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65, line 13 from bottom, for “3:'6°" read “3-7.”

186, structure formula, place a dot between “ QO and “S”.

210, line 7 from bottom, for “9'7” read “ 97",

327, § 26, 2nd paragraph, line 4, after ““normal ”’ read “salt”.

329, last paragraph, line 2, after “aq. soln.” read “of alkali lye ™.

342, line 12 from bottom, for “rice’ read ice”.

492, second paragraph, line 1, for <106 put < 107",

493, line 10 for “ H, 8,04 read ““H, 8,05, and in the formula an O is missing
between the two S’s. ‘
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ABBREVIATIONS

ag. = agueous

atm. = atmospheric or atmosphere(s)
at. vol. = atomic volume(s)

at. wt. = atomic weight(s)

T or °K = absolute degrees of temperature
b.p. = boiling point(s)

6° = centigrade degrees of temperature
coeff, = coefficient

conc. = concentrated or concentration
dil. = dilute

eq. = equivalent(s)

f.p. = freezing point(s)

m.p. = melting point(s)

__fgram.molecule(s)
mol(s) '_{gram. molecula,g .

__fmolecule(s)
mol(s). _{molecular

mol. ht. = molecular heat(s)
mol. vol. = molecular volume(s)
mol. wt. = molecular weight(s)
press. = pressure(s)

sat. = saturated

soln, = solution(s)

sp. gr. = specific gravity (gravities)
sp. ht. = specific heat(s)

sp. vol. = specific volume(s)
temp. = temperature(s)

vap. = vapour

In the eross references the first number in clarendon type is the number of the
volume ; the second number refers to the chapter; and the succeeding number refers to the
«g” section. Thus 5. 88, 24 refers to § 24, chapter 38, volume 5.

The oxides, hydrides, halides, sulphides, sulphates, carbonates, nitrates, and phosphates
are considered with the basic elements; the other compounds are taken in connection with
the acidic element. The double or complex salts in connection with a given element include
those associated with elements previously discussed. The carbides, silicides, titanides,
phosphides, arsenides, etc., are considered in connection with carbon, silicon, titanium, ete.
The intermetallic compounds of a given element include those associated with elements
previously considered.

The use of triangular diagrams for representing the properties of three-component
systems was suggested by G. G. Stokes (Proc. Roy. Soc., 49. 174, 1891). The method was
immediately taken up in many directions and it has proved of great value. With practice it
becomes as useful for representing the properties of ternary mixtures as squared paper is for
binary mixtures. The priuciple of triangular diagrams is based on the fact that in an equi.
lateral triangle the sum of the perpendicular distances of any point from the three sides is
a constant. Given any three substances 4, B, and C, the composition of any possible
combination of these can be represented by a point in or on the triangle. The apices of the
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b ABBREVIATIONS

triangle represent the single components 4, B, and C, the sides of the triangle represent binary
mixtures of 4 and B, B and C,or € and 4; and points within the triangle, ternary mixtures.
The compositions of the mixtures can be represented in percentages, or referred to unity, 10,
etc. In Fig. 1, pure 4 will be represented by a point at the apex marked 4. 1f 100 be the

0 2 % 6 & ¢ B8 6 # 2 0
Fia. 1. Fie. 2. Fig. 3.

standard of reference, the point 4 represents 100 per cent. of 4 and nothing else; mixtures
containing 80 per cent. of 4 are represented by a point on the line 88, 60 per cent. of 4 by a
point on the line 66, etc. Similarly with B and ¢ —Figs. 8 and 2 respectively. Combine
Figs. 1, 2, and 3 into one diagram by superposition, and Fig. 4 results. Any point in this

0 20 20 60 80 s00%0rC
/00 80 60 20 20 o%orB

Fi6. 4.—Standard Reference. Triangle.

diagram, Fig. 4, thus represents a ternary mixture. For instance, the point M represents a
mixzture containing 20 per cent. of 4, 20 per cent. of B, and 60 per cent. of C.



CHAPTER LVI1

SULPHUR

§ 1. The History of Sulphur

SuLpHUR has been known from very early times. It is called Schwefel in
Germany ; soufre in France; solfo or zolfo in Italy; zufre or azufre in Spain;
and svafvel in Sweden. The name is said to be derived from the Sanscrit sulvere
through the Latin sulphurium or sulphurum. Isodorus’ suggestion that that term
is a corruption of sal 7rip, is not accepted. Sulphur was then frequently called
lapis ardens. The vernacular name of sulphur was formerly brimstone, and that term
is still used when referring to its inflammable character—e.g. it is often mentioned
in the Bible, Revelation (19. 20), etc. In the Pentateuch-—Genesis, 19. 24—cities
were destroyed zrupl xai feiw—by fire and brimstone. Ancient writers frequently
mention a sulphurous smell accompanying lightning, and it has been suggested
that the Greek term feiov, divine, was extended to sulphur, for sulphur then ap-
peared to accompany divine manifestations. The term fetov is frequently used by
Homer for sulphur—e.g. in the Odyssea (22. 481), where, after the slaughter of the
suitors, Odysseus, recognizing the need for a general clean-up, called: ““ Quickly,
0! Dame, bring fire that I may burn sulphur, the cure of ills"’~—and sulphur was then
used as a fumigating agent, for Homer also speaks of the * pest-averting sulphur,”
the * divine and purifying fumigation,” etc. Sulphur was also used by the ancients
in some of their religious ceremonies ; indeed, the very term is itself derived from
feds, meaning God. Dioscorides, in his ITepi yArjs *Iarpucis, written in the first
century of our era, referred to dmupov fetov, meaning pure or native sulphur, and
to memvpwuévov Oelov, meaning sulphur extracted by means of fire. There are
several allusions to sulphur in contemporaneous writers. Thus, Juvenal, in his
Satire (4. 46-47) ; Martial, in his Epigrammata (1. 42 ; 10..3); Ovid, in his Fasts
(4.739), referred to * cleaning and purifying sulphur,” and, in his Ars amatoria (2.
330), he alluded to the purification of houses with eggs and sulphur; and AEuleius,
in his Metamorphoses (11. 16), mentioned a purification by a priest of Isis who used
eggs and sulphur while holding a torch and repeating a prayer. Pliny, in his
Hustoria naturalis (8. 50), also stated that sulphur had its place in religious
ceremonies, and that it was used in fumigating houses. Pliny said :

Sulphur is employed ceremoniously in the hallowing of houses, for many are of the
opinion that the odour and burning thereof will keep out all enchantments—yea, and
drive away any foul fiends and evil spirits that do haunt the place.

Pliny regarded sulphur as one of the most singular kinds of earth, and an agent
of great power on other substances. He said that sulphur was obtained from the
voleanic islands between Sicily and Italy ; and from the Isle of Melos; and that
it was mined from the hills in the territories of Neapolis and Campania. When
mined, the sulphur was purified by fire. Pliny said that there are four kinds of
sulphur: wviz. (i) Sulfur vivum, or apyron—introduced by fire—occurs in solid
masses or blocks and is used for medical purposes ; (ii) gleba, or glebaceous sulphur,
is used in the workshops of fullers; (iii) equla is used for fumigating wool ; and
(iv) sulphur that is used principally in the preparation of matches—uvide 8. 51, 38.
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2 INORGANIC AND THEORETICAL CHEMISTRY

Pliny.indic.a.ted fourteen medicinal virtues of sulphur, which, he said, are also to be
perceived in certain hot mineral waters. Pliny added that lightning and thunder
are attended with a strong smell of sulphur, and the light produced by them has a
strong sulphureous complexion. No substance, said he, ignites more readily than
sulphur, a proof that there is in it a great affinity to fire—neque alia res facilius
accenditur ;. quo apparet ignium vim magnam etiam er inesse. 'This statement was
translated by a writer of the phlogiston period, seventeen centuries later : * Sulphur
is the most inflammable substance known ; a fact which makes it evident that
sulphur contains much phlogiston.”

The terms dmupov and wemvpwuévov are taken to indicate that the Greeks
knew how to refine sulphur, although the operation is not mentioned by either
Dioscorides or Pliny. It has also
been argued, less probably, that these
terms were intended to distinguish
between flowers of sulphur and the
wax-like variety. G. Agricola - de-
scribed the extraction of sulphur from
the native earth. Two pots placed
one above the other were arranged so
that the upper pot had a perforated
bottom, and it was alone heated by
the fuel. The sulphureous earth, or
pyrites, was placed in the upper pot,
A, with a luted hd, C, Fig. 1. Asthe
sulphur melted, it dripped into the
lower pot, B, which might also contain
water. Sometimes the lower or re-
ceiving pot was buried in the ground
as illustrated by TFig. 1, given by
Fie. 1.—The Extraction of Sulphur in the O Agricola.l He added to Pliny’s list

Sixteenth Century. of the uses of this substance :

Sulphur also enters into the composition of gunpowder—an execrable invention which
fha,s; introduced a new kind of warfare for it enables missiles of iron, steel, or stone to be shot
ar away.

The twelfth-century Latin version of the Arabian Geber—Summa perfectionis
magisterii—thus refers to sulphur :

Sulphur is a fatty earth thickened in the mino by boiling until it has hardened and
become dry ; and when it has hardened it is called sulphur. It has a very strong com-
position and is of uniform substance in all its parts because it is homogeneous ; and therefore
its oil is not removed by distilling as is the case with other substances possessing oil. . . .
Sulphur can be calcined only with great loss. * It is as volatile as a spirit. When calcined
with sulphur, all metals increase in weight, in a manner which cannot be questioned, for
al.l the metals can be combined with sulphur, excepting gold, which combines only with
difficulty. Mercury combines with sulphur producing a sublimate of uzufur or cinnabar.

- Bulphur usually blackens the metals, but it does not transmute mercury or silver as some
philosophers imagine.

In his twelfth-century Compositum de compositis, Albertus Magnus also described
the preparation of cinnabar in this manner; and he made a special study of the
action of sulphur on the metals. In his De rebus metallicis et mineralibus, he was
led to apply the word affinity—propter affinitatem nature metalla aduit—to connote
that relationship between combining substances which is the cause of their union.
Geber, in his De inventione veritatis, also mentioned the preparation of malk of sulphur
—lac sulfurss :

Rub very finely some natural sulphur, clear and gummy, and boil in lye made from
_powdered ashes and natural chalk until it appears transparent, This done, stir with a
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stick and carefully remove that which has come out with the lye by leaving the thickened
part beneath, Cool the extract a little, and put on it a fourth part of good vinegar, and lo,
the whole will congeal like milk. Remove the clear lye as far as you can, and dry off the
regidue by a slow fire.

Later chemists spoke about milk of sulphur as & well-known substance ; and
Basil Valentine 2 also referred to flowers of sulphur—flores sulfuris—as a well-
known product. The preparation of the sublimate—flowers of sulphur—was
described by G. Agricola, and A. Libavius.

The peculiar properties of sulphur—namely, its combustibility, its association
with metals, and its power of uniting with metals to form a number of coloured
compounds—led to the view that this element has a mysterious relationship with the
metals ; and it was soon considered to be a necessary constituent of all metals.
Hence, the sulphur of the materia prima theory of matter came to represent the
principle of combustion, in the same sense that sel represented the principle of
fixidity and solidity, and mercury the principle of gaseity and liquidity—uvide
1.1, 12. Hence, the sulphur of the philosophers, advocated by, say, J. R. Glauber
in the middle of the seventeenth century, was a mystic, inscrutable spirit, not the
sulphur of the working alchemist. In 1675, N. Lemery, in his Cours de chimie,
opened a chapter on this substance : * Sulphur is a kind of bitumen that is found in
many places in Italy and Spain.”” J. G. Wallerius said that sulphur nsl aliud est
quam inflammable concentratum forma solida seu terrestre. This is virtually the
hypothesis expounded by Geber, and J. Kunckel said :

Sulphur consists firstly of a fatty earth which is a sort of combustible oil of a kind
which is found in all vegetables ; and secondly of a fixed volatile salt and a certain thick
earthiness.

In the sixteenth and seventeenth centuries, chemists—Paracelsus, N. de Lefe-
bure, C. Glaser, etc.—regarded sulphur as a resinous or fatty earth which contained
sulphuric acid ; J. Kunckel also believed that sulphuric acid and a combustible
substance are the chief constituents of sulphur ; and this hypothesis was advocated
by J. R. Glauber in the middle of the seventeenth century. G. E. Stahl taught
that sulphur itself is a compound of sulphuric acid and phlogiston: Sulphur
=Phlogiston4Sulphuric acid. This reaction played an important part in estab-
lishing the phlogiston theory—1. 1, 15. L. A. Emmerling adopted R. Kirwan’s
view that sulphur contains 40 per cent. of phlogiston and 60 per cent. of vitriolic
acid, and remarked that the antiphlogistians considered sulphur to be ein chemisch
einfacher Korper. After A. L. Lavoisier and other antiphlogistians had demon-
gtrated the fallacy in G. E. Stahl’s hypothesis, sulphur was regarded as an
elemental form of matter. Thus, in- 1801, R. J. Haiiy stated that, according
to the results of la chimie moderne, soufre est um corps simple. Some rival
hypotheses were suggested—e.g. F. R. Curaudau 3 supposed sulphur to be a
compound of carbon, nitrogen, and hydrogen; C. Girtanner guessed oxygen
and hydrogen ; and H. Davy, that sulp{lur 18 a compound of small quantities of
oxygen and hydrogen with a basis that yields the acids of sulphur on combustion.
Hydrogen is produced in such quantities from sulphur by voltaic electricity that it
cannot well be considered as an accidental ingredient, and he likened sulphur to a
hydrocarbonaceous vegetable matter. This was supported by W. Clayfield’s
and A. B. Berthollet’s observations. H. Davy gave up the hypothesis that sulphur
contained oxygen after his study of the action of chlorine on that element ; J. Dalton
argued against the idea; and J. L. Gay Lussac and L. J. Thénard proved that
sulphur must be regarded as an element.

T. Cross 4 thought that by electrolyzing a mixture of silver sulphate and sulphide
he had transmuted sulphur into a new element which he called bythiwum, but
H. Alexander contradicted the results which T. Cross had reported.
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§ 2. The Oceurrence of Sulphur

Sulphur occurs in nature free and combined. According to the estimates of
F. W. Clarke,! and F. W. Clarke and H. 8. Washington, the igneous rocks of the
earth’s 10-mile crust contain 0-052 per cent. of sulphur, and 46-42 per cent. of
oxygen ; and the sedimentary limestones, 009 per cent. of sulphur, and 42:57
per cent. of CaO. The average amount of SOg in shales is 0-64 per cent. ; in sand-
stones, 0-07 per cent. ; and in limestones, 0-05 per cent. The estimated average for
the earth’s lithosphere is 0049 per cent. of sulphur, and 0-026 per cent. of SO,
when that of silica is 59-08 per cent. Otherwise expressed, the earth’s lithosphere
—or 10-mile crust—has 0-06 per cent. of sulphur (oxygen, 46-46 per cent.); the
hydrosphere, 0-09 per cent. (oxygen, 85-20 per cent.) ; and the general average for
lithosphere, hydrosphere, and atmosphere is 006 per cent. (oxygen, 49-20 per cent.) ;
J. H. L. Vogt estimated that the igneous rocks of the earth’s crust contained 0-6
per cent. of sulphur (oxygen, 47-2 per cent.). H. 8. Washington gave 064 per
cent., and W. Vernadsky gave 0-54 for the percentage amount, and 0-1 for the
atomic proportion.

Sulphur also occurs in extra-terrestrial regions. As indicated by
E. F. F. Chladni,2 and E. Cohen, several people have mentioned the blue flame
and sulphureous smell of meteorites which have just fallen ; E. Mathias said that
the colours most frequently observed with thunderbolts are those of black bodies
cooling, i.e. yellow, orange, or red. In many cases, however, blue, or a colour
produced by superposition of blue on one of the preceding, is observed ; these are
attributed to burning sulphur, possibly arising from sulphur-containing organic
matter in the atmosphere. The blackening of gilded objects, and the nature of
odours observed in some cases, support this conclusion. Free sulphur to the extent
of 1-24 per cent. was reported by H. E. Roscoe in the Alais meteorite, and lesser
amounts in other meteorites have been indicated by F. Wohler, J. N. Lockyer,
F. Pisani, N. Teclu, J. L. Smith, C. U. Shepard, and C. Reichenbach. Scores of
meteorites have been observed to contain metal sulphides, principally pyrites—
vide iron. D. Brewster,® and C. A. Young thought that they recognized the
occurrence of the spectral lines of sulphur in the solar spectrum, but H. A. Row-
land, and M. N. S8aha concluded that the spectral lines of the sun show no indication
of sulphur. J. N. Lockyer discussed the indications of sulphur in the spectral lines
of some of the hotter stars; and I. 8. Bowen, in nebulz.
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The occurrence of combined sulphur in the form of hydrogen sulphide and
sulphuric acid is indicated below, and its occurrence as sulphates, and sulphides is
discussed in*connection with the individual metals. The great repositories of sul-
phur are the beds of gypsum, limestone, and associated rocks,-or else in the regions of
active and extinct volcanoes ; thus, it is found in the encrustations of fumaroles and
other volcanic vents; and in sulphurous springs where it falls to the bottom as a
light-coloured mud ; in many old crater lakes where the bottom is covered with
muds and clays mixed with sulphur. There are thus twa main types of native
sulphur : (1) The solfataric type found in lava fissures and in extinet voleanic vents
(Japan, Mexico). Deposits of this type are forming at the present day in volcanic
districts from the mutual action of hydrogen sulphide and sulphur dioxide which
occur among volcanic gases. According to C. W. Vincent,* the water from a spring
at Krisuvik, Iceland, is ejected, with a hissing noise, to a height of 5-8 ft., and
is accompanied by steam impregnated with hydrogen sulphide and sulphur dioxide.
The water subsequently deposits sulphur, and in many places the surface of the
ground has a crust of sulphur 2-3 ft. thick. This was at one time collected and
exported. G. Mackenzie, speaking of the “ living ” sulphur mines in this region,
said :

It is impossible to convey adequate ideas of the wonders of its terrors. The sensations
of a person, even of firm nerves, standing on a support which feebly sustains him, where
literally fire and brimstone are in incessant action, having before his eyes tremendous
. proofs of what is going on beneath him, enveloped in thick vapours, his ears stunned with

thundering noises, can hardly be expressed in words, and can only be conceived by those
who have experienced them.

(2) The gypsum type.—The sulphur appears to have been liberated from gypsum
by the reducing action of bituminous matters found associated with the gypsum.
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Fra. 2.—The Geographical Distribution of the Sulphur Deposits. (The dotted lines are
Imaginary Lines through the Chief Regions of Volcanic Activity.)

Calcium sulphide is probably formed from the sulphate ; and this, by the action of
water and carbon dioxide, forms sulphur, calcium carbonate, and hydrogen sulphide.
The Sicilian deposits, and perhaps the more important sulphur deposits, are of this
type. F. Rinne 3 reported a sulphur from Java containing 29-22 per cent. of arsenic
which he called sulphurite.

Occurrences have been reported in various parts of the world. Most of the
districts where sulphur is profitable are not far from the dotted lines, Fig. 2, repre-
senting regions of past or present volcanic activity. These countries are the world’s
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sulphur producers. The world’s production of sulphur in long-tons is shown in
Table I.

TABLE I.—THE WORLD’S PRODUCTION OF SULPHUR.

1909 1914 1919 1923 1926
Austria . . 12,856 20,314 10,173 15,136 —
Chile . . . 4,508 10,008 18,910 11,380 8,929
France . . 2,900 — 2,222 272 147
New Zealand . — — — C e 269
Greece . . 1,000 Nil [ 2,238 2,243 1,180
Ttaly . . . 435,060 377,843 | 226,126 256,342 286,249
Japan. . . 36,317 75,308 ‘ 67,382 37,408 89,582
Spain . . . ’ 21,750 47,180 89,586 66,371 77,711
United State . 303,000 347,491 680,800 1,644,904 1,409,262
Total . . . 817,391 878,144 1,097,437 2,034,056 1,873,329

|

Europe.—There are no deposits of sulphur of commercial importance in Great Britain,®
a little has been found associated with the gypsum of Newark, Nottingham, and in Corn-
wall, Derbyshire, Westmoreland, and Cumberland ; and concretions have been reported
in the Carboniferous Limestone of Ireland. In Franee,” marls containing sulphur are
mined in the departments of Bouches.du-Rhéne and Vauclase for the use of vineyards ;
there are small occurrences in several other departments; and there is a small deposit
of sulphur associated with the gypsum of Biabaux near Marseilles. There are deposits
of sulphur in Spain ® in the provinces of Mercia, Almeria, and Albacete. The sulphur
is here associated with gypsum and marl. Italy ® is the most important sulphur-producing
country in Europe, and it now ranks second to the United States in the world’s production.
Most of the sulphur is obtained in Sicily from & belt extending over 100 miles irom Mount
Etna on the east, to Girgenti on the west. The centre of the industry is at Caltanisetta.
The sulphur occurs in veins, pockets, and impregnations associated with gypsum and
bituminous marls. G. Baldassarri found it in the Zoccolino Grotto of Tuscany ; J. Pitton
de Tournefort, in a grotto at Milo; and G. de Dolomieu, in a cave on Atna. It also
occurs in the volcanic islands near Sicily ; in the Solfatara near Naples ; in the bituminous
deposits near Bologna ; etc. A few occurrences have been reported in Germany,!®
Belgium,!! TIceland,!? Galicia,'* Macedonia,’* and Greece.'®* Cyprus produced 12 tons
in 1920. Deposits occur in Russia,® Austria,’” Hungary, and Switzerland.!®# There is none
in Norway.

Africa.—A deposit of sulphur occurs at Guelma,1? Algiers ; a number of deposits have
been reported from South and West Africa ; 2° Bahar el Saphingue, Egypt ; Teneriffe ; and the
Islands of Tor and Bourbon. )

Asia,—Occurrences of sulphur have been found in the Transeaspian district ; 2! in
Palestine,2? Asia Minor,2? Persia,?* Mesopotamia,2® and Central Asia.2®8 Deposits of
sulphur have been reported at many places in India,?” notably at Ghizri Bunder in the
province of Golkurt near Karghari on the Mekran Coast. The most important mine is
near Sanni, in the Kachhi district of the Kelat State, Baluchistan. Sulphur also occurs
in Burma,?® at Mawsiin in the Southern Shan States, Java,2® Celebes,3° the Philippine
Islands,®! and China. Japan 32 is an important producer of sulphur. The deposits are
of volcanic origin, and occur as sulphur-bearing clays in the beds of lakes of ancient craters,
or in muds which have been ejected during periods of volcanic activity. A little sulphur
also occurs in the vicinity of volcanic vents and fumaroles. The most important mining
area is in Hokkaido ; there are sulphur mines along the Kirishima voleanic zone; and
there are many deposits in the north of Honshu. There are no sulphur deposits on
Shikoku, and none 1s mined in Korea. A little sulphur is mined in several of the Kurile
Islands ; and in the vicinity of Daiton volcano, Formosa.

Australasia.—G., H. F. Ulrich 3 noted the occurrence of sulphur in Vietoria ;
R. W. E. MaclIvor, in New South Wales; A. McIntosh Reid, in Tasmania; and there is
a deposit at White Island, New Zealand. Deposits have been also reported on some of
the Paecific Islands, 3t Vanua Levu, New Hebrides, Sandwich Islands, etc. .

South America.—There is a number of important sulphur deposits of volcanic origin
in Chile,** where the majority are situated at high altitudes. The deposit worked on
Mounts Olca and Chupiquina are at altitudes of 17,000 to 18,000 ft. above sea-level.
There are also deposits at Mounts Ollagiie and Tacora. Small occurrences have been
noted in the Argentine, Peru, Ecuador, Colombia, Brazil, Trinidad, and Martinique.3®

North Ameriea.—OQccurrences of sulphur have been reported in Mexico.2? The largest
producer of sulphur is the United States *® and there are deposits in California, Nevada,
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Utah, Wyoming, Texas, Louisiana, Georgia, Virginia, Maryland, Pennsylvania, and
Michigan ; but 98 per cent. of the total output occurs in the deep-lying sulphur beds of
Louisiana and Texas. There are also occurrences in Unalaska, the Akun Islands, and in
the Katmai region, Alaska—e.g. as incrustations about the fumaroles of the valley of
Ten Thousand Smokes. There are deposits in Canada *° in the provinces of Nova Scotia,
Ontario, Alberta, British Columbia, and in the district of Mackenzie.

C. Vischniac 40 found some sulphur in iodine. W. Prandtl discussed the
difficulties attending the preparation of hydrogen free from sulphur. The occurrence
of sulphur in the tissues of animals and man has been discussed by E. and H. Sal-
kowsky, etc. H. Schulz found that in the dried organs of a man aged 39 the
percentage of sulphur varied from 0-57 in the brain to 1-03 in the jejunum. In
the muscles of different animals, the percentage varied from 0-86 to 1-33 ; in the
human aorta, from 0-47 to 0-67 ; and in the human vena cava, from 0-28 to 0-73.
The sulphur in the liver cells of oxen was estimated by F. Kriiger and co-workers ;
they also found the liver cells of man to contain 2-41 per cent. of sulphur ; and of
newly born children, 3-56 per cent. In a case of fatty degeneration of the liver,
there was present 2-18 per cent. of sulphur. The sulphur in egg albumen was
discussed by E. Drechsel,4! P. N. Raikow, E. Baumann, E. L. Salkowsky, and
A. Kriiger ; in pig’s fat, by G. Mariani; in cow’s milk, by G. Sartori; in urine,
by R. Lépine and co-workers, A. Heffter, E. Petry, 8. Bondzynsky and K. Panek,
and F. H. Thiele ; in the faces, by E. L. Salkowsky, and F. von Oefele ; in cystine,
by W. F. Hoffman and R. A. Gortner ; in human hair, by P. N. Raikow, and
F. Diiring ; by H. Weiske, in bird’s feathers; and in wool, by H. Strunk and
H. W. Priess, P. N. Raikow, and E. Grandmougin. P. Mohr found the following
percentage amounts of sulphur : Woman’s hair—dark blonde, 4-95; girl’s hair—
dark brown, 5-34 ; boy’s hair—red blonde, 4-98 ; boy’s hair—red, 5-32; rabbit’s
hair, 4-01; calf’s hair, 4-35; horsehair, 3-56 ; pig’s hair, 3-59; sheep’s wool,
3-68; goose feathers, 2-59-3-16 ; pig’s hoof, 2:69; calf’s hoof, 3-67; ox hoof,
white, 3-49 ; ox hoof, black, 3-45. The sulphur of wool is contained in the keratin.
Dry wool readily absorbs hydrogen sulphide, and as such is easily oxidized to
sulphurous acid. Hence the reports that sulphites are present in wool, and that
the keratin mol. contains sulphite. K. Laborde found approximately 0-2 per cent.
of sulphur in the skin of three children ; and in the healt]ll)y skin of another who had
died from poisoning by sulphuric acid, there was 0-15 per cent., whilst the burned
areas of the skin contained 0-37 per cent. The occurrence of sulphur in plants—
onions, garlic, mustard, horse-radish, oils, etc.—was discussed by M. Berthelot
and G. André,42 G. Cugini, T. Jamieson, J. M. H. Munro, and G. Tammann.
A. R. Thompson found sulphur in the rice-plant.

J. H. and C. J. Cravenhorst 3 observed that sulphur is produced when a decoction
of vegetable matter is allowed to stand in contact with sodium sulphate—uvide
infra, hydrogen sulphide. The
occurrence of granules of sulphur
in the cells of some kinds of Beg-
giatoa was noted by C. Miiller.
8. Winogradsky’s diagram of the
Beggiatoa alba, Fig. 3, shows the
sulphur granules present in the
cells. In 1870, G. Hinze observed
granules of sulphur in the cells of
the alge Ulothriz, and Oscillaria.
A. Corsini showed that the sulphur
is in the colloidal form. F. Cohn
found that the sulphur is always
present in certain types of bacteria Fia. 3—Beggiatoa alba ( x 1000).
found in sulphur springs, where
they abound in the white, slimy masses there present. Sulphur is indeed a
product of the life action of certain bacteria—e.g. the Beggiatoa alba, Chroma-
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tium okeini, ete. Just as plants and animals derive energy and heat by the
oxidation of carbon, so do these bacteria appear to obtain their energy and heat by
the oxidation of sulphur. It is estimated that roughly 25 per cent. of their body
is sulphur. 8. Winogradsky said that the Beggiatos do not make sulphur
by reducing sulphates to hydrogen sulphide, and partially oxidizing the hydrogen
sulphide to water and sulphur; rather do they oxidize the hydrogen sulphide
to sulphur and water. They can be cultivated in a very dil. soln. of hydrogen
sulphide ; cone. soln. are harmful. The sulphur stored in the cells can be oxidized
to sulphates. The members of another kind of sulphur bacteria can oxidize thio-
sulphates to sulphuric acid: 3Nay8,05--50=2Na,80,-+Nas8,04. According to
D. C. Harrison, hydrocyanic acid inhibits not only the agrobic but also the anaérobic
oxidation of sulphur-compounds. The addition of traces of copper and iron to
purified sulphur-compound groups accelerates their aérobic and anaérobic oxidation.
The activation of oxygen is not a necessary process, nor does it seem that the
catalytic action of the metals is due to the activation of oxygen. D. C. Harrison
assumes that the catalysis of the oxidation of the sulphur compound group by metals
is effected by the alternate oxidation and reduction of the catalytic metal by means
of which hydrogen is made available for acceptance by molecular oxygen or by
methylene blue. The reduction of methylene blue by sulphur compounds may
take place to an appreciable extent even in the comiplete absence of catalytic
metals.

Very little is known about the bacteria which oxidize the sulphides in soils,
N. D. Zelinsky associated the thick layers of iron sulphide on the bottom of
the Black Sea with the action of various micro-organisms on the ooze, and one
of them, the Bacterium hydrosulfureum ponticum, can produce hydrogen sulphide
from sulphates, sulphites, etc. L. Elion, however, emphasized the fact that this
bacterium is not able to attack sulphates. Actually, the number of bacteria able
to reduce sulphates is small. M. W. Beyerinck showed that the alleged reduction
of sulphates by bacteria is actually an oxidation of organic matter with the
aid of the oxygen from the combined sulphate : 2C-{-RSO4+0=RC0;-+C0,+8S,
and the energy is derived from the combustion of the organic matter. This
particular bacterium was called the Spirillum desulfuricans—afterwards Microspira
desulfuricans. A. van Delden found the same bacterium in some vegetable mould,
and the deposit of iron sulphide in the Wadden shallows of the Dutch coast was
formed by the hydrogen sulphide produced from' the bacterium which he named
Microspira @stuaris. B. L. Issatchenko found this bacterium in the Black Sea ooze.
A. Rank found the Microspira desulfuricans in sea sand ; and C. A. H. von Wolzogen
Kiihr, in the sand and clay of the Dutch dunes. L. Elion found yet a third sulphate-
reducing bacterium which he called Vibrio thermodesulfuricans with an optimum
temp. of 55°-—vide infra, the occurrence of hydrogen sulphide.

The occurrence of sulphur in coals, and in the prodiucts of the dry distillation of
coal, has been discussed by W. Wallace,#4 etc. ; in oil-shales, by E. P. Harding ; in
petroleum and gagoline, by C. F. Mabery and A. W. Smith,45 F. Challenger, etc. ; in
iron,*6 and in natural waters by H. Moissan.4? H. Moissan found that the water of
the Bordeu Spring, Luchon, contains no hydrogen sulphide, and this gas, present in
the air at the well, is considered to be a secondary product of the action of the carbon
dioxide of the air on the sodium sulphide present in the water. The water has free
sulphur in soln., and the vapour evolved from this water contains traces of hydrogen
sulphide and of sulphur dioxide as well as some free sulphur. The free sulphur
may be derived from three sources: (1) vaporization of sulphur from the water,
(2) slow combustion of the hydrogen sulphide, and (3) the interaction of the hydrogen
sulphide and the sulphur dioxide.48

Sulphurasa volc.anic sublimate is produced by a reaction between sulphur dioxide
and hydrogen sulphide. It is also formed by the incomplete combustion of hydrogen
sulphide : 2H,8-4-0,=2H,0+-28, as shown by G. F. Becker,4® E. Onorata, and
J. Habermann; and by the action of steam on sulphides : 3PbS+-2H,0
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=3Pb-}2H,8-+80,=3Pb—+438-+-2H,0, and by the action of steam on hydrogen
sulphide observed by A. Gautier. J. Papish found that sulphur dioxide is reduced
to sulphur by methane at elevated temp.; consequently, the sulphur occurring in
volcanic regions may, in part, be formed by the reduction of sulphur dioxide by
methane, carbon monoxide, or hydrogen—all of which occur in volcanic exhalations.
The sulphur deposits common about mineral springs are also due to the imperfect
oxidation of hydrogen sulphide, which is produced by the action of acidic waters
" on sulphides, or by the reduction of sulphates by micro-organisms, etc.,as advocated
by E. Plauchud, A. Etard and L. Olivier,and W. F. Hunt. A. Daubrée, F. Hoppe-
Seyler, L. Baldacci, G. Bischof, and R. Travaglia considered that the Sicilian
sulphur has been produced by the action of organic matter—the remains of marine
animals—on the sulphates. A. Kriimmer and R. Ewald found a large cavity
in gypsum met with in the Barsinghausen mines was lined with bitumen, ‘resting
on which were large crystals of sulphur. Between the gypsum and the bitumen
was a zone of calcium carbonate ; and the gases in the cavity contained hydrogen
sulphide and hydrocarbons. The sulphur had no doubt been formed by the
reducing action of the hydrocarbons on the gypsum, for example:
(a80,++CH,=CaS8-}+C0,-+2H,0=CaC04+H,8+H,0 ; followed by 2H;8-+2H,0
+0,=4H,0+28. The deposits of sulphur in Sicily, which are associated with
gypsum and outbursts of gas containing hydrocarbons and carbon dioxide, have
probably been formed in a similar manner. Attempts have been made to explain
the occurrence of sulphur and gypsum without assuming that one is derived from
the other. A. von Lasaulx, and G. Spezia assumed that the sulphur was deposited
from water containing hydrogen sulphide and calcium carbonate during the
concentration of fresh water basins. G. Spezia, and A. Béchamp showed that when
hydrogen sulphide acts on water and calcium carbonate under press., calcium
hydrosulphide is formed, and when the soln. is evaporated calcite, gypsum, and
sulphur are formed. R. Brauns, and L. Dieulafait also argued that when
sulphuretted waters act on sedimentary limestones, sulphur and gypsum are
produced. H. Sjogren, and O. Silvestri found in a liquid inclusion of gypsum, a
fluid like sea-water, and hydrogen sulphide. The deposits of sulphur in Western
Texas are associated with gypsum, and with water containing hydrogen sulphide.
E. M. Skeats showed that in some cages, the waters from sulphur-beds are strongly
acidic owing to the presence of sulphuric acid. E. Dittler said that native sulphur
may be produced in some cases by the action of steam on pyrites or marcasite.
The general subject has been discussed by G. Spezia, B, Doss, F. W. Clarke,
W. F. Hunt, E. Cortese, O. Stutzer, W. Lindgren, and G. B. Richardson.

The sulphur cyele.—W. Lindgren 50 has well emphasized the fact that in
nature a large part of the sulphur is continually in movement, changing from
sulphide to sulphate with local reversions to native sulphur, and from sulphate
back to sulphide. He follows the cycle somewhat as follows : All active volcanoes
give off enormous quantities of hydrogen sulphide some of which is oxidized to form
sulphur dioxide and then the trioxide. The resulting sulphuric acid descends to the
earth with rain to form sulphates by reacting with the basic rocks. A part of the
hydrogen sulphide is reduced to native sulphur. All intrusions contain sulphur
compounds part of which are fixed as metal sulphides—e.g. pyrites—which fill
veins or impregnate adjacent rocks; or else as sulphates—e.g. barytes, and
anhydrite. Some of the silicated waters which come to the surface carry hydrogen
sulphide in soln., and this gives rise to accumulations of native sulphur about the
vent of springs.

When the basic sulphide rocks are exposed at the surface, they are oxidized
to soluble sulphates—e.g. iron, aluminium, magnesium, zinc, calcium, potassium,
and sodium—which find their way to the sea. The less soluble sulphates—e.g. lead
sulphate or the basic iron sulphates—linger behind. In the average river waters,
sulphates are present in relatively large amounts, and enormous quantities are dis-
charged into the ocean, so that the sulphates would predominate over the chlorides
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in the waters of the sea were it not for the continuous reduction of sulphates to
sulphides along the littoral—particularly muddy shores rich in organic matter.
Sulphur as iron sulphide is plentiful in shore deposits, and in some deep closed
basing, like the Black Sea, similar reducing conditions obtain at the bottom, and
the mud at the bottom is rich in iron sulphide.

The evaporation of sea-water or lake-water in closed basins results in the
deposition of calcium sulphate which forms nearly all the known beds of gypsum.
When meteoric waters loaded with hydrocarbons act on calcium sulphate, the
sulphate is reduced to sulphur. The sulphate may be similarly reduced by bacterial
activity.

The muds and silts, rich in iron sulphide, largely as marcasite, are compressed,
raised, and folded by geological processes to form shales and sandstones. The
sulphide is then attacked by oxidizing soln., converted into soluble sulphates and
again carried back to the sea. The meteoric waters circulating at deeper levels,
extract sulphates from uplifted sediments—limestone, slate, or silt—near the
surface, and, lower down, the sulphides of hydrogen, iron, zinc, lead, copper, cad-
mium, cobalt, or nickel. The sulphides may be deposited elsewhere as in the zinc
and lead sulphide deposits on the limestone of the Mississippi Valley.
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§ 3. The Extraction of Sulphur

The sulphur earth occurs in Sicily in lodes mixed with limestone and gypsum.
The amount of sulphur in ‘ workable ** ore varies from 8 up to about 25 per cent.
The sulphur is separated by heating the ore and allowing the molten sulphur to
flow away from the mineral impurities. This is effected by stacking the ore on the
sloping floor of a circular kiln without a permanent roof. The kilns are called
calcaroni. In stacking the ore, air spaces are left at intervals to secure ventilation.
The stack is covered with powdered or burnt ore. The sulphur is ignited near the
bottom. A portion of the sulphur acts as fuel, and melts the remainder which
collects at the lowest point of the inclined bottom of the kiln. After about five
days, a plug at the lower end of the kiln is removed, and the sulphur is run into
small wooden moulds. The opening is closed, to be reopened day by day until, in
from three to five more days, the sulphur ceases to flow. About one-third of the
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sulphur is lost in the calcarone system of extraction. It is, however, cheaper to
use the sulphur as a fuel than to import coal. The loss, however, is excessive even
then, and in consequence, the calcarone method has been displaced by more
economical kilns. The kiln devised by R. Gill ! is mainly employed. This consists
of an oven covered by a cupola called a cell. Inside is a small cupola within which
a coke fire burns. Each cell holds up to about 5 cubic metres of ore. About six
cells make a battery. The gases generated in t];grst cell pass by lateral channels
mto the next cell. When the liquation is completed in the first cell, the contents
of the second cell have been heated: to the ignition point of the gases. This cell is
treated as in the case of the first one and so on in rotation. It is claimed that at
least an 80 per cent. yield is attained by these kilns; the time required for each
cell is 3-4 days ; and gases heavily charged with sulphur are not lost in the atmo-
sphere, and in consequence the work can be continued all the year round without
danger to the crops of the farmers. The process was studied by A. Ricevuto and
M. Buogo. G. A. Strover described the simple distillation process employed in
Upper Burmah. The processes for extracting sulphur in Sicily have been described
by E. Jungfleisch, B. Bruhn, 8. Aichino, W. C. Phalen, ete.

The difficulties attending the mining of sulphur at Louisiana, led H. Frasch 2
to devise a totally new method of extraction, which has removed from Sicily the
domination of the conditions regulating the
world’s supply of sulphur. By means of
rigs and drills, holes are bored to the sulphur
deposit in a way similar to those employed
i boring for oil. Sulphur melts at 116°.
The subterranean sulphur is melted by super- [ oz pase,
heated steam, which is conveyed through a
6-in. pipe to the sulphur bed, Fig. 4. The
molten sulphur collects as a pool at the
bottom of this pipe. Enclosed in this pipe I‘/J‘(ﬂ;‘d;fcp
is another 3-in. pipe through which the s
molten sulphur—or rather an emulsion of
sulphur and air—is raised to the surface by |
compressed air (250 lbs. per sq. in.) forced Sulplur —»y !  Sulptir
through an inner 1-in. pipe. The molten
sulphur is then conveyed to a wooden bin, Fie. 4.—H. Frasch’s Sulphur Pump.
where it solidifies. The sulphur is of a high
degree of purity-—99-93-99-98 per cent. sulphur—and it contains only a trace of
water. The process is applicable only to deposits rich in sulphur—say 60 per
cent.—and therefore is not available for the Sicilian earths.

The geyser-like craters in the Bungo province, Japan, emit sulphurous fumes
intermittently. During inactive periods, the Japanese have placed pipes in the
ground, and in crevices about its craters, so as to collect the fumes during the active
periods. The fumes are led into suitable reservoirs, and the liquefied sulphur
flows from there in conduits, and solidifies down the side of the mountain, The
sulphur is then broken into fragments and sold as Bungo sulphur.

Hotaird
Sutplour t

A number of other proposals has been made for extracting sulphur from earths.
J. G. Whitlock ? suggested distilling the sulphur from large vessels. C. Bellman proposed
extracting the sulphur with carbon disulphide. A, Walter, and F. Dickert patented
systems of liquating sulphur from the sulphur-earth. W. Gritti melted the sulphur from
the earth by heating with superheated steam. The idea was modified by F. W. Becraft
and A. L. Genter, W. D. Huff, the Texas Gulf Sulphur Co., E. F. White, R. P. Perry, and
W. E. Clifford and T. H. Green ; A. K. Sedgwick melted the sulphur in the earth by super-
heated steam, and separated the molten sulphur by centrifugal action. M. de la Tour de
Brenil heated the earth with a 66 per cent. soln. of calcium chloride at 120°, and collected
the liquated sulphur. A. F. Lucas and G. M. S. Tait obtained the heat for melting the
sulphur in the earth in situ by partially burning the sulphur in the deposit by a mixture
of air and carbon dioxide, and forcing the molten sulphur to the surface by gas press.
W. D. Huff melted the sulphur from the earth in situ by electrical heaters ; and R. Fleming
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had a modification of the idea. K. M. Baum melted the crude mixture in the presence
of an aq. soln. of zinc chloride of such a sp. gr. that the molten sulphur rises to the
surface.

