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CHAPTER XVII
THE HALOGENS

§ 1. The Occurrence of Fluorine

THE four elements fluorine, chlorine, bromine, and iodine together form a remarkable
family, and they are grouped under the name halogens or salt-formers—as, sea-
salt ; yervdo, I produce. J. 8. C.Schweigger used this term in 1811, and it was also
employed by J. J. Berzelius! for the non-oxygenated negative radicles—simple or
compound—which combine with the metals to form salts. J. J. Berzelius was
inclined to restrict the term more particularly to the simple radicles F, Cl, Br, I, and
the compound radicle CN. J. J. Berzelius’ term halogen has been retained for the
four elements, and cyanogen dropped from the list. The binary salts—fluorides,
chlorides, bromides, and iodides—are called halides, halide salts, or haloid salts.
This term was also employed by J. J. Berzelius for the salts formed by the union
of the metals with fluorine, chlorine, bromine, iodine, and cyanogen; as before,
cyanogen has again been dropped from the list.

The first member of the family of halogens, fluorine, is the most chemically active
element known; the chemical activity of the other members decreases with in-
creasing at. wt. Fluorine can scarcely be said to occur free in nature, although
C. A. Kenngott (1853) and F. Wéhler (1861) suggested that the violet felspar of
Walsendorf, and H. Becquerel and H. Moissan (1890) 2 that the violet fluorspar
from Quincié (Villefranche), probably contain free fluorine as an occluded gas.
These varieties of fluorspar were designated hepatischer Flussspath and Stink-
Jlussspath by K. C. von Leonhard (1821) and J. F. L. Hausmann (1847).3 When
these minerals are powdered they emit a peculiar odour recalling ozone, and this has
been attributed by various observers to the presence of various substances—e.g. hypo-
chlorous acid (M. Schafhiiutel), ozone (C. F. Schénbein), free fluorine, or of fluorine
from the dissociation of an unstable fluoride or perfluoride (O. Loew).# The
chemical reactions of the gas, however, were found by H. Becquerel and H. Moissan
to correspond with fluorine which must be present either as occluded free fluorine,
or else as an unstable perfluoride. The evidence is not decisive though the former
is the more probable explanation of the reactions. P. Lebeau? obtained similar
indications of fluorine in emeralds obtained from the vicinity of Limoges.

Combined fluorine is fairly widely distributed in rocks. According to
F. W. Clarke,b it is about half as abundant as chlorine, since he estimates that the
terrestrial matter in the half-mile crust—land and sea—contains 0'2 per cent. of
chlorine, and 0-1 per cent. of fluorine. F. W. Clarke places fluorine the 20th and
chlorine the 12th in the list of elements arranged in the order of their estimated
abundance in the half-mile crust of the earth. Small quantities of fluorine are
commonly present in igneous rocks. J. Ha L. Vogt estimated that fluorine is the
more abundant in the acidic rocks ; chlorine, in the basic rocks. The most charac-
teristic minerals tontaining fluorine are fluorspar, fluor, or flugrite—calcium fluoride
—and ¢ryolitz—a double fluoride of aluminium and sodium ; the less important or rarer
fluoriferous minerals are : fluellite, AlF3.H,0 ; chiolite, 5NaF.3AlFy ; sellaite, MgF, ;
tysomite, (Ce, La, DiYFy ; pachnolite and thomsenolite, NaF.CaFo AlF3 HyO ; ralstonite,
2NaF MgF, 6 Al(F,0H)3.4H,0 ; prosopite, CaFy.2A1(F,0H)3. TFluorine is also con-
tained in some phosphates—e.g. fluorapatite, phosphorite, sombrerite, coprolites,

VoL, II. 1 B



2 INORGANIC AND THEORETICAL CHEMISTRY

and staffelite ; and in some silicates—e.g. topaz, tourmaline, herderite, yttrocerite,
amphibole, nocerine, kodolite, melinophane, hieratite, lepidolite, and in many
other silicate minerals.

Several mineral waters have been reported to contain minute quantities of
soluble fluorides. The spring at Gerez (Portugal) is one of the richest, for, according
to C. Lepierre,? it contains 0-296 to 0310 grm. of solid matter per litre, and of this,
0022 to 0°027 grm. is an alkali fluoride ; and of the 93 spring waters examined by
P. Carles, 87 contained soluble fluorides. F. Parmentier has denied the existence
of fluorine in many waters in which it is supposed to exist; but according to
A. Gautier and P. Clausmann, all mineral waters contain fluorine, and the proportion
is greatest in waters of volcanic origin. Thermal alkali bicarbonate waters are
particularly rich in the element, although the proportion does not appear to depend
upon the temp. As a general rule, mineral waters of the same kind show an in-
crease of fluorine accompanying a rise in the total salts. In the case of calcium
sulphate waters, whatever their origin, the amount of fluorine is about 2 mgrms.
per litre. In 1849, G. Wilson reported on the occurrence of fluorine in the Clyde
waters, and in the North Sea ; and generally it has been found that sea water contains
about three milligrammes per litre; the proportion varies slightly in different
places and at different depths.  A. Gautier ® found about 0-11 mgrm. of combined
fluorine per litre of gas collected from a fumerole fissure in the crater of Vesuvius ;
and 372 mgrms. per litre in the condensed water from the boric acid fumerole of a
spring at Larderello (Tuscany).

At the beginning of the nineteenth century L. J. Proust and M. de la Méthérie ®
first noticed the presence of fluorine in bones, and the fact has since been confirmed
by numerous others. A.Carnot found 0-20 to 0'65 per cent. of calcium fluoride in
fresh bones, while old fossil bones contained much inore—0-88 to 6'21 per cent. This
fact was first noticed by J. Stocklasa in 1889. Modern bones were found by A. Car-
not to contain a miniimum proportion of fluorine ; tertiary bones contained more ;
mesozoic bones still more; and in silurian and devonian bones, the proportion
of fluorine was nearly the same as in apatite. A, Carnot attributes the progressive
enrichment of bones to the action of percolating waters containing a small proportion
of fluorides in soln.—e.g. the waters of the Atlantic contain 0-822 grm. per cubic metre,
According to F. Hoppe, the enamel of the teeth contains up to 2 per cent. of calcium
fluoride ; and according to W. Hempel and W. Scheffler, the teeth of horses contain
0:20 to 039 per cent. of fluorine, and the teeth of man, 0'33 to 0'569 per cent.10—
unsound teeth had but 0-19 per cent. of fluorine. P. Carlesi! found 0-012 per cent.
of fluorine in the shells of oysters and mussels living in sea water, while fossil oyster
shells contained 0015 per cent. He also reported about one-fourth as much
fluorine in fresh-water mussel shells as is present in the shells of sea-water mussels.
The brain (E. N. Horsford),12 blood (G. Wilson, and G. O. Rees), and the milk
of animals (F. 8. Horstmar) have some fluorine. The brain of man contains about
3 mgrms. of fluorine, and although the 761> of fluorine in the animal and vegetable
organism has not been clearly defined, some physiologists believe that the presence
of fluorine is necessary, in some subtle way, to enable the animal organism to
assimilate phosphorus. G. Tammann found that least fluorine was contained
in the shells of eggs, and most in the yolks. About 01 per cent. of fluorine oceurs in
the ash of vegetable matter—particularly the grasses.’3 A. G. Woodman and
H. P. Talbot reported that fluorine is common in malt liquors ; most malted beers
contain not less than 0°2 mgrm. per litre. T. L. Phipson has reported 3'9 per cent.
of fluorine, and 32-45 of phosphoric acid in fossil wood from the Isle of Wight,
thus showing that the wood had been ‘ fossilized by phosphate of lime and
fluorspar.”
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§ 2. The History of Fluorine

The mineral now known as fluorspar or fluorite was mentioned in 1529 by
G. Agricola, in his Bermannus, sive de re metallica dialogus (Basilize, 1529), and
designated fluores, which, in a later work ! by the same writer, was translated into
Flisse. A. J. Cronstedt,2 in 1758, uséd the terms Fluss, Flusspat, and Glasspat,
synonymously. C. A. Napione (1797) called the mineral fluorite; F. 8. Beudant
(1832), fluorine ; and M. Sage (1777), spath fusible. These terms are derived from
the Latin fluo, I flow, in reference to the fluxing action and the ready fusibility of
the mineral ; consequently, fluor lapis, spatum vitreum, and Glasspath mean the
fluxing stone. J. G. Wallerius 3 refers to the luminescence of the mineral when
warmed, and this phenomenon led to its being called lithophosphorus and phosphoric
spar. The variety which gives a greenish phosphorescence is called chlorophane—
xMupss, green ; ¢aivw, I appear—and also pyro-emerald.

H. Kopp reports ¢+ that H. Schwanhardt in 1670 etched glass by the action of
fluorspar and sulphuric acid, and that in 1725, M. Pauli made a liquid for etching
glass by mixing nitric acid and powdered fluorspar. In 1764, A. 8. Marggraff 5
distilled the mixture of sulphuric acid and fluorspar in a glass retort, and found a
white powder to be suspended in the water of the receiver. He therefore concluded
that the sulphuric acid separates a volatile earth from the fluorspar. . W. Scheele ¢
repeated A. 8. Marggrafl’s experiment, and, in his Examen chemicum fluoris mineralis
epusque acids (1771), concluded that the sulphuric acid liberates a peculiar acid
which is united with lime in fluorspar. The acid was called Flusssiure—fluor
acid—and fluorspar was designated flusssdurer Kalk. After the expulsion of the
fluor acid from the lime by sulphuric acid, selenite—calcium sulphate—remained in
the retort. He found that hydrochloric, nitric, or phosphoric acid could also be
used in place of sulphuric acid with analogous results. M. Boullanger 7 took the
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view that Scheele’s fluor acid was nothing but muriatic acid combined with some
earthy substance, and A. G. Monnet that it was a volatile compound of sulphuric actd
and fluor. C. W. Scheele,® however, refuted both hypotheses in 1780; and
concluded : -

I hope that I have now demonstrated that the acid of fluor is and remains entirely &
mineral acid sut generis.

C. W. Scheele generally used glass retorts for the preparation of the acid, and he
was much perplexed by the deposit of silica obtained in the receiver. C. W. Scheele
thought that the new acid had the property of forming silica when in contact with
water, and it was therefore regarded as containing combined silica. The source of
the silica was subsequently traced by J. C. F, Meyer and J. C. Wiegleb 9 to the glass
of the retorts, and was not formed when the distillation was effected in metal vessels,
and the acid vapours dissolved in water contained in leaden vessels. The gas
obtained when the fluorspar is treated with sulphuric acid in metal vessels is hydro-
fluoric acid, and if in glass vessels, some hydrofluosilicic acid is mixed with the
hydrofluoric acid.

In Lavoisier’s system,10 Scheele’s acid of fluor became "acide fluorigue—a com-
bination of oxygen with an unknown radicle, fluorium ; and in 1789, A. L. Lavoisier
wrote :

It remains to-day to determine the nature of the fluoric radicle, but since the acid has
not yet heen decomposed, we cannot form any conception of the radicle.

In 1809, J. L. Gay Lussac and L. J. Thénard 11 attempted to prepare pure hydro-
fluoric acid, and although they did not succeed in making the anhydrous acid, they
did elucidate the relation of silica and the silicates to this acid. H. Davy’s work on
the elementary nature of chlorine was published about this time; and he received
two letters—dated Nov. 1st, 1810, and Aug. 25th, 1812 12—from A. Ampére suggest-
ing ““ many ingenious and original arguments >’ in favour of the analogy between
hydrochloric and hydrofluoric acids. In the first letter, A. Ampére said :

It remains to be seen whether electricity would not decompose liquid hydrofluoric acid
if water were removed as far as possible, hydrogen going to one side and oxyfluoric acid to
the other, just as when water and hydromuriatic acid are decomposed by the same agent.
The only difficulty to be feared is the combination of the oxyfluoric acid set free with the
conductor with which it would be brought into contact in the nascent state. Perhaps
there is no metal with which it would not combine, but supposing that oxyfluoric acid
should, like oxymuriatic acid, be incapable of combining with carbon, this latter body
might be a sufficiently good conductor for it to be used with success as such in this experi-
ment.,

In the second letter, A. Ampere suggested that the supposed element he called
le fluor—fluorine—in agreement with the then recently adopted name chlorine—
French, le chlore. A. Ampere’s suggestion has been adopted universally. No one
doubted the existence of the unknown element fluorine although it successfully
resisted every attempt to bring it into the world of known facts. Belief in its
existence rested on the many analogies of its compounds with the other three
members of the halogen family. TFor over seventy years it was neither scen nor
handled. During this time, many unsuccessful experiments were made to isolate
the element. H. Davy 13 thus deseribes his attempts :

I undertock the experiment of electrizing pure liquid fluoric acid with considerable
interest, as it seemed to offer the most probable method of ascertaining its real nature, but
considerable difficulties occurred in executing the process. The liquid fluoric acid im-
mediately destroys glass and all animal and vegetable substances, it acts on all bodies
containing metallic oxides, and I know of no substances which are not rapidly dissolved or
decomposed by it, except metals, charcoal, phosphorus, sulphur, and certain combinations
of chlorine. I attempted to make tubes of sulphur, of muriates of lead, and of copper
containing metallic wires, by which it might be electrized, but without success. 1 succeeded,
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however, in boring a piece of horn silver in such a manner that I was able to cement a platina
wire into it, by means of a spirit lamp, and by inverting thisin a tray of platina filled with
liquid fluoric acid I contrived to submit the fluid to the agency of electricity in such a manner
that in successive experiments it was possible to collect any elastic fluid that might be
produced. '

Having failed to isolate the element by the electrolysis of hydrofluoric acid and
the fluorides, H. Davy tried if the element could be driven from its combination by
double decomposition. He attempted to drive the * fluoric principle ”* from the dry
fluates of mercury, silver, potassium, and sodium by means of chlorine. He said:

The dry salts were introduced in small quantities into glass retorts, which were exhausted
and then fllled with pure chlorine ; the part of the retort in contact with the salt was heated
gradually till it became red. There was soon a strong action, the fluate of mercury was
rapidly converted into corrosive sublimate, and the fluate of silver more slowly became horn
silver., In both experiments there was a violent action upon the whole of the interior of
the retort. On examining the results, it was found that in both instances there had been
a considerable absorption of chlorine, and a production of silicated fluoric acid gas and
oxygen gas. I tried similar experiments with similar results upon dry fluate of potassa
and soda. By the action of a red-heat they were slowly converted into muriates with the
absorption of chlorine, and the production of oxygen, and silicated fluoric acid gas, the
retort being corroded even to its neck. '

H. Davy assumed that his failure to obtain the .unknown element was due to the
potency of its reactions. H. Davy tried vessels of sulphur, carbon, gold, horn silver,
and platinum, but none appeared to be capable of resisting its action, and “ its
strong affinities and high decomposing agencies ”’ led to its being regarded as a kind
of alcahest or universal solvent. G. Aimé (1833) employed a vessel of caoutchouc,
with no better result. The brothers C. J. and T. Knox (1836) 14 sagaciously tried to
elude this difficulty by treating silver or mercury fluoride with chlorine in an appa-
ratus made of fluorspar itself. E. Frémy believed that the failure in this as well as
in P. Louyet’s analogous attempt with fluorspar or cryolite vessels, in 1846, was
due to the fact that the two fluorides do not decompose when moisture is rigorously
excluded ; and, if moisture be present, they form hydrofluoric acid. E. Frémy
also did not succeed in decomposing calcium fluoride by means of oxygen, when
heated to a high temp. in a platinum tube. E. Frémy electrolyzed fused fluorides
—calcium, potassium, and other metal fluorides—in a platinum crucible with a
platinum rod as anode. The platinum wire electrode was much corroded, and a
gas was evolved which E. Frémy believed to be fluorine because it decomposed
water forming hydrofluoric acid, and displaced iodine from iodides. He was able
to decompose calcium fluoride at a high temyp. by means of chlorine, and particnlarly
when the fluoride is mixed with carbon. E. Frémy, however, made no further
progress in isolating the elusive element, although he did show how anhydrous
hydrofluoric acid could be prepared.

G. Gore 1® made some experiments on the electrolysis of silver fluoride and on the action
. of chlorine or bromine on silver fluoride at 15'5° for 38 days, and at 110° for 6 days, in
vessels of various kinds—with vessels of carbon, a volatile carbon fluoride was formed.
H. Kammerer 1% fajled to prepare the gas by the action of iodine on silver fluoride in sealed
glass tubes ; according to L. Pfaundler, the product of the action is & mixture of silicon
fluoride and oxygen. O, Loew heated cerium tetrafluoride, CeF,H,0, or the double salt,
3KTF,2CeF,.2H 0, and obtained a gas, which he considered to be fluorine, when the tetra.
fluoride decomposed forming the trifluoride, Cel’;. B. Brauner also cbtained a gas resem-
bling chlorine by heating lead tetrafluoride, or double ammonium lead tetrafluoride, or
potassium hydrogen lead fluoride, K;HPbF,. In the latter case a mixture of potassium
fluoride, KF, and lead difluoride, PbF,, remained. O. Ruff elaims to have made a little
fluorine by heating the compound HKPbF, As H, Moissan has said, it is possible that
fiuorine might be obtained by & chemical process in which a higher fluoride decomposes
into a lower fluoride with the liberation of fluorine—say, 2CeF,;=2CeF;1-¥,. O, Ruff has
failed to confirm B. Brauner’s observations with the fluorides in question. With lead
tetrafluoride in a platinum vessel, lead difluoride and platinum tetrafluoride are formed ;
liquid or gaseous silicon tetrafluoride is practically without action on the salt although a
small quantity of a gas which acts on potassium iodide is formed without altering the
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composition of the gas. Antimony pentafluoride acts similarly. With sulphur and iodine
the corresponding higher fluorides are formed. Other suggestions have also been made
to prepare fluorine by chemical processes—Q. T. Christensen 17 proposed heating the higher
double fluorides of manganese ; A. C. Oudemans, potassium fluochromate ; and H. Moissan,
platinum fluophosphates. About 1883, H. B. Dixon and H. B. Baker made an attempt
to displace fluorine by oxygen from uranium pentafluoride, UF;. A. Baudrimont tried the
action of boron trifluoride on lead oxide without success. Abortive attempts have been
made by L. Varenne, J. P. Prat, P. Cillis, and T. L. Phipson % to prepare the gas by wet
processes analogous to those employed for chlorine by the oxidation of soln. containing
hydrofluoric acid. We now know that this is altogether a wrong line of attack. Some of
the dry processes indicated sbove may have furnished some fluorine; for example, in
H. B. Dixon and H. B. Baker’s experiment, silver foil in the vicinity of the uranium fluoride
was spotted with white silver fluoride; gold foil, with yellow auric fluoride; and platinum
foil, with chocolate platinic fluoride.

In 1834, M. Faraday !® thought that he had obtained fluorine “in a separate
state ” by electrolyzing fused fluorides, but later, he added :

I have not obtained flucrine; my expectations, amounting to conviction, passed away
one by one when subject to rigorous examination,

This was virtually the position of the fluorine question about 1883, when H. Moissan,20
a pupil of E. Frémy, commenced systematic work on the subject, and the reports of
the various stages of his work have been collected in his important monograph
Le fluor et ses composés (Paris, 1900). He first tried (1) The decomposition of
gaseous fluorides by sparking—e.g. the fluorides of silicon, SiFy ; phosphorus, PFy ;
boron, BF;; and arsenic, AsF5. Thesilicon and boron fluorides are stable. Phos-
phorus trifluoride forms the pentafiuoride. The fluorine derived from phosphorus
pentafluoride reacts with the material of which the vessel is made ; similarly with
arsenic fluoride. (2) The action of platinum at a red heat on the fluorides of
phosphorus and silicon. Phosphorus pentafluoride furnishes some fluorine which
unites with the platinum of the apparatus used ; phosphorus triftuoride formed the
pentafluoride and fluo-phosphides of platinum ; silicon tetrafluoride gave no signs
of free fluorine ; H. Moissan came to the conclusion that no reaction carried out at
a high temp. was likely to be fruitful. (3) The electrolysis of arsenic trifluoride to
which some potassium hydrogen fluoride was added to make the liquid conducting ;
any fluoride given off at the anode was absorbed by the electrolyte forming arsenic
pentafluoride.

H. Moissan then tried the electrolysis of highly purified anhydrous hydrofluoric
acid, but he found, consonant with G. Gore’s and M. Faraday’s observations,2! that
anhydrous hydrofluoric acid is a non-conductor of electricity. If a small quantity
of water be present, this alone is decomposed, and a large quantity of ozone is
formed. As the water is broken up, the acid becomes less and less conducting, and,
when the whole has disappeared, the anhydrous acid no longer allows a current to
pass. He obtained an acid so free from water that “a current of 35 ampéres
furnished by fifty Bunsen cells was totally stopped.” The current passed readily -
when fragments of dry potassium hydrogen fluoride KF. HF, were dissolved in the
acid, and a gaseous product was liberated at each electrode. Success! The
element - fluorine was isolated by Henri Moissan on June 26th, 1886, during the
electrolysis of a soln. of potassium fluoride in anhydrous hydrofluoric acid, in an
apparatus made wholly of platinum. In this way, H. Moissan solved what
H. E. Roscoe called one of the most difficult problems in modern chemistry.

While the new element possessed special properties which gave it an individuality
of its own, and a few surprises occurred during the study of some of its combinations ;
yet the harmonious analogy between the members of the halogen family—fluorine,
chlorine, bromine, and iodine—was fully vindicated. With fluorine in the world
of reality, chemists were unanimous in placing the newly discovered element at the
head of the halogen family, and in that very position which had been so long assigned
toit by presentiment or faith.
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§ 3. The Preparation of Fluorine

When an electric current is passed through a conc. aq. soln. of hydrogen chloride,
chlorine is liberated at the anode, and hydrogen at the cathode. When aq. hydro-
fiuoric acid is treated in the same way, water alone is decomposed, for oxygen is
liberated at the ancde, and hydrogen at the cathode. The anhydrous acid does
not conduct electricity, and it cannot therefore be electrolyzed. H. Moissan
found that if potassium fluoride be dissolved in the liquid hydrogen fluoride, the
soln. readily conducts electricity, and when electrolyzed, hydrogen is evolved at
the cathode, and fluorine at the anode. In the first approximation, it is supposed
that the primary products of the electrolysis are potassium at the anode, fluorine
at the cathode : 2KHF,=2HF+-2K+4-F,. The potassium reacts with the hydrogen
fluoride reforming fluoride and liberating hydrogen: 2K-4-2HF=2KF--H,.
The reaction is probably more complex thian this, and the platinum of the electrodes
plays a part in the secondary reactions. Possibly the fluorine first forms platinum
fluoride, PtF,, which produces a double compound with the potassium fluoride,
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This compound is considered to be the electrolyte which on decomposition forms
the two gases and a double potassium platinum fluoride which is deposited as a
black mud. This hypothesis has been devised to explain why the initial stage of
the electrolysis is irregular and jerky, and only after the lapse of an hour, when the
substances in soln. are in sufficient quantities to make the passage of the current
regular, is the evolution of fluorine regular. O. Rufl ! has shown that ammonium
fluoride can be used in place of the potassium salt.

H. Moissan flrst conducted the electrolysis in a U-tube made from an alloy of platinum
and iridium which is less attacked by fluorine than platinum alone. Later experiments

Nethylohloride
e dnbers

F1a.1.—Tube for the Electro- Fra. 2.—Moissan’s Process for Fluorine,
lysis of Hydrofluoric Acid.

showed that a tube of copper could be employed, The copper is attacked by the fluorine,
forming a surface crust of copper fluoride which protects the tube from further action.
Electrodes of platinum iridium alloy were used at first, but later electrodes of pure platinum
were used, even though they were rather more attacked than the alloy with 10 per cent. of
iridium. The electrodes were club-shaped at one end so that they need not be renewed so
often. The positive electrode was often completely corroded during an experiment, but
the U-tube scarcely suffered at all. A copper tube is
illustrated in Fig. I, The open ends of the tube are

closed with fluorspar stoppers ground to fit the tubes

and bored with lioles which grip the electrodes. The

joints are made air-tight with lead washers and

shellaec. The wU-tube, during the electrolysis, is

Fgasm+  surrounded with a glass cylinder, B, into which
liquid methyl chloride is passed from & steel eylinder
Catroae vid the tube A, Fig. 2. Liquid methyl chloride boils
at —23° and it escapes through an exit tube. The
fluorine is passed through a spiral platinum tube also
placed in a bath of evaporating liquid methyl chloride,
€. This cools the spiral tube down to about —50°,
and condenses any gaseous hydrogen fluoride, which
i might escape with the fluorine from the U-tube. The
§ Graphice electrolysis was carried out at & low temp. in order to
¥ drode prevent the gaseous product being dil. with the vapour
Asbestos of hydrogen fluoride, and also to diminish the destruc-
ol paper tive action of the fluorine on the apparatus. In his
| Heating later work, H, Moissan cooled the U-tube used for
S Terminas the electrolysis by using a bath of acetone with solid
carbon dioxide in suspension. This cooled the appara-

F16. 3.—Fluorine by the Electrolysis tus down to about —80°. The temp. of the electrolysis
of Tused Alkali Hydrofluoride. vessel should not be 50 low that the potassium hydrogen
fluoride crystallizes out. Hence, O. Ruff and P.

Ipsen 2 preferred te cool the electrolysis vessel with a freezing mixture of calcium chloride,
and condensed the hydrogen fluoride vapours in a copper condenser C, Iig. 2, cooled with
liquid air. The fluorine which leaves the condenser €, travels through two small platinum
tubes, D and E, containing lumps of sodium fluoride, which remove the least traces of
hydrogen fluoride by forming NaF.HF. A glass cylinder is placed outside each of the
two cylinders containing methy! chloride. The ocuter cylinders contain & few Iumps of
caleium chloride, so as to dry the air in the vicinity of the cold jacket, and prevent the

Heating
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insulation
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deposition of frost on the cylinders. With a current from 26 to 28 Bunsen cells in series,
and an apparatus conteaining from 90 to 100 grms. of anhydrous hydrofluoric acid containing
in soln. 20 to 25 grms. of potassium hydrogen fluoride, H. Moissan obtained between two
and three litres of fuorine per hour,

C.Poulenc and M. Meslans3 have devised a copper apparatus for the preparation of
fluorine on a large scale ; and likewise a portable laboratory apparatus, also of copper.
They substitute a perforated copper diaphragm in place of the U-tube for keeping
the two electrode products separate. The platinum anode is hollow, and is cooled
internally. G. Gallo did not get good results with this apparatus. W. L. Argo and
co-workers prepared fluorine by the electrolysis of molten potassium hydrofluoride
in an electrically heated copper vessel which served as cathode, the anode being
made of graphite. A copper diaphragm with slots was used as illustrated in Fig. 3.
The bubbles of hydrogen evolved during the electrolysis were deflected from the
interior of the diaphragm by means of a false bottom. The graphite anode was
connected with a copper terminal and insulated by a packing of powdered fluorspar
~current, 10 amps., 15 volts ; temp., 240°-250° ; efficiency, 70 per cent. These
co-workers also recommend sodium hydrofluoride because it is non-deliquescent ;
decomposes below the fusion temp.; contains more available fluorine for a given
weight ; and is less expensive,
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§ 4. The Properties of Fluorine

Is fluorine an element ¢ Since fluorine had never been previously isolated, it
remained for H. Moissan to prove that the gas he found to be liberated at the
positive pole is really fluorine. Many of its physical and chemical properties, as
will be shown later, agree with those suggested by the analogy of the fluorides with
the chlorides, bromide, and iodides. It was found impossible to account for its
properties by assuming it to be some other gas mixed with nitric acid, chlorine, or
ozone ; or that it is a hydrogen fluoride richer in fluorine tharn the normal hydrogen
fluoride.

To show the absence of hydrogen, H. Moissan allowed the gas to pass directly from the
positive pole through a tube containing red-hot iron ; any hydrogen so formed was collected
in an atm. of carbon dioxide. The latter was removed by absorption in potassium hydroxide.
In several experiments a small bubble of gas was obtained which was air, not hydrogen.
Theincrease in weight of the tube containing the iron corresponded exactly with the fluorine
eq. of the hydrogen collected at the negative pole. The vapours of hydrogen fluoride were
retained by a tube fllled with dry potassium flucride. For example: In one experiment a
platinum tube containing iron increased in weight 0'138 grm. while 80-01 c.c. of hydrogen
were collected at the negative electrode. This represents 0-00712 grm. of hydrogen, and
0'00712 X 19=0"134 grm. of fluorine. This number is virtually the same as the weight of
fluorine actually weighed.

Fluorine at ordinary temp. is a greenish-yellow gas when viewed in layers a
metre thick ; the colour is paler and more yellow than that of chlorine. The liquid
gas 18 canary-yellow; the solid is pale yellow or white. Moissan’s gas has an in-
tensely irritating smell said to recall the odour of hypochlorous acid or of nitrogen
peroxide. Even a small trace of gas in the atm. acts quickly on the eyes and the
mucous membranes; and, in contact with the skin, it causes severe burns, and
rapidly destroys the tissues. If but a slight amount is present, its smell is not
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unpleasant. The relative density 1 of the gas (air unity) determined by H. Moissan
in 1889, by means of a platinum flask, was 1'26 ; that calculated for a diatomic gas
of at. wt. 19'5 is 1'314, and B. Brauner attributed the difference to the presence of
some atomic fluorine. H. Moissan’s later results (1904) rendered B. Brauner’s
hypothesis unnecessary since a density of 1'31 was obtained. The gas employed
previously is supposed to have been contaminated with a little hydrogen fluoride.
Most of the physical properties of fluorine at a low temp. have been determined by
H. Moissan himself and in conjunction with J. Dewar.2 The sp. gr. of liquid fluorine
13 1-14 at —200°, and 1-108 at its b.p. —187°. The sp. vol. of the liquid is 0-9025 ;
and the mol. vol. 34-30. The capillary constant of the liquid is about one-sixth of
that of liquid oxygen, and seven-tenths of that of water. The coefficient of ex-
pansion 3 of the gas i3 0°000304. The volume of the liquid changes one-fourteenth
in cooling from —187°to —210°. When the gas is cooled by rapidly boiling liquid
air, it condenses to a clear yellow liquid which has the boiling point —187° at 760 mm.
press.; and the liquid forms a pale yellow solid when cooled by liquid hydrogen.
The solid has the melting point —233°. The solid loses its yellow tint and becomes
white when cooled down to —252°. Chlorine, bromine, sulphur, ete., likewise lose
their colour at low temp.

