air 1s admitted to the Linde plant at the mouth of the
regenerator spiral AA’ through three small pipes a, one of wlich is
surrounded by a wider concentric pipe b, as indicated in fig. 4.
These small pipes continue, mside AA’, to encircle the rectifying column
D and merge into the smaller spiral surrounded by liquid oxygen m B.
The air on its passage becomes mcreasmgly cooler, and cscapes by
way of the throttle-valve C to the top of the rectifying column D, a
fall m temperature occurring at C owing to the Joule-Thomson cffect.
Ultimately a iquud rich in oxygen collects m B, whilst gas, rich in mitrogen
and contaming only about 7 per cent. of oxygen, cscapes at Iu_ and
leaves the apparatus through the regenerator spiral AA’, cooling in 1ts

T TEHO
H%Z"ﬁﬁl 10
D

T1as. 3 and 4—The Linde oxygen plant.

passage, by conduction, the incoming air in a. The oxygen at I leaves
through the tube b passing up inside A’A

When the apparatus has been at work a sufficient time to become
steady, the hquid 1 B 1s continuously cvaporated by the warmer air
passing through the spiral, and the vapours escaping from B arc rich in
nitrogen, whilst the liquid remaimng is rich m oxygen. The rectifying
tower, with 1ts baffle plates, reduces the amount of oxygen in the vapours
escaping at K to about 7 per cent., for the ascending gascs are cou-
stantly meceting liquids whose temperatures further up the rectifying
column arc mncreasingly lower. The oxygen thus condenses and joins
the descending liquid stream. On the other hand, the nitrogen in that
stream meets increasimgly warmer gases as it falls, and having a lower
boiling-pont than the oxygen, it cvaporates away and cscapes at K.
Liquid oxygen of 98 to 99 per cent. purity thus collects in B and is finally
drawn off at H through b.

The efficiency of the apparatus depends upon the temperature
gradient between D and F, and this is controlled by the throttle-valve C.
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In practice it is found that a pressure of 50 to 60 atmosphcres is sufficient,
when the plant 1s 1 steady running, the
temperature of the entering hquid ar at G /= 1 PURE
D being —192° C., and at F—181-5° C. NITROGEN

In Claude’s ! process compressed arr,
cooled by passage through a cal sur-

)
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rounded by the cold gases issuing {rom ﬂ-“—-—-“—
other parts of the apparatus, enters the Wil
lower portion of the apparatus (fig. 5) at —— :”

A where it reaches the mner part of the “J ==
tubular vessel B of annular cross-section ; kel

this vessel 1s surrounded by hquid oxygen. - :"1
During its ascent through B, the air be- W ]

comes partially condensed to a hqud
which, as is shown by fig. 85, will contain
up to 47 per cent. of oxygen. If the pres- @©
sure of the incoming gas is correctly ad- ||
justed, the residual gas will consist of
almost pure nitrogen, which will pass over
mto the cxternal tubular space C, where
it becomes entirely hquefied. The liquids I
condensed in D and E are therefore > OXIAEN
greatly enriched mm oxygen and mitrogen
respectively before admission to the
“still ” proper. The liqmd collecting 1
D 1s caused by 1ts pressure to rise through
a regulating-valve into the fractionating -G
column at F, and, overflowmng down- _H
wards, meets the ascending gases from
the liquid oxygen m H. On account of
the contact between these two currents,
the descending liquid grows steadily richer
in oxygen until it reaches the vessel H,
which 1s m connection with the tubes in
B, as liqud oxygen. The gases risingup E
the column beyond F become submitted D
to further “scrubbing” by the liquid  Fyq. 5.—The Claude separator.
nitrogen reaching G from E, the effect of
this being to condense any oxygen still remaining in the gas so that it
returns to scrub the ascending gases n the lower portion of the column,
whilst the gas issuing at the top 1s reduced to pure mitrogen. Gaseous
oxygen can be drawn from I above the condensed hquid. Thus almost
pure oxygen and nitrogen are simultaneously produced.?

Commercial liqud oxygen may contain argon. Morey ® found the
composition of liquid oxygen to be as follows :
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Oxygen . . . . 969 per cent.
Argon . . . . 28,
Nitrogen . . . . 08

1 Claude, Compt. rend., 1905, 141, 823 ; also G. Claude, Liquid Auwr, Ozygen, Nitrogen,
translated by H. E. P. Cottrell (Messrs J. & A. Churchill).

2 For descriptions of Pictet's process reference may be made to Enghsh Patent, 27463
(1910) ; 9357 (1913) ; see also Maxted, J Soc Chem. Ind., 1917, 36, 778.

8 Morey, J. Amer. Chem. Soc ,1912, 34,491. Compare Claude, Compt. rend.,lglg,l 51,752.
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CHAPTER IIL
THE PHYSICAL PROPERTIES OF OXYGEN.

Gaseous oxygen is without colour, odour, or taste. The weight of
1 Iitre of the gas under standard conditions has been repeatedly deter-
mined, the more immportant results bemng given mn the following table.
The same result 1s reached wrespective of whether the gas 1s obtained
chemically or from the atmosphere. As the result of a critical con-
sideration of modern data Moles ! concludes that the most probable
value is 1:428914-0-00003 grams.

WEIGHT OF 1 LITRE OF OXYGEN IN GRAMS
AT 0°CG. AND 760 mm. PRESSURE.

(Z‘ :11%1};;’_ Remarks. Authority.
1-42895 | Latitude 45° Moles and Crespr, Anal. Fis. Quim,

1922, 20, 190. Compare, Moles
and Gonzalez, 1bid., 1922, 20, 72.
1-42889 | Mean of 45 dctermina- | Moles and Gonzalez, Compt. rend.,
tions 1921, 173, 3855.

1-42906 | Mean of 15 determina- | Germann, Compt. rend., 1913,
tions at sea level and 157,926. J.Chim. phys., 1914,

4.5° latitude 12, 66.
1-42898 .. Jaquerod and Perrot, Compt
rend., 1905, 140, 1542.
1-4292 .. Jaquerod and Pintza, ibed., 1904,
139, 129.

Ledue, bid., 1896, 123, 805.
45° Thomsen, Zeilsch. anorg. Chem.,

1-42054 | Paris? .| 1896121
1:42900 | Mean of scveral series | Morley, Zeitsch. physikal. Chem.,

1:4293 | Paris? . . .
1-42906 | Sea level, Jatitude,}

1896, 20, 68.
1-42952 | Paris? . . . | Raylegh, Proc. Roy. Soc., 1893,
) 53, 184.
142892 Sez5olevel, latitude, Jolly, Wied. Annalen, 1879, 6,
1-42989 | Paris S
1-42971 | Paris? . . .| Jolly, corrceted by Rayleigh, l.c.
1-42980 | Paris? . . .| Regnault, 1847.

1 Moles, J. Cham. physique, 1921, 19, 100.
2 For Pans, the value of gravity ¢=980-939. Latitude, 48° 50’ N.
34
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It may be mentioned that 1000 cubie feet of oxygen at 15° C. weigh
84-56 1b. (avoir.), whilst 1 Ib. of the gas occupies 11-88 cubic feet.

Assuming the mean weight of a litre of air at Paris to be 1-2980
grams (see p. 191) and of oxygen 1-42891 grams, the relative density
of the latter 15 1-1051. Since the air is a mixture, and its composition
subject to shight vamation, its density 1s not perfectly constant, so that
the above figure for the relative density of oxygen is merely a close
approximation,

With refercnce to hydrogen as unity, the density of oxygen is
15-87.1

With reference to water at 4° C., the density of oxygen at N.T.P. is
0-00142952.>

Despite 1ts greater density, oxygen transfuses through a caoutchoue
membrane some 2} times as rapidly as nitrogen 3 and a rough separation
of the gases from ordinary air can be effected in this manner (see p. 13).

Oxygen, when subjected to mcrease of pressure, does not strictly
obey Boyle’s Law. At first the gas 1s shightly more compressible than
the law demands, owing to the attraction between the gaseous molecules.
Above 800 atmospheres, however, the product PV increases steadily
as the mfluence of the dimensions of the molecules themselves begins
to make itsell fclt. The gas thus becomes increasingly less compressible
than the law requires. This 1s well shown by the numerical data given
in the table on p. 194.

Considerable care must be exeraised in compressing oxygen, for
unless proper precautions are taken there is considerable danger of
explosion. Thus the gauges must be particularly clean and free from
ol and other organic matter, the only permissible lubricant being
water.t Cylinders containing compressed oxygen are painted black ;
those with hydrogen, red ; whilst nitrogen and air are stored in grey
cylinders. This device tends to avoid confusion

and explosions due to mixing the gases. 7
The diameter of a molecule of oxygen is given Nl
as 0-265 .5 V- - 252 ¢ c.

Solubility.—Oxygen is slightly soluble in
water and in aqueous solutions. Several methods
have been devised for estimating the dissolved
oxygen, and of these that due to Winkler is
regarded as one of the most convenient and
trustworthy.® Asused by M‘Arthur? the method
consists in pourng the solution containing dis-  Fia. 6§ —Apparatus as
solved oxygen into a flask graduated to 250 c.c. used by M‘Arthur (1916).
and 252 c.c. respectively, as shown m fig. 6,
until the former level is reached. One c.c. each of alkalme potassium
iodide ¢ and manganous chloride ® solution are added, and the stopper

--250CC

1 See this seres, Vol. II., also this Vol, p. 35.
2 Rayleigh, loc. cut.
3 Graham, J. Chem. Soc., 1865, 18, 9.
4 Rasch, Zetsch komp. fluss. Gase, 1904, p. 141 ; Wohler, Zeitsch. angew. Chem., 1917,
o, 174.
3 § Keesom, Proc. K. Akad. Wetensch. Amsterdam, 1921, 23, 939.
6 See Coste, J. Soc. Chem. Ind., 1917, 36, 846.
" M‘Arthur, J. Physical Chem., 1916, 20, 495.
8 Thirty-three grams NaOH, 10 grams KI. Dilute to 100 c.c.
9 Forty grams MnCl,. 4H,0 in 100 c.c. solution.
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inserted to the 252 c.c. level. On shaking, the manganous hydroxide
liberated by the sodium hydroxide is oxidised by the dissolved oxygen.
The stopper is removed and the whole acidified with 3 c.c. of concentrated
hydrochlore acid and well shaken. Titration of the liberated 10dine,
preferably in another flask or dish, with thiosulphate * gives the amount

of oxygen.
Letts and Blake 2 use a large separating funncl (fig. 7), graduated to
hold exactly 350 c.c. of liquid. It 1s filled with water, 7 c.c. removed
and replaced by 5 c.c. of ferrous sulphate® solution

' and 2 c.c. of concentrated ammonia. The stopper
is inserted, the whole well shaken and allowed to
| ] stand fifteen minutes. Upon inverting and filling the

open tube with diluted sulphuric acid,* the tap may
be opened. The acid enters owmg to contraction
caused by chemical action within the bulb, and, when
all the ferrous hydroxide has dissolved, the solution
is titrated with permanganate.

Volumetric methods arc frequently adopted, the
volume of gas absorbed by a given volume of gas-free
liquid,® or, conversely, the volume expelled from the
saturated solution being directly measured.

'IEII There are several ways in which the solubility

of a gas may bec cxpressed. By B’ 1s meant the

volume of gas reduced to 0° C. and 760 mm. which

is absorbed by onc volume of the liquid under a

Fre. T.—Apparatus total pressure of 760 mm., which includes the vapour

as used by Letts Pressurc of the solvent.

and Blake (1899). B is the volume of gas at N.T.P. absorbed by unit

volume of the liquid under a partial pressure of the

gas itself of 760 mm. 1rrespective of the vapour pressure of the liquid.

It is known as Bunsen’s absorption coefficient. Ience if f is the vapour
pressure of the solvent at any temperature

P =P

Ostwald’s solubility product, [, represents the ratio of the volume of
absorbed gas to that of the liquid at the temperature and partial
pressurc of mecasurement. It is not reduced to 0° C. and 760 mm.
Hence, 1f the measurements arc made at atmospherie pressure

1=B(1+0-00367¢).

In the following table arc given the results obtamned by duffcrent
modern investigators for the absorption coefficient, B, of oxygen in
distilled water.

1 Preferably N/100.

® Letts and Blake, Proc. Roy. Dublin Soc., 1899-1902, 9, 454.

3 Twelve grams FeSO, per 250 c.c. of solution.

¢ Equal parts acid and water.

5 A convement strength is N/10.

8 Wimkler, Ber., 1891, 24, 89; REstreicher, Zeitsch. physikal. Chem , 1899, 31, 176 ;
Fox, Trans. Faraday Soc., 1909, 5, 68.
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SOLUBILITY OF OXYGEN IN WATER.

Tempersture, | ypyapor s 1801, | BT 20 Book|  popaong, | Adeney and
0 0-04890 0-04961 0:04924 0-04660
10 003802 0:03903 0:03837 0:0362C
20 0:03102 0-03171 0:03144 0:02965
30 0-02608 0-02676 0-02665 0-02479
40 0-02306 0:02326 002330
50 0-02090 0-02070 0-02095

Several complicated empirical formule have been given by means of
which the solubility of oxygen may be calculated for any desired
temperature. Winkler ¢ gives, for temperatures between 0° and 80° C.,
the formula

B=0-04890 —0-0018418¢-0-0000283£2—0-0000002953413.

Fox 7 gives an analogous expression for a temperature interval of
0° to 50° C. :

B=0-049239 —0-00134404-0-000028752¢2—0-0000003024:>.

The solution of oxygen in water 1s accompanied by an expansion of
the latter, 1 c.c. becoming 1-00115 c.c. on the absorption of 1 c.c. of
oxygen.?

The Rate of Solution of Oxygen and Air tn W ater.

Comparatively little work has been carried out on the velocity with
which partially or completely de-aerated water reabsorbs oxygen and
nitrogen from the atmosphere. Two cases merit consideration, namely :

(1) When the water is subjected to agitation so that fresh surface
layers are contiually formed, the rate of gaseous absorption is then
at its maximum.

(2) When the water is quiescent. In this latter case the process is
not purely one of absorption followed by diffusion ® mto the body of
the liquid from the surface layers, as has generally been supposed. It
is considerably more rapid than this. Experiment shows that the gases
do not remain concentrated in the surface layers, but tend to ““ stream 10
downwards under the influence of gravity, and thus to promote com-

1 For a general review, see Coste, J. Soc. Chem. Ind., 1918, 37, 170 T.; 1917, 36, 846 ;
also Carlson, Zeutsch. angew. Chem., 1913, 26, 713

2 Winkler, Ber., 1891, 24, 3602 ; 1889, 22, 1764.

3 Bohr and Bock, Wied. Annalen, 1891, 44, 318.

4 Fox, Trans. Faraday Soc , 1909, 5, 68.

5 Adeney and Becker (Sci. Proc. Roy. Dublun Soc, 1918, 15, 385, 1919, 15, 609) also
discuss the rate of solution of oxygen m water, giving mathematical formulse for deter-
minmg the same at different temperatures (see below).

6 Wainkler, Ber., 1889, 22, 1764. 7 Fox, Trans Faraday Soc, 1909, 5, 68.

8 Angstrom, Wued. Annalen, 1882, 15, 297. ® Adeney, Plal Mag., 1905, 9, 360.

1 Hiffner, Wied. Annalen, 1897, 60, 134. Compare Carlson, Medd. K. Vetensk.
Nobel-inst., 1911, 2, No. 6, 1.
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paratively rapid mixing. This 1s a point of very great biological and
economic importance.

Much of the modern research on the subject is due to Adeney and
Becker,®! whose mutial researches were concerned with the rate of
absorption of air by water under gentle agitation. They begin with the
assumption that,? during the process of solution, the rate of passage, R,
of gas nto the liquid 1s proportional to the partial pressure of the gas, p,
and the area, A, of the liqud exposed. Hence

R=uAp
where u 1s the velocity of solution per unit area. Simultaneously with
absorption, however, evaporation of the gas into the air takes place,
with a rapidity proportional to the arca A, and to the concentration, w,
of the gas in the upper layers. If the cocfficient of cscape of the gas
per unit area and volume of the hiquid is denoted by f, the rate of escape,
RY, of the gas from the hiquid is given by the expression

Rl=fwA,

w being expressed as grams of gas per c.c. of the upper layer.
The net rate of solution of the gas, therefore, is

R—-R'=uAp—fwA,
and the two latter terms become equal upon saturation, when
Jw=up.
Denoting the volume of the liquid by V, it follows that the rate of
solution

where a=uAp[V and b=fA/V, time being expressed as 6.

The above equation may, for the sake of convenience, be expressed
somewhat differently. Writing

dw a
B=—v5):
1t follows that
dw
a—ap~ %

whence
log, (w—a/b)=—b0+log, C;
or, delogarising,
w—a/b=Ce~?,

C being a constant. When w=0, §=0. Hence

a
C=—‘ _b_

and

w=%(l—e“b9) .

1 _Adenf;y and Becher, Sei. Proc. Roy. Dubln Soc, 1918, 15, No. 81; 1919, 1 5, No. 44.
Reprinted in Phal. Mag., 1919, 38, 317 ; 1920, 39, 385; 1923, 45, 581.  Adeney, Leonard,
and Richardson, Phil. Mag , 1923, 45, 835.

% Bee Bohr, Wied. Annalen, 1899, 68, 500; 1897, 62, 644.
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For practical purposes 1t is most convenient to express the results in
terms of the percentage of saturation. So that if w is the amount of
gas 1n solution initially, expressed as a percentage of total saturation,
the amount w dissolved after a given time 6 is

w=(100 —10; )(1 —e~%)= (100 —z, ) (1 —e—F2¢/7).

Now f varies both with the temperature and the humudity. For an
atmosphere saturated with moisture the following values for f have been
determined, the water being gently agitated to ensure thorough mixing :

For oxygen . . . f=0-0096 (T —2387)
,» mutrogen . . . f=0-0103 (T —240)
» alr . . . . f=00099 (T—239),

T being the absolute temperature, and 6 expressed in minutes.

An example will make the value of the above equation quite clear.!
Consider a cubic decimetre of water at 2-5° C. and containing 40 per cent.
of 1ts total saturation capacity for oxygen. If it exposes one side
(100 sq. em.) to oxygen, how much gas will be dissolved in one hour
under gentle agitation ?

It 1s unnecessary to consider the pressure of the gas since Henry’s
Law 1s obeyed and the desired result is to be calculated in percentage
of total saturation. Since =60, w,=40, f=0-0096 (275-5—-237), it
is easy to calculate that

w=11-8.

In other words, after an hour the oxygen content will have risen from
40 to 51 8 per cent. of saturation.

The foregoing values for f were determined experimentally for water
under gentle agitation in an atmosphere saturated with moisture.
Such conditions are largely artificial.

For quiescent bodies of water the following data have been obtained :

Value of fat 15° C.

Air dried over calcium chloride . . . 061
Air of average humdity 3 . . . . 0384
Air nearly saturated with moistur . . 023

These results are very striking, showing that dry air is much more
rapidly absorbed than moist. This is mterpreted as meaning that the
process by which the dissolved gas 1s carried down mto the body of the
liqud s influenced by the rate of evaporation of the hquid surface,
this being at a maximum when the air is dry. In the case of pure water
this is merely a temperature effect, the evaporation causing a cooling
of the surface layers and, at temperatures above 4° C., a gravitational
circulation. In the case of solutions, such as sea-water, density changes,
consequent upon variation in superfical concentration, are super-
imposed on the temperature effect, so that more rapid mixing is
likely to occur. This 1s confirmed by experiments which yielded the

1 Taken from Adeney and Becker, loc. cit.
2 Adeney and Becker, Sci. Proc. Roy. Dublin Soc., 1920, 16, No. 20.
3 The actual hurmdity is not stated.
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following values for f at 15° C. under sinular conditions of average
humidity : !

Tap-water . . . f=0388

Sea-water . . . . f=0-509

The rate of solution of oxygen in water does not appear to be
appreciably retarded by a thin layer of petroleum.?

As a general rule the presence of dissolved salts, chemically neutral
towards oxygen, reduces the solubility of the gas. Thus, n the case of
sca-water, the value for f falls with rising chlorine content, as indicated
mn the following table : 2

SOLUBILITY OF OXYGEN IN SEA-WATER FROM A
FREE, DRY ATMOSPHERE AT 760 mm.

(Fox, 1909.)