E. Dittler 4 said that some colloidal sulphur is produced by the prolonged action
of steam on pyrites and marcasite, and that in some cases native sulphur may have
"been produced by a similar action. Sulphur obtained by the distillation of pyrites
or other metal sulphide is commercially possible only in a few cases. A. Walter
partially roasted the ore in a suitable furnace; W. A. Hall heated the ore with
steam and a reducing flame ; the New Jersey Zinc Co. heated the ore to 600°-800°
when the pyrites is converted into the pyrrhotite and sulphur; G. T. Gerlach,
0. C.D. Ross, and C. F. Claus heated the ore with superheated steam ; L. P. Wright
heated the pyrites in an electrically heated retort and found sulphur distilled off,
and iron contaminated with sulphur remained ; the Rhenania Verein Chemische
Fabrik produced sulphur by the action of sulphur dioxide on iron sulphide or
pyrites or mixtures which yield iron sulphide on heating above 600°. C. E. Kingsley
heated the sulphide with dil. nitric acid (1:20); and J. Swinburne electrolyzed
the molten sulphide.

Large quantities of free sulphur are produced in the manufacture of coal-gas,
or coke-oven gas, where this element accumulates in the iron oxide of the purifying
plant. Most of the sulphated oxide is used in making sulphur dioxide, but some may
be treated for free sulphur. E. Vaton and A. Zuaznavar 5 distilled the spent oxide
in retorts ; and A. Derome heated the material to redness while injecting steam into
the retort to decompose the cyanides, etc.-—sulphur, ammonia, ete., pass to the con-
denging chambers. P. E. Williams treated the pentoxide with aq. ammonia, the
resulting polysulphide was decomposed by heat, and the escaping ammonia was
collected and used over again. A number of solvents has been recommended—e.g.,
boiling acetylene tetrachloride mixed with xylene. The Société d’éclairage used
light tar oils ; J. J. M. Bécigneul, hot toluene or toluene mixed with carbon tetra-
chloride ; E.J. Hunt and W. F. Gidden, and A. M. Chance and C. Hunt heated the
material with sulphuric acid, and extracted the sulphur from the residue by means
of asolvent. The dark colour of the product spoils its sale, so that it is nearly always
used for making sulphur dioxide. J. J. M. Bécigneul, and the Chemische Fabrik
Phénix proposed methods for eliminating the tarry colouring matters. Some
sulphur was also produced in the residue from the soda-ash process.

It was proposed by J. H. Vivian ¢ to obtain sulphur from sulphur dioxide by
passing the gas through red-hot coke; F. Reich experimented on the process in
1858 ; and several proposed modifications—by E. Will, M. Ruthenburg, L. P. Basset,
W. F. Lamouraux and C. W. Renwick, C. S. Vadner, and The American Smelting
and Refining Co.—have been based on this reaction. F. R. Carpenter passed a
mixture of sulphur dioxide and steam through red-hot coke and produced hydrogen
sulphide: 280,+2H,04-3C=2H,8--3C0,; and 80,+H,0-}30=H,51-3CO.

-The mixture containing hydrogen sulphide was then burnt with the necessary
amount of air to produce sulphur: HoS4+0=H,0+4-8—wide infra. N. F. Yush-
kevich and C. A. Karzhavin studied the reactions: 2850,--4C0=4C0,+28, and
200=C0y,+4C at 800° to 1400°. The equilibrium in the former is but slowly
attained, particularly at low temp., and for industrial work a catalyst more active
than ferrous sulphide is desirable. J. Papish said that sulphur dioxide alone at
an elevated temp. is reduced to sulphur. The reduction by carbon monoxide :
80,4-200=2C0,-+8, was examined by E. Hanisch and M. Schroder, and
M. Berthelot. F. L. Teed and co-workers passed the sulphur dioxide mixed with
a reducing gas-—like producer gas, or water-gas—over a red-hot contact substance
like magnesia, calcium sulphate, or ferric oxide: 80y-4+200=2C0,+8, and
80,--2H, =2H,0+4-8. H. Sanborn and co-workers passed the sulphur dioxide
through a tower having a spray of calcium sulphide soln. The mixed calcium sul-
phide and sulphate, and sulphur are heated when sulphur distils off ; and the calcium
sulphate when mixed with coke and heated regenerates calcium sulphide. The
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Chemische Fabrik Griesheim-Elektron reduced sulphur dioxide or sulphites to
sulphur by means of spongy zine. L. Wéhler and co-workers found that sulphur
dioxide reacts with calcium sulphide at temperatures below 1000°, giving the sul-
phate and sulphur; as the sulphate forms a protective layer on the sulphide, how-
ever, the reaction soon ceases. At temp. above 1000°, the products of reaction are
lime and sulphur, and the reaction proceeds nearly to completion. The low-temp.
reaction can, however, be accelerated by the catalytic action of ferrosoferric oxide.
Zinc blende reacts with sulphur dioxide to give sulphur and zinc oxide, which latter
forms a protective coating of a kind of basic sulphide on the blende 50 as to stop the
action. Both sulphides of iron react with sulphur dioxide to give ferrosoferric oxide
and sulphur. The reaction is rapid and complete, being catalytically accelerated
by the ferrosoferric oxide.

The so-called thiogen-process of 8. W. Young, examined by A. E. Wells, and
A. Hutin, is employed for recovering sulphur from the sulphur dioxide of smelter
fumes. ' It depends on the reduction of sulphur dioxide by ethylenic hydro-
carbons : 380,-4-CoH,=38+4-2C0,+4-2H,0, which is a slow and incomplete
reaction unless stimulated by ferric oxide or calcium sulphide as a catalyst:
20a84-380,=2Ca803+38 ; and 2Ca803+4CyH,=2Ca8+2C0,+2H,0. In another
process, the fumes are treated with barium sulphide, which produces a mixture of
sulphur and & barium oxy-sulphur compound. The mixture is heated to distil
off the free sulphur; and then heated with carbon to regenmerate the sulphide.
N.F. Yushkevich and V. A. Karzhavin, C. G. Colling, A. H. Eustis, G. N. Kirsbom,
and E. Will also described processes for recovering the sulphur from smelter-fumes.
W. Feld proposed to recover ammonia and sulp%]ur from coal-gas by washing it
with a soln. of ammonium tetrathionate—in the so-called polythionate process. The
tetrathionate is thereby converted into thiosulphate: (NH,),S8,0¢-+2NH;-+H,0
=(NH4)2SO4+(NH4)28203+S, and 4:NH3+2H20+3802=2(NH4)2SO4+S. The
oxygen necessary for forming sulphate is derived partly from the sulphur dioxide,
that is, from the air used in burning the sulphur. When hydrogen sulphide is
present in the gas, it provides the necessary sulphur: (NH,)o8,04+3H,S
=(NH,)s8,03+55-+3H,0. The tetrathionate is recovered by the action of sulphur
dioxide and sulphur: 2(NHg)9S8;03-+3805--8=2(NH,)s8,04. The chemistry of
the process was discussed by E. Terres and F. Overdick. F. Bayer and Co. obtained
sulphur and sulphates from soln. containing sulphites and thiosulphates by adding
polythionates and heating the mixture in open vessels; C. Hansen used a similar
process. F. Bayer and Co.7 also obtained it by heating a mixture of water with a
sulphite and hydrosulphite in an autoclave at 150° for 4 hrs.: 2NaHS03+NayS0,
=2N32804+H20+S.

Hydrogen sulphide has been frequently examined as a source of sulphur. In
C. F. Claus’ process, the gas is mixed with the necessary amount of air, and passed
over red-hot iron oxide as catalyst, 2H,8+0,=2H,0+428. The mixture of sulphur
vapour and steam passes out of the kiln into chambers where the sulphur is con-
densed. E. E. Naef partially oxidized the hydrogen sulphide with activated carbon
as catalyst. F. Projahn used bauxite, and titanic iron ore as catalyst; and
C. E. Tyers and J. Hedley, a salt or ore of titanium. 8. E. Linder oxidized the gas
with manganese dioxide. G. H. Hellsing brought the hydrogen sulphide in contact
with a cone. soln. of sulphurous acid ; W. Feld treated mixed hydrogen sulphide
and sulphur dioxide with a compound of a metal—zine, manganese, or iron—pro-
ducing an insoluble sulphide, which is decomposed by sulphur dioxide alone or in
the presence of air or an oxidizing agent, producing sulphur. He also brought about
the reaction between hydrogen sulphide and sulphur dioxide: 2H,84-80,
=2H,0+-38, in the presence of a heavy coal-tar oil at 40° capable of dissolving the
sulphur. Modifications of the process involving the reaction between sulphur
dioxide and hydrogen sulphide were described by P. Fritzsche, L. Bémelmans,
F. Bayer and Co., 8. Norrbin, and R. von Walther. The Badische Anilin- und
Sodafabrik obtained sulphur from ammonium sulphide soln. The Deutsche
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Petroleum A.G. passed steam or steam mixed with a reducing gas over an alkaline
earth sulphide at about 1200° ; and the Niirnberg Consortium treated the sulphide
with chlorine at a high temp. until the sulphuryl chloride in the distillate suffices
for chlorinating the polysulphide formed, which is then decomposed in aq. soln.,
forming the chloride and free sulphur. The Farbenindustrie A.G. described a
continuous process for recovering sulphur from ammonium polysulphide. M. Malzac
proposed obtaining sulphur from the sulphides of copper, silver, zine, cadmium,
cobalt, and nickel, and simultaneously forming the hydroxides of these metals,
by the action of ammonia and air: CuyS--0-+NHg++#nH,0=2Cu(OH)+S-+NH,
+(r—1)H;0. The cuprous oxide dissolves in the aq. ammonia. J. Jakobi
discussed the cathodic extraction of sulphur from sulphides.

Sulphur can be obtained from sulphates in several ways. R. A. Tilghman 8
patented a. process in 1847 for making sulphur dioxide by passing steam over
heated gypsum; calcium oxide, sulphur dioxide, oxygen, and a little sulphur
trioxide were formed. A similar process was patented by C. Polony in Austria in
1887. H. Precht proposed reducing kieserite by heating it with charcoal:
2Mg80,}C=2Mg0}-280,+C0,. E. H. Riesenfeld showed that the reaction
in part progresses: MgS80,4+C=MgO+80,4-CO. The residue always contaned
sulphur if less than one at. proportion of carbon was present to one of magnesium.
At 750°-850°, the best results were obtained with the 1 : 1 proportion ; and at 950°,
with the proportlon 1-5:1. The sulphur was obtained as sulphur dioxide with the
exception of a little free sulphur. If a greater proportion of carbon is used, reduction
is not complete because the molten sulphide then protects the sulphate from attack.
The reduction of gypsum or anhydrite by carbon starts below 500° and is rapid
above 700°. The main reaction is: CaS0,+-3C=CaS+4C0,+42CO ; and similarly
-with strontium and barium sulphates. This subject was also studied by F. Weeren.
The composition of the gas phase is determined by the CO,: CO : C-equilibrium,
but with magnesium sulphate there is a disturbance due to the action of sulphur
dioxide on carbon monoxide. The equilibrium : CaS+H,04-C0,=CaC04-+H,S
cannot be utilized because at T00° the formation of calcium sulphide is favoured.
Gypsum is dehydrated below 800°, but at 800°-1000°, the gypsum is reduced by
methane, CaS0,+CH,=CaS+C0,+2H,0 ; above 1100°, some calcium oxide is
produced: CaS+H,0=CaO--H,S. Excess of steam favours the removal of
sulphur at 1200°-1300°. Owing to the dissociation of the hydrogen sulphide,
most of the sulphur was obtained as sulphur dioxide or free sulphur, the latter
predominating if only a slight excess of water is used. If steam acts on carbon
and calcium sulphate at 1200°, the sulphur is converted into sulphur dioxide, and
the reaction is six times as fast at 1300°. The reducing action of carbon monoxide
and hydrogen on sulphur dioxide produces free sulphur, so that only 50 per cent. of
the theoretical amount of sulphur dioxide is obtained even when 850 times the
theoretical proportion of steam is used.

J. Zawidsky and co-workers, and W. Dominik studied the thermal decom-
position of calcium sulphite with the idea of utilizing the reaction for the production
of sulphur dioxide. At 600°, there are the two reactions: 4CaS803=CaS-3CaS0,;
and CaS+30aSO4—-4CaO+4802 There is a condition of equilibrium in which the
pressure of the sulphur dioxide depends on the temperature. At higher temp.,
there is a further reaction between sulphur dioxide and calcium oxide or sulphide,
which leads to the separation of sulphur. Above 1150°, the only products of the
interaction between sulphur dioxide and calcium oxide are calcium sulphate and
sulphur. The decomposition of a mixture of one part of calcium sulphide to three
parts of sulphate takes place at temp. which are much lower than those required
for the decomposition of pure calcium sulphate. The extraction of sulphur dioxide
(gv.) from the sulphates of the alkaline earths was discussed by O. Fuchs, B. Neu-
mann, P. P. Budnikoff, E. V. Tsytovitch, J. H. Frydlender, and H. Molitor.
W. Althammer showed that magnesium sulphate is quantitatively reduced when
heated with an eq. amount of carbon at 750°, and a 40 per cent. yield of free sulphur
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is obtained. Even with a fivefold excess of carbon, no magnesium sulphide is
obtained, but simply an increase in the yield of free sulphur. The primary reaction
is according to the equation, MgSO,+C=MgO-+80,+CO. The production of
sulphur follows the reversible secondary reactions: 2C0480,=8+2C0, and
C0,4-C=2C0O. Illuminating gas, hydrogen, carbon dioxide, benzene vapour,
acetylene, and producer gases all reduce magnesium sulphate at 650°~700°. The
effect of producer gases depends principally on their hydrogen content. In the
case of reduction with hydrogen, over 70 per cent. (()f the sulphur present is obtained
in the free state. The Chemische Fabriken vorm Weiler obtained sulphur dioxide
by heating a mixture of calcium sulphate and sulphide: 3CaSOy+CaS
=4C30-+4480,. The reduction of sulphates by coke, or reducing gases was the
subject of patents by the Verein Chemischer Fabriken Mannheim, C. Palaschowsky,
A. Bamback, J. and F. Weeren, A. M. Chance, C. F. Claus and co-workers, E. Jacob-
sen, A. Vogt, and the Badische Anilin- und Sodafabrik. It issaid that the prepara-
tion of sulphur from calcium sulphate was one of the chemical operations rendered
necessary by the isolation of Germany during the 1914-1918 war. The sulphur
dioxide obtained from the sulphates is converted into sulphur, as previously
indicated.

Crude sulphur may be partially purified by melting it in cast-iron vessels,
skimming off the coarser particles with a perforated ladle, and after standing some
time to allow the fine particles to settle, pouring off the molten sulphur into large
wooden moulds to furnish the so-called rock-sulphur, or in cylindrical wooden
moulds—roll-sulphur. Roll-sulphur is usually obtained by distilling the crude
sulphur, and ladelling the liquid condensate into suitable wooden moulds.
C. A. Schliiter ® described an arrangement for distilling sulphur placed in a series
of retorts arranged in rows in a kind of reverberatory furnace. The head of the
retort has a beak passing into a receiver outside the furnace. M. Michel heated
the sulphur in a large cast-iron boiler and passed the vapour into a large brick-work
chamber, where it condensed as a light, flocculent powder called flowers of sulphur,
or flores sulphuris. Afterwards, as the chamber becomes heated, the sulphur may
. collect at the bottom in a fused state, and be drawn off by a lateral opening. Usually,
however, care is taken to prevent the chamber becoming hot enough to melt the
sulphur. The sublimed sulphur collects on the walls and floor, and only a little
fused sulphur is found where the neck of the retort enters the chamber. The
product is then shaken through sieves of about 40’s mesh, and transferred as
flowers of sulphur to bags or casks. The coarser particles, and the semi-fused
material, are used for other purposes. H. G. Greenish has described the manu-
facture of flowers of sulphur. L. N. Vauquelin said that sulphur purified by any of
these methods may still retain arsenic sulphide, and bituminous matters, and it
requires a number of fractional distillations to lower the proportion of these
impurities. G. Osann said that half a dozen distillations give a product which
sublimes without leaving a carbonaceous residue. G. 8. Albright and J. J. Hood
said that sulphur can be freed from organic matter by keeping it for a long time at
a temp. in proximity to its b.p. The purification of sulphur was the subject of
patents by F. Boude, A. Walter, E. Rasse-Courbet, E. F. J. Bert, A. A. Consoli,
A. Dementieff, A. R. Scott and A. Meyer, the Société Anonyme Métallurgique,
C. Marx, E. Legeler, etc. J. W. Schwab purified sulphur of a bad colour by melting
it with finely-divided, active carbon.

The refined sulphur of commerce is of a high degree of purity. C. Mené found
that the crude sulphur contained 88-7-96-2 per cent. of sulphur soluble in carbon
disulphide and 1-5-2-1 per cent. insoluble in that menstruum ; 0-5-1-1 per cent.
of bituminous matters; 1-5-5-5 per cent. of sand, or silica; and 1-8-4-1 per
cent. of alkaline earth sulphate. Flowers of sulphur may be contaminated with
adsorbed sulphur dioxide which cannot all be removed by washing. H. Rossler
found that while roll-sulphur is almost free from acids, flowers of sulphur may
contain 3-142 c.c. of sulphur dioxide per 100 grms., and some sulphuric acid.
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N. Leonhard observed an acidity eq. to 0-02-0-25 per .cent. HySO,. A. Harpf,
W. Windisch, and N. Leonhard discussed the formation of this acid by sulphur
when exposed to air. F. A. Fliickiger said that some thiosulphuric acid is always
present. Flowers of sulphur contains up to 33 per cent. of sulphur insoluble in
carbon disulphide ; and when first cast, H. 8t. C. Deville said that that roll-sulphur
contains a certain proportion of amorphous sulphur and of sulphur insoluble in
carbon disulphide ; but this very gradually reverts to ordinary sulphur on keeping.
This subject was discussed by A. Domergue, and E. Heckel. A. Payen showed
that roll-sulphur, heated by itself, and flowers of sulphur, heated in contact with
water, gave off hydrogen sulphide ; but moist sulphur was found by A. Pleischl to
give off the gas when heated. J. B. A. Dumas also showed that when sulphur enters
into combination with the metals it may give off up to 0-1 per cent. of hydrogen ;
but if the sulphur has been previously fused, only a trace of hydrogen is evolved.
Hence sulphur may contain hydrogen sulphide, or, as L. Prumer supposed, hydrogen
persulphide, the hydrogen may come from organic matters, or water; or it may
be occluded hydrogen.

Sulphur made from the spent oxide of gas-works is sometimes quite blackened
with the so-called bituminous matters present. A. Peratoner found 0-03-2-44
per cent. of bitumen in ordinary crude Sicilian sulphur, and 5-8 per cent. in dark-
coloured brimstone. R. V. Hasslinger observed that all the commercial sulphur
he examined deposited on boiling a precipitate containing iron and carbon. Arsenic
occurs in sulphur mainly as arsenic trisulphide ; this may be partially oxidized as
arsenic trioxide and, in exceptional cases, as calcium or ferric arsenite. This subject
has been discussed by H. Hager, F. C. Steel, J. Brand, H. Schiippi, and H. 8. and
M. D. Davis. No arsenic was observed in sulphur from Texas. Sulphur, parti-
cularly that from Japan, may contain selenium. W. Smith found in Japanese
sulphur, 0-3-0-8 per cent. As, and 0:045-0-152 per cent. Se. P. Klason found
1-2 grms. of selenium per ton of Japanese sulphur, and 0:9 grm. per ton in Sicilian
sulphur. G. V. Brown also found selenium in sulphur from Sicily, Lipari, New
Zealand, and Hawaii. Sulphur sometimes contains traces of tellurium. Sulphur
at most contains 2 per cent. of ash, and F. Janda observed up to 0-283 per cent.
of ash in 30 samples of commercial sulphur. * E. Durier observed that in some cases
the earthy matters present in ground sulphur are adulterants.

R. Threlfall and co-workers obtained sulphur of a high degree of purity by
filtering molten sulphur through glass-wool, and then distilling it in vacuo. The
product has no smell, and it can be evaporated or dissolved in carbon disulphide
without residue.

The so-called sublimed sulphur is obtained from the collecting chamber. A.Domergue
suggested that the term flowers of sulphur should not be applied unless the newly-made
product contains not less than 33 per cent. of sulphur insoluble in carbon disulphide ; if it
contains less than this, it should be called sublimed sulphur. F. Diacon 1° graded sublimed
sulphur into grésil, éponges, grapillons, and candi, according to its degree of fineness. The
grésil is the finest grade, and is a pure sublimate collected at a distance from the vapour
inlet tube, whilst the cands is the coarsest grade, and is collected near the vapour inlet
tube. Much crude, or imported Sicilian or Louisiana sulphur is reduced to a fine powder
by grinding—ground sulphur. It is graded by sifting. The finest grade obtained by
pneumatic sifting or fanning is called zolfo ventilato. To avoid sparking and explosion
during the grinding and sifting, A. Walter circulated an inert gas through the plant while
in operation. H.Kohler recommended reducing the sulphur to a fine powder by dissolving
it in its own weight of fused naphthalene, and removing the solvent by heat or extraction
with a solvent. The so-called plastic sulphur of Imbert, for use in agriculture and vini.
culture, is not the viscous or plastic sulphur indicated in the next section, but is a mixture
of sulphur with 0-05 per cent. of oxgall. The so-called precipitated sulphur of P. Kulisch
is not the precipitated sulphur or milk of sulphur indicated below in connection with
colloidal sulphur, but is a brown or black powder containing only 33 per cent. of real
sulphur, and 50 per cent. of ferruginous ashes,
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§ 4. The Allotropic Forms of Sulphur

Several allotropic forms of sulphur have been reported, and these are
characterized by differences in the crystalline form, sp. gr., solubility, etc. There
is also the so-called amorphous sulphur, which, when really non-crystalline, may be
regarded as colloidal sulphur. There are also two varieties of liquid sulphur.
The general subject was discussed by M. Copisarow.! The varieties now called
a-sulphur and B-sulphur were discovered by E. Mitscherlich in 1825—the former is
the ordinary variety and furnishes octahedral crystals belonging to the rhombic
system, and the latter prismatic crystals belonging to the monoclinic system.
Natural sulphur, and sulphur crystallized from carbon disulphide, chloroform,
bromoform—or, according to P. Gaubert, acetylene tetrabromide—or other solvents
at not too high a temp., furnishes rhombic, octahedral, or a-sulphur, or Muthmann’s
sulphur I. C. Brame, P. Schiitzenberger, L. Bombicci, O. Silvestri, and G. vom
Rath obtained rhombic crystals from the molten magma ; R. Brauns said that it is
easiest to obtain the rhombic form from molten sulphur by seeding the undercooled
liquid with a rhombie crystal ; and J. H. L. Vogt said that the free sulphur in slags
always occurs in association with the cubic monosulphides. A. Daubrée observed
this form of sulphur in some cracks in the masonry of the burner of a sulphuric acid
works at Strassburg, in which sulphur was melted at a temp. of about 80° ; A. Arzruni
found some in a mine at Zielenzig, Brandenburg ; G. Leonhard, and P. Groth, from &
gob-fire in the coal-shales of Duttweiler, S8aarbriicken ; and F. Ulrich, and A. Brezina,
from a furnace at Oker, Harz. The crystals in both cases are supposed to have been
produced by sublimation. H. Erdmann observed some rhombic crystals were
formed in a vessel in which alcohol and a dye containing sulphur has been kept for
twenty years. According to L. Ilsovay de Nagy Ilosva, if the sulphur crystallizes
at a temp. over 120°, it appears in the prismatic, monoclinic form, and below 120°,
in the rhombic, octahedral form. M. Spica treated calcium polysulphide with
hydrochloric acid and dissolved the white precipitate in ether and obtained crystals
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which L. Maquenne said are really rhombic although they have the prismatic
form. P. Hautefeuille obtained rhombic crystals of sulphur by repeatedly heating
and cooling a mixture of sulphur and conc. hydriodic acid in a sealed tube.
F. B. Ahrens observed that the slow oxidation of hydrogen sulphide dissolved in
pyridine or picoline furnished rhombic crystals of sulphur. 'W. Spring observed that
monoclinic sulphur passes into the rhombic form under a press. of 5000 atm. ; and
J. W. Judd, and R. Threlfall obtained a similar result from amorphous sulphur at
a press. of 6000 atm. F. Kéhler studied the rhythmic crystallization of sulphur.

J. B. L. Romé de I'Isle,2 in 1783, found that the crystals, obtained by cooling
molten sulphur, occur en aiguilles fines, divergentes, et rhombotdales. According. to
E. Mitscherlich, prismatie, monoclinie, or S-sulphur—or Muthmann’s sulphur II—
is formed if, say, 500 grms. of sulphur be melted in a clay or porcelain crucible and
the mass allowed to stand until a surface crust is formed. Long, prismatic, needle-
like crystals of wax-yellow sulphur will be found to have grown on the walls of the
crucible, and on the underside of the crust when the crust is pierced, and the still
fluid sulphur is poured away. Hot sat. soln. of sulphur in alcohol, ether, and benzene.
were found by C. J. 8t.C.Deville to give this form of sulphur; A. G.Bloxam obtained
it from soln. in alcohol ; E. Royer, and W. Muthmann, from soln. in hot turpentine ;
and P. Gaubert, in acetylene tetrabromide. The variety obtained by W. Muthmann
by exposing in air an alcoholic soln. of ammonium sulphide was at first thought to be
B-sulphur, but later, was found to be another variety—&-sulphur. M. L. Franken-
heim said that this form of sulphur is produced by sublimation or precipitation at a
temp. near the m.p. of sulphur—L. Ilsovay de Nagy Ilosva said above 120°.
0. Silvestri, A. Oglialoro-Todaro, and P. Groth stated that this form of sulphur may
occur as stalactites in the craters of volcanoes; and that it is very quickly trans-
formed into the rhombic variety. W. Haidinger applied the term sulfurite to the
monoclinic form of sulphur regarded as a mineral. According to W. Muthmann,
some of the prismatic sulphur described by previous investigators is really a different
variety of prismatic sulphur. Roll-sulphur when freshly cast was found by
C. J. Fritzsche to be B-sulphur; and this soon changes to a-sulphur. Under the
microscope, flowers of sulphur has the appearance of smooth, opaque spherules with
a non-crystalline fracture. The minute drops, condensed from sulphur vapour on
a glass plate, may remain liquid for days if left at rest, and they finally solidify to
form smooth globules ; if the drops are agitated, or exposed to light, they solidify
in a few hours by spreading themselves on the glass plate in the form of opaque
hemispheres with crystalline points of rhombic-octahedra. If the glass plate be
wetted with oil, the crystals are larger and are more quickly formed. L. Frischauer
found that drops with a diameter below 30u do not crystallize spontaneously,
while those over 1804 crystallize in a few minutes. S:rays hasten the crystalli-
zation of under-cooled sulphur. R. Brauns found that the metastable monoclinic
sulphur can be kept unchanged for years between a microscopic slide and cover-glass.

L. Pasteur said that monoclinic crystals can be obtained at ordinary temp. from
soln. of sulphur in carbon disulphide ; 8. Barilari obtained the crystals of the same
form by the spontaneous evaporation of a soln. of sulphur in a mixture of alcohol and
ammonium sulphide ; while D, Gernez found that a supersaturated soln, of sulphur
furnishes either rhombic or monoclinic sulphur, or both forms simultaneously, if
the soln. be seeded with a fragment of the desired form. E. Royer said that if a
hot sat. soln. of sulphur in turpentine be rapidly cooled, monoclinic sulphur is formed,
and if slowly cooled, rhombic sulphur is produced. In repeating this experiment,
W: Muthmann found that only the 8-form was produced, if more sulphur was present
than the turpentine (at 150°) could dissolve. C. J. 8t. C. Deville found that alco-
holic soln. give both forms of sulphur; while benzene soln. furnish first the -
and then the a-forms. H. J. Debray observed that when a mixture of sulphur and
carbon disulphide (2 : 1) is heated in a glass tube to 80°, and rapidly cooled, there
are produced prisms of the B-form which quickly pass to the a-form,

According to E. Mitscherlich, a-sulphur passes into the 8-form in the proximity
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of its m.p.; B. C. Brodie said between 100° and 1145°. L. T. Reicher gave 95-6°
for the transition temp. ; D. Gernez, 97-6°; G. Tammann, 94-6°. R. F. Marchand
and T. Scheerer found that the crystals of 8-sulphur, when kept a few days at ordinary
temp. show isolated bright yellow, opaque spots which gradually spread themselves
out so that the mass becomes bright yellow, opaque, and specifically heavier
owing to the formation of a-sulphur—the crystals are pseudomorphs after B-sulphur.
The change is accompanied by the formation of internal fissures, If a-sulphur be
kept some days at 100°~110° it becomes specifically lighter, but the former sp. gr.
is restored when it is kept at ordinary temp. a few days. The change is a case of
enantiotropic allotropy—évavrios, opposite ; 7pémos, habit—for, as L. T. Reicher
showed, it is reversible ; above or below the transition temp. only one of the two
forms is stable and the other unstable. According to D. Gernez, a-sulphur does not
pass into the B-form if heated below its m.p., and yet above the transition temp., the
transition occurs only when a trace of S-sulphur is present. When the transformation
is suspended beyond its transition point, the sulphur is in a state of what D. Gernez,
and E. Mallard called la surfusion cristalline. The passage from a- to B-sulphur
can be detected at about 97-5°, but it varies with the source from which the sulphur
is obtained, and P. Duhem showed that it depends on the proportion of soluble
and insoluble sulphur present—it rises with an increasing proportion of insoluble
sulphur—and it also depends on other physical conditions. C. J. St. C. Deville
observed that at a low temp., unstable

monoclinic sulphur is but slowly trans-  ;sm -
formed into stable rhombic sulphu}r,. This 4600H N I{ f ] .
subject was discussed by E. Cohen. g #7

D. Gernez measured the effect of temp. on Y 4200 —

the rate of transformation of a- to f-sulphur § 4927 1T
between 97-5° and the m.p., and of B- to N &%

a-sulphur from 95:1° to —23°, The results é’ A

in the latter case are shown graphically in ZZZ h l
Fig. 5. R. Brauns, L. T. Reicher, and

P. Duhem also showed that the effect is % 05 20° 07 o 400 e
dependent on the temp. JZ M. Ruy 8 ob- F1e. 5.—The Effect of Temperature on
served that the transformation of a given ~ i1 Rate of Tramstormation of 8 to
mass occupied twelve days between —36°  a.Sulphur.

and —15°, and ten days between —31°

and —5°. The subject was investigated by S. L. Bigelow and E. A. Rykenboer.
W. Friinkel and W. Goez assumed that the transformation originates at a number of
points and spreads outwards, with a constant linear velocity at a constant temp.,
the amount of transformation of monoclinic to rhombic sulphur at temp. a little
above the ordinary temp., and for rhombic to monoclinic sulphur at 100°, in unit
time, increases with the square of the time until the boundaries of the changed
areas meet, the transformation velocity is then constant, and finally diminishes.
The curve for the total amount of transformation thus rises at first with the third
power of the time, it then gradually flattens, and then falls. For supercooled
monoclinic sulphur, the maximum rate of transformation to rhombic sulphur
occurs at —20°. C. Montemartini and L. Losana measured the rate of con-
version from one form to another by means of an automatic recording apparatus ;
W. Florke described demonstration experiments on the subject.

P. Duhem said that B-sulphur which has been kept for some time below the
transition temp. furnishes a-sulphur which has a rate of transformation to 8-sulphur
different from that which is obtained with ordinary sulphur. R, Threlfall and
co-workers also said that a-sulphur obtained from B-sulphur is different from
that which is obtained in the ordinary way. As indicated above, this is connected
with the different proportions of the soluble and insoluble sulphur present in the
mixture. The transformation of B- to a-sulphur is accelerated by the presence of
a-sulphur, by contact with carbon disulphide and other solvents, and, according to
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E. Mitscherlich, “by the slightest agitation, even blowing on the crystals.”
C. Brame also noticed that the transformation is accelerated by the chemically
active rays of light. The effect of press. was found by L. T. Reicher to be such that
the transition point is raised 0-05° per atm. ; and G. Tammann found that at higher
press., p kgrms. per sq. cm.,

. . . 1 123 391 638 873 1108 1350
Transition temp. 94-6° 100-11° 110-11° 120-01° 129-91° 140-1° 150-1°

At 1320 kgrms. per sq. cm., and 150°1°, there is a triple point in which a- and
B-sulphur are in equilibrium with molten sulphur—Os, Fig. 6. H. W. B. Rooze-
boom calculated 400 atm. press., and 131° for the triple point. Curve PO, Fig. 6, is
obtained by plotting the vap. press. of rhombic sulphur at different temp. ; similarly,
the curve 0,0, is obtained by plotting the vap. press. curve of monoclinic sulphur,
this variety of sulphur melts at 120° ; 0, is obtained by continuing the vap. press.
curve of the liquid; the curve 0,05 by plotting the transition points of rhombic
sulphur at different press. ; and the curve 0,03, by plotting the m.p. of monoclinic
sulphur at different press. The curves are exaggerated in the diagram. Mono-
clinic sulphur cannot exist in a stable state at press. higher than that represented by
the point O3. The continuation of the curve OgN represents the effect of press.
on the m.p. of rhombic sulphur. In Fig. 6, there is the additional complication

N q corresponding with the two forms of sulphur now

\\\\\' under consideration. The phase rule enables a very
N

clear idea of the  conditions of equilibrium to be

formed. There are here only one component sulphur,
and four possible phases—sulphur vapour and
liquid, and rhombic and monoclinic sulphur. When
the condition of the system is represented by a press.
and temp. corresponding with one of the three triple
points—0,, Oy, and Og—the system is univariant,
and any change in temp. or press. will lead to the
suppression of one of the three phases; points on
_ one of the curves—PO,, 0,0,, 0,0, etc.—represent
Srithegtgu it i) a univariant system; and points in one of the three
94:51145°120 regions—PQ, QO,N, NO,P—represent a bivariant
Flg~ . Vapour Pressure of  gygtem. Can all four phases exist under any con-
S ur (Diagrammatic).  gitions of temp. and press. in a state of equili-
brium ? According to the phase rule, the variance of such a system will be
1—4+4-2=-—1. Thisisanimpossible value. Such a system would not be in a state
of true equilibrium. The metastable states are interesting. The curves @0, and the
PO, meet at a point corresponding with 114-5°. This is the m.p. of rhombic
sulphur. If the transformation of rhombic to monoclinic were very fast, it would
be impossible to state the m.p. of rhombic sulphur, because it would pass into the
monoclinic form before a determination could be made. The upward left-to-right
§lopqs of the curves NO; and 0,0, correspond with the fact that the m.p. of sulphur
1s raised by increasing press. The converse is true in the case of ice, and in conse-
quence, the corresponding curve with ice slopes the opposite way.
D. Gernez 3 recognized another variety of sulphur which he called soufre nacré.
It was, however, probably obtained before D. Gernez’s time. D. Gernez obtained
y-sulphur mixed with some a- and B-sulphur from crystallizing molten sulphur—
melted at 150° and cooled to 90°—when crystallization is initiated by rubbing the
walls of the glass containing vessel with a glass rod or a platinum wire. R. Brauns
obtained nacreous sulphur by cooling a drop of molten sulphur at a temp. exceed-
ing 120° on a glass microscopic slide; and P. Gaubert also obtained it from
drops of under-cooled liquid sulphur at ordinary temp. W. Salomon supposed
that the crystals obtained by O. Biitschli from drops of under-cooled sulphur
sublimed on to a glass-slip, were y-sulphur. 'W. Muthmann thought that the labile
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sulphur obtained by O. Lehmann from molten sulphur might be - or 8-sulphur.
P. Groth supposed it to be y-sulphur. It is formed when sulphur is produced by
certain chemical reaction ; for instance, by the slow diffusion of aq. soln. of sodium
thiosulphate and potassium hydrosulphate. The yellowish-white crystals have a
mother-of-pearl lustre, and they are monoclinic with axial ratios different from
those of B-sulphur—uvide infra. This variety of sulphur is called nacreous sulphur,
y=-sulphur, or Muthmann’s sulphur III. It may be noted that the term y-sulphur
was also applied to a colloidal or amorphous sulphur insoluble in water and in
carbon disulphide, but the time is ready for another enumeration. Similar crystals
were made by E. Mitscherlich by saturating an alcoholic soln. of sodium sulphide
with sulphur; filtering off the clear reddish-coloured supernatant liquid, and, after
adding a little more alcohol, letting the soln.stand for some time. Needle-like crystals
of nacreous sulphur grow from the surface of the soln. M. Spica obtained this form
by treating calcium polysulphide with hydrochloric acid; and the amorphous
sulphur, soluble in carbon disulphide, obtained by M. Berthelot by treating alkali
thiosulphates with hydrochloric acid, was probably this variety. Similarly also
S. Cloez obtained this form by the slow decomposition of sulphur monochloride or
monobromide in moist air. The product quickly passes into a-sulphur by contact
with the liquid monochloride, and W. Muthmann found it better to leave a beaker
of sulphur monochloride and one of methyl alcohol standing under a clock glass in
a warm place. H. W, Kohlschiitter discussed the transformation to rhombic
sulphur. P. Sabatier, L. Maquenne, and J. H. Walton and L. B. Parsons obtained
similar crystals by treating hydrogen disulphide with alcohol, ether, or ethyl acetate,
and also by adding ether to a soln. of sulphur in carbon disulphide. Nacreous
sulphur was also prepared by D. Gernez in the following manner : Heat sulphur in
a sealed tube with benzene, or toluene, carbon disulphide, alcohol, etc., so that
there is no undissolved sulphur in the tube when the tube is hot. Then immerse
one end of the tube in a freezing mixture formed, say, by dissolving ammonium
nitrate in cold water. Long, nacreous flakes separate at the cold end of the tube
and gradually extend into the remaining soln. ) ’

A number of reports i not so clear. A. Payen obtained from a hot sat. soln. of sulphur
in alcohol, benzene, turpentine, or olive oil, prismatic crystals of what was probably 8.
sulphur, and tabular crystals of y.sulphur; C. J. St. C. Deville obtained similar crystals
by cooling between 75° and 80° a soln. of sulphur in chloroform, alcohol, ether, or benzene—
some a-sulphur appears at 23° or 24°, and below 22° according to W. Muthmann, all is
a-sulphur. Only crystals of y-sulphur are formed by heating a soln. of sulphur in benzene
in a sealed tube at 140°. By rapidly cooling a hot, sat. carbon disulphide soln. of sulphur
in a sealed tube, H. J. Debray obtained only a-sulphur; and D. Gernez, using carbon
disulphide, benzene, or toluene as solvents, obtained y-sulphur. E. Royer obtained
a-sulphur by slowly cooling a hot sat. soln. of sulphur in terpentine ; and S.sulphur, by
slowly cooling the soln. If boiling turpentine be treated with more sulphur than it can
dissolve, and a drop of the soln., sat. at 150°, be placed on the object glass of a microscope
and rapidly cooled, W. Muthmann said that only y-sulphur is formed. M. H. Deschamps,
C. L. Bloxam, C. M. Wetherill, and S. Barilari also reported forms of sulphur—probably
y-sulphur—obtained from hot aleoholic soln.

A fourth modification of sulphur, also monoclinic, is sometimes called tabular
sulphur, and also Muthmann’s sulphur IV, or d-sulphur-—the old 8-sulphur is a
colloidal form soluble in both carbon disulphide, and water. It is obtained in thin
tabular crystals, mixed with some y-sulphur, from a soln. of sulphur in an alcoholic
soln. of ammonium sulphide cooled to 5°. This form passes so readily into the
a-form that the crystals have not been accurately measured.

A fifth variety of sulphur, also called rhombohedral or trigonal sulphur, or
e=sulphur, was obtained by R. Engel by pouring, with continual stirring, one vol.
of a soln. of sodium thiosulphate, sat. at ordinary temp., into 2 vols. of a soln. of
hydrochloric acid, sat. at 25°~30°, and cooling the mixture to about 10°. Sodium
chloride is precipitated, and the thiosulphuric acid is so far stable that the liquid
can be filtered. The filtrate is at first colourless, but soon becomes yellow, the
intensity of the colour gradually increasing, as if a soluble sulphur establishes
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equilibrium in the decomposition of the thiosulphuric acid; sulphur dioxide is
evolved at the same time. When the liquid has acquired a deep-yellow colour, but
while it is still quite transparent, it is agitated with its own vol. of chloroform,
which becomes yellow, whilst the colour of the aq. soln. becomes less intense. If the
chloroform is allowed to evaporate, orange-yellow crystals of sulphur are obtained,
quite different from octahedral sulphur. C. Friedel said that the orange-yellow
crystals are trigonal, and, with converging polarized light, they show the cross and
rings of birefringent, uniaxial substances. Tellurium and selenium also crystallize
in the trigonal form. R. Engel added that the crystals are denser than octahedral
sulphur (sp. gr.=2-135), and at first are transparent, but in three or four hours
they increase in volume, and pass gradually into the state of amorphous, insoluble
gulphur. They melt below 100°, and pass into the condition of the pasty sulphur
from the thiosulphates and become partially soluble in carbon disulphide.

C. Friedel reported another form—triclinic sulphur or E-sulphur—which collected as a
sublimate in the upper part of a sulphur vapour bath. The crystals were said to be very
unstable and to pass rapidly into a.sulphur. These observations have not been verified.