J. H. Gladstone’s* estimate for the atomic refraction of fluorine for the D-line
is 0-53; for the A-line0°63; and for the H-line 0°35 with the u-formula, and 0'92 and
0'84 respectively with the u2-formula. F.Swarts estimated 094 Ha, 1:015 D, and
0963 Hy with the u2-formula for fluorine in sat. organic compounds; and for
unsaturated compounds with the ethylene linkage, Ha, 0'588 ; D, 0°665 ; H+, 0°638.
The atomic dispersion is 0022 with sat. and 005 with the unsaturated compounds.
J. H. Gladstone also made several estimates of the index of refraction of fluorine,
and his 1870 estimate gave 1'4 (chlorine 9-9) ; in 1885 he placed it at 16 ; and in
1891, he considered it to be ““ extremely small, in fact, less than 10.”” The difficulty
i8 due to the fact that when the magnitude of a small constant is estimated by
subtraction from two large numbers the probability of error is large. A direct
determination by C. Cuthbertson and E. B. R.-Prideaux gave for the index of
refraction of fluorine for sodium light, u=1-000195, which makes the refractivity
(r—1) X108 to be 195. The emission spectrum of fluorine has been investigated by
H. Moissan and G. Salet.5 The last named, in 1873, compared the spectra of silicon
chloride and fluoride, and inferred that five lines in the spectrum of silicon fluoride
must be attributed to the fluorine. H. Moissan’s measurements, in 1889, measured
13 lines in the red part of the spectrum. The lines of wave-length 677, 640°5, 634,
and 623 are strong ; the lines 714, 704, 691, 6875, 685°5, 6835 are faint ; and 749,
740, and 734 are very faint. Liquid fluorine has no absorption spectrum when in
layers 1 cm. thiek,

According to P, Pascal, fluorine is diamagnetic ; the specific magnetic suscepti-
bility is —3-44710~7; and the atomic susceptibility calculated from the additive
law of mixtures for organic compounds is —63 x10—1. Tonic fluorine is univalent
and negative. The decomposition voltage required to separate this element from
its compounds is 175 volts.? The ionic velocity (transport number) 8 of fluorine
ions at 18° is 46:6, and 52'5 at 25° with a temp. coefl. of 0-0238.

Fluorine possesses special characters which place it at the head of the halogen
family. It forms certain combinations and enters into some reactions in a way
which would not be expected if the properties of the element were predicted solely
by analogy with the other members of the halogen family. From this point of
view, said H. Moissan, Pétude des composés fluorés réserve encore bien des surprises.
Fluorine is the most chemically active element known. It combines additively
with most of the elements, and it usually behaves like a univalent element although
1t is very prone to form double or complex compounds in which it probably exerts a
higher valency. It also acts as an oxidizing agent. In the electrolysis of manganese
and chromium salts a higher yield of chromic acid or manganic acid is obtained in
the presence of hydrofluoric acid than in the presence of sulphuric acid.® Fluorine
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unites explosively with hydrogen in the dark with the production of a flame with a
red border, and H. Moissan showed this by inverting a jar of hydrogen over the
fluorine delivery tube of his apparatus. The product of the action is hydrogen
fluoride which rapidly attacks the glass vessel when moisture is present, but not if
the two gases are dry. Fluorine retains its great avidity for hydrogen even at
temp. as low as —252'5° when the fluorine is solid, and the hydrogen is liquid.
H. Moissan and J. Dewar10 broke a tube of solid fluorine in liquid hydrogen. A
violent explosion occurred which shattered to powder the glass apparatus in which
the experiment was performed. It is rather unusual for the chemical activity of
an element to persist at such a low temp. The affinity of fluorine for hydrogen is
so great that it vigorously attacks organic substances, particularly those rich in
hydrogen. = The reaction is usually accompanied by the evolution of heat and light,
and the total destruction of the compound. The products of the reaction are
hydrogen fluoride, carbon, and carbon fluorides. The avidity of fluorine for hydrogen
persists at very low temp., for turpentine and anthracene may explode in contact
with fluorine at —210°. Even water is vigorously attacked by fluorine. 1If a small
quantity of water is introduced into a tube containing fluorine, it is decomposed,
forming hivdrogen fluoride and ozone ; the latter imparts an indigo-blue tinge to the
gases in the jar. By measuring the volume of oxygen liberated when fluorine
rescts with water, and measuring the exact quantity of hydrofluoric acid formed,
H. Moissan showed that equal volumes of hydrogen and fluorine form hydrogen
fluoride. If the reaction between fluorine and water be symbolized, HyO-+Fg
=2HF+0, it follows that for every volume of hydrogen collected at the negative
pole, half a volume of oxygen should be obtained. In one experiment H. Moissan
collected 26:10 c.c. of oxygen, 5280 c.c. of hydrogen. In another experiment he
obtained 64 c.c. of oxygen per 12-5 c.c. of hydrogen and eq. of 249 c.c. of hydrogen
fluoride. Liquid fluorine does not react with water. At —200°, liquid fluorine
can be volatilized from the surface of ice without reaction.

Neither oxygen nor ozone appears to react with fluorine,and no oxygen compound
of fluorine has yet been prepared. According to H. Moissan,i! an unstable inter-
mediate compound of ozone and fluorine is possibly formed when water acts on
fluorine to form ozonized oxygen because the ozone smell does not appear until
some time after the fluorine has been passed into the water. O.Ruff and J. Zedner
have tried the effect of heating oxygen and fluorine in the electric arc, but obtained
no signs of the formation of a compound of fluorine with oxygen or ozone, for when
the gaseous product is passed over calcium chloride (which fixes the fluorine) a
mixture is obtained quite free from fluorine. G. Gallo obtained signs of a very
unstable compound of ozone and fluorine which is explosive at —23°. Liquid
oxygen dissolves fluorine, and if the temp. rises gradually, the first fraction which
volatilizes is almost pure oxygen; the last fraction contains most of the fluorine.
If liquid air, which has stood by itself for some time, be treated with fluorine, a
precipitate is formed which is very liable to explode. H. Moissan thinks it is
probably fluorine hydrate.12

Solid sulphur, seleninm, and tellurium inflame in fluorine gas at ordinary temp. ;
sulphur burns to the hexafluoride, SFg. The reactivity of sulphur or selenium
with fluorine persists at —187°, but tellurium is without action at this temp.
Hydrogen sulphide and sulphur dioxide also burn in the gas—the former produces
hydrogen fluoride and sulphur fluoride. Each bubble of sulphur dioxide led into
a jar of fluorine produces an explosion and thionyl fluoride, SO¥y, is formed ; but
if the fluorine be led into the sulphur dioxide, there is no action until the sulphur
dioxide has reached a certain partial pressure when all explodes. If the fluorine
be led into an atm. of sulphur dioxide at the temp. of the reaction, sulphuryl fluoride,
3021*?2, is formed quietly without violence. Sulphuric acid is scarcely affected by

uorine.

Fluorine does not unite with chlorine at ordinary temp. O. Ruff and J. Zedner
also obtained no result by heating fluorine and chlorine at the temp. of the electric
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are. Liquid chlorine dissolves fluorine, but the dissolved gas escapes as the chlorine
freezes. Itisinferred that the gases do not react at the low temp. —80° when fluorine
is dissolved in liquid chlorine because (i) the gases evolved when the soln. is fraction-
ally distilled showed no signs of an abrupt change in composition between 97-32
per cent. of fluorine at the beginning and 0-63 per cent. at the end of the operation ;
(i) on cooling a soln. of fluorine in liquid chlorine, there is a tumultuous evolution
of gas when the mixture freezes—the solid is chlorine, the gas fluorine, Bromine
unites with fluorine at ordinary temp. with a luminous flame forming bromine
trifluoride, BrFy. Similar remarks apply to iodine, where the pentafluoride, IFg,
is formed. The heat of the former reaction is small, the latter great. Liquid
fluorine, however, does not react with or dissolve bromine or iodine at —187°, nor
does it liberate iodine from potassium iodide. In the presence of water, chlorine
reacts with fluorine forming hypochlorous acid ; and bromine, hypobromous acid ;
some chloric or bromic acid may also be formed, and part of the water is also decom-
posed by the excess of fluorine. If fluorine be passed into a 5O per cent. soln. of
hydrofluoric acid, there is an energetic reaction accompanied by a flame in the
midst of the liquid. The reaction of fluorine with gaseous or aq. soln. of hydrogen
chloride, bromide, or iodide, is accompanied by flame. Most of the haloids of the
metalloids are attacked with great energy by fluorine at ordinary temp.

Fluorine does not unite with argon even if a mixture of the two gases be heated
or sparked. Neither nitrogen or nitrous oxide, N,O, nor nifrogen peroxide, NO,,
is attacked by fluorine at ordinary temp. O. Ruff and J. Zedner also found no
reaction occurred at the temp. of the electric arc between fluorine and nitrogen.
Even at a dull red heat nitrous oxide remains unattacked by fluorine, but by
sparking a mixture of fluorine and nitrous oxide, a mixture of nitrous oxide, nitrogen,
and oxygen is formed, but no nitrogen oxyfluoride.13 A little nitric oxide, NO,
unites with fluorine at ordinary temp.; the reaction is attended by a pale yellow
flame, and a volatile oxyfluoride is formed ; but if the nitric oxide be in large
excess, it is sumply broken down into nitrogen and oxygen, and the excess of nitric
oxide forms nitrogen peroxide, According to H. Moissan and P. Lebeau, if the
fluorine be in excess, at the temp. of liquid oxygen, a white solid is formed which,
as the temp. rises, changes into a colourless liquid, boiling above 80° and
which furnishes on fractionation nitroxyl or nitryl fluoride, NOyF. Fluorine
decomposes ammonia with inflammation ; and a mixture of the two gases explodes.
Phosphorus inflames in fluorine gas forming the pentafluoride, PF;, if the fluorine
be in excess; and the trifluoride, PFy, if the phosphorus be in excess. Arsenic
forms the trifluoride, AsF;, with inflammation. Similarly with antimony ; but
bismuth is only superficially attacked. Both phosphorus and arsenic react with
incandescence with liguid fluorine, but antimony remains unaltered. Phosphorus
pentoxide, P,0;, is decomposed at a red heat forming the fluoride and oxyfluoride ;
phosphorus tri- and penta-chloride are attacked with the production of flame ;
neither phosphorus pentafluoride nor phosphorus oxyfluoride is attacked. Arsenie
trioxide and arsenic trichloride are attacked. Arsenic trifluoride, AsF3, absorbs
fluorine, and the heat generated during the absorption led H. Moissan to suggest
that some unstable arsenic pentafluoride is formed.

Both boron and silicon unite with fluorine gas energetically and with incandes-
cence, forming in the one case boron trifluoride, BFy, and in the other, silicon tetra-
fluoride, SiF,. Boric oxide and silica react energetically in the cold. Boron
frichloride, BCl;, at ordinary temp., and silicon tetrachloride, SiCl;, above 40°
both react with fluorine. Dry fluorine does not attack glass, for H. Moissan kept
dry fluorine in glass vessels for two hours at 100°, without appreciable attack.
Hydrogen fluoride behaves similarly. The slightest trace of moisture is sufficient
to activate either gas. Dry lampblack becomes incandescent in fluorine ; wood
charcoal fires spontaneously ; the vigour of the reaction is reduced at low temp.,
for boron, silicon, and carbon are not attacked by liquid fluorine. If powdered
charcoal or soot be allowed to fall into a vessel containing liquid fluorine, the particles
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become incandescent as they drop through the vapour, but the glow is quenched
when the particles reach the liquid. The denser forms of carbon require a temp. of
50° to 100° before they become incandescent ; retort carbon requires a red heat ;
and the diamond is not affected at that temp. Soft charcoal is quickly ignited 3 in
contact with the gas. The product of the reaction is usually a mixture of different
carhon fluorides, but if the temp. of the reaction be kept low, carbon tetrafluoride
alone is formed. H. Moissan * also found that fluorine acts on calcium carbide at
ordinary temp. giving calcium fluoride and carbon tetrafluoride. Carbon monoxide
and dioxide are not attacked in the cold ; earbon disulphide, CS,, inflames forming
carbon and sulphur fluorides ; carbon tetrachloride, CCly, reacts at temp. exceeding
30° forming chlorine and carbon tetrafluoride ; cyanogen is decomposed at ordinary
temp. with the production of a white flame. According to W. L. Argo and co-
workers, the unlighted gas issuing from a Bunsen’s burner is immediately ignited
by fluorine, According to B. Humiston, acetone in an open vessel takes fire;
chloroform forms chlorine, phosgene, and carbon fluorides. With phosgene, a
compound which appears to be carbonyl fluoride, COF,, was formed. The action
of fluorine on ethylene tetrachloride, C,Cly, is symbolized : CpCl--2F5=C,F,4-2Cl,,
followed by Cl2+02014:"C2016: and C2F4:CF4+G.

The metals are in general attacked by fluorine at ordinary temp. ; many of them
become coated with a layer of fluoride which protects them from further action.
These remarks apply to the metals: aluminium, bismuth, chromium, copper, gold,
iridium, iron, manganese, palladium, platinum, ruthenmm silver, tin, zinc. The.
formation of a protective skin of fluorrde renders it p0331ble to prepare fluorine in
copper and platinum vessels at ordinary temp. Lead is slowly converted into the
white fluoride at ordinary temp. If the temp. be raised, nearly all the metals are
vigorously attacked with incandescence—for example; with tin and zinc, the
ignition temp. is about 100°, and iron and silver, at about 500°. Gold and platinum
are slowly converted into their fluorides at about 500° or 600°. The metals of the
alkalies and alkaline earths, thallium, and magnesium are converted with incandes-
cence into their fluorides. Many of the metals which-in bulk are only attacked
slowly, are rapidly converted into fluorides if they are in a finely divided condition.
Thus fluorine forms a volatile fluoride with powdered molybdenum in the cold,
but a lump of the metal is not attacked ; tungsten is attacked at ordinary temp.,

and also forms a volatile fluoride; electrolytlc uranium, in fine powder, is vigorously
attacked and burns, forming a green volatile hexafluoride. If niobium (columbium}
or tantalum be Warmed, the pentafluorides are formed. Liquid fluorine has no
action on many of the metals—e.g. iron. If mercury be quite still, a protecting
layer of fluoride is formed, but if the metal be agitated with the gas, it is rapidly
converted into the fluoride.

The chlondes, bromides, iodides, and cyanides are generally v1g0r0usly attacked
by fluorine in the cold ; sulphides, nitrides, and phosphides are attacked in the cold
or may be when warmed a little; the oxides of the alkalies and alkaline earths are
vigorously attacked with incandescence; the other oxides usually require to be
warmed. The sulphates usually require warming; the nitrates generally resist
attack even when warmed. The phosphates are more easily attacked than the
sulphates. The carbonates of sodium, lithium, calcium, and lead are decomposed
at ordinary temp. with incandescence, but potassium carbonate is not decomposed
even at a dull red heat. Fluorine does not act on sodium borate. Most of these
reactions have been qualitatively studied by H. Moissan,15 and described in his
monograph, Le fluor et ses composés (Paris, 1900).

Atomic and molecular weight of fluorine.—The combining weight of fluorine
has been established by converting calcium fluoride, potassium fluoride, sodium
fluoride, etc., into the corresponding sulphates. In illustration, J. B. A. Dumas
(1860} found that one gram of pure potassium fluoride furnishes 1°4991 gram of
potassium sulphate. Given the combining weights of potassium 39°1, sulphur
3207, oxygen 16, it follows that if  denotes the combining weight of fluorine with
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391 grams of potassium, 1:14991=2KF :K,80,=2(39"14=x):17427; or,
x=19.

H. Davy 16 made the first attempt in this direction in 1814 by converting fluorspar
into the corresponding sulphate. His result corresponds with an at. wt. 18:81.
J. J. Berzelius (1826) also employed a similar process and obtained first the value
19-16 and later 18'85. P. Louyet, in 1849, employed the same process, taking care
that the particles of fluorspar did not escape the action of the sulphuric acid by the
formation of a protective coating of sulphate. P. Louyet obtained 1899 with
native floorspar, and 19-03 with an artificial calcium fluoride. In1860, J. B.A. Dumas
obtained the value 18'95 with calcium fluoride ; 8. de Luca (1860), 18-97 ; H. Moissan
(1890), 19:011. P. Louyet, J. B. A. Dumas, and H. Moissan also converted sodium
fluoride into.sodium sulphate and obtained respectively the values 19-06, 19°08,
and 19°07. P. Louyet and H. Moissan in addition converted barium fluoride into
the sulphate and obtained respectively 19:01 and 19:02; and P. Louyet’s value,
19-14, was obtained with lead fluoride. Q. T. Christensen (1886) treated ammonium
manganese fluoride, (NH,),MnF;, with a mixture of potassium iodide and hydro-
chloric acid—one mol. of the salt gives a gram-atom of iodine. The liberated iodine
was titrated with sodium thiosulphate. The value 19-038 was obtained. J. Meyer
(1903) converted calcium oxide into fluoride and obtained 19035, D. J. McAdam
and E. F. Smith (1912) obtained 19:015 by transforming sodium fluoride into the
chloride. E. ¥. Smith and W. K. van Haagen obtained 19005 by converting
anhydrous borax into sodiumn fluoride. E. Moles and T. Batuecas estimated the
at. wt. of fluorine from the density of methyl fluoride, and found 18-998 1 0-005
when the at. wt. of carbon is 12000, and of hydrogen, 1'0077. The best
determinations range between 18'97 and 1914, and the best representative value
of the combining weight of fluorine is taken to be 19. No known volatile com-
pound of fluorine contains less than 19 parts of fluorine per molecule, and
accordingly this same number is taken to represent the at. wt. The vapour
density of fluorine, determined by H. Moissan, is 1-31 (air=1), that is, 28755
X1:31=37"7(Hy=2). The molecule of fluorine is therefore represented by ¥,.

Fluorine is assumed to be univalent since it forms fluorides like KF, NaF, ete.
with univalent elements and radicles ; Ca¥,, BaF,, etc., with bivalent radicles, ete.
As indicated in connection with hydrogen fluoride, etc., there is, however, the great
probability that fluorine also exhibits a higher valency in the more complex com-
pounds like KF.HF, Al¥3.3Na¥, etc1?7 This also agrees with J. Thomsen’s observa-
tions on the heat of the reaction between the acid and silica.,
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§ 8. The Occurrence of Chlorine, Bromine, and Iodine

Chlorine.—Chlorine does not occur free in nature, but hydrogen chloride has been
reported in the fumes from the fumeroles of volcanic districts,! Vesuvius, Hecla,
etc. D. Franco reported that the gases given off by the flowing lava of Vesuvius,
during solidification, contained much hydrogen chloride, and the same gas has been
found as an inclusion in minerals. Hydrogen chloride is also found in the springs
and rivers of volcanie districts—e.g. the Devil’s Inkpot (Yellowstone National Park),
Paramo de Ruiz (Colombia), Brook SBungi Pait (Java), the Rio Vinagre (Mexico),
etc. The latter 18 said to contain 0-091 per cent. of free hydrochloric acid which
is estitnated to be eq. to 42,150 kgrms. of HCI per diem.2 J. B. J.D. Boussingault
supposes this acid to be derived from the decomposition of sodium chloride by steam.

Combined chlorine is an essential constituent of many minerals—there are sal ammoniac
{ammonium chloride) ; sylvine (potassium chloride) ; Aclite (sodium chloride) ; chlorocalcite,
CaCl,; cerargyrite or horn silver, AgCl; calomel, HgCl; terlinguaite, Hg,OCl ; eglestonite,
Hg,Cl,0; molysite, FeCl;; erythrosiderite, 2KCL.FeCl; H O ; rinneite, SKCLNaClLFeCl, ;
kremersite, 2KCl1.2NH C1.2FeCl;.3H,0 ; lawrencite, FeCl, ; douglasite, 2KC1.IfeCl,.2H,0 ;
sceechite, MnCly ; cotunnite, PbCly; matlockite, PbCl,. PO ; penfieldite, 2PbCL,.Pb0O ;
mendipite, PbCl3.2Pb0 ; laurionite, PbCly. Ph(OH), ; fiedlerite, 2PbCl,. Pb(OH), ; rafaelite
or paralaurionste, PoCl(OH); nanlokite, CuCl; melanothallite, CuCl,.CuQ.H,0; hydro-
melgnothallite, CuCl,.CuQ.2H O ; atacamite, CugCHOH); ; percylite, PbCuCi(OH), ; boleite,
3PbCuCl,(OH),.AgCl ; footeite, CuCl,.8Cu(OH)4H,0 ; tollingite, CuCl, 4Cu(OH),4H,0 ;
atelite, CuCly.2Cu(0H).H,0 ; cumengeite, 4PbCl,.4Cu0.6H,0 ; pseudobolite, 5PHCL,.4Cu0.
6H,0; phosgenite, Pb,Cl,C0,; daubreite, BiCl.2Bi,0,.3H,0; and in some Stassfurt
minerals, carnallite, KCl.MgCl,.6H O ; bischofite, MgCl,.6H,0 ; tachhydrite, CaCly.2MgCl,.
12H,0; boracite, Mg(Cl1,.2Mg,B;0,;; eotc. Chlorine also occurs in mineral phosphates —
e.g. it partially replaces fluorine in the chloroapatites—pyromorphite, (PbClYPb(PO,)s;
mimetite, (PbCl)Pb,(AsQ,);; and venadinite, (PCHYPL(VO,);. It occurs in pyrosmalite,
Hy{FeMn),8:,0,,Cl ; sodalite, Na Al;8i;(0,,Cl, and other silicate minerals,

Chlorides occur in sea, river, and spring water, and small quantities in rain water.
The ashes of plants and animals contain some chlorides. The gastric juices of animals
contain chlorides as well as free hydrochloric acid. The 02 to 04 per cent. of free
hydrochloric acid in the gastric juices of man is thought to play an important réle
in the digestion of food.®> Sodium chloride occurs in blood and in urine; flesh
contains potassium chloride ; while milk contains both of the alkaline chlorides,
with potasstum chloride in large excess. According to R. Wanach,* blood contains
0259 per cent. - of chlorine, and serum, 0'353 per cent.; and according to
A.J. Carlson, J. R. Greer, and A. B. Luckhardt, there is still more chlorine in lymph.
T. Gassmann found human teeth to contain 0-25 to 0'41 per cent. of combined
chlorine, and the teeth of animals rather less.

Bromine.—J. H. L. Vogt5 estimates that bromine occupies about the 25th
place in the list of elements arranged in the relative order of their abundance ; and
that the total crust of the earth has about 0-001 per cent. of bromine—the solid
portion 0°00001 per cent. The ratio of bromine to chlorine is about the same in
sea water and in the solid crust, and amounts to 1 :150. The ratio of chlorides to
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bromides in marine waters of the globe is almost constant, excepting land-locked
seas like the Black and Baltic Seas. It has been estimated that there are about
120000,000000 tons of bromides present in all the marine waters of our globe. The
salt lake south of Gabes in Tunis has been worked since 1915 for bromine and
otash.

P There is no record of the occurrence of free bromine in nature, but R. V. Matteucct @
has reported the presence of hydrogen bromide in the fumeroles about Vesuvius,
Bromine usually occurs as an alkali bromide or as silver bromide with more or less
silver chloride and silver iodide. Thus, the Chilean mineral bromargyrite, bromyrite,
or bromite approximates to AgBr; chlorobromosilver or embolite, Ag(Cl,Br); and
1odobromite, or todoembolite, Ag(Cl,Br,I). Small quantities of these minerals occur
in other places. Bromine has been reported in rock salt, meerschaum, and in French
phosphorites by ¥. Kuhlmann ;7 in Silesian zinc ores by C. ¥. Mentzel and M. Cochler;
in Chili saltpetre by H. Griineberg ; in coal by A. Duflos; and in ammonia water and
artificial sal ammoniac, by C. Méne.and others. The Stassfurt salts contain bromides,
indeed, these salts are the chief source of commercial bromine.8 Perhaps two-
thirds of the world’s annual consumption of bromine (1,500,000 kilos) was obtained
in Germany from these deposits. According to H. E. Boeke, the bromine in the
Stassfurt deposits is there in the form of a bromo-carnallite, MgBr, KBr.6H,0, in
isomorphous mixture with carnallite MgCl, KCL6H,0. L. W. Winkler reported
that the potash liquors of sp. gr. 1'3, from Stassfurt, Mecklenberg, and Hainleite
respectively, have 7-492, 5398, and 3-691 grms. per litre. Bischofite and tachhydrite
from Vienenburg are the richest in bromine and contain respectively 0'467 and
0'438 per cent.; carnallite has 0-143 to 0'456 per cent.; sylvine, 0-117 to 0-300
per cent.; sylvinite, 0085 to 0331 per cent.; Hartsalz, 0027 per cent.; and
langbeinite, 0°016 per cent. The presence of bromides has been detected in numerous
mineral and spring waters. There is a long list of reported occurrences of bromine
in mineral waters in different parts of the world arranged alphabetically in L. Gmelin
and K. Kraut’s Handbuch der anorganischen Chemie (Hetdelberg, 1. it, 218, 1909).
The waters of Anderton (Cheshire), Cheltenham (Gloucester), Harrogate ('Y orkshire),
Marston, Wheelock, and Winsford (Cheshire) are in the list for England. Some of
the brine springs—e.g. the Congress and Excelsior Springs of Saratoga, N.Y.;
Natrona (Wyoming); Tarentum (Pennsylvania); Mason City, Parkersville, ete.
(West Virginia) ; Michigan, Pittsburg, Syracuse, Pomeroy, etc. (Ohio)—contain so
large an amount of bromine that in importance they are second only to the Stassfurt
deposits as sources of commercial supply ; and they have played an important part
in keeping down the price, and preventing the Stassfurt syndicate monopolizing the
world’s markets. The mineral waters of Ohio are said to contain the eq. of from
34 to 3'9 per cent. of magnesium bromide. Bromine is present in sea water. The
mixture of salts left on evaporation of the waters of the Atlantic Ocean contains
from 0'13 to 0'19 per cent. of bromine—presumably as magnesium bromide ; the
Red Sea, 013 to 0-18 ; the Caspian Sea, 005 ; and the Dead Sea, 1-55 to 2-72 per
cent. of bromine.?

E. Marchand 10 has reported the presence of. traces of bromine in rain and snow.
The ashes of many sea weeds and sea animals contain bromine—thus, dried Fucus
vesiculosus contains 0-682 per cent. of bromine.t! Bromine has been reported n
human urine, salt herrings, sponges, and cod liver oil ; but not in bone ash. Indeed,
all products directly or indirectly derived from sea-salt or from Stassfurt deposits—
in the present or in the past—contain bromine. It is also said to be an essential
constituent of the dye Tyrian purple which was once largely obtained from a species
of marine gastropod or mollusc.

Iodine.—Iodine is perhaps the least abundant of the halogens. Although
widely distributed, it always occurs in small quantities. J. H. L. Vogt 12 estimates
there is about 0-0001 per cent. of iodine in the earth’s crust—the solid matter
containing about 0:00001 per cent.; and the sea, 0001 per cent. A. Gautier’s
estimate of the iodine in the sea is about one-fifth of this. Todine occupies the
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28th place in the list of elements arranged in their relative order of abundance, so
that iodine has exercised no essential chemical or geological influence on the earth’s
surface. The sea appears to be the great reservoir of iodine, The ratio of bromine
to iodine in sea water and in the solid crust is approximately the same, viz. from
1:10t01:12; and, in sea water, the ratio of chlorine to iodine is as 1:0-00012.

L. W. Winkler reported 17 mgrms, of iodine (as iodide) per litre of a natural
saline water from Mecklenburg, that is, about 340 times as much as in sea water ; a
sylvinite mother-liguor from Alsace contained 05 mgrm. of iodine per litre.

Iodine does not occur free in nature, although, according to J. A. Wanklyn,13
the waters of Woodhall Spa (Lincoln) are coloured brown by this element.
R. V. Matteucci reported the occurrence of hydrogen iodide in the emanations of
Vesuvius, and A. Gantier found iodine in the gases disengaged {rom cooling lava.
Iodine occurs along with bromine in sodobromite, Ag(Cl, Br, I}; in dodyrite, Agl;
marshite, Cul ; eoceinite, Hgl,; and in schwartzembergite, Pb(l,” C1),.2PbO. Ac-
cording to A. Guyard,!# the iodine—up to about 0-175 per cent. in Chile saltpetre—
is present as sodium iodate, NalOg, and periodate, NalO,; H. Griineberg considers
a double iodide of sodium and magnesium is also present. Potash saltpetre also
has been reported to contain potassium iodate, KI0g, the caliche from which Chile
saltpetre is extracted forms one of the most imp ortant sources of iodine ; it contains
about 0'2 per cent. of iodine, probably as sodium iodate. Iodine has also been
reported in the lead ores of Catorce (Mexico) ; 15 in malachite—0'08 to 0-40 per cent.
(W. Autenrieth); Silesian zine ores (C. F. Mentzel and M. Cochler); the clay
shales of Latorp in Sweden (J. G. Gentele) ; the limestones of Lyon and Montpellier
(G. Lembert) ; the bituminous shales of Wurtemberg (G. C. L. Sigwart); the dolomites
of Saxony (L. R. Rivier von Fellenberg) ;: rock salt {O. Henry); the phosphorites
of France (F. Kuhlmann); the phosphates of Quercy (H. Lasne}; granites
(A. Gautier) ; Norwegian apatite (A. Gautier) ; coal, and ammoniom salts derived
from coal (A. Duflos); guano of Curagao (H. Steffens); and the Stassfurt salt
deposits (A. Frank)—although F. Rinne and E. Erdmann failed to confirm
A. Frank’s results. The presence of iodides has also been recorded in a number of
spring waters, brines, etc.18 In Great Britain it occurs in the waters of Leamington
(Warwickshire), Bath (Somerset), Cheltenham (Gloucester), Harrogate (Y orkshire},
Woodhall Spa (Lincoln), Bonnington (near Leith), Shotley Bridge (Durham), ete.
Todine occurs in small quantities in sea water; E. Sonstadt 17 estimated that there
is about one part of calcium todate per 250,000 parts of sea water ; but according to
A. Gaautier, the iodine in the surface water of the Mediterranean Sea is found only
in the organic matter which can be separated from the water itself by filtration ;
but at depths below 800 metres, he found iodine to be in water itself as soluble
iodides. According to A. Gautler also, the waters of the Atlantic contain 2-240
mgrms. per litre ; and according to L. W, Winkler, the waters of the Adriatic Sea,
(0r038 mgrm. per litre. A. Goebel reported 011 per cent. of iodine in the salts from
Red Lake (Perekop, Crimea); and H. Fresenius 0:0000247 per cent. in the waters
of the Dead Sea. The amount is so small that analysts have usually ignored the
iodine, or reported mere traces. Similar remarks apply to the brines from the
waters of closed basins.