Parts of Temperature, ° C.
Chlorme
per 1000. 0 4, 8. 12. 16. 20.
0 10-29 9-26 8:40 7-68 708 6-57
4 9-83 8-85 8 04 7 36 6-80 6-33
8 9-36 8-45 7-68 704 6:52 6-07
12 8-90 8-04 7-33 674 6-24 5-82
16 8-43 7 64 6 97 6-43 596 5:56
20 797 728 6-62 6-11 5-69 5-31

These results may be expressed mathematically by the equation

10008” =10-291 —0-2809%+0 006009£2-+0 000068243
—C1(0-1161 — 0 003922£--0 0000631£2),

the chlorine being expressed as grams per litre.

The foregoing data have been recalculated to parts per million by
Whipple.t  Earhier data arc thosc of Clowes and Biggs,® who show
that the solubility of atmospheric oxygen i diluted sca-water falls regu-
larly with the amount of sca-water present ; the sodium chloride, as the
predominant salt, has a determining effcct upon the quantity of gas
dissolved.

The following data, based on the results of M‘Arthur,® give the actual
and relative solubilitics of oxygen m solutions of various salts at 25° C.

! The actual humidity is not stated.

* Friend, Carnegie Scholarshup Memoirs, Iron and Steel Institute, No. 8, 1911, P9
Stephenson, Analyst, 1919, 44, 288,

8 Fox, loc. cit. The dala, f”, give the number of c.c, of oxygen as measured ab
N.T.P. that would be absorbed under a total pressure of 760 mm. of dry air, but a partial
oxygen pressure of 760 X 0-21 mm

& Whipple, J. Amer. Chem. Soc., 1911, 33, 362.

5 Clowes and Biggs, J. Soc Chem. Ind., 1904, 23, 358.

§ M‘Arthur, loc. ¢it. These data refer to oxygen as ahsorbed direct from the awr at a
partial pressure of 760X 0'21 mm.
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SOLUBILITY OF OXYGEN IN AQUEOUS SOLUTIONS.
(M‘Arthur, 1916.)

Molecular Relative
Grams per ¢ c. Oxygen Relative
Salt. | Concentra- | Ty M | Demsyat | L T | Solubility.
Water only . .. 1-0000 578 100

NaCl m/8 7-81 1-:0022 552 955
m/4 14-62 1-0067 5 30 917
m/2 29-23 1-017 4-92 855
m 58-46 1-038 420 727
2m 117-0 1-075 3-05 528
3m 175-5 1-112 2-24 38-8
4m 234-0 1-149 1-62 281
KCl m/8 9-32 1-003 552 955
m/4 1864 1-0086 5-30 917
m/2 37:28 1020 4-98 862
m 74:56 1-042 4-26 737
2m 149-1 1-086 3-21 555
3m 2237 1-134 2-36 408
4m 2982 1-170 1-86 322
KI m/8 - 2075 1-018 565 97-8
m/4« 4150 1-027 5-49 950
m/2 830 1-056 5-20 900
m 1660 1-116 475 8§22
2m 3320 1-230 377 652
5m 8300 1-460 1-81 318
NH,CL m/8 6'69 1-:0015 2-81 400
m/4 13:37 1-:0025 1-16 20°1
m 53 47 1-0014 0-07 01
KNO,; m/4 2528 1-015 5-49 950
m/2 50°56 1-:029 511 884
m 101°11 1-059 4-61 798
2m 20222 1-110 3:65 631
Na,S0, m/8 1776 1-014 504 872
m/4 3552 1032 460 796
m/2 7103 1-063 397 687
m 14206 1-13 300 519
KZSO4 m/8 21-78 1-016 511 884
m/4 43-57 1032 4-66 80'6
m/2 87-13 1-060 3-89 673




42 OXYGEN.

SoLuBILITY OF OXYGEN IN AQUEOUs SOLUTIONs—(continued).

Molecular Relative
Salt. Concentra~ Gf:gi per Density at cpcer%:]cgrr%en sﬁﬂﬁfﬁ;
tion. 25° C
Mg012 m/S 1191 1-011 5-35 926
m/4 2381 1-022 504 872
m/2 4762 1-044 4-37 756
m 95 24 1-085 318 550
2m 190°48 1160 2:22 384
4m 3810 1 284 078 13'5
Sm 4762 1-343 0 54 93
Ba(l, m/S 26°04 1-019 5 40 934
111/4.« 52'08 1-042 5 04 872
m/2 104-15 1-082 4-27 738
m 20829 1-177 3810 536
CaCl, m/éL 2775 1:022 508 879
m 1110 1:084 3871 642
5m 5550 1-840 2 14 370

The solubility of oxygen in aqueous solutions of acids and alkalics
1s given by Geflcken as follows : 1

SOLUBILITY OF OXYGEN IN DILUTE ACIDS
AND ALKALIES. (Geilcken, 1904.)

Solution. GonMcoelggxl';l;ron. Grams per Litxe. c.c Oxygen per c.c. ab
1(15° C.) 1(25°C.)
Water only .. .. 0-0363 0-0308
H,SO, m/4 24052 0-0338 0-0288
m/2 49-04 0:0319 0-0275
m 98-08 0-0285 2 0-0251
3m/2 147-12 0-0256 0 0229
2m 196-16 0-0233 0 0209
5m/2 24520 0:0213 0:0194
HCl m/2 18-22 0-0344 0-0296
m 36-45 0:0327 0:0287
211 72:90 0-:0299 0-0267
HNO, m/2 36-52 0:0348 0-0302
m 63-05 0-0336 0-0295
2m 126-10 0-0315 0-0284
NaOH m/2 20-03 0-0288 0-0250
m 40-06 00231 0-0204
2m 80-12 0-0152 0:0133
KOH m/2 28-08 0-0291 0-0252
m 56-16 0 0234 0 0206

! Geffcken, Zeutsch. physikal. Chem., 1904, 49, 257. Other data for sulphuric acid are
given by Bohr (sbud., 1910, 71, 47) and Christoff (¢bud , 1906, 55, 622).

% Calculated by the present authors There is clearly a misprint in Geffcken’s original
paper at this pomt.

&
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Oxygen is much more readily soluble in blood than in water ;
100 c.c. of average human blood is able, when fully saturated in contact
with ar, to hold between 18 and 19 c.c. of oxygen measured at N.T.P.
(see p. 135). In ethyl alcohol, oxygen is several times more soluble than
in water.! Its solubility at any temperature may be calculated from
the following equation : 2

B=0-2337 —0-00074688t+0-000003288%2.

The solubility of oxygen i aqueous solutions of ethyl aleohol at
20° C. is as follows : 3

Alcohol per cent. by weight 9-09 16-67 2308 2857 3333 5000 6667 80.00
l . . . . 278 263 252 249 267 350 495 566

It will be observed that there is a decided minimum solubility at
about 30 per cent. of alcohol.

These data refer to an atmosphere of oxygen of partial pressure,
760 mm.

Oxygen is also soluble in certam molten metals,* e.g. platinum
and siver, more than twenty times its own volume of the gas being
absorbed in the case of the latter metal; the dissolved gas is largely,
but not completely, restored at the moment of sohdification of the
metal, and the phenomenon of *“ spitting ” 1s thus produced. The power
of oxygen to diffuse through heated silver, whereas glass is impervious,
is probably due to this solubility of oxygen in the metal.s

Certain finely divided metals, especially platinum black and
palladium black, can absorb many times their own volume of oxygen.
In the case of the latter metal ¢ absorption is probably attended by the
formation of an oxide or mixture of oxides, but in the case of the former,
although the product may mclude an unstable oxide,” the oxygen can
be entirely recovered by reducing the pressure.’

Wood charcoal can absorb eighteen times its own volume of oxygen
at 0° C. and more than two hundred times its bulk at —185° C.; the
absorbed gas is iberated if the charcoal is heated.?

By thermal conductivity is understood the quantity of heat 10 that
would pass between the opposite faces of a unit cube with unit tempera-
ture difference between the faces. The value found ** for oxygen at a

1 Carws, Annalen, 1855, 94,134,

2 Tumofeieff, Zestsch. physikal. Chem., 1890, 6, 141,

3 Lubarsch, Wied Annalen, 1889, 37, 525

4 Deville, Compt. rend., 1870, 70, 756 ; Levol, Compt. rend , 1852, 35, 63 ; Dumas,
Ann. Chwm. Phys , 1878, [5], 14, 289 ; Sieverts and Hagenacker, Zeusch. physikal. Chem.,
1909, 68, 115; Donnan and Shaw, J. Soc Chem. Ind., 1910, 29, 987.

5 Bartoli, Gazzetta, 1884, 14, 544 ; Troost, Compt. rend., 1884, 98, 1427; Graham,
Phal. May., 1866, [4], 32, 503.

6 Neumann, Monatsh., 1892, 13, 40; Willm, Bull. Soc. chvm., 1882, [2], 38, 611;
Mond, Ramsay, and Shields, Proc. Roy. Soc., 1897, 62, 290 ; Zestsch. physikal. Chem., 1898,
25, 657. See also thus seres, Vol. IX., Part L

7 Engler and Wohler, Zeitsch. anorg. Chem., 1902, 29, 1 ; Mond, Ramsay, and Shields,
loc. cit

8 Ramsay and Shields, Plul. Trans., 1896, 186, 657. See also Lucas, Zeusch. Elektro-
chem., 1905, 11, 182 9 Joulin, Compt. rend , 1880, 9o, T41.

10 Expressed m calories. Adopting metric units, the conductivity 18 given by the
expression

% =calorie X cm.~! X sec -1 X temp. (° C.)-1.

11 Todd, Proc. Roy. Soc., 1909, [A], 83, 19.
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mean temperature of 55° C. is 0-0000593. According to the kinetic
theory of gases the thermal conductivity, %, 1s given by the expression

k=f’70@

where 7 is the viscosity of the gas and C, the specific heat at constant
volume. f 1s a constant, apparently depending on the ratio of the
specific heats,! and in the case of diatonuc gases has the value 1-603.

The wscosity of oxygen at 28:00° C. and 760 mm. pressurc 1s
2042-85x1077.% The wiscosity rises with the temperature. Its mcan
specific heat at constant pressure rises with temperature as mdicated in
the following table : 3

SPECIFIC HEAT OF OXYGEN.

Temperature Interval, Mean Specific Heat at
°C. Constant Pressure.
20 to 440 0-2240
20 to 630 0:2300

The ratio of the specific heat at constant pressure to that at constant

volume is
y=Cp/Cv=1-899

—a value to be expected for a diatomic gas.*
The molecular specific heat at constant volume 1s given by the

expression
C,=4-900-+0-00045¢

and at constant pressure by ©
C,=650+00010T

where ¢ and T are on the centigrade and absolute scales respectively.
The molecular specific heat at constant pressure at 20° C. 1s calculated
as 6-924 from the velocity of sound in oxygen by Kundt’s method ?

The coefficient of expansion per degree centigrade risc in temperature
between 0° and 100° C., measured at constant pressure of one atmosphere,
was determined by Jolly 8 as 0:00867438, and found to be constant for a
temperature ranging up to 1600° C.

188:) ng%xzﬁKmetzscke Theorie der Gase (Breslau, 1877) ; Schleiermacher, Wied. Annalen,
, 30, .

* Yen, Phil. Mag., 1919, [6], 38, 582. See also Schmutt, Ann Physik, 1909, 30, 398 ;
von Obermeyer, Sutzungsber. K. Akad. Wiss. Wien., 1875, 171, 281,

3 Holborn and Austin, Sutzungsber. K Akad. Wass. Berlin, 1905, p 175; earlier data
are given by Regnault, Mém. de I' Acad., 1862, 26, 1.

* Mercer, Proc. Phys. Soc. London, 1914, 26, 155, see for earlier data Cazn, Ann.
Chym. Phys., 1862, 26, 1; Muiller, Ber., 1883, 16, 214, Wied. Annalen, 1883, 18, 94 ;
Lummer and Pringsheim, «bud., 1898, 64, 555 ; Kuster, Dissertation, Marburg, 1911

5 Pier, Zeitsch. Elektrochem., 1909, 15, 536 ; 1910, 16, 879.

¢ Lewis and Randall, J. Amer. Chem. Soc, 1912, 34, 1128.

? Schweikert, Ann. Physik, 1915, 48, 593.

8 Jolly, Pogg. Annalen, Jubelband, 1874, p. 82.



THE PHYSICAL PROPERTIES OF OXYGEN. 45

For a gas that obeys Boyle’s Law the coefficient of expansion at
constant pressure is numerically the same as the coefficient of increase
of pressure with rise of temperature at constant volume. This has been
determined for a temperature interval of 0° to 1067° C. and has the
value 0 0036652 in the case of oxygen.!

The refractive index ® of oxygen 1s 1:000272 at 0° C. and 760 mm. for
the sodium D line (A=5898x10"® cm.); the indices for other wave-
lengths not widely removed may be calculated from Cauchy’s equation

p—1=A(1+B/z)

where p and A represent the refractive mmdex and wave-length respect-
ively, whilst A and B are constants; the latter constant, B, is the
coefficient of dispersion. For oxygen gas, A=26-63X107% and
B=5-07x10"". According to Cuthbertson,® the refractive index, n,
of oxygen for any mcident light of frequency, f, is given by the expression

o 3397X10%
12804 X 10 —2

Examination of long layers of the gas shows oxygen to exert a
sclective absorption for light in certain parts of the spectrum.?

The emission spectra obtained by an electric discharge through the
gas under a reduced pressure and by the spark discharge are of a complex
nature.’

Both the magnetic susceptibility ® and the magnetic rotatory
power 7 of gaseous oxygen have been subjected to investigation.

Liquid oxygen is a transparent liquid, possessed of a bluish tinge.
Its critical constants have been variously determined as follows :

1 Jaquerod and Perrot, Compt. rend , 1905, 140, 1542.

? Rentschler, Astrophys J , 1908, 28, 345 ; see also Koch, Ann. Physik, 1905, 17, 658 ;
Ramsay and Travers, Proc. Roy. Soc , 1897, 62, 225; Lorenz, Wied. Annalen, 1880, 11, 70 ;
Craillebois, Ann Chim. Phys., 1870, [4,] 20, 136. In the infra-red region, see Statescu,
Bull. Acad. Scv. Roumane, 1914-15, 3, 211.

3 C. and M. Cuthbertson, Proc. Roy. Soc, 1910, [A], 83, 151.

4 Egoroff, Compt. rend, 1885, 101, 1143 ; 1888, 106, 1118; Janssen studied the
absorption under pressures ranging up to 27 atmospheres, bud, 1885, 1ox, 111, 649;
1886, 10z, 1352, 1888, 106, 1118; 1888, 107, 672. His results were supported by
Liveing and Dewar, Phul. Mag, 1888, 26, 286. See also von Wartenberg, Physikal.
Zestsch., 1910, 11, 1168 ; Bloch, Compt rend., 1914, 158, 1161 ; Warburg, Sutzungsber.
Preuss. Akad. Wiss Berlin, 1915, p 230 ; Duclaux and Jeantet, Compt. rend , 1921, 173,
581; Shaver, Trans. Roy. Soc. Canada, 1921, 15, [3], 7.

5 See Schuster, Proc Roy Soc, 1878, 27, 383; Phl. Trans., 1879, 170, 137 ; Vogel,
Ber., 1879, 12, 332 ; Smith, Phl. Mag., 1882, 13, 330 ; Grunwald, Chem. News, 1887, 56,
201, 223, 232 ; Runge and Paschen, Wied Annalen, 1897, 61, 641 ; Steubmg, Ann. Physik,
1910, 33, 553, 1912, 39, 1408 ; Stark, Physikal. Zeutsch , 1913, 14, 770, 779 ; Scharbach,
Zeutsch. unss. Photochem., 1913, 12, 145; Croze, Compt. rend., 1913, 157, 1061 ; 1912,
155, 1607 ; Paschen and Back, Ann. Physik, 1912, 39, 897 ; Yoshda, Mem Coll. Sci.
Kyoto, 1919, 3 287 ; Bottcher and Tuczek, Ann. Physik, 1920, 61, 107 ; Runge, Physica,
1921, 1, 254. For a study of the spectrum in the extreme ultraviolet, see Hopfield,
Physical Review, 1922, 20, 573.

¢ Onnes and Oosterhuis, Proc K. Akad Wetensch. Amsterdam, 1913, 15, 1404 ; Bauer
Weiss, and Piccard, Compt. rend., 1918, 167, 484 ; Weiss and Piccard, bvd., 1912, 155,
1234 ; Piccard, Arch. Scs. phys. nat, 1913, 35, 458.

7 Kundt and Rontgen, Ann. Phys. Chem., 1899, 8, 278 ; 1880, 10, 257; Becquerel,
Comgpt. rend., 1880, 9o, 1451.
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CRITICAL CONSTANTS OF OXYGEN.

[
Critical

Volume
Cnitical | Cnitical | Cmtical | Critical i:lg ];?‘Slsepid
Tempera- | Pressure, | Volume, | Density, to that oyf_ Authornty.
ture, © C.| Atm. |c.c/gram |gram/cc. the Gas
measured
at N.T.P.
—113 50 . .. . Wroblewsk, Compt. rend., 1883,
97, 309.
—118-8 50-8 . . .. Olszewsk, 2bud., 1885, 100, 351.
—113 50 .. .. Dewar, Chem. News, 1885, 51,
217.
—1180 .. 2269 | 04407 . Dewar, Proc. Roy. Soc., 1904,
73, 251.

2-326 04299 | 0-00426 | Mathias and Onnes, Proc. K.
Akad Wetensch. Amsterdam,

1911, 13, 939.
—11882 | 49640 .. .. Onnes, Dorsman, and Holst,
sbud , 1915, 17, 950 ; 18, 409.
—1180 493 .. . Cardoso, Arch Scv Phys. Nat.,

1915, 39,400, J. Chim. phys.,
1915, 13, 312.

The boiling-point of liquud oxygen varies with the pressure, as
indicated in the following table :

VARIATION OF THE BOILING-POINT OF OXYGEN
WITH THE PRESSURE.?

Absolute Bothng-pont.
Pressure, mm.

Hydrogen Scale Helium Scale.
800 90-60 90-70
760 90-10 90-20
700 89-33 89-43
600 87-91 88:01
500 86-29 86-39
400 84-39 84-49
300 82-09 82-19
200 79-07 79-17

The vapour pressure rises from 9 096 atm. at —154-91° C. to 49-640
atm. at —118-70° C.3

! Travers, Senter, and Jaquerod, Proc. Roy. Soc., 1902, 70, 484.

* Earher data are those of Wroblewsk: and Olszewski, Comgpt. rend., 1883, 96, 1140 ;
Wroblewsky, 1bid., 1883, 97, 1553 ; 1884, 98, 984 ; 1885, 100, 351, 979 ; Estreicher, Phal.
May., 1895, 40, 458 ; Ladenburg and Krugel, Ber., 1899, 32, 1818,

% Onnes, Dorsman, and Holst, Proc. K. Akad. Wetensch. Amsterdam, 1915, 17, 950.
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The vapour pressure of oxygen at any temperature between 57°
and 90° abs. may be calculated from the expression
log p=—419-81/T +5-2365 —0-:0648T
where the pressure p is expressed in atmospheres, T being the absolute
temperature.?

For p=1 atm., the value for T becomes 90-13°, which agrees very
satisfactorily with the boiling-point under normal pressure as given in
the preceding table.

DENSITIES OF LIQUID OXYGEN AT VARIOUS

TEMPERATURES.?

Temperature, ° C Density Authority.
—183 6 1-1821 | Drugman and Ramsay, Trans. Chem.
—183-3 1-1310 Soc., 1900, 77, 1228.
—182 5 11181 | Dewar, Proc. Roy. Soc., 1904, 73, 251.
'—195'5 1 1700 IR} ’ ’ 39
—210-5 1 2386 . N . .
—198-93 1-208 Inglis and Coates, Trans. Chem. Soc.,
—198-30 1-223 1906, 89, 886.

When the values obtained by Dewar for the densities are plotted
agamnst the absolute temperatures, they are seen to lic very closely to a
straight line, so that the densities at intermediate temperatures can
readily be calculated. The expression is

Density==1-5154-—-0 004420T

where T is the absolute temperature.

Using the data given by Ramsay and Drugman, the specific volume
of oxygen at —183° C. is 0 8838, and the molecular volume 28-28.

Baly and Donnan 2 give the data (included in the Table on p. 48).

When exposed to the air, hquid oxygen absorbs appreciable quantities
of nitrogen.*

Liqud oxygen is more compressible than water, its coefficient of com-
pressibility (see p. 262) being 0-00195 between 10 and 20 atmospheres.®

The observed surface tension of the liquid 1s 18 074 dynes per em —
a value 1n fair agrcement with that expected for a liquid of the same
molecular weight as gaseous oxygen, although the possibility of shight
association is not excluded.® From other data Inglis and Coates?