According to G. Linck and E. Korinth, if a soln. of sulphur in carbon disulphide
be thickened with rubber or Canada balsam, and allowed to evaporate, the sulphur
first appears as a cloud of globulites about 1y in diameter. Some of these increase
in size at the expense of their neighbours. When a crystal is formed it grows in
the same way, the drops in the vicinity moving towards it being carried by the
strearn of the more cone. soln. to the crystal. An unstable, pale yellow, tetragonal
form, or f-sulphur, appears in the soln. E. Korinth also observed the same variety
to be formed from a. chloroform soln. of sulphur thickened with rubber, and mixed
with a few drops of benzonitrile. This unstable form rapidly passes into what
appears to be W. Muthmann’s §-sulphur. Another variety of sulphur, {-sulphur,
was obtained from this soln. It forms colourless, rhombic plates which have a
weak double refraction. There is also formed a variety, n-sulphur, which furnishes
colourless, doubly refracting, hexagonal plates. Both the {- and 7-forms are more
stable than §&-sulphur. Excluding the trigonal e-sulphur, and the triclinic
£-sulphur, the stability and transformations of the other varieties are thought by
E. Korinth to follow the sequence of changes :

8.tetragonal—>8-monoclinic=>7-monoclinic=>¢.monoclini¢—>
—%~y.monoclinic=>8-monoclinic =a-rhombic.
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§ 5. Amorphous and Colloidal Sulphur

A number of varieties of sulphur have in the past been classed as amorphous
sulphur. The lac sulphuris, prepared by Geber,! G. E. Stahl, C. W. Scheele, and
T. Bergman, is an example of one kind. A. F. de Fourcroy and M. de la Porte
observed that I’eau sulfureuse d’Enghien has un’ odeur hepatique, and when oxidized,
it becomes turbid. The suspended sulphur is not removed by filtration for la
Liquewr passott trouble et latteuse & travers deux papiers. The liquor is trés-trams-
parente, and d’une couleur légément citrine. C. L. Berthollet added : par Paddition
d’un sel, tel que le muriate de soude le précipité se formoit promptement et la ligueur
restoit claire. Analogous observations with respect to the sulphur produced by
the oxidation of a soln. of hydrogen sulphide were made by M. le Veillard, J. J. Ber-
zelius, J. W. Dobereiner, J. Persoz, J. Dalton, etc. M. Berthelot reported a
variety soluble in carbon disulphide to be formed by the action of hydrochloric
or sulphuric acid on alkali or alkaline earth polysulphides, by the spontaneous
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decomposition of hydrogen polysulphide, and by the slow oxidation of a soln. of
hydrogen sulphide in air. If the polysulphides are oxidized by ferric chloride,
nitric acid, ete., part of the sulphur is insoluble in carbon disulphide. H.R. Brown-
lee showed that when a soln. of calcium or sodium polysulphide is treated with
conc. hydrochloric acid, the precipitate contains a small proportion of insoluble
sulphur, but with acetic or dil. hydrochloric acid, insoluble sulphur is not
produced. It is found that the so-called ¢‘ soluble *’ or ‘‘ soft, amorphous sulphur *
precipitated from polysulphides is not amorphous, but crystalline. D. Gernez, and
E. Petersen consider that this form of sulphur is not essentially different from .
ordinary sulphur ; and W. Muthmann, that the crystals first formed arey-sulphur.
8. Cloez thought that sulphur precipitated from acid or alkaline soln. was respec-
tively soluble or insoluble ; but H. R. Brownlee showed that freshly precipitated
sulphur consists entirely of insoluble sulphur and that the reversion to soluble
sulphur is retarded by the contact action of the acid or halogen in the liquid.
The proportion of insoluble sulphur which overcomes this tendency to revert
depends on the concentration of the acid or halogen employed.

The so-called milk of sulphur, or lac sulphuris, is obtained from cold aq. soln. containing
hydrogen sulphide—e.g. C. F. Bucholz, and H. W. F. Wackenroder used aq. soln. of a
preparation containing alkali or alkaline earth polysulphide. One of these liquids is allowed
to stand a few days, filtered, diluted with water, and the sulphur precipitated by adding
sulphurie, hydrochloric, or acetic acid in small portions at a time with constant stirring.
If acid be added in excess, ordinary yellow sulphur will be precipitated along with the
white or grey milk of sulphur. T. Thomson thought that milk of sulphur is hydrated, but
C. F. Bucholz, and G. Bischof found that thisis not the case. W. Spring, however, regarded
colloidal sulphur as a hydrate Sg.H,0. J. J. Berzelius found that some hydrogen sulphide,
not water, is given off in drying ; and H. Rose inferred that milk of sulphur is a compound
of sulphur and hydrogen sulphide or polysulphide because the amount evolved on' drying
is constant ; the polysulphide cannot be removed by washing ; and milk of sulphur is
formed only from liquids containing hydrogen sulphide. H. Réssler observed that milk of
sulphur always contains some thiosulphuric acid ; L. Prunier, some hydrogen polysulphide,
which is gradually decomposed by washing ; and G. Osann, some admixed carbon.

Another form of amorphous sulphur is said to be a variety insoluble in carbon
disulphide ; it is converted into the insoluble form by repeated dissolution in
carbon disulphide and evaporation. C. J. 8t. C. Deville, R, Weber, M. Berthelot,
and F. Selmi and G. Missaghi found that it is formed along with an insoluble form
by many of the methods indicated below. G. Magnus and R. Weber obtained it by
strongly heating and rapidly cooling ordinary sulphur, and extracting with carbon
disulphide. The a-sulphur crystallizes out first, and there remains this variety in a
form which they called krimligen Schwefel. It is doubtful if this is a specific
variety ; rather is it a mixture of sulphur soluble and insoluble in carbon disulphide.

There is a variety of amorphous sulphur which is insoluble in carboxn disulphide,
and which has been called y-sulphur, but that term is here used for a variety of
crystalline sulphur. The varieties of so:called amorphous ‘sulphur just indicated,
as being soluble in that menstruum, are probably not specific individuals, but
rather mixtures of two or more other varieties. The insoluble, amorphous sulphur
is generally regarded as being the u-form of sulphur discussed below ; and soluble,
amorphous sulphur as the A-form. In all the methodsof making insoluble,amorphous
gulphur, some soluble sulphur is formed at the same time, and this is removed by
extraction with carbon disulphide, leaving insoluble, amorphous sulphur as a residue.
This variety is produced in numerous ways. It was prepared by E. Mitscherlich,2
G. Osann, C. J. 8t. C. Deville, B. C. Brodie, R. F. Marchand and T. Scheerer,
E. Petersen, B. Rathke, M. Tépler, and A. Smith and W. B. Holmes by pouring
sulphur, melted at a high temp., into cold water, and, after some days, extracting the
product with carbon disulphide. A. Lallemand obtained it by exposing a cone. soln.
of sulphur in carbon disulphide to sunlight ; M. Berthelot found that the electric
light acted in the same way, and that hydrogen sulphide in the soln. retards the
change. Solid sulphur in sunlight does not suffer this change. Some insoluble,
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amorphous sulphur is formed when sulphur vapour is condensed in air, and flowers
of sulphur, as previously indicated, contains some of this variety. The reaction
was examined by C. J. St. C. Deville, and M. Berthelot. As shown by F. Selmi,
F. Sestini, W. Miiller, C. F. Cross and A. F. Higgin, and M. Berthelot, it is formed
when sulphur vapour is condensed in water or in steam ; and, according to J. Gal,
when sulphur vapour is condensed on the surface of a cold liquid such as water,
dil. nitric acid, dil. hydrochloric acid, or a soln. of sodium hydroxide, plastic sulphur
is formed in thin pale-yellow plates which under the microscope are seen to be
formed of transparent, rounded grains. The plates consist of a mixture of soluble
and insoluble sulphur ; if heated at 100° for an hour, 13+6 per cent. remains insoluble
in place of the 0-3 per cent. in the case of ordinary plastic sulphur, and 23 per cent.
in the case of Aowers of sulphur. The proportion of insoluble sulphur in plastic
sulphur formed from vapour varies with the conditions, and especially with the
temp. of vaporization. The percentages of insoluble sulphur at various temp.
above 200° are :
215° 230° 245° 260° 275° 290° 305° 320°
Insol. Sol . 18 22 25 28 31 34 36 . 37

Water, nitric and hydrochloric acids, and soln. of sodinm and potassium hydroxides
and sulphurous acid at 0° give practically the same result, the product containing
45 per cent. of insoluble sulphur. With sulphuric acid, the proportion of insoluble
sulphur is as high as 75 per cent., whilst with ammonia it is as low as 15 per cent.
In the last case the product is not soft, but forms brittle plates. There is, however,
no relation between the elasticity of the product and the proportion of insoluble
sulphur that it contains ; the sulphur condensed on the surface of a block of ice is
very elastic, but only 20 per cent. of it is insoluble. For one and the same con-
densing liquid, the proportion of ingoluble sulphur is higher the higher the temp.
of the sulphur vapour. With sulphuric acid and sulphur vapour at 300°, a varia-
tion'in the temp. of the acid between 0° and 160° has no influence on the insolubility
of the product. With sulphur vapour at 440° and sulphuric acid, or with sulphur
vapour at 300° or 440° and water, or liquid sulphur at 440° and water, the proportion
of insoluble sulphur in the product is higher the lower the temp. of the condensing
liquid, If the flame of hydrogen sulphide or carbon bisulphide is allowed to impinge
on the surface of a cold liquid, the hydrogen or carbon burns before the sulphur,
and the latter is condensed in a plastic condition. M. Berthelot obtained insoluble
amorphous sulphur by the action of, say, 15-20 vols. of water on sulphur mono-
chloride or bromide frequently shaken for about six days—E. Petersen used a
dil. soln. of sodium carbonate.. M. Berthelot decomposed thiocarbonyl dichloride
with & dil. soln. of sodium carbonate; and by extracting the so-called sulphur
monoiodide with carbon disulphide either at ordinary temp., or at 80°-100°.
M. J. Fordos and A. Gélis, and M. Berthelot obtained this form of sulphur
by the action of hydrochloric acid on a soln. of sodium thiosulphate; and
M. Berthelot also used sulphuric and sulphurous acids. M. Berthelot also
obtained this form of sulphur by the action of an acid on potassium tri-
thionate, sodium tetrathionate, or pentathionic acid ; by the electrolysis of sul-
phurous acid, and by heating sulphuric acid to 160°-180° in a sealed tube;
H. W. F. Wackenroder, A. Sobrero and F. Selmi, M. J. Fordos and A. Gélis, 8. de
Tuea and J. Ubaldini, and M. Berthelot, by the action of hydrogen sulphide on
sulphurous acid; M. Berthelot, by the action of sulphur dioxide on soln. of alkali
sulphides ; and by the electrolysis of conc. sulphuric acid or by the action of hydro-
gen sulphide or phosphine on that acid. E. Miinster, and E. Mulder obtained it
by the action of hydrogen sulphide on fuming nitric acid ; W. R. E. Hodgkinson,
by the action of hydrogen sulphide on chlorine, bromine, or iodine ; and F. Selmi,
on nitrogen tetroxide, nitric acid, aqua regia, and soln. of ferric salts; F. Selmi
and G. Missagi, on sulphur monochloride; and M. Berthelot, on chromic acid.
P. Sabatier obtained it by the action of a sat. soln. of hydrogen sulphide on hydrogen
polysulphide, and M. Berthelot, by the action of fuming nitric acid on metal
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sulphides. Nitric acid, or sulphur dioxide, acts on molten sulphur above 115°, form-
ing some insoluble, amorphous sulphur. M. Dietzenbacher found that by heating
400 parts of sulphur with one part of iodine or potassium iodide much ingoluble sul-
phuris produced ; bromine acts at 200°, and chlorine at 240°, producing respectively
75-80 per cent. and 65-70 per cent. of insoluble sulphur. According to A. Wigand,
when liquid or dissolved sulphur—with benzene or carbon tetrachloride as solvents
—is exposed to light, the insoluble sulphur which separates—8,—is in the colloidal
state. The change of soluble sulphur—S)—into insoluble sulphur on exposure to
light is reversible, and a true photochemical equilibrium is attained, both in the
case of liquid and dissolved sulphur. The position of equilibrium and the rate of
change depend on a number of factors, such as the temp., rate of stirring, nature
of solvent, extent of surface exposed to light, etec. J. Amann found that under
the influence of light, soln. of sulphur in carbon disulphide, carbon tetrachloride,
benzene, amyl alcohol, or turpentine, show considerable changes in the ultra-
microscopic character of the solutions. The transition from the amicroscopic to
the micellary condition diminishes in velocity as the viscosity of the dispersive
medium increages. - The adsorption of the particles by the glass walls of the
containing vessel decreases simultaneously.

According to K. Schaum, all kinds of sulphur, which are insoluble in carbon
disulphide, are amorphous, and when pure furnish flocculent powders. M. Berthelot
found that these forms of sulphur very slowly pass into the a.form, for flowers of
sulphur which has been kept 50 years still contains some insoluble sulphur. The
change to the stable a-form is rapid with this and all other varieties of sulphur when
heated above the m.p. and slowly cooled ; and if heated to 110°-120° for some weeks
in contact with soln. of alkalies, alkali sulphides, or hydrogen sulphide. C. J. St.
C. Deville found that insoluble sulphur is very slowly transformed into soluble
sulphur at 60°-~70° ; and A. Smith and W. B. Holmes observed that a sample with
2-8 per cent. of insoluble sulphur when kept 10 hrs. at 70°, contained only 0:57 per
cent., and none when treated similarly at 100°, M.J.Fordos and A. Gélis, G. Magnus,
M. Berthelot, B. C. Brodie,and R. Weber also noticed that the transformation readily
oceurs in contact with water at 100° or by simply heating the insoluble sulphur to
that temp. M. Berthelot said that the insoluble sulphur prepared from thiosulphates
is least stable towards heat, and passes into soluble a-sulphur most rapidly. At
first, the transformation with the insoluble variety of sulphur prepared from sulphur
monochloride proceeds more quickly than is the case with that obtained from flowers
of sulphur; but after 15 minutes, the transformation with the variety obtained
from sulphur monochloride proceeds most slowly. M. Berthelot found that contact
with iodine, sulphur monochloride or bromide, or with fuming nitric acid, favours
the transformation of the less stable insoluble form into the more stable a- or
soluble form. K. Schaum, and A. Smith and W. B. Holmes observed that contact
with carbon disulphide favours the transformation of insoluble into soluble sulphur.
K. Schaum supposed that there is a state of equilibrium between the two forms in
the presence of carbon disulphide as is shown by the passage of a-sulphur into the
insoluble form by exposure to light. According to F. W. Kiister, when soluble
sulphur is heated in vacuo at 141-7°, about 5-2 per cent. of insoluble sulphur is
formed, the amount formed being independent of the time; after 1 hour, this
amount is approximately the same as after 16 hours. When heated at 183°, the
amount of insoluble sulphur is also independent of the time, and also apparently
of the temp., since about 6 per cent. of insoluble sulphur was obtained. When
heated at 448° for 15 minutes and then gradually cooled, 1-8 to 3-3 per cent. of in-
soluble sulphur is formed ; when, however, the molten sulphur is suddenly cooled
by plunging into cold water, 30-9 to 342 per cent. of insoluble sulphur is obtained.
The formation of the insoluble modification and the converse formation of soluble
sulphur take place, therefore, with extreme rapidity, so that the amount of in-
soluble sulphur which is present after crystallization is not dependent on the temp.
and time of the heating, but on the rate of the crystallization and the temp. at which
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it takes place. A sample of insoluble sulphur which has been kept for 5 months,
when treated with carbon bisulphide, gives the same percentage of soluble matter
as when freshly prepared. On evaporating the solution, the sulphur separates in
solid drops which show no signs of crystallization under the microscope, but give
evidence of crystallization when subjected to polarized light. This sulphur is not
completely soluble in carbon bisulphide, so that the * insoluble” modification,
when dissolved, is not completely converted into the soluble modification. Hence,
it is concluded that the soluble and insoluble modifications have different molecules
in soln., that they are not only physical isomerides, but chemical isomerides, having a
relation to each other similar to that of ozone to oxygen. According to W. Spring,
at 8000 atm. press., the insoluble part of flowers of sulphur passes into the a-form
at 13°; R. Threlfall and co-workers also noticed that when the insoluble form
of sulphur is subject to press., it passes into the soluble form. IL. Troost and
P. Hautefeuille found the sp. gr. of soluble sulphur to be 2-046; E. Petersen, 1-87;
R. F. Marchand and F. Scheerer, 1-957-1:961 ; C. J. St. C. Deville, 1-919-1-928 ;
B. Rathke, 1-91-1-93; G. Osann, 2-:027; and M. Tépler, 1-849 at 40°-50°.
M. Tépler also found that if the sp. vol. of liquid sulphur at 120° is unity that of
insoluble sulphur at 30° is 0-963 ; at 60°, 0-979 ; at 120°, 0-995; at 140°,1-001 ;
at 160°, 1-007 ; at 180°, 1-014; and at 200°, 1-021. The coeff. of thermal expan-
sion is 0-0003-0-0004 at 30°. M. Berthelot observed that the passage from the
insoluble to the soluble form is attended by a rise of temp., and that this is due
to the insoluble sulphur possessing a greater sp. ht. than a-sulphur. The heats of
oxidation of both forms is 69-1 Cals. E. Petersen gave 71:99 Cals. for the insoluble
amorphous form, and 71-99 Cals. for ordinary a-sulphur. P. A. Favre showed that
the heat of oxidation of insoluble sulphur to sulphuric acid is less than is the case
with a-sulphur ; and is such that an eq. of a-sulphur develops 2102 cals. in passing
to insoluble sulphur ; while the passage of an eq. of oily sulphur from thiosulphate
develops 3102 cals. in passing to insoluble amorphous sulphur. P. A, Favre and
J. T. Silbermann found that sulphur recently melted and crystallized has a higher
heat of oxidation than that which has been crystallized for a long time.

M. Berthelot assumes that the sulphur present in different compounds is in a
different state—e.g. the sulphur in the alkali polysulphides is said to be present in the
soluble form ; whilst in the thiosulphates and sulphur monochloride, it is in the in-
soluble state ; and that sulphur issoluble when present as an electronegative element,
and insoluble when electropositive. He considers that this is shown by the modes
of formation of the different varieties of sulphur, as well as by the electrolysis of an
9. soln. of hydrogen sulphide where only soluble sulphur appears on the positive
pole; and in the electrolysis of sulphurous acid, almost insoluble sulphur collects
on the negative pole. The soluble sulphur is said to unite more readily with the
metals than does insoluble sulphur, but P. A. Favre found that the insoluble sulphur
is oxidized more readily by hypochlorous acid than a-sulphur. 8. Cloez does not
agree with M. Berthelot since he found that insoluble sulphur unites more readily
with iron and mercury, and with nascent hydrogen produces more hygdrogen sulphide
than does soluble sulphur. He supposed that sulphur separates from all com-
pounds in the insoluble form, and that it is transformed by the surrounding liquid
into more or less soluble sulphur. L. Faucher found that when flowers of sulphur
is boiled with a soln. of sodium hydrosulphite, the insoluble form of sulphur is the
first to dissolve ; F. Bellamy also found that the insoluble form of sulphur gives
more hydrogen sulphide when boiled with a soln. of sodium sulphite and it is dis-
solved more quickly. W. Schmitz-Dumont said that both kinds of sulphur give the
same amotnt of hydrogen sulphide, but the insoluble form does dissolve more
quickly. W. Miiller-Erzbach showed that insoluble sulphur is oxidized by potas-
sium permanganate more quickly than is the soluble form ; and M. Berthelot, that
the insoluble sulphur is more active in forming trithionic acid than is the case with
a-sulphur.

A variety of sulphur, called black sulphur, or metallic sulphur, was reported by
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G. Magnus,® and F. Knapp. It is said to be formed when sulphur is repeatedly heated to
about 300° and abruptly cooled. G. Magnus calied the product roten oder schwarzen
Schwefel. He also obtained it by melting together equal parts of sodium carbonate and
sulphur, since it is considered that liver of sulphur owes its coloration to this form of sulphur.
The red, insoluble residue remaining when the liver of sulphur is treated with a soln. of
potassium cyanide, washed and dried, is supposed to be black sulphur. When viewed in
thin films by transmitted light, black sulphur appears intensely blue, and it imparts a
blue colour to fused salts—borax, sodium and potassium chlorides, sodium sulphate, etc.
E. Mitscherlich considered black sulphur to be ordinary sulphur coloured by admixed organic
matter, and he showed that the presence of 0-002 part of fat is able to colour red a thin
layer of sulphur, and a thick mass, black. G. Magnus, J. Moutier and M. Dietzenbacher,
and A. Keller showed that numerous organic substances besides fat and metal sul-
phides will do the same thing when heated to 300°. H. C. Jones found that black sulphur
remained as a residue when sulphur is burnt in air. G. Magnus and R. Weber, and F. Knapp
regarded black sulphur as a special modification of the element. H. Biltz and G. Preuner
showed that a black residue remains when sulphur is distilled, and R. von Hasslinger
found that this residue is not the same as black sulphur since it contains an iron
carbide formed by distilling sulphur with iron and a hydrocarbon, but not with iron alone.
M. C. Schuyten assumed that Schwefel sich bei langsamer Verbrennung an der Luft teilweise
in Eisen verwandelf. B. Neumann found black sulphur occurring native in Mexico, and
concluded that the so-called black sulphur is not an allotropic modification, but ordinary
yellow sulphur coloured black by small quantities of carbon or of metal—iron or platinum—
sulphides, He said that the presence of carbon in the black sulphur is explicable on the
assumption that the hydrocarbons in the volcanic exhalations from which the sulphur is
deposited do not come into contact with sufficient air for complete combustion, with the
result that carbon is deposited. The microphotographs of black sulphur show the presence
of sulphur and amorphous carbon side by side. G. Magnus supposed that black sulphur
is the cause of the dark colour assumed by viscid or plastic sulphur. W. Muthmann
suggested that black sulphur is the metallic form corresponding with metallic tellurium
and selenium (g.v.), and if so it should crystallize in the trigonal system.

According to F. Wohler, R. Weber, F. C. and A. Vogel, and J. S. C. Schweigger,
if a conc. soln. of ferric chloride be mixed with 50-100 times its vol. of a soln. of
hydrogen sulphide, the liquid assumes a deep blue colour—blue sulphur. H. Schiff
added that if a soln. of liver of sulphur be added to the ferric chloride soln., violet-
coloured sulphur is formed, while if the ferric chloride soln. be added to the
other soln. drop by drop, the colour passes from green to dark blue—vide infra,
sulphur sesquioxide. J, W. Débereiner noticed the blue colour of the colloidal soln.
of sulphur obtained by oxidizing a soln. of hydrogen sulphide. A. Miiller and
H. Dubois obtained the blue colour when preparing carbon tetrachloride by the
reaction : C8,4-28,Cl,=CCl, 438, in the presence of ferric chloride ; with aluminium
chloride, the colour is darkened ; and with cadmium chloride, green. C. J. Gil
obtained a blue coloration when alcohol or acetone acts on ammonium, sodium,
or calcium polysulphide. C. Geitner obtained an ephemeral blue colour on heating
sulphurous acid and barium or strontium carbonate in a sealed tube at 120°-130°;
by heating sulphur with water and hydrogen, metallic zinc, or aluminium hydroxide ;
and by heating an aq. soln. of hydrogen sulphide to 200° in a sealed tube—on cooling
the blue colour disappeared. In general, the blue sulphur appears at the moment
sulphur is formed ; N. A. Orloff found that when a benzene soln. of sulphur mono-
chloride acts on metal sulphides—especially bismuth trisulphide—a green,
amorphous powder is formed which is not soluble in any solvent—water or acids
-—excepting carbon disulphide, to which it imparts a pale green tint. Uranyl
sulphide, platinum disulphide, and silver sulphide give similar results with sulphur
monochloride. Cadmium sulphide and sulphur monobromide boiled with toluene
also yield blue or green sulphur ; but with sulphur iodide, no such reaction occurs.
Smaller yields are obtained if no solvent is used. Among the conditions of forma-
tion of this modification of sulphur, the most striking feature is the influence of dis-
sociation on the incompleteness of the reactions by which it is formed. Such
reactions are that of ammonium sulphide on alcohol or acetone. According to
E. Paterno and A. Mazzucchelli, when 95 per cent. alcohol is mixed with traces of
polysulphide there is produced a blue, and with larger quantities a green, colora-
tion, but only when the alcohol is heated ; in the cold, the liquid assumes a yellow
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colour. The reaction is sharper with potassium or sodium polysulphide than with
the ammonium compound, but, in any case, the coloration is only transitory.
With acetone the colorations are more intense and more persistent, the best results
being obtained by adding an alcoholic soln. of potassium polysulphide to boiling
acetone ; even in the cold these solutions give a blue coloration, but this changes to
green and ultimately to yellow with less quantities of the polysulphide than when
boiling acetone is employed. The view that these colorations are due to a limited
decomposition of the polysulphide is supported by the observations that intense
and moderately persistent colorations are obtained with basic solvents such as
pyridine, ethylamine, and allylamine, which are able to form saline compounds
with persulphuric acid, whilst with water, the most highly dissociating solvent, no
coloration 1s formed. It is also produced by the action of heat on potassium
thiocyanate. Thus, according to E. Paterno and A. Mazzucchelli, when potassium
thiocyanate is heated, it melts at 172:3° to a colourless liquid, which begins to turn
blue at 430°, the colour gradually deepening to an intense indigo if this temperature
is maintained. When the salt is cooled, the colour begins to fade at about 300°, .
but only disappears completely in the neighbourhood of the m.p.- If the blue liquid
is maintained at above 500°, it changes to an opaque, incandescent, red lignid, but
again becomes blue immediately on cooling ; even at this temp. there is no appreci-
able separation of free sulphur, although the thiocyanate retains a yellow colour
after cooling. When heated in a current of oxygen at above 400°, potassium thio-
cyanate loses in weight rapidly, sulphate and polysulphide being formed. The
reaction was also studied by W. B. Giles, and J. Milbauer. Green sulphur melts
when heated and burns in air to an inappreciable residue; and it has all the
properties of precipitated sulphur. The green powder loses its colour when dried
or when acted on by water, alcohol, or ether, and it can be kept only under benzene,
toluene, carbon disulphide, or olive oil. When placed under commercial xylene,
it acquires first a blue and afterwards a red tint. When heated with persulphuric
acid, the latter acquires a yellow colour ; green sulphur is oxidized by hot nitric acid.
P. P. von Weimarn found that a soln. of sulphur in glycerol or ethylene glycol is
colourless, but when heated to 160°, it becomes clear blue, the depth of colour in-
creases with rise of temp., and with the conc. of the sulphur. The colour is not due
to an oxidation product in the solvent because it is not altered when oxygen is
expelled by hydrogen or carbon dioxide. Acids—e.g., boric acid—completely inhibit
the colour, but the smallest addition of alkali suffices to intensify it to an indigo-blue.
Methyl, ethyl, propyl, butyl, and amyl alcohols give either colourless or yellowish-
green solutions of sulphur, but if a little alkali or alkaline-earth oxide be added, a
blue or greenish-blue soln, is obtained. Similar results are given with acetone and
evenwithwater. Ammonium polysulphide soln. at certain dilutions, and sulphur dis-
solved in fused potassium thiocyanate or potassium chloride, show the same colour.

According to Wo. Ostwald and R. Auerbach, cryoscopic measurements with
the clear blue solutions of sulphur in pyrosulphuric acid show the mols. to be
diatomic. It is to be assumed that blue soln. in other solvents (e.g., hot glycerol)
also contain the sulphur in this form, which is thus much more highly dispersed
than in most organic solvents in which the mols. are octatomic. There are two
series of sulphur soln. of varying degrees of dispersion and varying colour. One
is obtained, e.g., by the progressive dilution of pyrosulphuric acid-sulphur soln.
with water ; and the second, e.g., by the decomposition of thiosulphates with acid.
The first series begins with the highly-dispersed 8; mols. and passes through the
colloidal range to coarse dispersions. The second begins at the smallest colloidal
particles and finishes also at coarse suspensions. The colours of the first series start
at pure ultramarine blue and pass to green, then to opalescent yellow, red, violet,
then to a very turbid and impure blue and green, and finally to yellow, macroscopic
sulphur. In the second series, the latter colours are more readily reproducible.
They commence with the opalescent yellow and thereafter follow the same order.
Sulphur soln. with sufficiently wide variations of dispersion thus pass through the
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visible spectrum twice, and thus furnish a colloidal analogue to the colours observed
by J. Piccard with organic compounds. The colour changes are produced by
the movement of three absorption bands. In molecularly dispersed (Sy) soln.,
two of these bands are in the nltra-violet, and one in the visible spectrum. With
decreasing dispersity, the bands shift towards the longer wave-lengths.
N. A. Orloff infers that a blue modification of sulphur really exists, that it appears
green when mixed with yellow sulphur, and that it is very unstable, being able to
exist at the moment of its formation in certain reactions, and in a peculiar state of
fixation in some inorganic or organic compounds. Thus, bismuth, zine, or cadmium
sulphide furnishes a green sulphur which dries white, and which is associated With
a little of the metal chloride. H. Moissan observed coloured soln. were obtained
with sulphur and liquid ammonia (¢g.v.), and likewise also A. Stock and M. Blix.
J. Hofmann suggested that the blue colour of a soln. of disulphur trioxide in cone.
sulphuric acid, observed by C. F. Bucholz, is due to the presence of a trace of colloidal
sulphur. Wo. Ostwald obtained coloured soln. of sulphur by putting pieces of
ordinary sulphur in boiling glycerol. R. E. Liesegang obtained a blue soln. by the
action of citric acid on a gelatinous soln. of sodium thiosulphate. If the reaction
goes too slowly, the colour disappears. The phenomenon is attributed to the high
degree of dispersion of the precipitated sulphur. Coloured soln. of sulphur in boric
oxide, phosphorus pentoxide, potassium thiocyanate, potassium cyanide, and glycerol
were observed by J. Hofmann ; and in ethyl alcohol and acetone, by E. Paterno
and A. Mazzucchelli. C. Geitner also referred to the colour of some minerals—
celestine, heavy spar, flint, hauyne, etc.—supposed to be due to the blue modification
of sulphur. C. Geitner, and G. N. Lewis and co-workers observed that when
sulphur is heated in quartz with dil. neutral or slightly alkaline soln. of non-reacting
salts such as potassium chloride, sodium sulphate, magnesium sulphate or potassium
orthophosphate, a blue colour of the shade of indigo appears, and is first noticeable,
in a tube of 05 cm. diameter, at about 130°. The intensity of the colour increases
rapidly with the temp. On cooling, the colour disappears and milky sulphur is
precipitated. Pure water in quartz gives no colour with sulphur, but in glass
the colour appears, owing doubtless to the dissolved alkali. In the presence of acid
this colour does not appear, A. Colson, and J. B. Senderens made some observations
on this subject. N. A. Orloff likens the formation of blue sulphur by oxidizing
hydrogen sulphide with ferric chloride soln. to the formation of ozone by oxidizing
water with fluorine ; it was suggested, solely by the analogy with this reaction,
that, like ozone, Og, the mol. formula is Sz, and this hypothetical compound
has been called thiozone. The analogy is a poor one. The argument has
been supported by the observation that sulphur in certain combinations pro-
duces an intense coloration as in the thiozonides of H. Erdmann. E. Paterno
and A. Mazzucchelli added that the properties of blue sulphur and ozone allow of no
such analogy being drawn. They also found that when sulphur is vaporized in a
transparent, quartz vessel, it is seen that it has at first a deep, reddish-yellow
colour, which, at higher temp., becomes very faint, and is ultimately replaced by a
characteristic, pale-blue colour, this disappearing when the vapour cools. The same
blue colour is observed when sulphur is volatilized in an atmosphere of carbon
dioxide, but not when an atmosphere of sulphur dioxide is employed. N. A. Orloff,
and F. Knapp regard the blue colour of ultramarine (¢.v.) as due to the presence of
sulphur in a special state of aggregation, a view not held by some workers because
the blue colour is retained at a red-heat. This subject was also discussed by
J. Hofmann. ’

0. C. M. Davis and F. W. Rixon associate the chromogenetic properties of sulphur
with the energy of combination, and more particularly with the energy left
unabsorbed from the gross energy of the system, thongh in the case of sulphur
itself, the variations in colour may be due to the sizes of the particles, and variations
in intermolecular structure. The colour of ordinary sulphur and of plastic sulphur,
and of the polysulphides ; the yellow sulphur mono- and di-chlorides ; the brownish-
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red sulphur tetrachloride ; the yellowish or greenish-yellow soln. of sulphur dioxide
in conc. soln. of alkali or ammonium hydrosulphites; the yellow compounds of
thiosulphates and sulphur dioxide ; and the yellow compounds of sulphur dioxide
with potassium iodide or thiosulphate are of interest. In the colourless sulphur
compounds—sulphides, hydrosulphides, hydrogen sulphide, sulphites, sulphates,
thiosulphates, and polythionates—H. Bassett and R. G. Durrant have pointed out
that the sulphur atom is surrounded by a shell of 8 electrons, and the co-ordination
number ranges from zero in the case of the 8”-ions to 4 in the cage of the sulphates.
Hence the lack of colour is assumed to depend on the presence of an outer shell of
8 electrons, and to be independent of the co-ordination number of the atom. The
sulphur atom in colourless sulphur hexafluoride has an outer shell of 12 electrons.
They assume that an outer shell of 10 elecirons determines the visible colour produced
by sulphur, although the actual colour of & particular compound must depend on its
structure and composition as a whole, Thus, the union of a 10-electron sulphur
atom with one of 8 electrons may promote the colour in a similar way to that
assumed by R. Willstdtter and J. Piccard in organic compounds with a meri-
qmnonmdal gtructure. This is the case with yellow sulphur tetrachloride; in
potassium thiocyanate when associated with sulphur dioxide; in the greemsh-
yellow sulphite soln. containing Hy803.80, ; and in the ye]low thiosulphate soln.
associated with sulphur dioxide and containing K,8,05.80,. Potassium chloride
and bromide form colourless compounds with sulphur dioxide, so that the coloured
compound with potassium iodide must be connected with the iodine. Sulphur
dichloride on this hypothesis should be colourless; its yellow colour may be
dependent on association in the liquid state—that is, the co-ordination of a molecule
with the sulphur atoms of other molecules. The colour of sulphur and the poly-

sulphides is based on a colourless S<g molecule in which all the sulphur atoms have

8-electron outer shells, or of a S: 8.8-molecule in which each sulphur atom has an
8-electron sheath. Hydrogen disulphide, H.8.8.H, is colourless, but in yellow
hydrogen trisulphide, one of the sulphur atoms has a 10-electron sheath. It is not
probable that the sulphur—sulphur linkages in themselves have any great influence
on the colour because thiosulphates and polythionates have these linkages and are
yet colourless. . M. Delépine showed that, as a rule, compounds containing sulphur-
singly linked to carbon are not coloured, while those having sulphur doubly linked
to carbon are coloured if the molecule also, contains an acid group acting as an
auxochrome—e.g., the dithiocarbamates of J. von Braun and F. Stechele.

J. E. Purvis and co-workers showed that the bivalent 8 ; C-group must be regarded
as a powerful chromophore—uvide infra, absorption spectra. H. Lecher attributed
the darkening of the yellow colour of diphenyl disulphide, (CeHy)8. 8(CgH;), which
occurs when this compound is heated, not to a dissociation into free radicles, or to
a rearrangement of the atoms, but to a redistribution of the valencies.

P. P. von Weimarn showed that sulphur dissolves with an indigo or blue colora-
tion in water, ethyl, propyl, isobutyl, and amyl alcohols, acetone, glycerol, and
ethylene glycol if these solvents are rendered alkaline ; with the last two solvents
it is, indeed, unnecessary to add alkali, but this may come from the glass. When
these solvents are neutral or acidified, no blue colour appears. Any soln. of a
polysulphide becomes blue when heated if the solvent is not acid in character, and
does not decompose sulphides in general, and by variation of the conc. and temp.
such soln. may be obtained of any colour in the spectrum. The blue colour observed
in the above cages and that exhibited by fused potassium chloride and sulphur, soln.
of sulphur in ammonia or sulphur trioxide, etc., occurs When the linking of the
sulphur in these compounds, which are classed together as ‘ sulphydrates,”
weakened, that is, when the sulphur atoms approach a condition of freedom from
combination. The blue colour may appear over an interval of temp. ranging from
—80° to +800°. W. Biltz referred colour to unsaturation. The subject was also
discussed by W. Kossel, J. Meisenheimer, and Wo. Ostwald and R. Auerbach—
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wvide infra, sulphur sesquioxide. P. P. von Weimarn inferred from the widely
different nature of the solvents which form blue soln. of sulphur, and the necessity
of their being alkaline or neutral, that the colour is due to the formation of poly-
sulphides in which the sulphur is held by a specially weak linking. The presence
of single sulphur atoms or of combinations of sulphur atoms, not stable under
ordinary conditions, is regarded as possible. The blue colour of sulphur sesquioxide
(soln. of sulphur in sulphur trioxide) and of compounds of nitrogen and sulphur
(soln. of sulphur in liquid ammonia) is held to be due to the same condition of the
sulphur atoms. All such compounds are embraced by the term sulphurates, and they
give true soln. A classification of blue sulphur soln. is made in which, in addition
to the sulphurate group already described, three other groups are defined as follows :
(i) in which the colour is observed only by reflected light, 7.e. due to opalescence ;
(i1) in which the colour is observed by transmitted light, but is due to the scattering
of light from comparatively coarse colloid particles ; and (iii) in which the colour
depends on the relation between the refraction coeff. of the dispersing and dispersed
phases—uvide infra, sulphur sesquioxide.

According to R. Auerbach,¢ colloidal sulphur is capable of exhibiting various
colours dependent on its degree of dispersion, or the fineness of its particles. The
colour changes are well shown by adding a soln. of 0:1 c.c. of phosphoric acid of
8p..gr. 170 in 99 c.c. of water to a 0-05N-soln. of sodium thiosulphate. There is
first -a feeble turbidity, then a yellowish-blue opalescence, and this is followed
successively by yellow, green, red, violet, and blue colorations, and finally in about.
20 minutes, sulphur is precipitated. As previously indicated, C.L. Berthollet in 1798,
J. Dalton in 1808, and J. W. Dobereiner in 1813, prepared a colloidal solution of
sulphur by the action of sulphur dioxide on an aq. soln. of hydrogen sulphide ; and
H. W. F. Wackenroder observed that ““ if the liquid be frozen and thawed, a great
part but not all the suspended sulphur separates out; and if a neutral salt of an
alkali, like sodium chloride, be added to the acidic liquid, all the sulphur
is immediately precipitated in large flocks.” TFour years later, A. Sobrero and
F. Selmi investigated the sol, and concluded :

If water is added to it, it divides up, forming an emulsion, from which it does not
separate out, even on prolonged standing (several months). . . . If a little aqueous soln.
of a neutral potassium or sodium salt is added to the emulsion, sulphur is immediately
precipitated, but, singularly, if a sodium salt is used, the sulphur does not lose the property
of dividing itself up again in water. All that is necessary is to decant the liquid containing
the sodium salt, and to wash the precipitate several times with distilled water; after
the second or third washing the sulphur does not settle out, but regenerates the emulsion.
If a potassium salt, especially the sulphate, has been used, the precipitated sulphur has
completely lost the property of emulsifying in water. . . . In spite of repeated washing,
it always retains a trace of the potassium sulphate employed for the precipitation. . . .,
This enormous quantity of sulphur is, one would be inclined to say, dissolved, for it hardly
affects the limpidity of the liquid. . . . Sulphur can thus be modified in an extraordinary
manner by the substances present at the time of deposition, these adhering obstinately,
probably by simple adhesion, and can either acquire the property of emulsifying in water,
or assume a state of aggregation which prevents it dividing up in water. It thus appears
that sulphur exhibits phenomena analogous to those observed with many other substances,
which possess the power of dispersing and dividing themselves in a liquid, without com-
pletely dissolving in it, as e.g. soap, starch, and prussian blue, on which F. Sehni has pre-
viously made observations similar to those now described. These facts are related to a
set of phenomena which F. Selmi has classed together under the name of pseudo-solutions.
The number of pseudo-soluble substances seems to be rather large.