Iodine has been reported in rain and snow,!8 and A. Chatin found iodine uni-
versally present in small quantities in the atm., rain water, and running streams.
A. Gautier reported in 1889 that the air of Paris contained less than 0002 mgrm.
of free iodine or an iodine compound in about 4000 litres ; but 100 litres of air in
Paris contained 00013 mgrm. in a form insoluble in water, generally the spores of
alg®, mosses, lichens, ete., suspended in the air. A. Gautier alse found sea air to
contain 0-0167 mgrm. of iodine per 100 litres. The amount of iodine in mountain
air and the air of forests is less than in other parts. The iodine in the atm. is
supposed to be of marine origin. The presence of iodine as & normal constituent
of the atm. has been denied,!® but A. Chatin’s conclusions were confirmed by
J. A. Barral, A. A. B. Bussy, and A. Gautier. Marine animals and plants assimilate
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iodine from sea water ; most of the iodine can be extracted by water from the ash
of these organisms. It appears strange that the marine alge should select iodine
from sea water and practically leave the bromine which is present in much larger
proportions. The pelagic seaweeds (alge) in favourable localities cover the ocean
about the 10-fathoms line with dense fields of floating foliage ; the littoral seaweeds
grow nearer shore at about the limit of extreme low tide. The deep-sea alg®
usually have a greater proportion of iodine than those which grow in shallow water.
According to E. C. C. Stanford,2? the percentage amounts of iodine in a few dried
plants are as follows: -

LiTToRAL (SHORE) SEAWEEDS - PerAcic (DEEP-sEA) SEAWEEDS
Fucus fllium . . . . 0089 Nereocystis leutkeana . . 0521
Fucus digitatus . . . 0135 Macrocystis pyrifera . . 0205
Fucus nodosus . . . . 0057 Pelagophycus porra . . . 0241
Fucus serratus . . . . 0085 Laminaria digitata . . . 0374
Fucus vesiculosus . . . 0001 Laminaria stenophylla . . 0478
Ulva umbilicalis . . . 0059 Laminaria saccharina . . 0255

A. M. Ossendowsky studied the algs employed in northern Japan for making iodine,
According to J. Pellieux, seaweed grown in winter usually carries more iodine
than that grown in summer ; that grown in the north more than that grown in the
south ; and the younger parts of the alge more than in the older parts. Iodine has
not been found in the gelatinous varieties of marine alge—e.g. the chondrus crispus
or Irish moss, and the eucheuma spinosum or agar-agar; nor has it been found in
the enteromorpha compressa, or common sea-grass. Some plants which grow near
the sea—e.g. the salsola kali, or salt-wort of salt-marshes, from which baridlg is
made 2!—are almost free from iodine. Smaller amounts of iodine have been found
in fresh-water plants than in land plants, and smaller proportions of potash are
found in them also. According to A. Gautier,22 iodine must be a constituent of
the chlorophyll or reserve protoplasm of plants because plants containing chloro-
phyll contain more than the alge and fungi which are free from chlorophyll
Iodine is found in tobacco (A. Gautier), and in beetroot (M. J. Personne), and
the potash derived from these products, as well as other plants, also contains iodine.
It is found in fossil plants; and hence also its occurrence in coal, and in the
ammoniacal products derived from coal.

Turkey sponge has 0'2 per cent., the honeycomb sponge 0-054 per cent., and
according to F. Hundeshagen,23 the sponges from tropical seas contain up to 14 per
cent. of iodine ; A. Fyfe, and K. Stratingh found none in corals ; but E. Drechsel
isolated from certain corals what he considered to be iodogorgic acid, CuHgINO,.
Minute quantities of iodine have also been reported in nearly all marine worms,
mollusces, fish, and other marine animals which have been examined. For example,
oysters have been reported with 0-00004 per cent. of iodine; prawns, 0'00044;
cockles, 0°00214; mussels, 0°0357; salt herrings, 0°00065; cod-fish, 000016 ;
and cod’s liver, 0°00016 per cent. It occurs-n most fish oils—cod-liver oil, for in-
stance, contains from 0-0003 to 0-0008 per cent. of iodine ; whale oil has 0:0001 per
cent. ; and seal oil, 0°00005 per cent.

Todine is a normal constituent of animals where it probably occurs as a complex
organic compound. The iodine of the thyroid gland is present as a kind of albumen
containing phosphorus and about 9 per cent. of iodine. This has been isolated by -
digesting the gland with sulphuric acid, and precipitating with alcohol. The iodine
seems to play a most important part in the animal economy. The proportion of
iodine is smaller in young people than in adults, and the amount becomes less and
less with the aged.24 According to J. Justus, the amount of iodine in milligrams
per 100 grms. of the various organs of human beings is : thyroid gland, 976 mgrms. ;
liver, 1'214; kidney, 1'053; stomach, 0'989; skin, 0-879; hair, 0'844; nails,
0'800; prostate, 0°689; lymphatic gland, 0:600; spleen, 0-560; testicle, 0-500 ;
pancreas, 0'431; virginal uterus, 0'413; lungs, 0'320; nerves, 0'200; small
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intestine, 0'119 ; fatty tissue, traces, The proportion in the corresponding parts
of animals is smaller. Only a very small proportion is found in blood and muscle.
0. Loeb 25 could find none in the brains, spinal marrow, fat, and bones. Iodine has
been reported in wine and in eggs. E. Winterstein found no iodine in milk, cheese,
or cows urine; but he found iodine in thirty-five phanerogams—in beetroot,
celery, lettuce, and carrots, but not in mushrooms or yellow boletus.
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§ 6. The History of Chlorine, Bromine, and Iodine

La vrai chimia ne date que de I'emploi bien établi des acides minéraux, qui sont veri-
tables dissolvants des metaux,—F. HoErFER (1842), ’

Sodium chloride was known as salt from the earliest times. About 77 A.D.,
Pliny, in his Naturelis Historie (33. 25), described the purification of gold by
heating it with salt, misy (iron or copper sulphate), and schistos (clay). This
mixture would give off fumes of hydrogen chloride. The attention, however, was
focussed on the effect of the treatment on the metal; no notice was taken of the
efluvia. In the Alckimia Geberi (Bern, 1545)—supposed to have been written in
the thirteenth century or afterwards—there is an account of the preparation of
nitric acid by distilling a mixture of saltpetre, copper sulphate, and clay ; and Geber
adds that the product is a more active solvent if some sal ammoniacus is mixed with
the ingredients. Thus Geber prepared aqua regia. Raymond Lully 1 called the
former aqua salis nitre, and the latter agqua salis armoniaci,; Albertus Magnus?2
called the first agua prima (nitric acid), the second aqua secunde (aqua regia).
J. R. Glauber (1648) 3 prepared aqua regia by distilling nitric acid with common
salt. ‘

While the Arabian alchemists were probably acquainted with the mixture of
nitric and hydrochloric acid known as aqua regia, there is nothing to show that they
were acquainted with hydrochloric acid. The method of making hydrochloric acid,
first called speritus salis, dates from the end of the sixteenth century. Although
there is no record, this acid was probably made earlier than this because it was the
custom of the then chemists to collect the products of the distillation of mixtures of
various salts and earths; and the necessary ingredients were in their hands. For
example, in preparing aqua regia it merely required the substitution of sal naturus
for mitrum—which, as Pliny said, * do not greatly differ in their properties ’—to
furnish spiritus salts. 1t is almost inconceivable that this was not done. The
preparation of the acid by distilling salt with clay is mentioned in the Alchemia
(Francofurti, 1595) of A. Libavius; and in the Triumphwagen des Antimoni:
(Leipzig, 1624) of the anonymous writer Basil Valentine. J. R. Glauber (1648)
described the preparation of spiritus salts by distilling common salt with oil of
vitriol or with alum, J.R. Glauber also described the salient properties of this acid,
and especially remarked on its solvent action on the metals. He mentioned that
silver resists its action. H. Boerhaave knew that lead resists the action of the
acid; R. Boyle referred to the action of the acid on soln. containing silver, and he
noted that the salt which this acid forms with the alkalies effervesces and fumes
when treated with sulphuric acid. Stephen Hales (1727) noticed that a gas very
soluble in water is given off when sal ammoniac is heated with sulphuric acid, and,
in 1772, J. Priestley collected the gas over mercury and called it marine acid awr in
reference to its production from sea-salt. For a similar reason, the French term
for the acid was acide marin. In A. L. Lavoisier’s nomenclature (1787), the acid
was designated acide muriatique, or muriatic acid ; and after H. Davy’s investiga-
tions on chlorine, the name was changed to acide chlorhydrique or hydrochloric acid.

There can be little doubt that the corrosive, suffocating, greenish-yellow fumes
of chlorine must have been known onwards from the thirteenth century by all
those who made and used aqua regia—e.g. J. R. Glauber’s rectified spirit of salt
mentioned above. Early in the seventeenth century, J. B. van Helmont mentioned
that when sal marin (sodinm chloride) or sal armeniacus (ammonium chloride) and



THE HALOGENS 21

aqua chrysulea (nitrie acid) are mixed together, a flatus incoercibile is evolved.
J. Glauber (1648) also appears to have obtained a similar gas by heating zinc chloride
and sand ; he also said that by distilling spirit of salt with metal oxides, he obtained
in the receiver a spirit the colour of fire, which dissclved all the metals and nearly
all minerals, This liquid-was no doubt chlorine water ; J. R. Glauber called it
rectified spirit of selt, and he said that it can be used for making many products
useful in medicine, in alchemy, and in the arts. He gives an example by pointing
out that when treated with alcohol, spirit of salt furnishes oleum vin:, which is
very agreeable, and an excellent cordial.

The meaning of these observations was not understood until C. W. Scheele
published his De magnesia nigra  in 1774. C. W. Scheele found that when hydro-
chloric acid is heated with manganese dioxide, a yellowish-green gas, with a smell
resembling warm aqua regia, is given off. C. W. Scheele’s directions for preparing
the gas are :

Common muriatic acid is to be mixed with levigated manganese (i.e. pyrolusite) in an
quantity in a glass retort, which is to be put into warm sand, and a glass receiver apphe(i’
capable of containing about 12 oz. of water. Into the receiver put about 2 drms. of water ;
the joints are to be luted with a piece of blotting paper tied round them. In a guarter of
an honr, or a little longer, a qnantity of the acid, going over into the receiver, gives the
air contained in it a yellow colour, and then it is to be separated from the retort.

He remarked that the gas is soluble in water; that it corroded corks yellow as
if they had been treated with nitric acid; that it bleached paper coloured with
litmus ; that it bleached green vegetables, and red, blue, and yellow flowers nearly
white, and the colour was not restored by treatment with acids or alkalies;
that it converted mercuric sulphide into the chloride and sodium hydroxide
common salt ; etc.

C. W. Scheele considered the yellowish-green gas to be muriatic acid freed from
hydrogen (then believed to be phlogiston); accordingly, in the language of his
time, it was called dephlogisticated muriaiic acid. A. L. Lavoisier (1789) 5 named
the gas oxymuriatic acid, or oxygenated muriatic acid, because he considered it to
be an oxide of muriatic (i.e. hydrochloric) acid ; and, consistent with his oxygen
theory of acids, A. L. Lavoisier considered muriatic acid to be a compound of
oxygen with an hypothetical muriatic base—murium ; this imaginary element was
later symbolized Mu ; hydrochloric acid was symbolized MuQO, ; and C. W. Scheele’s
gas, MuO;. Hence, added A. L. Lavoisier, muriatic and oxymuriatic acids are
related to each other like sulphurous and sulphuric acids; and he was at first in-
clined to call the one acide muriateux, and the other acide muriatique. This certainly
seemed to be the most plausible explanation of the reactions. Lavoisier’s hypothesis
was supported by an observation of C. L. Berthollet (1785),% that if the manganese
dioxide be deprived of some of its oxygen by calcination, it furnishes a much smaller
quantity of Scheele’s gas. Hence, concluded C. L. Berthollet, ““it is to the vital
air (oxygen} of the manganese dioxide, which combines with the muriatic acid,
that the formation of dephlogisticated marine acid is due.” He did not succeed in
oxidizing muriatic acid to oxymuriatic acid, because he considered that the elastic
state of muriatic acid gas prevents it uniting directly with oxygen. However,
C. L. Berthollet supposed that he had succeeded in decomposing dephlogisticated
marine acid into muriatic ‘acid and oxygen, for he noticed that an aq. soln. of
C. W. Scheele’s gas—the so-called oxymuriatic acid—when exposed to sunlight,
gives off bubbles of oxygen gas, and forms muriatic acid.

In 1800, W. Henry 7 passed electric sparks through muriatic acid gas and
obtained a little hydrogen which he supposed to come from the moisture in the gas ;
ou sparking a mixture of oxygen and muriatic acid gas he obtained a little oxymuri-
atic acid gas which he supposed was formed by the electric sparks decomposing
some of the moisture in the muriatic acid gas into oxygen, and the union of the
oxygen with the muriatic acid gas to form oxymuriatic acid gas. The experiments
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of J. L. Gay Lussac and L. J. Thénard, and the earlier experiments (1809) of
H. Davy,? were complicated by the assumption that muriatic acid gas contains
water, or the principles which constitute water, intimately combined. According to
J. L. Gay Lussac and L. J. Thénard, muriatic acid gas and oxygen are formed when
a mixture of steam and oxymuriatic acid is passed through a heated porcelain
tube. It was here assumed that the muriatic acid gas in virtue of its great affinity
for water, leaves the oxygen with which it is combined in oxymuriatic acid gas,
and combines with the water to form muriatic acid gas. L. J. Gay Lussac and
L. J. Thénard also found that by heating a mixture of hydrogen and oxymuriatic
acid gas, there is a * violent inflammation with the production of muriatic acid ”’ ;
they also showed that a mixture of equal volumes of hydrogen and oxymuriatic acid
gas does not change in darkness, but in light, the mixture is transformed into
muriatic acid ; and in bright sunlight, the combination is attended by a violent
explosion. It was assumed in these experiments that water is formed by the
hydrogen removing the necessary oxygen from oxymuriatic acid gas, and leaves
behind rhuriatic acid gas which is eager to combine with water. J. L. Gay Lussac
and L. J. Thénard also tried to deoxidize oxymuriatic acid, so as to isolate the hypo-
thetical muriatic base of A. L. Lavoisier, by passing the dry gas over red-hot carbon,
but when the carbon was freed from hydrogen no change was observed even though
““ urged to the most violent heat of the forge.”” Inany case, the attempt to separate
from oxymuriatic acid anything butitself was afailure. While favouring Lavoisier’s
hypothesis, J. L. Gay Lussac and L. J. Thénard added:  the facts can also be
explained on the hypothesis that oxymuriatic acid is an elementary body.” Here,
then, are two rival hypotheses as to the nature of oxymuriatic acid—the yellowish-
green gas discovered by Scheele! According to C. W. Scheele’s hypothesis, oxy-
muriatic acid==muriatic acid less hydrogen; according to C. L. Berthollet and
A. L. Lavoisier’s hypothesis, oxymuriatic acid=muriatic acid plus oxygen.

In his Researches on the Oxymuriatic Acid (1810), H. Davy described the attempts
which he made, without success, to decompose oxymuriatic acid gas. He also
found that when dried muriatic acid gas is heated with metallic sodium or potassium,
the metallic muriate and hydrogen are formed, but neither water nor oxygen is
obtained. Hence, no oxygen can be found in either muriatic acid gas or oxymuriatic
acid gas, H. Ziiblin also tried in 1881, and likewise failed to decompose chlorine.
Accordingly, H. Davy claimed that C. W. Scheele’s view is an expression of the
facts, while Lavoisier’s theory, though “ beautiful and satisfactory,” is based upon
a dubious hypothesis—uviz. the presence of oxygen in gases where none can be found.
The definition of an element will not permit us to assume that oxymuriatic acid 18
a compound, because, in spite of repeated efforts, nothing simpler than itself has
ever been obtained from the gas. In order to avoid the hypothesis implied in the
term oxymuriatic acid, H. Davy proposed the alternative term chlorine and symbol
Cl—from the Greek xAwpds, green. The term chlorine is thus “ founded upon one
of the obvious and characteristic properties of the gas—its colour.”

According to H. Davy’s theory, C. L. Berthollet’s chservation on the action of
oxymuriatic acid gas on water, and J. L. Gay Lussac and L. J. Thénard’s observation
of the action of steam on oxymuriatic acid gas, are explained by the equation :
2H,;0+-201,=4HCl4-0, ; that is, the oxygen comes from the water, not from
the chlorine. Similarly, the formation of chlorine by the action of oxidizing
agents upon hydrochloric acid is due to the removal of hydrogen. In symbols:
4HC14+-0,=2H,0+42Cl,. H. Davy also showed that muriatic acid gas when ade-
quately dried contains nothing but hydrogen and chlorine, and he showed that when
the gas is decomposed by heating it with mercury, potassium, zinc, or tin, a chloride
of the metal is formed, and one volume of hydrogen chloride furnishes half a volume
of hydrogen—the other half volume must be chlorine. H. Davy summarized his
conclusions from these and other experiments : * There may be oxygen in oxymuri-
atic gas, but I can find none ”; the hypothesis that oxymuriatic acid is a simple
substance, and that muriatic acid is a compound of this substance with hydrogen,
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explains all the facts in a simple and direct manner; the alternative hypothesis of
the French school rests, in the present state of our knowledge, on hypothetical
grounds, The French hypothesis died alingering death, J. J. Berzeliusin 1813 10
tried to argue.that the French schools were right ; he even expressed his surprise
that Davy’s hypothesis ““ could ever gain credit.”” J. J. Berzelius seems to have
misunderstood H. Davy’s experiments, but he too accepted Davy’s conclusions a
few years later. H. Davy's theory is orthodox to-day. New facts as they arrived
have fallen harmoniously into their places and arranged themselves about Davy’s
theory as naturally as do the particles of a salt in solution about the enlarging
nucleus of a crystal.

Iodine.—During the Napoleonic wars, nitre beds were cultivated in various
parts of France, and from these saltpetre was obtained artificially. About 1811,
Bernard Courtois, a manufacturer df saltpetre, near Paris, used an aq. extract of
varec or kelp for decomposing the calcium nitrate from the nitre beds; he noticed
that the copper vats in which the nitrate was decomposed were rapidly corroded by
the liquid, and he traced the effects to a reaction between the copper and an un-
known substance in the lye obtained by extracting the varec or kelp with water,
B. Courtois isolated this new substance and ascertained its more obvious properties,
In his paper entitled Découverte d’une substance nowvelle dans le vareck, and published
about two years after his discovery,1 he said :

The mother-liquors of the lye obtained from varec contain a tolerably large quantity
of a singular and curious substance. It can easily be obtained. For this purpose it is
sufficient to pour sulphuric acid upon the mother-iquid and to heat the whole in a retort
connected with & receiver. The new substance which, on the addition of the sulphuric
acid, is at once thrown down as a black powder is converted on heating into a vapour of &
superb violet colour ; this vapour condenses in the tube of the retort and in the receiver in
the form of brilliant crystalline plates, having a lustre equal to that of crystallized lead
sulphide. On washing these plates with a little distilled water the substance is obtained in
a state of purity. The wonderful colour of its vapour suffices to distinguish it from all
other substances known up to the present time, and it has further remarkable properties
which render its discovery of the greatest interest.

B. Courtoils communicated tidings of this discovery to F. Clément and
J. B. Désormes, and they published some results of their study of this new substance
early in December, 1813 ; 12 a few days later J. Li. Gay Lussac, who also had received
some of B. Courtois’ preparation, gave a preliminary account of some researches
on B. Courtois’ new substance, at a meeting of I'Institut Imperial de France on
Dec. 6th, 1813. In this communication, J. L. Gay Lussac demonstrated some
striking analogies between Courtois’ preparation and chlorine ; he made clear its
elementary nature; and designated it iode, the French eq. of its present name—
from the Greek ioed?s, violet. Its hydrogen compound was prepared and like-
wise given the very name which it has to-day. J. L. Gay Lussac said :

After this account one can only compare tode with chiore, and the new gaseous acid with
muriatic acid. . . . The phenomena of which we have just spoken can all be explained
either by supposing that tode is an eloment and that it forms-an acid when it combines with
hydrogen, or by supposing that the latter acid is a compound of water with an unknown
snbstance, and that iode is this snbstance combined with oxygen. Considering all the
facts recounted, the first view appears more probable than the other, and serves at the
same time to give probability to that hypothesis according to which oxygenated muriatic
acid is regarded as a simple body. Adopting this hypothesis hydriodic acid appears a
suitable name for the new acid.

OnDec. 20th, 1813, J. L. Gay Lussac 13 read a further memoir on the combinations of
the new element with oxygen ; on March 21st, 1814, J. J. Colin and H. G. de Claubry
communicated observations made in J. L. Gay Lussac’s laboratory on the action
of jodine on organic compounds; by June 4th, 1814, L. N. Vauquelin had studied
the action of iodine on ammonia, iron, mercury, and alcohol ; and finally, on Aug. 1st,
1814, J. L. Gay Lussac communicated his famous Mémoire sur I'iode ¢ In thig
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paper, said F. D. Chattaway,15 the whole chemical behaviour of iodine is described
in guch a masterly fashion that it remains to this day a model of what such an
investigation ought to be.

H. Davy played a not too glomous part in the history of iodine, and his action
roused the ire of J. L. Gay Lussac. Humphry Davy was in Paris at the very time
of the excitement consequent on these reports of the properties of B. Courtois’ new
element; H. Davy received a complimentary specimen from A. M. Ampére on
Nov. 23rd, 1813, and on Dec. 11th, 1813, details of his observations on this substance
were also communicated by M. le Chevalier Cuvier to I'Institut Imperial de France.
H. Davy confirmed the conclusions of J. L. Gay Lussacread at U'Institut seven days
previously. IH. Davy sent a fuller account to the Royal Society,16 Jan. 20th, 1814,
and another on June 16th, 1814, and yet a third on April 20th, 1815. * In these
memoirs, says F. D. Chattaway, ““ H. Davy did little more than make the discoveries
of B. Courtois and J. L. Gay Lussac known in England.” In 1881, H. Ziiblin tried
to decompose iodine, but failed.

It must be added that in 1767, in a paper on La soude de varech, L. C. Cadet 17
spoke of a blue and green substance which is obtained by treating the aq. extract of
varec by sulphuric or nitric acid ; and he attributed the cause of the coloration ¢ une
surabondance d’une terre jaune martial. F. Hoefer asks : aqurait-il entrevu I'existence
de 'sode ?

Bromine.—Of the three halogens, chlorine, bromine, and iodine, bromine has
the least eventful history. Its elemental nature and its relation to chlorine and
iodine were recognized from the very first. While studying the mother-liquid
which remains after the crystallization of salt from the water of the salt-marshes of
Montpellier, A. J. Balard was attracted by the intense yellow coloration developed
when chlorine water is added to the liquid. A. J. Balard digested the yellow
liquid with ether ; decanted off the supernatant ethereal soln. ; and treated this with
potassium hydroxide. The colour was destroyed. The residue resembled potassium
chloride ; but unlike the chloride, when heated with manganese dioxide and sulphuric
acid it furnished red fumes which condensed to a dark brown liquid with an un-
pleasant smell,

A. J. Balard submitted a pls cacheté to the Academie des Sciences in 1824, and
published an account of his work in his Mémoire sur une substance particuliére
contenue dans Ueau de la mer,18 in 1826. He related that he was at first inclined to
regard the substance as a chloride of iodine, but he tried in vain to establish the
presence of iodine. He said :

Its refusal to colour starch blue, and the white precipitate which it formed with the
protonitrate of mercury and with nitrate of lead assured me that no iodine was contained
in it. On the other hand, I could not detect any indication of decomposition when it was
submitted successively to the action of the voltaic pile and to high temp. Such a
resistance to decomposition could not fail to suggest to me the idea that I had to deal with
a simple body, or with one comporting itself as a simple body, and indeed I was confirmed
in this view when I regarded the entire treatment to which I had subjected the substance.
I came, therefore, to the conclusion that I had found out a new simple substance closely
resembling chlorine and iodineé in its chemical aptitudes, and forming absolutely analogous
compounds, but showing marked points of difference from them bothinits physical properties
and chemical behaviour, and clearly to be distinguished from them.

At first, A. J. Balard called this substance muride, but afterwards bromine—
from the Greek Bpdpos, a stench. A. J. Balard prepared hydrobromie, hypo-
bromous, and bromous acids; and he concluded his memoir by summing up the
arguments in favour of the elementary nature of bromine :

A substance which in the free state resists as effectively as does bromine all attempts
to decompose it, which is expelled by chlorine from all its compounds possessed of exactly
its original properties, which when allowed to act on compounds conta.mmg iodine sub-
stitutes itself in every case for the latter element to play a similar part in the new products,
and which, in spite of some differences of action, is connected with both chlorine and iodine
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by the most sustained analogies, seems to possess the same right to be considered as a
simple body. If these results are confirmed by other chemists, bromine must as a simple
body rank along with chlorine and iodine, and it is manifestly between these elements that
it must be placed.

J. R. Joss 19 seems to have obtained this element in 1824 ; he noticed that a red
colour was developed in preparing hydrogen chloride by heating a sample of rock
salt with sulphuric acid, but he attributed the coloration to the presence of
selentum in the acid employed. J. Volhard also narrates that J. von Liebig had
bromine in hand a month before A. J. Balard, but mistook it for 1odine chloride :

J. von Liebig related that some years before Balard’s disecovery he received, from a
salt manufactory in Germany—the Kreuznacher salt springs—a vessel containing bromine,
or at least a product very rich in bromine, with a request to examine it. Believing the
liquid to be iodine chloride, he did not subject the specimen to a very exhaustive study.
When he heard of the discovery of Balard, Liebig saw his blunder, and placed the vessel in
a special cabinet for storing mistakes—UI’armoire des fautes. Liebig pointed this out to his
friends to show how easily one could get very close to a discovery of the first rank and yet
fail to grasp the facts when guided by preconceived ideas,

In 1881, H. Ziiblin tried to decompose bromine into simpler constituents, but
failed.
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§ 7. The Preparation of Chlorine

Chlorine is nearly always prepared in the laboratory by the action of an oxidizing
agent—manganese dioxide, lead dioxide, barium dicxide, potassium dichromate,
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potassium permanganate, air, etc.—either directly on hydrochloric acid, or in-
directly through the medium of a chloride. Manganese dioxide is the oxidizing
agent most commonly used. Much chlorine is prepared for industrial purposes by
the electrolysis of soln. of sodium chloride.

I. The preparation of chlorine by the action of heat on the chlorides of the
heavy metals.—Gold and platinum chlorides give off chlorine when heated, but these
compounds are far too expensive for the preparation of chlorine, except for very
special purposes, such as V. and C. Meyer’s work ! on the vapour density of chlorine,
where platinous chloride, PtCl,, was used as the source of chlorine : PtCly—>Pt-+-Cl,.
This salt was seclected because it is easily decomposed—about 360°—and is not
deliquescent. If moisture be present, some hydrogen chloride and oxygen will be
formed. W. Wahl (1913) used gold chloride. M. Wildermann passed purified
chlorine through a tube of hard glass containing reduced copper; cupric chloride,
CuCly, is formed. The chlorine was washed out of the tube by dry air; the tube
was sealed at one end; and heated by a combustion furnace. Chlorine gas was
evolved : 2CuCl,—>2CuCl+Cl,. In special cases, too, highly purified fused silver
chloride can be electrolyzed to furnish chlorine of a high degree of purity.2

II. The preparation of chlorine by the oxidization of hydrochloric acid.—-
1. Manganese dioxide—C. W. Scheele, the discoverer of chlorine, ohtained this

gas by warming manganese dioxide with hydrochloric
acid: a mixture of sulphuric acid with manganese
dioxide and sodium chloride may also be used. In the
latter case, a mixture of one part of pyrolusite with from
15 to 2°5 parts of sodium chloride and 2'5 to 3 parts of
conc. sulphuric acid dil. with its own volume of water is
made.3 The equation representing the reaction 1s:
MnO, + 2NaCl -+ 2H,80, = MnSO, -+ 2H,0 + NagS0,
+Cl,, but some manganese chloride, MnCl,, and sodium
. bisulphate may be simultaneously formed. In Scheele’s
process, the mixture may contain one part pyrolusite
with four parts of commercial acid, or an excess of
coarsely crushed fragments of the pyrolusite may be
W used; and after the process is over, the excess can be
V=" -5 washed and used again. The end products of the
. , reaction are indicated in the equation: MnQ,4-4HCl
Fro. 4—The Preparation of " Typ o' Mo 0™ "o mangancse dioxide, or the
mixture of manganese dioxide, and salt is placed in a
flask A, Fig. 4, fitted with a wash-bottle, C, or other washing and scrubbing train,
and the acid poured inte the tube funnel, B. The gas cannot be collected over
mercury because that metal is immediately attacked by chlorine forming the
chloride. For lecture experiments, the gas can be collected over warm water, or
water sat. with salt, or by the upward displacement of the air, The preparation
under these conditions should be conducted in a well-ventilated fume chamber
since the gas is most objectionable in the atm.

The purification of chlorine.—The gas can be washed with water in order to
remove most of the fumes of hydrogen chloride carried over with the chloring, but
to remove the last traces of hydrogen chloride, F. Stolba 4 recommended the intro-
duction of a wash bottle with a soln, of copper sulphate, or a tube of solid copper
sulphate or bleaching powder, and then washing the gas with water. According
to A. Michaelis, the bleaching powder contaminates the gas with hypochlorous acid.
F. Mohr recommended removing the gas by serubbing it in a tube packed with
manganese dioxide, and H, Moissan and A. B, du Jassonneix kept the tube warm at
about 50°. With the same object, W. Hampe and H. Ditz washed the gas in g
cone. soln. of potassium permanganate. To avoid contamination with carbon
dioxide, H. Ditz recommended washing the manganese dioxide first with nitric
or dilute sulphuric acid and then with water to remove carbonates. F. P, Treadwgll
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and W. A. K. Christie removed chlorine oxides from the gas by passing it through a
tube packed with asbestos, heated to redness. The gas can be dried by cone.
sulphuric acid, caleium chloride, or phosphorus pentoxide. J. A. Harker5 still
further purified chlorine by passing the purified gas into cold water so as to form
the hydrate, Cl;8H,0, which was found to keep very well in darkness below 9°.
When the hydrate is warmed slightly, it gives off chlorine with less than 0'2 per cent.
of impurity. H. Moissan and A. B. du Jassonneix purified the dried gas by
liquefaction, and, after prolonged contact with caleium chloride, solidifying the
liquid so as to enable traces of dissolved gaseous impurities to be pumped off.
L. Moser recommended removing air and carbon oxide by liquefying the gas with
a freezing mixture of carbon dioxide and ether, and redistilling.

The mechanism of the reaction between manganese dioxide and hydrochloric
acid.—The reaction between hydrochloric acid and manganese dioxide has given
rise to much discussion. When manganese dioxide is treated with cold conc. hydro-
chloric acid, a dark brown liquid is formed, and chlorine is slowly evolved at ordinary
temp., more quickly if the mixture be warmed. The liquid finally becomes colour-
less and it contains manganous chloride, MnCly. G. Férchhammer, in 1821, showed
that if the freshly prepared brown liquid be largely diluted with water, it remains
clear for a few seconds, and then becomes turbid owing to the formation of a brown
precipitate of hydrated manganese dioxide. Quite a similar precipitate is formed
if either the red oxide of manganese, MngQy, or the sesquioxide of manganese, Mn;0s,
be treated in place of the dioxide, MnO,. According to 8. U. Pickering,® however,
the composition of the precipitate varies with the conditions of the experiment
from about 3Mn0;+4-MnO to TMnOy,-+MnO. Attempts have been made to find
what the brown soln. contains. Most are agreed that either manganese trichloride,
MnCl;, or manganese tetrachloride, MnCly, is first formed as an intermediate product.
M. Berthelot 7 considers it improbable that the simple manganese tetrachloride is
produced when a soln. of manganous chloride, MnCl,, in hydrochloric acid is treated
with chlorine ; rather is the first product an easily decomposed perchlorinated
compound, HClg.#MnCl; or MnCl,. #HCl. The formation and decomposition of such a
product would explain the observed phenomena. The isolation of the product of
the reaction has proved very difficult because it decomposes so readily. Indirect
evidence has been obtained by determining the ratio of the manganese to the
available chlorine ; but the results are not decisive ; and hence some have considered
the trichloride is formed ; others, the tetrachloride. C. Naumann isolated the
doublé salts (NH,),MnCl; and K,MnCls, and hence argued in favour of the tri-
chloride. J. Nickleés® treated manganese dioxide suspended in ether, C,H;0,
with hydrogen chloride, and obtained a green liquid which changed to a deep
violet colour on adding more ether. The green oil has a composition corresponding
with MnCl,.12CH,,0.2H,0 ; hence, argued J. Nickles, the green oil contains
manganese tetrachloride, J. Nicklés did not succeed in isolating a definite product,
and, since he found his analyses variaient singuliérement par leur composition,
8. U. Pickering considers that it is just as likely that MnCls.12C,H,(0.2HCL4H,0
might have been present. W. B. Holmes ? nged carbon tetrachloride in place of
ether, and obtained both the tri- and tetrachlorides of manganese. He therefore
inferred that the reaction between hydrochloric acid and manganese dioxide
furnishes a soln. containing both chlorides: MnO,4+4HCl=MnCl,+2H,0 and
2Mn0,+4-8HCl=2MnCl;4-Cly+4H,0 ; but in conjunctionwith E. F. Manuel,
he gave up the tetrachloride hypothesis, and expressed the belief that the
trichloride alone is formed. As an alternative hypothesis, B. Franke assumed
that hydrochloromanganic acid, H,MnClg, is formed as an intermediate product:
Mn0,+-6HCl=H,MnClg--2H,0 ; whichdecomposed : HoMnClg=2HC14-Cly+MnCl,.
In the presence of manganous chloride and an excess of water still more complex
reactions occurred, finally furnishing MnQ,.H,0.