1 Cath, Proc. K. Akad Wetensch. Amsterdam, 1919, 21, 656.

2 Rarlier data are those of Cailletet and Hautefeuille, Compt. rend , 1881, 92, 1086 ;
Olszewsky, Sutzungsber. K. Akad Wiss Wien, 1884, p. 72 , Wroblewski, Comgpt. rend., 1886,
102, 1010 ; Dewar, Chem. News, 1896, 73, 40 ; Ladenburg and Krugel, Ber., 1899, 32,
46, 1415. 3 Baly and Donnan, Trans Chem Soc, 1902, 81, 907.

4 Erdmann and Bedford, Ber., 1904, 37, 1184 and 1432 ; see also Stock, ibid., p. 1432.

5 Bucken, Ber. deut. physikal Ges, 1916, 18, 4

6 Baly and Donnan, Trans Chem. Soc., 1902, 81, 907 ; Grunmach, Sttzungsber. K.
Akad. Wiss. Berlin, 1906, p. 679.

7 Tnghs and Coates, Trans. Chem. Soc., 1906, 89, 886.
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conclude that the degree of association of hquid oxygen at about
—195° C. is 1-09.

DENSITIES OF LIQUID OXYGEN.
(Baly and Donnan, 1902.)

Tell})pgl{)ajul’@, Temge(r)&ture, Density.
680 —205 1-2489
70-0 —208 1-2393
78-0 —195 1:2008
80-0 —198 1-1911
892-0 —191 1-1815
8G-0 —187 1-1623
89-0 —184 1-1479

These densities may be represented by the formula
d=1-248874—0-00481 (T —68).

The specific heat of liquud oxygen between —200° and —188° C. 15
0-847,* and the heat of evaporation 1s 51-3 calories per gram at 763 mm.
pressure,? 1ts molecular heat of vaporisation being 1599 calorics 3 accord-
ing to another computation. Its coefficient of expansion with rise of
temperature 1s 0-00157 at —252-6° C. The refractive index for sodium
hght, n,, is 1-2286, and the spectrum absorption similar to that of
gaseous oxygen.*

Liquid oxygen is a non-conductor of clectricity ; but 1t is strongly
attracted by a magnet.® It readily absorbs nitrogen from the atmo-
sphere, and can be mixed with hiquid fluorme without suffering chemieal
change. The magnetic rotatory power and dispersion have been
determined.®

Solid Oxygen.—By rapid cvaporation and consequent cooling, or
by cooling in liquid hydrogen, liquid oxygen can be converted into a
bluish-white solid of density ” 14256 at —252-5° C. and melting at
—219° C. under a vapour pressurc of 09 mm.® The solid exhibits
allotropy, a, B, and y forms being recogmised. The transition between
the a and B forms occurs at —249-5° C. and between the 8 and y forms
at —2380-5° C.9

! Scheel and Heuse, Sutzungsber. K Alkad. Wiss Berlin, 1913, p 44, Alt, Ann. Physik,
1904, [4], 13, 1010 ; Barschall, Zestsch. Elektrochem., 1911, 17, 345.

¥ Alt, Ann. Physik, 1906, [4], 19, 739.

3 Eucken, Ber. deut. physikal. Ges , 1916, 18, 4.

4 Livemng and Dewar, loc. et See also Shaver, Trans. Roy. Soc. Canada, 1921,
15, [3], 7.

¢ Tanzler, Ann. Physik, 1907, [4], 24, 931; Onnes and Perrier, Proc. K. Akad.
Wetensch, Amsterdam, 1910, 12, 799.

¢ Chaudier, Compt. rend , 1913, 156, 1008.

? Dewar, Proc Roy. Soc., 1911, 85, [A], 589; 1904, 73, [A], 251

8 Estreicher, Zeutsch. physikal Chem., 1913, 25, 432, See also Onnes and Crommeln,
Proc. K. Akad. Wetensch. Amsterdam, 1911, 14, 163.

g ZWa,hl, Proc. Roy. Soc., 1913, [A], 88, 61 ; Eucken, Ber. deut. physikal. Ges., 1916,

18, 4,



CHAPTER 1V.
THE CHEMICAL PROPERTIES OF OXYGEN.

OxveEN 15 capable of uniting to form simple compounds with all the
elements save fluorine and the noble or inert gases. Such combination
is termed oxidation and can in general be produced by the direct
union of the two elements, as for cxample 1n the oxidation of mercury
when heated in air, although certain of the non-metals, particularly
the halogen elements, show lttle tendency to direct combination in
this manner. Compounds also are capable of uniting with oxygen,
sometimes yielding a stable oxidation product of higher molecular
weight i consequence of addition of one or more atoms of oxygen ; or
the molecule of the compound may be disrupted upon oxidation into
two or more products. As an example of the former type of reaction,
the oxidation of sodm sulphite in aqueous solution may be quoted,
sodium sulphate resulting. Thus

2Na,S0,+0,=2Na,50,.

The latter type of reaction 1s illustrated by acetylene which, when
ignited, burns in air to form water and carbon dioxide.

2C 2H2 ""502:4002 “{"21{20.

Oxidation both of elements and compounds may be effected in the
absence of free oxygen through the action of substances containing
oxygen. Thus, for example, 1ron is oxidised by steam and potassium
by carbon dioxide at high temperatures. The present section, however,
is concerned more particularly with oxidation through the direct
action of free elementary oxygen.

Most cases of oxidation are exothermic, that is to say they are
accompanied by the evolution of heat, although a few cases are known
which are endothermic in character. Such, for example, are the
oxidation of water to hydrogen peroxide :

2H,0+(0,)=2H,0,Aq. — 28059 calories,
and the production of ozone from oxygen,
30,=20;—2 X 84000 calories,

both of which reactions are accompaniéd by an absorption of heat.

It does not necessarily follow, however, that reactions involving the
exothermic oxidation of substances are accompanied by a sensible
rise in temperature. The rate of oxidation may be so slow that the
heat is dissipated almost as rapidly as it is liberated, so that the
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rise In temperature is infimtesimal. This is well illustrated by the
oxidation of iron upon exposure to air, a reaction commonly known
as rusting.

On the other hand, combination with oxygen is often accompanicd
by the rapid liberation of so much energy that heat and light are cmitted.
The term combustion 1s then applied.

The majority of substances require to be rased in temperature
before they can combine with oxygen to any appreciable extent. Thus
electrolytic gas—a mixture of two volumes of hydrogen with one of
oxygen—is very stable at the ordinary temperature; combination,
however, begins to be appreciable at temperatures slightly above
400° C.; and at higher temperatures proceeds with explosive violence.
On the other hand, some substances rapidly combine with oxygen when
brought mnto contact with the gas at the ordinary temperature. Such
bodies are said to be spontaneously oxidisable, and mclude the
pyrophoric metals, phosphorus, coal dust, mitric oxide, ferrous and
manganous hydroxides, hqud phosphine, silicon hydride, and many
organic substances. Under swtable conditions most of these stcadily
rise 1 temperature as oxidation proceeds until rapid combustion,
accompanied by light, ensues. This 15 termed spontaneous
combustion, a familiar example on a large scale bemng afforded by the
firing of hayricks. Autoxidation is a term frequently used to designate
spontaneous oxidation.

The rate of oxidation of any particular substance is dependent upon
various factors, to wit, its own physical condition as well as that of the
oxygen ; the presence of moisture or of a catalyser ; and the application
of light, heat, and pressure. Thus, hiquid oxygen does not affcct
phosphorus or the alkali metals; nather does 1t combine with sohd
nitrie oxide,* although a small jet of burning hydrogen will continuc
to burn below the surface of liquid oxygen, the water produced being
removed as icc and a considerable amount of ozonc bemng formed.
Similarly graphite and diamond, when once ignited, will burn on the
surface of liquid oxygen, the carbon dioxide produced being frozen
and some ozone passing into solution. Oxidation 1s usually facilitated
to a considerable extent by increasing the supcrficial arca of the sub-
stance to be oxidised. Well-known illustrations are supphed by the
pyrophoric forms of 1ron, lead, ctc. When a solution of phosphorus m
carbon disulphide is poured on to a shect of filter paper, the solvent
rapidly evaporates, leaving the phosphorus within the pores of the
paper in an excessively fine state of subdivision, so that vigorous
combustion ensues.

Moisture plays an important réle in many cases of oxidation. Its
presence is necessary, for example, to cffect the spontancous com-
bustion of pyrophoric mctals. At ordinary temperaturcs, also, the
majority of metals are stable in dry oxygen, although readily attacked
by the moist gas. Small quantitics of many forcign substances arc
capable of catalytically assisting the rate of oxidation of certain sub-
stances. Thus a trace of platinum black introduced into clectrolytic
gas causes the gases to instantly unite with explosive violence; and
the passage of a mixture of sulphur dioxide and oxygen over platinised
ashestos effects their union to form sulphur trioxide.

1 Dewar, Chem. News, 1896, 73, 40, Proc. Chem. Soc., 1895, 11, 221,
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Light frequently exerts a considerable influence on the rate of
oxidation ; * thus phosphorus trichloride when illuminated undergoes
more 1ap1d conversion into the oxychloride 2 than in the dark ; and iron
likewise corrodes more rapidly m smmlar circumstances. Oxidation
may be catalytically accelerated by radio-active substances. Thus
thorium-X has been found ® to assist the oxidation of adrenaline and
morphine.

Many metals on heing heated in dry air or oxygen yicld an adhering
coat of oxide which tends to protect the underlvnw metal from attack.
The ratc at which oxidation proceeds at any temperature is given by
the expression ¢

O0=aetY—a,

where @ is a constant independent of the temperature; b is a
constant depending on the temperaturc and on the delay of film
thickening during time 6. 1y 1s the thickness of the oxide layer.

The time requxred for a wisible film of oxide to form on the surface
of some of the more common metals at 15° C. has been caleulated to be
as follows :

Initial Velocity of
Oxidation.
Metal. Time m Years. | qy ckness of layer st
per second.
Lead 90 219
Zinc 31x10% 104
Copper 6x108 89
Tin 36108 856
Iron 25 X 10%7 2712
Nickel 475 x 10V 146

Oxidation processes arc, as a general rule, greatly accelerated by a
rise in temperature ; the first effect of the application of heat may be
merely to initiate a slow oxidation which soon ccases on the removal
of the source of heat ; but a higher temperature may cause so marked an
increase m the rate of the chemical action that the heat produced
suffices to maintain the temperature, and the oxidation or combustion
will procced unaided. This temperature at which the process of rapid
combustion becomes independent of external supplies of heat is termed
the ignition temperature of the substance (sec p. 106). Phosphorus
does not commence rapid combustion until a temperature of 60° C. is
attained ; hydrogen will combine, albeit excessively slowly, with
oxygen alrcady at 180° C., but the reaction is not very appreciable
below 400° C., and contmuous inflammation does not occur until near

1 See Schevezoff, J. Russ. Phys. Chem. Soc., 1910, 42, 219.

2 Besson, Compt. rend., 1895, 121, 125.

3 Lemay and Jaloustre, Compt. rend., 1922, 174, 171; 1921, 173, 916,

4 Tammann and Koster, Zaitsch anorg. Chem., 1922, 123, 196. These results apply
only to dry air, and are not comparable with those for the slow oxidation of metals in
the presence of water. See p. 55.
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580° C.; a red-hot glass rod will cause the ignition of carbon disulphide
vapour, but not of cther vapour.

By flame 1s generally understood a mass of gas raised to imncan-
descence. Flame 1s produced only in those cases of combustion m
which gascs or vapours are present, which become more or less luminous
or incandescent on account of their high temperature. But a wisible
flame docs not always accompany rapid gaseous combustion, a striking
exception being afforded by the rapid oxidation of hydrogen or coal-gas
mixed with air on a surfacc of platinsed asbestos or porous firchrick.
Such combustion is termed surface combustion, and is utihsed com-
mercially n a variety of ways.

Pressure exerts an important mfluence upon the rate ol oxidation.
Thus silicon, ethane, phosphorus, arsenie, and several other substances,
arc found to oxidise more readily at low oxygen pressures ; on the other
hand, the rates of the rusting of iron and the oxidation of ferrous sulphate
solution are accelerated by mcrease of pressure.

Active Oxygen.—It 1s possible to prepare an active form of oxygen
analogous to active nitrogen by subjecting the dry, ozonc-free gas to the
influence of an electric discharge. It yields a weak, bluish-green after-
glow, which 1s less persistent than that of hydrogen. When mixed with
active nitrogen, this active oxygen yields oxides of nitrogen. Both
oxygen and ozone are unaffected by active nitrogen. Hence active
oxygen is different from these, but is capable of existing for only a short
time.!

OXIDATION.

A few elements yield oxides only with difficulty, and such oxidces are
frequently unstable at high temperatures. For example, when platinum
foil or sponge is heated in dry oxygen, the monoxide, PtO, is produced as
a superficial blackening. At higher temperatures, however, this oxide
dissociates to metallic platinum and free oxygen.? Gold cannot be
oxidised directly by gaseous oxygen, although scveral oxides can be
prepared by decomposition of compounds containing gold atoms in
thewr molecules.?

Fluormme appears quite incapable of yielding an oxide under any
conditions.

Types of Oxides.—When oxygen combines with an clement, the
resulting product is termed an oxide.

The oxides of the various elements show marked diffcrences in their
chemical behaviour towards water and also towards acids. These
diffgrences form a convenient basis for the classification of the
oxides.

1. Basic Ozides.—It is characteristic of the metallic clements that
each forms at least one oxide which will react with acids producing salts,
the valency of the metal remaining unaltered. Such oxides arc termed
basic owxides or sometimes merely bases. Some metals yicld more
than one oxide, and it 1s then generally observed that the oxide richer
in oxygen possesses a more feebly basic character. In the case of the
most electro-positive metals, for example the alkali metals, the oxides
will combine with water, producing soluble hydroxides which are strongly

1 Koenig and Elod, Ber., 1914, 47, 516. 2 See this series, Vol. IX., Part L
3 See this sertes, Vol. II. 4 Ruff and Zedner, Ber., 1909, 42, 1037.
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alkaline, and in fact constitute the typical alkalies; the less electro-
positive the metal, the smaller the tendency of the oxide to combine
with water, and the greater the tendency of the hydroxide, which can
then generally be obtamed by precipitation methods, to eliminate
water with formation of the oxide.

The suggestion has been made ! that the hydrates of the metals of
Groups I. and II. do not contain hydroxyl groups, but are true hydrates
of the corresponding oxides. In other words, molecules of water are
assumed to be associated with the metallic oxide m a similar manner to
the so-called water of crystallisation of salts. Thus sodium hydroxide
would be written Na,0.H,0, and not as NaOH. The constitutions
of the hydroxides of Groups IIL. and IV. will depend, according to this
theory, upon the electrochemical conditions under which they are
produced. Thus Al(OH), and Al,0,.H,0+2H,0 are both regarded
as capable of existing. The hydroxides of the metalloids and non-
metals—the acidic oxides (see 2 below }—are true hydroxides contaming
hydroxyl groups.

2. Acidic oxides, often termed acid anhydrides, are generally derived
from the non-metals, but may also be higher oxides of certain of the
metals. It 1s characteristic of such oxides that they combine with
water, producing hydroxides, which are acids. Unlike the basic oxides, an
acidic oxide rarely adds sufficient water to convert all its oxygen atoms
into hydroxyl groups, e.g.

$0,80,(0H),, N,0552NO0,(OH), Mn,0,~2Mn0,(0H).

It 15, however, sometimes possible to prepare organic derivatives of the
completely hydroxylated (often termed ““ ortho- ) acids ; thus although
the aqueous solution of carbon dioxide appears to contain no other acid
than an unstable one of the formula CO(OH),, ethyl ortho-carbonate,
C(OEt),, is known, corresponding with the hypothetical ortho-carbonic
acid, C(OH),.

8. Mized Oxides—In some cases so-called mived acidic oxides are
known which combine with water, producing a mixture of two acids ;
nitrogen tetroxide is an example of this class, as also 1s chlorine dioxide—

N,0,+H,0=HNO, +HNO,.

Some basic oxides behave as mixed oxides, yielding with acids two
salts derived from the constituent oxides, e.g. magnetic oxide of iron
yields a ferrous and a ferric salt. A few oxides may be regarded as a
special class of “ mixed ” basic oxides or as salts derived from a hasic
and acidic oxide of the metal according to the point of view ; thus red
lead and lead sesquioxide behave as feeble compounds of lead monoxide
and lead dioxide (2PbO .PbO,; PbO.Pb0,), and chromium dioxide
(CrO,) as a compound of chromic oxide with chromic anhydride
(Cry0, . CrO;).

4. There is yet a small class of oxides, the newtral oxides, which do
not belong to any of the classes before named ; they do not combine
with water to form acids, nor do they neutralise acids. This class has
tended steadily to decrecase as chemical knowledge has extended.
Carbon monoxide, nitrous oxide, and nitric oxide were once ncluded
m this class, but each of these can be obtained by the loss of the elements

1 Tiemann, Chem. Zeit., 1921, 45, 1125.
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of water from a corresponding acid, so that in a wide sense they might
be classed with the acidic oxides. Hydrogen peroxide, on account of
its relationship with the peroxides, can hardly m the strictest sense
represent a neutral oxide, and the only common oxide which may be
regarded as representing this class is water ; this must be, in its total
behaviour, a neutral oxide, because, as the formula H.OH indicates,
any tendency to acidic properties must be accompanied by an equal
tendency towards basic properties.

It 1s worthy of note that, although the behaviour 1s by no means
general, many oxides give indications that they are polymerised, 4.e. that
therr ssmple molecules have combined together m certain numbers to
form morc complex aggregates. Water is a well-recogmsed example.
The lngh melting-points of certam other oxides, ¢.g. silica and stannic
oxide, is also attributed by some to this cause.

5. Amphoteric oxides are capable of functioning ether as acidic or as
basic oxides. Thus tin dioxide, SnQ,, functions as a basic oxide in
stannic sulphate, Sn(S0,),, but as an acidic oxide m sodium o stannate,
Na,Sn0;. Lead dioxide yields the tetrachloride, PbCl, and sodium
metaplumbate, Na,PbO,, respectively Similarly aluminium oxide,
AlLO,, yields the trichloride, AlCl,, and the alummate Na,Al;O,.

6. Suboxides are of frequent occurrence amongst the metals, but arc
less well known amongst non-metals. The clement combined with the
oxygen is admittedly unsaturated. Thus when lead is gently heated a
little below its melting-point, the suboxide Pb,0 1s formed.! In the
case of nickel, 2 three suboxides, Ni,0, N0, Ni,0, have been postulated.
Onc of the best known non-metallic suboxides is that of carbon, C;0,.

7. Dioaides contain two atoms of oxygen combined with usually one
atom of the metal. They usually yield up a portion of their combined
oxygen with relative case, but are distinguished from isomeric peroxides
in that they do not yield hydrogen peroxide on treatment with dilute
acids. Familiar examples are manganese dioxide, MnO, ; lcad dioxide,
Pb0,; and nickel dioxide, N10,—usually incorrectly referred to as
Ni,0, in the literature.

Marino 3 has directed attention to the fact that sulphur dioxide and
manganese dioxide react, yielding the dithionate :

280,+MnO,=MnS,0q,
whilst lead dioxide yields a mixture of sulphite and sulphatc :

$0,+Pb0,=PbS0,+0 ;
H,0 +80,--0=H,S0, ;
PbS0,--H,S80,=PbS0, +H,0+50,.

He therefore suggests that the structural formule of these oxides are

0 0
% 7
Mn\\0 and Pb\|

‘ 0
respectively.
8. Peroxides * are frequently isomeric with dioxides, but in acid
1 See this seres, Vol. V., 2 See this series, Vol. IX., Part I

3 Marino, Zeitsch. anorg. Chem., 1907, 56, 233.

4 See Tanatar, Ber., 1903,.3.6, 1893 ; 1914, 47, 87 ; Riesenfeld and Mau, Ber., 1911, 44,
3589 ; Tubandt and Riedel, ibid., p. 2565 ; Pelimi and Meneghim, Zestsch. anorg. Chem.,
1908, 60, 178 ; Antropoff, J. prakt. Chem., 1908, 77, 273.
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solution react like hydrogen peroxide. Sodium peroxide, Na,0,, is a
typical example. The peroxides of divalent metals are usually regarded
as having a eyche structure. Thus nickel peroxide, obtained by the
action of hydrogen peroxide upon the well-cooled hydroxide, Ni(OH),,
is written as

0
Ni< | 2. H,0.
0

Other peroxides are those of manganese and mercury, obtained in an
analogous manner to the above. Sometimes these oxides are known
as peroxydates.

SLOW OXIDATION.