H. Debus obtained the colloidal sulphur, which he called 8-sulphur, by passing
hydrogen sulphide into sulphurous acid. The term §-sulphur is here employed for
a variety of crystalline sulphur. R. Engel obtained it by the action of hydrochlorie
acid on thiosulphuric acid—C. A. L. de Bruyn used about 0-5N-HCl and
0-5N-Nag8,05, and W. Biltz and W. Gahl also found that a colloidal soln. of sulphur
is produced by the hydrolysis of thiosulphuric acid (g.v.). M. Raffo found that in
order to separate the soluble and insoluble sulphur, the thick, cloudy liquid is diluted
somewhat, heated to 80°, and filtered through glass-wool. It is then left in a cool
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place for 12 hours, again heated and filtered, and these operations are repeated
until the whole of the insoluble sulphur has been removed. The end-product is a
cloudy, yellowish-white mass, which, on warming, yields a perfectly clear, yellow
liquid. On cooling, the colloidal sulphur separates, and is removed by centrifuging,
washed with a little cold water, again centrifuged, and dissolved in the least possible
quantity of water. The liquid is neutralized by addition of sodium carbonate, which
causes the sulphur to separate, and, after centrifuging, a residue of very nearly pure
soluble sulphur is obtained. On removing the sodium sulphate from the neutralized
soln. by dialysis, the soln. becomes unstable and insoluble sulphur separates. Hence,
a pure aq. soln. of colloidal sulphur cannot be obtained. Coagulation also occurs on
the addition of various electrolytes. The sulphur precipitated by sodium chloride or
nitrate dissolves on warming or on dilution, and that precipitated by potassium
chloride, nitrate, or sulphate is insoluble. Precipitation does not take place, in
general, on the addition of ammonium sulphate, nitrate, or chloride, or of sodium
sulphate. Dilute un-neutralized soln. remain clear for long periods, although small
quantities of rhombic and monoclinic sulphur are gradually deposited. Conec.
soln. become cloudy in consequence of the separation of insoluble sulphur.
M. Raffo and J. Mancini concluded that definite amounts of electrolytes are necessary
for a stable sol. Potassium salts are more active than the corresponding sodium
salts ; whilst these are a little less effective than magnesium or zinc salts. M. Raffo
and G. Rossi showed that if the sulphur in a colloidal soln. is precipitated by sunlight,
the electrical conductivity of the resulting aq. soln. containing sodium sulphate and
sulphuric acid is very much larger than that of the original colloidal soln. When
further quantities of the sulphates are added to the colloidal sulphur soln., the
observed increase in conductivity agrees, however, with that calculated on the
assumption that the sulphur is without influence on the added electrolytes. These
facts seem to show that the sulphates originally present in the colloidal soln. are in
some way associated with the sulphur. This condition cannot be attained by the
subsequent addition of the salts to the colloid. H. Vogel, and H. Bovel modified
the process. M. Schaffner and W. Helbig treated hydrogen sulphide with sulphur
dioxide in a soln. of calcium or magnesium chloride ; I. Guareschi passed a mixture
of hydrogen sulphide and sulphur dioxide through water, and found that the latter
becomes milky owing to the deposition of colloidal sulphur, which is precipitated
in arborescent formation and falls from the surface to the bottom of the liquid in
spirals, each of which is terminated by a ring similar to the vortex-rings. E. Dittler
observed that when steam acts for a prolonged period on pyrites or marcasite, small
quantities of colloidal sulphur are produced. R. H. Brownlee found that the
amorphous sulphur, from sulphurous acid and hydrogen sulphur, contains 79 to 82:6
per cent. of insoluble sulphur. C. J. Fritzsche, and C. Brame mentioned the utri-
cular form of the particles of colloidal sulphur, J. Stingl and T. Morawsky said that
at the moment of separation the particles of sulphur have a spherical form; and
in the presence of salt soln., the spherules flocculate together. The action of the
salts does not follow stoichiometrical laws, but the effect is physical. The Chemische
Fabrik von Heyden prepared colloidal sulphur, for medicinal purposes, by pre-
cipitating sulphur from its soln. in the presence of protective colloids, say an albume-
noid, redissolving the product in a dil. soln. of alkali hydroxide, and precipitating
by aleohol, a mixture of alcohol and ether, or acetone. A. Himmelbauer prepared
colloidal sulphur by the action of gelatine or colloidal silica on a soln. of hydrogen
sulphide ; L. Sarason, by acidulating soln. of thiosulphates in glycerol thickened
with gelatine ; and by decomposing soln. of sulphur dioxide and hydrogen sulphide
in volatile solvents—carbon disulphide or tetrachloride, benzene, etc. According
to H. Vogel, the two gases are passed simultaneously into water containing a pro-
. tective colloid. The hydrogen sulphide is kept in excess, in order to increage the

yield of colloidal sulphur and to rednce the formation of polythionic acids. The
size of the particles depends on the temp. of the liquid, and is less than 25uu when
the temp. is kept between —3° and 4°. For storage, the soln. are placed in closed
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receptacles while still saturated with hydrogen sulphide. The Aktiebolaget passed
a mixture of these two gases into 0-1N-acid, and precipitated the colloidal sulphur
with sodium chloride. The gel may be converted into a sol in the usual
way. J. Meyer saturated a few c.c. of a soln. of hydrazine sulphate with ground
sulphur, and poured a few drops of the soln. into several litres of water, with
vigorous agitation. P. P. von Weimarn and co-workers based a process for pre-
paring colloidal soln. of sulphur on the rapid condensation of the mols. of the dis-
solved substances when the solvent, alcohol, is replaced by a dispersion medium,
water, which dissolves the solvent, but dissolves very little or none of the sulphur,
If a conc. soln. is added to such a dispersion medium, fine disperse particles are
obtained, but not colloidal soln. E. Miiller and R. Nowakowsky prepared colloidal
soln. of sulphur by the cathodic disintegration of a piece of sulphur fused on the
platinum with an e.m.f. of 220 volts. T. Svedberg also obtained the colloidal sol
by an electric discharge ; and H. H. Wilkinson, by condensing the vapour in vacuo.
F. Sekera sprayed a soln. of sulphur in a solvent into a room hot enough to evaporate
the solvent. Wo. Ostwald and I. Egger obtained the colloid by pouring & soln. of
sulphur in hydrazine hydrate into hot water, and dialyzing the product.

The Thomsen Chemical Co. prepared colloidal sulphur by grinding it with a
colloid—say, 50 parts of sulphur, 5 of glue, and 50 of water ; other protective colloids
can be used—extract of soap-bark, Irish moss, gum tragacanth, or gum arabic.
The soln. is not precipitated by sulphuric acid, and is used as an insecticide.
P. Ducancel and H. Gouthiere incorporated very finely-divided sulphur with a
saccharate of an alkaline earth, and found that the product is miscible with water.
Tt is used for the treatment of vine diseases. W. F. Sutherst and H. Philipp, and
F. C. Elphick and J. R. Gray prepared colloidal soln. of sulphur from the poly-
sulphides. A. Mittasch and F. Winkler, and the Hevea Corporation mixed resin,
soap, or other protective colloid with an aq. soln. of & polysulpﬁide and then treated
the mixture with an acid; and J. Y. Johnson used soap, gelatin, cesein, sulphite
cellulose waste liquor, glycerol, etec., as protective colloid. M. Lora and M. Tamayo
obtained a hydrosol by adding drop by drop with stirring a hot alcoholic soln.
of sulphur to an equal vol. of a one per cent. soln. of gelatin, and heating the mixture
under reduced press. until half the alcohol had evaporated. A. Gutbier passed super-
heated sulphur vapour free from air into air-free water, and obtained a white
sulphur hydrosol containing up to 0-082 per cent. 8. The soln. has an acidic reaction
owing to the presence of traces of polythionic acid and water. Sols with a higher
sulphur content—up to 0-85 per cent.—were made by condensing sulphur vapour
in dil. soln. of organic protective colloids—e.g. 0-5 per cent. saponin or a 1-0 per cent.
soln. of starch. H. Plauson, A. J. Auspitzer, P. P. von Weimarn and 8. Utzino
studied the colloidal sulphur soln. obtained by grinding sulphur with dextrose, ete.
8. Roginsky and A. Schalnikoff obtained the colloid by condensing the vapour on
a surface cooled by liquid air.

According to R. E. Liesegang, if a few drops of a 20 per cent. soln. of citric acid
be placed on a thin layer of a solidified soln. containing gelatin and sodium thio-
sulphate, the precipitation of sulphur which results from the diffusion of the acid
is accompanied by the development of colour effects. In transmitted light, the
colour is a deep lilac-blue. The colour is not due to interference, but appears to be
determined by the size of the colloidal particles. After about twenty-four hours,
* the colour effects disappear, and this is supposed to be due to the conversion of
Sy into Sy. A. Lottermoser examined the particles with the ultramicroscope.
R. Zsigmondy measured the osmotic pressure. 8. Odén showed that in the coagula-
tion of colloidal soln. of sulphur of different degrees of dispersion, the conc. of
electrolyte necessary for coagulation increases as the suspended phase becomes
more highly dispersed. The stability of the sol towards sodium chloride and
hydrochloric acid increases with the dispersion of the sol ; but 8. Utzino found that ~
the maximum stability does not occur with colloidal soln. with particles in the
finest state of subdivision. §. Odén prepared sulphur hydrosols with particles of
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nearly uniform sizes. In T. Svedberg’s relation between the solubility, C, of
colloidal sulphur, the temp., 8, and the cone. of the dissolved electrolyte, C’—-ek(ﬂ_ﬂo)
where C' denotes the percentage conc. of the colloidal sulphur; and 6, and % are
constants depending on the degree of dispersion of the hydrosol, and the conec. of
the electrolytes in soln., it was found that for a given dispersion, % is nearly inde-
pendent of the conc. of the electrolyte—sodium chloride—whilst f, increases with
the quantity of the coagulant. For a given conc. of the salt, & and §;, diminish as
the degree of dispersion of the hydrosol increases, the rate of diminution of o being
much greater than that of k. The addition of acids in small quantities reduces the
value of 6, while £ remains unchanged. If the particles are of different sizes, the
equation no longer represents the relation between the coagulum and the soln.
on the temp. §. 0dén studied the sp. gr., the viscosity, and the surface tension
of colloidal soln. of sulphur; D. N. Chakravarti and N. R. Dhar, the viscosity ; and
P. P. von Weimarn and S. Utzino found the life-curves of dispersed sulphur
supported the theory that adsorption and chemical forces are essentially the same.
G. Quinck found that the particles have a negative charge and travel cataphoretically
to the anode during the electrolysis of a colloidal soln. of sulphur. I. Parankiewicz
calculated the elementary charge on the particles to be of the order 10713
electrostatic units; R. Bar gave 10710; and K. Wolter, 4-8x10710,
A. F. Guerasimoff studied the electrical endosmose of sulphur sols.. D.N. Chakra-
varti and N. R. Dhar found that the sp. electrical conductivity of a sol of sulphur
with 3-5 grms. of sulphur per litre changed from 3-84x1073 to 3-06 X102 in 89
days, and the viscosity changed from 0-00989 to 0-01054.

P. Bary said that colloidal sulphur in the form of a limpid liquid is a hydrophilic
colloid, capable of absorbing water. This absorption is favoured by the presence
in soln. of small amounts of salts of univalent metals, whilst it is prevented by the
action of salts of bivalent metals. Such colloidal sulphur is not pure sulphur, but
a compound containing sulphur in a highly polymerized state. The compounds
are easily dissociable, and only exist in aq. medium in the presence of substances
which limit their decomposition. When the swelling of the granules, due to the
absorption of water, becomes small, the granules lose their transparency and the
liquid becomes milky and loses its stability. According to H. Freundlich and
P. Scholz, colloidal sulphur obtained by the interaction of hydrogen sulphide and
sulphur dioxide, or by the decomposition of the thionic acids, are hydrophilic, whilst
that obtained by pouring an alcoholic soln. of sulphur into water is hydrophobic.
Hydrophobic sulphur is negatively charged, and it is coagulated by electrolytes
according to the general laws concerning the coagulation of hydrophobic sols,
namely, (i) the strong influence of the adsorbability and valency of the cations, (ii) the
strong effect of the hydrogen-ion, and (iii) the slight effect of the hydroxyl-ion. The
sols may only be prepared in relatively small concentrations, the coagulum is not
peptized by washing with water, and the sols may be preserved for a day or twa
only. The coagulation of the hydrophilic soln. is markedly different; and the
difference is shown mainly in the following points: (i) alkali salts have a ten to
twenty times weaker coagulating action than with Weimarn’s sol ; (ii) the lyotropic
series of the cations is well-defined ; lithium-ions have a very weak coagulating
action, whilst sodium-, potassium-, rubidium-, and cesium-ions are markedly and
mecreasingly stronger; (iii) acids have a still weaker coagulating action than the
alkali salts ; (iv) alkalies convert the hydrophilic sol into one with properties similar
to those of the hydrophobic sol. The assumption that the micelle of the hydrophobic
sol consists of A-sulphur and those of the hydrophilic sol of u-sulphur is not sufficient
to explain the differences, because the behaviour towards either bases is not
. explained. A possible explanation is that the hydrophilic sol contains pentathionic
acid, while the hydrophobic sol does not. The presence of pentathionic acid is
proved by (i) the acid can be detected in the filtrate from coagulated sulphur by the
fact that on the addition of alkali more sulphur is deposited ; (ii) prolonged action
of alkali on coagulated sulphur or sulphur micelle brings about the formation of
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thiosulphate ; this action is brought about by ammonia without the sulphur itself
being markedly attacked. It is probable that the pentathionic acid is adsorbed
in the sulphur particles, since this substance is very difficult to remove by washing.
The quantity of pentathionic acid bound to the sulphur is found to be 0-1 to 0-7
millimol. per gram of sulphur. The influence of pentathionic acid on the stability
of the hydrophilic sol is explained by assuming that this acid has a constitution
closely related to that of water and sulphur, and therefore facilitates the formation
of micelke, which, in addition to sulphur and pentathionic acid, contain large
quantities of water. . The greater water content of the hydrophilic sol is indicated
by its greater transparency when compared with a hydrophobic sol of equal sulphur
* content. The micelle are represented by

Su
+ 144 S
[bso6 H, |S;0, [H 6]
H,0 2
Hydrophilic sol. Hydrophobic sol.

This hypothesis explains the behaviour on coagulation when (i) alkalies decompose
the pentathionic acid, whereby the loose combination between the sulphur and water
is also disturbed and converted into one which is similar to that of the hydrophobic
sol ; and (ii) acids have such a feeble coagulating power because they increase the
stability of the pentathionic acid and produce more pentathionic acid from the
pentathionates which may be present. The structure also is in keeping with
the fact that hydrogen sulphide has an action on the sol similar to that of the alkalies;
that is, it converts it into a hydrophobic sol which is much less stable because the
pentathionic acid is decomposed by hydrogen sulphide with separation of sulphur.
Further, sols of the same nature as hydrophilic sol are obtained by reactions which
produce both sulphur and pentathionic acid; for example, the decomposition
of sulphur monochloride by water: B5S,Cly+6H,0=58+4H,8;04-+10HCL. The
stability of hydrophilic sol, which is due to pentathionic acid, does not depend on
the charge of the micelle. Whether or no hydrophilic sol contains S, cannot be
definitely answered, although the yellow colour of the sol makes it extremely
likely that this variety of sulphur is present. The peptization and coagulation of
sulphur hydrosols was studied by A. Gutbier, P. C. L. Thorne and co-workers,
A. Fodor and R. Rivlin, A. von Buzagh, G. Rossi, Wo. Ostwald, N. N. Andreeff,
A. Ivanitzkaja and L. Orlova, S. Odén, 8. Ghosh and N. R. Dhar, A. von Buzagh,
H. B. Weiser and G. E. Cunningham, W. A. Dortman, E. Iwase, H. Freundlich, and
G. Rossi and A. Marescotti. I. D. Garard and F. M. Colt found that soln. of sulphur
in benzene, toluene, xylene, kerosene, acetone, and ethyl acetate were prepared by
the reaction between hydrogen sulphide and sulphur dioxide. The benzene sols
had a deep yellow colour and contained 1-4 to 1-8 per cent. of sulphur. At the end
of four months, one sample gave no indication of coagulation ; it was affected little
or not at all by the electrolytes and organic substances which were tried as
coagulants. When the benzene was removed by evaporation, there remained a
sticky, yellow residue of amorphous sulphur, which could not be re-dispersed in
benzene. It dialyzed more slowly than dissolved sulphur through membranes of
ox-bladder and of cellulose acetate. It seems doubtful whether either water or
acids is responsible for the stability of these sols. E. Iwase studied the action of
mercaptan on the life-period of the sol. L. S. Bhatta and co-workers observed
that the addition of gelatin first makes the colloid more sensitive to coagulation
by potassium chloride, and with more gelatin, the soln. becomes stable. -

F. L. Browne ascribed variations in the heat of coagulation of a sulphur hydrosol
with the coagulant and with conc., to the heats of mixing of the coagulants
with the polythionic acids in the sols, as well as to incidental changes in adsorption.
Sulphur in the coagulum is in the same allotropic state as in the sol. G. Rossi
examined the coagulation of colloidal sulphur soln. by electrolytes. The amount
of potassium chloride or bromide required for flocculation increases with the pro-
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portions of sulphuric acid and sodium sulphate present in the soln. The quantity
of potassium permanganate adsorbed by sulphur is greater with dialyzed than with
non-dialyzed sulphur. J.Traube and E. Rackwitz discussed the action of protective
colloids. M. Raffo and G. Rossi showed that with a series of salts of the same
metal, the precipitation increases with the formula weight of the anion—but
nitrates are exceptional. The amount of sulphur precipitated by a fixed quantity
of the same electrolyte decreases as the conc. of the sodium sulphate and sulphuric
acid increases. The sulphuric acid and sodium sulphate are regarded as crystalloids
of formation. The electrical conductivity of a soln. of colloidal sulphur containing
sulphuric acid and sodium sulphate is lower than that of a similar soln. containing
no colloidal sulphur. The b.p. of a soln. of the same kind as the above is lower
after the colloidal sulphur has been removed than when the colloid is present.
Further, if a colloidal sulphur soln. containing sulphuric acid and sodium sulphate
is dialyzed to remove the electrolytes, and the same amount of electrolytes added
to the dialyzed soln., then the electrical conductivity has the same higher value of
the soln. from which the colloid has been removed. Hence, the action of the colloidal
sulphur extends to sulphuric acid and sodium sulphate even when these are present
in quantities larger than those required to stabilize the sol, provided that the excess
of these substances was present when the colloid was formed. Additional quantities
of thege substances added after the formation of the colloid are not affected by the
colloid. It is therefore assumed that crystalloids, in the form of sulphuric acid and
sodium sulphate, undergo a change in their physical nature in the presence of
colloids, which is shown by a reduction in the electrical conductivity and the
osmotic press. H. Rinde studied the adsorption of ions of colloidal sulphur.
H. Freundlich and E. Schalek measured the viscosity of colloidal soln. of sulphur;
I. Lifschitz and J. Brandt, the refractive index of colloidal soln., and found the
p-formula gave more constant results than the p2-formula ; N. Pihlblad measured
the adsorption of light by soln. with particles of different sizes. Colloidal soln.
containing particles for which the average diameter is 550upu, give a flat absorption
curve without any evidence of a maximum. For particles of average diameter
=160uu, the absorption is greater, and a maximum occurs at A=340uu; for
particles of diameter==110uu, the maximum shifts to A==280uu ; and for more
highly dispersed soln., no maximum was found within the limits of observation,
but with diminishing size of the particles, the curve of absorption approximates
continuously to that of a molecular soln. G. I. Pokrowsky studied the dispersion
and polarization of light by sulphur suspensions; and Y. Bjérnstéhl, the bire-
fringence. G. I. Pokrowsky found that the dispersion of the particles produced
by the decomposition of thiosulphuric acid is in agreement with Lord Rayleigh’s
theory of dispersion. P. Lal and P. B. Ganguly studied the action of ultra-violet
light on the colloid.

When sulphur is heated, it melts at about 115° to form a brownish-yellow,
transparent, mobile liquid ; as the temp. rises, the liquid becomes more and more
viscid and at the same time it becomes dark reddish-brown, and is no longer trans-
parent except in thin films. Between 220° and 250°, the sulphur is so viscid that
it does not run out when the containing vessel is inverted. "At a still higher temp.,
the sulphur again becomes more fluid, but not so much as it was at 120°. It also
acquires a greater transparency, but remains brown. If this liquid, or if the viscid
liquid be suddenly quenched by pouring it into cold water, a soft, elastic product
is obtained—plastic sulphur—which hardens in the course of a few days. T. Iredale 5
prepared elastic sulphur by treating powdered sodium thiosulphate with one-half
its weight of conc. nitric acid, and after the reaction is complete, adding water
and washing the product.. A yellow, elastic, transparent mass is obtained which
after distension to four times its length will regain its original form. Cooling to
0° makes it opaque and brittle, but heating in water to 100° reproduces the elastic
characteristics. After 24 hrs., it passes completely into the crystalline form.
P. P. von Weimarn found that when -sulphur at above 400° is poured in a thin
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stream into liquid air, it is obtained in the form of a thin thread of diameter 0-5~
1 mm. When removed from the liquid air, this thread is quite hard and brittle,
but, when the temp. rises somewhat, it assumes extraordinary elasticity. This
sulphur has a polished surface, and appears pale grey in reflected light and pale
yellow in transmitted light, being completely transparent and without sign of
opalescence. The maximum extension of a thread about 1 mm. in diameter is
approximately 5-5 times the original length, and if the extension is less than the
maximum, the thread is able to return almost to its original length, The elasticity
i8 lost in about half an hour after the thread is removed from the liquid air, the
sulphur then becoming plastic and remaining so for about twenty-four hours.
According to J. Dussy, when liquid sulphur, tempered between 157° and 175°,
solidifies very rapidly, it has a characteristic vitreous appearance, Sulphur heated
to 220°, poured suddenly into cold water, and allowed to cool in contact with it,
yields an outer layer of plastic sulphur, an intermediate layer of wvitreous sulphur,
and an inner core of the prismatic variety. This vitreous form seems to be the
analogue of the well-known vitreous selenium. A. Wigand regarded plastic sulphur
as a liquid with a very great internal friction. G. Magnus, and C. J. 8t. C. Deville re-
garded plastic sulphur as a soluble variety of amorphous sulphur. M. L. Frankenheim
explained the change in the viscosity of molten sulphur by assuming that at 260°,
where a break occurs in the heating curve, a new liquid state of sulphur appears.
The new liquid variety of sulphur is formed at 170°, and an increasing proportion is
produced as the temp, rises. He said that between 170° and 260°, the mass is an
emulsion of minute droplets of two liquids, and owes its viscosity to the ascendency
of the surface properties over those natural to either liquid taken separately. But,
according to the phase rule, one substance cannot exist in 3 phases—two liquid
and one vapour—except as non-variant system which cannot have an extended
region of stability. J. H. Kastle and W. P. Kelley said that plastic sulphur
is composed of several molecularly different kinds of sulphur, all of which are
amorphous. G. Quincke assumed that there are four forms of sulphur which are
stable respectively between the limits 0°-96°, 96°-160°, 160°~300°, and 300°-448° ;
further, that liquid sulphur has a jelly-like cellular structure, and represents a
mixture of solutions containing these allotropic modifications in different propor-
tions, the several solutions being separated by limiting surfaces in which surface-
tension forces play an important part. At one and the same temp., liquid sulphur
may contain soln. in which these modifications are present in different proportions,
this being determined by the previous physical treatment of the sulphur.

C. M. Marx observed irregularities on the heating and cooling curves of sulphur ;
and M. L. Frankenheim showed that different specimens gave different results
which he attributed to irregularities due to unequal heating or cooling owing to
changes in the viscosity. All specimens agreed, however, in giving marked absorp-
tion of heat on the heating curve at 250°-260°, and on cooling, an evolution of heat.
C. J. 8t. C. Deville, on the contrary, found the behaviour at 250°-260° quite normal,
but he observed on the heating curve an evolution of heat at 120°-160°, and also
at 180°-230° ; while the cooling curve gave a slight evolution of heat at 240°-210° ;
an absorption at 180°-160° ; a slight evolution at 160°-~145°; and an absorption at
145°-135°. He considered the evolution of heat between 240° and 210° to be the
only significant part of the phenomena, and this he attributed to the great viscosity
of sulphur between these temp. K. Schaum observed a notable absorption of heat
near 168°. A. Smith and W. B. Holmes showed that the effect is so sensitive to
the effects of various degrees of superheating, and undercooling, that even when
the sulphur is constantly agitated, the results are of no value in establishing the
existence of transition points.

As indicated above, when molten sulphur is cooled, rhombic crystals of a-sulphur
separate if the temp. is below the transition point, and monoclinic crystals of
B-sulphur separate above that temp. This subject has been discussed by C. Brame,
P. Schiitzenberger, J. Fritzsche, etc. D. Gernez showed that if the undercooled
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liquid be seeded with rhombic sulphur, the thombic crystals will form and separate ;
similarly also with monoclinic sulphur. R. Brauns observed that during the freezing
of molten sulphur monoclinic and rhombic erystals, aggregates of radial threads, and
trichitic aggregates—i.e. bunches of hair-like crystallites—may be formed. P. Gau-
bert said that if sulphur be heated above 160°, and then suddenly cooled, a modifi-
cation is produced which is slightly birefringent, and is blue by transmitted light.
The blue colour is due to the fibrosity of the spherolites. Amongst these spherolites
are some formed by very slender fibres having a spiral winding. They exhibit
numerous varieties, but it is possible to obtain perfect spherolites the crystalline
particles of which are wound round the mean index. The fibres rarely show more
than three turns in the winding, the distance between the coils varying from one
spherolite to another, and generally not exceeding 02 mm. Some amorphous
sulphur, insoluble in carbon disulphide, is formed if the molten sulphur is heated
above its m.p. According to B. C. Brodie, the formation begins above 120°;
C. J. St. C. Deville said at 150°; and M. Berthelot, at 155°. In order to obtain a
maximum formation of the insoluble sulphur, the molten sulphur should be heated
until the viscid mass has become a mobile liquid, and then rapidly cooled, and the
snlphur should be kept in a molten state for a long time—J. B. A. Dumas said at

°~260°; C. J. St. C. Deville, at 260° ; A. Schrétter, at 360° ; and B. C. Brodie,
at the b.p. The formation of the insoluble sulphur, said C. J. St. C. Deville, pro-
ceeds slowly at 155°, but is rapid at 170°; and no more is formed by heating at a
higher temp. Quenching the molten sulphur in cold water furnishes about 35 per
cent. of insoluble form ; G. Magnus and R. Weber said 46 per cent. ; and A. Smith
and W, B. Holmes, 51 per cent. when a stream of burning distilled sulphur is
quenched in ice. A. Wigand observed that a sample of plastic sulphur kept for
2 days contained 89-8 per cent. of insoluble sulphur, and when kept for 2 years it
contained 29-6 per cent. M. Berthelot regarded the formation of insoluble sulphur to
be a kind of per saltum change at about 170°, for only a trace appeared at 155°;
very little at 163°; 25 per cent. at 170°; 29 per cent. at 185°-205°; and 30
per cent. at 230°, and between 220° and 448°, the amount is fairly constant—over
30 per cent. On the other hand, A. Moitessier found the following percentage
amounts of insoluble sulphur were formed by quenching molten sulphur at the
indicated temp. : :

148° 148:6° 1500° 167-4°  1794°  213:5°  249-9°  284.0°  440°
Simoluble - 0 254 703 1477 2260 2709 26:31 2931  30-27

M. Berthelot believed that the reason the amount of insoluble sulphur obtained
above 170° falls short of 100 per cent. is because the cooling is not sufficiently
rapid. By using a fine stream or a succession of droplets he obtained 61 per cent. ;
by cooling in ether, 71 per cent. ; and if the cooled material be immediately tested
with carbon disulphide, 85 per cent.—if the material giving 85 per cent. be extracted
next day it gave 45 per cent., and if extracted 2 days afterwards, 39 per cent. On
the other hand, A. Moitessier, and A. Smith and W. B. Holmes showed that
M. Berthelot erred when he found no insoluble sulphur below 170° ; and the method
of extraction with carbon disulphide is quite unreliable when the sulphur is in a
plastic condition. F. W. Kiister obtained 34:2 per cent. of insoluble sulphur at
448°, and K. Schaum, A. Smith and W. B. Holmes, and F. W. Kiister symbolized
the reaction in the molten sulphur: Sinsoruble=Ssomble- The formation of
, insoluble sulphur is said to be endothermal because the proportion of the soluble
converted into the insoluble form increases with rise of temp. M. Berthelot observed
. no thermal change at 18°; between 18° and above 160° there was an absorption of
heat; and above this temp. the transformation of soluble into insoluble sulphur
is exothermal. According to R. Huerre, amorphous, insoluble sulphur is converted
into the soluble form by heating it to about 100° with ariimal or vegetable oil, or
with a 10 per cent. soln. of sodium sulphite, or with water alone. M. Berthelot
found that the passage of insoluble into soluble sulphur is hindered by keeping
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it in contact with fuming nitric or sulphurous acid. The presence of a trace of
iodine favours the formation of insoluble sulphur. A. Smith and W. B. Holmes
also observed that the formation of insoluble sulphur depends on the presence or
absence of foreign matters. For instance, hydrogen chloride, air, sulphur dioxide
passed through the molten sulphur increases the yield, so does pyrophosphoric
acid ; solid alkalies, nitrogen, and carbon dioxide lower the yield; hydrogen
sulphide greatly retards the transformation of soluble to insoluble sulphur and
ammonia inhibits it altogether. A. Smith and W. B. Holmes explained the peculiar
behaviour of molten sulphur on the assumption that liquid sulphur can exist in
two states which are partially, but only partially, miscible. The one is a pale yellow,
mobile liquid which 13 the normal appearance of molten, thombic sulphur at temp.
below 160°. This is called A-sulphur, or 8;. The other is a brown, viscid liquid
called u-sulphur, or Su. According to A. Smith and C. M. Carson, the proportion of
ingoluble 8y, in the equilibrium mixture S3=S, is raised by the addition of iodine.
Ttl)lus, with two parts of iodine per 100 parts of sulphur, the following results were
obtained :

Temperature . . . 150° 165° 220° 310° 448°
Sy without iodine . . 6-7 14-0 29-4 32-6 34-1 per cent.
Sy with iodine . . . 13-8 24-1 47-0 54-2 627 ,,

According to A. Smith and W. B. Holmes, a small amount of the latter is formed
as soon as the sulphur melts, and it appears in increaging proportions as the temp.
rises. The actual proportion is determined by the reversible reaction Sy=Su. At 160°

the Sy has become a sat. soln. of Sy, the proportion of

N N (I the latter at this temp. probably not exceeding 12 per
§ ;Z & cent. When the temp. is raised beyond this point super-
N 27—k N saturation with Sy ensues and & new phase consisting of
S i/ Sy, in which is dissolved a certain proportion of 8, arises.
3 g According to the phase rule, with one substance, three

00° 150° 20° 250° phases (two liquids and vapour) can coexist only at a
Fra. 7.—Solubility of definite temp.—the transition point (160°). Hence, above
A and g-Sulphur in  160° only &, containing amounts of dissolved 8 which
Triphenylmethane. become smaller as the temp. rises, is stable. Rapid heating
and the presence or absence of certain foreign substances postpone the transition
of Sy to Sy and lead to the familiar variations in the temp. at which the sudden
viscosity first appears. Conversely, rapid cooling from temp. above 160°, par-
ticularly when certain foreign bodies are present, postpones the transition of Su
to 8, and hinders or prevents almost entirely the occurrence of the change on
which an extensive transformation into Sy depends. When conditions are favourable,
a large proportion of the S, may survive to reach the ordinary temp. The chilled
product is then a more or less sticky mass which in time partly reverts to soluble
sulphur and partly assumes a quasi-solid, difficultly-soluble form. The latter sub-
stance is that commonly known as amorphous sulphur. Like all amorphous
substances, it is a supercooled state of a liquid, namely, Su. The part which reaches
the condition S) gives brittle, crystalline, soluble sulphur when it solidifies. Curves
representing the effects of viscosity, thermal expansion, solubility, vap. press.,
refractive index, etc., and the temp. of molten sulphur, all take on a new direction
on account of the apparent transition occurring near 160°, since A-sulphur pre-
dominates below 160°, and u-sulphur above that temp. A.Smith and C. M. Carson’s
observations on the solubility of the two forms in triphenylmethane are illustrated
by Fig. 7—the solubility of A-sulphur increases while that of u-sulphur decreases
with rise of temp. A. Smith and co-workers, and F. Hoffmann and R. Rothe '
observed that a terrace indicating an absorption of heat, showed on the heating
curve, from 161-7° to 167-5°; and, on the cooling curve, an irregularity occurred.
between 159-5° and 145°. If the cooling liquid be properly stirred to eliminate the
effects of undercooling, C. M. Carson observed no irregularity in the rate of cooling ;
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and the thermal change indicated on the heating curve is greatly influenced by the
presence of foreign substances. If molten sulphur be heated rapidly, say 2° per
minute, and then chilled, the proportion of u-sulphur in the product is much below
the equilibrium value ; thus,

Temp. before chilling . 121° 154° 156° 160° 162° 165° 167°
observed . 004 54 57 — 64 75 10-3 per cent.
w-Sulphur {for equilibrium 375 75 80 107 135 155 167,

The inference is that when sulphur is rapidly heated, the conc. of the y-sulphur
is about 4 per cent. less than that required for equilibrium up to about 167°—at
higher temp. there follows a more rapid formation of u-sulphur, and the liquid
begins to become viseid. If the liquid is heated slowly the u-sulphur does not differ
much from the equilibrium value, a rapid formation of u-sulphur does not occur,
and no break occurs in the heating curve corresponding with a sudden endothermal
change. The apparent separation of liquid sulphur into two phases was found by
A. Smits, and H. L. de Leeuw to be brought about by the differences in temp.
which arise in a column of the liquid, owing to the bad conduction of heat. In
reality there is no formation of two phases, the differences in colour being accounted
for by the differences in temp.; and, contrary also to A. Smith and co-workers,
H. R. Kruyt assumed a metastable region of partial miscibility. The subject was
studied by P. Mondain-Monval and P. Schneider.
H. L. de Leeuw showed that there is no satisfactory
evidence for the assumption of a region miscibility in
the liquid phase. The occurrence of two liquid layers /a4
is due to differences in temp., which may amount to /.4
10°-30°, and which is produced by the poor heat-con- ,4.9-1
ductivity of molten sulphur. When the thermal con-
ductivity is increased by the introduction of platinum
wire or gauze, the phenomenon occurs very indistinctly 4,
or not at all. The transition temp. from rhombic to
monoclinic sulphur is lowered from 95-45° to about 71°
by rapidly cooling sulphur from its b.p. so as to ensure
the presence of a large proportion of p-sulphur. As S
the proportion of p-sulphur decreases, the transition .

temp. riges until it reaches 95-45°, which is regarded as  Fie. 8.—Effect of 8y on
the true unary transition temp. Similarly with the the Melting Point of S,,
m.p., H. R. Kruyt observed that rhombic sulphur in  ~

equilibrium at 90° has a m.p. of 110-9°; and when the sulphur had attained
equilibrium at 65°, the m.p. was 111-4°. These results are in harmony with
A, Smits’ theory of allotropy which assumes that equilibrium in the solid rhombic
phase involves a state of equilibrium between various allotropic components. Let
S, and 8, denote these two components, the conclusion that the lower the temp.
at which the inner equilibrium is established the higher the temp. at which the
phase commences to melt is then illustrated graphically by Fig. 8. A. Smits,
and H. L. de Leeuw have made tentative, ternary, equilibrium diagrams to include
more phases than those indicated diagrammatically in Fig. 8.

According to J. B. A. Dumas, sulphur which has been fused at various temp.
and then quickly cooled in single drops by immersion in cold water, behaves as
follows : at 110°-170°, it solidifies to a yellow mass the colour of ordinary sulphur;
at 190°, it is first soft and transparent, but quickly becomes brittle and opaque,
and acquires the colour of ordinary sulphur; at 220°, it becomes soft, transparent,
and brownish-yellow ; at 230°-260°, it becomes soft, ductile, transparent, and of a
reddish colour ; at the b.p., it becomes very soft, transparent, and reddish-brown.
All depends on the temp.; the time of fusion has no perceptible influence. If
sulphur be poured into water in large masses, the inner portions which cool slowly
solidify as ordinary sulphur; rapid cooling prevents crystallization. According

65
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to J. Fritzsche, when viscid sulphur ig dropped into oil it becomes covered with
well-developed crystals and loses its transparency. C. J. 8t. C. Deville observed
that the sp. gr. of recently-fused sulphur was 1-9578, and owing to le movement dans
les densités, this constant became 2-0498 in 20 months. This metastability was
discussed by E. Cohen. H. V. Regnault observed that if the plastic snlphur be kept
at 93° its temp. rises to 110° as it passes into the crystalline state. The rate of
crystallization was found by D. Gernez to be a maximum for sulphur which had been
heated to 170°; P. Duhem, A. Smith and W. B. Holmes, and G. Tammann found
that the rate of crystallization varies proportionally with the degree of undercooling
—Fig. 8; and D. Gernez, that when the undercooled liquid is seeded, the velocity of
crystallization is smaller with thombic than with monoclinic sulphur, being 7-50 secs.
in the former case and 0-20 sec. in the latter case with sulphur kept 15 mins. at
129-5°, and then cooled to 80-9°. J. H. Kastle and W. P. Kelley found that the
rate of change of plastic into crystalline sulphur varies with the temp. to which the
sulphur was heated before being poured into water, and also with the temp., for
the higher the temp. at which the sulphur is kept, the faster the crystallization.
Light, amber-coloured, plastic sulphur crystallizes easily, while the reddish-brown
varieties crystallize more slowly. The velocity of the change of plastic into
crystalline sulphur begins comparatively rapidly, about 10 per cent. of the total
change takes place in the first 30 minutes, and then gradually diminishes. This

gradual decrease in the rate of crystallization indi-

X% T 1 |/ ~7  cates that several molecular forms are present in the
X LS f supercooled liquid, some of which change to the crystal-
L RN 4 line variety of the element more rapidly than others.
2 5 R ;é'.“ The presence of ammonia, alcohol, and bromine accele-
< RVAIA rates the crystallization. The slopes of the curves,
3 AW, Fig. 9, indicate the rates of crystallization in contact
5 // with water and in contact with a 0-1N-soln. of iodine.
< ] G. Linck and E. Korinth studied the crystallization
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H. Freundlich and F. Oppenheimer found that sulphur
Fre. 9.—Speed of Crystal- sols lower the velocity of crystallization of water.

lization of Plastic Sul. J. B. A. Dumas gave 108°-109° for the f.p. of
Eﬁgg’r ‘;ngezrv.‘g)ﬁ:irana‘;‘% sulphur. C. M. Marx showed that during the freezing
Todine. at 99°-100° the temp. rises to 109°-110°; M. L. Frank-
enheim, that when sulphur cooled to 105°-108°
begins to freeze, the temp. rises to 112° and there remains until all is solidified.
B. C. Brodie, R. F. Marchand and T. Scheerer, M. Faraday, and A. Bellani also
made observations on this subject. D. Gernez showed that sulphur always freezes
below its m.p., and this is not because of the effects of undercooling. D. Gernez,
A. Smith and W. B. Holmes, and J. Dussy showed that the f.p. of molten sulphur
is not constant since it depends on the temp. at which the sulphur has been
heated, for the fused sulphur is a homogeneous mixture of soluble and insoluble
sulphur. R. F. Marchand gave 113° for the f.p.; H. V. Regnault, 113-6°; and
D. Gernez found 117-4° for sulphur which had been heated to 121°; 113-4°,
when heated to 144°; 112-2°, when heated to 170°; and 114-4°, when heated to
200°-447°. A. Smith and W. B. Holmes extrapolated the results for rhombic
sulphur free from the insoluble form, and gave for the f.p. of idealized sulphur
119-25°. H. R. Kruyt said that mixed crystals of u- and A-sulphur separate
when a homogeneous liquid mixture is allowed to cool, but A. Wigand showed
that pure crystalline A-sulphur separates out first. E. Beckmann and co-workers
attributed the absence of a sharp m.p. with sulphur to the presence in the liquid

of molecules of different degrees of complexity. .
In general, as shown by P. Duhem, H. W. B. Roozeboom, and W. D. Bancroft,
substances which freeze below their m.p. are capable of existing in two solid forms
which melt at different temp. and form liquid systems of identical constitution in
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which the liquid states of the two forms can coexist in equilibrium. The two forms
of liquid sulphur : A-sulphur=u-sulphur, is taken to be a case of dynamic allotropy
because the change is reversible, there is no transi-

tion temp., and the amount of each form present o
in the system, when in equilibrium, is determined 40
by the temp. The two forms are also called dynamic  350°
isomerides. In Fig. 10, A may be regarded as the sp0°
f.p. of A-sulphur ; B, that of u-sulphur ; and C, that 250° y
of the eutectic. The line AC represents the effect 200° =

0.