Apart from electrolytic chlorine, by far the largest proportion of chlorine
used in the industries i1s made by the oxidation of hydrochjoric acid, generally
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3

by manganese dioxide either as native manganese ore, or as ‘‘ recovered man-

ganese "—the so-called Weldon mud.

The precess with bydrochloric acid is conducted as an annexe to the salt-cake works

wbere the acid is & by-product of the process—otherwise the
B cost of transport of hydrochloric acid would not enable the
process to live against competitive prices. The stills for
generating the chlorine are not made of lead because that
metal is attacked too readily by the acid; vessels of stone.
ware were formerly used ; to-day the stills are built witb flags
of siliceous sandstone which are sometimes first boiled in tar.
The volvic lava from Puy-de-Déme (France) is preferred even
to the best sandstone. Acid-resisting bricks are also used.
The flags are clamped together by iron tie-rods, and the
joints either made tight with indiarubber cord, or tongue-
and-groove joints are employed with a cement of fireclay and
tar. The mixture is heated by blowing in steam. A section
of one type of cblorine still is illustrated in Fig. 5. The
manganese ore rests on the perforated plate A; B is a
stoneware steam pipe ; the steam enters the still vid B below
the perforated false bottom ; C is the exit pipe for chlorine ; D

N Al 4:{- = = is a man-hole; Z an acid safety funnel which has wvarious
\\ (\\\Z/{\\'\§\ designs ; and F is an opening for running off the spent acid, it

. . i is closed by a wooden plug. The lid is of lead. The ex-

F1g. 5.—Cblorine Still.  bausted still liquor contains manganous chloride, and some

ferric and other metal chlorides derived from impurities in

the manganese ore. 'There is also some free chlorine, and free hydrochloric acid—e.g. the
composition of a still liquor approximated :

HO Cl, (free) AlCl, FeCly, MnClg Water
67 01 06 2-8 165 73'3 per cent.

It will be observed that even under the ideally perfect conditions represented by
the equation, MnQ,-}-4HCl=MnCl,-}-2H,0-}-Cl,, only half the chlorine of the
acid can be obtained in the free state. The hydrochloric acid consumed by the
impurities in the manganese ore ; by forms of manganese oxides with a lower power
of oxidation than the dioxide; and the excess hydrochloric acid which escapes
oxidation all tend to reduce the efficiency of the process. Various patents have been
granted for utilizing the still liquor—e.g. it has served for the manufacture of man-
ganese carbonate for purifying coal gas (R. Laming) ;10 for deodorizing fwmcal
matters (J. Dales) ; for converting barium sulphate to the chloride (F. Kuhlmann) :
for the manufacture of brown pigments of various kinds by the precipitation of
the manganese oxide with lime (C. Crockford); and for the manufacture of pure
manganous chloride (K. Muspratt and B. W. Gerland). Various other proposals
for utilizing the free acid of the still liquor have been made, and patents have been
taken for recovery of manganese dioxide by precipitating manganese oxide with
lime and subsequently oxidizing the precipitate with air. None of these processes
can be regarded as successful ; 1! the recovered manganese in some cases cost more
than the original ore, or else it did not work satisfactorily. W. Weldon’s improved
process 1s founded on the fact that the freshly precipitated manganese hydroxide
suspended in a soln. of calcium chloride, is easily converted into the dioxide when
an excess of lime is present. Many of the older processes recovered manganese
dioxide by the action of a current of air upon the manganese hydroxide precipitated
by lime, but the oxidation is so slow as to be useless in practice, and even then only
about half is converted into the peroxide. for the oxidation seems to stop when the
manganese is oxidized to the sesquioxide, Mn,03. In Weldon’s recovery process,
it is the excess of lime which led to commercial success, for there is a complete
conversion to the dioxide in less than one-tenth the time required for maximum
conversion when there is no excess of lime. W. Weldon showed that the complete
oxidation of the precipitated manganese hydroxide can take place only in the
presence of a strong base. Manganese dioxide has weakly acidic properties, and,
in the absence of strong bases, if combines with unchanged manganese oxide, MnO,
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to form manganese manganite, Mn0.MnQ,, i.e. Mny,0;. If lime is present, the
formation of calcium manganite, Ca0.MnO, and Ca0.2MnQ,, is much faster than
the formation of manganese manganite, and all the manganese is then converted
to the higher oxide.

The application of Weldon’s recovery process involves treating the acid still liquor
with ground chalk or limestone to neutralize the free acid and precipitate the oxides of
iron. The clarified liguid is run into a tall cylindrical vessel, where it is mixed with milk
of lime in sufficient quantity to precipitate all the manganese as manganese hydroxide.
Mn(OH),. The reaction is symbolized: MnCl,+Ca(OH)y=Mn(OH),+CaCl,, An
additional amount of limme—from one-fifth to one-third the quantity previously employed—
is introduced ; the liquid is warmed to about 55° or 60° by blowing in steam ; and air
from a compressor is driven through the liquid for about 2} hours. The manganese is
converted into the dioxide, and the contents of the vessel run into a vat, where the manganese
dioxide is precipitated as calcium manganite, CaO,MnO,. The reaction is symbolized :
2Mn(OH),+2Ca(OH),; +0,=2(Mn0,.Ca0)}-4H,0. More still liquor is added and the
blowing continued whereby Ca(Q.MnO, is converted into Ca0.2MnO,. 'The reaction is
represented : 2Mn0,.Ca0 +2Ca0 4 2MnCl; 0, =2(Ca0,2Mn0,)+CaCl,. The shlury is
run into settlers, where the manganite deposits as a thin mud—Weldon mud. The clear
liquid—Iargely calcium chloride—is run to waste ; no use has been found for but a very
limited quantity of this by-product. The mud is pumped iuto special chlorino stills where
it ismixed with hydrochloric acid. The mixture is warmed by blowing in steam. After the
chlorine has ceased to be evolved, the residual liquid is treated as before. The circulation
or transport of the liquids and slimes is effected wholly by pumping machinery ; the time
required for completing one cycle is comparatively short; and the plant is simple and
inexpensive. These advantages secured an unprecedented success for this process of
menufacturing chlorine.4

The theory of the process is incomplete, but that outlined above, based on the
acidic qualities of manganese dioxide, is due to W. Weldon.22 Tt will be observed
that Weldon’s mud has a composition approxi-
mating to Ca0.2MnQ,, and, in the chlorine still, %
thisreacts : Ca0.2Mn0,-+10HCl=CaCl,+2MnCl, —
+2Cly+-bH.0 ; if manganese sesquioxide were
used: Mn,Og-+-6 HCl=2MnCl,--3H,0-+Cl,. The
consumption of acid per unit of chlorine, as well
as the reduction in the time required for the oxida-
tion 18 therefore in favour of Weldon’s process.
It is, however, a blemish that it produces less
chlorine per unit of acid than native manganese
ore of good quality ; and, as W. Weldon himself C B E
has said, it is a barbarous process that yields only ;'""\E a ;
one-third of the total chlorine of the acid treated, ' i Sl
and thatthe other two-thirds are wasted ascalcium S ;
chloride. E = e

2. The oxidation of hydrochloric acid by potas- ANG—ch ik
sum permanganate.—H. B. Condy 1% obtained & 0o & \yedekind and S. J.
provisional patent for the preparation of chlorine Lewis’ Chlorine Generator.
by heating a muxture of sodium chloride, sodium ) '
permanganate, and sulphuric acid. The process was to be used when a fairly pure
product was required for manufacturing purpoeses. C. M. T. du Motay developed
a process in which hydrochloric acid is passed over a heated mixture of lime and
potassium permanganate. This salt isa very convenient oxidizing agent for preparing
chlorine on a small scale, at ordinary temp. A flask containing some erystals of
potassium permanganate—say 10 grms.—is fitted as indicated in Fig. 4 and
connected with a wash-bottle containing conc. sulphuric acid. Dilute hydro-
chloric acid—60 to 65 c.c. of acid of sp. gr. 1'17—is run, drop by drop, from a tap
funnel, when chlorine is evolved by the reaction: 2KMnO,-+16HCl->8H,0--2KCl
+-2MuCl,4-5Cly. 8. J. Lewis and E. Wedekind’s 15 apparatus is illustrated in Fig. 6.

The apparatus, Fig. 6, is intended to furnish a regular supply of gas under control.
The permanganate is placed in the flask A furnished with-a stoppered funnel from which
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the supply of acid is regulated. The gas passes through the exit tube B, where it is to be
used, and any excess escapes vid U, D to the outside air. The bottle Z contains water or
sulphuric acid, and it acts as a safety tube. If the pipette F be lifted above the surface of
the liquid in E, the gas will escape through F and D into the outside air. When the supply
of acid is cut off, the evolution of gas ceases when all the acid is used up.

According to A.8cott,19 potassium permanganate is very liable to be contaminated
with chlorates which introduce chlorine oxides into the gas. The only safe test for
these impurities is to absorb the gas in a neutral soln. of potassium iodide, and just
decolorize the soln. with sodium thiosulphate. If the addition of pure dilute
hydrochloric acid does not restore the blue colour, the absence of chlorine oxides
may be inferred : 3Clo04-7K1=31,4+KI0;+6KCl, and 6Cl0;-10KI=31,+4KIO,
+6KO0l. The hydrochloric acid destroys the iodate : K103+-6HCI4-5KI=6KCl
+-3H,0+31,. _ ﬂ

3. The oxidation of hydrochloric acid by chlorates.—L. von Pebal (1875) 17 and
G. Schacherl (1876) have investigated the preparation of chlorine by the action of
potassium or sodium chlorate on hot conc. hydrochloric acid. If the temp. is low,
the gas will be contaminated with chlorine oxides and oxygen. The reaction is
somewhat complex.3®8 The two main reactions are : HCIO;+-5HCI->3Cl,4-3H,0 ;
and 2HC10,4-2HC1->2C10,-+Cl,4+-2H0. F. A.Gooch and D. A. Kreider recommend
washing the gas in a warm soln. of manganous chloride in conc. hydrochloric acid,
or better, by passing the gas through a heated tube packed with asbestos. This
process offers no advantages over other processes; it is far less convenient; and
there is a risk of explosions. _

4. The oxidation of hydrochloric acid by nitric acid.—C. Watt and T, R. Tebutt 19
proposed to make chlorine by heating lead chloride with nitric acid, but the patent
was of no technical importance. C. Dunlop heated a mixture of sodium nitrate
and chloride with sulphuric acid, and passed the mixture of chlorine and nitrous
gases through conc. sulphuric acid—the chlorine passes on, the nitrous gases are
Tetained by the sulphuric acid. This process was in uge at St. Rollox for some years
where the chlorine was used for making bleaching powder, the by-product of nitrous
vitriol was utilized in the sulphuric acid process. H. Goldschmidt 20 supposed that
the reactions furnished nitric and -hydrochloric acids—aqua regia, in fact—which -
decomposed into nitrosyl chloride and chlorine ;: 3HCO1+-HNOQz=2H,0 +NOCI4Cl,;
and in contact with water or sulphuric acid, NOCI4+-H,0=HNO,+HCl. These
reactions are but approximations to the far more complex changes which actually
occur. (. Lunge represents the reaction: 3NaCl4-NaNOQ,-4-4H,50,=NOC14Cl,
+2H;0 +-4NaHS80,, which corresponds with those of H. Goldschmidt. Many
other modifications have been proposed.2l In T. Schlosing’s process, a mixture of
nitric and hydrochloric acid reacts with manganese dioxide, chlorine is evolved and
manganese nitrate is formed: MnOy4-2HNOQ,;--2HCl—2H,04-Cl; +Mn{NO;),.
The latter when dried and calcined furnishes manganese dioxide, MnO,, and nitrous
fumes, Mn(NQ3)e—>Mn0y4-N,0,, which can be converted inte nitric acid; 2Np0y
+0y+2H;0=4HNOQ,. Thereis a loss of about 10 per cent. of the nitric acid in the
working of the process. This process is a variant of a patent by F. A. Gattyin 1857.

5. The oxidation of hydrochloric acid by chromates or dichromates.—Ire 1848
A. MacDougal and H. Rawson 22 patented the manufacture of chlorine by heating
chromates or dichromates—preferably those of calcium—with hydrochloric acid,
directly or indirectly. The process with potassium dichromate was recommended
by E. M. Péligot, J. G. Gentele, and H. E. Roscoe for preparing a fairly pure gas:
K,Cre074-14HC1=2CrCly 2K C1+7 HaO 4-5Cl,.

6. The oxidation of hydrochlorie acid by bleaching powder —Chlorine can be made
by the action of an excess of hydrochloric acid on an alkaline hypochlorite or
bleaching powder. The process was suggested by M. Boissenot 23 in 1849, and later
recommended by A. Mermet and H. Kémmerer. Accf)rding to C. Winkler, the
bleaching powder may be compressed into cubes with suitable binding agent—seay
plaster of Paris. The gas comes off at ordinary temp., and the cubes used in Kipp's
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apparatus with hydrochloric acid of sp. gr. 1'124 dil. with its own volume of water
—but no sulphuric acid. According to J. Thiele, no binding agent is necessary.

7. The catalytic oxidation of hydrochloric acid by atmospheric air.—R. Oxland,24
in 1845, patented a process for making chlorine by passing a mixture of hydrogen
chloride and air through red-hot pumice and washing out the undecomposed gas by
water. Ten years later, H. Vogel proposed to prepare chlorine by heating cupric
chloride to dull redness, about 500°, whereby cuprous chloride is formed : 2CuCl,
=2CuCl+4Cl,. The cuprous chloride was then mixed with hydrochloric acid and
oxidized by air when he supposed cupric oxychloride, CuCl,.2Cu0.3H,0, was
first formed, and then cupric chloride itself, so that the end-product of the reaction
isregenerated cupric chloride : 4CuCi+4-4HCl4-0,=4CuCl,4-2H,0. Stripped from
the accessory reaction, it will be observed that fundamentally the reaction may be
symbolized : 4HCl40,=2Cl,+2H,0. In practice on a large scale only one-third
of the chlorine of cupric chloride was obtained ; the copper ‘chlorides quickly
corrode stoneware, firebricks, etc. ; the manipulation is dangerous to health; and
the cost is high owing to the loss of copper.

Various modifications were proposed by C. P. P. Laurent, F. M. A. de Tregomain,
and J. T. A. Mallet, but none were successful until 1868, when H. W. Deacon 25
arranged the reactions so that the process is continuous. In the early process the
yield was rather small, but R. Hasenclever26 obtained better results, introducing the
hydrochloric acid in a continuous stream into hot sulphuric acid contained in a
series of stoneware vessels, and driving out the hydrochloric acid by a stream of
air, Although this added to the cost of the operation, since the sulphuric acid had
to be cone. again, the process worked more regularly, and the purification of the
hydrochloric acid effected by this treatment has added much to the successful
working of Deacon’s process. It was also found that with impure gases containing
sulphur oxides, arsenic oxide, carbon dioxide, etc., the activity of the catalytic
copper is rapidly destroyed.?7

H. W. Deacon showed that the oxidation of hydrogen in hydrogen chloride can
be effected by atm. oxygen, by passing the mixed gases through a tube at a high
temp. The action takes place below 400° in the presence of pumice-stone sat. with
cuprous chloride—CuCl. The result of the reaction is represented by the equation :
4HC1+4-0,+CuCl=2H,0+2Cl,+CuCl. The cuprous chloride remaining at the end
of the reaction has the same composition as at the beginning. It is supposed that the
first action results in the formation of a copper oxychloride : 4CuCl+0,=2Cu,0C!, ;
followed by : Cuy0Cly+2HCl=2CuCl3--H,0 ; and finally by : 2CuCly,=2CuCl +Cl,.
Several other guesses 28 have been made on the nature of the cyclic reactions
between the catalytic agent and the reacting gases. Iron, nickel, cerium, and
other chlorides can be used in place of copper chloride. H. Ditz and B. M.
Margosches 29 have patented the use of the chlorides of the rare earths which
occur as a by-product in the manufacture of thoria for gas mantles. The
chlorine is necessarily contaminated with undecomposed hydrogen chloride,
atmospheric nitrogen, atmospheric oxygen, and steam. The steam and hydrogen
chloride can be removed by washing, etc. The chlorine so prepared is used in-the
manufacture of bleaching powder, where the presence of the impurities does no
particular harm.

The reaction can be illustrated by the apparatus shown in Fig. 7. Air is forced from a
gas holder through a wash-bottle containing hydrochloric acid, and then through a hot
porcelain tube containing pumice-stone impregnated with a soln. of cupric ehloride and
dried. The chlorine gas obtained at the exit can be collected in the usual manner. It is,
of course, mixed with the excess of air, nitrogen, etc.

In the reaction: 4HCl+0,=2CL,4-2H,0, for equilibrium, [H,0]2.[Cl,[?
=K'THC1]2.[0,], where K is the equilibrium constant, and the symbols in brackets
represent the concentrations of the reacting substances; if partial press. be used P; for
the hydrogen chloride ; P, for the oxygen; p; for the chlorine ; and p, for steam, the
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equilibrium conditions are P,2P,2=K"p,*p,, where K" is constant, and if K"=K*,
Pyt Pyt=Kp,.pst. The latter represents the equilibrium condition corresponding
with the decomposition of one mol. of hydrogen chloride. Observations showed
that a mixture containing 927 mol. of oxygen and 100 mol, of hydrogen chloride
at 352°, reacts until 8695 per cent. of the hydrogen chloride is decomposed wher;
the system is in equilibrium. Consequently, the equilibrium mixture at 352

contains 100—86'95==13'05 mol. of hydrogen chloride; } of 86'95=43'47 mol. of
steam ; and 927 —} of 86°95 or 71'0 mol. of oxygen. The total press. of the gases
was virtually one atm, and therefore the partial press. of the gases must be pro-
portional to these figures, and their sum must be unity, or the partial press, are:
HCL, 00763; Cly, 0:2542; Hy0, 002542 ; and Oy, 0°4152. From the mass law,-
therefore

¥ . .
K— gﬁg§; or, K — /02542 X /02542
P1P2 0-0763 X 4/0°4152
or, K=4'15 at 352°. The heat evolved during the reaction HCl-4-10,=H,0
-+-Cl4-6'9 Cals, G N. Lewis,30 assuming that the sp. ht. of the four gases do not
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Ira. 7.—Illustration of Deacon’s Process for Chlorine.

vary appreciably for temp. ranging between 300°-400°, regarded the heat of the
reaction to be independent of the temp. and van’t Hoff’s equation showing the
influence of temperature on the reaction, is then represented by log K=Q/RT4-C",
where C’ is a constant, R=1985, these and @=1-6'9. Substituting these values
of ¢ and R, and passing from natural to common logarithms by dividing by 2'3,
there follows: log,o KX=1509/T4-C, where C is a constant. Substituting the
observed values of K and T, and log;, 4'15=1509/6294-C, or C=1'78. Hence, as a
first approximation, the expression log;q K=15097-1—178 enables corresponding
values of K and T to be computed at 386°, K—=2'94 (observed) and K=23-02 (calcu-
lated) ; at 419°, K=240 (obs.), 235 (calc.). At 25° thé computed value of K 1s 1800.
If allowance be made for the variation of the heat of the reaction  with temp.,
K.V.vonFalckenstein obtains,as a second approximation, log K=1437"57-1—0534
log 7—000021425T4-1'7075 X10-8721-0'074. W.D. Treadwell used the expression
log K =6034T-1—6972 over the range 300° to 1800°, and the formula is approxi-
mately correct down to room temp. The value of K, at 352° is 268 ; at 6007,
—0°06; and at 1984°, —4-30.

The reaction never runs completely to an end, but rather approaches a state of
equilibrium : 4HCI4-0,=2Cl, +-2H,0, which fixes a definite limit to the yield of
chlorine which can be obtained at any particular temperature and concentration of
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the reacting gases. The most favourable practical conditions were worked out
by G. Lunge and E. Marmier.3! In the reaction: 4HCl405->2C1;4-2H,0, 27°6 Cals.,
hoth chlorine and oxygen are competing for the hydrogen; at 577° both appear
equally strong, for the hydrogen is distributed equally between the chlorine and
oxygen. At higher temp. the chlorine is stronger than oxygen, because less free
chlorine is obtained than at lower temp., when the affinity of oxygen for the hydrogen
is the stronger. In consequence, a greater yield of free chlorine is obtained at
temp. lower than 577°. This agrees with the effect of temp. on chemical reactions
deduced thermodynamically. Since the reaction is exothermal, the lowering of
the temp. favours the formation of chlorine. The temp., however, cannot be
reduced indefinitely because the reaction would then become inconveniently slow,
even in the presence of the catalytic agent—cuprous chloride. The catalytic
agent begins to volatilize at temp. even below 430°. According to K. V. von
Falckenstein, the best yield is obtained with a mixture of 40 per cent. HCI and
60 per cent. air, when about 70 per cent. of the hydrogen chloride can be oxidized
to chlorine, In accord with the rule that an increase of pressure favours the system
with the smaller volume, and remembering that over 100°, the system 4HCI-O,
oceupies five volumes when the system 2H,0 4-Cl, occupies three volumes, it follows
that an increase of press. should favour the oxidation of hydrogen chloride and
augment the yield of chlorine, F. Quincke 32 recommended using oxygen in place
of air. This raises the partial press. of the oxygen, and induces a more complete
oxidation of the hydrogen chloride to chlorine.

In practice, the mixture of air and hydrogen chloride from the salt-cake gases is driven
through cooling pipes and scrubbers to remove moisture, and dried in a sulphuric acid
tower. There are two sets of cylinders heated to about 450° by waste heat. The cylinders
contain broken bricks dipped in a soln. of cupric chloride. The cylinders are recharged
about once a fortnight. The exit gases containing 5 to 10 per cent. of chlorine are dried
in a sulphuric acid tower and used for making bleaching powder. About two-thirds of the
hydrogen chioride is converted into chlorine.

III. The preparation of chlorine by the oxidation of the metal chlorides.—
Chlorine can be obtained by the action of oxygen or sulphur upon certain chlorides.
The electrical energy required for the electrolysis of the fused chlorides is nearly
proportional to their heats of formation—

2Xall Cally Mgdl,
Heats of formation . . . . 1954 169-8 1510 Cals,

In the idealized reactions 2MCl4+-0==M;0-}Cl,, where M represents a univalent
or an eq. bivalent element, energy respectively eq. to 151-0, 390, and 7-0 Cals. per
mol. of chlorine is needed. Hence, the manufacture of chlorine by the calcination
of magnesium chloride in a current of air appears far more feasible than the treat-
ment of sodium chloride, because the latter requires the expenditure of over twenty
times more thermal energy per mol.. of-chlorine. None the less, patents for the
treatment of all these chlorides, and others, have been taken. Thus, W. Longmaid 33
proposes to obtain chlorine by calcining the chlorides of manganese, copper, iron,
zine, or lead with an excess of air. J. Hargreaves and T. Robinson used a mixture of
ferric chloride or chlorine oxide and salt ; W. Weldon, a mixture of ferrous sulphate
and salt; and A. R. Arrott, a mixture of ferrous phosphate and salt. In general,
the expulsion of the chlorine may also be facilitated by mixing the sodium chloride
with a sulphide, sulphate, silica, boric oxide, stannic oxide, phosphoric oxide,
alumina, clay, etc., or a mixture of air with sulphur oxide can be used.3 Similar
remarks apply to calcium chloride. The enormous quantities of calcium chloride
produced in the ammonia-soda process has attracted inventors who have made
very persistent efforts to separate the chlorine by a cheap process. Thus, E. Solvay 38
had a series of about twenty patents between 1877 and 1888 directed to the de-
composition of the chloride by heating a mixture with sand or clay in a stream of
voL. II. D
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air. F. Hurtur has shown that the great amount of thermal energy required for
the decomposition of sodium and calcium chlorides by chemical process makes it
probable that it would be really cheaper to decompose these chlorides by sulphuric
acid than by Solvay’s process. In anattempt to recover the chlorine from the still-
liquor in the manufacture of chlorine from manganese dioxide and hydrochloric acid,
W. Weldon 36 mixed the acid liquid with magnesite and heated the dried residue ;
although the process was not successful industrially, he got the idea 37 that chlorine
could be obtained from hydrochloric acid by converting the latter into magnesium
chloride : MgO-+2HCI=MgCl,+H,0 ; and then heating the magnesium chloride
in a stream of air: 2MgCly}-0,==2Mg0+42Cl,. The reaction between oxygen and
magnesium chloride is reversible,3® and measurements of the equilibrium conditions
when the different reacting members are heated in a closed tube shows that the
equilibrium constant K agrees best with the assumption that the reaction proceeds :
2MgCly+0,=2Mg0--2Cl,, and accordingly K=C,2/Cy, when C; denotes the con-
centration (partial press.) of the chlorine, and C, that of the oxygen. The observed
values of K were 0-0324 at 586°; and 0-0625 at 675°. If water vapour be present,
equilibrium is established between 350° and 505° through the relation : MgCl,+H,0
=MgCl.OH+HCI; and above 510°, equilibrium is established through the relation :
H,0 -|—Mg012:=MgO -+2HCL Between 505° and 510°, the oxychloride MgCLOH is
decomposed : MgClL.OH=HCI{+MgO.

Technical details of W, Weldon’s process were developed in conjunction with
A. R. Péchiney, and the process—called the Weldon-Péchiney process—was worked
in a continuous cycle of operations: (i) dissolving the magnesia in hydrochloric
acid ; (ii) mixing the magnesium chloride with a fresh supply of magnesia so as to
form magnesium oxychloride, and evaporating to dryness; (ili) breaking, crushing,
and sifting the magnesium oxychloride; (iv) heating the magnesium oxychloride
to a high temp. when any water present is converted into hydrochloric acid, and the
remaining chlorine is given off in a free state ; (v) converting the resulting magnesia
back to the oxychloride and so on in a continuous cycle of operations. Probably the
magnesia acts as a catalytic agent—Ilike copper oxide in Deacon’s process—and,
in the furnace, converts parts of the hydrogen chloride into chlorine and water.
The process was used for a time at Salindres (France), where the mother liquors
from the evaporation of sea-water for salt were treated.

Many modifications have been patented. L. Mond 3¢ tried to recover the chlorine
from the waste liquors of the ammonia-soda process. In Mond’s chlorine process
the ammonium chloride vapour is led over nickel or other metal oxide at about 400°,
the chlorine is retained : NiO-}2NHz+ 2HCI=NiCl;H,0-+2NH,, the ammonia
passes on. The ammonia gas is then washed out of the apparatus by aspirating an
inert gas—producer or flue gas—through the system. If dry air be then led over
the nickel chloride at 500°, chlorine is given off : NiCly+0,=NiO+Cly; and if
steam be used, hydrogen chloride is formed : NiCl,+H,0=Ni0}2HCI. L. Mond,
however, returned to the use of magnesia in which magnesium oxychloride was
produced in place of nickel chloride; and the oxychloride was decomposed by
heating in dry air at 800°: 2Mg20012—[—02—4Mg0+201 . The Solvay Process Co.
heated mixture of alkali chloride and ferric sulphate in the presence of oxygen.

IV, Electrolytic processes for chlorine and alkaline hydroxides.—In the elec-
trolysis of conc. hydrochloric acid, with carbon or platinum electrodes, chlorine is
evolved at the anode, hydrogen at the cathode. When the conc. acid, dil. with
eight volumes of water, is electrolyzed, some oxygen is evolved along with the
chlorine ; with nine volumes of water, still more oxygen is evolved. The more dil.
the acid, the greater the amount of oxygen, until, with water acidified with a few
drops of acid, no chlorine, but oxygen alone is obtained at the anode.4® The relation
between the yields of chlorine and of oxygen with acids of different concentrations
is shown in Pig. 8; with 3N-HC), the amount of oxygen obtained was scarcely
appreciable. The less the current density the greater the yield of oxygen with
soln. more dil. than {;N-HCl; and with more conc. acids, the converse is true.
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Other products besides chlorine, hydrogen, and oxygen are obtained. For.example,
some hypochlorous acid could always be detected in the anode gas obtained in the
electrolysis of the more dil. acid ; chloric acid accompanied by hydrogen peroxide
in small quantities was formed with acids between normal and 35 ; and perchloric
acid is formed when the more dil. acid is electrolyzed.

If an aq. soln. of potassium or sodium chloride be electrolyzed, chlorine (anion)
appears at the anode, and the metal (cation) at the cathode. In the case of sodium
chloride, the primary separation is symbolized: NaCl=Na-+-Cl—-96'4 Cals, The
metal then reacts with the water, liberating

hydrogen and forming sodium hydroxide: 2Na %
+2H,0=2NaOH+-H,+86'8 Cals. Thether- 4 .
mal energy required to decompose one mol. of .;40, Vield_of CAlere
sodium chloride and produce a mol. of sodium il/

hydroxide, and a gram-atom each of hydrogen §—m |

and chlorine is —96'4 44 of 86-8=—530 Cals. & "

The net result of the electrolysis is accord- \%ﬁﬁ

ingly symbolized : NaCl--H,0=3Cl,+1H; %
+NaOH—b530 Cals. Here, 53,000 cals. of A )
thermal energy are eq. to 53000024 [ia. 8.—Relation between the Yields
. D ! ’ of Chlorine and Oxygen with Hydro-
=220,800 joules of electrical energy per gram  chloric Acid of Different Concentra
eq. ; and since 96,540 coulombs will liberate a  tions.
gram-eq. of sodium and of chlorine ; and elec-
trical energy in joules is equal to the product of the capacity factor in coulombs and
mtensity factor in volts, 220,800+-96,540=2"3 volts are needed to liberate a gram-eq.
of sodium and chlorine, on the assumption that the electrical energy is eq. to the
thermal value of the reaction. In practice a greater voltage is needed; this is in
part due to the expenditure of energy in overcoming the resistance of the electrolyte.
The probability of manufacturing products by the electrolysis of fused salts
was foreseen by M. Faraday 41 in 1834 before the development of the dynamo,-
which replaced the voltaic battery as a source of electricity on a manufacturing scale.

o2 o o9 oa oA
Concentration of acid

The capability of decomposing fused chlorides, iodides and other compounds and the
opportunity of collecting certain of the produets without any loss by the use of simple
apparatus, render it probable that the voltaic battery may become a useful and even manu-
facturing instrument.