In 1858 Schénbem noticed that when many substances were exposed
to atmospheric oxidation, the oxidisable material appeared to combine
with half a molecule of oxygen, leaving the other half in the form of
hydrogen peroxide or ozone. This 1s well exemplified by the corrosion
of many non-ferrous metals, such as lead and zinc. When lead, mixed
with mercury, 1s shaken with dilute sulphuric acid in the presence of
alr or oxygen, lead sulphate is formed, together with some hydrogen
peroxide. The amount of the latter 1s readily ascertained by titration
of a portion of the liquud with permanganate, and the quantity of
sulphuric acid involved is estimated by titration with alkali. It is then
found that the amount of peroxide formed 1s equivalent to that of the
lead dissolved. Thus

Pb-+H,S0, +0,=Ph0 . SO, +H,0,,

half of the oxygen molecule combiming with the lead, and half with the
liberated water.

Schonbemn pointed out that this was capable of explanation on
Brodie’s assumption ! that the oxygen molecule consists of a positive
atom united to a negative atom—a revival of the Berzelian dualistic
conception. The positive atom was termed antozone, and the negative
ozone, so that upon oxidation the resulting oxides were termed anto-
zonides and ozonides respectively—terms that at the present time
would, 1f employed, be most confusing.

In contact with oxygen, therefore, metallic lead would tend to unite
with the negative or ozone atom, and water with antozone. Thus

Pb+0: 0+H,0=PbO+H,0,

- + Lead Water
ozonide. antozomde.

Such a theory, however, could not long prevail, for there is no direct
experimental evidence whatever in favour of the assumption that one
atom of oxygen mn the molecule 1s different from another. This was
urged by Hoppe-Seyler,? who in 1878 suggested that during oxidation of
a substance one atom from the oxygen molecule 1s liberated i the
nascent condition, and is thus free to oxidise any second substance

1 Brodie, Phil. Trans, 1850, 141, 759 ; 1862, 151, 837 ; 1863, 152, 407; Proc. Roy.
Soc , 1858, 9, 361 ; 1861, 11, 442, J. Chem. Soc., 1852, 9, 194; 1855, 7, 304 ; 1863, 16,
316; 1864, 17, 266, 281.

2 Hoppe-Seyler, Zeutsch. physiol. Chem , 1878, 2, 22 ; Ber., 1883, 16, 117.
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that may be present. This theory may be represented schematically
as follows :
Pb+0:0=PbO+0:
Nascent.

H,0+ : 0=H,0,.

Traube’s theory was a considerable advance on both of the fore-
going views. As the result of a large number of expcriments Traube !
was led to the conclusion that dry oxygen does not combine with any
substance at the ordmary temperature. Although this 15 a sweepmg
assertion to make, as is shown 1 the sequel (sce p. 285), there 1s a con-
siderable amount of evidence in favour of its beng gencrally true.
Such being the case, it seemed reasonable to suppose that the water
and oxygen must act simultaneously in cases of oxidation, and not m
series as Hoppe-Seyler’s views would requure.

Traube therefore concluded that 1t is the water molccule that yields
its oxygen to the metal (or substance) undergomg oxidation, the
hydrogen thus liberated being simultancously oxidised by a whole
molecule of atmospheric oxygen yielding the peroxide. Thus, in
the case of the lead already referred to, oxidation proceeds as follows :

Pb-+-0 H,+0,=Pb0*+H,0,.

The hydrogen peroxide does not accumulate unless the experimental
conditions are specially arranged for its preservation, since

Ph+H,0,=Pb0 +1,0.

It follows from this theory that hydrogen peroxide 1s to be regarded
as a reduction product of the oxygen molecule, and not as an oxidation
product of the water molecule. Such a conception, though funda-
mentally different, was not entirely new. Weltzien 2 had already in
1860 suggested the same idea, and 1t receives support, Traube points
out, from the heat liberated when hydiogen peroxide is decomposed.
For if hydrogen peroxide were produced by the oxidation of water,
already formed, an absorption of heat would be expected upon
decomposition.

A modification of Traube’s theory was introduced simultaneously
in 1897 by Bach ® and by Engler and Wild,* who laid emphasis on
Traube’s idea that the oxygen molecule combines as a whole, but
extended its powers of combination to other substances than nascent
hydrogen. In support of this, it was pointed out that sodium will burn
on an aluminium plate to the peroxide, Na,0, whilst rubidium is
almost quantitatively converted into the peroxide, RbO,, in a similar
manner.®

Probably all of these theories possess an element of truth; against
each of them some objection may be raised ; there 1s yet room for some
comprehensive explanation which shall remove all difficulties.

1 Traube, Ber., 1882, 15, 659, 2325, 2421, 2824 , 1883, 16, 1201 ; 1885, 18, 1877, 1887.
* Actually 2PbO . H,0 15 formed, but the water of hydration s omitted for stmphification.
2 Weltzien, Annalen, 1860, 115, 121, 1866, 138, 129,
3 Bach, Compt. rend., 1897, 124, 951

. 4 Engler and Wild, Ber, 1897, 30, 1669.
§ Erdmann and Kothner, Annalen, 1897, 294, 66.
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_ The solution of gold in potassium cyanide solution in the presence of
air is believed by Bodlander to proceed as follows : 1 L

2Au-+4KCN +0, +2H,0=2KAu(CN),--2KOH +H,0, ;
4KCN+H,0,+2Au=2KAu(CN), ~2KOH.

The Activation of Oxygen in Slow Oxidation.—Thc spontaneous
oxidation of a substance at ordinary temperatures is often termed
autoxidation (sce p. 50). It frequently happens that during autoxida-
tion processes other substances, which may be present and which are
themselves stable m air, become oxidised. This suggests that a part of
the oxygen m the system has become specially reactive or activated,
and the stable substance is said to have been oxidised by wnduction.?
An interesting example 1s afforded in sodium sulphite which, in solution,
1s slowly oxidised to sulphate. An aqueous solution of sodium arsenite,
NazAsO;, on the other hand, 1s stable in air. If, however, the two
solutions are mixed and shaken in air, both salts undergo oxidation.
The oxygen is termed the actor ; the sodium sulphite, which mduces
the oxidation of its companion, the inductor ; and the arsenite, which
accepts oxidation, 1s the acceptor. The ratio

Amount of acceptor oxidised

i =Induction factor.
Amount of mductor oxdmed  hduction &

The experiment may be varied by passing a current of air or oxygen
through a suspension of nickel hydroxide to which small quantities of
sodium sulphite solution arc periodically added. This not only effects
the oxidation of the sulphite, but also converts the nickel hydroxide
mto black mckehe oxide, a change which is not producible by oxygen
only.?

Many other examples might be instanced.

Thus, if a piece of hydrogenised palladium 1s immersed in a solution
coloured with indigo, and air or oxygen allowed to bubble through, the
colouring matter 1s oxidised, the solution being bleached. In a similar
manner iodine is liberated from potassium iodide and may undergo
further oxidation to 1odic acid; even nitrogen gradually undergoes
conversion into ammonium nitrite4; whilst carbon monoxide 1s
partially converted into the dioxide.” The last-named reaction is also
mduced by the slow oxidation of moist, yellow phosphorus.®

According to Traube’s theory, the first-named reaction proceeds as
follows :

Na,S0,+0H,+0,=Na,50,+H,0,.

1 Bodlander, Zestsch. angew Chem , 1896, p. 583. See also Watts, Chem. Met. Eng.,
1918. 19, 652, Crowe, ibid., p. 283.

2 Ostwald (Zeitsch. physikal Chem . 1900, 34, 248) suggested the term coupled reaction ;
Mellor (Chemical Statics and Dynamacs (Longmans, 1904, p 333)) speaks of sympathetsrc
reactions ; the usual term of vnduced reaction 18 adopted 1 this work.

3 Haber, Zeitsch physikal. Chem., 1900, 35, 84 .

i Hoppe-Seyler, Ber., 1879, 12, 1551, 1883, 16, 1917; 1889, 20, 2215; Zeitsch.
physiol. Chem , 1886, 10, 35

5 Baumann, Zeutsch. physiol. Chem , 1881, 5, 244.

¢ Leeds, Chem. News, 1883, 48, 25, Baumann, Ber., 1883, 16, 2146; 1884, 17, 283 ;
Zeutsch, physiol. Chem , 1881, 5,250 : W A Jones Amer Chem. J., 1903, 30, 40 ; Russell,
Trans. Chem. Soc , 1903, 83, 1263. It was disputed by Remsen and Keiser, Ber., 1884, 17,
83; Amer. Chem. J., 1883, 4, 454.
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This is the primary action, followed immediately by the secondary,
induced, or sympathetee reaction :

NagAs0, +H,0,=Na;As0, +H,0.
The explanation offered by Bach and Engler’s theory 1s clearly

Na,S0,+0,=Na,S0; ;
Na,S0;-+Na;As0;=Na,50,+Na;AsO,.

From many points of view this latter explanation 1s the more
acceptable. It 1s applicable in many cases of oxidation amongst
organic compounds. '
The commonest example m all probability 1s that of turpentine;
this by slow oxidation, caused by a stream of awr or of oxygen m the
presence of moisture, 1s converted mto a * peroxidised ”’ produc’c, which
on account of its oxidising power posscsses marked disinfectant pro-
perties and forms the basis of the Sanitas disinfcctants. In somc cascs
the primary peroxide product can be isolated m a pure condrtion ; thus
benzaldehyde, CgHs- CHO, reacily undergoes atmospheric oxidation to
benzoic acid, CgHs- CO,H, the primary product probably bemg per-
penzoie acid, CgHs.COH, a rclatively unstable substance which, on
account of its tendency to decompose mto benzoic acid, 1s capable of
oxidising other substances which may be present. In the absence of any
foreign substance, the perbenzoic acid oxidises a remaiing molecule of
benzaldchyde so that the autoxidation of benzaldehyde may be written

0
8C,H; - CHO—CyH - CO;H +CH - CHO-2C4H; - CO,H.

Perbenzoic acid has been isolated and 1ts characteristics are i aceord
with the requirements of the above explanation.

There has been discovered m the tissues of animals and plants a
class of complex organic compounds, termed ferments or enzynies, which
are capable of exerting marked catalytic influence on cértain chemical
reactions. Some of these substances are catalytically active towards
oxidation processes by the atmosphere, and these bodies are frequently
distinguished by the term ozydases. Oxydases are widely distributed,
and the discoloration of the freshly-broken surface of some fruit is to be
referred to atmosphenc oxidation induced or aided by an oxydase.
Alcoholic tincture of guaiacum resin in the presence of an oxydase
undergoes oxidation by free oxygen with formation of a blue coloration,
and so provides a convenient reagent for the identification of this type
of substance.2 Manganese, and also iron compounds, arc frequently
present m these oxydases, and it appears probable that in somc cases
one of these metals, if not both, actually plays an important part in the
catalytic process.? In some cases, however, compounds of these metals
are absent, so that in such oxydases the activating effect appears to
be characteristic of the o1ganic enzyme itself.*

These oxydases are not obtainable as pure substances, and 1t is quite

1 Baeyer and Villiger, Ber., 1900, 33, 1569.

2 Bertrand, Bull. So¢ cham., 1894, [3], 11, 717 ; 1895, 13, 361, 1095; 1896, 15, 793.

3 Bertrand, ibed., 1897, [3], 17, 619; Villers, «beud, [3], 17, 675; Dony-Hénault
and others, Bull. Acad roy. Belg., 1907, p. 537 ; 1908, p. 105, 1909, p. 342.

4 Bach, Ber., 1910, 43, 364, 366 ; Arch. Sci. phys. nat., 1910, [4], 30, 162.
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possible that, at least in some cases, they consist of a mixture of two
compounds, one capable of producing hydrogen peroxide or some other
peroxide, and the other capable of mimparting activity to the peroxide ;
the latter substance may therefore be more strictly termed a perowydase.t
Oxygen also undergoes activation when exposed to ultraviolet radia-
tion, the cffect in this case being probably due to the formation of ozone,
i which form the element attacks substances which are unattacked by
ordmary oxygen (see p. 51). The radiations from radium 2 and radium
emanation ® also appear to effeet an activation of oxygen towards such
substances as hydrogen, although the observed activity may not be due
entirely to the oxygen, inasmuch as hydrogen is itself activated by
radium radiations yielding the unstable triatomic molecule, H,.A

SELECTIVE OXIDATION.

When a mixture of oxidisable substances is so treated that certain
of the constituents only are oxidised to the more or less complete exclu-
ston of the remaimnder, the process is known as selective oxidation.
In cases of gaseous combustible mixtures, the passage over a catalyst
frequently effects the sclective combustion of one constituent. Thus,
for example, when a nuxture of oxygen, hydrogen, carbon monoxide,
methane, and nitrogen is passed over spongy platinum at 177° C. the
hydrogen and carbon monoxide are oxidised, but not the methane.?
This 15 termed selective oxidation, and is the basis of Hempel’s method
of analysing certamn gaseous muxturcs. The sclective oxidation of
carbon monoxide mn excess of hydrogen by passage over catalysts at
surtable temperatures has been studied by Rideal,? who shows that the
oxide of copper (operative at 110° C.) and the oxides of iron and
chromium (operative at 250° to 850° C.) are active m inducing the
oxidation of the monoxide, although in no case 1s the selective oxidation
complete. Thus, for cxample, when mixtures of carbon monoxide,
hydrogen, and oxygen, in the proportions 9, 14, and 77 per cent. respec-
tively, were passed through iron oxide catalyst at 220° C., the mean
value for the ratio of monoxide to hydrogen burnt was

CO/H,=4-82,
despite the preponderating proportion of hydrogen in the original
mixture.

The rates of oxidation of the two gases between 100° and 400° C.
are connceted with their partial pressures by the followmg expression :
dCy dC, .. (CO)
dt/ dt T (H,y)(0,)}
where C, and C, are the concentrations of carbon monoxide and hydrogen
respectively in the original mixture, K being a constant.

Elevation of tempcrature effects a decrease 1in the apparent selective
character of the reaction, more hydrogen in proportion being oxidised.

1 Chodat and Bach, Ber., 1903, 36, 606.

2 Weigert, 1bud , 1913, 46, 815; Lind, dmer. Chem. J., 1912, 47, 397; Davis and
Edwards, J. Soc. Chem. Ind., 1905, 24, 266 ; Jorssen and Ringer, Ber, 1906, 39, 2093.

3 Cameron and Ramsay, Trans. Chem Soc., 1908, 93, 971.

4 Wendt and Landauer, J. Amer. Chem Soc., 1920, 42, 930.

5 Henry, Annals of Philosophy, 1825, 25, 422.

¢ Hempel, Ber., 1879, 2, 1006.
7 Radeal, Analyst, 1919, 44, 89; T'rans. Chem. Soc., 1919, 115, 993.
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Up to the present, reactions of this type have not been very thoroughly
studied,? but would appear to offer a useful field for fruitful research.

An interesting case of selective oxidation in solution is given hy
Jones,? who has studied the absorption spectrum of a solution of
uranous bromude in a mixture of water and methyl alcohol.  Addition of
potassrum perchlorate effects an alteration in the absorption bands m
such a manner as to show that the portion of the uranous salt combincd
with the methyl alcohol has undergonc no change, whilst that umted
with the water has become oxidised.

COMBUSTION.

Combustion has alrcady been defined in a restricted sense as oxidation
proceeding with such vigour and the hiberation of so much energy, that
heat and light arc cmitted. The term combustion 1s now applied
broadly to any reactions in which heat and light are evolved, wrrespective
of whether or not oxygen is present. Thus 1t is correct to speak of the
combustion of hydrogen in chlorine, of phosphorus i bromine, or of
copper in sulphur vapour. But owing to the fact that our atmosphere
contains large supplies of oxygen, 1t is evident that by far the greatest
number of examples of combustion in ordinary occurrence are due to
oxidation. Combustion implics chemical change; it docs not include
such purely physical phenomena as occur, for example, when clectric
discharges are passed through Geissler tubes.

If oxidation is accompanied by the evolution of a small amount of
heat only, and no lght, 1t 1s frequently termed slow combustion.
The term is not altogether an appropriate one, for although m most
cases the oxidations referred to may be really slow, ilis 15 not
always the case. A fanuliar example 1s afforded by nitrie oxide,
which readily combines with oxygen to yield the peroxide. The
reaction is rapid and exothermic, a marked rise in temperature being
observable.

2(NO)-+(0,)=(N,0,)+40,500 calories.

A pretty lecture experiment consists in admitting oxygen to a large
glass bell jar filled with nitric oxide, and containing the bulb of an air
thermoscope. As the brown fumes are formed, the thermoscope
registers a sharp rise in temperature.

Accepting, however, the extended use of the word ““slow ” m thus
connection, the reaction may be described as a good example of slow
combustion. The term slow combustion 1s usually limited to cases of
oxidation. Thus, for example, the slaking of lime is accompanicd by
considerable heat evolution :

[CaO]+Aq.=Ca0.Aq.+18,830 calories.

Such a reaction, however, is not generally regarded as an example
of slow combustion. Slow combustion is usually facilitated by the
presence of a solid phase which may be the combustible substance
itself—as 1n the case of phosphorus—or even an mert substance, such as

! See also Richardt, Zestsch. anorg. Chem., 1904, 38, 65 ; Lamb, Scab
J. Amer. Chem. Soc., 1922, 44, 738. ’ 3% B cabone, and Edgar,
% Jones and Strong, Amer. Chem. J., 1911, 45, 36.
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porcelain, when the combustibles are gascous only. This is well illus-
trated 1 the slow combustion of hydrogen, which is dealt with in the
sequel. When slow combustion 1s accompanied by decided luminosity
it 1s termed phosphorescence. The termm luminescence includes all
kinds of light emission whether purely physical, as in Geissler tubes, or
chemical. But the term phosphorescence is conveniently restricted to
chemical luminosity. It 1s not an execeptional phenomenon,® but an
intermediate stage between typical slow and rapid combustion. The
best known example, of course, is that of phosphorus; but under
suitable conditions sulphur, arsenic, and many other substances may be
observed to phosphoresce. The reason why 1t is so obvious in the case
of phosphorus lies m the fact that its phosphorescent temperature
interval ranges from 7° to 60° C., and thus includes ordinary atmospheric
temperatures south of the Arctic Circle. At 60° C. phosphorus catches
fire or ignites—in other words, phosphorescence has culminated in
rapid combustion.

Had Europe possessed an Arctic chmate with a maximum tempera-
ture below 7° C., 1t 1s possible that the discovery of the phosphorescence
of phosphorus might have been long delayed. Upon ignition with
a lighted taper the phosphorescent temperature mterval would have
been so rapidly passed that the phenomenon would not ordmarily be
observed.

Phosphorescence, therefore, is a frequent accompamment of slow
oxidation. It does not necessarily imply mcomplete combustion. In
the case of sulphur, for example, sulphur dioxide is produced just as
in rapid combustion, but ozone is produced if the temperature is of the
order of 200° C.2

The Slow Combustion of Hydrogen.—Owing partly to its
famihanty, and partly to the ease with which it can be obtamed in
a highly pure condition, electrolytic gas has been studied by many
investigators from the point of view of slow combustion.

In 1808 Hooke ® observed that if the gas is allowed to stand for
some months in the presence of water, the dissolved hydrogen and
oxygen enter into combination. This has been confirmed by Mazcacci *
in more recent years.

The presence of colloidal platinum in water in contact with electro-
lytic gas accelerates the reaction,® the rate of formation of water being
proportional to the concentration .of the platinum and the pressure
(i.e. the rate of solution) of the gases.® Many other surfaces also
accelerate the reaction.”

It has further been shown ® that in the course of several months a
mixture of hydrogen and oxygen when moist and exposed to daylight
shows signs of chemical combination, although the action is inappreciable
during the course of an ordinary experiment.

If the temperature is raised slightly in contact with certain metals,

1 See Smithells, B.A. Reports, 1907, 77, 469 ; Perkin, Trans. Chem. Soc., 1882, 41, 363.

2 Bloch, Compt. rend., 1909, 148, 782,

3 Hooke, Nicholson’s J., 1803, 5, 228.

4 Marcacei, Atti B. Accad. Luncei, 1902, [5], 11, i., 324.

5 See Paal and Schwarz, J. prakt. Chem , 1916, 93, 106,

¢ Ernst, Zewtsch. physskal. Chem., 1901, 37, 448.

" Hofmann and Ebert, Ber, 1916, 49, 2369 ; Paal and Hartmann, J. prakt. Chem.,
1909, 8o, 337.