0
vf

h
i SR

of u-sulphur on the f.p. of A-sulphur. Here ¢ and 757 (s N 1] =
B are unknown ;" but the line AC has been traced /Mjﬁfl/ S

as far as 112-45° and 5-3 per cent. of u-sulphur. 5?“ [ ¢

DG represents the proportion of the two dynamic g 40 60 & M
isomerides in the liquid phase at different temp., - /% cent of psuiphur

and D, 114-5°, is the f.p. in a system in equilibrium g, 10.—The Effect of Tem-
with 3-7 per cent. of u-sulphur at the time of freez-  perature on the Equilibrium
ing. Hence, W. D. Bancroft would call this the Proportions of S) and S,.
natural freezing-point of sulphur—uvide supra, LS,

Fig. 8. It is really a triple point at which the three phases—liquid 8, and S, ;
solid monoclinic sulphur; and vapour of sulphur—are in equilibrium. At the
b.p. there is 341 per cent. of u-sulphur in equilibrium with the liquid; and
C. M. Carson found :

121°  155° 157° 15925  160° 161°  163° 165°
w-Sulphur . . . 37 17 82 10-.4 115 125 139 15:5

D. L. Hammick and co-workers obtained the results summarized by the light curve,
Fig. 10.

B. Lange and W. Cousins also showed that in the molten state the sulphur
molecules are depolymerized, say Sg=28, and 28,=8,+8s. A. H. W. Aten
showed that if a soln. of rthombic sulphur in sulphur monochloride, sat. at ordinary
temp., be heated to about 150°, and then cooled, much more sulphur can be dis-
solved by the liquid. Thus, mixtures of A-sulphur and sulphur monochloride in
sealed tubes were heated to 100° for several hours and quickly cooled. Repre-
senting compositions by the number of gram-atoms of sulphur per 100 gram atoms
of 848,Cl; in the original mixture, the sat. soln. at the temp. named contained :

Original . 0 28-7 49-9 79-4 80-1 90-1 98-0
—60° 11-6 31-9 42-9 65-2 66-1 — —

Sat. soln. . 0°  36-1 47-4 56-0 72-0 71-6 80-5 —
25° 535 62-0 66-4 — — — 93-4

Similar results were obtained with mixtures previously heated to 50°, 75° and
125°. It is inferred that this is not due to the formation of u-sulphur from A-sulphur,
for the solubility of the former is very small at ordinary temp., and if soln. be sat.
with this form of sulphur at a higher temp., it readily separates out on cooling.
It was also shown that the phenomenon is not due to the combination of sulphur
with sulphur monochloride ; and it was inferred that the phenomenon is a result
of the formation of another form of liquid sulphur—m-sulphur. Indications of the
formation of #r-sulphur, in the absence of sulphur monochloride, were obtained, for
if sulphur be heated alone to 125° and rapidly cooled, its solubility in sulphur
monochloride is distinctly greater than that of the unheated rhombic sulphur.
Thus, samples of sulphur were heated to the indicated temp., and rapidly cooled.
The number of gram-atoms of sulphur dissolved per 100 gram-atoms of S--8,Cl, were
as follows : Unheated sulphur, 53-5 ; mixture of rhombic and amorphous sulphur,
54-6% rhombic sulphur heated to 125°, 56-0 to 585 ; rhombic sulphur heated to
165°~freshly prepared, 60 ; kept an hour, 59-5; kept 24 hrs., 57°5; and kept 8
days, 53-2. Sulphur which has been heated to 170° and chilled contains as much

wr-sulphur as when heated to 445° and chilled. The 7-sulphur dissolved in sulphur
VOL. X. : B
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monochloride quickly changes into u-sulphur. Similar results were obtained with
toluene ag a solvent. The increased solubility of sulphur which has been heated
to 170° iz due to the w-sulphur which is present as a mixture, or as a solid soln.
with A-sulphur. Soln. containing #-sulphur are all yellow; a carbon disulphide
soln. with 18 at. per cent. 7-sulphur is as yellow as a conc. aq. soln. of potassium
chromate. When a carbon disulphide soln. of A- and #r-sulphur is cooled to —80°,
the whole of the A-sulphur separates out leaving only #-sulphur in soln. If this
soln. be evaporated, white, amorphous u-sulphur remains. If the solvent is removed
at —80°, by a reduction of press., sulphur soluble in carbon disulphide with a small
residue of p-sulphur is formed. When soln. of A-sulphur and of mixed 7- and A-sulphur
are exposed to a strong light, less u-sulphur is precipitated with the mixed soln. than
in the case of the soln. of A-sulphur, If 7-sulphur is really p-sulphur more should
have been precipitated from the mixed soln. The relative proportions of the three
forms of sulphur can be determined in a given sample of sulphur; for, if solid
sulphur be digested with carbon disulphide, the p-sulphur remains undissolved ;
and if the mixed soln. be cooled to —80°, the A-sulphur is alone precipitated.
Sulphur which has been heated to the temp. indicated was found to contain the
following proportions of these three forms :

120° - 130° 140° 160° 170° 180° 220° 445°

p-Sulphur . . . 964 954 93-7 89-2 80-9 73-1 62-7 59-1
a-Sulphur . . . 36 4-3 5:0 6-7 5-8 65 53 40
A-Sulphur . . .01 0-3 1-3 4-1 13-3 20-4 32-2 369

The amount of 7-sulphur is & maximum in that which has been heated to 180°;
the quantity of p-sulphur decreases as the temp. rises from 120° to 445°—the
greatest rate of decrease is between 170°-180° ; the proportion of A-sulphur increases
with rise of femp. The change of 7~ to u-sulphur is at first very rapid, but the
velocity quickly decreases and becomes very small when only a little 7-sulphur is
present. The effect of ammonia on the equilibria: Su=8,=8,, is to increase the
transformation of the #-sulphur more than it does p-sulphur, A. Smith and co-
workers found that ammonia accelerates the formation of A-sulphur from p-sulphur,
while iodine acts in the converse way. A.H. W. Aten found that iodine has no
effect on the transformation S;—>8,. The soft variety of ordinary y-sulphur is
really a mixture of all these varieties, but with the proportion of A-sulphur very
small. In agreement with A. H. W. Aten, E. Beckmann and co-workers hold that
it is sr-sulphur, not p-sulphur, which is the cause of the depressed or natural f.p.
of sulphur, Sulphur with its f.p. 114-5° has 2-78 per cent. of 7-sulphur, not 3-6 per
cent. of w-sulphur, as A. Smith and co-workers supposed. E. Beckmann and
co-workers showed that amorphous sulphur prepared in a variety of ways has no
effect on the f.p., but this sulphur is readily transformed into a mixture of A- and
mr-sulphur in the same proportions asis present in the fused mass. If the fusion is
rapidly cooled after the addition of the u-sulphur, only about 24 per cent. of the
added sulphur is still insoluble in carbon disulphide. When added to a fused mass
having a lower f.p. than 114-5°, u-sulphur has no effect, but when added to one
having a higher f.p., it has the effect of lowering it towards the natural f.p., indicating
that at the higher temp. relatively more sr-sulphur is formed from the p-sulphur.
When p-sulphur is heated, it shows no sharp m.p., but, having reached 120°, it has
at once the natural f.p. 114-5°. If a mixture of rhombic sulphur with about 5 per
cent. p-sulphur is melted, it has a f.p. about 2° lower than that of a sample of
rhombic sulphur similarly treated, indicating that under these conditions, the
p-sulphur decomposes into 23 per cent. 7r-sulphur and 77 per cent. A-sulphur. When
a sample of 7-sulphur was added to a sample of natural sulphur, it lowered the
f.p. slightly, indicating, however, only about 4-6 per cent. 7-sulphur in the pre-
paration. Both rhombic and monoclinic sulphur raise the f.p. of natural sulphur
by increasing the proportion of A-sulphur.
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51, 1928,

§ 6. The Physical Properties of Sulphur

The colour of native sulphur may be straw-yellow, honey-yellow, yellowish-
brown, greenish, reddish. or yellowish-grey, and even black owing to the presence of
carbonaceous matter. C.F. Schénbein! found that, at —50°, a-sulphur, and flowers
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of sulphur are almost colourless, and at 0° it is paler than at ordinary temp. ; whilst
at 100°, it is deep yellow. R.Engel’s trigonal sulphur is orange-yellow. The colour
of colloidal sulphur and of sulphur compounds has been discussed above. Pre-
cipitated sulphur may be white or yellow according to the grain-size of the particles.
Plastic sulphur is brown, and the darkening of the colour which occurs when sulphur
is heated has been previously discussed. J. L. Howe and 8. G. Hamner said that
the colour of the vapour varies with the temp., being orange-yellow—like N-K,Cr, Oy
—just above the h.p. The colour darkens as the temp. rises un’qll it bec(?mes deep
red—resembling that of a soln. of ferric thiocyanate. The red is most intense at
about 500°; the colour then becomes paler and paler as the temp. rises until, at
634°, it is straw-yellow. A. N. Dey and 8. Dutt studied the effect of sulphur on
the colour of compounds with sulphur.

Fia. 11.—Forms of Crystals of Rhombic or a-Sulphur.

Sulphur may occur massive, in powder, as incrustations, in stalactitic or
stalagmitic forms, and in spherical or reniform shapes. The crystals of rhombic
sulphur were obtained, in 1782, by B. Pelletier2 by evaporating a soln. of
sulphur in turpentine. J. Alexander observed crystallitic transition forms between
colloidal and crystalline sulphur deposited from soln. in carbon disulphide in the
presence of Canada balsam; they commonly occur in acute pyramids, sometimes
thick tables parallel to the (001)-faces; and also with a spheriodal habit.
G. Aminoff made observations on this subject; and G. Linck and E. Korinth
noted the formation of diffusion rings and globulites in the evaporation of a
soln. of sulphur in carbon disulphide thickened with rubber or Canada balsam. The
angles were described by J. B. L. Romé de I'Isle in 1783; and by R. J. Haiiy in
1801. The rhombic bipyramidal crystals of a-sulphur were found by A. Brezina
to have the axial ratios a:b:¢=0-8108:1:1-9005; N. von Kokscharoft gave
0-81309:1:1-90339; A. Scacchi, 0-813:1:1:906; V. Goldschmidt, 0-8138:1 :
1-9051 ; L. Bombicei, 0-81264 : 1 : 1-90880 ; A. Arzruni, 0-81365 : 1 : 1-89863 ; and
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G. Tschermak, 08130 : 1: 1-9037. Obgervations were also made by H. Baumhauer,
K. Beierle, F. R. Bichowsky, C. Brame, K. Busz, H. Buttgenbach, E. S. Dana,
L. Fletcher, G. Flink, P. Gaubert, P. Groth, F. Hessenberg,. A. Johnsen, A. G. Kenn-
gott, R. Kochlin, A. Maier, E. Manasse, E. Mitscherlich, G. A. F. Molengraaf,
W. Muthmann, T. Nicolau, P. Niggli, L. Pasteur, A. Pelikan, C. Perrier, E. Quercigh,
G. vom Rath, V. Rosicky, A. Scacchi, A. Schrauf, E. C. Schroder, 8. J. Shand,
A. Simek, E. Tacconi, W, Vernadsky, W. H. Weed and L. V. Pirsson, V. R. von Zepha-
rovich, and R. von Zeynek. The fundamental form of the crystals is shown at 4,
Fig. 11; Bis one of the principal forms of the crystal ; C, by G. vom Rath, represents
a crystal from Racalmuta ; D, by K. Busz, is from Wheatley Mines ; E, by K. Busz,
is from Monte Poni ; 7, by A. Brezina, is from Oker ; G, by A. Simek, is from Kostai-
nika ; H, by K. Busz, is from Wheatley Mines ; J, and K, by A. Simek, are from
Kostainika ; and Z, by F. R. von Bichowsky, is an unusual artificial crystal. F. Ran-
faldi discussed the crystallographic data of rhombohedral sulphur produced by
voleanic eruptions. According to G. vom Rath, twinning occurs about the (101)-
plane ; and symmetrical penetration twins sometimes occur ; twinning also occurs
about the (011)-plane, and rarely about the (110)-plane. The cleavages on the
(001)-, (110)-, and (111)-faces are imperfect. G. Wulff discussed the cleavage of
sulphur crystals. A. des Cloizeaux gave for the optic axial angles 2H,=103° 18’
for red-light, 104° 12’ for yellow-light, and 106° 16’ for blue-light at 17° ; 2V=69° 2’
for red-light, 69° 5’ for yellow-light, and 69° 13’ for blue-light. A. Schrauf gave for
Na-light at 8°, 2V=69° 4 50", 26'=98° 19" 4", and 2H=103° 3’ 55" ; at 20°,
2V=68° 58’ 07, 2G=97° 58’ 9”, and 2H=103° 6’ 45" ; and at 30°, 2V =68° 53" 27,
26'=97° 40’ 44", and 2H=103° 9’ 6”; and for Tl-light at 8°, 2V=68° 53’ 48",
26G=99° 7" 11", and 2H=103° 54" 24" ; at20°, 2V =68°"46'11", 26=98°44'51", and
2H=103°55"53" ; and at 30°, 2V =68° 39’ 17", 2G¢'=98° 23’ 13", and 2H=103° 54’ 4",
V. Rosicky, 8. Kreutz, T. Wada, L. Bombicei, G. Aminoff, and 8. J. Shand inves-
tigated the corrosion figures and the symmetry of the rhombic crystals. A. von
Fischer-Treuenfeld described the ring and dendritic structures which have been
observed when thin films of liquid sulphur are allowed to crystallize. The effects
are ascribed to the action of capillary forces, in virtue of which the crystalline
aggregates exert an attractive force on the neighbouring liquid. Other forms
hl?lve been indicated previously in connection with the freezing of molten
sulphur.

The tabular or acicular monoclinic crystals of S-sulphur were found by A. Mit-
scherlich to have the axial ratios a:b:c¢=0-9958:1:0-9998, and §=95° 16,
W. Muthmann gave 0-99575: 1 : 0-99983,
and $=95° 46’. Two forms of the _
prismatic crystals are shown in Fig. 13. cl 4
Twinning occurs about the (100)- or the g F'L {
(011)-plane. This subject was discussed
by E. Mitscherlich, A. T. Kupffer,
J. J. Bernhardi, F. A. Quenstedt,
R. Brauns, and P. Gaubert. The |»
(110)-cleavage is distinct. E. Kordes 4
said that monoclinic sulphur separates
from a soln. of sulphur in naphthalene

F1a. 12.—Crystal of y-Sulphur or le Fia. 13.—Forms of Crystals of Monoclinic
soufre nacre. or B-Sulphur.

3
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or iodine. The so-called Daiton-sulphur from the volcano of Daiton, Japan, was
supposed by M. Suzuki, and T. Wada to occur in monoclinic prisms, but R. Ohashi
showed that the crystals are more probably rhombic. W. Muthmann gave for the
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axial ratios of the monoclinic plates of y-sulphur, Fig. 12, a :b : ¢=1-0609 : 1: 0-7094,
and B=91° 47. The angles m : m=56°4"; g:q 40°24; 0:0=60°0"; g:m
=88°16"; 0:¢=146°43"; and o:m=124° 45’. The crystals
were also examined by W. Salomon, and P. Gaubert. W.Muth-
,/\///////////%/////////////’ mann also showed that the hexagonal plates of 8-sulphur,
e Fig. 14, are probably monoclinic, with the crystal angles
a:c=T6° 30"; w:c=T76°; and a : w=65°. R.Engel’s variety
—e¢-sulphur—was found by C. Friedel to crystallize in orange-
yellow plates belonging to the trigonal system. W. Schneider
examined the piezoelectric effect. W. H. Bragg made some observations on the
X-radiogram of rhombic sulphur. H. Mark and E. Wigner found that the space-
lattice of the rhombic bipyramids has the dimensions a=10-61 A., b=12-87 A.,
and ¢=24-56 A.—values twice as large as those obtained by W. H. Bragg, who
gave ¢=523 A., b=6-43 A., and ¢=12-23 A. The elementary cell is estimated
to contain 128 atoms, of which 16 are geometrically related to form the crystal
molecnle. The centres of gravity of these groups form a rhombic diamond lattice.
H. Whitaker 3 said that nacreous sulphur forms six-sided plates with 3 pairs of
opposite sides parallel. The colours are due to interference. The plates gradually
disintegrate into the more stable octahedral form.

In 1690, R. Boyle gave 2-00 for the specific gravity of sulphur vivum, and
1-98 for that of a “ very fine ” sample from Germany. For native sulphur, A. le
Roger and J. B. A. Dumas gave 2-086 ; C.J. B. Karsten, 2:05001 ; R. F. Marchand
and T. Scheerer, 2-062 to 2-070 ; H. Kopp, 2:069; G. vom Rath, 1-97; O. Silvestri,
2-001 to 2-009 ; and 2-00630 at 26°; G. Pisati, 2-0748 at 0° /4°; V. Goldschmidt,
2-069 at 18°; G. Vicentini and D. Omodei, 2-0748 at 0°; F. R. von Bichowsky, 2-01 ;
C. J. 8t. C. Deville, 2-070 ; and C. Brame, 2:0757 ; F. Mohs, 2:072 ; and A. Schrauf,
206665 at 16-75°/14° ; and for the sp. gr. of pieces of sulphur 2-06890 at 7-81°, and
2:07019 at 23-28°; 2-06939 at 8:25°, and 2-07066 at 26-05°; 2-06974 at 8-64°, and
2-07085 at 26-32° ; and 206984 at 8-27°, and 2-07057 at 25-22°. "W, Spring gave for
sulphur from Sicily, 2:0788 at 0°, 2-0688 at 20°, 2-0583 at 40°, 2-0479 at 60°, 2-0373
at 80°, and 2-0220 at 100°. For roll sulphur, M. J. Brisson gave 1-9907 ; J. Dalton,
1-98-199; C. W. Béckmann, 1-868; and T. Thomson, 1-9777 to 2-0000. For
sulphur crystallized from fusion, C.J. B. Karsten gave 1:9889. J. K. Gehler gave
for flowers of sulphur, 2:086 ; and L. Playfair and J. P. Joule, 1-913. J. 8. E. Julia-
Fontenelle gave for crystalline sulphur, 1-898 ; A. Breithaupt, 1-989; 1. Playfair
and J. P. Joule, 2-010 ; and L. Maquenne, 2-041 to 2-049 ; G. Bischof gave 1-927 for
sulphur crystallized from soln. ; R. F. Marchand and T. Scheerer, 2:05618; C. J. St.
C. Deville, 2:063 ; E. Petersen, 2-01 in pieces and 1-99 in powder; L. M. Arons,
2-07 ; L. Hecht, 2-06 ; and W. Spring, 2-0477 at 0°, 2-0370 at 20°, 2-0283 at 40°,
2-0182 at 60°, 2-0014 at 80°, and 1-9756 at 100°. E. Madelung and R. Fuchs gave
2:0709. 1. 1. Saslowsky gave 2-07 for the sp. gr. of sulphur at room temp., and 155
for the at. vol. C. del Fresno studied this subject.

For soft sulphur, fused and poured into cold water, G. Osann gave 2-027 ;
R. F. Marchand and T. Scheerer, 1-957 to 1-961 ; C. J. 8t. C. Deville, 1-919 to 1-928 ;
and C. Brame, 1-87 to 1-9319 ; while for waxy sulphur, L. Playfair and J. P. Joule
gave 1-921 ; and W. M. Miiller gave 1-87 for amorphous yellow sulphur, and 1-91 to
193 for brown amorphous sulphur. For the amorphous precipitated sulphur,
L Troost and P. Hautefeuille gave 2:046 ; and E. Petersen, 1-87. M. Tépler gave
for the sp. gr. of insoluble amorphous sulphur—possibly u-sulphur—1-849 at 40° to
50°; A. Wigand gave 1878 for the sp. gr. of plastic sulphur, and 1-892 for insoluble
amorphous sulphur ; while W. Spring gave for insoluble sulphur 1-9556 at 0°; 1-9496
at 20°; 1-9041 at 40°; 1-9438 at 60°; 1-9559 at 80°; and 19643 at 100°. M. Topler
gave for the sp. vol., referred to unit vol. of liquid sulphur at 120°, 0-963 at 30°;
0-974 at 60°; 0-995 at 120°; 1-001 at 140°; 1-007 at 160°; 1:014 at 180°; and
1021 at 200°. L. Playfair and J. P. Joule gave 1-801 to 1-815 for molten sulphur ;
and W. Ramsay, 14578 to 1-5130—mean 1-4794 at 446°. G. Vicentini and

Fia. 14.—Crystal
of §-Sulphur.
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D. Omodei gave 1-8114 for the sp. gr. of sulphur at its m.p. 113°; H. Kopp.
1-892; G. Osann, 1-927 ; and L. M. Arons, 1-811. For the sp. vol. of liquid sulphur,
referred to unity at 120°, M. Tépler gave 0:933 at—20°; 0-943 at 0°; 0-951 at 20°;
0-960 at 40° ; 0-969 at 60°; 0-979 at 80°; 0-9889 at 100°; 1-0000 at 120°; and
1-0117 at 140°. A. M. Kellas found for the sp. gr., D,

1151° 1340°  145:5° 1585°  1610° 178:3° «  857-0°  4450°
D . 1-8094 1.7921 1.7807 1.7710 1-7704 1-7652 1-6565 1-5994

The results are plotted in Fig. 15. The break beginning at about 160° is followed
by a complete alteration of alignment.

As shown by A. Breithaupt, the sp. gr. of S-sulphur is less than that of rhombic
a-sulphur. R. F. Marchand and T. Scheerer gave 1-957; C. J. 8t. C. Deville,
1-958 ; B. Rathke, 1-960 ; and E. Petersen, 1-94.

M. Tépler gave 1-957 at 25-15°, 1-954 at 31°, 1-950 //Z/Z éF_L 7
at 41° to 45° and 1-802 at 120°; and the sp. vol. §{ .., N\
was 0-915 at 0°; 0-919 at 20°; 0-924 at 40°; 0929 § g5 .

at 60°; 0935 at 80°; and 0-941 at 100°. R.Engel  ,pplades—mT L | L L_J |
gave 2:135 for the sp. gr. of trigonal or e-sulphur. 0200 W I
The best representative values for the sp. gr.
are 2:07 for a-sulphur; 1-96 for S-sulphur; and FIG}'I;S;{ITQI forl;ﬁln %oc 1}31;;,nlg8%sc.on
*1-92 for amorphous sulphur. M. Delepiné studied
the substitution of sulphur for oxygen in various organic compounds as regards
density ; he found that with the exception of hydrogen sulphide and thiophosphoryl
chloride, sulphur compounds are heavier than their oxygen analogues. With the
substitution of several oxygen atoms by sulphur atoms, the differences between the
-densities of the corresponding compounds increase, but this effect disappears as the
mols. become more complex. Whilst oxygen ethers are generally less dense than
the isomeric alcohols, the sulphur ethers have about the same density as the isomeric
mercaptans, and the same is true for isomerides of the types X.CS.OR and X.CO.8R,
but for compounds of the types X.CS.N: and X.CN.S. the former have higher
densities than the latter. I. 1. Kanonnikoff observed that with 32 sulphur com-
pounds, free sulphur has the mol. density 121-2, and this is also the value in those of
its compounds in which it acts as a bivalent element. When the valency increases,
the mol. density increases by multiples of 23-2, so that in the quadrivalent condition,
the value is 144+4, and in the sexavalent state, 167-6. In compounds of different
types, the mol. density of sulphur shows a behaviour resembling that of oxygen in
analogous compounds ; thus the value for oxygen or sulphur existing in the form
C.0.C. or C.8.C. is 7-74 less than the value for the free element, whilst in C: S or
C: 0, the value is increased by 4-84.
H. Macagno 4 measured the sp. gr. of soln. of sulphur in carbon disulphide at
15° ; expressing the results in parts of sulphur per 100 parts of solvent, he obtained :

Sulphur . .0 0-2 1-2 51 10-2 20-1 30-2 37-2
Sp. gr. . . 1271 1.272 1-276 1-292 1-313 1-354 1-380 1-:391

If D.denotes the sp. gr. at 15°; and d, the sp. gr. at 6°, then D=d~-0-0014(6 —15).
C. Montemartini and L. Losana found that the sp. gr.~temp. curve of soln. of sulphur
in nitrobenzene changes direction at about 90°, and has an arrest at 115°; while
3 and 20 per cent. soln. in acetamide have arrests at 42° and 65° respectively.
@. J. Pfeiffer obtained for soln. with the following percentage amounts of sulphur,
the following sp. gr. at 15°/4°:
«Sulphur . . 0 0-2 0-4 2:0 5-0 10-0 15-0 20-0
Sp. gr. . . 1.2708 1.2717 1.2727 1-2802 1-2949 1-3195 1-3450 1-3709
Some obgervations on the specific volume of the different forms of sulphur have
been already recorded. Fig. 15 represents the vol. changes which occur when
¢ sulphur is heated from 0° to 180° when the vol. at0° is regarded as unity. M. Tépler 5
i gave 55 per cent. expansion. T. E. Thorpe calculated the atomie volume of the
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sulphur atom in hydrogen sulphide, and thiocarbonyl chloride to be 284 ; in sulphur
monochloride and thionyl chloride, 22:6 ; in carbon disulphide one sulphur atom
has the at. vol. 226 and the other, 28-6. H. Kopp gave respectively 22-6 and 28-6 ;
and I. Traube, 10 to 11:5 and 15-5. H. Buft gave 27-8 for bivalent sulphur, 226 for
quadrivalent sulphur, and 12 for sexivalent sulphur. I. I. Saslavsky, F. Schuster,
A. F. Hallimond, 8. Sugden, and E. Donath and J. Mayrhofer made some observa-
tions on this subject. W. Ramsay’s result for the sp. gr. of sulphur at its m.p. gives
21-6; or for the sp. vol. 0-6757. E. Petersen calculated 15-9 for the at. vol. of
a-sulphur ; 16-4 for B-sulphur ; and 171 for u-sulphur. According to I. Traube,
the relative vapour density of sulphur vapour in the neighbourhood of its b.p. is in
agreement with Trouton’s rule when special assumptions are made with respect to
the complexity of the molecules of the vapour. F. Exner found that 1 c.c. of the
vapour weighs 0-00575 grm., and of this vol. 0-00105 c.c. is occupied by matter.
H. G. Grimm and H. Wolff calculated for the atomie radius 1-059 x10-8 to 1-114
108 cm.; F. Schulze 1-477 (oxygen unity). W. L. Bragg, and M. L. Huggins
calculated 1-02 A. for the atomic radius; L. S. Ramsdell, 1-04 A.; B. Cabrera,
1-01 A. to 1-13 A. for the at. radius of 8"’ ; A. Ferrar, 1-20 A.; W. P. Davey,
1-03 A. to 104 A.; and W. F. de Jong and H. W. V. Willems, 1-04 A. Observations
were made by V. M. Goldschmidt, L. Pauling, and E. T. Wherry from which it
follows that the effective at. radius for sexivalent sulphur atoms is 0-29 to
0-3¢ A.; for neutral sulphur atoms, 102 to 1-04 A.; and for bivalent negative
sulphur atoms, 1-74 to 1-84 A.

About a century ago, the vapour density of sulphur at its b.p. was found by
J. B. A. Dumas,$ and E. Mitscherlich to be between 6-5635 and 6-9. J. von Liebig,

~ 50 ) in his letters to J. J. Berzelius, mentioned
N ? g'“; a0l 1T LA T that he had obtained very variable results
NS (6:';2;} T T 400 | which he did not publish. H. St. C. De-
3 SS PN VA= lo| ville and L. Troost gave 2-23 between
2 35(7.43; A = o 860° and 1040°; this corresponds with
§ _5‘:( WA e . —'?: 2-21 calculated for S,; A. Bineau, 2-7
D SC ) =T g50° between 714° and 743°; and 2-36 between
@i, 5CS8) 8-34° and 1162°; and L. Troost, 6-7 at

0 200 #00 600 800 4000 ;200
oo, pressure | 440° and 104 mm. press,, 6-3 at 60 mm.

Fie. 16.—TIsoth . press., and 30 at 665°. H. Biltz said
L0 Leotherms fo the Vapour Den $LC v, density blow 800° s greate
than the value corresponding with S,, and
although the value 7-8 was obtained at 468°, the values in this region of temp. are
not constant. W. Ramsay suggested that the mol. of sulphur at ordinary temp.
approaches Sg; that when the temp. is raised, the complex mol. dissociates into Sy
and 84 ; and that at still higher temp., the Sg-molecule dissociates into S;-molecules.
A. Krause and V. Meyer found at 19-5°-20°, in an atm. of nitrogen at 743 mm.
press., the mol. approximates S;; and J. F. C. Schall, 85, W.T. Cooke made some
observations of the vap. density of sulphur in argon, ete. H. Biltz showed that even
at the b.p. some Sg-mols. are dissociated into So-mols., and at 900°, the dissociation
Sg=248, is complete. He said that there is no evidence of the existence of Sg-mols.
because the vap. density steadily decreases with a rise of temp. The vap. density
becomes constant only above 900°. G. Preuner and W. Schupp’s results are illus-
trated by Fig. 16; they could not reconcile their observations with the assumption
that only Sg- and S,-mols. are present, but inferred that Sg-, S¢-, and S,-mols. are
present. G. Preuner discussed the possibility of there being S;-mols. also present.
O. Bleier and L. Kohn found that at temp. between 192° and 310°, and at a low
press., the results approximate asymtotically to Sg as the press. is increased ; and
H. Biltz and G. Preuner also observed that at low temp., the results approach Sg
as a maximumn value. I Brockméller represented the reaction 38g=2484 ; 8¢=35,;
and Sg=248,. If the bracketed terms represent partial press., [Sel*=K,[Ssl3;
[So]3=K,[8o] ; and [Sy]*=K3[Sg], so that:
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300 400° 500° 600° 850°
K, . . 36 2 x 102 4 x108 4 x 104 2 x 108
K, . . 34x10-¢ 2:0 , 1-3'x103 1-7 x 10° " 9xl08
K, . . 3-6x10-% 14-7 2-37 x 10° 322 x 108 1-10 x 1014

G. Preuner and W. Schupp found for the vap. press. in mm. of mercury, and the
caleulated values for the partial press. [Sg], [Se], and [S;]. The results are shown
graphically :

100° 150° 200° 250° 300° 350° 400° 450°
P . . . 0008 023 2:26  12:0 48.0 128.0 3780 8280
[Ss] . . . 00075 0-1915 1-74 8-4 30-2 70-5 183-0  346-0
3-6 17-8 56-5 187-0 4500

[Sel . . . 0-0010 0-0385 0-52

— — 1.-28 7-2 31-6

in Fig. 16. A. Scott, and V. and C. Meyer found that the vap. density at
1560° is in agreement with S, ; and likewise, H. Biltz and V. Meyer, at 1719°.
H. von Wartenberg found a mol. wt. of 50 at 2070°,

showing that at this temp. there is an appreciable dis- "¢ 500

sociation S;=28. Assuming that the Sg-mols. represent §

p-sulphur insoluble in carbon disulphide, the proportion - #0 o s
of Sy-mols. in sat. sulphur vapour, calculated from the ¥ 300 J J
observed densities, is in agreement with the values de- 3 2
termined by J. Gal, but not with those of H. R. Kruyt. %’\ 200 &yl

It is possible that at press. below 30 mm., 8;-mols. are .

also contained in the vapour. From observations on the § 100 i
explosion of hydrogen sulphide with electrolytic gas, = 4, Sy

H. Budde was able to show that in all probability the G 300°

S;-mols. dissociate into single atoms above 1800°; and

that at 2450°, and atm. press., about one-half the vapour FI% lz:‘l—TI})’e Total &n‘%
is dissociated: 8,=228. This reaction was studied by Sl?fpfur o iTtarent
D. Alexéeff. H. Staudinger and W. Kreis tried unsuc- Molecular States.
cessfully to isolate solid S, by chilling the gas from 1000°

to —190°. V. Kistiakowsky discussed the mol. constitution of the liquid. K. Stock
found that active sulphur can be prepared by a process analogous to that used
for active nitrogen.

The various methods for determining the molecular weight of sulphur show
that, in all probability, this element, in the solid, liquid, or vaporous state (at a low
temp.), has the complex molecule 8. H. M. Vernon calculated S,, for liquid
sulphur at the b.p. ; and W. Vaubel, 8,,.;g. D. Pekar calculated Sg from the surface
energy of soln. of sulphur in carbon disulphide, and in sulphur monochloride ;
G. Guglielmo obtained Sg from the vap. press. of dil. soln. of sulphur in carbon
disulphide, and 8y, with conc. soln. ; and J. N. Brénsted, from the heat of soln. of
sulphur in benzene and choroform, obtained Sg. H. T. Barnes calculated (S4),
from the sp. gr. of soln. of sulphur in carbon disulphide, The molecular complexity,
calculated by A. M. Kellas from the molar surface energy, of A-sulphur between 115°
and 160°, approximates Sg; and at higher temp., it approximates to S;g. This
agrees with the assumption that near 160° sulphur begins to polymerize to the com-
plex 8,3 which remains stable up to the b.p.; and near 160°, 38¢4=2(S¢)s. Values
calculated from P. Walden’s, W. A. Kistiakowsky’s, and P. Dutoit and P. Mojoiu’s
empirical relations agree with a complexity approximating Sg; from G. G. Longi-
nescu’s relation, 8,4; and A. E. Dunstan and F. B. Thole’s relation gives a still higher
value. H. Erdmann, more or less arbitrarily, assumed that the p-sulphur formed
at about 160°, is S, the sulphur analogue of ozone, and he named it thiozone. He said
that thiozone has the character of an acid anhydride, and is able to bring about the
polymerization of eight-membered rings. Molten sulphur at 160° is therefore
supposed to contain thiozone, which produces the dark colour, and amorphous
(Sg)y, which renders the mass viscid. He represented the molecules of the two
different forms of crystalline sulphur graphically by the formule :
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S=S8=8=8 - S=8—S=S8S

Il Il | |

S=8=8=§ S=5—8=F§
B-Sulphur. a-Sulphur.

The former is supposed to represent monoclinic sulphur, and the latter rhombic sul-
phur. The experimental evidence upon which these formul are based is very flimsy.
The subject was discussed by M. Copisaroff. The formula Sg is in agreement with the
observations of J. N. Hertz on the effect of sulphur on the f.p. of naphthalene ;
E. Kordes, naphthalene and iodine ; of 8. D. Gloss, of a-, 8-, and plastic sulphur on
naphthalene ; and yellow phosphorus; A. Borgo and M. Amadori, bromoform ;
E. Beckmann, and R. Hanslain, with iodine, and anthraquinone; S. Tolloczko,
antimony trichloride ; and A. Smith and W. B. Holmes, and H. Biltz, of u-sulphur
on molten sulphur. E. Paterno and R. Nasini obtained Sq with benzene soln. ; and
S. P. Popoff found that with a-, 8-, and p-sulphur in benzene, or dimethylaniline, the
mol. wt. is proportional to the cone. E. Beckmann and P. Geib observed that with
freezing bromine, sulphur mono-bromide is formed. F. Olivari, E. Beckmann and
co-workers, and R. Hanslian meagured the effect on the f.p. and b.p. of iodine, and
obtained values corresponding with the mol. 8. E. Beckman, J. Sakurai, and
A. Helff calculated Sg from the effect of sulphur on the b.p. of carbon disulphide ;
E. Beckmann, and R. Hanslian, diphenyl; L. Aronstein and 8. H. Meihuizen used
toluene, xylene, naphthalene, as well as carbon disulphide ; G. Oddo and E. Serra,
carbon tetrachloride; W. R. Orndorff and G. L. Terrasse obtained Sy with
carbon disulphide, and toluene; 8, with sulphur monochloride; and Sg with
solvents having a b.p. above the m.p. of sulphur. G. Timoféeff obtained Sg with
chloroform, 8g with carbon disulphide, and 8; to 8, with benzene. E. Beckmann
and P. Geib obtained 8, with liquid chlorine, but probably sulphur monochloride
was formed ; with boiling sulphur monochloride, the complex sulphur molecules
appears to be split into S, and even to atoms. In stannic chloride, or arsenic
trichloride, a-, 8-, amorphous, and plastic sulphur form Sg-molecules. R. Auerbach
found the mol. wt. of sulphur (32-06),, calculated from its effect on the f.p. of pyro-
sulphuric acid with 0-3117, 0-7775, and 1-2400 grms. of sulphur in 413-7 grms. of
pyrosulphuric acid to be n=2-09, 2:13, and 1-86 respectively. Hence, the sulphur
is in the diatomic form. Analogous results were obtained with soln. of sulphur in
pyrosulphuric acid containing some sulphur trioxide.

P. A. Daguin 7 found that the crystals of a-sulphur have a hardness of 1:5 to
25, on Moh’s scale; F. R. Rydberg, and A. Reis and L. Zimmermann said 2.
Rhombic sulphur is brittle, and crackles when warmed with the hand owing to
the production of fine cracks. It is very friable after dipping in boiling water, but
not so if slowly cooled. A. Breithaupt said that monoclinic, or S-sulphur, is rather
harder than a-sulphur. The effect of heat on the viseosity of molten sulphur has
been already indicated in a general way. The observations of J. B. A. Dumas,?
C. M. Marx, M. L. Frankenheim, C. J. 8t. C. Deville, and G. Osann have shown
in a general way that sulphur melts, forming a limpid liquid which begins to
thicken near 160°, and becomes quite stiff at about 200°. G. Pisati said that
the maximum in the viscosity curve is between 157° and 160°; J. Brunhes and
J. Dussy, 156° to 157°; K. Schaum, at 155°; P. Mondain-Monval, 160°;
A. Smith and W. B. Holmes, below 159-5° ; G. Pisati, at about 195°; J. Brunhes
and J. Dussy, at 162°; K. Schaum, between 168° and 250°; and A. Smith and
W. B. Holmes, between 170° and 220°. C. Malus made some observations on
the effect of temp. on viscosity. C. C. Farr and D. B. MacLeod found that
the viscosity of twice-distilled, but not gas-free sulphur, is 7=0-1094 at 123°,
and from this temp. falls to a minimum, #=0-0709 at 150° ; it then rises to 0-075
at 159°, but nothing of the nature of a strict transition point can be observed.
Exposure to air in the molten condition, especially below 160°, has a marked effect
on the viscosity above 160°. The effect is a slow one, the viscosity continuing to
tise for as much as 48 hrs. on exposure to air for that time. The maximum for

-
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purified, gas-free sulphur is reached at 200° when 5=215, while with purified sulphur,
not gas-free, after a long exposure to air, the maximum is about =800. Crystal-
lization has an apparent, but probably secondary, effect on the viscosity. It
raises the viscosity of a low-valued sample and lowers that of a high-valued one;
and the effect disappears with a sample having =300 at 171°. Sulphur freed
from gaseous impurities acts as a simple substance so far as its viscosity is concerned,
since it is definite at any given temp., and is independent of previous heat treat.
ment. Sulphuric acid is the impurity which causes the variations in viscosity
with sulphur which has been exposed to air. Changes in viscosity are accompanied
by corresponding changes in the amount of insoluble sulphur present. The relation
between the viscosity and the presence of allotropic forms of sulphur in the liquid
has been discussed by M. L. Frankenheim, K. Schaum, F. Hoffmann and R. Rothe,
A. Smith and W. B. Holmes, C. Malus, J. Dussy, G. Magnus and R. Weber, etc.
L. Rotinjanz said that the changes of viscosity exhibited by liquid sulphur are
not to be attributed to the presence of amorphous insoluble sulphur. When the
temp. of sulphur isincreased at the rate of 0-27° to 1-0° per minute, the maximum
viscosity is 52,000 (water unity) at 187°; if the rate of heating has been greater,
the maximum occurs at higher temp. With sulphur, the temp. of which has been
lowered gradually, the maximum value of the viscosity and the temp. at which
it occurs depend on the temp. to which the sulphur has been raised previously,
a, b, ¢, Fig. 18, the higher the temp.

to which the sulphur has been 64,000

heated the lower is the maximum N

value of the viscosity, and the ¥ 6,000 \

higher is the temp. at which it is 3 _, a

found. Sulphur through which a & \

current of ammonia has been passed 30,000 A\‘

has 2 maximum viscosity of 19,000 S M\

at 180°; sulphur containing 0-02 ] 20000 / \\

per cent. iodine has & maximum § A\

viscosity of 5600 at 225°, d, Fig. 18, N 000 17

whilst with a content of 0-77 per TN
cent. iodine, the maximum viscosity LT 2007 267 3000 350° gpee 250°

is only 300 at 265°. The relation
of the viscosity curve obtained with
rising temp. to that obtained with
falling temp. is very much the same for these samples of sulphur as for pure
sulphur. In the case of sulphur which has been treated with ammonia, there is
a break in the falling branch of the viscosity curve at 210°, marked also by a
change of colour similar to what is observed in the case of pure sulphur at higher
temp. L. Rotinjanz gave :
1200 170° 187° 200° 240° 250°  300°  400°  448°

7 .11 30,000 52,000 46,000 24,000 9600 2200 150 74
The results are plotted in Fig. 18.

H. Zickendraht 9 measured the surface tension of molten sulphur, and found
that from the m.p. up to 160°, the surface tension slowly decreases; at 160°, there
is a maximum of about 6 mgrms. per mni., and thereafter a rise to a maximum at
250°, when the surface tension is about 12 mgrms. per mm. After the maximum
thereis a rapid fall in the surface tension to about 300°, and subsequently a gradual
fall to the b.p. at which temp. the surface tension is about 45 mgrms. per mm.
He explained the results by assuming that above 160°, a new allotropic form of
sulphur appears in the system. Some observations on the ascent of the liquid
in capillary tubes were made by G. Pisati, J. F. C. Schall, and R. Schiff. Accord-
ing to G. Capelle, there is a slight increase in the surface tension between 125°
and 142°, and between 142° and 160°, a large and rapid increase ; and at 160°, the
liquid becomes too viscid to make observations by the method which he employed.

F1e. 18.—Viscosity Curves of Sulphur at
Different Temperatures.
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He also assumed that a variety of A-sulphur, which he called A, -sulphur, exists between
125° and 142°, and another variety, Ag-sulphur, between 142° and 160°, but the
latter may be merely a mixture of A;- and p-sulphur, such that the formation of
the latter commences at 142° and is complete at 160°. W. A. D. Rudge found a
change in the angle of contact between glass and drops of liquid sulphur at 185°
and 256°, the observed angles being 60°, 43-4°, and 26-6° respectively at 130°,

190°, and 260°. He found the surface tension at

S jf; R ;‘; Sy 138° to be 11-56 dynes per cm. At higher temp.
S /72 < 53'5 Y the surface tension is anomalous, but there is no
% PO s,%i sudden change at the temp. at which the angle of
N 785, RN 'Z_&g contact of liquid drops exhibits variations; bub
8 ez N 7 88 A M. Kellag showed that this statement is based
Y IN;Q on an experimental error. W. A. D. Rudge said

wo° 200° 300° #0° that the presence of mercury vapour changes the

Fie. 19.—Specific Gravities and form of the drops of liquid sulphur and makes
Surface Tensions of Liquid the sulphur adhere to the walls of the vessel.
f:rl}a):mr at Different Tempera- A W, Kellas found for mobile or A-sulphur between

) 119-4° and 156-04° the surface tension o=60-46
to 56-38 dynes per cm., and the mol. surface energy o(Mv)3=653-4 to 615-9 ergs;
at 116-4°, 132-0°, 142-8°, and 155-6°, D=1-807, 1-795, 1-787, and 1-776 respec-

tively; 0=59-48, 57-72, 56-T7, and 55-08 dynes per cm. ; and o(Mv)i=642-4, 626-1,

617-7, and 6016 ergs respectively, whilst for viscous or u-sulphur, he obtained :

155:8°  1835°  2110°  2410°  2800°  8020°  857-0°  4450°

D . . 1-776 1-765 1.751 1.734 1.710 1-699 1-657 1-605
¢ . . b5-82 54-69 52-83 50-51 48-55 47-31 44-27 39-87
o(Mv)d . 6096 599-2 582-0 560-6 544-1 532-1 506-5 466-0

The results are plotted in Fig. 19. A. M. Kellas gave for the specific cohesion
of sulphur, ¢2=6-8 at 119-4°.