The hydrogen gas produced during the electrolysis appears at the cathode and
chlorine at the anode. In practice it is found that
in the electrolysis of the alkali chlorides, the two
electrodes must be separated to prevent the sodium
hydroxide formed at the cathode mixing with the %
chlorine discharged at the anode. There are three
main types with many differences in detail 42

(1) Solid diaphragm process.—A porous
diaphragm—Portland cement, earthenware, as-
bestos, limestone, ete. This permits electrolytic y,,4
conduction, and greatly retards the mixing of
the soln. The Griesheim cell 43 is a rectangular
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steam-jacketed iron box which contains about six .

cement cases, the walls of which act as diaphragms. G| Cathode

Each cement box is provided with an anode made C

of magnetite, arid a hid and exit pipe for the chlo- A=

tine. The iron box forms the cathode. _ ¥i. 9.—E. A. 1o Sueur’s Bell Cell
(2) Bell process.—The anode is enclosed in an (Diagrammatic).

inverted non-conducting bell with a cathode out- o ]
side#t E. 4. le Sueur’s cell is illustrated diagrammatically in Fig. 9. The electric
current flows from anode to cathode. Chlorine gas passes out of the bell, and the
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alkali hydroxide forms about the cathode in the compartment outside the bell. The
diaphragm is made of asbestos covered with iron gauze which also forms the
cathode. Fresh brine flows into the anode compartment through a hole in the
lid, and the alkali hydroxide runs from the exit pipe of the outer cell. The elec-
trolyte is always moving from within outwards.

(3) Mercury cathode process.—The sodium is dissolved by the mercury to
form an amalgam. The amalgam is removed from the cell and treated with water,
when sodium hydroxide and mercury are obtained. The mercury is returned to
the cell to be used over and over again. In E. Solvay’s cell (1898),45 the mercury
is circulated through the cell by gravity whence it flows into a separated trough,
where it is decomposed by a counter stream of water, The alka}fine liquors are
drawn off, and the regenerated mercury returns to the cell. The mercury is cir-
culated by an Archimedean screw. In H. Y. Castner’s process (1893),48 illustrated
in Fig. 10, the reaction between the water and the mercury amalgam takes place
in the cell itself. The cell is nearly obsolete, but it illustrates the principle very well,

Each cell has three compartments. The two outer compartments are fitted with
graphite anodes (+); and the middle compartment is fitted with an iron grid (—) to serve
as cathode. The non-porous partitions do not

Water or difute
sodium hydroxide.

reach quite to the bottom of the cell but dip
into a layer of mercury covering the bottom.
A soln. of alkali chloride flows through the

~&— Chlorine,

two outer cells, and water through the inner
compartment. The brine in the outer com-
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:ssga%%” %J“ ””””"mg g I m”é psodiin partment is decomposed by the electric current
chioride V8 7 "’ ‘¢ into chlorine at the anode and sodium at
+ y & ¢ z -““",. the cathode. The latter dissolves in the mer-
v‘. 7

cury, at the cathode, and the chlorine at
the anodes escapes vid the exit pipes. The
sodium amalgam diffusesinto the inner chamber,
and there, coming into contact with the water,
is immediately decomposed.into sodium hy-
droxide and mercury. The hydrogen escapes
through the loosely fitting cover. The sodium
hydroxide is run into a special tank as Tequired. A slow rocking motion is imparted
to the cell during the electrolysis, by an eccentric wheel, so as to make the mercury flow
irom one compartment to the other along the bottom of the cell.
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amalgam

Fia. 10.~—I1. Y. Castner’s Rocking Cell.

In C. E. Acker’s process (1898), now abandoned, 47 sodium chloride was electro-
lyzed in a cell in which molten lead was used as cathode, and a carbon rod as
anode. During the electrolysis, the molten lead dissolved the sodium forming an
alloy ; the chlorine was drawn off from the anodes. The alloy of lead and sodium
was decomposed by steam to form hydrogen and sodium hydroxide.
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§ 8. The Preparation of Bromine

Bromine is not usually prepared in the laboratory, but iﬁ desired it can be
liberated from potassium bromide by processes analogous with those employed
with sodinm chloride, namely, the action
of heat on a mixture of manganese
dioxide, potassium bromide, and sul-
phuric acid, Unlike chlorine, the bro-
mine evolved readily condenses to a
liquid at ordinary temp. so that in place
of a flask, a tubulated retort is emploved
as illustrated in Fig. 11. Inall technical
processes the bromine is liberated from
1ts compounds by the action of chlorine,
for if chlorine be passed into a liquid
containing a bromide until the yellow
or reddish colour no longer increases
in intensity, the chlorine will have dis-
placed all the bromine: MgBry+Cly

Fi1a. 11.—The Preparation of Bromine. =Mg012_|_Br2_ If an excess of chlorine

be used, some bromine chloride will be
formed. In A.J. Balard’s historic process, the liquid was shaken up with ether—
or some other suitable solvent, say, chloroform—in a separating funnel; under
these conditions, most of the bromine leaves the aq. liquid and collects in the lighter
ethereal layer. Thelower aq. layer is run off, and an ag. soln. of potassium hydroxide
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is added to the reddish-brown ethereal layer, the bromine forms a mixture of potas-
sium bromide and bromate. The soln. 18 evaporated to dryness and treated with
manganese dioxide and sulphuric acid. This process is too costly on a large scale.

Bromine was formerly obtained from the mother liquid remaining after the
separation of sodium chloride from sea-water, a certain proportion of bromine
was also extracted from the lixivium of the ash of seaweed, but the proportion in
seaweed is small—about one-tenth that of the iodine. The manufacture of bromine
from the brine springs of America was commenced at Freeport in 1846 by D. D. Alter;
and the mannfacture from the saline waters about Stassfurt ! was commenced in
Germany in 1865. The discovery that bromine could be profitably extracted from
the Stassfurt salts reduced the price of that element from about 38s. 0d. to 1s. 3d.
per Ib.

About 1837, F. Mohr 2 separated the bromine in the mother liquids of salt springs
by treating them with pyrolusite and sulphuric or hydrochloric acid. He showed
that at least 5 per cent. of acid must be present or an appreciable amount of bromine
will not be formed. The raw material now employed is carnallite, which contains
from 025 to 0'42 per cent. of bromine. The mother liquid remaining after the
separation of the potassium chloride

from carnallite contains from about Hotbrine 5
0'15 to about 0-25 per cent. of bromine

in the form of bromocarnallite. In g

A. Frank’s first process3 the bromine %' I
wes obtained by mixing the mother i

liquid with sulphuric acid and man- ;

ganese dioxide, and heating the mixture
by blowing in steam. The mixture of
steam, bromine, and chlorine was cooled
in a spiral tube, The condensate
separated into two layers, a heavy
layer of bromine -contaminated with
chlorine, and a lighter aq. soln. of chlo-

. L \ ‘-, L !IIII:(T' ?
rine and bromine. The latter was ‘R[N // =
added to the next charge in the still, ; < E 2
A R

the former was reserved for purifica- m%
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tion. The fumes from the condenser N

werc passed through a tower packed g, 12.—Recovery of Bromine from Curnallite
with iron turnings which arrested the Mother-liquors

chlorine and bromine. It was found

that a considerable loss of time, and of chlorine and bromine were involved in

periodically emptying and charging the still. Continuous processes were therefore
devised by R. Wiinsche and R. Sauerbrey,t and K. Kubierschky.

The principles of the continuous system are as follows: The hot mother-liquor con-
taining the bromine is allowed to percolate steadily down a tower 4, Fig. 12, packed with
earthenware balls ; the descending liquid meets an ascending stream of chlorine gas. The
magnesium bromide is decomposed : MgBr,+Cl,=MgCl,+Br,. The excess of chlorine,
and the bromine, rising from an exit at the top of the tower, descend, and pass to the
condenser where most of the bromine is condensed in a cooled worm-tube, B, and collects
in the bottle €' ; the uncondensed bromine vapours and chlorine pass into a tower .D packed
with iron turnings kept moist by water. The liquid leaves the base of the tower along
the same pipe which brings in the chlorine gas, and runs into a tank beneath the ground.
The liguid is forced to flow through this tank to the exit pipe near the bottom in a zig-zag
direction. The inflow and outflow of the liquid in this tank is so arranged that the level
remains the same. Steam is blown into the liquor »i4 the pipe E, Most of the chlorine
and bromine rise to the space above the level of the lignid where they are carried along to
the tower with the stream of chlorine from the generator. Waste liquid runs from the
underground tank.

The electrolytic processes 5 for separating chlorine from liquors containing
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bromides are analogous with those employed for chlorine. The liberated bromine,
however, remains in soln,, and has to be separated by distillation.

The purification of bromine.—The first product of the extraction contains
as impurities,® 10dine cyanide, carbon bromides, bromoform, and 1 to 4 per cent.
of chlorine. This is purified before it is put on the market, and much of the bromine
on the market is either free from chlorine or contains at most up to 0'3 per cent.
The chlorine is removed by distillation from alkali, calcium, or ferrous bromide.?
This is the most convenient and effective method of eliminating chlorine., If the
bromine is initially very much contaminated with chlorine, a repetition of the
treatment after converting the bromine into a bromide may be advisable where a
very high degree of purity is desired. 8. Piria® added baryta water until the
bromine is decolorized and evaporated the mixture to dryness. On calcination
the organic matter is destroyed, and oxy-halides are transformed into the simple
halides. The mass is then treated with sufficient bromine to displace todine from
iodides and againevaporated to dryness and calcined. The remaining mixture of
barium chloride and bromide was leached with alcohol, which is said to dissolve the
bromide and leave the chloride undissolved. The bromine is recovered from the
bromide by heating it with manganese dioxide and sulphuric acid. A. A.B. Bussy ?
removed iodine by precipitation as cuprous iodide; A. Adriani, by treatment
with starch paste. The most convenient and effective method of removing iodine
is that suggested by 8. Piria, namely, converting the bromine into a soluble bromide,
and boiling the soln. with a little free bromine. A repetition of the treatment
is advisable when the bromine is very much contaminated with iodine.

P. C. E. M. Terwogt agitated the bromine with an excess of water for two or three
hours, and removed the bromine by means of a separating funnel. The bromine
was then mixed with potassium bromide and a little zinc oxide, and distilled. The
distillate was collected under water and redistilled. The product was dried by
standing over phosphorus pentoxide, and finally distilled once again, J.S8.Stas1?
employed a somewhat analogous process in 1881, According to A. Scott, this
treatment removes chlorine and iodine but not organic chlorides and iodides ; there
is also a misk of the zinc oxide contaminating the product with nitric acid owing to
the difficulty of punfying zinc oxide free from nitrogen.

A. Bcott prepared highly pure bromine by boiling 1500 grms. potassium bromide in an
equal weight of water first with a few crystals of potassium metabisulphite and about 5 c.c.
of eonc. sulphurie acid, then adding 100 c.c. of sat. bromine water, distilling off the excess
of bromine, adding another 100 c.c. of bromine water, distilling off once more, and, after
neutralization with potassium carbonate, evaporating to dryness. The dried bromide
was now fused with potassium dichromate (which had previously been fused} in the pro-
portion of 500 grms. of bromide to 200 grms. of dichromate. This left an excess of
bromide sufficient to retain any quantity of chlorine likely to be present. 1050 grms. of
the fused mass, broken up into pieces the size of hazel nuts, were now treated with a cold
mixture of 450 c.c. of conc. sulphuric acid with 700 c.c. of water. Any organic matter
in this mixture was destroyed by adding a small quantity of potassium permanganate.
The above quantities gave about 470 grms. of bromine, and on the addition of an excess
of dichromate a further 30 grms. of bromine were obtained, which ought to contain all the
chlorine. The purified bromine wag dissolved in a soln. of potassium bromide—freed from
iodine—and distilled.
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§ 9. The Preparation of Iodine

Iodine is displaced from the iodides by any one of the other three halogens—
fluorine, chlorine, or bromine. If an excess be used, a compound of iodine with
the halogen may be formed. Iodine can be obtained from iodides by a process
analogous to that employed for chlorine from chlorides and bromine from bromides,
namely, by heating the iodides with manganese dioxide and sulphuric acid:
2KI—[—MnO2+2HZSO4—K2804—I—Mn.SO4—l—2H20+I2 The iodine vapour con-
denses in the cooler part of the retort in almost black crystals. Some potassium
bisulphate, KHSO,, as well as the normal sulphate, K,80,, is formed at the same
tine, The direct action of nitric acid or cone. sulphuric acid also liberates iodine
from iodides. In symbols : 3H,80,+-2KI=2KHS0,-+2H,0+80,-}+1,, in the latter
case, and 4HNO3+2KI=2KNO3+2NO;+2H,0+1I, in the latter. Various oxidizing
agents also liberate iodine from the iodides—thus, with ferric chloride, FeCly, the
reaction is symbolized: 2KI4-2FeCly=2KCl4-2FeCl;+4-1,.

Most of the iodine of commerce is derived from the ashes of certain varieties
of seaweed, or from the mother-liquor—aqua vieja—remaining after the extraction
of sodium nitrate from the caliche of Chili. Methods have been also proposed for
extracting iodine from blast furnace gases,! from natural waters,2 and from natural
phospha.tes 3 but they have not proved to be of any commercial importance i1n
view of the rela.tlve abundance of the Chilian supply. Not much progress has been
made by electrolytic processes. T. Parker and A. E. Robinson4 proposed to
electroylze a soln. of the alkali iodide acidified with sulphuric acid, in a cell with a
diaphragm separating the platinum or carbon anode from the iron cathode. The
iodine which separated at the anode was to be washed with water, and dried by
hot air.

Formerly all the iodine was made from the ash of seaweed, and potash was a
remunerative appendix to the iodine industry; but just as the Stassfurt salts
killed those industries which extracted potash from other sources, so did the
separation of iodine from the caliche mother-liquors threaten the industrial extrac-
tion of iodine from seaweed with extinction. Jodine in a very crude form was
exported from Chili in 1874-—e.g. a sample was reported with 1odine 52'5 per cent. ;
iodine chloride, 3'3 ; sodium iodate, 1'3 ; potassium and sodium nitrate and sulph&te
159 ; magnesium chlonde 04; msoluble matter, 1'5; water, 25'2 per cent. About
that time much of the iodine was imported as cuprous iodide.” This rendered
necessary the purification of the Chilian product; but now the iodine is purified
in Chili ‘before it is exported. The capacity of the Chilian nitre works for the ex-
traction of iodine is greater than the world’s demand. 1t is said that the existing
Chilian factories could produce about 5100 tons of iodine per annum whereas the
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world’s annual consumption is about 500 tons.5 In order to prevent the cutting
of prices by competition, the Chilian manufacturers have combined to restrict the
output, and keep the supply as nearly as possible equal to the demand. As a result,
a definite maximum is allocated for each works per annum ; so that the plant for
the extraction of 1odine in any particular works is rarely at work more than a few
months each year. A little iodine is yet made from seaweed in Scotland, in Norway,
and in Japan.

The extraction of iodine from seaweed.—The deep-sea drift-weed which
is washed on to the western coasts of Ireland,® Scotland,” Trance, and Norway
during the stormy months of spring is collected, dried, and burnt in shallow pits.
The product is called kelp (formerly kilpe, a word of unknown origin) or varee or
kelp-ash in the United Kingdom, and in France, says P. Lebeau,8 onle designe parfois
sous le nom de kelp ou salin. On the Normandy coast, the term varech is applied
generally to the drift-weed or wrack which is thrown on the coast by the sea; and
the ash 18 called kelp or salin de varech or cendres de varech.

If the drift-weed were to be burnt to a loose ash, it would furnish 25 to 30 1ba. of iodine
per ton ; in practice, it rarely containg more than 12 Ibs. per ton. The low yield is due to
faulty treatment in calcination—e.g. (i) burning at too high a temp. which causes the
volatilization of part of the iodine, and the fusion or fluxing of the ash with sand and
pebbles ; and (ii) imperfect protection of the kelp-ash from the weather whereby some of
the soluble iodides are washed out by rain. High temp. burning also reduces some of the
sulphates to sulphides, which later causes a high consumption of acid per unit of jodine.

In 1862, E, C. C. Stanford ® proposed the carbonization of the drift-weed in
closed retorts so as to recover tar and ammoniacal liquor in suitable condensers,
This modification did not flourish because of the subsequent difficulties in extracting
soluble iodides from the charcoal. V. Vincent (1916) claims that soln. containing
aluminium sulphate extract the alkali iodides from seaweed leaving behind the
organic matter which prevents the direct precipitation of iodine or jodides, The
alkali iodide soln. is treated with copper sulphate for cuprous iodide, or by soln.
of sulphitesfor iodine. M. ParafandJ. A. Wanklyn proposed to heat the drift-weed
first with alkali hydroxide so as to form oxalic and acetic acids, which could he
crystallized from the lixivium, The economical treatment of seaweed for iodine
has been discussed by A. Puge.

E. C. Q. Stanford proposed boiling the seaweed with sodium carbonate, the washed
residue being termed algulose ; the acidified filtrate gives a precipitate of what he called
alginic acid or insoluble algin. The filtrate was evaporated to dryness, carbonized, and
called kelp substitute ; it contains the iodine and potassium salts of the original seaweed.
The insoluble algin was converted into tlie sodium salt and called algin or soluble algin.
Alginates of aluminium, iron, copper, and many other metals are precipitated directly by
adding a metallic salt to the soln. of algin. It was further proposed to use alguloso
for making a transparent tough paper, and imitations of bone or ivory; algin, as a
substitute for gelatine; aluminium alginate in making a waterproof varnish, and as a
mordant in dyeing ; copper alginate dissolved in ammonia, as a waterproof varnish.
The proposals did not prove a commercial success.

The kelp contains 45 to 70 per cent. of soluble salts; 0'5 to 1-3 per cent. of
iodine; and 30 to 50 per cent. of insoluble matters. The kelp is extracted with
hot water, and the soln. fractionally crystallized ; the mother ligquid is treated for
iodine.

The kelp is crushed into lumps—say, one to two inches diameter—and extracted with
water in rectangular iron vats with false bottoms, heated by steam. The liquid of sp. gr.
1200 to 1'255 is decanted into open iron boiling pans where it is evaporated down to a
sp. gr. of 1:325; the salts—mainly potassium sulphate (50-60 per cent.) mixed with sodium
sulphate and chloride—which separate by ecrystallization during the evaporation are
removed. The hot liquid is run into cooling vats where crystals of potassium chloride
separate. The liquid is again boiled down, and ecrystals consisting mainly of sodium
chloride with 8 to 10 per cent. of sodium carbonate—and called kelp salt—separate from
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the hot liquid ; the hot lignid, decanted into cooling vats, furnishes crystals econtaining
80 to 95 per cent. potassium chloride and called muriate. These operations are repeated
several times. The mother liquid is mixed with about one-seventh its volume of sulphuric
acid, free from arsenic; the polysulphides and thiosulphates are decomposed with the
separation of sulphur; some hydrogen sulphide and sulphur dioxide is evolved. The
liquid is allowed to settle for 24 hrs. in closed lead-lined wooden vats, and decanted for the
extraction of jodine. The sediment is steamed for a long time to remove adsorbed iodides.
The dried mass—sulphur waste—containing 70 per cent. of sulphur, is used in making
sulphuric acid. The sulphate salts are used for manurial purposes in agriculture; the
muriate can be used in the manufacture of potash salts; the kelp salt is unsaleable ; and
the insoluble matter in the lixiviation vats, which consists principally of calcium and
magnesium carbonates and phosphates, was once used in making common bottle glass.

Many processes have been proposed for separating the iodide from the mother-
liquor resulting from the fractional crystallization of the aq. extract of kelp.
A. Payen 10 treated the acidified mother liquid with chlorine, or with potassium
chlorate which in conjunction with the hydrochloric acid furnishes chlorine. An
excess is avoided or iodine chloride will be formed. The precipitated iodine is
washed, dried, and sublimed. Bromine is extracted from the mother liquid by
neutralizing the acid, evaporating to dryness, and distillating with pyrolusite and
sulphuric acid. F. J. Persoz, L. Boirault, and others have recommended adding
copper sulphate mixed with iron filings or ferrous sulphate. The precipitated
cuprous iodide, Cul, when heated with manganese dioxide, gives off iodine:

TF1a. 13.—Iodine Still with Two Trains of Udell Condensers.

3Mn0,+2Cul =2Cu0-++MngO,+I,. T. Schmidt precipitated the jodine as lead
iodide, Pbl,. E. Moride precipitated the iodine by treating the liquor with nitric
acid; J. Pellieux and M. Launay, used nitrous vapours; R. von Wagner, ferric
chloride ; M. Luchs, a mixture of potassium dichromate and sulphuric acid; and
L. Thiercelin and L. Faure, sulphur dioxide or bisulphites. In the Scottish process,
the liquor was heated in stills with sulphuric and manganese dioxide as recommended
by W. H. Wollaston, J. J. Berzelius, and others. The iodine sublimes.

Each still consists of an iron pot covered with a leaden lid to which are luted, say, two
earthenware arms each of which is connected with a train of about five stoneware aludels
or udells supported on a wooden framework as illustrated in Fig. 13. Each udell has a
stoneware stopper below so as to permit condensed water (with the 3 halogens in solution)
to be drained off as required. Manganese dioxide is added to the liquid. The still is heated
by an open fire, and iodine and steam are evolved. The liquor from the stillis a troublesome
waste product. The udells are emptied when required. The bromine is in too small a
quantity to pay to collect. The iodine from the udells requires further purification.

The extraction of iodine from caliche.—The mother-liquor—aqua vieja—
remaining after the extraction of sodium nitrate from caliche in Chili, contains
sodium nitrate, chloride, sulphate, and iodate as well as magnesium sulphate, The
iodine content of this liquid amounts up to about 03 per cent.; as the original
caliche has about 002 per cent., the iodine thus accumulates in the mother liquid
during the extraction of the nitrate. The mother liquid is run into wooden vats,
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and treated with sufficient sodium bisulphate to reduce part of the contained iodic
acid to hydriodic acid: 6NaHSO03-+2HI03=3Na,80,-+3H,80,+2HI; and to
get the right proportion of iodic acid to reduce the remaining hydriodic acid to
iodine : HIO;--56HI=3H,0131,. The soln. is well agitated, and then neutralized
with the so-called sal natron liquor. After agitation, the liquid is allowed to settle.
The iodine is removed, pressed into cakes, dried, and slowly sublimed in cast-iron
retorts fitted with udells, as indicated in Fig. 13. The mother-liquor—called agqua
Jfeble—is returned to the nitrate extraction tanks and is used over again.11

The sal natron liquor, prepared by heating crude nitrate from the aqua wieja tanks
with 15 per cent. of coal dust, is made into a cone 5 ft. high with a kind of moat dug round
the base of the cone. The cone is sat. with water and ignited. The crude sodium car-
bonate formed fuses and runs into the pit. The product dissolved in water forms the sal
natron liquor. The sodium bisulphate soln. is made by passing the fumes of burning
sulphur into the 8al nafron liquor. The liquid acid is then acid enough to liberate iodic
acid from iodates.

The recovery of iodine from waste liquids.—F. Beilstein12 recovered
iodine from laboratory residues by evaporation te dryness with an excess of sodium
carbonate and ocalcination until the organic matter is all
oxidized. The mass is dissolved in sulphuric acid and treated
with the nitrous fumes, obtained by treating starch with nitric
acid, until all the iodine is previpitated. The iodine is washed
in cold water, dried over sulphuric acid, and sublimed. Other
oxidizing agents less unpleasant than the nitrous fumes em-
ployed by F. Beilstein—e.g. hydrogen peroxide—were recom-
mended by @&. Torossian for the residues obtained in copper
titrations. TF. Beilstein’s process is applicable to soluble but
not to insoluble, oxidized forms of iodine. ¥. D. Chattaway
and K. J. P. Orton found it better to heat on a water bath
the waste material, solid or soln., with:aqua regia containing

‘ _ a slight excess of hydrochloric acid. This transforms the iodine
Fio. 14.—Purifica- int, jodine chloride. The iodine chloride may be divided into

tion of Iodine by t . L%
Sublimation. wo parts, one half decolorized by the addition of sulphurous
acid or a sulphite, and this mixed with the other half. All
of the iodine precipitates at once. Todine chloride may be dil. with an excess
water and allowed to stand, when the element separates in long erystals.

The purification of iodine.—Crude iodine contains from 75 to 90 per cent.
of iodine, some iodine chloride, iodine cyanide, water, and different salts. The
iodine of commerce is purified by washing it with cold water, drying by press., and
subliming from heated iron retorts into udells.?3 The following is a convenient way
of purifying small quantities of iodine for analytical purposes: 14

Grind, say, 6 grms. of commercial iodine with 2 grms. of potassium iodide. Put the
dry mixture in a small dry beaker (Fig. 14) fitted with a Gockel’s condenser.'® The beaker
is surrounded with a cylindrical asbestos jacket (not shown in the diagram). Place the
beaker on a wire gauze, or a hot plate, and heat the apparatus by means of a small flame.
The condenser is full of cold water, at the temp. of the room. When violet vapours have
ceased to come from the bottom of the beaker, let the apparatus cool. A crust of iodine
will be found on the condenser. Pass a current of col£ water through the condenser.
The glass contracts, and the crust of iodine can be easily removed by pushing it with a
glass rod into a similar beaker. The sublimation is repeated without the potassium iodide
at as low a temp. as possible. Grind the iodine in an agate mortar, and dry in a desicecator
over calcium chloride—not sulphuric acid or the iodine may be contaminated. If the cover
of the desiccator is greased, the iodine may attack the grease, forming hydriodic aeid,
which might contaminate the iodine.

Numerous other modes of purification have been recommended 16 from the simple
process of G. 8. Sérullas in which the iodine is dissolved in alcohol, the soln. filtered,
and the iodine precipitated with an excess of water, to the elaborate process of
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J. 8. Stas, in which the utmost degree of purity was desired. L. L. de Koninck
heated a mixture of potassinm iodide with about twice its weight of potassium
dichromate ; C. Meineke precipitated iodine from a seln. of potassium iodide by
the permanganate ; and G. P. Baxter converted iodine into hydriodic acid by means
of hydrogen sulphide, and after boiling the filtered soln. a few hours to expel hydrogen
cyanide, he distilled the iodine with potassium permanganate. Three repetitions
of the process gave jodine quite free from cyanides. B. Leanand W. H. Whatmough
converted the lodine into cuprous or palladious iodide, and sublimed the lodine by
dry distillation of the salt at about 250°. A. Ladenburg precipitated silver iodide
from a soln. of potassium iodide ; and, after shaking the mixture with aq. ammonia
for 24 hrs. to dissolve out the silver chloride, he reduced the silver iodide with
zine and sulphuric acid. The resulting zinc iodide was treated with nitrous acid ;
the precipitated iodine distilled in a current of steam ; and the iodine dried over
calcium chloride. M. Baubigny and P. Rivals converted the iodide into iodate by
adding potassium permanganate to a soln. of the iodide in sodium carbonate.
Five-sixths of the soln. was reduced with neutral sodium sulphite and the iodine
was precipitated when the reduced soln. was mixed with the remaining sixth:
SHIH-HIO;=3H,0+-3I,. The iodine was filtered, washed, dried, and sublimed.
The product was freed from chlorine, bromine, and cyanides. G. P, Baxter oxidized
the jodine to iodic acid and recrystallized the latter a number of times from conc.
nitric acid. The iodic acid was heated to 100° to drive off moisture, the temp. was
then raised to about 240°, and finally heated to 350° in a current of air. The iodide
was condensed and finally remelted to remove all traces of moisture. P. Kdothner
and E. Aeuer found ethyl iodide boiled at 72°, the chloride at about 12°, and the
bromide at 38°. Hence, if the halogen is transformed into the ethyl salt, fractional
distillation enables the iodide to be separated from the chloride and bromide.

In one of J. 8. Stas’ processes, the iodine was dissolved in a soln. of potassium
iodide. The soln. was diluted with water until a precipitate began to form, and then
three-fourths of the amount of water required to precipitate all the iodine were added.
The separated iodine was washed free from potassinm iodide by decantation, the
crystals, after draining, were dried over calcium nitrate in vacuo, and then distilled
twice from barium oxide. In another process, J. S. Stas purified the iodine by
first treating the iodide with ammonia which converts about 95 per cent. of it into
the explosive nitrogen iodide. The washed nitrogen iodide decomposes quietly
when warmed with an excess of water. J. 8. Stas thus describes the procedure :

Powdered iodine is added to a cold cone. soln. of ammonia in a largs flask until the
dark brown liquid is nearly colourless. The resulting nitrogen iodide is washed by decanta-
tion with cold conc. ammonia until the ammonium iodide is removed. The nitrogen
iodide is placed on a funnel with its neck drawn to a fine point, and washed with cold water
until the colour of the compound changes to brown, and the wash water is yellowish-brown.
The moist iodide is placed in a large glass fiask with ten times its weight of water, and slowly
heated on a water bath to 60° or 65°.  If the temp. be raised above 65°, before decomposition
is complete, an explosion may occur. The nitrogen iodide decomposes forming erystals of
iodine, a solution of iodine in ammonium iodide, and a white substance—possibly ammonium
iodate. When the decomposition appears complete, the liquid is warmed up to 100° for a
few minutes. The solid iodine which separates out on cooling is washed with water on a
funnel with a drawn-out neck; and afterwards distilled in steam. The iodate is not
volatilized. The iodine is dried over calcium nitrate; twice distilled from admixture
with about 5 per cent. of finely powdered purified barium oxide ; and finally sublimed alone.
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§ 10. The Physical Properties of Chlorine, Bromine, and Iodine

At ordinary temp. fluorine is a gas with a palg canary-yellow colour, chlorine is
a gas with a greenish-yellow colour, bromine is a dark reddish-brown liquid which
readily forms a reddish-brown vapour when warmed ; and iodine is a dark bluish-
black crystalline solid which gives a violet-coloured vapour when heated, The
colour of the halogen gases is therefore deeper and more inclined to the violet end
of the spectrum, the greater the at. wt. The colour of bromine and chlorine
gradually becomes paler as the temp. is reduced. At the temp. of liquid air, bromine
is pale yellow, chlorine almost colourless. J. H. Kastle® tried to show that the
characteristic colours of the halogens can be explained on the assumption that the
molecules are slightly disscciated even in the solid state, and the cbserved colour
is that of the dissociated halogen. He based his argument mainly on the facts:
(1) the colour of the halogens is inversely as their chemical activity ; (2) the least
stable halogen compounds are the most highly coloured ; (3) on heating, the halogen
compounds become deeper in tint; (4) the change of colour of bromine on cooling
is thus said to be an effect of diminished dissociation (iodine is steel-grey in colour
at —190° and at ordinary temp.).
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The odour of chlorine is most disagreeable and suffocating; if but small
quantities of the gas are present its odour recalls that of seaweed. Chlorine attacks
the membrane of the nose, throat and lungs producing irritation, a kind of bronchial
coughing, and spitting of blood ; the lungs become inflamed, and this is followed by
painful death. M. von Pettenkofer and K. B. Lehmann 2 found that 0001 to
0005 per cent. of chlorine in the air affected the respiratory organs; 004-006
produced dangerous symptoms, whilst concentrations exceeding 0-06 per cent.
rapidly proved fatal. Bromine like chlorine has a very unpleasant irritating smell ;
it attacks the eyes very painfully, and is an irritant poison; when in direct
contact with the skin it produces troublesome sores. M. von Pettenkofer and
K. B. Lehmann add that men cannot stand more than 0002 to 0004 per cent. if
not habituated ; and if habituated, not more than 0-01 per cent. The smell of
iodine is not so obtrusive since it is solid at ordinary temp.; it too has a faint
smell recalling that of chlorine, but is less unpleasant and less irritating.