8 Baker, Trans. Chem. Soc., 1902, 81, 400.
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such as platmum, the rate of union of the gascs is greatly accelerated.
Thus, compact platinum acts at 50° C., the gases combining with
measurable veloaty.! Finely divided silver acts at 150° C., thin gold
leaf at 260° C., and even fragments of non-metallic bodies such as
charcoal, pumice, porcelain, quartz, and glass arc active at temperatures
below 850° C.2  Angular picces of glass arc found to be more efficient
than glass balls of cqual superficial area.

Such being the case, 1t 1s clear that the walls of a containing vesscl
may exert an enormous influence upon the slow combustion of its gascous
contents. This is evidenced by the very varying results obtamed for
the lowest temperatures at which hydrogen and oxygen have been
observed to unite with measurable velocity when heated in glass vessels.
Thus, Bone and Wheeler ® kept clectrolytic gas in seven different
glass bulbs at 350° C. for several days, and found no combination had
taken place in six of them after one week, although in the case of the
seventh bulb, in which the glass had become devitnfied at onc end,
the presence of water could be detected. At 400° C. no change was
observable 1 thrce bulbs, but after a week one of the bulbs contamed
water, although the other two were apparently unchanged.

These results clearly indicate the influence of the glass, and it is
interesting to compare them with those reached by Meyer and Raum,*
who obtained cevidence of combination at considerably lower tempera-
tures than the above. Their results were as follow :

COMBINATION OF ELECTROLYTIC GAS.
(Meyer and Raum, 1895.)

Temperature, ° C. Period (days). Remarks.
100 218 No combination.
300 65 Water detected.
850 5 » »
448 .. Slow combination.

Clearly the temperature of 400° C. may be regarded as the border-line
temperature of the slow combustion of electrolytic gas.

These data, however, are merely qualitative m character. In 1906
Bone and Wheeler ° published the results of a very thorough quantitative
investigation of the reaction at about 450° C. in the presence of several
different types of catalysers. These were as follow :

(a) Refractory acidic oxide—poreelain.

(b) A basie refractory—magnesite.

(¢) Easily reducible oxides—oxudes of copper, iron, and nickel.

(d) Compact metals—gold, nickel, platinum, and silver.

* Erman, Abhandl. Akad Wiss Berln, 1818-1819, p. 368.
% Dulong and Thénard, Ann. Chim Phys., 1823, 23, 440, 1823, 24, 380.
8 Bone and Wheeler, Trans. Chem. Soc, 1902, 81, 535.

4l%eyer and Raum, Ber., 1895, 28, 2804. See also Brmer, J. Chum. phys., 1912,
10, 129.

® Bone and Wheeler, Phil. Trans., 1906, [A], 206, 1,
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The catalyst chosen was packed into a hard glass combustion tube,
heated to the desired temperature, and the gases, measuring some
1500 c.c. in toto, were continuously circulated throughout the system.
Any combiation to form water was measured by observing the fall in
pressurc. The majority of the experiments were carried out with
porcelain  as catalyst, and it was found that the rate of combination of
hydrogen and oxygen in electrolytic gas is dwectly proportional to the
pressure of the dry gas.

In other words, the reaction is monomolecular, although, from the
equation

2H,-+0,=2H,0

a reaction of the third order 1s to be expected.? By increasing the
proportion of either the oxygen or the hydrogen above that required
for the foregoing cquation it was found that the rate of the reaction
was directly proportional to the pressure of the hydrogen. A result
so opposed to that which might be expected indicates that the reaction
1s indirect and complicated ; this conclusion receives support from the
further observation that previous exposure to hydrogen appreciably
enhances the catalytic activity of the porcelain, although chemical
reduction of the porcelamn by this preliminary treatment is out of the
question. Indeed, if reduction did take place, a prolonged preliminary
exposure to hydrogen might be expected to enhance the catalytic action.
But experiment showed that such was not the case. Further, the
hydrogen could easily be removed again by heating the poreelain to
redness in a vacuum. A preliminary ignition in oxygen did not appear
to mfluence the results. It may therefore be concluded that porous
porcelain adsorbs both hydrogen and oxygen at rates which depend to
some extent upon the physical condition and past history of the surface.
In general, the adsorption of hydrogen is less rapid than that of oxygen,
but the limit of saturation is higher. Combination between the adsorbed
gases occurs at a rate cither comparable with or somewhat more rapid
than that with which the film of occluded oxygen is renewed, but at a
rate considerably higher than that of the adsorption of hydrogen.

When magnesite — a typical basic refractory — was used as
catalyst, the tempcrature bemg 430° C., closely similar results were
obtained. Ferric oxide and nickel oxide showed no reduction during the
process, but behaved in an analogous manner to the magnesite. Copper
oxide,® however, exhibited unique behaviour. The rate of formation
of water was not only slow, but was proportional to the partial pressure,
not of the hydrogen, but of the oxygen when the proportions of the
two gases did not correspond to that m electrolytic gas. The authors
explain this by supposing that the surface of the oxide becomes coated
with a film of “ active ” oxygen, which protects it from the reducing
action of the hydrogen. At low pressures water-vapour is formed
because the hydrogen succeeds in penetrating the attenuated film.

Gold was studied at 250° C., and from the fact that its surface

1 Kaoln is also catalytically reactive. Its influence can be observed at 230° C.
Joanms, Compt rend., 1914, 158, 501

2 Bodenstem (Zeutsch. physikal. Chem., 1899, 29, 665) beheved his experiments proved
this to be the case.

8 The influence of copper oxide has been studied also by Joanns, Compt. rend., 1914,
159, 64.
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remained apparently unchanged throughout, the conclusion was drawn
that the metal acted through adsorption or occlusion, and not m a
chemical manner. The surface of silver gauze, however, when employed
as catalyst, was obscrved to become frosted over, and 1ts catalytic
activity greatly mereased. It would appear, thercfore, that some
chemical action takes place, such as the formation and subsequent
decomposition of a hydride. An oxide is ruled out sinee silver oxides
are unstable above 850° C.2

As is well known, the noble metals arc very powerful catalysts,
and their activities have been carefully studied.* Pre-treatment of
platinum, palladium, or iridium with oxygen greatly enhances thewr
effectiveness as regards the catalysis of muxtures of hydrogen and
oxygen. Pre-treatment with hydrogen produces a similar effect but
to a less marked extent.

The Slow Combustion of Gaseous Hydrocarbons.—The fact
that some substances unite with oxygen more readily than others paved
the way for what may be termed the preferential theory of combustion,
which was widely accepted during the greater part of last century.
According to this theory, when a mixture of combustible substances
is 1gnited, there 1s competition between the different elements for the
oxygen. The same applies even in the case of a pure compound, such as
a hydrocarbon, for the two constituent elements will compete for the
oxygen. If the supply of air is imited the “ most favoured ” element
will burn first, the remainder oxidising as opportunity serves.

This theory afforded a very plausible explanation for the luminosity
of hydrocarbon flames.> The hydrogen is to be regarded as the favoured
clement, and thus becomes preferentially oxidised, whilst the less
favoured carbon is precipitated out into the flame in the white-hot
condition, and either burns in excess of air at the outward fringe or
escapes as smoke or soot n the uncombimed condition.

Although, as has already been mentioned (see p. 59), preferential
combustion may take place i the presence of certain catalysts, the theory
as applied promiscuously to all cases of combustion leads to many
difficulties. For example, when methane is exploded with 1ts own
volume of oxygen—that is, a volume msufficient for complete com-
bustion—hydrogen and carbon monoxide are produced as well as water-
vapour, 1n accordance with the equation

CH,+0,=C0+H,0+H,.
Similarly, ethylene yields carbon monoxide and hydrogen :
C,H,+0,=2C0+2H,.

These facts were known to Dalton,* and received support from the
work of Kersten ® in 1861, who assumed that when once the hydro-
carbon has been decomposed by the heat of the flame into hydrogen
and carbon, the latter is prefercntially oxidised to carbon monoxide,

1 Carnelley and Walker, Trans Chem Soc., 1888, 53, 79.

2 Hofmann and Zipfel, Ber., 1920, 53, [B], 298.

3 See Dixon, Cantor Lectures, 1884.

¢ Dalton, A New System of Chemical Philosophy, 1808, vol. 1.
¢ Kersten, J. prakt. Chem., 1861, 84, 310.
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after which any excess of oxygen distributes itself between this gas and
the hydrogen. A similar view was apparently held by Misteli.t

The question therefore arises as to what factors decide whether or
not an element shall be more favoured than another. Ifin the ordinary
rapid combustion of ethylene, for example, hydrogen 1s the more
favoured element, why should carbon be preferentially oxidised in an
explosion ? To this, a satisfactory reply has not as yet been forthcoming.

Although the preferential theory has not been disproved, modern
opinion inclines towards the association theory of Bone and his
collaborators. According to this, the oxygen of the air first combines
with the hydrocarbons, forming more or less unstable hydroxylated
products which ultimately, in a sufficiency of air or oxygen, decompose
to carbon droxide and water.

This theory was arrived at as the result of a series of classical
researches into the mode of combustion of hydrocarbon gases in oxygen
in contact with suitable catalysts.

In the preliminary series of experiments ? the gases were sealed in
glass bulbs and maintained at definite temperatures ranging from 825° to
400° C. for several weeks. As only small volumes of gases (about
70 c.c.) could be dealt with in this manner, and as, moreover, the
detection of transient intermediate products was very difficult, the
final experiments were conducted by continuously circulating the gases
(some 1200 c.c.) through a combustion tube packed with porcelain,
and maintained at the desired temperature in a furnace.?

A. It was first of all established that the following three reactions
are incapable of taking place below 400° C. :

(i) C+H,0=CO+H,;
(i) CO,+C=2CO;
(1) 2C40,=2CO.

The reversible reaction
(1v) CO+H,0==C0,+H,

gave no evidence of proceeding at 325° C. in the direction left to right
even after a fortmght. At 850° C. some 1-7 per cent. of carbon dioxide
was produced after ten days, and at 400° C. about the same quantity
resulted after a weeck. On the other hand, mixtures of hydrogen and
carbon dioxide gave no indication of change at 850° C. for a fortnight,
or at 400° C. for a weck.

Mixtures of fairly dry carbon monoxide and oxygen underwent
no change between 300° and 400° C. although the moist gases very
slowly nteracted at 325° C. and upwards in the course of a week,
yielding carbon dioxide. The reaction

(v) 2C0-+0,=2CO0,

could, therefore, like the preceding oncs, have but little effect upon the
course of the experiments.

(vi) 2H,+0,=2H,0.

1 Mistel, Chem. Zenr., 1905, 1., 1075 ; from J. Gasbeleuchiung, 1905, 48, 802. Com-
pare also Tanatar, Zeitsch. physikal. Chem., 1900, 35, 340; 1901, 36, 225; Bone and
Cain, Trans. Chem. Soc , 1897, 71, 26 ; Lean and Bone, 1bid , 1892, 61, 873.

2 Bone and Wheeler, Trans. Chem. Soc., 1902, 81, 535.

3 Bone and Wheeler, #bud , 1903, 83, 1074.
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This reaction has already been discussed (see p. 61). A temperature
of 400° C. is on the border-line where the formation of water may be
detected in the course of a week  The fact was also established that the
following pairs of gases have no appreciable mutual action at or below
400° C., namely :

' (H,+C0,, CH,-+H,0, and CO+H,.

The elmmation of these sccondary rcactions from the slow com-
bustion of methane greatly sumplifies the problem.

B. Bone and Wheeler next ascertamed that methanc combmes
with oxygen between 300° and 400° C. with an enormously greater
velocity than does hydrogen itself, and m no case were they ever able
to detect the liberation of frece hydrogen or frec carbon as an imter-
mediate or final product.

Since, if once formed. 1t would be mpossible for them to be oxidised
away in accordance with equations (i), (1), or (v1), thewr detection
and isolation would be an easy matter, and hence 1t may be postulated
that under normal conditions of slow combustion the methane 1s not
first dissociated into its constituent clements. It is equally clear that
the carbon monoxide and water which were always found when the
supply of oxygen was msufficent to completely oxidise the methane,
are two of the primary disintegration products of the partial oxidation
of the methane molecule at these temperatures, for these are too low for
reaction (v1) to take place.

C. An unexpectedly large proportion of carbon dioxide was m-
variably found 1n the gases at each stage, but especially towards the end
of the oxidation. This cannot be cxplamed on the supposition that the
carbon monoxide first formed 1s oxidised to the dioxide, for reaction (v)
takes place with extreme slowness at temperatures below 400° C. Tt
would therefore result from the decomposition of some more complex
oxygenated molecule.

D. The presence of formaldehyde could be detected as an unstable
intermediate product during the slow combustion of methane at 450° to
500° C., and must be regarded as an oxidation product of methane,
smee it was not produced when mixtures of hydrogen and carbon
monoxide were circulated through the apparatus under analogous
conditions.! Formaldehyde readily decomposes when heated m the
absence of air or oxygen yielding carbon monoxide and hydrogen ;
whilst in the presence of air, carbon dioxide and water result. Formal-
dehyde thus came to be regarded as the mitial product of oxidation of
methane, but upon the suggestion of Armstrong * the view was finally
adopted that methyl alcohol is the first product; this, however, cannot
be detected on account of the rapidity with which it oxidised, pre-
sumably by hydroxylation to the hypothetical dihydroxymethanc,
which immediately decomposes to formaldehyde and water. Ths is
followed by the formation of formic acid, which 1s readily detected
amongst the intermediate products. Further oxidation yields carbonic
acid, which dissociates into water and carbon dioxide. Thus:3

1 Bone and Wheeler, Trans. Chem. Soc., 1903, 83, 1074 ; Bone and Smuth, tbid., 1905,
87, 910.

2 Armstrong, wbid , 1903, 83, 1088.

3 Bone and Drugman, 1bd., 1906, 89, 679.
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H H H H (03:) OH
H.C.H—-H C.0H-—-H.C.0H-—H.C:0--H.(C.0--HO0.C: 0--C0,+H,0
. . +H,0 Formue Carbonie
H H OH Formaldehyde — acid. acd.
Acthane Methy 1 Wvpothetica] ~ +Steam
alcohiol tihydroxy
methane.

Onc of the most interesting features of this scheme 1s the assumption
that the first act of the oxygen atom 1s to associate itself with the
methane ; indeed, the oxygen atom appears to penetrate within the
methane molecule, m much the same way as 1t 1s believed to enter the
carbon network in the combustion of sohd charcoal (see p. 74).

In the slow combustion of ethane, on the other hand, ethyl alcohol
has actually been deteeted amongst the oxidation products,! and an
analogous scheme 1s suggested 2 to that for methane. Thus:

CH, CH, CH, CH, CHO H CHO
| —] —r | —_— + — 4+ —HCOOH—CO(0H),
CH, CH,0H CH(OH), H,0 CO+H,0 Formue Carbomc
Tthaue, Bthyl Hypothetical  Acetaldehyde  Foimaldehyde, acid acid.
alcobol dihydroxy +Steam,  carbon monoxide, M
gthane and steam. C0,+H,0

Hydrogen, methane, and ethylene are also at times to be found
amongst the products of oxidation, without, however, any carbon being
liberated. Their appearance is believed to be due to the purely thermal
decomposition of cthane, formaldehyde, and acetaldechyde.® Thus:

C,H,=C,H,+H,
H.CHO=H,+CO
CH,.CHO=CH,+CO

In the case of ethylene, C,H,, it was not to be expected that vinyl
alcohol could be detected as a transient intermediate product;* but
force of analogy leads to the assumption that the mechanism of the
slow combustion is probably as follows :

CH, CH, CHOH
| — | ~> 2H.CHO — H.COOH —— CO(OH),
CH, CH(OH) CHOH TFormaldehyde. Formic Carbonie
Hthylene. Vinyl Dihydroxy aeid acid.
alcohol. ethylene \L
(hypothetical), C0,+H,0

Vinyl alcohol could not, of course, be experimentally detceted among
the products.
For acetylene, the following scheme 1s suggested : °

CH C(OH) C(OH) H.CHO

A —=ll ——| —> + —H.COOH—CO(0H),—>C0,+H,0
CH CH C(OH) co Formic Carbomc
Acetylene, Hypothetical hydroxy IFoiumaldehyde acid acid.
derivatives + Carbon
monoxide.

It is by no means improbable that the rapid combustion of the

1 Bone and Drugman, Proc. Chem. Soc., 1904, 20, 127 ; Drugman, T'rans. Chem. Soc.,
1906, 89, 939.
2 Bone, B.A. Reports, 1910, p. 491 ; Bone and Stockings, Trans. Chem. Soc., 1904,
85, 693,
5 3 Bone and Smuth, Trans. Chem. Soc., 1905, 87, 910.
4 Bone and Wheeler, wbid., 1904, 85, 1637.
5 Bone and Andrew, ibud., 1905, 87, 1232.
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hydrocarbon gases follows similar lines. Evidence on this point,
however, is difficult to obtam.

The slow combustion of phosphorus m moist air 1s an apparent
exeeption to the law of mass action, for the rate of oxidation diminishes
with rise of pressure, becoming practically nil at 500 mm. of oxygen.
Thus is really a casc of false equilibrium akin to passivity m mctals.
The surface of yellow phosphorus 1s exceedngly sensitive to the action
of traces of impurity. The moisture appears to be the primary cause
of the irregulamty referred to, although the modus operandi 1s not
understood.r If, on the other hand, freshly distilled phosphorus 1s
exposcd to the action of awr or oxygen dricd by passage through sulphuric
acid, and thereforc having a moisture content of the order of 1 mg.
per 400 litres,? the oxidation proceeds at all pressures and 1S mono-
molecular above 500 mm. It 1s accompanicd by a very fecble glow
and the formation of some unknown oxide! Below 500 mm. the
reaction 1s accelerated, the glowing 1s more intense and phosphorus
pentoxide is formed.

On the other hand, if the oxygen is very dry 3 the oxidation proceeds
exceedingly slowly, and probably if the system erc entirely free from
water no action would take place at all.  Ozone and hydrogen peroxide,
which arce produced during the oxidation of moist phosphorus,* do not
occur m the dry reactions. The slow oxidation of phosphorus in various
oils has also been studied.®

The slow combustion of coal 15, on account of 1ts commercial
importance, a subject of particular interest. Anthracitc and anthracitic
coals are but Lttle affccted by exposure to awr, but the majority of
bitunmunous coals undergo appreciable oxidation and deterioration. A
photographic plate 1s affected by them m the dark m the presence of
air or oxygen possibly owmng to the production of traces of hydrogen
peroxide.b The rate of oxidation mcreases with the surfacc arca and with
the temperature ; 1f the resulting heat is unable to escape sufliciently
rapidly the tempcerature may rise to such a height as to cause spontaneous
combustion. In coal mines the conditions are peculiarly favourable to
this, and the resulting fires are known as gobfires. The same difficultics
present themselves in connection with the storage and transport of coals.
It was at one time believed that the spontancous heating of coal was duc
solely to the oxidation of included pyrites or marcasite. Thus:

FeS,+H,0+0,=FcS0,-+H,S0,.
The researches of several mvestigators 7 have shown faily conclusively

1 Russell, Trans. Chem. Soc , 1903, 83, 1271  Sec also this senies, Vol VI

2 Morley, Amer. J. Scv, 1887, 34, 200.

3 Dred with phosphorus pentoxide It then contamns a maximum of only 1 mg.
H,0 per 40,000 litres.

4 ‘Schonbein, Pogg. Annalen, 1845, 65, 69, Schmuds, J. praki Chem., 1866, 98, 414 ;
Russell, loc. cit.

5 Centnerszwer, Chem Zentr., 1910, 1., 1022,

6 W. J. Russell, Proc Roy. Soc., 1908, [B], 80, 376, Smkmson, Trans Chem. Soc.,
1920, 117, 165.

7 See particularly Rachters, Dingl Poly J., 1868, 190, 398; 1869, 193, 54, 264,
1870, 195, 315, 449 ; 1870, 196, 317, Fayol, Bull. Soc Ind. Munerale, 1879, 8, m1., 3487 ;
Lawton, Trans Inst Mwn. Eng, 1904, 27, 112; Threlfall, J Soc. Chem. Ind , 1909,
28, 759 ; Second Report of the Royal Commussion on Coal Supplies, 1904 (Cd. 1991), 2,
2?’;;1 .Le'wes, wid., 232 Bulletin No. 110, Bnguneering Bupervmental Statwon, Unwersity
of Illinois.
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that this cannot be the main cause. Indeed, it is not difficult to
show, from thermochemical considerations, that 1f the coal contained
as much as 2 per cent. of pyrites,! and the heat of the foregoing reaction
were wholly accumulated in the mass of the coal. 1t would be totally
madequate to raise the temperature of the mass to 1gnition-point.2
On the other hand, a straightforward chemical reaction of this type
is not the only manncr in which a substance, such as pyrites, may
possibly assist mn the oxidation of coal. It 1s well known that iron
compounds, by virtuc of their power of alternate reduction and oxidation.
frequently exert a marked catalytic action upon reactions of the above-
mentioned type; and evidence 1s not altogether wanting 3 that pyrites
can and does exert a minor accelerating influence on the oxygen
absorption of coal.