H. Rinde 10 measured the osmotic pressure of a colloidal soln. of sulphur in dil.
hydrochloric acid separated by a collodion membrane from dil. hydrochloric acid ;
the membrane potential has its highest value when the acidity of the colloid is small,
decreasing when the acidity rises, and finally approaches zero. The curve for
osmotic press. against acidity has the same shape as the membrane potential curve,
but approaches a certain positive value instead of zero. This should correspond
with the osmotic press. of the colloid particles themselves, but the values are
actually in the reverse order to that expected from an ultra-microscopic examina-
tion of the sols. All the calculated osmotic press. are many times larger than those
observed. It thus appears impossible to calculate either the size of the particles
or the membrane equilibrium from the osmotic press. The adsorption of the
chlorine ions by the sulphur particles varies with the conc. of unadsorbed ions.
L. Kahlenberg studied the selective dialysis of sulphur and sugar in pyridine soln.
through a rubber membrane, ,

H. Rose and O. Miigge ! found that the deformability or plasticity of rthombic
sulphur are not appreciably increased by heating up to 281° at press. of 1000 to
19,800 kgrms. per sq. cm. T. W. Richards gave for the average compressibility
of sulphur between 100 and 500 atm., 0-0000123 kgrm. per sq. cm.; 0-0000125
megabars; or 0-0000127 atm. E. Madelung and R. Fuchs gave 12-56x10-6
megabar per sq. cm. P. W. Bridgman gave for the compressibility of rhombic
sulphur at a press. p kgrms. per sq. cm. :

. . 2,000 4,000 6,000 8,000 10,000 12,000

30° . 0-0099 0-0180 0-0246 0-0304 0-0357 0-0412
a{750 . 0-0104 0-0190 0-0261 0-0323 0-0372 0-0427

a8l b 30° . 0-0093 0-0165 0-0224 0-0277 0-0323 0-0370
Iy 75° . 00113 0-0201 0-0273 0-0334 0-0388 0-0433
¢ 30° . 0-0042 0-0079 0-0113 0-0143 0-0171 0-0198
{75c . 00043 0-0082 0-0116 0-0148 0-0177 0-0203

v (30° . 0-0233 0-0419 0-0571 0-0707 0-0839 0-0949
v {75" . 0-0258 0-0466 0-0638 0-0784 0-0908 0-1027
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J. D. Strong 12 studied the stress-strain curves of plastic sulphur. P. de Wolf and
E. L. Larison gave for the tensile strength in lbs. per sq. in. of cement made from
mixtures of fused sulphur and sand :

Sulphur . . 25 35 40 45 50 100 per cent,
Tensile strength 90 310 400 310 110 250

The coeff. of linear thermal expansion was found by H. Fizeau 13 to average
0-00006413 at 40°; and 0-0,6748 at 50°. J. Dewar gave 0-0,384 between —190°
and 17°; H. Kopp, 00,4567 between 0° and 13°; 0-0,743 between 13° and 15°;
0-0,8633 between 50° and 78°; 0-0;2067 between 78° and 97°; and 0-0,103 between
97° and 100°. A. Schrauf gave for the linear expansion in the direction of the
three crystal axes, a=00,6698165 ; b=0-0,7803127 ; and ¢=0-0,1982486 at 17-96°,
and 0-0,71384, 0-0,86039, and 0-0,21441 at 21-252°. The mean value at 17-96° is

\P% 500 —T ‘»"“ 360
§ 750 x 820
‘s 700 _§ 280
ijjﬂ 7 g 2#0
3 300 ] NGB
g 250 ] 1 g 0 -\m A
Y v N 2 —
K /80 Y o l
Q 95575 277 700° S # o8 g0
700° 200° 300° 00 /56° 160° /64° /68°
Fie. 20.—The Thermal Expansion Fia. 21.—The Thermal Expansion of
of Liquid Sulphur. Viscid Sulphur,

00,5649593 ; and 0-0,59621 at 21-252°. W. Spring obtained for the coeff. of cubic
expansion, 8, and the vol., v, attained by unit vol. at 0°:

o° 920° 40° 60° 80° 100°

From (v . 1:000000 1004243 1009336 1014632  1-023183  1.035408
Cstoln.{E R — 00,2122 00,2334 00,2438  0-0,2895  0-0,3541
From (v . 10000000 1-0048616 010098893 10150350 1-0203378 1.0260503
Sicily {F .- 0-0,2430  0-0,2470 00,2500  0-0,2540  0-0,2600

J. Russner found 3=0-0001723 between 20° and 65° for a-sulphur which had been
melted ; and for a-sulphur which had been crystallized from carbon disulphide,
005147 at 10°; 003160 at 20°; 0-04170 at 30°; 0-03178 at 40°; 0-03183 at 50°;
and 0-04186 at 60°. He gave for the vol., v, at §°, for unit vol. at 0°, v=1-4-0-031286
+0-0518662—0-0,15303. ~ G. Vicentini and D. Omodei gave 8=0-03482 at the m.p.,
113° before melting, and 0-033540 after melting. M. Tépler found for molten
sulphur, 0-00041 between — 20° and 0°; 0-00043 between 0° and 20°; 0-00046
between 20° and 40° ; and 0-00049 between 40° and 60°. Observations were made by
C. Despretz, H. Kopp, G. Pisati, S. Scichilone, and A. Smith and W. B. Holmes.
A. Moitessier found the coeff. of expansion of yellow, mobile sulphur, A-8, decreases
rapidly with rise of temp. from 110° to about 160°, and then, for brown, viscous
sulphur, u-8, rises rapidly beyond the minimum giving the V-shaped curve, Fig. 21.
The following results by A. M. Kellas were calculated from the observed sp. gr.,
and refer to the mean coeff. between the indicated temp. and the next one:

115° 134° 138-2° 145:5° 151-5° 156-9° 158-5° 161-0°
B . . 00,430 00,439 0-0;465 0-0,487 0-0,490 0-0,282 0-0;135 0-04127
165° 171-3° 178-3° 184.0° 210-0° 239-5° 278:5°  337°-445°
g . . 00,170 0-0,194 0-0,298 0-0,308 0-0;344 0-0,366 0-0;366 0-0,366

They are shown graphically, in part, in Fig. 21. F. C. H. Wiebe gave 8=0-032670-
Some relations between the m.p., b.p., and coeff. of expansion were studied by
F. C. H. Wiebe, and P. Freuchen and V. Poulsen. A. Schrauf gave for the coeft.
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of linear expansion of monoclinie, or S-sulphur at 21°, 0-0,68486 for a, 0-0,86039
for b, and 0-0,21441 for ¢. These results are almost proportional to the ratios of
the crystal axes. M. Topler found for the coeff. of cubic expansion, f=0-00027
at 15°, and 0-00035 at 100°. M. T&pler also gave for insoluble, amorphous sulphur,
B=0-0003 to 0-0004 at 30°.

L. Hecht 14 found the thermal conductivity of rhombic or a-sulphur to be
0-0017 cal. per cm. per sec. per degree of temp. G. W, C. Kaye and W. F. Higgins
found for the thermal conductivity of rhombic sulphur:

20° 40° 60° ®0° 95° (transition)
k. . . . .000065 0-00061 0-00058 0-00055 0-00054

for monoclinic sulphur 0-00037 to 0-00040 at 100°; for plastic sulphur at 20°,
k=0-0002; and for liquid sulphur, where the m.p. is 115°, and the change-point
is between 160° and 170°:

©115° 120° 140° 160° 165° 170° 190° 210°
k . 000031 0-00031 0-00032 0-00033 0-00033 0-00034 0-:00036 0-00037

H. V. Regnault found the specific heat of a-sulphur to be 0:1776 between 14°
and 99°; P. L. Dulong and A. T. Petit, 0-1880 ; F. E. Neumann, 0-2090 for flowers
of sulphur; and H. Kopp gave 0-163 between 17° and 45°; R. Bunsen, 0-172
between 0° and 100°; O. Silvestri, 0-1776 ; P. M. Monval, 0-176 ; F. C. H. Wiebe,
0-1710; L. Hecht, 0-187; A. Wigand, 0-1719 between 0° and 32°; and 0-1751
between 0° and 95°; F. Koref, 0-1537 between —77° and 50°; J. Dewar, 0-0109
between —253 and —196°; W. Nernst and co-workers, 0:1131 between —189-5°
and —80-7°; 0-1537 between —76-9° and 0°; and 0-1705 between 1-7° and 46-5° ;
W. Nernst, 0-0300 at —250°, 0-0835 at —190°, and 0-1530 at —T71°; H. Barschall,
0-118 between —183° and —73°; T. W. Richards and F. G. Jackson, 0-131 between
—188° and 20°; and C. Forch and P. Nordmeyer, 0-135 between —192° and 14°.
J. Heinrichs gave ¢=0-15702--0-00034366 between 0° and 100°. W. A. Kurbatoff
gave 0-1759 between 23° and 92°, and added that the at. ht. of sulphur at corre-
sponding temp. is lower than those of the metals, indicating that the mol. of sulphur
in the crystalline state is more complex than those of the metals. W. Herz dis-
cussed some relations of the sp. ht. The sp. ht. of monoclinic or B-sulphur is
rather greater than that of rhombic sulphur. A. Wigand gave 0-1774 between
0° and 33°, and 0-1809 between 0° and 52°; W. Nernst and co-workers, 0-1187
between —189-0° and —80- 1°; 0-1612 between —176-2° and 0°; and 0-1794 be-
tween 1-9° and 43-3°. W, Nernst found 0-0826 at —190°, 0-0920 at —182°, and
0-1498 at —72°. F. Koref gave 0-1612 between —76° and 0°. M., Padoa observed
that the multiplication and intensification of bonds between atoms in solid
polymerized compounds produces a marked decrease in the sp. ht., so that
elements with sp. ht. lower than is required by Dulong and Petit’s rule, should
have a considerable number of valencies. When the abnormal elements form
solid soln., the complex atom is resolved into a simpler atom ; and hence the sp.
ht. ought to rise with dilution. The S—Se-system agrees with this, for with solid

soln. containing 4, 9, 2877, and 90-35 per cent. of sulphur

Nl I T the at. hts. were respectively 7-03, 6:00, 5-50, and 5-78.
o C. C. Person obtained for liquid sulphur, 0-234 between
o 0351 119° and 147°; and A. Classen, 0-232 between 116° and
Y 030N — 136°. J. Dussy found the sp. ht. of molten sulphur to
s Z ;; be 0279 between 160° and 201°, 0-331 between 201° and

00 200° 300° w00° 232-8°, and 0-324 between 232-8° and 264°. G. N. Lewis
Fic. 22—Specific Heat 20d M. Randall gave for the sp. ht. of liquid A-sulphur ¢
T Tigmid Sulphun . =0-21--0-000160; J. Heinrichs gave c—0-1546--0-000378
between 112° and 210-5°. P. Mondain-Monval gave for

hquld and vitreous sulphur respectively 0-220, and 0-290. For A-sulphur with
3-1 to 5:5 per cent. of u-sulphur they gave O 238 for A-sulphur with 55 to 237
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per cent. of p-sulphur, 0-292; and for A-sulphur with 237 to 33-9 per cent. of
p-sulphur, 0-263. The sp. ht. of liquid sulphur was represented by the curve
n Fig. 22, I. Titaka gave 0-199 for liquid sulphur at 119°. P. Mondain-Monval
gave 0-176 for the sp. ht. of a-sulphur; 0-220, for liquid sulphur; and 0-290
for viscid sulphur above 160°,

From the above determinations, the atomic heats of a- and B-sulphur approach :

—250°  —100°  —71° o ~190° —182°  —72° o°
At.ht. . 096 270 487 551 215 295  4-80 569
a-sulphur. B-sulphur.

The estimated at. ht. from the summation law by H. Kopp is 5562 ; by H. V. Reg-
nault, 568 ; by M. Goldstein, 5-46; and H. Buff, 54 for bivalent sulphur, and
3-8 for sexivalent sulphur.

The early observations on the melting point of a-sulphur—104:5°, by J. J. Ber-
zeliug,15 107° by J. B. A. Dumas, 108°-109° by J. Dalton, 111° by G. Quincke,
111-75°-112° by R. F. Marchand and T. Scheerer, and 112-2° by M. L. Franken-
heim—were too low. L. M. Arons, and G. Vicentini and D. Omodei gave 113°;
G. Pisati, 113° to 113-5°; F. C. H. Wiebe, 113-6°; G. Tammann, 114-4°; B. C. Brodie,
114-5°; and C. C. Person, and H. Kopp, 115°. 0. Silvestri found that crystals
from a Sicilian mine had the m.p. 124°~125°, but this value is much too high.
H. R. Kruyt, A. Smith and C. M. Carson gave 112-8° for the triple point of a-sulphur,
liquid and vapour; and for the natural m.p. of a-sulphur with 3-5 per cent. of
p-sulphur, H. R. Kruyt gave 110-6°, and A. Smith and C. M. Carson, 110-2°. The
freezing point of sulphur has been previously discussed, and it was shown by
A. Smith and W. B. Holmes that the presence of a little u-sulphur may lower the
f.p. of A-sulphur, which solidifies as a-sulphur. The equilibrium conditions are
illustrated in Fig. 10, where 114-5° is taken as the natural m.p. of sulphur which is
in equilibrium with 37 per cent. of u-sulphur at that temp. By extrapolation
it was found that the m.p. of idealized a-sulphur, freed from p-sulphur, is 119-25°.
W. Guertler and M. Pirani gave 119-2°. K. Beckmann and his fellow-workers’
contribution to this subject has been discussed in connection with the allotropes
of molten sulphur. The effect of press. is to raise the m.p.; thus, G. Tammann
found the following m.p. at a press. of p kgrms. per sq. cm., :

p . 199 534 914 1318 1588 1838 2149 2650 3143
M.p. 120-01° 129-91° 141-1° 151-1° 158-1° 163-1° 170-1° 180-1° 190-1°

H. Rose and O. Miigge observed for p=19,300, the m.p. was 263°. W. Hopkins
observed a m.p. of 135-2° at 519 atm., and 140-5° at 792 atm. The general effect
of press. on the m.p. is illustrated by the line 0,0,N, Fig. 6 ; the line 0,03 shows
that a-sulphur is transformed into B-sulphur by press., as indicated previously.
The m.p. of B-sulphur was found by K. Schaum to be 118-75°; by A. Wigand,
118-95° ; and by A. Smith and W. B. Holmes, 119-25°. A. Smith and W. B. Holmeg
found that the m.p. was lowered 42-5° by the dissolution of 32 grms. of u-sulphur
in 100 grms. of B-sulphur. The natural m.p. of B-sulphur with 3-6 per cent. of
p-sulphur, was found by A. Smith and C. M. Carson to be 114-5°; by C. C. Farr
and D. B. Macleod, 114:6° ; and by H. R. Kryut, 114-6°. For y-sulphur—that is,
soufre nacré—A. Smith and C. M. Carson gave 106:8°—C. C. Farr and D. B. Macleod
obtained a similar result—and for the natural m.p. of y-sulphur, 103-4°; C. C. Farr
and D. B. Macleod gave 103-2°. For e-sulphur, or trigonal sulphur, R. Engel
said that the m.p. is below 100°. For the variation in the m.p. owing to the
association of molecules of different degrees of complexity, vide supra. A. Smith
and W. B. Holmes found that the same liquid is produced by the melting of a-
and B-sulphur. R. Lorenz and W. Herz studied some relations of the transition
temp. and the m.p. ; and W. Herz, and J. Meyer, the m.p., and the critical limits
of existence of the liquid.

C. Brame,16 and C. Zengelis observed that sulphur gives off vapour at ordinary
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temp. and blackens silver in its vicinity. J. Dewar also observed the sublimation
of sulphur in an evacuated tube, at ordinary temp., when one limb of the tube is
cooled by liquid air. M. Berthelot found evidence of the volatilization of sulphur
in the drying chamber of a gunpowder works ; J. Joly noted that sulphur volati-
lizes at 65° to 70°; and F. Jones found sulphur can be volatilized at 100°; and
T. C. Porter, that it can be sublimed at 100° in vacuo. R. P. Tucker found that
different varieties of sulphur sublime slowly at different temp. between 25° and
50°, Ordinary ground sulphur sublimes at 24° to 26°, sublimes sulphur at 30°
to 35°, and gas purification sulphur at 40° to 45°, and the comparative rates were
as 1:6:80. R.J. Moss observed that when some fragments of roll sulphur were
left sealed up in an exhausted tube, after 25 years, a minute crystalline sublimate
formed. A. Schrotter made an analogous observation. G. Aminoff found that
with a sphere of rhombic sulphur, volatilization develops plane faces which corre-
spond with the most important faces of the crystal.

According to M. Chavastelon, the vapour pressure of sulphur is appreciable
at ordinary temp. because if small pieces of rhombic sulphur be kept in contact
with or near to sheets of copper, silver, or lead, a circular film of sulphide forms on
the metal around the sulphur. The result is affected by time, temp., and light.
With dry air inside a tube within which was placed a quartz tube containing sulphur
and wrapped round the outside with copper, silver, or lead wire, no tarnishing of
the metal occurred at ordinary temp. and exposed to light for 19 months, but with
moist air, a faint tarnishing occurred. 0. Ruff and H. Graf found the vap. press.,
P, in mm. of mercury for sulphur between 49-7° and 211:3° :

49.7° 78:3° 99-3° 104-0° 114-5° 123-8° 141.0°  172:0°  211-3°
p . 00,34 00,23 0-0,89 0-0115 0-0285 0-0535 0-131 0-629 3-14
Solid. ) Liquid.

W. Matthies gave the following values for the vap. press. of liquid sulphur between
210-2° and 379-4°: .

222:4°  230-6°  241-8°  265:0°  306:5°  B417°  3525°  3630°  3704°
r . 32 4-48 8-45 20-5 5356 105-5 133-0 176-0 250-1
M. Bodenstein measured the value of p between 374°, when p=240 mm., and 444-53°,
when p=T60 mm.; and E. F. Mueller and H. A, Burgess over the range 700
to 800 mm. H. V. Regnault gave the following values between 390° and 570°:

390° 400° 440°  448'5°  480° 520° 540° 560° 570°

p . 27231 32898 66311 760 1232-70 2133°30 273931 346533 387708
H. V. Regnault represented his results by the formula log p=>5-1545031
—2-744570009-387, where log a=1-9986684; while C. Antoine employed log p
=2-6150{2-7346 —1000(f+164)"1}; and C. Barus, log p=19-T76—44580"1
—3-868/log 6. H. Griiner represented his measurements with a-sulphur, at 6°,
between 50° and 100°, by p=abf, where log ¢=7-9225, log b=0-0395; while for
values of 6 over 100°, log a=3-8725, log b==0-0316, and- in place of 6 put 6—100.
He found :

50° 70° 80° 100° 100° 105° 110° 120°
. . . 00,8 0-0,47 0-0012 0-0072 0-00745 0-0104 0-0136 0-0339
;sulphur. B-sulphur.

The observations of A. Smith and co-workers were made on fused sulphur contain-
ing definite proportions of A and u-sulphur. M. Volmer and I. Estermann found
the fraction a of vaporized sulphur condensed on a cooled surface, while the rest
(1—a) is reflected, lies between 0-2 and 0-5. R. Lorenz, and W. Herz studied
some vap. press. regularities with sulphur and other elements. In connection
with the vap. press. of sulphur, and Lord Kelvin’s ({.e. W. Thomson’s) formula
for the vap. press. of small drops of liquid—1. 9, 6—W. Ostwald said :
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The existence of such a difference can be demonstrated by putting a liquid which must
not be too volatile, in a tube which is evacuated and sealed, and then producing & deposit
of droplets on its walls. If the tube be put aside for some time, it will be found that
droplets which were larger than the others at first have surrounded themselves with cleared
spaces showing that the neighbouring small droplets have distilled over to the larger
ones. Sulphur is a suitable material for this experiment.

8. L. Bigelow and H. M. Trimble showed that the clear zone cited by W. Ostwald
is produced only when the central particle is solid. No distillation was observed
to occur from the small droplets on to the large ones if the droplets be all kept in
the liquid state. .

The boiling point of sulphur at different press. corresponds with the saturation
vap. press. at different temp. just indicated. J. B. A. Dumas 17 gave 440° at
760 mm. ; H. V. Regnault, 448-4° at 760 mm. ; J. W. Hittorf, 447° at 760 mm. ;
T. Carnelley and W. C. Williams, 446°-451°; V. Meyer, 444-4° at 724 mm., 435-6°
at 760 mm.; A. L. Day and R. B. Sosman, 444-4° at 760 mm.; W. Ramsay,
446°; J. M. Crafts, 447-4°; H. M. Vernon, and H. le Chatelier, 448°; L. Holborn
and F. Henning, 444-51°; C. T. Heycock and F. H. Neville, H. L. Callendar,
W. Matthies, and H. L. Callendar and E. H. Griffiths, 444-53°; H. IL. Callendar
and H. Moss, 443-53°-443-55°; F. G. Keyes, 444-52°-444-54°; P. Chappuis,
444-6°; R. Rothe, 444-7°; N. Eumorfopoulos, 444-55°, and later 444-61°;
E. Henning and J. Otto, 444-60°; P. Chappuis and J. A. Harker calculated for the
b.p. at a press., p mm. of mércury, 360-498--0-14065639p—3443141 X 10~5p~2, so that
in proximity with the b.p., d1";/dp=0-088° per mm. of mercury press. L. Holborn
and F. Henning gave between 650 and 850 mm., 445-00°40-0912(p—760)
—0-000042(p—760)2; J. A. Harker and F. P. Sexton, 0+0-0904(p—T760)
—0-0;,562(p—1760)2, where 0g represents the b.p. at 760 mm.; and K. Scheel,
444-55--0-0908(p—1760) —0-0,47(p—7T760)2. F. Krafft and L. Merz found that in
the vacuum of the cathode light, sulphur boils at 140°, while at 40 and 115 mm.,
the temp. of the vapour of normally boiling sulphur is respectively 136°-138°,
and 151°-152°; similarly at the same press., the temp. of the vapour of
colloidal sulphur is respectively 183°-187°, and 199°-202°; while the temp.
of the colloidal sulphur is respectively 204°-208°, and 223°-225°. The existence
of colloidal sulphur is thus dependent on the press. W. Meissner, E. F. Mueller
and H. A. Burgess, and C. W. Waidner and G. K. Burgess discussed the
b.p. of sulphur as a fixed thermometric point. M. Delépine observed that the
substitution of sulphur for oxygen in organic compounds usually raises the b.p.,
except in the case of water, and the lower alcohols, phenols, and acids. H. F. Wiebe
studied the relation between the b.p., the m.p., the sp. ht., the coeff. of expansion,
and the at. wt. of the family of elements; and K. Bennewitz, the vaporization
coeff. M. Volmer and I. Estermann discussed what they called the coeff. of vapori-
zation. According to E. F. Mueller and H. A. Burgess, the presence of 0:05 per
cent. of arsenic in the sulphur has no effect on the b.p., but: 0-10 per cent. raises
the b.p. 0-02°; 0-05 per cent. of selenium, together with 0-10 per cent. of arsenic,
raises the b.p. 0-08°, and 0-10 per cent. of arsenic and 0-10 per cent. of selenium
raises the b.p. 0:09°. The b.p. of pure sulphur at 760 mm. press. is 421-73°, and
the b.p. 6, at a press., p, between 700° and 800° is 0,=444-604-0-0910(p—760)
—0-000049(p—760)2. A. W. C. Menzies observed that the results are the same
whether the b.p. is determined with fresh or with aged sulphur.

G. Tammann 18 gave 151° and 1320 kgrms. for the constants of the friple
point of thombic sulphur, and H. W. B. Roozeboom gave 131° and 400 atm.
H. R. Kruyt studied the relations between the three triple points (Fig. 6) of sulphur.
H. Rassow gave 1040° for the critical temperature ; and A. M. Kellas calculated
a critical temp. of 1390° for mols. of complexity S,4; and 766° for mols. of com-
plexity Sg. The subject was discussed by F. Michaud, and E. van Aubel. C. C. Per-
son found the heat of fusion of rhombic sulphur to be 0-300 Cal. per gram-atom or
9-37 cals. per gram at 115°; and for monoclinic sulphur, A. Wigand found 0-33
(Cal. per gram-atom, or 104 cals. per gram ; while P. M. Monval gave 9-3 cals.
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per gram. K. Stratton and J. R. Partington gave 885 cals. per gram of mono-
clinic sulphur ; J. Heinrichs, 9-855 cals. per gram ; and G. N. Lewis and M. Ran-
dall, 14-9 cals. per gram for rhombic sulphur in a state of equilibrium at 100°, and
11-5 cals. per gram for monoclinic sulphur ; the heat of fusion to form pure liquid
A-sulphur is 14:5 cals. for rhombic sulphur, and 111 ecals. for monoclinic sulphur.
I. Traube obtained 0-362 Cal. per gram for the heat of vaporization at 396° when
the calculated value is 0-3399 Cal. C. C. Person gave 362 cals. per gram, or 11-58
Cals. per gram-atom. J. H. Awbery gave 79 Cals. per gram. F. S. Mortimer
made observations on this subject. He calculated 16-92 Cals., and gave 15-670
for Trouton’s constant. F. A. Henglein studied this subject. G. Preuner and
I, Brockmoller calculated that the passage of 64 grms. of solid rhombic sulphur
into gaseous Sy-mols. is accompanied by an absorption of 32,500 cals. G. Preuner
and W. Schupp gave 28,800 cals., and they calculated that in the reaction 38g=48,,
29,000 cals. are absorbed ; in the reaction Sg==3S,, 6400 cals. are absorbed ; the
change of gaseous Sg to 45, absorbs 95,000 cals. ; the heat of vaporization of solid
88 to gaseous Sg-mols., is 20,000 cals. ; while for the conversion of 88-solid to 48,-
gaseous mols., 115,000 cals. are absorbed. F. Pollitzer gave for the conversion
of solid sulphur to S,-mols., an absorption of 28,500 cals. N. Bjerrum tried un-
successfully to calculate the heat of the reaction 8,=28 at 2299° and 3404°, from
the explosion of hydrogen sulphide with electrolytic gas in a calorimetric bomb.
For the heat of combustion of rhombic or a-sulphur, ®. L. Dulong gave (a-8, Oy)
=832 Cals.; H. Hess, 82-2 Cals.; T. Andrews, 73-8 Cals.; P. A. Favre and
J. T. Silbermann, 71-04-71-2 Cals.; M. Berthelot, 69-1 Cals.; T. Thomsen, and
E. Petersen, 71-08 Cals. For monoclinic or 8-sulphur, T. Thomsen, and E. Peter-
sen gave 71-72 Cals. ; and for insoluble, amorphous, or u-sulphur, E. Petersen gave
71-99 Cals. H. Giran found for the heat of formation, @ Cals., of sulphur dioxide
and the ratio, R, of sulphur converted into trioxide to the total weight of sulphur
when that element is burned at a press. of p atm. :

P . . 1 2:5 5 15 20 25 35 45
Q . . 698 70-43 71-60 74-45 75-52 77-88 80-26 81-13
R . . — 0-142 0-165  0-188 0-219 0-228 0-294  0-312

J. Thomsen compared the heats of combustion of numerous organic sulphur com-
pounds ; and W. Svientoslavsky concluded that the heat of formation of the link-
ing C.8 is greater in sulphides than in the corresponding mercaptans. A similar
result was obtained with the corresponding ethers and alcohols. E. Mitscherlich
observed that a rise of temp. occurs during the transformation of 8- to a-sulphur,
eq. to 2-27 units of heat. This is eq. to 0-063 Cal. at 15° in gram-atoms. T.Thomsen
said that the heat of transformation is 0-64 Cal.; for the transformation of u-
into a-sulphur, L. T. Reicher calculated 0-081 Cal. at 95-6°; G. Tammann,
0:086 Cal.; J. N. Bronsted, 0-077 Cal. at 0°; and H. R. Kruyt, 0-105 Cal. at
96°. A. Wigand gave —T7-180 Cals. per mol., Sg, for the heat of transition from the
soluble to the insoluble form at 117-1° to 119-6° as compared with —6-0 Cals. at
126-3°; —5-39 Cals. at 131+0°; and —4-70 Cals. at 135-9°, E. Petersen gave 0-91
Cal. per gram-atom ; and H. von Wartenberg, 0-72 Cal. M. Berthelot found for
the heat of the transformation of amorphous insoluble into amorphous soluble
sulphur, 0-086 Cal. per gram-atom ; and A. Wigand for the conversion of amorphous
soluble-sulphur into a-sulphur, 0-64 Cal. per gram-atom. P. Mondain-Monval
found that the heating and cooling curves of molten sulphur show discontinuities
at 162-8° and 157-7° respectively ; the heat of transformation of rhombic to mono-
clinic sulphur is 2-7 cals., and of liquid to vitreous sulphur, 2:8 Cals. According to
R. G. W. Norrish and E. K. Rideal, if C cals. denotes the critical increments of the
reaction at 300°, and n, twice the number of free bonds of sulphur produced when
the sulphur reacts, then for $(2H,+8S,) gaseous reaction C'=51,460, n=4, and
C/n=12,865; for Hy+8 surface reaction, C(=25,750, n=2, and C/n=12,875; for
the dissociation of the gas from H. Budde’s result, 18,=28, C(=50,000, n=4, and
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C/n=12,500; for liquid sulphur to S,-gas, F. Pollitzer’s result, C=28,000, n=2,
and C/n=14,000; for the latent heat of liquid sulphur per gram-atom from C. C. Per-
son’s result, C/n=11,600; for the allotropic change of liquid sulphur, C=25,750,
n=2, and C/n=12,875; for the reaction A4 of 840, C=25,7560, n=2, and
C/n=12,875; and for the reaction B of 8-0,, C=37,450, n=(3), and C/n=12,480.
This shows that the critical increment of the reaction is a constant numerically
equal to one-half the work required to create one free sulphur bond. The subject
was discussed by A. M. Taylor and E. K. Rideal, M. Born and E. Bormann, M. Born
and W. Gerlach, and J. Franck and P. Jordan. For the heat of solution of a gram-
atom of sulphur in benzene, 8. U. Pickering gave —0-690 Cal.; in chloroform,
—0+697 Cal. ; in carbon tetrachloride, —0-624 Cal. ; in carbon disulphide, —0-624
Cal.; and in ether, —1-499 Cals. A. Wigand found the heat of soln. of rhombic
sulphur in carbon disulphide is —12-3 cals.; and of soluble amorphous sulphur,
—1:0 Cal. per gram. P. Mondain-Monval found the heat of transformation for
liquid to viscid sulphur at 160° is 2:8 cals. per gram ; and the transition a- to
B-sulphur absorbs 2-T cals. per gram. G, N. Lewis and co-workers found that the
free energy of formation of 8-sulphur is 175 cals. when that of a-sulphur is zero;
for liquid A-sulphur, 94 cals.; and for equilibrium mixture of A- and p-sulphur,
—0-8 Cal. G. N. Lewisand co-workers gave 7-6 for the entropy of rhombic sulphur,
and 7-8 for monoclinic sulphur; and B. Bruzs gave 9-6 at the m.p. W. Herz
discussed the subject. W. C. McC. Lewis calculated that the critical increment of
the energy which must be added to a molecule of sulphur, Sg, in excess of the
average energy, in order to produce a 8y-molecule from the corresponding quantity
of Sg-molecules is 147,000 cals. ; or 735,000 cals. per gram-atom. E. Kordes cal-
culated @ cals. T=0-T75 for 8 ; 31 for 8,; 4-65 for 8¢ ; and 6-2 for Sg. 8. Pagliani
found that the theoretical temperature of combustion of sulphur in the calculated
proportion of air is 1616° at congtant press., and 2000° at constant vol. K. Jellinek
and A. Deubel calculated the chemieal constant, 2-43, of sulphur vapour.
According to W. H. Wollaston,1? the light refracting power of a-sulphur to
that of water is 0-204:1-336. A. des Cloizeaux gave for the indices of refraction
of Sicilian sulphur at 17°, 8=2-023 for red-lithium light, 2-043 for yellow-sodium
light, and 2-082 for blue light. A. Schrauf gave a=1-93651, B=2-02098, and
y=2-22145 for the B-line ; a=1-95047, §=2-03832, and y=2-24052 for the D-line ;
0=1-96425, B=2-05443, and y=2-25875 for the E-line ; and a=2-01704, 8=2-11721,
_ and y=2-3296T7 for the H-line. A. Cornu gave a=1-958, §=2-038, and y=2-240
for Na-light; W. Schmidt, a=1-9760, 8=2-0580, and y=2-2759 for Tl-light;
a=1-9576, B=2-0379, and y=2-2454 for Na-light ; and a=1-9395, $=2-0172, and
. y==2-2159 for Li-light at 20°. L. M. Arons gave 2-080 for solid sulphur and
1962 for molten sulphur with the D-line; and

H. Becquerel gave 1:9290 at 114° for the D-line. 27

For monoclinic B-sulphur, for Li-light, A. Schrauf =

gave q=2-218503 at 8°, 2-215780 at 20°, and § ¥ 55

2212930 at 30°; B=201937 at 8°,2.01709 at20°, % , e

and 2-014160 at 30°; and y=1-94157 at 8°, &7

1-93975 at 20°, and 1-93770 at 30°. For Na-light, 270 »

0=2:248350 at 8°, 2:245159 at 20°, and 2242202 N9

at 30°; B=2-040128 at 8°, 2037697 at 20°, and X ;s DN,

202534 at 30°; and y=1-959768 at 8°, 1-957914 -,,olqéq\zé/v» . | |
1 [

at 20°, and 1-955999 at 30°. For TIl-light, a
=2-278792 at 8°, 2-275449 at 20°, and 2-272552
at 30°; B=2-061080 at 8°, 2-058649 at 20°, and . ’
2056096'[;'0 30°; and y=1-978142 at 8°, 1-976370 ' 23.-—Tke Indices of Refrac.
at 20°, and 1-974283 at 30°. E. Schmidt gave Sulphur.

the results indicated in Fig. 23 for the indices of _

refraction of rhombic sulphur, and he found the constants in p2==m-m'A/(A2—X'2)
to be for the a-index A'=255-49, m=2-4292, and m'=1-1392; for the B-index,

/-90
A=700 500 600 200 00
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A'=208-45, m=1-5891, and m'=2-2420; and for they-index, \'=271-68, m==2-7580,
and m'=1-7987. He also gave for molten sulphur, Fig. 23 :

A . . 3995 408 425 441 468 480 5085 537 568
s o. . 2068 2:064 2029 2010 1986 1-979 1-959 1-946 1-927

C. Cuthbertson and E. P. Metcalfe represented the refractivity of the vapour of
sulphur by p=1-001046(1+4-2-125A"2 10710}, They said that the refractive index
for infinitely long waves is, within 2 per cent., four times that of oxygen; the
dispersions also are as 4:1. P. Mondain-Monval and P. Schneider observed a
break at 160° in the index of refraction curve between 120° and 200°. V. Berghoft
found the refractive index, u, of g grms. of sulphur in 100 grms. of carbon disulphide
at 15° to be:

g . 0 5 10 15 20 25
n . 163172 1-64294 165204 1-66333 1-67232 1-68169

The index of refraction with soln. of different concentration changes almost the
same with variations of temp. The sp. refraction, 0-4973 at 15° with the u-formula
and 0-280-0-276 at 25° with the u2-formula, is almost independent of the cone.
and temp. of the soln. Observations were also made by C. Forch, and
C. E. Gugnet. H. G. Madan gave 1-778 for the refractive index of a sat. soln. of
sulphur in methylene iodide at 16° with D-light ; and G. Rossi and A. Manescotti,
for soln. of colloidal sulphur in sulphuric acid. The birefringence of sulphur
is high. G. Quincke measured the optical properties of sulphur cooled from the
liquid state under different conditions. T.H. Havelock gave for the mol. refractivity
of 8”,8-19. K. Spangenberg compared the mol. refraction of the oxides, sulphides,
selenides, and tellurides ; and W. Strecker and R. Spitaler, the relation between the
index of refraction and the structure of organic sulphur compounds.

According to M. Delépine, in sulphur compounds, singly-linked sulphur has a
mean at. refraction 7-84 ; except in the case of carbonyl joined to sulphur when the
constant may be 9-26 as in C8(OMe)y, or 9-68 ag in CoH.CS.0Et, and similarly
constituted substances ; and further variations occur as the compounds considered
become more complex. In the case of sulphur singly-linked in nitrogen compounds,
as in CoH;.8.8N, or NEt,.C( : NEt).SEt, the mean at. refraction is about 8-00, but it
shows considerable variation in the iminothiocarbonates and iminodithiocarbonates,
and in the thiocarbamides becomes 10-75. In isomeric compounds containing
sulphur similarly linked, the refractive indices are of about the same value, but an
isomeride containing doubly linked sulphur always has a higher refractive index
than one containing singly linked sulphur. The atomic refraction for H,-ray,
with sulphur, in its three states of aggregation, was found by R. Nasini and T. Costa
to be 15-5 to 16:0 respectively with the u-formula, and 7-7 to 8-2 with the u2-formula.
With the y-formula, E. Wiedemann found 1404 for single-bonded sulphur, and
15-20-17-45 for double-bonded sulphur; while with the p2-formula, single-bonded
sulphur gave 7-94, and double-bonded sulphur, 9-09-9-44. R. Nasini gave for single-
and double-bonded sulphur, respectively, 14-10 and 15-61 with the u-formula, and
7-87 and 9-02 with the p2-formula—using the Hy-line. According to J. H. Glad-
stone, the at. refraction in its three states of aggregation is 14 for single- and 16 for
double-bonded sulphur. The at. dispersion is, respectively, 1-2 and 2-6. R. Nasini
found for compounds of the type SX,, where X denotes hydrogen, a halogen, an
alkyl-radicle or a metal, the at. refraction is between 11-78 and 17'05 with the
p-formula, and between 7-52 and 851 with the u2-formula ; if in compounds of the
type SX, the sulphur is connected with a carbon atom which is in turn united with
oXygen or nitrogen, the at. refractions by both formule are in agreement, and also
with the results with 8X, compounds. In polysulphides containing a S—S-group,
in compounds of the type X8,X, where X is a univalent metal or radicle, the at.
refraction with both formul® are nearly the same ; the sulphur in compounds with
the 8=C-group, and the sulphur in sulphur dioxide and its oxy-derivatives has a
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high refraction and dispersion ; while in sulphines of the type SX,, the at. re-
fraction has not a constant value. I. I. Kannonikoff found the at. refraction of
bivalent sulphur is 14+1 ; quadrivalent sulphur, 8-72; and sexivalent sulphur, 4-85;
while H. Hertlein obtained for bivalent sulphur, respectively with the u- and
p2-formulee, at 20°, and Na-light, 14-44 and 8-46 for K48,04—K38504; 14+70 and
853 for Ky8;04—Ky8,04; 1553 and 9-02 for Ko8,05—K58504; and 14-30 and
8-36 for BaBS,0¢—Ba8,04. Observations were also made by E. Ketteler,
G. H. L. Hagen, J. A. Wasastjerna, A. Schrauf, R. Nasini and G. Carrara, and
8. Opolsky. C. P. Smyth studied this subject ; and J. E. Calthrop, the relation
between the at. vol. and the index of refraction.

E. L. Nichols and B. W. Snow found the reflecting power, R, of molten sulphur
for light of wave-length, A, to be:

AL . 6685 6080 5570 4920 4685 4500 4340
R 25° . —0-682 0-651 0-634 0-571 0-318 0-163 0-055
{103° . —0-457 — 0-368 0-332 0-205 0-094 0-040

J. Kerr 20 found that the electromagnetic rotation of the plane of polarized light
by sulphur is strongly positive, and H. Becquerel found that Verdel’s constant for
liquid sulphur at 114° with Na-light, is 0-0803. M. A. Schirmann, and G. I. Poko-
rowsky studied the polarization of light; B. Ray, and S. Venkateswaran, the
scattering of light by sulphur suspensions ; and Y. Bjornstahl, the electric double
refraction. J. C. McLennan and A. F. Mcleod found that the Raman effect in
liquid sulphur agrees with the assumption that weak di-poles 8*—8~ are present.
The subject was discussed by C. P. Snow.

The flame speetrum of sulphur or of hydrogen sulphide is continuous, but if a
hydrogen flame contains only traces of sulphur, a band spectrum is produced.
G. Balet 2! precipitated sulphur from the blue flame of burning sulphur by chilling
the flame; W. R. E. Hodgkinson also said that a flame of moderate size will deposit
sulphur on the cold surface of a substance placed in it, and hence he supposed that
sulphur volatilizes before it burns, without considering if the sulphur came from the
sulphur dioxide. W. D. Bancroft and H. B. Weiser showed that sulphur can be
deposited from a hydrogen-sulphur dioxide flame. The band spectrum of sulphur
was first observed by E. Mulder, by heating sulphur near the orifice of a glass tube
from which there was a flame of hydrogen. G. Salet increased the luminosity of
the flame by causing it to impinge on a stream of water falling vertically. G. Salet
thought that this spectrum is the same as the spark spectrum in the vacuum-tube,
but A. Schuster added that G. Salet’s observations make it appear as a new spectrum
where some of the lines may coincide with those obtained with the spark spectrum.
Observations were made by W.F. Barrett, M. Faraday, R. Bottger, A. J. Angstrom,
C. H. L. von Babo and J. Miiller, A. Mitscherlich, J. J. Hopfield, H. C. Dibbits,
K. Heumann, J. Salet, H. W. Vogel, W. H. Julius, W. N. Hartley, L. and E. Bloch,
D. K. Bhattacharyya, P. Lacroute, and R. J. Strutt. If sulphur be heated in a
vacuum tube, and the jar-discharge passed through the vapour, the spark-spectrum
or the line speetrum appears, and the following lines are the most prominent : 5660,
6640, and 5605 in the yellowish-green ; 5562, 5508, 5471, 5425, 5439, 5430, 5342,
5320, 5215, 5201, 5143, 5103, 5033, 5013, 4993, 4926, 4919, 4903, 4885, 4816, and
4716 in the green ; and 4552, 4525, 4486, and 4464 in the indigo-blue region. This
spectrum was first mapped by J. Pliicker and J. W. Hittorf; and J. M. S8éguin
obtained it by passing a spark through the vapour of sulphur heated in hydrogen
at atm. press.