The crystalline forms of the halogens.——According to W. Wahl, the crystals
of chlorine, bromine, and iodine belong to the rhombic system,? and they are
isomorphous. The crystals are strongly doubly refracting in sections both parallel
and at right angles to the longest axis; and the extinction between crossed nicols
is parallel to the longest axis. The optical properties of crystals of bromine are
similar to those of chlorine; the crystals have a tendency to develop prismatic
forms, and the prismatic cleavages—angle 70°—are very distinct. H. Arctows
obtained slender carmine-red needle-like crystals of bromine which recall those of
chromic anhydride. From B. J. Karsten’s and P. C. E, M. Terwogt’s observations
on the m.p. of the binary systems, Cl-Br, Cl-1, and Br-I, the halogens can form
a continuous series of mixed crystals, and they thus appear isomorphous.
E. Mitscherlich showed that it crystallizes in the rhombic system with a
prism angle of 67° 12; and E. 8. von Federoff found that some crystals on
the ashestos stopper of a reagent bottle contained both the ordinary rhembic tablets
and prisms belonging to the monoclinic system. Both forms can be obtained from
soln. in carbon disulphide, chloroform, petrolenm ether, and alcohol. The mono-
clinic crystals are formed by rapid evaporation, the rhombic form by slow evapora-
tion, V. Kurbatoff found the sublimation of iodine above 46:5° gave the ordinary
rhombic crystals, and at lower temp. the monoclinic crystals. Ience, it has been
said the iodine is dimorphous with a transition point at 46'5°. 'W. Wahl could not
find a transition point by cooling the ordinary form down to —180° and considers
it is not probable that there is a transition point. He believes that the ordinary
form is stable at all temp., and that the monoclinic prisms belong to a monotropic
form with a marked temp. limit of formation, and apparently with a low velocity
of transformation at ordinary temp.

With chlorine, the polarized light travelling parallel to the cleavage axis is more
strongly absorbed, and the transmitted light a deeper yellow with a greenish tint
than that passing in directions at right angles to the principal axis. There is aslight
difference in the degree of absorption in the two directions at right angles to the
principal axis. Theerystals of bromine are pleochroic, being dark brownish-red in
the direction of the prism axis; yellow-red in the direction of a line bisecting the
smaller prism angle ; and pale yellowish-green in the direction of the line bisecting
the larger prism angle. The change in colour of solid bromine from brownish-red
to nearly black at the m.p., and pale yellow at the temp. of liquid air, and to a still
paler tint at the temp. of liquid hydrogen, is principally due to a gradual disappear-
ance of the strong trichroism which it preserves near the m.p. The crystals of iodine
uppear black or light reddish or leather brown according as the polarized light is
transmitted with the direction of the principal axis parallel to the plane of polariza-
tion, or at Tight angles to the principal axis. The pleochroism of these three members
of the halogen group increases in strength and character as the at. wt. increases—
the colour of the strongest absorption in chlorine is the same as the weakest in
bromine ; and the strongest in bromine, about the same as the weakest in iodine.
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The behaviour of the halogens towards the gas laws.—One litre of chlorine
gas at 0° and 760 mm., latitude 45°, and at sea-level, weighs 3'1667 grms., when a
litre of oxygen under similar conditions weighs 1'42900 grms. The theoretical
density with respect to air is 2:4494—under standard conditions. The value
observed by J. L. Gay Lussac and L. J. Thénard 4 is 2:47; R. Bunsen, 2'4482;
A. Leduc, 2:491 ; H. Moissan and A. B. du Jassonneix, 2'490 grms. According to
E. Ludwig,5 the vapour density, D, of the gas at a temp. §° between 0° and 200°
18 D=2-4855—0000170. According to H. Jahn, above 200° chlorine follows
Boyle’s law exactly ; M. Pier found that the coeff. of expansion « inthe expression
v=v,(1+af) between 0° and b50-24°, a=0'003873; between 0° and 100°4°,
a==0003833 ; between 0° and 150'7°, a=0003814; and between 0° and 184°
«=0'003804. Similar observations apply to the constant § in the expression
p=pg(1-+p6), which decreases from 0003807 at 100° to 0-003774 at 184-4°., With
rising temp. or decreasing press., the behaviour of chlorine approximates more and
more nearly to that of an ideal gas. R. Knietsch’s values 8 for J. D. van der Waals'
constants are:

0'0})(2’63)(1: — 0°002050) = RT;

(r+

and {or bromine, ¢=0'01434 ; b=0-00202.
The vapour densities.—The observed densities of chlorine, air unity, are

) 0° 100° 200° 0° to 1200° 1400°
Vapour density . . 24910 2-4615 2:4510 2450 c. 202

The ideal value of Cl, is 2:4494, The greater density of chlorine below 200° is
attributed by M. Pier to polymerization into Cly molecules ; and on this assumption
he has calculated the degree of dissociation Cl;=2Cl,, corresponding with the devia-
tions of the observed densities from the ideal value. This assumption is not sup-
ported by other evidence, for the molecular condition of liquid chlorine appears
to be the same as the gas, Cl,. The vapour densities of chlorine at high temp.,
determined by V. Meyer and his co-workers,” have a value lower than the normal,
and indicate that chlorine is appreciably dissociated into one-atom molecules:
Cly=2Cl, at temp. exceeding 600°, or else that the coeff. of expansion of chlorine
is greater than normal. M. Reinganum obtained no evidence of dissociation af
1137° if precautions be taken to prevent errors arising from the tendency of
chlorine to diffuse through the walls of the apparatus.

Bromine forms a reddish-brown vapour at ordinary temp. with a vap. press.
of 138'1 mm. at 15°, at which temp. E. P. Perman 8 found the vapour density at
15° to be quite normal, but according to H. Jahn, it is rather higher than the normal
value 55149 if air be unity or 79:92 if oxygen 16 be the unit, for at 102'6° he found
57280 ; at 175°58°, 56040 ; at 227-92° 55243 ; and he represents the observed
vapour density, D, at 6° by the empirical formula D=5'8691—0001536. H. Jahn
assumes that the molecules are polymerized at the lower temp. and that with rising
temp, or decreasing press., say, by dilution with nitrogen, the density approaches
the normal value corresponding with two-atom molecules. At higher temp. the
vapour densities are lower than the normal value, and this the more the higher the
temp. It is therefore assumed that there is an increasing dissociation: Br,==2Br
with rise of temp.; and calculations from the observed deviations of the vapour
density from the ideal value for Br, show that the percentage dissociation at

. L 800° 850° 800° 950° 100° 165607 1284°
Dissociation . . 016 0-20 1-48 2-53 308 6-30 183 per cent.

M. Bodenstein and F. Cramer represent the relation between the dissociation and
temp. by the formula

log K,=—101007"14+175 log 7000040907 -+4°76 x 1G-81'2 4-0-548
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Similar results have been observed with iodine, but the dissociation ? is much
more marked at even lower temp, The theoretical density for the two-atom molecule
is 8758, air unity; or 12692 oxygen=16; and for the one-atom molecule the
theoretical density is 4379, air unity. When iodine vapour is heated above 700°
its density diminishes steadlly up to about 1700°, when it becomes constant at ha.lf
its value at the lower temp,

Temp. . . . 480° 855° 1043° 1275° 1390° 1468°
Vapour density . 874 807 701 582 527 506
- Dissociation . . 0 86 255 505 66°2 731 per cent.

Without doubt, the iodine molecule, I, dissociates into atoms: Iy=I-+4I. The
state of the system in equilibrium will be represented by kCr,=k’C12. If x denotes
the proportion of iodine dissociated, and » the volume of the iodine vapour, then,
since v volumes of iodine vapour become 2v volumes of dissociated iodine vapour,
it follows that the concentration of the dissociated iodine will be z/v, and of the
undissociated iodine (1 —z)/v. Hence for equilibrium

,‘1;93—1\:’( )2 or K=%;=(T%2m—);)

In every mol. of iodine (I,,) at 1043°, 025 mol. will be dissociated ; hence, 22=0'0625;
1—2=0"75; and K=0'0833/v. To evaluate v, remember that one mol. of iodine
vapour at 0° and 760 mm. occupies 22'3 litres ; and at 1043°, 107°5 litres, This
quantity of gas containg 0-25 more molecules of iodine because of dissociation, and
hence its volume is 107543} of 107-5=134'4 litres. Hence K=0-0833-+-134"4
=000062; or k:&=000062:1; or 1:1600 (nearly). Otherwise expressed,
(15=1600 C2, that is, the atoms ofiodine will uhite 1600 times as fast as the molecules
dissociate under such conditions that unit concentration of each is present.
The dissociation of 10dine molecules is a unimolecular reaction because one mole-
cule is concerned 1n theé reaction; and the formation of the two-atom molecule
by the union of two one-atom molecules is a b1molecu1ar reaction because two
molecules are concerned in the process.

G. Starck and M. Bodenstein represented the relation between the dissociation
constant K, and the absolute temp. T', by the relation log,o K,=—7761-967 14175
log T—0-000415667 +0:422, which is closely in accord with observations :

Temp. . . . 1073 - 1173° 1273° 1373°  3473° K.
Log, K, (Observed) . —1945 —1325 —0782 —0'309  —0091
Log;, Kp (Calealated) . —1956 —1340 —0771  —0:311  —0-084

For the sake of comparison, the dissociation constants K of chlorine, bromine,
and iodine are respectively 0-01 (1670°), 0-06 (1050°), and 066 (1390°). The heat
of dissociation I,==21, calculated from G. Starck and M. Bodenstein’s equilibrium
measurements 18 35°67.cals. at 1073° K., and 39'64 cals, at 1473° K. ; while G, N, Lewis
and M. Randall calculate that the increase of free energy in passing from I, to 21
is 35650—3'50T log T-+0002072—1'99T cals. I. Langmuir obtained evidence
of the formation of atomic chlorine by heating chlorine under a low press. by means
of a tungsten filament as in the analogous production of atomic hydrogen—q.v.

The specific gravities of liquid and solid.—The sp. gr. of liquid chlorine
has been determined by R. Knietsch 10 over a range of temp. from —80° to 77°,
and A. Lange has also obtained results in close agreement with those of R. Knietsch.
The latter represents his sp. gr. D at the temp. §, by the empirical formula:
D=16588346 —0°002003753 (8 +80) —0-000004559674(0 +80)2, with a mean error
1000148; F. M. G. Johnson and D. MecIntosh give the formula D=1-725
—~0'00243 (100--6). A selection of A. Lange’s results for the sp. gr. of liquid
chlorine are -

—50° —40° —30° —20° —10° 0° 10° 20°
Sp. gr. . 15950 1-6709 1:5468 1-5218 1-4957 1 4485 1-4402 1-4108

300 400 5Du 600 700 o 900 1000
8p.gr.. 1-3799 1-3477 1-3141 1-2789 1-2421 1- 2028 1-1602 1-1134
VOL. 1L E
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M. Pellaton represented the sp. gr. of liquid chlorine at 6° by the formula
D=06870144-0'0002379(144 —0) +-0'0622109(144 —0)}, and for the sat. vapour,
D=048219-1-0002451(144—0)1-0'068526(144—6)}, The results are in close
agreement with the law of rectilinear diameters. The sp. gr. of liquid chlorine at
theb.p.181'568 ; and for liquid bromine, according to W. Ramsay and D. O. Masson,
2 9483 The values for the sp. gr. of hquld bromine by the early investigators show
considerable variations because the bromine they used was impure and probably con-
taminated with much chlorine. A.J. Balard’s 11 number was 2:966. T.E. Thorpe’s
number is 3:18828, at 0° water at 4° unity ; and 315787 at 9°'1°. L. W. Andrews
and H. A. Carlton give 3:11932 at 20°, 3:10227 at 25°, and 3:08479 at 30°. According
to H. Billet, the sp. gr. of liquid-iodine at 107° is 4'004 ; 3944 at 124-3°; 3-918 at
133'5°; & 866 at 151 0°; and 3796 at 170°; and, accordmg to J. Drugman and
W. Ramsa 37706 at 1843°. J. Dewar obtained for the sp. gr. of solid iodine,
4:8943 at -—38 85; A. Ladenburg, 4:933 at 4°; J. S. Stas, 4948 at 17°; H. Billet,
4917 at 40°; 4 886 at 60°; 4857 at 79°6°; '4°841 at 89" 8°; and 4'825 at 107°.
G.leBas estimates the at. vol. of the halogen atoms in combination relatlve to
combined hydrogen, at the critical point, to be

H F Cl Br 1
. 9-7 226 587 16 100-6
Critical 'bemp. . . { 10 2-3 60 i 1014
B. p. . 36 '8°5 217 270 370

The compressibility coefficients.—The mean compressibility of liquid chlorine
at 20° under the inflnence of one megabar, i.e. 0987 atm., is 0000116 for press.
between O and 100 megabars, and 0-000095 between 100 and 500 megabars; for
liquid bromine between O and 100 megabars press., 00000613, and between 100
and 500 megabars, 00000518 ; for solid iodine, 0-000013 between 100 and 500
megabars press. The compress1b1hty of liquid chlorine, says T. W, Richards,12 the
highest of all the elements, seems to be connected with its large at. Vo] its
great reactivity, and its volatlllty, since substances which already possess a large
cohesive press. would be naturally less influenced by an external press. The com-
pressibility of solid chlorine is probably less than 50x10-¢ and may be as
low as 25x107%; and the compressibility of solid bromine is probably less than
30X10-8.

The surface fension,—The surface tension of liquid chlorine 13 at —72° is 3365
dynes per cm., 31-61 at —61'5°; 2928 at —49'5°; 2655 at 35'3°; and 2533 at
—287. The temp. coefl. of the molecular surface energy is 2:04, very near to the
characteristic value for non-associated liquids, and hence it is supposed the molecules
of liquid chlorine are present in the state of two-atom molecules, Cl,. The surface
tension, o, of liquid bromine 14 at 6° is =42'00(1-0-003816) dynes per cm. The
values observed by W, Ramsay and E. Aston are 40'27 dynes per cm. at 10'6;
34'68 at 46°; and 2951 at 781°. The temp. coefl. agrees with the assamption
that the molecules are not more complex than is represented by Br,. According
to R. Schiff, the atomic cohesion, a2, on the assumption that the capillary constant
is an additive quality, are, in terms of hydrogen unity, 7, 13, and 19 for chlorine,
bromine, and iodine respectlvelv

The v:scosxty and fluidity.—According to T. Graham,15 the coeff. of viscosity of
chlorine gas is 1'-287 10~ at 0°, and 1'470 X 10~ at 20°. According to A. Campetti,
the viscosity of chlorine is 1'328 x 1074 at 15°, and it is not affected by the arc-light
filtered through a dil. soln. of cuprie sulphate to free it from the less refrangible rays.
A. 0. Rankine found 1297 x 104 at 12'7°, and 1:688 x 10~4at 99:1° for chlorine; and
for bromine, 248 x107¢ at 223:4°; 1'885x107¢ at 99'8°. At T° absolute, the
viscosity of bromine vapour is 0-0000215874/(14-460771). At the critical temp.
the viscosity of chlorine 1s 1897 1074, and of bromine 2-874 x1074, According to
T. E. Thorpe and J. W. Rodger, the viscosity of liquid bromine is 0- 01245 at 0° 56°
001035 at 16°16°; 0'00848 at 35°86°; and 0-00706 at 56 48°.  According to E. C. Bmg-
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ham, the fluidity of bromine—i.c. the reciprocal of the viscosity—represented
by ¢ is related with the absolute temp. by the formula 7'=0-79098¢—13763ys*
+227'16 with an error not exceeding 003 per cent. The viscosity of liquid
lodine is 2252 at the m.p. The intrinsic press., K, of the liquid halogens calculated
by P. Walden from the relation K=a/v2?, where @ is van der Waals’ constant, and v
i8 the mol. vol. at the b.p.-—is 1060 atm. for fluorine, 2185 atm. for chlorine, 2530
atm. for bromine, and 2830 atm. for iodine. The collision frequency, 6270 x 108
per second ; and the coeff. of condensation from gas to liquid Dyas/Dijquia=0"00301.
G. Jiger's 1% estimates of the molecular diameter of fluorine, chlorine, bromine, and
iodine calculated from the electrical conductivity of salt soln., are respectively
1351079, 96 X109, and 91 x107° cm. The estimates of the diameter of the
sphere of action of chlorine based on the kinetic theory of gases furnish numbers
ranging from 3'28 X108 t0 4'96 1078 ecm. A. O.Rankine’s estimates, based on the
viscosities, are 3'15 X108 cm. for the diameter of the chlorine molecule, and 3:36
%1078 ¢m. for that of bromine ; and 1:30 x 10722 c.c. for the volume of the chlorine
molecule, and 159 X 10-22 c.c. for that of bromine. G. Jiger calculated for the
mean free path 2'9x10-8 cm.—0. E. Meyer gives 4'6xX107% cm.; and for the
square root of the mean square of the molecular veloeity, 3-07 x 104 cm. per second ;
and the arithmetical mean 2:86 x 104 cm. per second.

The coefficients of thermal expansion.—The coeff. of cubical expansion of liquid
chlorine follows from the determinations of sp. gr. at various temp. According to
A. Lange’s data,17 the coeff. of expansion of liquid chlorine, a, is

—50° —25° 0 25° 50° 75° 100°
o « 000151 000162 0-00187 0-00219 0-00259 0-00314 0-00430

The constant thus increases in magnitude as the temp. rises, until, at about 90°,
1t 18 as large as that of the gas. R. Knietsch gave a=0'001409 from —30° to 0°,
0001793 from 50° to 60° ; and 0°003460 from 70° to 80°. T. E. Thorpe represents
the expansion of liquid bromine at §° by the empirical formula 100010621800
+0-0000018771462—0-00000000308563.  J. 1. Pierre gave 1-+0-0010381862550
+0-00000171138085362-}-0-00000000544711803. The constants in the latter formula
can be curtailed because after, say, the fourth sigmficant figure the numbers
are all out of perspective with the accuracy of the measurements. According to
H. Billet, the coeff. of cubical expansion of solid iodine is 0:0002350, and according
to J. Dewar (-0002510 between -—38'85° and 17°; the coefl. of thermal expansion
for iquid iodine is 0-000856 according to H. Billet.

The liquefaction of chlorine.—The history of the liquefaction of chlorine is
interesting. B. Pelletier in 1785 and W. J. G. Karsten in 1786 contested the view
that chlorine is’ a permanent gas because they showed that yellow crystals were
formed when the gas is cooled. These crystals were regarded as solid chlorine. In
1810, however, H. Davy 18 showed that these crystals were not formed at —40° K.
if dry chlorine be used ; that a soln. of chlorine in water freezes more readily than
water alone ; and that the crystals contain water. He adds: ‘ The mistake seems
to have arisen from the exposure of the gas to cold in bottles containing moisture §
and in 1823, M. Faraday showed that what chemists called solid chlorine about the
end of the eighteenth and beginning of the nineteenth centuries, is chlorine hydrate.
On March 5, 1823, M. Faraday was operating with chlorine hydrate in a sealed tube.
Dr. J. A. Paris 19 called at the laboratory and noticed some oily matter in the tube
Faraday was using; he rallied Faraday “upon the carelessness of employing
soiled vessels.” KFaraday started to open the tube by filing the sealed end; the
contents of the tube suddenly exploded; and the “ ol vanished, Faraday
repeated the experiment, and Dr. Paris, next morning, received the laconic
note :

DEAR Sir,—The oil you noticed yesterday turned out to be liquid chlorine.—Yours
faithfully, MiogAEL FArRADAY,
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Chlorine can be condensed to a golden-yellow liquid at 0° and 6 atm, press, By
sealing chlorine hydrate in one limb of a A-shaped tube, and placing that leg in
warm watber while the other leg is immersed in a freezing mixture (Fig. 15) of, say,
ice and salt, yellow oily drops of liquid chlorine condense
in the cold limb. M. Faraday was much troubled with his
tubes bursting, and refers to the personal damage he sus-
2l  tained in this way. He speaks of his eyes being filled as with
: broken glass, and of explosions so violent as to drive pieces
=¥ of glass through window panes ‘‘like pistol shot.” M.
F1e. 15— Liguefaction of Faraday was unable to freeze liquid chlorine by cooling 1t

Chlorine. to —40°; but in 1884, K. Olschewsky obtained yellow
crystals by cooling the liquid in a bath of evaporating

ethylene, ,

The critical constants.20-—For the critical temp. of chlorine, J. Dewar gave 141°;
R. Knietsch, 146° ; A. Ladenburg, 148°; and M. Pellaton, 144°, The critical temp.
of chlorine is about 145°; that of bromine, 302°; and of iodine, 512° (estimated).
According to T. Andrews (1871) :

If a fine tube be hermetically sealed when one-half of the tube is filled with liquid
bromine, and one-half with the vapour of bromine, and gradually heated until the temp.
is above the ecritical point, the whole of the bromine becomes quite opaque, and the tube
has the aspect of being filled with a dark red opaque resin. Even liquid bromine transmits
nzuch less light when strongly heated in an hermetically sealed tube than in its ordinary
state.

R. Knietsch gave for the critical press. of chlorine 93'5 atm., and of bromine,
131 atm. (estimated). J. Dewar gave for chlorine, 839 atm., and M. Pellaton,
76'1 atm. The critical volume' of chlorine is 000615, and of bromine, 0-00605.
M. Pellaton gave for the critical density of chlorine 0°573. \

The boiling and melting points.—H. V. Regnault 2! gave —33-6° at 760 mm.
for the boiling point of liquid chlorine ; and M. Pellaton gave —34'5°. R. Knietsch
determined the vapour pressure of liquid chlorine at different temp. ranging from
—88° to 146°, which latter he regards as the critical temp. For temp. below
the b.p., R. Knietsch found the vap. press., in mm. of mercury, to be

34:4° —40° —49'5° —60° —66° —73° —83° —88°
Vap, press. « 710 498 365 217 155 100 50 3756 mm.

and for temp. above the b.p. the vap, press., in atm., were

-~-336° 0° 20°85° 40° 70° 100° 120° 146°
Vap. press. , 1-00 366 679 115 230 41-7 60-4 935 atm.

R. Knietsch represents his determinations of the vap. press. p of liquid chlorine
at a temp. 6°, between —33:6° and 0°, by the empirical formula: p=T60
+32:9127(6-1-33'6)-+-0"810597 (8- 33'6)2 mm. ; those between 0° and 40° by p=2781
4-82-301666--1-537029202 mm.; and those between 40° and 146° by 115
+0-192966(0 —40)--0-005365(8—40)2 atm. M. Pellaton uses log p=4'922232—BT-1
—C log T atm., where log B=2'9676491 ; and log C'=1-8967405. A. Juliusberger
gives log,o p=4"90847—2393-87-1-40-87093T mm. between 185° and 419° K.

For liquid chlorine, M. Pellaton 22 found the value of fin J. D. van der Waals’
equation log (p./p)=f(L'c/T —1) is nearly 2'5 ; the ratio of the critical density to that
calculated by the formula of a normal gas D=Mp,/22412(1-}-af.), namely 0'15765 ;
3'635=D,/D ; and an application of Trouton’s rule, 675 X 70-92--2385 gives 2067,
Each of these three values is characteristic of what is obtained with non-associated
hiquids.

The reported b.p.23 of bromine are very discordant ; numbers ranging from 45°
to 63° have been given; A. (&, Balard’s number was 47°. The best representative
value 18 59° at 760 mm. If extreme trouble is taken to ensure accurate physical
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measurements on material which has not been prepared with extreme care so ag to
ensure the highest degree of purity, the work will be all out of perspective. The
bromine of the early observers was, without a doubt, contaminated with  per cent.
of chlorine. The vap. press. of liquid bromine in millimetres of mercury are, accord-
ing to W. Ramsay and 8. Young :

—'88° —540° —031° 10°4° 28'585° 37-44° 48-7° 56'0°
Vep. press. . 3855 509 65-25 111-8 2510 257-0 5405 6890 mm,

H. W. B. Roozeboom’s values are a little higher, W. Ramsay and S. Young’s and
C.and M. Cuthbertson’s values for the vap. press. of solid bromine are

—80°  —63'0°  —46'0° 288 ~140° —120° —8§4° —7'0
Vap. press, . 013 066 183 7-74 25-0 300 400 450 mm,

T. Isnardi observed 65°83 mm. at 0°; 35:37 mm. at —10-9°; 24'95 mm. at —15°5°;
and 1576 mm. at —21'1°, The triple point is —7'3° and 46'4 mm. The vap.
press. of solid bromine is given by log P=-—71091427-1-4333195 log T
+133'46929, The molecular rise of the b.p. of liquid bromine,?* k, at
ordinary press. is 52—the calculated value is 49°5.

Rough estimates of the b.p. of iodine were made by J. L. Gay Lussac,25 and
H. V. Regnault. Later determinations were made by W. Ramsay and S. Young,
who found the vap. press. of the liquid, in mm. of mercury, to be

114:1° 120-4° 127°1° 166'6° 1694 174°5° 180-75° 184-4°
Vap, press. 80-8 113-4 142+9 4750 5055 5753 680-5 764-2 mm.

J. Dewar represents the vap. press., p, of liquid iodine by the formula: log p=
7924 —2316T-1, TFor solid iodine, G. P. Baxter, C. H. Hickey, and W. C. Holmes,
between 0° and 55°, and W, Ramsay and S. Young, between 58°1° and 113-8°, found
the vap. press. :

o° 15° 30° 50° 64°5° 80-4° 102'7° 113'8°
Vap. press. . 0°030 0-131 0-469 2-154 6-05 15-15 50°65 870 mm.

R. Naumann obtained a vap. press. of 0-000004 atm. at —21°; his other results
are lower than those in the above table. J. Dewar 2% represents W. Ramsay and
S. Young’s vap. press. p of solid lodine between 581 and 113-8° by log p=9-3635
—28727-1; and between 85° and 114°1°, by log p=10-0392—3137T-1. W. Nernst
represents the vap. press. of solid iodine by the expression log p=—31967"1
+1-75 log T'—0-0031287 40, where 4°0 represents the so-called chemical constant
of iodine. The formula agrees very well with R. Naumann’s measurements.

The melting point of chlorine, determined by K. Olschewsky,27 is —102°, The
values for the m.p. of bromine were very discordant hefore those undertaking the
measurement of physical constants realized the vital importance of carefully puri-
fying their materials. The numbers which have been reported range from —7-5°
to —25°, A.J. Balard gave —18°, The more recent determinations group them-
selves about —7°3° as the best representative value for the m.p. of bromine.28 The
m.p. of iodine is 113'6° according to H. V. Regnault ; 114° according to W. Ramsay
and 8. Young; and 116-1° according to A. Ladenberg.2® A liquid can exist only
when the press, is greater than its vap. press. ; when the press. is less, the substance
can exist only as a gas. If a fusible substance is under a lower press. than corre-
sponds with its vap, press. at the m.p., it cannot melt when heated, but passes at
once into the gaseous state—this press. has been called the critical pressure of the
solid.3® The principle is readily illustrated by the following experiment :

If & solid piece of mereuric chloride be placed in a glass tube closed at one end and
connected with an air pump at the other, it is impossible to melt the salt when the press.
i3 below about 400 mm., however great the temp. applied ; the solid merely sublimeés. If
the press. rises above 450 mm. the solid fuses.
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The vap. press. curve of solid iodine is indicated by PO, Fig. 16; that of liquid
iodine by OC; and the effect of press. on the m.p. of iodine by ON. At the triple
point O these curves meet. Fig. 18 shows a similar curve for water. The curve
PO thus represents the sublimation curve or hoar-frost line; OC, the boiling or
vaporization curve, i.e. the effect of press. on the b.p. of the llquld The same
phenomenon occurs with water, iodine, etc., and the principle involved js the same
as indicated in the law represented by CIapeyron Clausius’ equations with respect
to the lowering of the m.p. by an increase of press. Consequently, if the vap,
press. of iodine be less than that of the triple point, the solid does not melt, but
rather sublimes directly without melting at the triple point at 114-15° (898 mm.)
and A. von Richter at 116-1° (90 mm.). According to R. W. Wood, if the
condensation of iodine vapour occurs above —60° a black granular deposit is
formed, but below that temp. a deep red film is produced.

The melting of bromine or of iodine is attended by an expansion—with bromine,
J. L. Pierre 3! found a 6 per cent. expansion. M. Toepler found an expansion of 0-0511
c.c. per gram of bromine, and 0-0434 c.c. per gram of iodine. Hence, by Clausius
and Clapeyron’s equation the m.p. of bromine is raised 0-0203° per atm. rise of press.,
and iodine, 0-0314° per atm. rise of press.

The heats of vaporization and fusion.—According to R. Knietsch,32 the heat of
vaporization of liquid chlorine is 67-38 cals. per gram, or 478 Cals. per mol. at
—22° and 627 cals. per gram at 8°. T. Estreicher and A. Schnerr found at
—35'8% 61'9 cals. per gram or 4'39 Cals. per mol. M. Pellaton gets 647 cals. at
—-22°, and 582 cals. at 8°, T. Andrews found the latent heat of vaporization of
bromine at its b.p. to be 456 cals. per gram, and H. V. Regnault found that 5095
eals. were involved in condensing toa liquid one gram,
of bromine vapour at its b.p. and cooling the liquid

\\§ 15l to 0°; if the sp. ht. of liquid bromine be 0108, the
\ [l heat of vaporization is 44°15 cals. per gram at the b.p.
N The latent heat of vaporization of solid bromine,
aceording to T. Isnardi, 1s 60'7 ecals. per gram; and
for iodine, according to K. Tsurata, 81 cals. per gram;
and the mol. ht. of vaporization of liquid iodine 1s
1057 Cals., or 1065 Cals. according to J. Dewar. This
18 in good agreement with Trouton’s rule, as is also
the case with bromine and chlorine.
According to T. Estreicher and M. Stanlewsky, the
heat of fusion of solid chlorine is, at —108°, 22:96 cals.
Temperatures per gramlg H. V. Regnault’s Vahfe for soliéll bromine ]iS
16-185 cals. per gram, or 2'6 Cals. per mol. The cal-
Frghrvag';v&ﬁ?&l rané’ f?;:fg culated heat of fusion of iodine s 2°92 cals. per gram,
Iodine. or 3'29 Cals. per mol., and J. Dewar’s value for the
difference between the observed heats of sublimation
and vaporization is 378 Cals. per mol. The heat of sublimation of iodine at its
m.p. i8 1466 Cals.; J. Dewar gives 1443 Cals.; R. Naumann, 1496 Cals.;
W. Nernst, 13-94 Cals. at 101°; G. P, Baxter, 151 Cals. between 7°5° and 52'5°
The heat of fusion of iodine at 114° is estimated by G. N. Lewis and M. Randall
to be 7-27 Cals., and the increase of free energy accompanying the change is
2000—517T, so that at 298° K. , the increase in the free energy of lodine in passing
from the solid to the liquid state is 4'60 Cals., and in passing from the solid to the
gaseous state, at 208° K., 464 Cals. G.P. Baxter, C. H. Hickey, and W. C. Holmes
found for the increase in free energy in passing from the solid to the gaseous state
at 7°, 169004677 log T—0002072—17873T ; and G. N. Lewis and M. Randall,
262754161 log T'—40-36T. L. Arctowsky found the speed of sublimation to
decrease with increase of press., being twelve times as great at about 16 mm. press,
as it is at 760 mm.
The specific heat and thermal conducfivity.—A. Campetti 33 found the thermal

Pressures — mm.
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conductivity of chlorine gas is about 0'8 times that of air, and it is not altered by the
insolation of the gas, The data for the sp. ht. of the halogens are somewhat me

in comparison with some of the other gases; they suffice, however, to show that the
mol. ht. are higher than is usually the case with diatomic gases; and that the
ratios of the two sp. ht. are lower. H. V. Regnault’s values for the two sp. ht. of
gaseous chlorine are €,=01241 and C,=0096 between 13° and 202°, hence
Cp/C,=1291. K. Strecker’svaluesfor Cp and C, are rather smaller, and T. Martini’s
values smaller still—he gives C},=0°111; C,=0083; C,/Cy=1-336. The mol. ht.
of ehlorine, M(,=8-80 and MC,=6-8], are higher than is usual for diatomic gases,
for which C,=6'885; M(C,=4900; MCy/MC,=1'41. M. Pier suggests that this .
is due to the dissociation of imaginary Cl; molecules. The phenomenon has been
discussed in connection with the sp. ht. of gases. M. Trautz found that the wave
length in Kundt’s tube alters when the gas is exposed to light ; J. W. Mellor could
detect no difference.