Apart from its thermochemical and catalytic activities, it seems
very probable that pyrites can assist in the oxidation of coal in a purely
mechanical manner as well, masmuch as it tends to swell on oxidation
and thus to increase the mechanical disintegration of the coal, thereby
exposing larger surfaces to acrial attack.4

When air is passed over coal free from occluded gases oxygen is
absorbed, water and oxides of carbon being produced. This reaction
proceeds even at temperatures as low as 25° C. ; ® indeed, with freshly
mined coal, oxidation proceeds at the ordinary temperature, although
i this case 1t may not be attended with evolution of carbon dioxide.®
Up to about 80° C., however, the reaction is relatively slow, and even
when coal 1s exposed to oxygen under high pressure the oxidation is
attended by only relatively small amounts of the oxides of carbon.?
At about 80° C. the rate of oxidation undergoes a marked 1ncrease, and
at 120° C. 1n oxygen and 185° C. in air oxidation proceeds frecly.

Between 140° and 160° C 1n oxygen and 200° to 270° C. in air
oxidation becomes autogenous or self-propellant, and as soon as this
point is rcached the temperature rises rapidly to the ignition-point.®

Moisture aceclerates the oxidation of coal, but an excess of water
rctards 1t, partly because 1t enters the pores and thereby renders it less
accessible to the atmosphere and partly also because its evaporation
tends to keep down the temperature. Oxidation proceeds in the
absence of bacteria.?

It has been suggested that, just as in the combustion of carbon and
the slow combustion of hydrocarbon gases, the first step in the slow
combustion of coal consists in the formation of an additive compound
or complex, consisting of oxygen and one or morc of the substances
present in coal 1

1 Using the word pyrites n 1ts broadest sense to cover any sulphide of iron.

2 Bone, Coal and its Scientyfic Uses (Longmans, 1918), p. 150.

3 Drakeley, Trans. Chem. Soc , 1916, 109, 723; 1917, 111, 853  See also Haldane and
Meachem, Trans. Inst. Min Eng., 1898, 16, 491, Jeffres, sbud., 1905, 29, 532 Compare
Harger, wbid., 1913, 44, 318 ; Drescher, Chem. Zestung, 1922, 46, 802

¢ Lewes, J. Gashghting, 1890, 55, 145; 1906, 94, 33

5 Mahler, Compt. rend., 1910, 150, 1521, 1910, 151, 645.

¢ Parr and his Co-workers, University of Illwnois, Bulletins Nos 17 (1908) and 46 (1911).

7 Bone, op. cit., p. 158.

8 Parr, loc. cit ; also Tideswell and Wheeler, Trans. Chem. Soc., 1920, 117, 794.

® Godchot, Compt rend., 1920, 171, 32.

10 Wheeler, Trans. Chem. Soc.,, 1918, 113, 945; Tideswell and Wheeler, sb2d., 1919,
115, 895 criticism by Partington, Chem. News, 1919, 118, 50.
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Surface Combustion.—As has been seen, slow combustion of gases
may be enormously accelerated by contact with catalysing surfaces.
The rate may be so mereased as to cause the evolution of light and
intense heat, but without any visible flame. All such phenomena are
grouped together under the term surface combustion (sce p. 52).

Davy. 1n 18181 called attention to the fact that a spiral of
platinum wire, when plunged m a warm condition mnto a mixture of
coal gas and amr, becomes incandescent and may cause the gases to
burst mto flame. By holding a picee of platmsed ashestos, after
warming m the Bunsen flame, i a stream of coal gas and air, the
surface of the asbestos glows brightly, but as a rule no flame appears.
If, however, the ashestos is held over a jet of hydrogen, sufficient heat
is generated to ignite the gas.

A pretty lecture experiment consists m suspending a spiral of
platinum wire in a beaker over some methyl alcohol.  The latterisigmted,
and when the spiral has become warm a card, punctured with small
holes, 15 laid over the top of the beaker. This extingmishes the flames,
but sufficient air enters to allow some of the alcohol to burn on the
surface of the platinum, which glows at red heat.

The reaction, when once started, 1s self-supporting, and may be
represented as follows :

(i) CH,OH+O = HCHO+H,0;
Methyl alcohol. Formaldehyde

(i) HCHO+0=HCOOH ;
(1) HCOOH +0=H,0 +CO0,.

By suitably adjusting the apparatus formaldechyde may be made the
most important product, and advantage has been taken of this to
construct the well-known formaldehyde lamp,? in which a mixturc of
methyl aleohol vapour and air is passed over a warmed platinum wire.

Fiely divided platmmum, on account of 1ts enormous surface area, 1s
very reactive,® and a small quantity introduced into electrolytic gas
may cause instant explosion.*

Surface combustion phenomena are not confined to platinum or
the noble metals. A warmed iron wire may be raised to incandescence
by surrounding 1t with an atmosphere of air and coal gas.’

It is now established that :

1. The property of accelerating gaseous combustion at temperatures
below ignition point is shared by all substances irrespeetive of their
chemical composition.

2. Whilst at lower temperatures there exist very marked differences
in the catalysing powers of various sohds, at high temperatures these
disappear.

At bright incandescence all solids behave alike.

! Pavy, Phil. Trans., 1817, 107, T7; Quart. J Scr, 1818, 5, 128,

2 Tollens, Ber , 1895, 28, 261.

* Doeberemer, Schweigger’s J , 1823, 34, 91 ; 1823, 38, 321 ; 1823, 39, 159 ; 1824, 42,
60; 1831, 63, 465.

¢ Hofmann, Annalen, 1868, 145, 357 ; Ber., 1869, 2, 152, 1878, 11, 1686; Thomas,
J. Amer. Chem. Soc., 1920, 42, 867,
63957%‘17etcher, J. Gashghting, 1887, 1, 168. See also Meumer, Compt. rend., 1908, 146,
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Bone ! has applied the phenomena to industrial problems, mixtures
of coal gas and air bemng caused to burn on the surface of porous fire-
brick, generating enormous heat, but with no visible flame.

Combustion of Solid Carbon.—Owmng to their importance as
fuel, carbonaceous materials have for centuries been the subject of
scientific consideration. For somc time prior to the discovery of
oxygen, carbon or charcoal was regarded as composed mainly of the
essence of combustibihty, and Stahl (c. 1697) considered it to be
almost pure phlogiston (see p. 11). On this theory, the fact that only
a certamn quantity of charcoal could burn mn a hmited supply of air
was readily explamed on the assumption that phlogiston could not
leave a substance unless 1t had somewhere to go. The air could only
absorb a definite amount, and when once fully phlogisticated behaved
like a saturated body and refused to take up any more.

The discovery of oxygen by Priestley and independently by Scheele
in the second half of the eighteenth century enabled Lavoisier to offer
an entirely new explanation for the phenomena. The carbon was
assumed to combine direct with oxygen to form the dioxide

(1) C+0,=C0,,

and the fact that carbon monoxide 2 was found to result mn the presence
of exccss charcoal, was accounted for by reduction of the carbon dioxide

(i1) CO,+C=2CO.

For more than half a century this theory was accepted almost
without question,® but in 1872 Sir Lowthian Bell concluded that the
theory was inadequate in so far as the combustion of coke i a blast
furnace was concerned. IHe suggested that *‘ carbon monoxide and not
carbon dioxide is the chief, if not the exclusive and immediate, action of
the hot blast on the fuel.” If this view is accepted, carbon dioxide is
to be regarded as an oxidation product of the monoxide rather than of
carbon 1tself, and carbon monoxide as the primary oxidation product
of carbon nstead of a reduction product of the dioxide. Thus:

(1) 2€4+0,=2C0O;
(1) 2CO+0,=2CO,.

Bell’s theory received unexpected support from the work of C. J.
Baker 4 some fifteen years later. This imnvestigator studied the effect of
admission of oxygen to charcoal that had previously been thoroughly
exhausted of air and moisture by heating to redness in an evacuated
tube containing phosphorus pentoxide. On admitting dry oxygen to the
system, adsorption took place, and a temperature of 450° C. was required
to cxpel it. It then escaped mainly as carbon monoxide. In the
presence of moisture carbon dioxide was formed, but the more thoroughly
{ree from moisture the substances were, the less the amount of carbon

1 Bone, J. Roy. Soc. Arts, 1914, 62, 787, 801, 818 ; Coal and sts Scientrfic Uses (Long-
mans, 1918).

2 A gas prepared by Lassone m 1776 and mustaken for hydrogen, but later recogmsed
as a true oxide of carbon.

3 As late as 1888 Lang (Zeitsch. physikal. Chem., 1888, 2, 161) claxmed-to have proved
that 1 the combustion of carbon the formation of dioxide precedes that of the monoxide.
His conclusions, however, were disputed by Dixon (Trans. Chem. Soc., 1899, 75, 630).

4 C. J. Baker, Trans. Chem. Soc., 1887, 51, 249.1
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dioxide produced.® This, coupled with the fact, proved by Baker, that
dried carbon dioxide is reduced by dry carbon only with difficulty to the
monoxide, strongly supports the conclusion that under these conditions
carbon burns directly to the monoxide.

Still further support was forthcoming the following year from the
researches of H. B. Baker,2 who found that no wvisible combustion
occurred when thoroughly dry oxygen  was led over highly punfied
sugar charcoal at bright-red heat. That combmation had taken place,
however, was clear from the resulting gaseous mixture, namely :

Oxygen . . . . 581 per cent.
Carbon monoxidc . . 395 .
Carbon dioxade . . .22

Johnson and M‘Intosh ¢ found from 6-2 to 8:9 per cent. of carbon
monoxide in the gases evolved during the combustion of a mixture
of carbon with excess of potassium chlorate, both in air and m a vacuum.
As the temperature was only of the order of 1000° C., the authors arguc
that the monoxide could not have resulted from the thermal decom-
position of the dioxide, so that the monoxide would appear to be the first
product in the combustion of solid carbon.

In 1896 Dixon ® showed that the rate of explosion of cyanogen in
oxygen reaches a maximum when the gases arc in molecular proportions.

Thus:
C,N,-+0,=N,+2CO.

Further, the pressure developed during the explosion is greater, and
the reaction proceeds more rapidly, than when sufficient oxygen 1s
present to convert the carbon into the dioxide.

It would appear, therefore, that m so far as gascous carbon is con-
cerned, carbon monoxide is the mitial product. '

For many years chemists appear to have been satisfied with one or
other of these theories. In 1912 attention was agan directed to the
subject by Rhead and Wheeler,® who pomt out that 1f 1t could be shown
that either the reaction

C+0,=CO0,
or
C0,4C=2CO
proceeds at a temperature at which either
2C+40,=2C0
or

200+0,=2C0,

takes place with inappreciable veloaty, a decision between the two
foregoing theories could be arrived at. Although unable to arnve at a

! In one experiment 98 91 per cent. of CO and only 1 08 per cent, of CO, were obtained,
the substances having been dried for two months over phosphorus pentoxide.

2 H 'B. Baker, Proc Roy. Soc., 1888, 45, 1 ; Phil. Trans., 1888, 179, [A), 571.

8 Dried by prolonged exposure to phosphorus pentoxide

¢ Johnson and M‘Intosh, Trans. Koy Soc. Edun., 1918, 7, m, 161.

§ Dixon, Strange, and Graham, Trans. Chem. Soc., 1896, 59, 759, Dixon, Phil Trans.
1893, 184, 97. ’

¢ Rhead and Wheeler, Trans. Chem Soc, 1912, 101, 846
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complete solution of the problem in this simple manner, Rhead and
Wheeler succeeded 1 showing that—

1. Some carbon monoxide 1s produced during the oxidation of carbon
at low temperatures, under conditions that do not admut of the reduction
of carbon dioxide by carbon.

2. Carbon dioxide 15 produced at low temperatures in quantities
that cannot be entircly accounted for on the assumption that the
monoxide is first formed and subsequently oxidised.

The conclusion appears mevitable that both the monoxide and the
dioxide are produced simultaneously. In other words, neither gas is
the primary product of oxidation in that it takes precedence over the
other. The two previous theories are therefore to be regarded as
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Fre 8.—Oxygen absorption by exhausted charcoal.
(Rhead and Wheeler, 1913 )

correct, cach as far as it goes. The question now arises as to the nature
of the reaction between carbon and oxygen, and this was discussed by
Rhead and Wheeler the following year.! It was found that charcoal
that had been heated to 950° C. in an cvacuated vessel and allowed to
cool, readily adsorbs oxygen at all lower temperatures, the rate of
adsorption being very rapid during the first few seconds, after which
the velocity gradually slows down, but continues for several hours
(sec fig. 8). The total amount of occluded oxygen increases with fall of
temperature, and is approximately constant for any given temperature
for the particular specimen of charcoal under observation. This
oxygen cannot be removed by exhaustion alone, but only by increasing
the temperature of the carbon durmng exhaustion. When quickly
released in this manner it appears, not as oxygen, but as carbon dioxide
and carbon monoxide. The proportions i which it appears in these

1 Rhead and Wheeler, Trans. Chem. Soc., 1913, 103, 461.
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two oxides when completely removed depend on the temperature at
which the carbon has been heated during oxygen-fixation.

If, for example, the temperature 1s raised, say from 300° to.350° C.,
oxygen 1s evolved m vacuo, corresponding to the amount AB in fig. 8,
as a mixture of monoxide and dioxide until the saturation hmit of the
charcoal at this higher temperature has been reached, and then ceases.

The authors suggest that this 1s more than a purely physical
“ fixation > of oxygen, being in all probability the outcome of a physico-
chemical attraction between oxygen and carbon. Physical, inasmuch
as it scems hardly possible to assign any definite molecular formula to
the complex formed, which, indeed, shows progressive variation n
composition ; chemical, in that no isolation of the complex can be
ctfected by physical means.

It would appear, therefore, that the first product of combustion of
carbon 15 a looscly formed physico-chermeal complex, which can be
regarded as an unstable compound of carbon and oxygen of an at
present unknown composition, C,0,. It is probable that no defimte
formula can be assigned to this complex.

Stated mamly in the words of the authors themselves, the coneeption
of what takes place during the combustion of carbon is, briefly, as
follows : each oxygen molecule that comes mto collision with the carbon
becomes ¢ fixed,” 1n so far as it is rendered ncapable of further progress
by the attraction of several carbon molecules. There 1s as yet no
absolute knowledge of the number of atoms contained in the carbon
molecule. The formation of benzenehexacarboxylic acid (mellitic acid)
by the oxidation of erther amorphous carbon or graphite, warrants the
assumption that the carbon molecule contamns not fewer than twelve
atoms,! and may be even more complex.? It 1s conceivable, thercfore,
the authors pomnt out, that m the oxidation of carbon the oxygen
molecule actually enfers the carbon molecule, a rearrangement of atoms
taking place. However, for the present 1t is sufficient to assume that
several carbon molecules hold one oxygen molecule, in bond as it were,
and do not allow 1t to escape in conjunction with one of their atoms. A
considerable evolution of heat takes place during this attachment of
oxygen molecules, so much so that some of them eventually acqure
sufficient energy to seize hold of a carbon atom and depart with it as
carbon dioxide. Some of them become torn apart in the process—
become atomised—and leave the carbon molecule as carbon monoxide.

This formation of a complex, and partial decomposition as fresh
oxygen molecules become attached, goes on until the carbon becomes
“ saturated,” the products of combustion during this period (a com-
paratively short one) being C,0,, CO,, and CO. After the carbon has
become saturated there 1s an alternate formation and decomposition of
the complex. Each oxygen molecule that impinges on the carbon 1s at
once seized hold of to form the complex, but the energy set frce when
this occurs decomposes an equivalent proportion of the complex formed
from previous oxygen molecules. So that, finally, when ar is passed
over saturated carbon maintained at a constant temperature by the

I Dewar, Chem. News, 1908, 97, 16.

* Aschan, Chem. Zeit, 1909, 33, 561. See also Redgrove, Chem. News, 1908, 97, 36 ;
Dunroth and Kerkovius, Annalen, 1913, 399, 120. Contrast, however, Hans Megyer,
Monatsh., 1914, 35, 163.
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applcation of an external source of heat, carbon dioxide and carbon
monoxide appear m the products of combustion m volume sufficient
to account for the total volume of oxygen i the air originally passed.

In the normal burning of carbon, therefore, the carbon dioxide and
carbon monoxide found as the apparently primary products of com-
bustion, arise from the decomposition, at the teniperature of combustion.,
of a complex the formation of which 1s the first result of the encounters
between oxygen and carbon molecules.

The 1dea of ““ oxygenation ™ of the combustible as a prehminary to
definite chemical reaction is not without precedent.

Indeed, 1t receives strong support from the work of Bone on the
combustion of hydrocarbon gases (see pp. 65-67). Although not
defimtely proved, this attractive theory is certamnly a most suggestive
one; 1t not only fits mn well with known facts, but is in harmony with
the various points urged 1n favour of each of the two ecarher theorics.

Composition of the Complex.—An attempt was made to determine
the quantity of oxygen adsorbed by a sample of charcoal at 800° C.
The result indicated an adsorption of 0-16 gram of oxygen by 12 grams
of carbon, corresponding to a formula of C;oO. This, of course, only
refers to the temperaturce chosen, namely, 300° C. The relative pro-
portions of carbon dioxide and monoxide evolved on raising the tempera-
ture of saturated charcoal were found to vary with the initial temperature,
so that it appears impossible to determine the values for 2 and y from the
available data.

As mentioned above, however, Baker has shown that carbon dioxide,
when thoroughly dried by prolonged contact with phosphorus pentoxide.
1s not reduced by carbon even at bright-red heat. On the other hand,
Rhead and Wheeler have shown that the complex C,0, 1s readily
formed from its dry constituents. These two observations suggest
a method by means of which the ratio a/y mught be discovered, if not
exactly at any rate approximately. For by exposing thoroughly dry
charcoal which has been exhausted at, say, 1100° C. to thoroughly dry
oxygen at a lower temperature, the complex C,0, should be obtained m
an equally dry condition. On raising the temperature and pumping
off the two oxides of carbon, these should be obtained in the proportions
in which the atoms of oxygen and carbon are distributed 1n the complex,
inasmuch as none of the carbon dioxide once produced in this way
can be reduced to monoxide during the experiment, as undoubtedly
occurs 1n the case of the moist gases.

Only two series of experiments have been carried out with this object
in view, the results bemg inconclusive.?

FrAME.

Flame has already been defined as a mass of gas raised to incan-
descence. It will be observed that this definition does not hmit flame
to such phenomena as are attendant upon combustion; it simply
postulates the existence of vapour or gas. Whiilst flames may and
often do exist under conditions excluding all types of combustion, as
for example during the electric discharges through rarefied gases, in the
majority of cases flames are the result of rapid oxidation.

1 Rhead and Wheeler, Trans. Chem. Soc., 1913, 103,1210; H H. Lowry and Hulett,
J. Amer. Chem. Soc , 1920, 42, 1408.
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Cool Flames.—It has long been known that certain flames are
capable of existence at relatively low temperatures. Thus, a century
ago, Davy observed that when a hot platmum wire was introduced mto
a mixture of ether-vapour and air, not only did the wire become red hot
in consequence of active surface combustion, but a pale phosphorescent
light could be detected above the wire, particularly when the latter
ceased to glow, if the experiment were conducted in a dark room.
Doeberciner observed the same phenomenon, and mentioned that when
ether is dropped into a rctort at 100° C. 1t may assume the spheroidal
state accompanied by a pale blue flame, visible only m the dark, and too
cool to set fire to other bodies. Perkin * suggests several ways by which
this phenomenon may be exhibited at lectures. Of these, perhaps the
best is to heat an 1on or copper ball to dull redness, allow it to cool to
such a temperature that 1t is just mvisible i the dark, and, by means of
a wire, suspend it over a dish containing several filter papers saturated
with ether. “ As the ball approaches the cther, a beautiful blue flame
will form, passing over its heated surface upwards for scveral mches.
The ball may be let right down mto the cther without causmg ordnary
combustion.”

The blue flame is characterised by 1ts low temperature. The
fingers may be placed in it without discomfort; paper is not charred
by it, and even carbon disulphide is not ignited by it.