If the ordinary discharge be passed through a vacuum tube, in which the sulphiir
is kept boiling, the so-called band spectrum is produced. This spectrum was ob-
served by J. Pliicker and J. W. Hittorf ; and G. Salet first observed it as an absorp-
tion spectrum by passing the light through sulphur vapour at a high temp., and this
was confirmed by D. Gernez, and J. N. Lockyer. J. I. Graham found that photo-
graphs obtained at constant press. over the above interval of temp. show that two



72 INORUGVANIC AND THEORETICAL CHEMISTRY

distinet absorption spectra are present, and these are attributed to the molecular
complexes Sg and 8,, and that above 580° the Sg-molecules dissociate directly
into the diatomic molecules, whereas at or below 520° dissociation takes place with
the formation of molecules which are intermediate in complexity. The bands have
a sharp limit in the violet and they shade off in the red. The more important bands
are at 5366, 5221, 5191, 5089, 5041, 4991, and 4946 in the green; 4841, 4796, 4656,
and 4616 in the blue ; and 4471 in the indigo. Observations on the spark spectrum
were made by J. Pliicker, W. A. Miller, A, Mitscherlich, G. Salet, A. Ditte, A. J. Ang-
strom, R. Capron, B. Hasselberg, A. Wiillner, W. N. Hartley, E. Demarcay, J. Salet,
A. de Gramont, E. Rancken, J. M. Eder and E. Valenta, P. G. Nutting, A. Hagen-
bach and H. Konen, E. Real, E. Goldstein, G. Stead, and F. Exner and E. Haschek.
M. Curie studied the spark spectrum of liquid sulphur. The effect of pressure and
temperature was studied by J. Evershed, and G. L. Ciamician ; the effect of a
magnetic field—the Zeeman effect—was examined by E. van Aubel, and G. Berndt ;
the effect of self~induction, by A. de Gramont ; and the effect on the spectrum of
argon, byR. C. Johnson and W. H. B.Cameron, and J. C. McLennan and co-workers.
The are spectrum was studied by A. L. Foley, and J. J. Hopfield. The spectrum
of sulphur excited by activated nitrogen was examined by R. J. Strutt; of the
cathode luminescence, by P. Lewis; and of the electrodeless discharge, by G. Balasse,
and W, W. Shaver.

The continuous absorption spectrum of sulphur was examined by D. Brewster.
Tt is seen when sulphur is heated in a 30-cm. tube closed so that a beam of light can
be sent longitudinally through the vapour. D. Gernez showed that change of the
continuous to the band spectrum seems to be connected with and dependent on the
change in the vapour density of sulphur between 500° and 1000°. J. J. Dobbie
and J. J. Fox found that the absorption spectrum shortens as the temp. is raised to
650°, after which it lengthens again ; there is, therefore, a maximum absorption at
this temp. which corresponds with the presence of Sg-molecules. They conclude,
therefore, that at suitable temp., sulphur vapour contains 8o, 8g, and Sg mols.
M. Fukuda found that the absorption spectrum with a layer of sulphur 0-3 mm. thick,
slowly heated until melted, extends from the ultra-violet up to A==0-408u at 0°, and
extends a further 2up towards the red end for every 10° rise of temp. up to 300°.
No discontinuity was observed at about 160°. The absorption spectrum of plastic
sulphur depends on the initial temp. to which the sulphur is heated during its
preparation. The higher this temp., the further does the absorption extend from
the ultra-violet towards the red end. The absorption spectrum was examined by
G. Salet, J. Salet, J. N. Lockyer, W. Friederichs, G. D. Liveing and J. Dewar,
J. Tyndall, T. P. Dale, P. Baccei, H. Deslandres, B. Rosen, A. M. Taylor
and E. K. Rideal, M. C. Teves, V. Henri and M. C. Teves, E. Paterno and A. Mazzuc-
chelli, W. W. Coblentz, V. Henri, R. Wildt, F. Lowater, and J. I. Graham—
vide tnfra, sulphur dioxide. In agreement with J. I. Graham, R. G. W. Norrish and
E. K. Rideal observed a band of maximum absorption in sulphur vapour at 2750 A.
J. C. McLennan and co-workers studied the fluoresence spectrum of sulphur vapour.
M. Fukuda found that the absorption of light by plastic sulphur is determined not
only by the temp., but also by the temp. at which the plastic sulphur was prepared
—the higher the initial temp., the longer the wave-length of the edge of the absorp-
tion band. He inferred that plastic sulphur is a complex mixture of Sg and 8,g-mols.
J. E. Purvis and co-workers studied the absorption spectra of organic compounds
in which sulphur replaced oxygen, and found that definite absorption bands are
shown by sulphur compounds with the following structural groups :

8.8:0 8.Cc:0
S8.c:0 .0.C:0

but not when the sulphur is replaced by oxygen. The bivalent 8 : C-group is
a powerful chromophore. In certain aromatic compounds—e.g. phenol, and benzyl
alcohol—the replacement of oxygen by sulphur obliterates absorption bands.

s;c<8' s:0<§' 0:0<S‘
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Although oxalyl chloride is colourless, it gives yellow soln. with & number of
unsaturated compounds, and compounds containing oxygen or sulphur. The
resonance specfrum was studied by

B. Rosen, who gave v=a—T724-5n—2-91n2, Rwg FRT T T
where a is 33,359 for the exciting mercury Y 30 {1 | 75 !

line 3132 A. The ulfra-red spectrum was § 2 fiA

studied by W. H. Julius, A. M. Taylor, § # |} ]ﬁj
A.M. Taylor and E. K. Rideal, J. W.Ellis, & ¢, 557557 s 507 iz 5%
V. J. Sihvonen, and W. W. Coblentz ;: and Wave-length

the ultra-violet spectrum, by J. L. Soret, Fig. 24— Ultra-red Transmission

J. J. Hopfield and G. H. Dieke, J. Gilles, Spectrum of Sulphur.
P. Lacroute, E. L. Nichols, J. Pauer,
J. M. Eder and E. Valenta, and G. Berndt. W. W. Coblentz found the
percentage transmission or the selective absorption in the ultra-red of a plate
of sulphur 3:6 mm. thick to be that indicated in Fig. 24. N. Pihlblad, and
R. Audubert studied the absorption in alcoholic soln. of sulphur. G. T. Gibson,
H. Graham, and J. Reid studied the effect of the valency and mode of linking
on the absorption spectrum of sulphur. The series spectrum, or compound
line spectrum of sulphur, has been observed only with spectra in spectrum-tubes.
Nearly all the lines are included in a system of triplets similar to those with
oxygen. This subject has been discussed by G. Salet, G. L. Ciamician,
J. C. McLennan and co-workers, C. Runge and F. Paschen, I. 8. Bowen, I. 8. Bowen
and R. A. Millikan, R. B. Lindsay, A. Schuster, J. J. Hopfield, O. Laporte, J. J. Hop-
field and R. T. Birge, J. J. Hopfield and G. H. Dieke, E. Bungartz, B. Dunz,
J. Gilles, A. Fowler, 8. B. Ingram, D. K. Bhattacharyya, L. and E. Bloch,
H. A. Kramers, and W. M. Hicks. G. Balasse discussed the continuous emission
spectrum from the electrodeless discharge.

H. Fricke and O. Glasser discussed the ionization of sulphur. M. Born and
E. Bormann gave 2:16 volts for the ionization potential, and 50 units for the electron
affinity of sulphur; while J. J. Hopfield gave 6-50 volts and 10-31 volts for the
ionizing potentials of sulphur vapour; S. B. Ingram, 23-3 volts for the S-II-ion ;
B. Dayvis, 12-2 and 35 volts ; and F. L. Mohler and P. D. Foote, 478 volts for the
resonance potential and 12-2 volts for the ionization potential. F.Holweck obtained
163 volts for the critical potential of the L- and Z;;;-levels in the sulphur atom.
G. Piccardi, and B. Rosen discussed this subject ; R. N. Ghosh discussed the
relation between the ionizing potential and the electronic structure, and 8. C. Biswas,
the mol. vol. .

The K-series in the X-ray specirum was found by H. Fricke,22 O. Stelling,
K. Chamberlain, P. A. Ross, H. Robinson, B. Ray, F. L. Mohler and P. D. Foote,
D. M. Bose, Y. H. Woo, 8. Aoyama and co-workers, A. Bjorkson, B. C. Mukher-
jee and B. B. Ray, W. Bothe, E. Biicklin, A. E. Lindh and co-workers, B. Davis,
L. A. Turner, and E. Hjalmar to include asa’, 5-36375 ; a,a, 5:36090 ; ag, 5-32837 ;
ay, 532174 ; B8, 5-0213 ; and Byy, 5:0128. 8. K. Allison, F. Holweck, B.C. Mukherjee
and B. B. Ray, and 8. J. M. Allen studied the L-absorption spectrum ; H. Duvalliier
observed no IL,series with sulphur. C. G. Barkla studied the J-series; and
B. C. Mukherjee and B. B. Ray, the M-series. E. Bécklin compared the K-series
in the X-ray spectrum of sulphur and barium sulphate, and inferred that the effect
of the combination of an atom with other atoms is to displace the K-level nearer to
the nucleus, and to displace the K-spectral lines towards shorter wave-lengths.
C. Doelter found that thin layers of sulphur are not transparent to X-rays.
L. M. Alexander, and B. B. Ray and P. C. Mahanti discussed the absorption of
X-rays. G. L. Clark and co-workers studied the secondary and tertiary rays
from sulphur exposed to X-rays. C. M. Slack studied the refraction of the X-rays;
S.J. M. Allen, G. Schanz, T. E. Aurén, 8. Aoyama and co-workers, and N. Ahmad,
the absorption of X-rays by sulphur. K. Chamberlain found that in the absence of
free oxygen, sulphurous acid is oxidized by exposure to the X-rays. L. Frischauer
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found that undercooled liquid sulphur crystallizes when exposed to radium rays.
X-rays, and y-rays are without influence; a-rays could not penetrate the glass
of the containing vesgel, hence the crystallization was induced by the S-rays.
A. L. Foley examined the effect of exposure to X-rays, or to ultra-violet light
on the spectrum of sulphur. Y. H. Woo measured the Compton effect with
X-rays from sulphur as radiator. J. Stark and R. Kiinzer 28 showed that the
canal ray speetrum of sulphur has an arc spectrum (series spectrum) which is
attributed to positively charged molecules, S,, carrying a single charge ; the lines
of a second arc spectrum are attributed to positive univalent sulphur atoms ; the
sharp spark lines are attributed to positive bivalent sulphur atoms ; and the diffuse
spark lines to positive tervalent sulphur atoms. M. Ishino and B. Arakatsu found
that when carbon disulphide or sulphur dioxide is introduced into a positive ray
tube, negatively charged sulphur atoms are formed. A. L. Hughes and A. A. Dixon
gave 83 volts for the ionizing potential ; and K. T.Compton, 4-25 volts. B. Davis
studied the relation between the critical potential and the index of refraction.
J.E.P. Wagstaff gave 7-3 X 1012 for the vibration frequeney of sulphur; and W. Herz,
3-88x 1012, F. Holweck, and W. Herz studied the vibration frequency of the
sulphates ; and M. Born and E. Bormann, the electro-affinity of sulphur.
According to R. Audubert,24 in the caseof sulphur suspensions, very small granules
are formed instantly on diluting the alcoholic soln. with water. These grains
gradually grow both by fixing new molecules of sulphur and by agglomerating.
Light of short wave-length accelerates this growth, but light of long wave-length
inhibits it. There is an intermediate region in the yellow, which is without effect.
The active radiations are most strongly absorbed by the

-§ / ; suspensions. This growth of granule is a phenomenon
N ; SRR 4 similar to adsorption. Light modifies the speed of adsorp-
é’ 2 ) tion of the ions which constitute the ‘‘ ionic environment

B0 # 30pf or “ionic atmosphere” of the granules. According to
Fre. 25.—Absornhi A. Lallemand, when a beam of light from the sun is directed
T Light bs; Rola, through a sat. soln. of sulphur in carbon disulphide,
tions of Sulphur, amorphous sulphur is precipitated as a fine powder in
the track of the ray of light. All the light from 4 to & is

transmitted, while the violet, and ultra-violet light beyond G is absorbed.
M. Berthelot verified these observations with light from the electric arc rich in
ultra-violet rays. A. Wigand’s measurements of the absorption of light by soln.
of 36 grms. of sulphur in 100 c.c. of carbon disulphide ; of 1-17 grms. of sulphur
in 100 c.c. of benzene; and 1-1 grms. of sulphur in 100 c.c. of carbon tetra-
chloride, are illustrated by Fig. 25. M. Berthelot found that the heat of trans-
formation is so small as to make it probable that light simply acts as an exciting
agent and does not effect the work of transformation. E. Petersen observed an
evolution of 910 cals., but the two varieties of sulphur may not have been the same,
A. Wigand found that when a gram of insoluble sulphur is precipitated from a
carbon disulphide soln., 15-8 cals. are absorbed, and rather less with soln. in carbon
tetrachloride, or benzene. About 0-24 per cent. of the energy absorbed by the soln.
from light is spent in bringing about the transformation. G. A. Rankin showed that,
at a constant temp., the greater the conc. of the soln. of sulphur in carbon disulphide,
the less the intensity of light for precipitation; and for light of a given intensity,
the precipitation increases with rise of temp. Amorphous sulphur is likewise
precipitated from soln. of sulphur in carbon tetrachloride, acetone, toluene, and
benzene. M. Berthelot assumed that light acted only on dissolved sulphur, but
G. A. Rankin showed that the reaction takes place more quickly in the case of
the solvent because no surface film is formed. The result is a displacement of
equilibrium between two solid phases: Smombic (dark)=Samorphous (light). The
reaction is reversible; the conversion of amorphous to rhombic sulphur takes
place only in darkness or in very feeble light. Rhombic sulphur is the stable
form in darkness; and amorphous sulphur, in light. Ammonia and hydrogen
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sulphide accelerate the reverse action—rhombic to amorphous sulphur—and
prevent the precipitation of amorphous sulphur in sunlight. This is in agreement
with the observations of A. Smith, and M. Berthelot. At 22:5°, with an arc-light,
G. A. Rankin found that with light of varying intensity and soln. of sulphur in 100
grms. of carbon disulphide :

Candle.power . . B 6-4 104 1

1-0 12-2 23-2
Grams sulphur , . 467 15-0 11-2 8-0

4-8 3-0

The results are plotted in Fig, 26. The curve 4B represents amorphous sulphur in
equilibrium with soln. and vapour; the line BC represents the solubility curve of
rhombic sulphur on the assumption that it is not affected : »

by light. At B, rhombic sulphur, amorphous sulphur, g 374
solution and vapour, are in dynamic equilibrium, In the ‘\'g N4 :H\
field above the curve, amorphous sulphur is the stable &7

form, while below the curve, rhombic sulphur is the stable 00 20 40
form. The light necessary to maintain amorphous sulphur Grms.Sper 10087SLS;
in equilibrium with the soln. increases as the conc. de- Fio. 26. — Equilibrium
creases, until finally the curve approaches the line of g“lr."g OfS ?Tprphm‘g
ordinates asymptotically as the cone. approaches zero. Vi}?o;r.’ otution, an
As the conc. increases, the light necessary for equilibrium
decreases until the point is reached at which, for a given temp., the solvent is sat.
with respect to both forms of sulphur. This quadruple point for a temp. of 22-5°
is not at the point of total darkness but at an intensity of about 5 candle-power.
As the temp. for any given conc. is increased, the intensity of light required for
equilibrium increases rapidly, showing that the rate of change of the amorphous
sulphur increases with a rise of temp. At 40° it takes about 45 candle-power to
produce the first precipitation of amorphous sulphur from a sat. soln. A. Wigand
found that the equilibrium Sgonpie (dark) =Simsopie (light) is displaced by light
in favour of the soluble form ; and, as indicated above, the reaction is reversible.
F. A.C.Gren,25 8. F.Hermbstadt, and J.J. Berzelius observed that sulphur under
certain conditions may exhibit a glow or phosphoresence. R. Robl observed no
fluorescence in ultra-violet light. K. Heumann found that the glow is best obtained
by placing sulphur on a shallow tray supported above the bottom of an air-bath at
about 240°, and allowing a current of air to pass over the molten sulphur. When the
conditions are properly regulated, a large flame is obtained, which differs from the
usual blue flame of burning sulphur, and which is relatively cold. The cold flame
can be maintained for a considerable time. The experiments of K. Heumann,
E. Mulder, C. L. H. Schwarz, L. Bloch, Q. Jacobsen, H. Moissan, and L. Bloch,
and T. E. Thorpe show that phosphorescence begins at about 200°; and of
J. Joubert, 100°. 'W.H. Watson’s observations lend no support to the view that a
lower oxide of sulphur is formed during the glowing of the sulphur; he concluded
that when air passes over sulphur heated to a temp. below its ignition-point, the air
becomes charged with sulphur vapour, which, as the temp. falls, separates as a mist
or cloud of very small particles. The oxidation of this finely-divided sulphur gives
rise to the phenomenon of the glow or phosphorescence, but there is no evidence that
at any stage any oxide other than sulphur dioxide is formed. K. Heumann com-
pared the smell which accompanied the oxidation to that of ozone or camphor.
According to J. Joubert, the phenomenon is quite analogous with that of phos-
phorus; oxygen is necessary, and there are upper and lower limits as with
phosphorus, but L. Bloch showed that, unlike the case of phosphorus, the formation
of ozone is not accompanied by any ionization phenomena. The combustion flame,
which replaces the phosphorescence effect when the temp. of sulphur is raised to
360°, is non-conducting, and the oxidation of sulphur dioxide by air in contact
with spongy platinum is also unaccompanied by the production of ions.
H. J. Emeléus found that sulphur dioxide and a small proportion of the trioxide
are the products of the phosphorescent combustion of sulphur. No traces of an
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oxide more volatile than the dioxide, and no evidence of the formation of ozone
were observed. Sulphur shows no glow press. above which the oxidation is non-
luminous. Sulphur dioxide, and a series of organic vapours inhibit the glow.
The temp. at which the glow appears is higher, the greater the conc. of the inhibitant.
H. B. Baker and R. J. Strutt observed a blue phosphorescence when ozonized
oxygen is passed over sulphur. The tribolumineseence of sulphur was not observed
by J. P. Dessaignes, J. B. Beccari, and P. Heinrich ; but E. Becquerel, and J. Ber-
noulli did observe the phenomenon.

F. Diestelmeier,26 and W. Steubing found that, like oxygen, the vapour of sulphur
exhibits a fluorescence at about 400°-500°, when exposed to the influence of
white light, or the light emitted by the arc formed between electrodes of various
metals ; and when spark discharges are used as the source of excitation. The
fluorescence is observed only with vapours of low density. J. O. Perrine found
that sulphur showed no fluorescence on exposure to ultra-violet rays, or when
exposed for 10 hrs. to X-rays. The wave-length of the light is between 2500 A.
and 3200 A. The fluorescence spectrum is discontinuous, and shows more or less
feeble groups of lines or bands. The fluorescence is greatly weakened by admix-
ture with other gases or vapours. B. Rosen, and J. C. McLennan and co-workers
studied this subject. F. Diestelmeier assumed that the centres of emission are
diatomic molecules. F. Ehrenhaft observed a photophoresis with the particles
of sulphur, for they move in a direction opposite to that of a beam of light—negative
photophoresis. 1. Parankiewicz showed that with particles of radius 8107 to
601078 c¢m., the sulphur particles are négative, and there is a maximum effect
with particles 27 X10~¢ cm. The effect is independent of the press. and chemical
nature of the surrounding gas. It is supposed that the effect is due to the direct
action of light on the material—cf. selenium.

J. Monckman,?” F. Kiampf, and A. Goldmann and 8. Kalandyk found that
sulphur exhibits a photoelectric effect. When light is absorbed by a photoelec-
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Fic. 27.—The Variation of the Photoelectric Current of Sulphur with the Strength of the
Applied Electric Field.

trically active substance, in a thick enough layer, the photoelectrons are released
in the substance itself as well as from the surface. If the substance is not a good
conductor, as in the case of sulphur, the photoelectrons which do not emerge should
impart a slight electrical conductivity during illumination. The temporary supply
of free electrons accounts for the conductivity—wvide selenium. The effect with
sulphur requires light of wave-lengths shorter than about A=3300 for its production.
The subject was studied by M. J. Kelly. B. Kurrelmeyer showed that the current
produced in sulphur by a given illumination, other conditions being equal, is directly
proportional to the applied electric field from 20 to 15,000 volts per cm., as illustrated
in Fig. 27. This is true for light of all intensities examined with the diamond,
and zincblende. The curves depart from linearity with electric fields below those
required for saturation. This means that if there is a saturation field for sulphur,
it is above 50,000 volts per cm. No evidence of a secondary current could be
detected with sulphur. The amount of excitation is the same whether it be pro-
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duced with or without the field. The maximum value with illumination represents
a state of equilibrium between the rate of formation of electrons, and their rate of
recombination. The similarity of the growth and decay curves, Fig. 27, shows
that the rate of recombination of the electrons is not influenced by the illumination.
The variations of the photoelectric current are pro-

portional to the intensity of Wllumination. The current g'g

reaches its full value in a very short time after the S§/[\

crystal has been illuminated, as shown in Fig. 28. As § N

soon as the current flows, some of the positive ions J§ N

begin to accumulate in the crystal, and these gradually s% A

reduce the effective field so that the current decreases \"-’0 o 4{0 T

with time during the illumination. A4, Fig. 28, is the
sum of the time photoelectric current, and the excita- o

tion current, and B, Fig. 28, represents the time photo- FT}; 218,}'1—1?1119 Ya.“%tmn 05
electric current. The curve representing the variation  \oiep Toame. 0 on
of the current referred to unit incident energy, and the

wave-length of the incident light, 4, Fig. 28, has a maximum at 470myu, Fig. 29,
and drops more slowly towards the red than towards the violet. The curve B, .
Fig. 29, represents the variation of the cur-

Time 171 seconds

rent referred to absorbed energy. There is D =

a difference in connection with the orienta- § | \

tions of the crystal. Currents in different 3 1 A

directions in the crystal are equal in mag- E Il N

nitude, but there is a unipolarity in the § \

direction of the acute bisectrix of the optic E JT\

axes with components in other directions. X [ |/ [ ~N 5.
The reverse currents exhibit parallel differ- ¥ [ [/ AN -

ences. According to K. Scharf, the cloud S [ Y [ [ n
of sulphur particles produced by condensing S [_[*] [T d

the vapour in nitrogen exhibits the normal 0 % 780 520 360 600 670z

photoelectric effect. L. Grebe found that Wave-length of light
sulphur becomes a better electrical con- Fra. 29.—The Variation of the Photo-
ductor when exposed to the X-rays. electric Current and the Wave-length

M. Faraday,28 P. E. Shaw, P. Boning, °f the Incident Light.
and N. A, Hesehus and A. N. Georgiewsky
found that lump sulphur is negatively electrified when rubbed against wood, or
any of the metals tried, and electrifies them positively; yet M. Faraday found
that a jet: of air carrying powdered sulphur—flowers of sulphur—electrifies
negatively both metal and wood, and even a sulphur cone; and when sulphur
is held in a jet of steam it is negatively electrified, but air alone does not electrify
the sulphur. H. F. Vieweg, and P. E. Shaw and C. S. Jex studied the frictional
electricity of sulphur. According to W. E. Gibbs, the aerosol of sulphur—i.e.
sulphur dust suspended in air—acquires a positive charge.

G. J. Knox stated that sulphur is a conductor of electricity, but M. Faraday
could not confirm this. J. Monckman, and E. Duter also said that sulphur is a
non-conductor at all temp. below its b.p., but at this temp. it is possible to pass
an appreciable current through the liquid. A. Giinther-Schulze, and K. F. Herzfeld
discussed the metallic conductivity of sulphur. J. Monckman found that the sp.
electrical resistance of precipitated sulphur at 440° is 5105 ohms ; and at 260°,
5x108 ohms; roll sulphur, 5108 ohms at 125° and 1-6x105 at 440°. For
crystallized sulphur, R. Threlfall and co-workers observed at 75° that the resistance
was 6-8 X 1025 C.G.S. units. The resistance decreases to a marked degree as the temp.
rises. Both soluble and insoluble sulphur are non-conductors ; the conductivity
at an elevated temp. is electrolytic, breaking up a combination of the two allotropes
of liquid sulphur. The sp. resistance is 1028 C.G.S. units at ordinary temp. The
presence of b per cent. of insoluble sulphur decreases the resistance, so that at
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ordinary temp. this falls to 1025 C.G.S. units. H. Neumann found at ordinary
temp. that the resistance of sulphur is between 2x1018 and 2Xx101? ohms.
D. H. Black found that the conductivity of liquid sulphur increases to a maximum
as the temp. rises from 130° to 160°; it then falls to a minimum at about 185°;
and thereafter increases. This behaviour corresponds with the viscosity changes.
The sp. resistance at 163° is about 7-5x1010 ohms. The conductivity is elec-
trolytic in nature., S. Bidwell said that the conductivity of molten sulphur is
really due to the formation of a sulphide by contact with the metal electrodes.
The conductivity is favoured by exposure to light, possibly by the increased tendency
to form sulphides in light. T. W. Case said that the poor electrical conductivity
of sulphur is not appreciably affected by light ; and J. Monckman observed an
increased conductivity between graphite electrodes when the sulphur was illumi-
nated, but R. Threlfall and co-workers could not confirm this. A. Wigand, also,
was unable to detect any effect with light, and hence concluded that the electrical
conductivity of the soluble and insoluble forms of sulphur are the same. According
to M. Pigulewsky, the conductivity of amorphous sulphur is increased by light,
but not so with crystalline sulphur. The maximum effect is obtained with rays
of shorter wave-length than 280uu. He found that the conductivity of crystalline
sulphur increases with rise of temp. to a maximum at about 140°-150°, and after-
wards continues to fall until the b.p. is reached. With amorphous sulphur the
conductivity falls as far as 140°-150°, then increases up to 160°~170°, after which
temp. it falls continuously to the b.p. B. Kurrel-
meyer found that the optical absorption by sulphur
crystals is complete in the violet, but relatively low
from 500 to 600mu. The photoelectric conductivity
is measurable between 400 and 650mpy ; its maxi-
/ mum, referred to unit incident energy, lies at 470mu.
There is strict proportionality between photo-current
and light intensity and between photo-current and
electric intensity throughout the ranges used. If
there is a saturation value of the electric intensity
Fio. 30—Electrical Con= 10 Drobably lies above 30,000 volts per cm., and is
ductivity of Sulphur therefore very much higher than the saturation
electric intensity in the diamond and in zincblende.
C. Roos found that the conductivity of rhombic sulphur is increased by ex-
posure to X-rays. According to A. Wigand, R. Threlfall and co-workers, the
electrical resistance of sulphur is decreased in the presence of moist air.
E. Duter, G. E. M. Foussereau, and J. Monckman made observations on the
conductivity of molten sulphur; G. Quincke, on the electrical properties of col-
loidal soln. of sulphur ; and C. Roos, on the increase in the conductivity imparted
by X-rays. J.J. Thomson observed that the vapour of sulphur has a very small
electrical conductivity. R. 8. Bartlett studied the resistance of spluttered films
of sulphur. According to P. Fischer, mixtures of a large proportion of sulphur
with silver and arsenic, sulphides, galensa, copper pyrites, and stibnite are non-
conducting ; but a mixture of sulphur and copper sulphide is a conductor ; when
this is used as cathode in a soln. of, say, sodium sulphate with cadmium as anode,
cadmium sulphide is formed.

R. Threlfall and co-workers said that the contact electromotive force between
soluble and insoluble sulphur is between 1-2 volts, and the insoluble form acquires
a positive charge. The electric strength of crystallized sulphur exceeds 33,000
volts. per c.c. S. Bidwell made solid cells of sulphur mixed with sulphides of
silver or copper compressed between plates of silver and copper—each 3 cms.
square—and obtained a current of several micro-amperes. He called them sulphur
cells. F. W. Kiister and W. Hommel found that during the electrolysis of a
gsoln. of a polysulphide both the current and voltage undergo periodic variations
due to the deposition of sulphur on the anode. Such electrodes may be regarded
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as sulphur electrodes, just as a platinum plate sat. with oxygen is regarded as
an oxygen electrode. According to M. le Blanc, when a thin film of sulphur on
a platinum wire is used as cathode in a soln. of potassium hydroxide, it goes into
soln. as a polysulphide, 8", where the largest observed value of » was 5. When
used as anode, no action was observed at all. E. Miiller and R. Nowakowsky
found that sulphur dissolves at the cathode in 0-1N-KOH with a valency of 0-67—
0-68. The potential at which the dissolution begins is 0-53 volt measured against
a 0-1N-calomel electrode. M. G. Levi and E. Migliorini discussed the formation
of thiosulphates, and sulphoarsenates by the action of sulphur ions on sulphites,
etc. Negative results were obtained with sulphoantimonates, and sulpho-
molybdates. 1. Klemencic studied the reflection of tubes of electric force from
sulphur plates. R. Lucas gave —0-59 volt for the electrode potential of sulphur
against the hydrogen electrode ; L. Bruner and J. Zawadsky, —0-545 volt; and
L. Rolla, 0-575 volt. D.F.Smithand J. E. Mayer gave for the reduction potential
and the decrease of free energy at 25°, for SO,-+4H =8--2H,0, respectively
—0-470 volt and —43,350 cals.; and for SO,”+8H'=8--4H,0, respectively
—0-359 volt and ~49,700 cals. F. W. Bergstrom gave for the electronegative
series in liquid ammonia, Pb, Bi, 8n, 8b, As, P, Te, 8¢, 8, I. F. Hund discussed
the potential of 8”'-ions.

According to L. Boltzmann,2? the dieleetrie constants of sulphur crystals in the
direction of the three axes are respectively 4-773: 3-970: 3-811. F. Rosetti, and
M. Faraday gave 2-24 for the dielectric constant of sulphur; F. Rosetti, 1:81
(air unity) ; A. Wiillner, 2-88-3-21 ; J. E. H. Gordon, 2-5793 ; J. J. Thomson, 2-4 ;
C. B. Thwing, 2-69; M. Lefebore, 2-7; W. Schmidt, 3-95 for A=T75 with freshly
cast sulphur, and after ageing, 3:90; while R. Fellinger gave respectively 4-05
and 3:60 for A=co. R. Threlfall and co-workers found for aged monoclinic sulphur
3-162 at 14° ; when 1-43 per cent. of insoluble sulphur was present, 3-510 ; and with
3-75 per cent. of insoluble sulphur, 3-75. For liquid sulphur near its b.p., M. von
Pirani gave 3-42 for A=cwo. P. Cardani found that for not very intense electric
fields, the dielectric constant is between 3-b and 36, but it increases with increasing
intensity of the electric field; and R. Threlfall and co-workers found that the
constant increases with temp.—the temp. coeff. is 2 X 1078 per degree. S. Rosental
found that there is an abrupt increase in the dielectric constant of sulphur at the
moment of solidification. Comparisons of the observed dielectric constant with
that calculated from the electromagnetic theory of light, were made by L. Boltz-
mann, N. N. Schiller, etc. H. Neumann studied the relation between the con-
ductivity and the dielectric hysteresis; by exposure to X-rays or y-rays, the
electrical conductivity is raised but the hysteresis is scarcely affected. J. Dewar
and J. A. Fleming found that the dielectric constant of water at -—185° is very
little affected by the presence of finely divided sulphur. G. L. Addenbrooke studied
the relation between the dielectric constant and other physical properties.
A. M. Taylor and E. K. Rideal gave 7-5x10718

; i C Y -0
E)ulSeU for the electrical moment of the Sy-mole 3 ‘ 22 j}oi\

M. Faraday, and T. Carnelley showed that ¢ -0#5 "%;
sulphur is diamagnetic. A. P. Wills gave for the & @ y, -
magnetic susceptibility, —0-77x1076 vol. units; &~ %77 7]
J. Konigsberger, —0:9x107¢ vol. units; and X - g5 _1CIERL e

L. Lombardi, —0-85x1078 vol. units. 8. Meyer 295 50° w0° 150° 200°

gave —0-34 1076 mags units at 18°; P. Curie, . . .
—0-51 1076 between 15° and 225°; K. Honda, Flgl-'litiii' 01¥'I &gélr?sl:alli;l:cegzld
—0-48107¢ mass units between 18° and 300°; Amorphous Sulphur.

and P. Pascal, —0'49 X106 mass units at 16°. -

M. Owen gave for liquid sulphur —0-485X107¢ mass units. *T. Ishiwara said
that the diamagnetic susceptibility of sulphur shows no discontinuity in pass-
ing from rhombic to monoclinic crystals; and the curves give no indication
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of fusion; but the transformation in the liquid phase is accompanied by a
decrease of about 2 per cent. in the diamagnetism, Fig. 31, after which the
susceptibility is again constant. There are indications of a reversible transforma-
tion at about 80°, which may be due to the presence of an amorphous sulphur,
Fig. 31. L. A. Welo, and B. H. Wilsdon calculated values for the magnetic con-
stants. A. Dauvillier, and P. Pascal discussed the diamagnetism and the atomic
structure of sulphur. P. Pascal gave —150x 1077 for the atomic susceptibility of
sulphur ; and 8. 8. Bhatnagar and C. L. Dhawan, 16:0 x1076.
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§ 7. The Chemical Properties of Sulphur

Sulphur unites directly with almost all the elements excepting the inert gases,
gold, and platinum. J. Thomsen ! said that the affinity of sulphur for the metals
is less than it is for oxygen ; and O. Schumann concluded, from observations of
the action of hydrogen on the sulphates, of superheated steam on the sulphides,
and of hydrogen sulphide on the oxides, that in group Iz of the periodic table,
potassium and sodium have a greater affinity for sulphur than for oxygen ; while
in group Ib the affinities of copper and silver for oxygen and sulphur are about
equal. With the metals of group IT arranged in the order of their at. wt. from
magnesium to barium, the affinity for sulphur increases in the same order : magne-
sium exhibits a greater affinity for oxygen; with calcium, the affinities for sulphur
and for oxygen are about equal ; whilst strontium and barium display a decidedly
greater affinity for sulphur. In group IIb, the affinities of the metals for sulphur
and for oxygen are about equal. The action of hydrogen on the sulphates shows
that the affinities of the metals for both metalloids decrease in the order of the at.
wts., zine yielding oxysulphide and cadmium yielding sulphide, whilst mercury
yields only metal. In group IV, the affinity of the metals is slightly greater for
sulphur than for oxygen. Ingroups VII and VIII, manganese and iron exhibit equal
affinities for sulphur and for oxygen. Nickel and cobalt show a somewhat greater
affinity for sulphur. The table exhibits a periodic rise and fall in the affinities of
the metals for sulphur. In the first group the affinity decreases from potassium
to silver. In the second group,it is almost nil with magnesium, it increases from
thence to barium, and decreases to mercury. In the third group, aluminium
again shows a minimum of affinity for sulphur, which increases in the fourth and
fifth groups to arsenic, and then decreases to bismuth. The affinity is once more
at a minimum with chromium, and from thence increases throughout the seventh
group. The general conclusion is that the strength of affinity for sulphur in
relation to that for oxygen, is greatest in metals of highest at. vol. E. Schiirmann
concluded that when arranged in the order of their affinity for sulphur, the metals
form the following series : Pd, Hg, Ag, Cu, Bi, Cd, 8b, Sn, Pb, Zn, Ni, Co, Fe,
As, Tl, Mn. In each natural family of elements, the affinity for sulphur increases
with the at. wt. Family IV is an exception to this law, as the affinity of sulphur
for tin is greater than is its affinity for lead. The members of family IIT have less
affinity for sulphur than their neighbours in family IV, and these again than the
corresponding elements with a slightly higher at. wt. in family V.  A. Orlowsky
concluded that sulphur has the greatest affinity for the alkali metals; and of the
heavy metals, its affinity for copper is the greatest ; these follow in the order of
decreasing affinity Hg, Ag, Fe, and Pb, while the aﬂﬁmty for Pt, Cr, Al, and Mg is
small. E. F. Anthon arranged the metals in the order: Ag, Cu, Pb, Cd, Fe, Ni,
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Co, and Mn. E. Schiitz attempted to measure the affinity of sulphur for the metals,
and arranged them in descending order : manganese, copper, nickel, iron, tin,
zine, and lead. L. Fernandes studied the variations in the co-ordination forces
of the sulpho-salts when oxygen is replaced partially or wholly by sulphur. The
union of sulphur with metals whilst under compression was discussed 1. 13, 18;
and A. Buffat made observations on the subject.

W. Ramsay and J. N. Collie,2 and W, T. Cooke observed no sign of chemical
combination between sulphur and helium ; and Lord Rayleigh and W. Ramsay,
and W. T. Cooke, none with argon. F. H. Newman studied the absorption of
hydrogen and nitrogen by sulphur in an electrical discharge tube. The occlusion
of gases by sulphur, and its oxidation by exposure to air, led some of the early
workers to suppose that hydrogen is an essential constituent of sulphur—wvide
supra, the history of sulphur. H. Moissan, and C. Malus, indeed, found that
fresh gas was evolved even after 80 successive fusions. This agrees with the obser-
vations of A. M. Kellas, J. N, Lockyer, etc. H. Pélabon said that hydrogen is not
absorbed by liquid sulphur. F. H. Newman found that hydrogen, activated by
a-rays from polonium, ig absorbed by sulphur, even at 0° ; the absorption may be
due in part to chemical action. G. L. Wendt showed that some hydrogen sulphide
is formed when sulphur is exposed to activated hydrogen—wvide infra, hydrogen
sulphides. R.S8chwarz and P. W. Schenk, and R. Schwarz and W. Kunser, observed
that under the influence of the silent discharge, sulphur vapour is more chemically
active than ordinary vapour, but there is no evidence of a depolymerization of the
molecule.

As shown by H. Moissan, sulphur exposed to air at ordinary temp. is slowly
oxidized with the formation of traces of sulphur dioxide. N. Leonhard found that
sublimed sulphur generally colours blue litmus red ; and it contains 0-02-0-25 per
cent. of sulphuric acid. Part of this acid is formed by exposure to air and moisture.
Moist sublimed sulphur, free from acid, was distinctly acid after being kept for
two weeksin a stoppered bottle, and after 4 years contained 0-2 per cent. of sulphuric
and no sulphurous acid; a similar specimen, dried at 100°, contained only 0-0025
per cent. of sulphuric acid after being kept for 4 years. A. G, Doroshevsky and
G. 8. Pavloff observed that when charcoal is soaked in a soln. of sulphur in carbon
disulphide and dried, the sulphur suffers oxidization at 100°. The slow oxidation
of moist sulphur to sulphuric acid by exposure to air was observed by R. Maly,
J. F. John, and L. Wagenmann ; though H. W. F. Wackenroder said that dried
milk of sulphur which had been kept for 18 years was free from sulphuric acid.
W. Zinker and E. Firber found that the presence of cellulose fibre, or of cotton
yarn, accelerates the formation of free sulphuric acid from sulphur exposed to air.
They also showed that powdered sulphur from different sources cannot be completely
freed from acid by repeated washing, and it therefore appears probable that the
latter is continuously formed by the action of air and moisture during the process.
Flowers of sulphur contain the greatest amount of free sulphuric acid, roll sulphur
much less; colloidal sulphur remains almost as strongly acid after washing as
washed flowers of sulphur. The formation of free sulphuric acid from flowers of
sulphur or powdered sulphur is most readily demonstrated by washing a quantity
of the finely divided material with cold and with hot water, treatment with a little
ammonia, and subsequent washing until the water has a neutral reaction ; the
product is covered with water at 60°-80°, and repeatedly dried and remoistened.
The formation of acid is facilitated by passing a current of air. The autoxidation
of sulphur occurs more readily in an acid than in a neutral or alkaline medium.
W. H. Maclntire and co-workers showed that although the transformation of
sulphur added to the soil may be partly & function of the biological content of the
soil, yet sulphur may be readily and extensively converted into sulphates by
independent chemical action under aerobic or anaerobic or non-sterile conditions
of moist contact at normal temp. when ferric oxides and alkaline-earth carbonates
are present. It was also shown that the treatment of soils with limestone, dolo-
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mite, or magnesite favoured the leaching of the sulphur by rain-water. R.H. Simon
and C. J. Schollenberger observed that the rate of oxidation of sulphur in soils
is dependent on the grain-size of the material. A. Harpf also noticed that finely
divided sulphur is oxidized on exposure to air in light or in darkness ; and stated
that the assumption made by K. Windisch that the disinfecting property of sulphur
on the moulds, formed during the growth of grapes, is due to the formation of sulphur
dioxide, produced by the action on the sulphur of active oxygen and hydrogen
dioxide generated by the living plants, is thus unnecessary. H. Moissan found
that the slow combustion of a-sulphur to sulphur dioxide occurs even at 20° in
‘oxygen confined in sealed tubes ; and similar results were obtained with 3-sulphur
and with amorphous sulphur. The action is slower in air, but traces of sulphur
dioxide can be detected after keeping the sulphur for 3 months at 16°-26°. E. Pol-
lacci said that the oxidation of finely divided sulphur in air is accelerated by light ;
that pure oxygen does not effect the oxidation; and that the active oxidizing
agent in air is ozone. T. Ewan found that the rate of oxidation of sulphur at
159° is proportional to the sq. root of the press. of the oxygen ; but M. Bodenstein
and W. Karo found that at 252° the rate of the reaction is directly proportional to
the press. of the oxygen, and is roughly proportional to the surface of the sulphur.
The rate increases in the ratio 1-87: 1 for a rise of temp. of 10°. It is therefore
concluded that the controlling reaction is a chemical one; that it occurs in the
adsorption layer on the surface of the sulphur; and that the. sulphur dioxide,
which accumulates in the adsorption layer, has no influence on the velocity of the
reaction. R. G. W. Norrish and E. K. Rideal found that the reaction proceeds
normally up to 305° when the temp. coeff. is 1-63, but above that temp. there is a dis-
turbance due to the secondary formation of the trioxide. The reaction is practically
limited to the surface of the sulphur and to the walls of the vessel, and proceeds as
well in one case as in the other, indicating that a film liquid of sulphur covers the
whole inner surface of the reaction vessel. The speed of the reaction is proportional
to the press. of the oxygen; but there is a break in the pressure-velocity curves
at 0-41 atm. press. This is taken to mean that the surface reaction is made up of
two surface reactions : (a) one of which is independent of the press. beyond 0-41
atm. press. and has a temp. coeff. of 1-48, and heat of activation, corresponding
with the rupture of the sulphur bonds, of 25,750 cals. at 300°; the other reaction (b)
has a velocity proportional to the oxygen press. at least as high as one atm. and
it has a temp. coeff. of 1-77, and heat of activation of 37,450 cals. at 300°. It is
assumed that the sulphur surface contains two types of sulphur molecules, which
react along two different courses with the oxygen striking the surface, giving rise
to the 4 and B reactions, The fact that the 4 reaction finally becomes independent
of the oxygen press. indicates that the rate of production of the second allotropic
form of sulphur now limits the velocity of the reaction. The temp. coeff. of the
interconversion of the two allotropic formsis 1:48. The slow combustion of sulphur
in air or oxygen, at about 200°, is attended by a phosphorescence. This pheno-
menon has been previously discussed. J. Dalton said that in open air sulphur
ignites at about 260°; J. Thomson, 293°; T. J. Pelouze and E. Frémy, and
J. B. A. Dumas, 150°; W. A. Miller, between 235° and 260° ; P. Beyersdorfer and
L. Braun, 215°—under conditions where the value for cane sugar is about 410° ; and
C. M. Tidy gave 115° for thombic sulphur, and 120° for the prismatic variety. By
passing a current of air over sulphur, W. R. Hodgkinson said that the ignition tem-
perature cannot be below 300° because a piece of sulphur can be placed on fused nitre
(m.p. 339°), and sublimed without ignition ; and he did not ignite sulphur vapour at
the m.p. of zinc (419°). B. Blount showed that sulphur takes fire at about 270° ; at
the moment of ignition the flame does not start at the surface of the fused sulphur,
but proceeds from its vapour, which has flowed out of the capsule on to the hot
plate, the temp. of which is considerably higher than that of the sulphur itself.
Later, he found that sulphur vapour takes fire in air at 266°, burning with a blue
flame ; and on allowing the temp. to fall, the sulphur vapour ceased to ignite in air
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at 261°. J. R. Hill gave 248° for the ignition temp., and this is very near to J. Dal-
ton’s value, 250°. R. H. McCrea and A. Wilson obtained 261° in air at atm. press. ;
and 257°-264° in oxygen. H. Moissan found that by bubbling oxygen through
sulphur melted in an atm. of carbon dioxide, below 482°, sulphur dioxide was formed
without any incandescence; when this temp. was reached, the reaction became
more vigorous, a slight explosion occurred, followed immediately by incandescence.
The ignition point of sulphur in air was found to be 363°; this is raised by the
presence of 5 per cent. of sulphur dioxide to 445°, and when 10 per cent. is present,
ignition does not occur at 465°. The point of ignition of sulphur vapour in air is
much lower than that of liquid sulphur, being about 285°. The subject was discussed
by A. G. White. P. Beyersdorfer and L. Braun discussed sulphur-dust explosions
in sulphur grinding mills. According to N. Semenoff and G. Rjabinin, as in the
case of phosphorus vapour, sulphur vapour can burn in oxygen only between
definite limits of press. This press. interval increases with rise of temp. which
fixes the press. of sulphur vap. The velocity of ignition, which may be very great,
is independent of the oxygen press., and probably depends on the velocity of
volatilization of sulphur. It is supposed that, outside these limits of press., the
number of active centres which, from the conditions of the experiments, may be
either ozone mols. or oxygen atoms, does not reach the necessary value for ignition.
The values of the limiting partial press. of oxygen are not altered, as in the case of
phosphorus vap., by the presence of foreign gases. Even in the region of effective
press. spontaneous ignition takes place only when a very small quantity of ozone
is introduced by some means.