M. Pier measured the mol. ht. of chlorine, MU, at temp. up to 1794°, and found
that up to 1400° the results could be represented by MC,=5"704 £0:0005 cals.,
when the corresponding value for normal diatomic gases is MC,=4'900 £ (0-00045
cals. The mol. ht. of chlorine rises from 6194 at 1288° to 6:317 at 1365°, to 6677
at 1490°, to 7-600 at 1667°, and to 8'250 at 1894°. It is supposed that the dissocia-
tion of chlorine molecules, Cly, into atoms, 2Cl, explains the large consumption of
heat above 1450°. M. Trautz found that MC, for chlorine at one atm. press.
between 25° and 100° 15 5'22 ; between 25° and 150°, 5°35 ; and between 25° and 200°,
547 ; and he obtained a smaller value for €, when the gas is exposed to the light of
a quartz lamp, On the contrary, A. Campetti found that illumination made no
difterence to any of the physical properties he measured.

H. V. Regnault’s two values for bromine gas are C;,=00555 and 0°05518 between
80° and 230°; and for the mol. ht., MC,=880; MC,=6'80. K. Strecker found
1:292 for the ratio Cp/C, between 20° and 388° where the result is not appreciably
affected by temp. changes. Hence K. Strecker gives the values C;=0'0553 and
Cy=00428. M. Bodenstein and A. Geiger used the expression M (p=6'54-0'0064T
for the mol. ht., MC, of bromine gas at the absolute temp. T, but there is a consider-
able amount of uncertainty about the accuracy of this expression. T. Estreicher
and M. Staniewsky found the sp. ht. of bromine between —192° and —80° to be
00727 Cal.; and the at. ht., 561, K. Strecker’s value for the sp. ht. of iodine
vapour between 250° and 377° is either Cp=00349 or 0-0336, according as the vapour
density of iodine be taken as 8716 or 8758, The value for U, is 00257, and the
ratio of the two sp. ht., Cp/C,==1'307. The mol. ht. MC) is accordingly 87 between
the indicated temp. T. Estreicher and M. Staniewsky found the sp. ht. and at. ht. of
iodinebetween —191° and —80° to be respectively 0-0454 Cal. and 5-76 ; and between
—90° and 17°, respectively 0-04852 Cal. and 6'16.

All the halogens have larger mol. ht. than the usual values for diatomic gases,
and this the more the greater the at. wt. of the element. @. Starck and M. Bodenstein
represent the mol. ht. at the absolute temp. 7, by the empirical formula MC,=6'5
4000387 ; and (. N. Lewis and M. Randall provisionally propose 6':5-4-0-004T
for all three halogens.

The sp. ht. of liquid chlorine between 0° and 24° is, according to R. Knietsch,34
02262 ; and between —80° and 15°, according to T. Estreicher and M. Staniewsky,
02230. H. V. Regnault’s value for liquid bromine between 13:21° and 58'36° is
011294 cal. ; between 11°57° and 48:35°, 0°11094 cal. ; and between —6-23° and 10°4°,
0-10513. He also found that the value of this constant decreases as the temp. of
the determination is lowered, so that between —7'3° and 10°, the value 18 0-106 cal.,
and between 6° and 14°, 0:108 cal. T. Andrews also obtained the value 00171 cal.
for liquid bromine between 11° and 45°. According to R. Abegg and F. Halla, the
8p. ht. of liquid iodine between 114° and 185°, 0-0630, and the at. ht., 8:01.

The sp. ht. of solid chlorine between —192° and 108°, according to T. Estreicher
and M. Staniewsky, is 0'1446, which makes the at. ht. of solid chlorine 5:13. For
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solid bromine, H. V. Regnault obtained 0087 cal. between —77'756° and 0'19°;
0'082 cal. between 7-75° and —22-33°-—say, as a mean 0°084. This makes the
at. ht. of solid bromine 6'71. H. Barschall found the zp. ht. of solid bromine between
—77° and —183° to be 0073 ; and F. Koref, 0-075 between —81:1° and —190'8°.
From a determination of the sp. ht. of antimony tribromide L. von Pebal and
H. Jahn obtained 652 for the at. ht. of bromine between 0° and 33°; and 567
between —21° and —80°. The sp. ht. of solid iodine between 9° and 98° is 0-05412
according to H. V. Regnault, and W. Nernst found the at. ht. at —244'7°, 3'78 ;
—239°5°%, 397; —2266°, 4'17; —196°, 538; —87°, 592; —38° 636; and at
25°, 6-64.
J. Dewar reported that at —223°, or 50° K.

Chlorine. Bromine, Todine.
Speciﬁc heat . . . 00967 0-0453 0-0361
Atomic heat . . . 343 3:62 459

According to G. N. Lewis and. G. E. Gibson,35 the entl‘opy of liquid bromine at
25° 18 18'5 per mol., where the increase of entropy in passing from absolute zero to
the m.p. T is ¢p= fC’,,d log I'=12'7; theincrease of entropy in passing from the solid
to the liquid state at 7° K. is 1290/266 =4-85 ; and the increase in passing from the
liquid state at 266° K. to that at 298° K. is0- 95, Similarly, the entropy of chlorine
gas at 257 is 27-8 per mol.,, where the increase in passing from absolute zero to the
m.p. T of the solid is ¢= f Cyd log T=9'1; the increase in passing from the solid
to the liquid is 817/171=4" 7" ; in passing from the m. p. to the b.p.,2°63 ; in passing
from the liquid to the gas, 10°43 ; and in passing from the b.p. to 298° K., 0:83. The
entropy of iodine at 25° is 15°1 per mol., where the increase of entropy in passing
from absolute zero to 298° K. is ¢=(Cpd log T==151. R. C. Tolman’s com-
putations yield more than double these values.

G. N. Lewis and M. Randall give for the free energy of formation at 25° of
solid I, 0 cals., and of solid Br, 157 cals.; of liquid Br, 0 cals.; of liquid I,
460 cals. ; of gaseous Bry, 755 cals. ; of gaseous Iy, 460 cals. ; of gaseous Br, 22,328
cals. ; of gaseous I, 16,965 cals. ; of ag. Bry, 977 cals, ; of aq. I, 3926 cals.; of a
carbon tetrachloride soln. of Bry, 389 cals. E. Briner estimates the heat of formation
2C1=Cl; to be 1130 Cals. at 1670°, when the equilibrium constant is 0-01; for
bromine 2Br=Bry,+ 570 Cals, at 1050°—equilibrium constant 0-06 ; and for iodine
21=I,4-32-4 Cals. at 1390°—equilibrium constant 0°66. The ratio of the kinetic
energy of translatory motion to the total energy of motion for molecules of
gaseous oxygen, nitrogen, hydrogen, and the like 18 0'607; for the three halogens
this ratio is much smaller, being 048 for chlorine, (44 for bromine, and 046 for
lodine.

The refraction coefficients.—~The index of refraction of chlorine 37 gas 1:000772
for white light was determined by P. L. Dulong in 1826, and confirmed by
M. Croullebois in 1870. The indices for the C, D, K, and @ lines are 1000699 ((),
1:000773 (D), 1-000792 (E), and 1-:000840 (G) ; and according to C. and M. Cuthbert-
son for light of wave length (pp)

Wave length . 480-0 5209 5769 6438 670 8upu
Index of refraction . 100079166 1-00078651 1-00078135 1:0007703  1-00077563

J. H. Gladstone estimated the refraction eq. of chlorine in its compounds to be
10°05 ; and later determinations by E. Conrady, J. W. Briihl, and T. Eisenlohr,
give for the H- and the Na-lines H,, 5933; D, 5961 ; Hg, 6043; H,, 6'101.
The refraction eq. of the chlorine atom in the acid chlorides is rather higher, wiz.
—63 to 6°2. M. Croullebois’ value for the dispersion of chlorine (ue—pc)/(pg—1)
==0'1780; the atomic dispersion Hy—H,=0'168. According to L, Bleekrode,
the refractive index of liquid chlorine for the D-line is 1'367 at 14°; or 1385,
according to J. Dechant, with a variation of 0:00098 per 1°. This gives for the
specific refraction of the liquid by the u-formula 0-27, and by the p2-formula, 0°169;
and for the gas respectively 0'24 and 0°16.
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The index of refraction of bromine gas at 0° and 760 mm. for the D-line s 1-001132
according to E. Mascart. The atomic refraction of liquid bromine, according to
J. H. Gladstone, is 15°3; and, according to J. W. Briihl, 8-455 by the p2-formula.
The specific refraction, according to A. Haagen, is 0-1918. The refractive indices of
liquid bromine, selected from measurements by C. Riviere, for rays of different
wave lengths, at different temp. as indicated in Table I. These data show that the

TagrLE I.—REFRACTIVE INDICES OF Li1QUiD BROMINE.

Indcx of refraction.
‘Wave length.
10° 15° 20° 25°
790-9 . . 1-6368 1-6327 16280 1-6226
75686 (A-line) 1:6394 1:6352 1:6305 1-6250
7017 . . 16453 1-6408 1-63568 1:6304
870'8 {Li-line) 16495 16447 16397 16343
631-5 . . 1-6557 — —_ 16401
5925 . . — —_ —_— 16475
5390 (D,-line) -— — 16543 16483

refractive index of the liquid is greater the greater the wave length, and the lower
the temp. At 20°, the dispersion between the 4- and D-lines is 0-037, which is
greater than the corresponding value for carbon disulphide.

The refractive index of iodine vapour for the red and violet lines from a cadmium
electrode is 1:00205 for the red, 1:00192 for the violet at 10°; C. and M. Cuthbertson
give for light of different wave lengths (uu),

Wavelength . . 6708 6215 5600 510-0 5004
Index of refraction .  1-001970  1-002130 1002170  1-002210 1-002120

According to F. P. le Roux, like all vapours with a large selective absorption,
iodine has an anomalous dispersion since it increases with a fall of temp., being about
006 from A. Hurion’s measurements—approximately as large a negative number as
glass is positive. The atomic refraction of solid iodine is 24'5 by the p-formula,
and 1412 by the p?-formula. '

The refractivities of the four halogens—i.e. the refractive index less unity
multiplied by 106—are F, 195; C1, 768 ; Br, 1125; I, 1920 (violet) and 2050 (red).
According to C. Cuthbertson and E. B. R. Prideaux, if referred to fluorine unity,
these constants are nearly in the ratio 1:4:6:10. A similar ratio occurs with
Bieon, argon, krypton, and xenon.

What C. and M. Cuthbertson call the dispersion, (u—1)108, for light of different
wave lengths, is 77563 for chlorine gas for light of wave length 670-8uu; 78400
for 546 1pw; and 79166 for 4800pw; or u—1=T-313 x1027/(96294 X 102—n2).
For bromine gas, the dispersion is 11525 for 670-8uw; 11741 for B750up ; and
11849 for 546'1up or n—1=4"2838x1027/(3919-2 1027 —n2); and for lodine gas,
1970 for 670-8pu; 2130 for 618:0ppe; and 2120 for 500-0ue.

The spectra of the halogens.—In 1865, D. Forbes 38 showed that chlorine colours
a flame of a Bunsen burner or of a spirit lamp, green ; so do chlorine compounds after
they have been treated with sulphuric acid. The line spectrum of the halogens
obtained by the electric spark has been measured by J. Pliicker and W. Hittorf,
G. Salet, A. J. Angstrom, and J. M. Eder and E. Valenta. Most of the lines in the
spark spectrum of chlorine fall between 27'6 and 675'8ug, but the majority are at
the violet end of the spectrum. The spectrum of chlorine has been more particularly
studied by J. M. Eder and E. Valenta, who recorded about 400 lines, most of which
were In the ultraviolet, although some extended into the blue, green, yellow, and
ved. Those in the violet and ultraviolet are sharper than those in the green or yellow,



58 INORGANIC AND THEORETICAL CHEMISTRY

which latter are, for the most part, broad or indistinct. The line spectrum of
chlorine can be observed by the discharge in a vacuum tube containing chlorine at 50
to 100 mm. press. ; by sparking the gas at ordinary press. ; and from fused chlorides,
or minerals containing chilorine. The most pronounced lines of chlorine are the
four in the yellowish-green ; a bright green line, and a group of lines—three of which
are very bright—in the blue. The bromine spectrum is still richer in lines than that
of chlorine—the brightest are a group in the blue and one group in the green. The
spectrum of iodine in turn is richer in lines than that of bromine—the brightest are
a group in the yellow, and a group in the green ; there are also many biue lines. If
the intensity of a spectral line be represented by its vertical distance from a datum
line, the chief spectral lines of the three halogens can be represented asin Fig. 17.
Each of the halogens gives two emission spectra—one with the continuous discharge,
and the other with the oscillatory discharge. With iodine, if any of the solid be
present in the tube during the oscillatory discharge, the vap. press. is so soon altered
by the heat of the discharge; as a result, the discharge is damped and the non-
oscillatory discharge appears. Hehce, with iodine, the oscillatory discharge can
be obtained only for a few minutes. G. L. Ciamician specially studied the successive
changes which variations of press. have upon the spectra of the halogens. He found
that lines which are visible under one press. vanish at another press., because,
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according to A. Schuster, there is ‘“ a mixture of several overlapping spectra.”” In
general, an increase of press. increases the intensity of the line spectrum, and causes
new lines towards the red to become visible. Bromine and iodine also show line or
spark spectra under the same conditions as the chlorine spectrum when the electric
discharge in a vacuum tube passes through the vapours of these elements. J. M. Eder
and E. Valenta showed that bromine vapour at a low press,.—8 to 10 mm.—has a
distinct and characteristic line spectrum. If the press. is lowered, the spectrum
becomes faint, and the lines are broadened. Besides the line spectrum there is a
continuous spectrum in the violet at low press. and still a third spectrum at a
press. of 45 mm., which seems to correspond with the normal band spectrum of other
elements. The flame of hydrogen containing bromine gives a continuous spectrum,
so does bromine vapour heated at low redness in a glass tube.

The sat. vapour of iodine in a layer 0-1 metre thick, is opaque to daylight or to
candle-light ; the vapour appears at the edges to be blue by transmitted light, black
by reflected light ; and, according to C. F. Schonbein, it appears to be the blacker
the higher the temp., owing to an increasing absorptive power for light. C. 8. Sellak
says that a thin layer of solid or molten iodine transmits only the rays in the
extreme red. The fine purple colour of iodine vapour is due to its transmitting
freely the blue and red rays of the spectrum, while it absorbs nearly all the green;
but if the 1odine vapour 18 in thick layers it absorbs the red rays, and the trans
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mitted light is purely blue. A soln. of iodine in carbon disulphide exhibits
the same phenomena since it appears blue or purple according to i1ts density. The
red alcoholic soln. does not show this phenomenon. The spark spectrum of a
trace of iodine vapour in a vacuum tube shows bright characteristic lines. This
spectrum does not correspond with the absorption spectrum ; but, according to
(. Salet, if a low-tension current is passed through a vacuum tube containing iodine,
the spectrum shows a set of bands identical in position with the absorption spectrum
of R. T. Thalen.

The absorption or band spectrum of chlorine was examined by W. A. Miller in
1845 and E. Robiquet in 1859, but they failed to detect a line absorption spectrum
with chlorine, although one had been previously noted by W. A. Miller in 1833 with
bromine and with iodine. A. Morren (1869) and D. Gernez (1872) obtained the
desired line spectrum by using a long tube—say, 2 metres in length—filled with the
gas. G.D.Liveing and J. Dewar found that a small quantity of chlorine gave a wide
absorption band stretching in the ultraviolet from 356 to 302pu, which widened as
the amount of chlorine was increased until they obtained a band stretching from
465 to 263up (Fig. 18). J. Tyndall found that with the exception of air, nitrogen,
and hydrogen, chlorine gas absorbed the long heat rays less than any gas he tried,
while K. Angstrém and W. Palmaer found a single band in the infra-red spectrum
stretching from 323 to 607up with a maximum at 428uu ; E. R. Laird measured the
corplete absorption spectrum of chlorine at ordinary temp., and found a very
broad total absorption band in the violet region, a line absorption in the blue, green,
and yellow, particularly rich in the region between 545 and 480uu, and weakening
at both ends. The lines do not coincide with the known lines in the emjssion or
spark spectrum. of chlorine, although some lines are nearly coincident. With an
increase of press., the absorption band in the violet region broadens out rapidly on
the Jess refrangible side and more slowly on the more refrangible side; a decrease
of press. does not break the absorption band into lines. W. W, Coblentz has
measured the ultra-red spectrum of thin layers of iodine, and found the vapour to
be transparent for a wave-length 2:74p; and with thicker layers the absorption
between 1:2u and 27 is constant. W. Burmeister found no infra-red absorption
bands in the absorption spectra of chlorine and bromine. According to R. W. Wood
(1896), when iodine (or bromine) vapour is mixed with the vapours of carbon disul-
phide, a portion of the iodine (or bromine) exists in a state of soln., and gives an
absorption spectrum devoid of lines or bands, while another portion exists in the
state of a gas, and gives a fine-line absorption spectrum. With a given density of
the vapour ot the solvent, a portion of the halogen can be vaporized without its
showing the gas absorption spectrum, but if a little more halogen be vaporized, the
fine lines of the gas absorption spectrum of iodine appear.

The absorption spectrum of liquid chlorine is quite different from that of the
gas. C. Gringe found an absorption in the extreme red down to about 697 or 686uu,
and from there to about 512uu red, orange, yellow, and green light is transmitted ;
absorption begins at 512pu, and is complete in the blue and violet at 503uu. Bromine
and jodine vapours like chlorine show a characteristic absorption spectra with many
lines. With decreasing atomic weight, an increasing amount of gas must be used to
render the absorption lines visible and distinct, Thus, B. Hasselberg required a
column of iodine 10 em. thick, bromine 75 c¢m., and chlorine 137 em. to show the
absorption lines. The absorption lines shift towards the red with increasing at. wt.
This i1s usually characteristic of the behaviour of the emission spectra of a
family group of elements. B. Hasselberg also measured about 3000 lines in the
absorption spectrum of iodine, 2500 in the bromine spectrum, and about 1000 in the
chlorine spectrum. The number and sharpness of the absorption lines of the halogens
thus increase with increasing at. wt. With a higher dispersion, E. R. Laird has
shown that the bands of the absorption spectra of iodine and bromine recorded by
the early observers are composed of a number of lines. These bands appear as
channellings in the spectra and make the spectra appear somewhat similar. Iodine
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shows these channellings most distinetly, and bromine and chlorine with diminishing
distinctness. The absorption spectrum of jodine and bromine vapours disappears
when the dissociation is high, presumably because the monatomic molecules give
no absorption in the visible spectrum ; 3¢ the observed absorption spectrum is due
to diatomic molecules. The temp. at which the absorption spectrum disappears 18
higher with bromine than with iodine, and it is augmented by press, R. W. Wood
estimated that there are between 40,000 and 50,000 lines in the absorption
spectrum of iodine.

G. D. Liveing and J. Dewar found that bromine vapour gives an absorptlon band
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F1e. 18.—Ultraviolet Absorption Spectra of the Halogen Gases,

in the ultraviolet, which begins in the visible spectrum and extends to the solar
L-line, when small guantities of bromine are present, Fig. 18, and to the solar P-line
when more bromine is present. From this point to the hine 250uu, the vapour is
transparent, and, after that, the absorption increases with the refrangibility of the
rays. C. Ribaud has also studied the ultraviolet spectrum of bromine up to 630°.
Thin layers of iodine vapour are transparent for the ultraviolet rays, but there’is a
strong absorption in the violet region of the visible spectrum ; with thicker layers
of bromine the absorption extends nearly to the solar H-line, Fig. 19, but the vapour
is still transparent for rays more refrangible than the H-line, The absorption band
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Fra. 19.—Ultravoilet Absorption Spectra of Lignid Bromine and Todine.

in the ultraviolet spectra of chlorine, bromine, and iodine gases is thus shifted
towards the less refrangible or red-end of the spectrum as the at. wt. of the element
increases, until with iodine, the absorption band appears in the visible spectrum.
A film of liquid bromine between two quartz plates has an absorption band, Fig. 19,
which ends just where the transparency of the vapour begins, while the film is opaque
for rays above and below this band. With soln. of iodine in carbon disulphide, the
spectrum 18 also transparent for a certain distance, Fig. 18, but is ghifted to a less
refrangible region lying between the solar G- and H-lines,
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M. de Broglie, working with the zinc compounds of the elements, found the high-
frequency spectra of iodine and tellurium to follow one another in accord with their
chemical properties ; 1. Malmer, working with the elements, found that order to be
reversed. M. Siegbahn40showed that M. de Broglie and 1. Malmer used the secondary
radiations ; and with primary radiations he found the order to be that given by
I. Malmer, #4z. tellurium-—iodine. The wave-lengths for the a;- and B;-lines agree
well with the series:

Cd In 8n Sh Te i e e e Ba,

At. numbers N . 48 49 50 51 52 53 . . . b6
_1_{0.1 . . 1:364 1406 1-435 1-461 1-480 1513 . . . 1-805
A 181 . . 1450 1-485 1-521 1-551 1-573 1606 . . . 1707

R. W. Wood 41 has shown that if a glass bulb with a few flakes of iodine be ex-
hausted and sealed, a yellowish-green fluorescence appears if a beam of sunlight or
arc-light is focussed on the centre of the bulb; if the bulb contains air at atm.
press., no fluorescence occurs. Only when the press. is reduced to about 150 mm.
does a feeble fluorescence appear. The intensity of the fluorescence gradually
increases as the press. is further reduced ; the most rapid change occurs when the
press. changes from 10 em. to that of a high vacuum. With hydrogen the fluorescence
appears when the press. is about 300 mm. higher than with air. If the bulbis warmed
the fluorescence appears at higher press. R. W. Wood explains this by assuming
that air at 15 cm. press. is able to dissolve all the iodine which vaporizes at ordinary
temp., but by a rise of temp. and consequent increased vapour press. of iodine, some
iodine remains undissolved by the air, and it is this portion only which fluoresces.
The fluorescent spectrum has a number of bands extending from the orange-red
into the greenish-blue. R. W. Wood also found that when iodine vapour is heated
n a sealed quartz bulb to about 700°, a luminous red cloud is formed—which in
thin layers gives a banded spectrum resembling the fluorescent spectrum but dis-
placed a little more towards the red. Heated iodine vapour is probably luminous,
as 18 shown by G. Salet’s experiment :

The room was made dark and when a hot glass tube had cooled until it was just barely
visible, a fragment of iodine was thrown into the tube, which thereupon filled with luminous
vapours. To obtain more brilliancy one heats the vapour of iodine in a Bohemian glass
tube by means of an enameller’s lamp. The contents of the tube look like a red-hot bar of
iron. One may also volatilize iodine around a platinum spiral brought to a vivid incan-
descence ; the luminous vapour rises like a real flame about the spiral. It is a case
of flame without combustion. The light from the iodine gives a continuous spectrum, or
rather a confused primary spectrum ; one perceives traces of characteristic channellings
but no lines of the secondary spectrum.

J. Evershed, and A. Smithells confirmed and extended these experiments; the
former added :

To sum up, then, it appears that besides iodine, the vapours of bromine, chlorine, sulphur,
gelenium, and arsenic can all be made more or less incandescent by heating to the temp.
at which the glass combustion tube softens, and the light émitted by each of these glowing
vapours appears to give a perfectly continuous spectrum ; while the corresponding absorp-
tion spectra are selective. Thus there is no such close relation between emission and
absorption as is implied by Kirchhoff’s law of radiating bodies. There seems, however,
to be a general relation between the total absorbing and radiating power for the visible
rays ; those vapours which are highly coloured and absorb strongly in the visible spectrum
also radiate conspicuously in that part of the spectrum; while colourless, non-absorbing
vapours, such as phosphorus, emit no perceptible light when heated.

H. Kénen showed that the thermo-luminescence of iodine vapour begins at about
B50°, and is stronger the denser the vapour, and he adds that the glow spectrum of
iodine is specially interesting because it 1s one of the few cases where a visible spectrum
is obtained by merely heating a gas. According to W. Friederichs, the banded
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absorption spectrum of 1odine increases with temp. up to 500°, but decreases at
higher temp. untal finally it disappears. At 1250°, a continuous emission spectrum
was obtained by C. Fredenhagen. Hence it is concluded that the band absorption
spectrum 18 an effect of the diatomic molecules, and becomes weaker as the one-
atom molecules begin to form. When a substance is exposed to a beam of radiant
energy—say solar light—radiations of a certain wave-length are absorbed, and the
energy is expended in inaugurating or stimulating intra-molecular or intra-atomic
vibrations. Thé general effect is to raise the temp. of the body. Waves with a short
period of vibration are absorbed, and emitted as heat radiations with a longer period
of vibration. There is thus a degradation of radiant energy from waves of a short
period to waves of a long period. In the case of fluorescent substances, light waves
of short period—e.g. those at the violet end of the spectrum—are absorbed and
emitted again as light waves of lower refrangibility.

Violet or ultraviolet radiations may be absorbed and emitted again as green
or red rays. This phenomenon is termed fluorescence when the photo-lumin-
escence is transient and shows only while the body is actually exposed to the light
stimulus—e.g. quinine scheelite, fluorspar, uranium glass, barium platino-
cyanide, etc.—and phosphoreseence when the photo-luminescence persists after
the stimulant light has ceased to act on the body—e.g. Bologna-stone, Balmain’a
luminous paint, Canton’s phosphorus, and other sulphides of the alkaline earths,
some diamonds, ete. G. (. Stokes 42 illustrated the phenomenon by the following
simile :

Suppose you had a number of ships at rest on an ocean perfectly calm. Supposing
now a series of waves, without any wind, were propagated from a storm at a distance along
the ocean ; they would agitate the ships, which would move backwards and forwards;
but the time of swing of the ship would depend on its natural oscillation, and would not
necessarily synchronize with the periodic time of the waves which agitated the ship in the
first instance. The ship being thus thrown into a state of agitation would produce waves,
which would be propagated from it in all directions. This I conceive to be arough dynamical
illustration of what takes place in this actual phenomenon, namely, that the incidence of
ethereal waves causes a certain agitation in the ultimate molecules (or atoms) of the body,
and causes them to be in turn centres of agitation to the ether.

In fine, when the ultimate particles of a fluorescent substance are agitated by
ether waves from, say, a source of light, they send out fresh waves of their own.
The emitted radiations are of shorter wave-length than the absorbed radiations.
The rate of transformation of the radiations from a high to a lower refrangibility
18 rapid with fluorescent substances, and much slower with phosphorescent
substances. The absorbed energy may be dispersed in other ways than in
developing fluorescent and phosphorescent effects-—e.g. it may manifest itself
in chemical action—which is utilized in photography; and it may be expended
in augmenting the translatory motions of the molecules and be dissipated in the
form of heat. 1Inthe converse phenomenon, thermo-luminescence or calorescence,
the radiant energy supplied to the body as heat is so transformed that the body
becomes luminous in the dark—e.g. some of the green varieties of fluorspar,
scheelite, ete. ’

G. G. Stokes’ rule that the exciting light is of shorter wave-length and greater
Jrequency than that of the excited light is true only in certain cases. In the case of
bodies which do not obey Stokes’ law, fluorescence is induced only when the incident
light coincides in frequency with one of the sharp absorption bands of the substance,
as R. W. Wood showed to be the case with sodium and iodine. P. Lenard’s 48
hypothesis assumes that the incident light causes the liberation of electrons from
the atoms of the phosphorescent substance, and that light is subsequently emitted
when the ejected electrons return to the atoms. This return occupies an appreciable
time with substances which have a small electrical conductivity, and, ex hypothesr,
oppose a great resistance to the motion of the electrons. The return of the ejected
electrons is facilitated by a rise of temp. which increases the conductivity. The
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theory does not account for the extraordinary influence of extremely small changes
in the composition of the phosphorescent substance.

S. Landau and E. Stenz examined the effect of low temp. and dissociation on the
fluorescence of iodine vapour at low press. Fluorescence decreases as the temp.
18 raised, but does not cease at 800°. Dissociation destroys both fluorescence and
the resonance spectra. It is therefore inferred that the complex vibrating system
is not inherent in the atom, but in the molecule ; that the structure of the atom is
relatively simple; and that, in all probability, the absorption lines which are so
characteristic of diatomic iodine and so sensitive to the action of monochromatie
light, do not belong to the absorption spectrum of monatomic iodine.

W. Steubing found that the intensity of the fluorescence of iodine vapour is
weakened between the poles of a powerful electromagnet. The result has nothing
to do with the Zeeman effect, and has no connection with effects produced by
admixture with gases, solvents, ete. It is produced by a direct action of the
magnetic field on the electrons causing the band spectrum weakening the individual
vibrations.

In 1871, E. Budde 44 showed that when chlorine is exposed to light rays of high
refrangibility, an expansion—called the Budde effect—occurs and the temp. rises
about 1°. This isnot a direct heating eflect of sunlight since the interposition of a
screen between the source of light and the chlorine to cut off the heat rays makes
no difierence to the effect. A. Richardson showed that the photo-expansion is
proportional to the intensity of the more refrangible rays of light. E. Budde

‘suggested that the expansion may be due to the light loosening or actually decom-

posing some of the chlorine molecules into free atoms, Cl, (2 vols.)=2Cl (4 vols.),
and that the slight rise of temp. is developed by the recombination of the gelockerten
und zersetzen Chlormolekiile. He also showed that the expansion cannot be due to
the direct warming effect of sunlight such as occurs, for example, when lampblack
is exposed to the red-heat rays, because the red-heat rays are least active in producing
the effect. J. W. Mellor showed that the photo-expansion is directly proportional
to the rise of temp., and that it is unnecessary to assume that the chlorine molecule
18 dissociated into atoms when exposed to the actinic rays. The phenomenon is
thus analogous with photo-luminescence. In both cases, intramolecular vibrations
stimulated by light are degraded into less refrangible vibrations which make
themselves evident in the one case by a rise of temp., and in the other case by
luminescence. According to M. Trautz, the expansion in light is not the same as
when an equivalent amount of heat is applied to the non-illuminated gas. As
indicated above, A. Campetti found that ultra-violet light does not appreciably
modify the viscosity and thermal conductivity of chlorine gas; and, contrary to
M. Trautz’s opinion, this light does not affect the sp. ht. at constant vol. According
to H. B. Baker and W. A.. Shenstone, there is no Budde effect if the chlorine is dry,
but it is produced by dry chlorine if platinum be present. In this case the chlorine
attacks the platinum in light not in darkness; and in the case of moist chlorine,
there is a chemical reaction, 2Cly-+2H,0=4HC1+0,. According to P. Caldwell,
the effect does not oceur with bromine—if so, it may be that the active rays must
be those concerned in that portion of the absorption band of chlorine not covered
by that of bromine—Fig. 18.