In studying the limits of flame propagation both mn ether-air and in
acetaldehyde-air mixtures, White 2 observed that, upon ignition with a
hot platinum spiral at the bottom of a vertical glass tube, “a ray of
glowing gas often seemed to extend upwards {from the spiral for any
distance up to 80 cm. The ray often remamed i this position for many
seconds before the top opened into a ‘cool’ flame travelling up the
tube.”” The cool lame was found to readily yield the ordinary hot flame,
particularly in the case of acctaldehyde. The author pomnts out that
the existence of this type of cool flame may serve to explain some of
the hitherto inexplicable explosions with combustible vapours. On one
occasion he was attempting to demonstrate mn the usual way in day-
lght the flow of heavy ether vapour down an open wooden gutter
4 metres long, the vapour bemg obtained from a sponge saturated
with liquid ether and held just above the top of the gutter. The
inclination of the gutter was 1in 4. After a time the attempt to ignite
the ether-air mixture at the bottom of the gutter by means of a taper
was apparently unsuccessful, although the characteristic odour of the
so-called lampic acid was reachly detectable. A few seconds later,
however, the sponge burst into flame. It would appear, therefore, that
a cool flame, practically invisible in the daylight and unobserved by the
experimenters, had travelled up the gutter and given rise to ordinary
combustion at the top. '

The Hydrogen Flame.

_ The hydrogen flame is a simple one to study, for no solds are present
either in the pure gas, 1n pure air, or in any of the products of combustion.

1 Perkin, Trans. Chem. Soc., 1882, 41, 363. See also Leighton, J. Physi
o4 e, 4 e also Leighton, J. Physical Chem.,
2 White, Trans Chem Soc, 1922, 121, 1254
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When first ignited, a jet of hydrogen issuing from a glass tube yields a
colourless and almost invisible flame ; but as the glass becomes warm
the flame acquires a yellow tint in consequence of sodium present in the
glass. By employing a platinum nozzle the flame 1s rendered colourless
and practically invisible. It consists of two portions, namely, an inner
zone initially of pure gas, which rises in temperature and gradually
becomes admixed with air as 1t passes towards the outer zone where
combustion is complete.

It would appear! that the combustion of hydrogen between 600°
and 1000° C. proceeds m such a manncr that hydrogen peroxide is
formed 1n considerable quantity, but rapidly decomposes into water
and nascent oxygen. Some of the oxygen atoms wute to form
ozone, which decomposes less rapidly than the peroxide. For this
reason, under surtable conditions, both hydrogen peroxide and ozone
may be detected in the products. The temperature of the oxyhydrogen
flame has been deternned as lying between 2200° and 2300° C. according
to the proportion of oxygen.2

The Candle Flame.?

The so-called *“ wax ** of a candle is a sohd fuel, with carbon and
hydrogen as combustible constituents. When once the candle has been
lighted, and equilibrium has cstablished 1tself, the
wax at the foot of the wick melts by the heat
radiated from the flame, and ascends the wick ':‘r

'l’ LUMINOUS ZONE
\ NON LUMINQUS
INNER ZONE

NON LUMINOUS
MANTLE

by capillary attraction. Arrived in the flame, 1t
vaporises with partial decomposition, ylelding a
combustible gaseous mass, apparent to the outside
observer as a non-luminous wnner zonet By in-
serting a short, narrow glass tube mto that por-
tion of the flame, the supply may be tapped, and
the vapours ignited at the frce end of the tube.
As the vapours ascend the cone, slow combustion 1
begins and admixture with a hittle air takes place.®
At the apex of this cone combustion begins to be
vigorous, for air has now diffused towards 1t, and
the temperature rises towards 1000° C. Above
this apex, and forming also a thin mantle all round
the lower portions of the cone, is a brightly lumin- g, 9.—The candle
ous mantle. In this region partial combustion is flame.

taking place and the temperature ranges from )
1000° to 1300° C. As the gases flow towards the outer surface of this
mantle they mect fresh supphes of air to enablc complete combustion
to ensue. This takes place in what is termed the non-luminous outer
mantle, and it is in this region that the flame is hottest. Here, too, the
bent wick, already charred, projects its end, which becomes completely

BLUE ZONE

1 yon Wartenberg and Sieg, Ber , 1920, 53, [B], 2192.

2 Bauer, Compt. rend , 1909, 148, 1756.

3 See summary by Smuthells, Trans. Chem. Soc, 1892, 61, 217.

4 Francis Bacon was aware * that flame burneth more violently towards the sides
than m the mudst,” Sylva Sylvarum, or a Naturall Hustory in Ten Centuries, Bacon, 1615,
6th ed., p. 9). Quoted by Smithells, loc. et

s Hlgard, Annalen, 1854, 92, 129; Landolt, Pogg. Annalen, 1856, 99, 389.
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oxidised so that the services of snuffing-tongs are no longer in demand.
Just beneath the wick lies a small blue zone which can easily be dis-
tinguished but 1s of relative unimportance. Air nising up the outside
of the candle keeps the walls of wax cool and thus prevents guttering.

Cause of Luminosity.—In 1815 Davy ! suggested that the lumin-
osity of a candle flame 15 due to the presence of munute particles of
carbon at white heat. These particles were believed to be produced by
incomplete combustion of the hydrocarbon vapours in the restricted
supplies of air available within the flame, the hydrogen of the vapours
bemg * preferentially ”” oxidised (see p. 64), leaving the carbon to shft
for itself. This theory was generally accepted for many years, and 1t
was not until 1867 that a mval theory was projected by Frankland,®
according to which the luminosity of the flame “is due to radiations
from dense but transparent hydrocarbon vapours.”

The relative merits and demerits of these theories may most advan-
tageously be considered by reviewing a few of the more mmportant
physico-chemical phenomena of flame.

1. The deposition of soot upon a cold object mtroduced nto a
candle flame is a familiar obstacle to the adoption of this otherwise
convenient method of heating small bodies. The deposition occurs
only when the object is heated in the luminous zone, the outer non-
luminous mantle in general yielding no soot. This was advanced as an
argument in favour of the existence of carbon particles in the flame.
Whilst this is exactly what might be expected in such circumstances,
1t would also result upon the decomposition of dense hydrocarbons
under like treatment. Hence this experiment alone is in harmony with
both theories, and does not enable a distinction to be made.

2. The preferential theory of combustion is not now regarded as
correct, having given place to the more satisfactory association theory
of Bone (see p. 65) But whilst Davy’s theory of lummosity thus
loses a certamn amount of support, it recerves support from other
directions. Thus it 1s well known that the higher hydrocarbons are apt
to undergo decomposition at high temperatures. In technical practice
this is termed *cracking,” and it is quite conceivable that analogous
reactions might occur in a candle flame.

3. When an intense beam of light is projected on to a candle flame
the beam is both bent from its original direction and polarised.®> In
other words, the flame behaves as though 1t were a turbid medium, that
is, onc containing minute particles, termed the disperse phase, {loating
about in a continuous phase.

If the diameters of the disperse particles, supposed spherical, lie
between the limits of 1 and 100 up (pp=10"8mm.) the particles are of
colloid dimensions, and the flame is colloidal. It 18 termed a statéonary,
but not a stable dispersoid system by von Weimarn.* In a stable system
the particles would not change, whereas in a flame they constantly
disappear and are as frequently renewed.

1 See Davy, Phil. Trans , 1817, p. 77,

2 See Frankland, Proc. Roy. Soc, 1868, 16, 419, Skeiches from the Life of Svwr Edward
Frankland (Spottiswoode, 1902), pp. 234-256, Experumental Researches, Frankland
(London, 1877), p. 906.

] 316S:n:ftleben and Benedict, Kollowd Zeutsch., 1920, 26, 97 ; Stokes, Chem. News, 1891,
4, 107,
1 von Weimarn, Ann. école mines Oural, 1919, 1., part 2, 5.
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Whilst, however, this result cleaily indicates the diphasic character
of the luminous zone; it does not indicate the nature of the disperse
phase Hence 1t does not enable a decision to be made between Davy’s
theory and that of Frankland.

4. Simularly, indecisive results are obtained by the spectroscopic
study of the Juminous zone. A continuous band of colour 1s observed,
and this would result whether the lumimous particles were solids or
densc hydrocarbon vapours. As 1s mentioned later (see p. 84), even
the flame of hydrogen burning in oxygen under high pressures yields
a continuous spectrum, and in this case the possibility of solid particles
being present 1s cntirely ruled out.

5. The lunmosity of a flame can be greatly mereased by the intro-
duction of solid particles which become incandescent,! and the rapid
combustion of such substances as give non-volatile sohd oxidation
products 1s usually accompanied by brilliant luminosity. A familar
example 1s the combustion of metallic magnesium. But hydrogen
burns in oxygen under pressure with high luminosity, so that solids are
not essential to the phenomenon.

From the foregomg it will be evident that a decision between the
theories of Davy and Frankland cannot he casily arrived at. Indeed,
1t is by no means impossible that both theories are correct in so far as
they go. The only really certain feature is that the luminous zone is
diphasic.?

Coal-gas Flame.

The coal-gas Hame 1s practically a replica of the candle flane, for
it may be divided mnto three analogous zones, and the phenomena
attendant upon 1ts luminosity are closely smmlar to those alrcady
detaled.?

Examination of the spectrum of illummating gas leads to the con-
clusion that two superimposed effects must be considered.* Firstly,
there 1s the continuous temperature spectrum, caused by the incandescent
particles floating in the flame, and secondly, a band spectrum caused
possibly by the luminous particles m the act of burning in the outexr
mantle of the flame, or perhaps by their products of combustion.

If air is admutted into the heart of the flame mn sufficient quantity,
the luminosity ® suddenly: disappears almost entirely, and a flame
resembling that of. pure hydrogen results. Owing to the rapid com-
bustion of the hydrocarbons, no luminous particles are separated, and
the flame, bemng intensely hot, 1s a convenient one to employ for heating
purposes, since 1t yields no soot when made to impinge upon a cold
object. This is the principle of the Bunsen burner, the flame of which
consists of two parts only, both of which are non-luminous. The inner

1 A practical application of this effect 1s seen i the ordinary incandescent mantle
composed of oxides of thorium and certum. For an account of the history of the mcan-
descent mantle, see Fischer, Der Auerstrumf, Sammluny Ahrens, 1906.

* See Heumann, Annalen, 1876, 181, 129, 1876, 182, 1; Pkl May., 1877, 3, 1, 89,
366 ; Soret, wbid , 1875, 49, 50 ; Burch, Nature, 1884, 31, 272, Stokes, 1b1d., 1892, 45, 133
On the temperatures of the lummous particles, see Ladenburg, C'hem. Zentr., 1906, 1., 1707.

3 For analyses of the products of combustion from the inner cone, see Bubnov, Zeutsch.
physikal Chem., 1914, 88, 641,

4 Amero, Attr R. Accad. Sci. Torino, 1907, 42, 673

5 See p. 81 for a discussion of the lummosity of the Bunsen flame.
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zone is essentially a muxture of unburned gas with air.! It 15 warmed
by radiation from the outer zone, and ranges in temperature from about
300° (. a little above the nozzle, to 1000° C. at the apex, where rapid
combustion commences. The outer zone 1s a hot mantle of burning
gas, the temperature of which may rise to about 1550° C.,2 or even as
high as 1760°4+50° C.3  Combustion 1s here fairly complete.

Carbon monoxide may appear amongst the products of combustion,
principally as the result of sudden cooling of the flame.* It appears
that an incandescent mantle tends to act m this way, and cause
appreciable amounts of carbon monoxide to escape. The amount
depends upon the type of burner, and is independent of the amount
of carbon monoxide in the original combustible gas between the limits
of 0 and 60 per cent.

Smithells Separator.—When a mixturc of a combustible gas with
air or oxygen is burning at the mouth of a tube, there is a constant
tendency for the flame to “ stmke back,” this
explosive tendency being counteracted by the
velocity with which the gaseous mixture passes
slong the tube. By adjusting the relation be-
0,002 M0 tyveen the proportion of oxygen in the gas and
PARTIAL the rate of flow, it is possible to effect the sepa-
§ comeusTioN  ration of a flame into its component parts, be-
- CORK cause when the rate of flow of the gas is just
I insufficient to maintain the combustion at the end
of the tube, the inner portion of the flame recedes
towards the origin of the supply of the gaseous
mixture, whilst the outer mantle of the flame,
although enfecbled, remams 1 the original posi-
tion. By providing a constriction inside the tube,
; a local increase 1s caused in the rate of flow of
pCHIMNEY the gas, and the receding portion of the flame can
be arrested at this point. This is the principle
Tic. 10.—The Smthells ©f the Smuthells Separator,® which may be con-

separator. vemently made by fixing, with the aid of a piece
of rubber tubing, a short glass tube some 6 inches
in length, on to the nozzle of a Bunsen burner. A second, wider tube
is slipped over and fixed in position by means of a cork. The tops of
the two glass tubes are protected with metal foil to prevent cracking
at A and B. The gasis turned on full and ignited at the top, yielding
the ordinary Bunsen flame. By turning down the gas and regulating
the air supply, the flame becomes unstable and the mnner portion
recedes down the tube taking up a fixed position at A. At this pomt
partial combustion only ensues, the products being CO, CO,, H,, and
H,0. In the upper flame combustion is rendered complete.

COMPLETE
COMBUSTION

* On the chemical changes taking place in the inner cone, see Ubbelohde and Dommer,
Chem. Zenir., 1914, 1., 1379  On the varation of mternal friction and connection with
the c%mposmon of the gaseous mxture m the flame, see Becker, Ann. Physik, 1907,
24, 823.

2 Féry, Compt rend., 1903, 137, 909, Ladenburg, Chem. Zenir., 1906, 1., 1707 ; Allner,
Chem. Zentr., 1906, i., 309 ; Lewes, J. Soc Chem Ind, 1892, 11, 231.

3 Bauer, Compt rend , 1909, 148, 908 , 1908, 147, 1397

4 Khing and Florentin, Compt. rend , 1919, 169, 1404

5 Smithells and Ingle, Trans. Ckem. Soc., 1892, 61, 204, Smithells and Dent, 1bud ,
1894, 63, 603.
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The effect 1s very beautiful if carried out in a darkened room.

A curious experiment has been described by Price ! in which a flame
1s obtained very similar to the mner flame of the Smithells separator.
The experiment consists 1 fixing a glass
chimney over the base of a Bunsen burner,
and a horizontal wire an inch or two above («( ( »)))
its upper end (fig. 11). If the height of A &
above the burner and the rate of flow of gas
are correctly adjusted, upon applying a light —
at C the gas burns with a pale blue flame,
and bears a resemblance to the ‘““gas cap”
of a muner’s lamp.

When sodium chloride 1s sprinkled on a
glowing coal fire a characteristic blue flame
results, which is attributable to the presence
of salts of copper originating in the pyrites mn AL

the coal. This was demonstrated by Salet 2
who, in 1890, not only identified the flame
spectrum as that of copper chloride, but

succeeded in separating metallic copper from ,
the fucl ash. rIPhe colour 1s not dueI%Io) carbon T b 31358)5 experiment
monoxide, the two flames being quite distinct.?

Microphonic Flames.—1It has recently been observed by de Forest ¢
that flames can be employed for direct production of telephonic currents
by sound-waves.

Luminosity of the Bunsen Flame.>—Mention has already been
made of the fact that the introduction of air into the heart of the flame
enables rapid combustion to take place without the separation of
luminous particles, so that the Bunsen flame tends to lose the luminosity
characteristic of coal gas. This, however, is not the entire cause ®;
there are several contributory factors. For example, the air introduced
into the flame is cold and thus tends to cool the whole. Again, the
formation of intermediate luminous bodies is retarded by the nitrogen
which serves as a pure diluent and clevates the temperature necessary
to effect the partial decomposition of the hydrocarbons.

Influence of Temperature upon Luminosity.

The higher the temperature of a flame, the greater will become its
luminosity, the change being due to a general shortening of the wave-
length of the radiation. This can be readily demonstrated by a com-
parison of the flames produced by the combustion of cold and heated
coal gas respectively ; by burning phosphorus or carbon disulphide in
air and in oxygen respectively, an atmosphere of the latter gas causing
a hotter and brighter flame.

1 Price, Chem. News, 1920, 120, 149. Spiral flames are described by Meunier, Compt.
rend , 1912, 154, 698

2 Qalet, Compt. rend., 1890, 110, 282 ; earlier discussions by Gladstone, Phil. Mag.,
1862, 24, 417 ; Muller, Nature, 1876, 13, 448.

3 Smuthells, Nature, 1922, 109, 744  See also W. Hughes, 1bud., p. 683 ; Merton, bud.,
p 683; Bancroft and Weser, J. Physical Chem., 1915, 19, 310.

4 de Forest, Nature, 1923, 111, 739

5 On the luminosity of the Bunsen flame, see Haber and Richardt, Zeusch. anorg.
Chem., 1904, 38, 5; Lacy, Zeitsch. physikal. Chem., 1908, 64, 633.

8 Lewes, J. Soc. Chem. Ind., 1902, 11, 231,

VOL. VIIL, : 1. 6
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The calculation of the flame temperature for a combustible gas
hike hydrogen, carbon monoxide, or methane at first sight appears to be
a simple problem since the apparently necessary data are only the
heat of combustion and the specific heats of the products. Such
calculations always yield very high results much above those recorded
by direct experimental measurements. The discrepancy 1s probably
due to a combination of several causes. On account of the temperature
of the flame the products are partially dissociated,! so that combustion
is not complete n the flame. The specific heat of gases mcreases with
rise 1n temperature, so that the value obtained at the ordinary tempera-
ture for the specific heat 1s too low. In addition to these two causes,
another contributory factor 1s the loss of heat by radiation, which may
be very considerable even m non-luminous flames, whilst the general
presence of an excess of the ‘* supporter of combustion ” and the non-
instantaneous character of the combustion also detract from the
accuracy of the calculation.?

A convenient method of determining the temperature of a luminous
flame consists ® in inserting a thin wire of incorrodible metal, such as
gold or platinum, into the flame and estimating the temperature with a
pyrorueter. The loss of heat occasioned by mnsertion of the wire 1s
compensated for by raising the wire to the temperature of the flame by
an electric current. When the wire has reached the same temperature
as the flame there 1s no deposition of carbon. The wires should not
exceed 1 mm. in diameter.

Influence of Pressure on the Luminosity of Flames.

Frankland 4 burned six stearin candles in Chamounix, and the same
six afterwards in a tent on the top of Mt. Blanc. The average losses m
weight were :

At Chamounix . . . 9-4 grams per hour.
Summit of Mt. Blanc :

3 3

Attributing the small difference to variation i temperature, Frank-
land concluded that
the rajf c;lf combustion of a candle is entirely independent of the density
of the awr.
He explained the result as follows : In the combustion of a candle, the
radiant heat from the flame first melts the wax, and this, by the capillary
action of the wick, nises mnto the flame. It is thus evident that the rate
of consumption of the wax 1s entirely dependent upon the capillarity
of the wick, provided the heat radiated from the flame is sufficient
to maintain the supply of hquid fuel and to volatilise 1t on 1ts armval
near the apex of the cotton. Since capillary action 1s not affected by
variations in atmospheric pressure, and as the temperature is almost
independent of the same influence, 1t is clear that neither factor
will vary, and the above constancy in rate of combustion is to be
anticipated.

1 Compare Haber and others, Zeitsch. physikal. Chem , 1909, 66, 181 ; 67, 343.
% Brit. Assoc Reports, 1908, pp. 313, 335; 1909, p. 249; 1910, pp. 199, 469,

¢ Senftleben and Benedict, Physikal. Zetsch., 1918, 19, 180.

4 Frankland, Bepervmental Researches (London, 1877), p. 876.
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During lus experments on Mt. Blane, Frankland was impressed with
the small amount of light emutted by the candles. The inner blue zone
was extended, and the size of the luminous zone proportionately reduced.
Upon returning to England he carricd out a scrics of pholometric
measurements with coal-gas flame, and deduced the law that

the dimanution in illuminating power is directly proportwonal to the
diminution in atmospheric pressure,

down to a mimimum of about 14 mches of mercury. For every inch fall
m pressurc of the atmosphere, the luminosity fell, under the particular
conditions of the experiments, by 5-1 per cent. Thus, a quantity of
coal gas which i London would yield a Light equal to 100 candles would,
if burned i Munich, give an illuminating effect equal to hittle more than
91 candles ; whilst m Mexico its luminosity would be reduced to 61-5
candles—these numbers being independent of the change of volume
of the coal gas by the reduced pressure.

Experiments were next carried out on the mfluence of compression.
This was a dufficult task to exccute satisfactorily, for it was soon found
that any considerable increase of pressure caused both candle and oil
flames to smoke. Frankland therefore decided to employ flames that
were but feebly luminous at ordinary pressure. In the experiments
between atmospheric and two atmospheres’ pressure, a lamp fed with
amyl alcohol was used. As this smoked at somewhat higher pressures, a
mixture of 5 parts ethyl alcohol with 1 of amyl was employed. This
had no appreciable illuminating power at ordinary pressure.