Electrical properties.—J. J. Thomson (1887) 45 reported that when electric sparks
were passed through iodine vapour between 200° and 230°, there was a considerable
increase of press. which persisted for some hours. J. J. Thomson attributed this
phenomenon to what he estimated as a 47 per cent. dissociation: I,=I"+1".
J. J. Thomson also studied the phenomenon with chlorine. According to
E. P. Perman (1891), no perceptible change of density is produced by the discharge ;
and according to W. Kropp (1915), there is no evidence of such a phenomenon in
quartz. J. J. Thomson could not detect the presence of free ions either in the
preliminary stage of the insolation of a mixture of hydrogen and chlorine, or in the
later stage when the gases are actively combining. The method employed was
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sensitive to 1 in 1014 of the molecules present. M. le Blane and M. Vollmer eould
detect no signs of ionization when the mixture was illuminated by an osram lamp.
The fog observed by P. V. Bevan to be produced when a combining mixture of
hydrogen and chlorine is expanded is not necessarily due to ionization, for P. Lenard
has shown that ionization, the formation of fogs, and chemical action are independent
phenomena. G. Kiimmell’s report that a measurable ionization is produced by the
insolation of chlorine, is thought to be based on a mal-observation due to defective
insulation. E. Radel found that when moist chlorne is exposed to light from
electric sparks repeated every hundredth of a second, a faint cloud can be
detected by ultra-microscopic methods. Radiations from polonium or radium
bromide act similarly, but the effect is weaker.

J.S.Townsend 46 showed that the chlorine gas liberated by the action of hydro-
chloric acid on manganese dioxide has a strong positive electrification. The spark
potential, V, that is, the lowest difference of potential between two electrodes required
for sparking, is not constant for chlorine-air, nor for bromine-air.4? In each ease,
there is a gradual increase with an increasing sparking distance and an increasing gas
press., ultimately approaching a limiting value. The converse phenomenon obtains
with helium-air. There is an intense green coloration about the positive electrode
with ehlorine gas which with lower press. becomes very pale, and it then gives the
characteristic spectrum. The falls of potential at the anode are very high with the
halogens, presumably because the measurements are obscured by the action of the
halogen on the electrodes.48

A. L. Hughesand A. A. Dixon give 82 volts for the ionizing potential of ehlorine
gas, and 10°0 volts for that of bromine, while the value for chlorine calculated from
K. T. Compton’s formula V=O'194(K—1)“’5 volt, is 4'94 volts, where K denotes
the specific induction capacity, and V¥ the iomizing potential representing the least
energy required to ionize the gas by the impact of electrons. The calculated value
for fluorine is 9'84 volts. C. G. Found obtained for iodine vapour V=85 volts.
E. B. Ludham found chlorine is not ionized by ultraviolet light which is eapable
of ionizing air. The fluorescence produced in iodine vapour by light of com-
paratively long wave-lengths led to experiments on the ionization of iodine vapour
by exposure to light. J. Henry, E. Whiddington, and J. Franck and W. Westphal
obtained negative results with light deprived of most of the ultraviolet by passage
through the glass of the apparatus. The latter, however, found that it is easier to
produce a glow discharge in fluorescing iodine vapour than through non-fluorescing
vapour ; hence it is inferred that less work is required to separate an electron from a
molecul> of the vapour when it is fluorescing than when it is not.

H. M. Vernon exposed chlorine in an ozone tube to the action of a silent dlscharge,
and obtained no other result than a slight expansion due to the heating effect of
the discharge, E. Briner and E. Durand also failed to obtain a contraction—even
7a550h volume under similar conditions. According to K. Kellner,4? when purified
and dry bromine is exposed, in double-walled tubes like ozone tubes, to the alter-
nating current of 250,000-300,000 volts of a Tesla transformer, a sulphur yellow
crystalline deposit 18 formed on the walls of the tube, and if small quantities of
bromine are used, the whole may be transformed into this product ; it is stated that
the glass takes no part in the change. In the absence of some confirmatory evidence,
it cannot be assumed that the bromine is here polymerized. Liquid chlorine is
virtually a non-conductor of electricity ; according to F. Linde,®® the conductivity
is smaller than 10716 reciprocal ohms ;. and according to W. A. Plotnikofi, that of
liquid bromine is less than 10-8 rec. ohms; and G. N. Lewis and P. Wheeler place
the specific conductivity of iodine at about 3 x10-5. They also find the conductivity
of soln. of potassium iodide in liquid iodine between 120° and 160° is equal to that
of the best conducting aq. soln. Solid iodine is a very bad conductor, and like other
insulators, it develops electricity by friction.?! K. Fajans found the heat of hydration
of gaseous ions to be: CI', —23; Br/, —32; I', —43 kgrm. cals. per gram-ion.
P. Lenard, W. Weick, and H. F. Mayer calculate that in soln. :
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F cr Br I
Number of mols. of H,O per ion . 11 6 6 6
Radius of complex . . o 39x10-% 32x10-8 30x10-% 29x10-8cm.

R. Lorenz, and P. Walden estimate the diameter of ions of chlorine in ay. soln,
to be 2:30 X10-8 cm. at 18°; of bromine ions, 2:24 X108 ¢m., and of iodine ions,
2:26 x10-%; in methyl alcohol soln. at 25°, the numbers are respectively
498 108, 478 108, and 4'84 x10—% cm.; the diameters of the atoms are
respectively 2:33 X108, 2:52 X10-8, and 2-60 X10-® cm.; while the molecular
diameters of bromine and iodine are respectively 342 X10~8 and 3:76 X10-8 cm.

From the observations of E. C. Sullivan, A. A. Jakowkin, F. Boericke and
F. Haber, M. de K. Thompson 52 computed the electrolytic potentials of the halogens
in soln. sat. with them, at 25° to be —1'643 volts for chlorine ; —1'353 volts for
bromine; and —0-817 volt foriodine. The e.m.f. of the gas-cell Pt | H | HC1 | C1 | Pt
in which a hydrogen and a chlorine electrode are immexrsed in aq. hydrochloric acid
should be the same as that required to electrolyze hydrochloric acid of the same con-
centration if the process were strictly reversible ; but the observed results are rather
less than the theoretical. The gas-cell has therefore been investigated by F. J.Smale,
E. Miiller, W. von Beetz, B. O. Pierce, and others. According to E. Miiller, the
chief sources of error are due to the hydrolysis of chlorine according to
A. A. Jakowkin’s equation, and to the possible formation of perchlorides. E. Miiller
found that when measured against the hydrogen electrode, the electrode potentials
of chlorine against hydrochloric acid in the same soln. are

Concentration Observed E.m.f. corrected Calculated e.m.f. from
of acid. e.m,f. for hydrolysis. that of N-HCL
N-HC1 . . . 1:366 1-366 —

0 IN-HC1 . . . 1485 1-486 1477

0:01N.-HC . . . 1:546 1-599 1:504
0-:001N-HC1 . . . 1-587 1'733 1'712

The correction for the increase of chloride ions due to the hydrolysis of the chlorine
has largely eliminated the deviations between the observed and calculated values.
@. N. Lewis and F. F. Rupert find for the electrode potential of chlorine against the
normal electrode to be —1'0795. F. Dolezalek measured the difference in the
em.f. of two BN- to 12N-hydrochloric acid cells of different strengths by the
vap. press. method, and obtained satisfactory results, F. Boericke, G. N. Lewis
and H. Storch found for the normal electrode potentials against hydrogen at 25°
iBrz,aq. HBr Hg, —1-0872 VOltS, BIQIlquid f)HBI I st —1'0661 VOlts and
Brogs | HBr | Hy, —1'0824 volts. B. Pierce gives for H, | NaBry,, | Br,,
1252 volts ; for Hy | KBr,, | Bry, 1:253 volts for Oy | KBr,, | Bry, O 500 volt ;
for Hy | KI‘g,,q | I, 0861 volt; and for Oy | KIaq | I, 0057 volt P. D Footo
and F. I,.. Mohler estimate the electro-a,fﬁmty of chlorine to be 48 volts.

F. Linde 52 found the dielectric constant of chlorine at —60°, with a wave-length
about 104 cm., is 2:15; at —20°, 2:03 ; at 0°, 1-97; at 10°, 2'08 ; and from 0° to
the critical temp. a decrease of about 0:0044 per degree. For liguid chlorine
W.D. Coolidge obtained a dielectric constant of 1'88 (14°) and F. Linde, 1-93 (14°).
For bromine at 1° for wave-length of about 104 ¢m., P. Walden found 46 ; and at
23° for a wave-length 84 cm., H. Schlundt found 3'18; with iodine, with a wave-
length of 75 cm., W. Schmidt obtained a dielectric constant of 4-00.

Magnetic properties.—Chlorine, bromine, and iodine are diamagnetic.5¢ The
magnetic susceptibilify of chlorine at atm. press. and 16° is —0-50X1076 pexr unit
mass; and at 156°, 0007 X10~1 pe:: unit volume; for bromine, the magnetic sus-
ceptlblhty at 18° is —038x1076; at 20° 041 % 10-8 per unit mass, and at 19°,
—1'4x1078 per unit volume. For liquid iodine at 11 5°, the magnetic susceptibility
is —0-4x1076 and 180°, —0'3 X 1076 per unit mass, and for iodine crystals at 10°,
~035x1076, The atomic magnetism of chlorine in organic derivatives is 282,
249, 218, and 194, according as there are 1, 2, 3, or 4 chlorine atoms per molecule ;
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with bromine, 413, 374, or 334, according as there are 1, 2, or 3 atoms per molecule ;
and with iodine, 642 or 577, according as there are 1 or 2 atoms per molecule.

The molecular rotation of the plane of polanzatmn 55 of sodium light in an electro-
magnetic field with reference to water unity is for a 10'1 per cent. soln. of chlorine
in carbon tetrachloride 4-344 at 7'6°; and the atomic rotation of chlorine (hydrogen
unity) is 1'675; and of bromine, 3-563. In studying the influence of a magnetic
field on the optlca.l behaviour of chlorine gas, A. Heurung found no appreciable
increase in the region of the absorption for light of wave-length 518 to 640uu.
R. W. Wood found that if iodine be placed between the poles of a magnet and
parallel rays of arc-light be sent through a nicol prism, then through a tube containing
iodine vapour, and finally through a second nicol, an intense blaze of emerald-green
light appears when the magnet is excited. R. W. Wood (1906) and A, Heurung
(1911) have measured the spectrum of the green light—several new lines
make their appearance—and since the magneto-optical effect cannot be elimi-
nated by the rotation of the analyzer, it is inferred that only a small portion of the
light is polarized. The effect on the individual spectrum lines of chlorine could not
be detected.

Summary.—The gradation in characters which the halogens show with in-
creasing at. wt. from fluorine to iodine, yields one of the most typical family series
of elements. The best representative values of some of the physical constants of
the halogens are summanmd in Table II. The family relationship of the halogens
is illustrated by

(1) The sz’milam’ty in the chemical and physical properties of the elements
and their corresponding compounds, is such that the properties of any one

TaruE I1.—PHYSICAL. PROPERTIES OF THE HALOGENS,

Fluorine. Chlorine. Bromine. Iodine.
At. wt. . 190 35'46 7992 126-92
State aggregatwn (0°) Gas Gas Liquid Solid
Colour . . Pale yellow Yellowish-green | Brownish-red Violet
Sp. gr. (ig.) . 1-108(—187°) 1-568( —33-6°) | 29283 (59°) | 4-004 (L07°)
Sp. vol. . . . 09025 0-6635 0:3392 0-2698
At. vol. ., . . 17-15 2352 27-13 34-23
Mol. vol. 34-30 4704 54-26 6846
B.p. . ~-187° —33-6° 50° 183°
M.p —233° —102° —7-3° 114°
Cntwal temp —_ 147° 302° 512°
Coefi. expansion . —_ 0:00187 (0°) 0-00106 (0°) | 0000025 (liq.)
Coeff. compressibility —_ 0-00095 0-000052 0-000013
Heat of fusion ; — 22:96 cals. 16-185 cals. 2-9 cals.
Heat of vaporization —_ 67°38 cals, 456 cals. 81 cals.
Sp. ht. (0°) . — 0-2662 (liq.) 0-1071 (lig.) | 0°0515 (solid)
Sp. ht. gas, G,. — 01155 0-0553 00336
Sp. ht. gas, C, — 0-0873 0-0428 0:0257
Ratio y — 1-323 1:292 1-307
Refractive mdex 1000195 1-000768 1-001125 1-001920
At. dispersion 0:022-0-05 050 1-22 365
At. refraction 0-941-1-015 1005 15-3 245
Magunet. suscept:bﬂ1ty —345x107® 59x 108 —4-1x10™% —35%x107
Dielectric constant . — 1-97 3-18 400

member of the family can be said to summarize or rather to typify the properties
of all the other members although fluorine diverges a little in some of its properties.
(2) The gradual transition of chemical and phys;cal propertles such that if the
elements be arranged in order : F, Cl, Br, I, the variation in any particular property
in passing from fluorine to iodine nearly always proceeds in the same order, and that
is the order of their at. wt.
Similar family characteristics will be found with the chemical properties of the
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halogens. Taking almost any property and comparing its magnitude in passing
from the element fluorine to iodine, or from the fluorides to the iodides, a similar
gradation will be observed : Thus, take the m.p. of the cadmium, calcium, barium,
sodium, or potassium salts :

Fiuoride, Chioride, Bromide. Iodide.
Sodium . . . . 980° 820° 765° 650°
Potassium . . 885° 790° 750° 705°
Calcium . , 1361° 780° 760° 740°
Barium . . 1280° 960° 880° 740°
Cadmium . . 1000° 590° 350° 1000°

The markedly greater jump in passing from the fluorides to chlorides than with
the other steps in the case of the earths is supposed to be explained by a difference
in constitution, There is also a difficulty with the cadmium halides,
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§ 11. Solutions of Chlorine, Bromine, and Iodine in Water, etc.

Chlorine and bromine are fairly soluble in water; iodine has a low solubility.
Early determinations of the solubility of chlorine in water were made by J. L. Gay
Lussac ! in 1839, by J. Pelouze in 1843, and by F. Schonfeld in 1855. They noticed
a maximum in the solubility curve in the vicinity of 10° and at 100° the solubility
isnil, Later determinations have been made by H. W. B. Roozeboom in 1885, and
by L. W. Winkler in 1907. At temp. below 9:6°, chlorine forms a crystalline hydrate,
Cl,8H,0 ; and this corresponds with the maximum in the solubility curve. The
solubility curves of the gases chlorine and bromine 2 are indicated in Table III.

TaBLE III.—THE SoLuBIiLITY OF CHLORINE AND BROMINE 1IN WATER (L. W. WINKLER).

Chiorine. Bromine.
Grms. Ol in Grms, Brin
Temperature. | Absorption coeff, | 100 grms, water | Temperature. | Absorption coeff. | 100 grms. water
760 mm. . 760 mm,

0 4610 1-46 0 605 42-9
3 3-047 1:25 2 541 38-3
6 3441 1-08 4 483 34-2
9 3031 096 6 433 30:6
96 3-095 094 8 389 275
10 2-980 0-980 10 351 24-7
12 2-900 0-918 12 315 22-2
15 2635 0-835 14 284 2040
20 2-260 0-716 16 257 180
25 1-985 0-641 18 234 164
30 1769 0-572 20 21-3 14°9
40 1414 0-459 22 19-4 13'5
50 1204 0-393 30 138 9-5
60 1006 0-329 40 94 63
70 0:848 0-279 50 6-5 41
80 0-672 0-223 60 4-9 2:9
90 ¢-380 0-127 70 3-8 19
100 0000 0-000 80 30 1-2

L. W. Winkler represents the absorption coefl. of chlorine in water at 8° by the
formula: 3-0361—0-461976-+0°000110762. The solubility curve really represents
the increasing solubility of chlorine hydrate, and the decreasing solubility of chlorine
gas with rising temp. The maximum, about 9'6°, occurs when the latter begins to
predominate over the former. The solubility of chlorine in water, and the solubility
when the gas is mixed with hydrogen or carbon dioxide, is greater, between 13° and
38°, than corresponds with its partial press.3 According to L. W. Winkler, how-
ever, bromine vapour dissolves in water in accord with Henry’s law. The soln. of
chlorine in water is called chlorine water, or aqua chlorata ; and the soln. of bromine
in water, bromine water, or aqua bromata. The solubility of liquid bromine in
water, represented by the number of grams of bromine in 100 grms. of the soln., is

0° 5° 10° 15° 20° 2b° 30° 40° 50°
Water . . 417 3:92 374 3:65 3:58 3:48 3-44 345 352
Solubility . . 3-98 377 361 352 346 3:36 3-32 3-33 3:40

The solubility of iodine in water has not been so closely investigated as that of
chlorine or bromine,? and the determinations are not in close agreement. H. Hartley
and N. P. Campbell found that water dissolves '

. 0° 18° 25° 356° 45° 556° 60°
Iodine . 0'1620 0:2765 0-3395 0-4661 06474 (9222 (-9566 grms. per litre

The value at 0° is by G. Jones and M. L. Hartmann, and that at 60° by
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R. Luther and G. V.Sammet. The soln. require one to two days to reach the point
of sat. and they are brownish-yellow in colour.

Crystals of chlorine hydrate or of bromine hydrate are readily formed
when aq. soln. of chlorine or bromine respectively are cooled to about 0°.
According to J. Pelouze crystals of chlorine hydrate are formed when a few drops
of hydrochloric acid are added to an aq. soln. of hypochlorous acid 5 cooled to
~about 2° or 3°. A. Ditte sealed chlorine hydrate, containing an excess of water, in

a long bent A-tube. The leg containing the hydrate was warmed, and the chlorine
was condensed to a liquid in the cold leg of the tube by the press. of its own vapour.
When the apparatus was slowly cooled, fine fern-like crystals of the hydrate re-form
on the surface of the water. On standmg some time, these crystals disappear
re-forming isolated greenish-yelloW crystals about 2 or 3 mm. long. These crystals
ate highly refracting, and belong to the cubic system. The crystals of either hydrate
are formed by leading the gas or vapour through a tube cooled to about 4° and
moistened on the inside with water. In winter time, pipes ® conveying chlorine
gas may become clogged by the formation of the hydrate,

Chlorine hydrate was formerly thought to be solidified chlorine, but H. Davy
demonstrated that the crystals contained water. The yellow crystals of chlorine
hydrate examined by M. Faraday 7 (1832) contained 27'7 per cent. of chlorine and
72'3 per cent. of water ; this is nearly eq. to CL5H,0, or to Cl,.10H,0, and he added,
“1 have chosen it because it gave the largest proportion of chlorine of any experi-
ment I made ; ” and owing to inevitable losses of chlorine in drying, he said, “ It
is even possible that this proportion of chlorine is under-rated, but I believe it to be
near the truth.” H. W. B. Roozeboom (1884) makes the proportion Cl;.8HZ0,
and R. de Forcrand (1901), Cl,.TH,0. The existence of the hydrates, Cl,.12H,0 ;
Cly.TH,0 ; and Cl,.4H,0, reported by G. Maumené, have not been confirmed.
Hyacinth-red octahedral crystals of bromine hydrate, sp. gr. 149 (4°), were
obtained by C. Lowig in 1829 ; their composition was determined by W. Alexejeff in
1876, and by H. W. B. Roozeboom (1884), whose analyses agree with the formula,
Br; 10H,0. H. Giran’s thermal analysis of the binary system Br-H,0, and his
analyses of the crystals, agree with the formula Br,.8H,0.

According to M. Faraday, the crystals of chlorine hydrate may be sublimed
without decomposition in a sealed tube at 155° (M. Faraday), or at 20° (E.
Biewend) 8; but according to -F. Wohler at 38° they form two liquids—one
rich in chlorine, is a soln. of water in chlorine ; and the other rich in water, is a
soln, of chlorine in water ; according to W. Alexejeff, bromine hydrate also decom-
poses into two analogous layers at 15°. In both cases the hydrate is re-formed on
cooling to 0°. The critical temp. of decomposition of chlorine hydrate in open
vessels is 9'6°, and in closed vessels, 28'7°.  According to H. W. B. Roozeboom, the
dissociation press. of chlorine hydrate from —10° to —0-24° is between 156 and 248
mm, ; and between —0-24° and 28'7°, from 248 mm. to 6 atm. There are turning-
points in the curve at —0'24° and 28'7°. F. Isambert’s® measurements of the
dissociation press. of chlorine hydrate between 0° and 14'5° agree fairly well with
those of H. W, B. Roozeboom. According to the latter, the decomposition tension of
bromine hydrate from —10° to —0-3° is from 25 to 43 mm.; from —0'3° to 62°
43 to 93 mm. Above 6:2° bromine hydrate crystals form an emulsion of water and
bromine which slowly separates into two liquids—(i) a soln. of water in bromine
and (ii) a soln. of bromine in water. In open vessels, under atm. press., bromine
hydrate decomposes at 6-8°; at higher press. the decomposition temp. is still higher -
—at 150 atm. of oxygen press., it is stable at 20°, according to P. Villard ; 1° and at
200 atm. of hydrogen press., it is stable at -9°. The increased stability of the
hydrate in compressed oxygen is connected with the great solvent power of com-
pressed oxygen gas for bromine vapour, and the consequent increased partial press,
of the atm. of bromine on the hydrate.

P. Villard has measured the influence of compressed gases on the vapour press. of
liquid bromine, and he found that bromine vapour is fairly soluble in compressed oxygen
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such that at 300 atm. press. compressed oxygen takes up six times the normal amount ;
if the press. is released, the oxygen gives up the dissolved bromine in the forin of small
drops. The greater the press. the greater the amount of bromine dissolved by the compres-
sure oxygen, and the deeper the colour. Compressed nitrous oxide takes up the same
amount of bromine at 20 atm. press. as it does at 40 atm. Iodine also volatilizes in com-
pressed oxygen and in compressed methane, and crystallizes out when the press. is relieved.
Ethylene gas at 300 atm. press. is coloured deep violet by the dissolution of iodine, and the
colour gradually disappears on standing owing to the union of the iodine with the ethylene.
An interesting illustration of the dissolution of vapours by compressed gases is furnished
by methane which dissolves its own volume of ethyl chloride, C,HyCl, at 180 atm.; at
200 atm. press., the two substances are miscible in all proportions, and the surface of
separation between liquid and gas disappears. P. Villard proposes to take advantage of
the property for the distillation of substances dzcomposed by heat. The vapour is dis-
solved when the gas is compressed and rejected when the press. is relieved.

H. W. B. Roozeboom has measured the solubility of chlorine and bromine
hydrates in water and expressed his results in terms of ‘‘ grams of chlorine per
100 grms. of soln.””  He found that 100 grms. of soln. contain 0'492 grm. of chlorine
at —024°, at which temp. the solid phase present is a mixture of ice and chlorine
hydrate, Cl,.8Hy,0. Between 0° and 28-7° the solid phase is the hydrate alone,
and the soln. has

0° 2° 4° 6° 8° 9° 20° 28'7°
Chlorine 0533 0-644 0732 (0-823 0-917 0-937 1-85 3-69 per cent.

The binary system has not been completely explored. Similarly with bromine
hydrate 100 grms. of soln. dissolve 2-17 grms of bromine at —0-30°, and the solid
phase is ice and the hydrate Bry,. 10H,0. Between —0'3° and 6°2°, the solid phase
is the hydrate, Bry.10H,0, alone, and the soln. has

] —r2e o° 3° 6° 62°
Bromine . . 225 2-31 297 350 3-53 per cent.

In the latter case, there are two soln., one layer contains a soln. of bromine in
water, the other, a soln. of water in bromine. There is an unstable system with
ice as the solid phase at —3'7° with 303 grms. of
bromine, which may form before the hydrate,
Br, 10H,0, separates.

In the system Cl,4-Hy0, there are two com- 54z
ponents, just indicated ; two solid phases—ice and

chlorine hydrate, Cl;.8Hy0 ; two soln.—one a soln. §

of water in an excess of chlorine, Sol. I, and a soln. F |

of chlorine in an excess of water, Sol. I1; and a gas £ :
"

phase—a mixture of chlorine and water vapour in Zz##mm
varying proportions. The system has not been -
completely studied, but sufficient is known to show "07?;7;8 e
that the equilibrium curves take the form shown P e .

. o . . - 16. 20.—Equilibrium in the
diagrammatically in Fig. 20. The two invariant * Bingry System: Water-chlo-
systems L and B have four coexisting phases—  rine.

L (28'7°; 6 atm.) denotes the point at which the

hydrate decomposes—ice, Sol. I, Sol. II, vapour; B (—024°; 244 mm.) is a
eatectic point—ice, hydrate, soln., vapour. The univariant systems with three
coexisting phases comprise the curves: BL—hydrate, Sol. II, vapour; DL—
hydrate, Sol. I, vapour; LE—Sol, I, Sol. II, vapour; LH—hydrate, Sol. I,
Sol. I1; CB—hydrate, ice, vapour; BF—ice, Sol. II, vapour; BG—ice, hydrate,
Sol. TI. The bivariant systems, representing two coexisting phases, are included
in the areas bounded by the curves.

A gimilar result was obtained with the system Br,--H,0, where the hydrate iz

Br,.10H,0, and the invariant systems occur at the two quadruple points: L (6:2°;
93 mm.) and B (—0'3°; 43 mm.). Todine forms no known hydrate with water.

-
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W. L. Goodwin’s values for the specific gravity of chlorine water---presumably
sat. at the temp. indicated—are

Temp. . . 2-5° 8-0° 16-3° 23° 24° 25'5°
Sp. gr. . . 100406 000494 1-00424 1:000264 100069 0:99984

The value for water at 2°5° was 0:99980; and at 25'5°, 00994247, The specific
gravity of bromine water was measured by J. Slessor 1! in 1858, and for soln. con-
taining w grms. of bromine in 100 grms. of water, he found

w . 1072 1-205 1231 1:874-1-006 1-952-2-009 2-089-2'155 3-102-3-169
Sp.gr. 1:00901 1-00955 1-01223 1-01491 1-01585 101807 102367

The last-named soln. was sat.

According to T. J. Baker,12 the molecular heat of solution of chlorine in water
is 497 Cals., and according to J. Thomsen, 487 Cals. M. Berthelot places this
constant between 3 and 75 Cals.—the indefiniteness is due to a reaction between
chlorine and the water. H. le Chatelier estimates that a mol. of liquid bromine
dissolving in water develops 1'08 Cals. From the effect of temp. on the absorption
coeff., B, the heat of soln. ¢ of bromine vapour in water is Q=—RT2(d log 8/dT) ; or

=—4'571T%(d log B/dT). For bromine vapour, @, at 0° is 8'35 Cals., and at 60°,
6:5 Cals. If A denotes the latent heat of vaporization, the heat of soln. of a mol. of
liquid bromine in water will be A, where A=7696—8480 Cals., The values of
the heat of soln. of liquid bromine are very small, and become negative at about 40°,
S. U. Pickering found a mol. of bromine absorbed 1508 Cals. when dissolved in
2700 mols. of water. H. Hartley and N. P. Campbell estimated the heat of soln.
of iodine to be 509 Cals. at 21'5° and 7'38 Cals. at 50°. G. N. Lewis and
M. Randall calculate the free energy of formation of a mol. of an aq. soln. from the
solid at 25° or 298° K. is 3926 cals., or —RT log 0:0132. 'The diffusion coefficient 13
of chlorine in aq. soln. containing 0'1 mol. per litre is 1'22 'grms. per sq. cm. per
day at 12°; 0'8 for bromine; and 09 for iodine. F. A. Henglein has made
observations on the vap. press. of aqg. soln. of chlorine, bromine, and iodine.

The molecular conductivity of aq. soln.of chlorine were found by A.A. Jakowkin 14
to be rather large. If v denotes the number of litres containing & mol. of chlorine,
the molecular conductivity is, at 0°

v. + .« 17'18 43-33 99-01 1950 37217 651 2204

L o« . 7963 1295 183-0 221-1 2414 244 2475
and at 25°

v . . . 1lI'714 22:96 4512 9184 306 732 2928

H o« o« o 138 2002 270 338 392 396 3966

At high dil., therefore, the conductivity is not far from that of hydrochloric acid.
A. A. Jakowkin’s explanation turns on the assumption, for which there is much
confirmatory evidence, that in aq. soln., the chlorine is hydrolyzed forming hypo-
chlorous acid, HOCIl, and hydrochloric acid: Cly,+HyO=HCI4+HOCI, and the
high conductivity, with highly dil. soln. shows that the hydrolysis is nearly complete.
According to A. A. Jakowkin, about one-tenth of the chlorine in a sat. soln. at 0°
is hydrolyzed.

The partition law.—If aq, b;, ¢;, . . . denote the concentrations of a gas dis-
solved in a given liquid and @, by, ¢5, . . . {l:e corresponding concentrations of the
gas in the space above the liquid, Henry’s law means that

= - ==-=z== _ , , = Constant

This law, applicable for the distribution of a soluble gas between & liquid solvent
and the space above, can be extended to include the distribution of a solute between
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two immiscible solvents—e.g. iodine or bromine between water and ether, water and
benzene, and between water and carbon disulphide ; as well as silver or gold between
molten lead and zinc ; ferric chloride between ether and water, etc. This fact was
indicated by M. Berthelot and E. Jungfleisch 1* in their paper: Sur les lows que
président au partage d’'un corps entre deux dissolvanis. In illustration iodine or
bromine in a mixture of immiscible water and carbon disulphide divides itself so
that the ratio of the concentrations of the solute in each layer is always the same.
This constant is sometimes called the partition coefficient. Berthelot and Jung-
fleisch’s resultsin Table IV illustrate the principle ; the concentrationsof the halogens

TABLE IV.—PARTITION COEFFICIENT OF JODINE AND BROMINE BETWEEN WATER AND
CARBON DISULPHIDE.

Todine. Bromine.

Water. . C3, Quotient. Water, C3y Quotient.
0:0041 174 0-00238 00300 2:46 00122
0-0031 129 0-00250 0-0200 1-35 00128
0-0016 1-66 0-00244 0:0011 0-09 0-0125
00010 041 0-00244

in the solvent indicated in the first two columns of each table refer to the amounts
of solute in 10 c.c. of solvent. Although the constants are not uniformly the same,
the deviations are within the range of experimental error. Later measurements,
by A. A. Jakowkin and others, between water and carbon tetrachloride, bromoform,
amyl-alcohol, or carbon disulphide made under better conditions, give smaller
deviations. Similarly, when an aq. soln. of hydrogen peroxide is shaken with amyl
aleohol, the peroxide divides itself between the two solvents so that the ratio of
the concentration of alcohol phase to the conc. of aq. phase has always the same
numerical value at a given temp. Expressing concentrations in milligram-meolecules
per litre, H. T'. Calvert (1901) found at 25°:

Amyl alcohol phase 13-4 280 419 650 94-5 1302
Aq.'phase . . . 940 1935 2067 4600 670-0 9125
Quotient . .10 6-9 7-1 7-1 7-1 70

The facts are generalized in the so-