It was found that the same law held as for diminution of pressure,
an upper limit bemng reached at about three atmospheres, after which the
observed luminosity rapidly increased.

The results obtained may be grouped as follows :

THE INFLUENCE OF PRESSURE UPON LUMINOSITY.
(Frankland, 1877.)

y Observed Calculated
&gfcf;;}zz;;. Combustable. Luminosity. Luminosity.
1 Coal gas . . . 100 100
2 Amyl alcohol . . 262-51 253
3 5 parts ethyl alcohol witl
1 part amyl alcohol . 406 406
4 do. 959 559

Analyses of escaping gases from two candles burning under different
pressures yielded similar results, and showed that there was no escape of
unconsumed combustible vapour. Consequently

the diminution of light in rarefied atmospheres is not due to imperfect
combustion.

On the other hand, compression tends to render the combustion less

complete. Neither is the reduced luminosity due to a fall in temperature,

1 Mean of two series.
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for although a slight fall does take place, it 1s not sufficient to account
for the whole change.r It appears to depend ““ chiefly, if not entirely,
upon the ready access of atmospheric oxygen to, or its comparative
exclusion from, the interior of the flame.”

¥rankland also investigated the mfluence of pressure upon the com-
bustion of hydrogen in oxygen. At 10 atmospheres the hight 1s very
bright, and the spectrum contmuous from red to violet. Carbon
monoxide, which normally burns with a fecbly luminous flame, becomes
even more luminous at high pressures than a {lame of hydrogen of the
same dimensions.?

The Cyanogen Flame.

The phenomena attendant upon the combustion of cyanogen m a
Smithells separator are distinctly beautiful.® The flame of cyanogen
burning at the nozzle consists of two parts, namely, an inner cone
of bright peach-blossom tint, and an outer cone shading off from bright
bluc to greemish grey. On mtroducing air into the system, the inner
conc dimimshes in size and descends the outer tube (fig. 10). Whilst
this process of detachment, however, 1s 1 progress, the mner cone 1s
seen to be surrounded by a rosy halo, which still adheres to 1t after the
descent, but disappears upon entry of more air, being almost immediately
replaced by a blue halo. The whole of this time the outer cone remains
unaltered. Further addition of air causes the outer cone to disappear,
whilst the mner one now becomes more blue, and 1ts halo acquires a
greener tint.*

Dixon ® has shown that the rate of explosion of cyanogen with oxygen
reaches a maximum when the two gases are present m molecular pro-
portions. Further addition of oxygen reduces the velocity, the extra
oxygen acting as a diluent, just like a neutral gas,
such as mtiogen, might be expected to do. It
appears, therefore, that the first product of com-
bustion is carbon monoxide, with liberation of
nitrogen.

(CN),+0,=2CO+N,.

This is the mam reaction in the inner cone
of peach-blossom tmt. Itis followed, mn the outer
cone, by the combustion of carbon monoxide, and
the greenish fringe alluded to above is attributed
to the presence of small quantities of oxides of

nitrogen.
Reciprocal Combustion. .
-Goat From the foregoing it is clear that a flame
Fie. 12.—Reaprooal resulting from chemical action must be regarded
combustion as a meeting ground between combustible gases

—a region where chemucal combination 1s pro-
ceeding with great activity. For the sake of convenience air is regarded
as a supporter of combination, and coal gas as the combustible body.

! See also Ubbelohde and Andwandter, J. Gasbeleucht., 1917, 60, 225, 242, 268.

3 Frankland, loc cit., p 907.

8 Bee Smithells and Dent, Trans. Chem. Soc , 1894, 65, 603.

¢ For a thorough study of the cyanogen-air and cyanogen-oxygen flames, see Reis,
Zetsch. physikal. Chem., 1914, 88, 513. $ Dixon, Phil. Trans., 1893, 184, 122.
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But this 1s simply a convention, and if a glass globe be filled with coal
gas, as in fig. 12, and ignmited at B to prevent its free escape mto the
room—a lighted taper may be made to ascend .\ and ignite the air
drawn by suction up the tube. This 1s air burning i an atmosphere of
coal gas.!

Combustion of Carbon Monoxide.

From the time of Lavoisier until 1880, the combustion of carbon
monoxide was regarded as a simple oxidation process completely repre-
sented by the equation

2C0+0,=2C0,.

In the latter year, however, Dixon,? in his address to the Chemical
Section of the British Association, made the startling announcement
that when an eclectric spark is passed through a thoroughly dried
mixture of two volumes of carbon monoxide and one volume of oxygen,
no explosion is caused. The introduction of a small quantity of water-
vapour suffices to determine the explosion, which gains in intensity up
to a certan pomnt with increasing amounts of water. Gases like
H,S, C,H,, NH;, HCl, and ether-vapour act hike water, but SO,, CO,,
CS,, C,N,, CCl, do not, if perfectly dry. It seems clear, therefore, that
such substances as will form steam under the conditions of the experiment
are capable of determining the explosion.

In order to explain these results, Dixon 3 suggested that * the carbon
monoxide is oxidised by the steam in the path of the spark, and that the
hydrogen set free unites with oxygen to form steam at a high tempera-
ture.” The steam thus acts as an oxygen carrier itself, undergoing
successive oxidation and reduction as follows :

(i) 2C0 +20H,=2C0,+2H, ;
(i) 2H,+0,=2H,0.

Moritz Traube ¢ rejected this explanation on the ground that carbon
monoxide does not decompose steam at the temperature of the electric
spark, for reaction (1) is reversible and under these conditions proceeds
n the direction right to left.

This objection, however, 1s not valid, for, whatever the temperature,
the law of mass action requires that definite, even if small, amounts of
carbon dioxide and hydrogen shall exist in equilibrium with the other
gascs in the system. Hence, if for any reason the partial pressure of
the carbon dioxide or hydrogen falls below that required for equilibrium,
1t is always possible for reaction (1) to proceed, even at high tempera-
tures, in the direction of left to right. Traube explained the reaction,
however, on the assumption that the function of the steam is to unite
with onc atom of the oxygen molecule, the second atom bemg occupied
in the oxidation of the carbon monoxide. Thus

CO+0: 0+0H,=C0,H,0,.

1 A variation of this experiment 1s given by Thomsen, Chem. News, 1871, 23, 282.

2 Dixon, B A. Reports, 1880, p. 503 ; Chem. News, 1882, 46, 151 ; Phil. Trans., 1884,
175, 630 ; Trans Chem Soc, 1886, 49, 95.

3 Dixon, Trans Chem Soc., 1886, 49, 95.

¢ Tyraube, Ber., 1882, 15, 666.
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The hydrogen peroxide 15 then reduced to steam by more carbon

monoxide
CO+H,0,=C0,-+H,0.

"This is remmiscent of the Brodie-Schonbem theory of slow oxida-
tion (see p. 55), and m support of 1t may be mentioned the fact that
hydrogen peroxide can be detected when moist carbon monoxide 1s
allowed to burn m air, the flame bemg made to impinge upon a cold
surfacc of water.

The suggestion has also been made that perearbomie acid, H,C,04,
may be formed intermediately, since by allowing a flame of the moist
monoxide to impinge on a cold, dilute solution of cobalt chloride and
potassium hydroxide, a precipitate 1s obtamed closely resembling that
viclded on addmg potassum percarbonate to a solution of cobalt
chloride.r The combustion would thus presumably proceed as follows :

4C0 1 80,+2H,0-=2H,C,0; ;
CO -H,(,0,=H,0 - 3C0,.

The evidence is not conclusive, however, as the same precipitate 1s
obtamed with hydrogen peroxide in the presence of an alkalne cobalt
salt solution. So the above test might well be cited as a further argument
in favour of Traubc’s theory.

The mere fact that hydrogen peroxide can be detected 1n the above
manner is no proof that 1t plays such an important part in flame kimetics
as Traube suggests. Armstrong > agrees with Dixon that water is the
inter-agent, but whilst Dixon considers that its oxygen becomes affixed
to the carbon monoxide molecule, liberating free hydrogen, Armstrong
suggests that the oxidation of the carbon monoxide by the oxygen of
the water is dependent upon the simultaneous oxidation of the hydrogen
of the water by the free oxygen. Thus the states before and after the
explosion may be represented by the schemes :

0 H,0 CO OH, 0CO

i and

0 H,0 €O OH, 0CO.
(before) (after)

Von Wartenberg and Sieg ? strongly support Dixon’s theory, and
suggest the following scheme :
(1) The formation of formic acid—

CO+H,0=H . COOL.

The production of ths acid as an intermediate product during the
combustion of carbon monoxide was demonstrated by Wicland 4 in
1912. The flame of the burning gas was allowed to impinge upon 1ce,
and formic acid was found in solution in the water.

(2) The thermal decomposition of formic acid mto carbon dioxide
and hydrogen, both of which gases can be detected :

H.COOH=CO0,+H,.

1 Constam and von Hansen, Zeutsch. Elektrochem., 1896, 3, 137, 445, Bach, Compt.
rend , 1897, 124, 2, 951 ; Mondt. Scent , 1897, 11, 1., 479.

2 Armstrong, Trans. Chem. Soc , 1886, 49, 112.

% von Wartenberg and Sieg, Ber., 1920, 53, [B], 2192.

4 Wieland, tbid., 1912, 45, 679.
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This 1s followed by—
(8) The production of hydrogen peroxide :

Hz +O2=H202,
and (4) Decomposition mto water and oxygen :
H2O.':H20 +0.

Bone ! has still further developed Dixon’s theory. He points out
that the flame of hydrogen burning in air 1s smaller and “ sharper ™
than a flame of carbon monoxide, burning at the same onfice and under
the same pressure. The lambent character of the latter flame suggests
a slower burning gas than hydrogen. Again, hydrogen-air mixtures
have lower ignition temperatures than CO-air mixtures (see p. 110),
whilst the maximum flame speed of the former 1s more than cight times
that of the latter (see p. 125). Finally, Bone and Haward have shown
that when corresponding H,-air and CO-air mixtures are exploded 1n
closed vessels, the pressure rapidly rises to a maximum in the case of
hydrogen, but much more slowly with carbon monoxide. The addition
of only 1 per cent. of hydrogen to the CO-air mixture very greatly
accelerates the attainment of maximum pressure. All of these points
indicate that carbon monoxide is not capable of being oxidised so readily
as hydrogen under these conditions.

Bone therefore suggests that oxygen in flames is capable of
functioning in two distinet ways, namely (1) as the undissociated
molecule O,, and (i1) as dissociated atomic O.

An undissociated molecule, on being raised to a sufficiently high
temperature, is presumed capable of exerting its latent valencies, and of
combining with two hydrogen molecules without itself becoming
disrupted. Thus the unstable complex H,O, or

is momentarily formed. This, however, instantly breaks down, yielding
in part its constituent elements, in the form of hydrogen molecules and
atomic oxygen ; and in part as nascent or activated steam molecules.
Thus

100H,0,=2nH,0 : +2(100—n)(0 : +,).

The magnitude of the ratio n/(100—n) will obviously depend upon
the conditions prevailing at the moment. The higher the temperature
and the smaller the hydrogen concentration, the lower is the value for n.

Oxygen and carbon monoxide, however, are regarded as incapable
of associating in the above manner, their molecules being mutually
inert in flames. Before the carbon monoxide can undergo oxidation,
the oxygen must either have dissociated, or be in the form of some

! Bone and Haward, Proc. Roy. Soc., 1921, [A], 100, 67, See also Bone and co-workers,
Phil. Trans., 1915, [A], 215, 275,
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activated or nascent compound such as the activated steam indicated
above. Thus, whilst the reaction

is 1mpossible, carbon dioxide can readily be obtained mn either of the
following ways :
CO+:0=CO,
atomic
CO+: OH,=CO,+H,.

activated.

The foregoing theory receives indirect support from several earher
researches. For example, Russell? caused nascent carbon monoxide
and nascent oxygen to come into contact. This was effected by
exploding—either with a spark or by heating mn an air bath—a mixture
of chlorme peroxide and carbonyl sulphide. It was found that the
explosion exerted very considerable influence m bringing about the
combination of carbon monoxide and oxygen. Russell was unable to
decide whether the effect was direct or “ due to the heightening of the
action of the °third substance.”” But if Bone’s theory 1s correct, a
very plausible explanation is clearly to hand for these observations.
More recently Langmuir 2 has directed attention to the fact that
oxygen when brought into contact with carbon monoxide adsorbed on
platinum rapidly oxidises it to carbon dioxide. Conversely, free carbon
monoxide immediately reacts with adsorbed oxygen. All of these
results are suggestive of acceleration of oxidation involving an
“activated ” condition.

The Equilibrium 2CO0==C0,+-C.

The reversibility of this reaction was discovered by Deville ® in 1864,
and its study receives renewed nterest in view of recent developments
in the theory of the combustion of carbon in oxygen to which reference
has already been made (see p. 71). By circulating carbon dioxide
continuously over purified wood charcoal packed in a porcelain tube
heated to a high temperature, and subsequently analysing the gas when
equilibrium had been reached, Rhead and Wheeler * obtamed the
following results :

100C,, 1 e 100 C,, 7 e.
Temperature, Temperature, CO 0, K
Absolute °C per cent. per cent.

by Volume. by Volume.
1073 800 86-15 18-85 18-76
1123 850 93-13 6-87 1875
1173 900 96-63 3:37 18 74
1223 950 98-33 1-67 18-74
1278 1000 99-15 0-85 18-74
1323 1050 99:55 0-45 18-74
1373 1100 9975 025 1875

1 Russell, Trans. Chem. Soc , 1900, 77, 361.
2 Langmur, J. Amer. Chem. Soc., 1918, 40, 1361.

3 Deville, Compt rend., 1864, 59, 873 ; 1865, 60, 317.
4 Rhead and Wheeler, Trans. Chem. Soc., 1911, 99, 1140.
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These results refer to atmospheric pressure, and X is calculated from
a modification of Le Chatelier’s formula, namely :

38-0554-2-02T —0-0031T2
2T

where T 1s the absolute temperature, and C; and C, are as defined
the table. P in this case is unity so that log,P disappears.

No matter how high the temperature, theory demands the existence
of a small but definite quantity of carbon dioxide in equilibrium with
the monoxide.

A study of the veloaty of reduction of carbon dioxide by carbon at
850° C. shows that the reaction is monomolecular, and the same 1s true
for the reverse reaction, namely the decomposition of carbon monoxide,
which, however, proceeds 166 times more slowly. Undoubtedly,
therefore, the reactions arc essentially surface phenomena, the rates
varying directly with the partial pressure of the gas in either case.
Since the decomposition of carbon monoxide is accompanied by a reduc-
tion i volume, increase of pressure should facilitate the reaction at
constant temperature, and shift the equilibrium

2C0==C0,+C

in the direction left to right. That such is the case is shown by the
following data : !

+log P —l—loge%:=K.

Temperature, Pressure in CO, Cco
°C Atmospheres. per cent. per cent.
800 1-23 16-12 83-88

2:10 22 85 7715

3:05 28:40 71-60

900 0:65 2:17 97-80
2:90 9-05 90-95

1000 0:66 0-65 99-35
0-93 0-72 99-28

2:02 1-63 98-37

3-08 277 97-23

8-78 3-17 96-83

1100 1-33 0-35 99-65
3-64 092 99-08

The Equilibrium CO+H,0—=CO0,+H,.

When hydrocarbon gases are fired with oxygen in certain proportions
the cooled products consist of hydrogen, water, and the oxides of

1 Rhead and Wheeler, loc. cit. For a study of the equilibrium between oxygen and
the oxides of carbon, see Haber and Le Rossignol, Zestsch. physikal. Chem., 1909, 66, 181 ;
Haber and Hodsman, ibid , 1909, 67, 343.
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carbon 1n various proportions. The relation between the amounts of
the different constituents is given by the cquation

K,,:CCOXCHW
CCO, X CH’
where K, 1s the cqmilibrium constant at temperature &° C. In 1884
Dixon?! obtamed the value Ky;=4 in his experiments on the mflammation
of mixtures contaming carbon monoxide, hydrogen, and oxygen. This
was supported by the results of Smithells and Ingle ? on the composition
of the mterconal gascs of hydrocarbon flames, and has recently been
confirmed by Andrew,® who studied the combustion of hydrocarbon
gases in oxygen and obtained values for K; ranging from 3-47 to 4-12,
the mean value for several series of experiments bemg approximately 4.
Owing to experimental difficulties a high degree of concordance 13
not to be expected, and the above results may be regarded as showing
reasonable agreement. From Andrew’s results it would appear that the
value of K; 1s largely independent of the initial nature of the hydro-
carbon-oxygen mxture and of the pressure of the gas before 1gnition.
It is apparently, therefore, also largely mdependent of the maximum
flame temperature, since this would vary with the pressure and com-
posttion of the mixture to be ignited. Theoretically, however, some
change with temperature 1s to be expected, and Hahn ¢ calculates, from
thermodynamical principles, that this change 1s given by the cquation

log K;= —2282/T —0-08463 log T—0-0002203T 42-5084

where T 1s the absolute temperature. The following values for K; have
been derived from this equation :

Temp. °C. . . 1005 1205 1405 1600
K; . . . . 165 2:54 343 4-24

and thesc agrec with reasonable approximation with the results of
Haber and others.> Possibly in Andrew’s experiments the differences i
temperature were not sufficient to produce variations in K; large
enough to exceed the experimental error. Andrew did not attempt to
calculate ns flame temperature, but believes that in all cases it would
be higher than 1600° C. On the other hand, a more likely explanation
and one favoured by Andrew is that K, as determmed experimentally,
“ does not correspond with the maximum flame temperature, but is
characteristic of some hypothetical temperature, the equilibrium
condition at which corresponds with the integration of the chemical
changes which occur in a rapidly cooling muxture from higher to
atmospheric , temperatures. This purely hypothetical temperature,
which may be referred to as the temperature of final reaction (since 1t may
be supposed that the gases are in equilibrium, and cease to further react

1 Dixon, Phil. Trans, 1884, 175, 617

2 Smithells and Ingle, Trans. Chem. Soc, 1892, 61, 204.

3 Andrew, Trans Chem. Soc , 1914, 105, 444.

¢ Hahn, Zeitsch physikal Chem., 1903, 44, 510 ; 1904, 48, 735.

5 Hiller (Zeutsch physikal. Chem., 1913, 81, 591) obtained the value 28 for the ether
flame, and for coal gas, diluted with carbon dioxide, and hence at a lower temperature
than normal, a value less than 3-4  See Haber and co-workers, 1bvd , 1909, 68, 726 ; Zeutsch.
anorg. Chem., 1904, 38, 5; Lacy, «bud., 1908, 64, 633 ; Tufts, Physical Rewew, 1906, 22,
193 ; Allner, Chem, Zenir., 19086, i , 309.
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at this temperature), is 1dentified both on thermodynamic and experi-
mental grounds between the hmits 1500° and 1600° C.” 1
If this is accepted the results indicate that the equilibrium

CO+H,0=C0,+H,
sets in with very great rapidity.

Liviits or INFLAMMATION.

It 1s a matter of common knowledge that a room may smell quite
strongly of coal gas without its bemg dangerous to strike a match
within 1t.  When this observation s pushed to its logical conelusion
1t 1s evident that a certain munmum quantity of the coal gas must be
present for its imflammation to be self-supporting. This minimum
quantity is termed the lower limit of inflammation of the combustible
gas, and 1s 1nfluenced by two factors : 2

1. The initial source of heat should be of sufficient volume, intensity,
and duration to raise the layer of gases in its immediate vicinity to a
temperature at lcast as high as the ignition temperature of the mixture.

2. The heat contained in the products of combustion of this first
layer must be sufficient to raise the adjacent layer to its ignition
temperaturec—and so on.

If too low a proportion of combustible gas is present, only a small
quantity of heat per unit volume of mixture is liberated when the layer
surrounding the initial source of heat is inflamed, and the products of
combustion have to impart heat to a considerable volume of “ inert ™
gases. The number of collisions between molecules of combustible gas
and of oxygen that are chemically fruitful is therefore small. Such
collisions, resulting in combination, will occur only in the neighbourhood
of the initial source of heat, around which an aureole or “ cap ™ will
form of a size dependent on the nature and quantity of the combustible
gas present.

Upon increasing the proportion of combustible gas, not only is
a greater quantity of heat evolved per umt of mixture, but there
is a smaller volume of inert gases present to absorb it; ultimately,
thercfore, a point may be reach<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>