W. A. Noyes, and R. Liipke give experiments to demonstrate that sulphur
burns in a given volume of oxygen to produce the same volume of sulphur
dioxide. A little sulphur trioxide is, however, produced at

_ § 035 the same time. Thus, G. Lunge observed that when sulphur
S pa0 is burned in a glass tube in a slow current of dry air, from
% 025 LA 2 to 3 per cent. of the sulphur is oxidized to the trioxide,
3 020} and if the products of combustion are drawn over ferric
<§ 045 1 oxide, the quantity is increased to 14:17 per cent. W.Hempel
'§ 00 ;a0 75 found that with sulphur and oxygen under atm. press., the
R ' pressuresmatm Product contains 2-0 per cent. of sulphur trioxide, and 98 per

cent. of the dioxide. If the oxygen be at a press. of 40-50
F1e. 32.—Proportion atm., about half is oxidized to the trioxide. J. H. Kastle
2f Sulphur burnt o3 J § McHargue observed that if the sulphur is burnt

o Trioxide at Dif. . .°". . .
ferent Pressures, iDL 8ir instead of oxygen about 7 per cent. is converted into
the trioxide, and the relative proportions of the oxides pro-
duced by the combustion of sulphur in air are not appreciably affected by
moisture or increased quantities of carbon dioxide. Moisture is also without
influence on the combustion of sulphur in oxygen, but the presence of carbon
dioxide causes a slightly larger proportion of the trioxide to be produced. The
fact that the quantity of the trioxide formed by the combustion of sulphur in
air is so much greater than that produced by combustion in oxygen is con-
sidered to be due to the presence of nitrogen. When mixtures of oxygen and
nitrogen are employed containing smaller quantities of nitrogen than are present
In air, the quantity of the trioxide formed is considerably diminished. It is
suggested that the nitrogen acts as a carrier of oxygen, small quantities of one
of the higher oxides of nitrogen being formed which effects the oxidation of the
sulphur dioxide. H. Giran’s data on this subject have been indicated in con-
nection with the heat of combustion of sulphur. The proportion of the total
sulphur converted into the trioxide, at different press., is illustrated by Fig. 32.
The subject was studied by M. Berthelot, R. J. Nestell and E. Anderson, and
J. B. Ferguson. J. Cornog and co-workers found that when sulphur vapour, in
the absence of liquid sulphur, is burnt at 460°, about 3-6 per cent. of the gaseous
product of combustion is sulphur trioxide. W. C. Young found that sulphuric
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acid is practically the sole product of the oxidation of the sulphur during the com-
bustion of coal-gas; and observations on this subject were made by C. Heisch,
M. Dennstedt and C. Ahrens, and G. W. Wigner. When the silent electric dis-
charge is passed through a mixture of the vapour of sulphur and oxygen, much
sulphur trioxide is produced ; without the discharge, only a little trioxide is formed.
J. 8. Doting calculated the temp. of the flame of sulphur burning to sulphur dioxide,
tobe 1025°. According to 8. Pagliani, the calculated temp. of combustion of sulphur
in the theoretical proportion of air is 1616° at constant press., and 2000° at constant
vol. When, however, the combustion takes place in the normal proportion of air
used in sulphuric acid works, the theoretical temp. is 900°, whilst the maximum
temp., encountered in practice in furnaces working normally, is 550°. In combus-
tion furnaces for the extraction of sulphur from its minerals, the temp. should not be
below 250°, which is the minimum temp. at which sulphur burns in a large excess
of air. The incomplete utilization of the sulphur in these furnaces is due partly
to the large vol. of air required to prevent the temp. rising beyond 300°-340°, above
which temp. the sulphur becomes mobile again. The catalytic action of platinum
in the combustion of sulphur in organic compounds was studied by F. Pregl, and
L. Bermejo and A. Rancano.

C. F. Schénbein was wrong in stating that sulphur is not attacked by ozone.
A. and P. Thénard said that ozone oxidizes sulphur to the dioxide ; and A. Mailfert
observed that in the dry state only the dioxide, no trioxide, is formed, and in the
moist state only sulphuric acid is produced. Observations were also made by
E. Pollacei, T. Weyl, and H. B. Baker and R. J. Strutt. A. Stock and K. Friederici
observed that sulphur dissolved in carbon tetrachloride is oxidized to sulphur

- dioxide, and trioxide. C. Moureu and C. Dufraisse 3 found that in the oxidation
of sulphur compounds, etc., by free oxygen, the catalysts can be divided into two .
classes : (i) anti-oxygenic catalysts which retard the oxidation, and (ii) pro-oxygenic
catalysts which accelerate the reaction. In the former case the production of the
intermediate compound A(O,) is prevented. P. W. Edwards discussed explosions
i works through the dust of sulphur or of sulphur-lime.

Sulphur is not soluble in water. According to W. Spring, the allotropic or
olloidal sulphur obtained by H. Debus is really hydrated sulphur, Sg.H,0, of
sp. gr. 1-9385 at 19°/4°, it loses its water at 80°, and has a slight vap. press. at
ordinary temp. He considered that the hydrate is derived not from octahedral
sulphur, but from an amorphous, unstable variety which is transformed slowly
under ordinary conditions, and more rapidly under press., into soluble sulphur.
The oxidation of moist sulphur in air has been already discussed. F. Jones, and
J. B. Senderens said that water has no action on sulphur, and that observations to
the contrary are due to disturbing effects produced by the action of the alkalies
dissolved from the glass containing vessel. E. Pollacci stated that the active
agent is not oxygen, but ozone. The best conditions for the action of sulphur on
water are a temp. of 35°-40°, and exposure to sunlight. T. Brugnatello and
P. Pelloggio said that barium, strontium, and magnesium carbonates favour
the action, and that sulphates and thiosulphates are produced, while, in the
absence of carbonates, pentathionic acid may be formed. N. R. Dhar observed
that when a mixture of powdered sulphur and yellow phosphorus under water

 abt room temp. is treated with air, sulphuric acid is formed. According to

J. Bohm, when flowers of sulphur are kneaded in ordinary water, the floating

portions. removed, and the immersed portions left in an open vessel covered
with only a small quantity of water, sulphuric acid is produced, whereas if the
flowers of sulphur are kept in spring-water, and the air is excluded, hydrogen
sulphide is formed after a short time. Flowers of sulphur which have been kept
for a month or longer in well-water, daily changed, immediately produce hydrogen
sulphide, and, after a few days, the water, if its volume does not greatly exceed
that of the flowers of sulphur, gives with a soln. of a lead salt, a black precipitate,
and with barium chloride, a moderate turbidity. In sealed tubes, with flowers of
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sulphur not very well adapted for the production of hydrogen sulphide, the for-
mation of the gas is permanently hindered by the presence of air, even in small
quantity. The same effect is produced by any acid or by phenol ; carbon disulphide
prevents the action only when the flowers of sulphur have been well mixed with a
few drops of it. Flowers of sulphur thus treated, and then freed from the admixed
substance, also those which have been boiled or frozen for some days, do not recover
the power of immediately producing hydrogen sulphide till they have been digested
for some time in spring-water, daily renewed. In distilled water, no hydrogen
sulphide is evolved, and even flowers of sulphur highly capable of generating this
gas, lose the power of immediately producing it, even in spring-water, if they have
been washed with pure water and kept for some time. In distilled water mixed
with a little chalk, much less hydrogen sulphide is formed than under similar
conditions in spring-water, and a large quantity of chalk prevents the formation
of the gas, even under circumstances otherwise favourable. The same is true in
a still higher degree for gypsum, and for a considerable quantity of charcoal-powder
freed from air by boiling. In the latter case the liquid, which in most cases is
faintly alkaline, is strongly clouded by barium chloride. Hydrogen sulphide is also
formed on boiling sulphur in water. Well-water thus treated becomes bluish green,
and this colour is produced in like manner by distilled water after the addition of
chalk. After the gradual decomposition of the carbonate, whereby thiosulphate
is formed, the liquid, on cooling, becomes yellowish or colourless. When sulphur is
boiled with water in a flask fitted with an upright tube, the sides of the flask become
coated with crystalline sulphur, and hydrogen sulphide is given off. The decom-
position of this compound, with separation of crystalline sulphur, is effected, as is
well known, only by sulphurous acid, according to the equation 2H,84-80,
=2H,0+-38, which, on the other hand, doubtless represents the formation of the
hydrogen sulphide. In acidulated water, no hydrogen sulphide is formed. In
sealed tubes containing air, also, no hydrogen sulphide is produced from non-
floating flowers of sulphur, even after prolonged boiling ; but if they also contain
chalk, the gas appears after the oxygen of the air has been consumed in the for-
mation of sulphate. Phenol does not prevent the formation of hydrogen sulphide
in boiling water, which takes place, although in comparatively small quantity, at
150° or upwards, even in tubes containing air, and in acid liquids. A. Gutbier noted
that traces of polythionic acids and hydrogen sulphide are formed when air-free
sulphur vapour is passed into air-free water.

According to E. Mulder, steam, and sulphur at a high temp. react to form
pentathionic acid; while V. Meyer stated that thiosulphuric acid is formed.
J. Priestley obtained an inflammable air by passing steam over boiling sulphur.
According to A. Girard, and C. Geitner, boiling water is decomposed by sulphur,
and water is decomposed when heated with sulphur in a sealed tube at 200°;
but A. Gélis observed that the little hydrogen sulphide which is produced is due
to the presence of impurities in the sulphur, and said that water is not decom-
posed by sulphur when pure materials are used. JIodine or potassium perman-
ganate favours the reaction. C. F. Cross and A. F. Higgin found that sulphur
begins to decompose water at about 95°, producing a trace of hydrogen sulphide :
2H,04-38<2H,58+80,, and the sulphur dioxide may afterwards be oxidized
by atm. oxygen; or the reaction may be reversed because when water is dis-
tilled from sulphur, sulphur forms in the condensing tubes. O. Ruff and H. Graf
believe that C. F. Cross and A. F. Higgin’s test for the formation of hydrogen
sulphide by treating the distillate with lead acetate gave fallacious results
because the formation of lead sulphide may have been produced by the volatilized
sulphur. They found that the partial press. of sulphur in an indifferent gas like
carbon dioxide, and in steam were almost identical, and this is taken to preclude the
occurrence of any measurable reaction. E. Heinze, and E. Noack agree that
hydrogen sulphide and polythionic acids can be produced by the action of sulphur
on water. According to F. Jones, when sulphur is boiled with water in vessels of
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platinum or fused silica, hydrogen sulphide and thiosulphuric acid are formed,
whilst, in the presence of oxygen, hydrogen sulphide and sulphuric acid are obtained.
H. Bassett and R. G. Durrant suggested that hydrogen sulphide and sulphurous
acid are not the first products of the hydrolysis of sulphur, but that the reaction
is analogous to the hydrolysis of chlorine: Cly+-HyO=HCI4+-HOCI, so that
28+4-2H,0=H,8+(HO),8. The sulphoxylic acid, Hy80,, is very unstable, decom-
posmg into hydrogen sulphide and sulphurous acid in acidic soln., and in alkaline
soln. into sulphide and sulphite : 38(0H),=H,8-+2H,803—wvide mfm The thio-
sulphuric and other sulphur acids are formed by the reaction of the products of
the decomposition of sulphoxylic acid with hydrogen sulphide, ete. As indicated
in connection with the sulphides of the alkalies and alkaline earths, the alkali
hydrolysis of sulphur furnishes polysulphides and thiosulphate, both of which could
result from the action of sulphur on previously formed sulphide and sulphite.
Attempts to establish the reaction 284-2H,0=H,S-|(HO0),8 have not been
successful. The action of moist sulphur on silver and other metals, even at the
ordinary temp., is undoubtedly due to slow hydrolysis of the sulphur, which is
accelerated by removal of the hydrogen sulphide as insoluble sulphide of the metal.
Similarly, soln. of silver salts, or salts of other metals which form very sparingly
soluble sulphides, are readily acted upon by sulphur on boiling. A quantitative
experiment in which sulphur was digested with metallic silver in presence of chromic
acid was in better agreement with reaction 2842H,0=H,8-+(HO),8 than with a
reaction 3843H,0=2H,8-H,80;, since approximately one mol. each of silver
sulphide and sulphuric acid were formed. When finely-ground rhombic sulphur
is boiled with silver acetate soln., the alteration of the sulphur is very superficial
owing to the protective action of the dense, coherent film with which it becomes
covered. D. Talmud discussed the effect of acidity on the flotation of sulphur in
water.

B. Corenwinder obtained hydrogen sulphide by passing a mixture of steam and
sulphur vapour over red-hot pumice-stone, or silica; while E. Gripon obtained a
little hydrogen sulphide and a little pentathionic acid by passing steam and sulphur
vapour through a red-hot porcelain tube, and J. Meyer, by the action of steam on
molten sulphur. G. N. Lewis and M. Randall examined the equilibrium conditions
in the system : 2H,04-38=2H,8+-80,, and found for the equilibrium constant,
[H,82[80,]=K[H,0]2, K=0-00088 to 0-00232 at the b.p. of sulphur. M. Randall
and F. R. von Bichowsky worked at higher temp., 887° to 137-2°, where free
hydrogen is formed by the decomposition of the hydrogen sulphide in st Hy--18,.
According to A. Colson, sulphur deposited on the walls of the flask when conc. soln.
of sodium thlosulphate is treated with dil. hydrochlorie acid (1 : 10), decomposes
water energetically at ordinary temp., while flowers of sulphur decompose boiling
water slowly. E. Pollacci said that hydrogen dioxide does not oxidize finely
divided sulphur.

The action of the halogens on sulphur is discussed in connection with the
sulphur halides—wvide infra. K. H. Butler, and M. A. and D. MeIntosh observed
that sulphur does not react with liquid chlorine. W. Engelhardt ¢ observed that
colloidal sulphur does not react with iodine. J. B. A. Dumas said that sulphur is
soluble in warm bromine. E. Beckmann and R. Hanslian, and M. Amadari used
iodine as a cryoscopic-solvent and obtained a mol. wt. Sg. The action was also
studied by R. Wright. J. Mori studied the equilibrium of iodine and sulphur in
carbon disulphide soln. at 10° and 18°, but obtained solid soln. ; no compound was
formed. 8. Kitashima said that free sulphur is not attacked by hydrochloric acid
unless in the presence of a large quantity of iron when hydrogen sulphide is formed.
G. N. Lewis and co-workers found that aq. soln. of chlorates are heated with sulphur
to 150°-180°, are slowly reduced owing to the reversible change 2H,04-38=2H,8
+480;, where the sulphur dioxide is the active agent; bromates are reduced to
bromine, and iodates to iodine ; perchlorates, and periodates are not acted on at
180°. M. Raffo and co-workers found that when iodic acid is mixed with colloidal



94 INORGANIC AND THEORETICAL CHEMISTRY

sulphur, a deep red colour due to free iodine is immediately developed, and sub-
sequently a voluminous, dark red precipitate composed of a mixture of iodine
and sulphur separates. There is evidence that the sulphur is oxidized to sulphur
dioxide by the iodic acid, the resulting hydriodic acid is oxidized to free iodine
by part of the iodic acid, and the latter also oxidizes the sulphur dioxide to
sulphuric acid. . Under certain conditions, the reaction increases at first with the
iodic acid concentration, attains a maximum, and beyond that point diminishes
with further increase in conc. According to the conditions, the reaction proceeds
until the iodic acid or the sulphur is used up, or until the sulphur separates in
gelatinous form.

J. H. Niemann found that sulphur is soluble in warm liquid hydrogen sulphide ;
and H. Pélabon, that liquid sulphur at 440° freely dissolves hydrogen sulphide,
which is liberated with “ spitting ”” as the sulphur solidifies ; hydrogen is absorbed
at 170°, and more and more is dissolved as the temp. rises to 440°. Even boiling
sulphur absorbs hydrogen sulphide at ordinary press.; and in vacuo, at 440°, the
sulphur retains the whole of the absorbed gas. H. Mills and P. L. Robinson found
that a suspension of sulphur in aq. ammonia, when saturated with hydrogen sul-
phide furnishes ammonium pentasulphide. J. B. A. Dumas found that sulphur
is soluble in a warm soln. of barium sulphide, and J. J. Berzelius, and H. E. Schéne,
that an alecoholic soln. of potassium pentasulphide dissolves sulphur, which is
precipitated by adding water to the sat. soln. F. W. Kiister measured the solubility
of sulphur in a soln. of sodium sulphide between 0° and 50°, and found it to decrease
slightly with a rise of temp. The normality, N, of the aq. soln. of Na,8, and the
value of 7 in the resulting Nao8,,, were found, at 25°, to be :

N . 40 2:0 1-0 0-125 0-0625 0-03125 0-007812
n . 4475 4-666 4-845 5-226 5-239 5-198 4-456

The solubility thus increases with dilution, having a maximum value with ;N-NayS
when the ratio NaoS : 8=1: 4—vide alkali sulphides, 2. 20, 23. J. B. A. Dumas
found that sulphur is soluble in sulphur chloride ; and H. Rose, that sulphur mono-
chloride dissolves 66-74 per cent. of sulphur at ordinary temp., forming a liquid of
sp. gr. 17. The solubility was discussed by W. R. Orndorff and G. L. Terrasse,
and by L. Aronstein and 8. H. Meihuizen. A soln. of sulphur in the monochloride
sat. at 20°, does not deposit sulphur when heated to 170°; and A. H. W. Aten
showed that the soln. can then dissolve as much more sulphur as it dissolved at
20°, and that the sulphur is probably present in a special allotropic form—uvide
supra, w-sulphur. A. H. W. Aten found that the fusion temp. of A-sulphur in
gulphur monochloride, representing the solubility, S, of A-sulphur—in molar
percentages—in that menstruum, are :
—~16°  0° 17:9°  652° 177°  95-6°  86°  103:2° 1104° 118-8°
s . 43 6-0 9-9 285 554 81-8 81-8 88-4 95 100

Solid phase a-sulphur . B-sulphur

F. Sestini, and F. Friedrichs observed that liquid sulphur dioxide dissolves a little
sulphur. According to R. H. Adie, sulphuri¢ acid acts on sulphur, giving off
sulphur dioxide at 200° but no hydrogen sulphide. Sulphur reduces sulphuric
acid at a high temp. 8-2H,80,=2H,0--380, ; and as G. N. Lewis and co-workers
showed, the reverse reaction is obtained by heating sulphur dioxide and water in
a sealed tube at 150°, when sulphur ig deposited. This reaction was mentioned
by J. Priestley, in a chapter: On the convertibility of vitriolic acid asr into nitriolic
acid ; and it was investigated by M. Berthelot, A. F. de Fourcroy and L. N. Vau-
quelin, C. Geitner, P. Hautefeuille, J. Tyndall, A. Morren, P. Walden and
M. Centnerszwer, C. St. Pierre, and E. Jungfleisch and I.. Brunel. H. B. North
and J. C. Thomson found that when sulphur and thionyl chloride or sulphuryl
chloride are heated in a sealed tube at from 70° to 180°, the formation of sulphur
dioxide and sulphur monochloride begins at 150°. 'W. Prandtl and P. Borinsky
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found that pyrosulphuryl chloride is without action on sulphur in the cold, but when
heated, sulphur monochloride distils over.

The chemical action of activated nitrogen on sulphur has been previously dis-
cussed, and it follows on the lines indicated in connection with activated hydrogen
by F. H. Newman, and G. L. Wendt. A. A. Zimmermann discussed the union of
sulphur and nitrogen -in the electric discharge. E. C. Franklin and C. A. Kraus
found sulphur to be soluble in liquid ammonia ; C. Hugot said that 3 to 4 c.c. of
the liquid dissolves a gram of sulphur; O. Ruff, that, between —34° and —84°,
liquid ammonia dissolves 39 per cent. of sulphur ; and O. Ruff and L. Hecht gave
for the solubility, S, in grams of sulphur per 100 grms. of soln. :

~78° —20-5° o° 16-4° 30° 40°
s . . 386 381 32-34 25-65 21-0 18-5

H. Boerhaave noted the solvent action of aqua ammonia on sulphur, and G. Calcagni
found that 100 c.c. dissolves 1-367 grms. of sulphur—wide ammonium sulphides,
2.20, 24 ; and 8.49,20. W. P. Bloxam observed no reaction between sulphur and
a boiling soln. of ammonia ; when the mixture is heated in a sealed tube, poly-
sulphide, thiosulphate, and traces of sulphite, but no sulphate, were formed.
F. W. Bergstrom found that sulphur reacts readily with an ammoniacal soln. of
the amides of lithium, potassium, calcium, barium, and magnesium. T. Curtius,
and C. A. L. de Bruyn noted the solvent action of hydrazine and its hydrate on
sulphur. T. W. B. Welsh and H. J. Broderson found that at room temp. 100 grms.
of anhydrous hydrazine dissolve 54 grms. of sulphur with decomposition. According
to F. Ephraim and H. Piotrowsky, sulphur readily dissolves both in hydrazine and
its hydrate, giving a dark brown soln., which on pouring into water deposits sulphur.
At the ordinary temp., anhydrous hydrazine dissolves about 60 per cent. of its
weight of sulphur. After a short time a reaction occurs according to the equation :
NoH,28=N,-2H,8, nitrogen being evolved and an unstable hydrazine hydro-
sulphide remaining in soln. Observations were also made by J. Meyer and J. Jannek,
A. Gutbier and R. Emslander, and Wo. Ostwald and I. Egger. According to
C. C. Palit and N. R. Dhar, 13 and 26 per cent. nitri¢c acid have no action on sulphur
at ordinary temp. H. Zieler observed no reaction with nitric acid up to 40 per
cent. HNO,;, and with boiling 50 per cent. acid, a feeble reaction occurred.
P. F. Frankland and R. C. Farmer found that sulphur is slightly soluble in liquid
nitrogen peroxide; and J. B. A. Dumas found that warm nitrogen trichloride, and
phosphorus frisulphide dissolve some sulphur. L. Delachaux represented the
reaction with phosphine by 2PH3--nS=3H,S-+P58, s, which occurs above 320°.
T. Karantassis observed that with a soln. of sulphur in carbon disulphide, phos-
phorus triiodide forms phosphorus tetracosisulphotriiodide, P13.385. . Jones found
that phosphine acts on sulphur in diffused daylight or better in sunlight ; the
action is slower than with arsine. The metalloid sulphide and hydrogen sulphide
are formed ; with stibine, some hydrogen is produced by a secondary reaction.
G. Vortmann and C. Padberg found that antimony trichloride is not altered when
boiled with water and sulphur. G. Vortmann and C. Padberg found that arsenic
trioxide or pentoxide is not altered when boiled with water and sulphur. V. Auger
observed that sulphur forms compounds with arsenie triiodide, and antimony
triiodide (g.v.). The reactions were studied by K. Schneider. F. E. Brown and
J. E. Synder found that at 0°, 20°, 45°, and 65°, 100 grms. of vanadium oxytri-
chloride dissolve respectively 3:307, 5-995, 13-103, and 30-73 grms. of sulphur;
above 80°, the soln. becomes viscous, and, after a time, it solidifies, giving off sulphur
dioxide. 0. Ruff and H. Lickett represented the reaction 2VOCl;+8=2VCl;+80,.

The reaction between sulphur and carbon was discussed 8. 39,40. The subject
was studied by A. B. Berthollet, C. A. Berthollet, L. N. Vauquelin, etc. J.P.'Wibaut
found that after heating a mixture of sugar charcoal and sulphur to bright redness,
the 3 to 6 per cent. of sulphur which remains cannot be extracted with solvents,
and may be chemically combined, or only adsorbed. J. P. Wibaut and E. J. van
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der Kam found that only the amorphous forms of carbon are able to fix sulphur
when the two elements are heated in a closed tube at 500° to 600°. E. H. Biichner
showed that sulphur is insoluble in liquid carbon dioxide. P. Winternitz, and
J. B. Ferguson studied the equilibrium conditions in the reaction : COy+3S,=CO
+%80,. The latter found that at 1000° and 1200°, using broken porcelain, or
platinized porcelain as contact agents, [CO,][Sy]!=K[CO]SO,Jt; and log K
=b56597-1—0-6915 log T+0-000307 —0-00000003472—0-872 ; and for the change
in the free energy, 8F=—25915-+1-375T log T—0-00147'2--0-000000155734-3-99T';
and at 25°, F=—69761 cals. At 1000°, log K=1-75; at 1200° 1-15; at 1400°,
069; and at 1500°, 0-50. Probably small quantities of carbonyl sulphide are
formed ; and G. N. Lewis and W. N. Lacey studied the equilibrium conditions in
the reaction between carbon monoxide and liquid sulphur—8. 39, 29-—C0--8=COS,
in which are also involved : (8,=C8--8, and 2C08=C0,+4C8,. The equilibrium
constant for [COS]=K[CO] is K==435 at 260°, and 201 at 302°. R. Schwarz and
P. W. Schenk observed that sulphur vapour is more chemically active towards
carbon monoxide when the vapour is exposed to the silent electric discharge.
There is no evidence of a depolymerization of the molecule.

The most commonly used solvent for sulphur is carbon disulphide. Obser-
vations were made by A. Payen, C. J. 8t. C. Deville, A. Cossa, J. W. Retgers,
G. Gore, etc. In the following, the solubility S represents the number of grams
of a-sulphur dissolved by 100 grms. of soln.; the results below —60° are by
H. Arctowsky, the others are by A. Etard.

—-110° - 100° —80° —60° —40° -20° —-10° 0°

S . . 3-0 35 40 55 6-0 10-5 13-5 18-0
10° 20° 25° 30° 40° 60° 80° 100°
8 . . 230 29-5 33-5 38-0 50-0 66-0 79-0 92-0

J. W. Retgers gave 26-4 at 10°. By definition, u-sulphur is insoluble in carbon
disulphide. Some varieties of a-sulphur are not entirely soluble in that menstruum,
presumably owing to the presence of u-sulphur. Forinstance, E. Tittinger reported
neither ordinary roll sulphur,nor flowers of sulphur to be completely solublein carbon
disulphide ; while precipitated sulphur is completely soluble in five times its weight
of that solvent. According to C. J. 8t. C. Deville, the first of the following data
refers respectively to the solubility of sulphur, in grams, per 100 grms. of carbon
disulphide, and the second represents the fraction of the original weight which is
insoluble in that menstruum : Sicilian a-sulphur, 33-5, 0-000 ; recently prepared
rhombic sulphur crystallized in a dry way, 41-5, 0-029 ; the same after 8 years,
33:0, 0-004 ; the same after 9 years, —, 0020 ; and the same after 15 years,
—, 0051 ; recently prepared red needles, 38-2, 0-023 ; recently prepared soft yellow
sulphur, —, 0-3563 ; the same after 2 years, 31'6, 0-157; recently prepared soft
red sulphur, 37-4, 0-157 ; the same after 5 years, —, 0-181; flowers of sulphur,
35-1, 0-113 to 0-234 ; and roll-sulphur (outside), —, 0-029 to 0-073. M. Amadori
said that 100 grms. of carbon disulphide dissolve 53-2 grms. of sulphur at 25°—i.e.
34-76 grms. per 100 grms. of soln. According to C. E. Guignet, if a layer of carbon
disulphide be poured over soln. of sulphur in that solvent, and thereon a layer of
oil, absolute alcohol, ether, benzene, or petroleum, the solvents diffuse into one
another and sulphur crystallizes out of the soln.

C. A. L. de Bruyn found the solubility of a-sulphur in absolute methyl aleohol
to be 0-028 grm. per 100 grms. of solvent at 18-5° ; and with absolute ethyl alecohol,
0-053 grm. at 18-:5°; J. J. Pohl gave 0-051 grm. at 15°; and A. Payen, 0-42 at the
b.p. Other observations were reported by L. L. F. Lauraguais, A. Payen and
J. B. A. Chevallier, P. T. Meissner, and T. J. Pelouze and E. Frémy. J. N. Bronsted
found for B-sulphur, 0-066 per cent. solubility in ethyl aleohol, and a-sulphur,
0-052 per cent. at 25-3°. H. Prinz said that no chemical action occurs at 200°;
and A. G. Bloxam that the soln. in hot alcohol first deposits S-sulphur on cooling.
A. Gerardin found the solubility of a-sulphur in 100 grms. of amyl aleohol to be
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1-5, 2:15, and 2+65 grms, respectively at 95°, 110°, and 112°; and for liquid sulphur,
265, 3-0, and 5-3 grms. at 112°, 120°, and 131° respectively. Sulphur is soluble
in hexyl aleochol. J. W. Klever found that glycerol dissolves 0-10 per cent. of
sulphur ; P. A. Cap and M. Garot, that 100 parts of glycerol dissolve 0-05 part of
sulphur ; and A. M. Ossendowsky, 0-14 grm. at 15-5°. A. Cossa found that 100
grms. of ethyl ether at 23-5° dissolve 097 grm. of a-sulphur ; and J. N. Bronsted,
0-080 grm. at 0°, and 0-200 grm. at 25-3°, while for B-sulphur these numbers are
0-113 grm. at 0°, and 0-253 grm. at 25-3°. J. M. Favre also measured the solubility
of sulphur in ether. R. Delaplace found that 0-188 grm. of sulphur is dissolved
by 100 grms. of anhydrous ether at 13°. J. Meyer also found that 8-sulphur is
more soluble than a-sulphur in ether. W. Alexéeff noted the reciprocal solubility
of ether in sulphur. W. Eidmann showed that sulphur is soluble in acetone; and
W. Herz and M. Knoch found that 100 c.c. of acetone dissolve 65 millimols of
sulphur at 25°, and 100 grms. of & mixture with water and 95-36, 90-62, and 85-38
grms. of acetone dissolve respectively 45-0, 33-0, and 25'3 millimols of sulphur,
Sulphur is also soluble in aldehyde. J. W. Retgers found that 100 grms. of
methylene iodide at 10° dissolve 10 grms. of sulphur ; and melted sulphur is mis-
cible with hot methylene iodide. A. Etard showed that 100 grms. of a soln. of
ethylene dibromide contain, at

0° 10° 20° 40° 680° 80° 100°
Sulphur . 1-2 1.7 2.3 44 84 165 36-5 grms.

J. N. Bronsted observed that 100 c.c. of a sat. soln. in ethyl bromide contain
0-852 grm. of B-sulphur at 0°, and 1-676 grms. at 25-3°; or 0-611 grm. of a-sulphur
at 0°, and 1-307 grms. at 25-3°. Sulphur is also soluble in ethyl chloride.
K. A. Hofmann and co-workers found that, at 25°, 100 grms. of tetrachloroethane
dissolve 123 grms. of a-sulphur and 100 grms. of ethylene dichloride, 0-84 grm.
J. H. Hildebrand and C. A. Jenks found that 100 grms. of ethylene dichloride
dissolve 0-826 grm. a-sulphur at 25°; 1-380 grms. at 40°; 5-43 grms. at 79°; and
99-7 grms. at 97-5°; dichloroethane, 1-28 grms.; pentachloroethane, 1-2 grms. ;
tetrachloroethylene, 1-53 grms.; and ftrichloroethylene, 1-63 grms., while
D. H. Wester and A. Bruins gave 1-19 grms. at 15°. J. J. von Bogusky found that
above 134-2°, sulphur is miscible with benzyl chloride in all proportions, but
below that temp., the mixture separates into two layers—the upper layer has
0-99 grm, of sulphur per 100 grms. of soln. at 0°; 19-89 grms. at 99-1°; 37:29 grms.
at 118° and 56-20 grms. at 132-2°; while the lower layer has 90-62 grms. at 109-6°
and 72-23 grms.at 134:2°, W, Alexéeff gave 116° for the critical soln.temp. of sulphur
and chlorobenzene. K. A. Hofimann found that 100 grms. of carbon tetra-
chloride dissolve 0-86 grm. of sulphur at 25°. J. H. Hildebrand and C. A. Jenks
found that 100 grms. of carbon tetrachloride dissolve 0-339 grm. of a-sulphur at
0°; 0-831 grm. at 25°; 1-155 grms. at 35°; 1:564 grms. at 456°; and 2-008 grms.
at 54°. R. Delaplace found that 0-645 grm. of sulphur is dissolved by 100 grms.
of carbon tetrachloride at 15-5°. A. von Bartal found that sulphur reacts with
carbon tefrabromide in a sealed tube at 180°-195°, forming carbothiohexabromide,
CyBry8,, carbon disulphide, bromine, and sulphur monobromide, but forming,
according to G. Gustavson, thiocarbonyl chloride and sulphur monochloride.
H. V. A. Briscoe and co-workers obtained only sulphur monobromide, carbon
disulphide, bromine, and carbon. J. Meyer noted that 8-sulphur is more soluble
than a-sulphur in chloroform. B. Rathke also noted the solubility of sulphur
in this menstruum. A. Cossa observed that 100 grms. of chloroform at 22° dis-
solve 1-21 grms. of sulphur, J. N. Bronsted found that at 12:25° and 192-29°,
100 grms. of chloroform dissolve respectively 0-744 and 0-918 grm. of sulphur ;
and at 0°, 15:5°, and 40° chloroform dissolves respectively 1-101, 1-658, and
2:9 per cent. of B-sulphur, and 0788, 1-253, and 2-4 per cent. of a-sulphur.
R. Delaplace found that 0-874 grm. of sulphur is dissolved by 100 grms. of
VoL, X. H
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chloroform at 15°. W. Alexéeff noted the reciprocal solubility of chloroform in
sulphur. C. B. Mansfield found sulphur to be soluble in bromoform, and
M. Amadori said that it dissolves 3-64 per cent. of sulphur at 56°. V. Auger

observed that sulphur forms addition products

/60° with iodoform, and tetraiodoethylene. Sulphur
. AR is also soluble in warm chloral, in bromal, and
/20 \‘/4‘ in iodal. G. Bruni and C. Pellizzola studied the
o 708°-|  system sulphur and p-dichlorobenzene. Sulphur
&0 is soluble in mereury methide; and in ethyl
Mol nitrate, from which soln. it is not precipitated
by water. J. A. Wilkinson and co-workers found

G585 66° the solubilities of rhombic and monoclinic sulphur
0 2 49 &0 & 0 in Bf-dichlorodiethylsulphide to be the same over
Fer cent. suiplur the range 13-82°-128° ; and the solubility-f.p. curve

F1a. 33.—TFreezing.noi is shown in Fig. 33. Below 78°, the solid phase
of Eéilphu?e:;%g Eﬁflﬁcﬁﬂ,ﬂ? is rhombic sulp%mr, and above that temp., mono-
diethylsulphide. clinic sulphur. The solubility of amorphous sul-

phur is below 0:14 per cent. at temp. below 120°

—at which temp. sulphur melts and passes into soln. Sat. soln. of sulphur in
this solvent contain-7-6 per cent. of sulphur at 80°; 11-3 per cent. at 90°; 17-5
per cent. at 100°; and 21-0 per cent. at 104°. B. Rathke found sulphur to be
soluble in ethyl sulphide ; and it is dissolved by ethyl and butyl hydrosulphides ;
it is also soluble in cacodyl oxide and in warm allyl thiocyanate—W. Alexéeft
gave 124° for the critical soln. temp. of allyl thiocyanate and sulphur. A. Nau-
mann found sulphur is slightly soluble in benzonitrile at ordinary temp., but
more soluble at a higher one.

C. T. Liebermann observed that sulphur is dissolved by warm, conc. acetic
acid, but only a trace is dissolved by the dil. acid. M. Rosenfeld found sulphur
to be readily dissolved by boiling acetic anhydride, and this, according to H. Prinz,
without chemical action. J. N. Bronsted showed that 0°, ethyl formate dissolves
0-028 per cent. of B-sulphur, and 0-019 per cent. of a-sulphur. A. Naumann
observed that sulphur is sparingly soluble in methyl acetate, and soluble in ethyl
acetate, while J. M. Favre observed that acetic ether dissolves 6 per cent. of sulphur.
Sulphur is insoluble in valeric acid, and in amyl valerate. G. Vulpius found sulphur
to be soluble in a soln. of stearic aeid ; while C. B. Gates noted that 100 c.c. of
oleic acid dissolve 6-7 grms. of sulphur in six days. A.Michael observed that a
cold aleoholic soln. of sodium ethyl malonate dissolves sulphur, with & slight
chemical action. Sulphur is slightly soluble in a boiling conc. soln. of thiocyanic
acid from which most separates out on cooling.

G. Capelle, and F. W. O. de Coninck found that when acetylene is passed over
molten sulphur, in the absence of air, the chief products are hydrogen sulphide,
carbon disulphide, and thiophene. H. V. A. Briscoe and J. B. Peel, and J. B. Peel
and P. L. Robinson also noted the production of thiophene as well as carbon disul-
phide between 325° and 650° ; V. Meyer and T. Sandmeyer also noted the production
of thiophene in the reaction. Sulphur is soluble in valerylene. A. Etard found
that 100 grms. of a hexane soln. of sulphur contain at

—20° o° 20° 40° 80° 120° 160° 180°
Sulphur . 0-07 0-16 0-25 0-55 17 4-4 7-2 8-2 grms.

J. H. Hildebrand and C. A. Jenks found that 100 grms. of heptane dissolve 0-124
grm. of a-sulphur at 0°; 0-362 at 25°; 0-512 grm. at 35°; 0-698 grm. at 45°; and
0-926 grm. at 54°. A. Payen, C. B. Mansfield, A. Cossa, and A. Ktard observed that
sulphur is soluble in benzene ; the last-named gave for 100 grms. of the soln., at
o° 20° 40° 60° 80° 100° 1200 180°
Sulphur . 10 1-7 32 6-0 10-5 175 29-0 36-0 grms.
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M. Amadori said that 100 grms. of solvent dissolves 2:15 grms. of sulphur at 25°
—i.e. 29 grms. per 100 grms. of soln. ; and R. Delaplace, 1-582 grms. of sulphur per
100 grms. of solvent at 15°. J. Boseken, and C. Friedel and o
J. M. Crafts observed that boiling benzene in the presence of 0 T
aluminium chloride reacts with sulphur, forming diphenyl ‘50 | ¥
sulphide, thianthrene, etc. D. L. Hammick and W. E. Holt 40
studied the equilibrium conditions in the system : 8—CoHg.  s0°
W. Alexéeff gave 163° for the critical soln. temp. with /s°
benzene and sulphur. J. H. Hildebrand and C. A. Jenks /7% ——
found that 100 grms. of benzene at 25° dissolve 2-074 grms. /20° RN
of a-sulphur; and 5-165 grms. at 54°. H. R. Kruyt ob- For cent- benzene
served that benzeme and sulphur are completely miscible gy, 34.—Reciprocal
above 160°, and below 226°. The miscibility curves above Solubility of Sul-
and below these temp. are illustrated by Fig. 34. J. Béseken  phur and Benzene.
represented the reaction with boiling benzene in the pre-

sence of aluminium chloride by : 88--6CgHg-3AICl;=4H,8--2(CoHs),S(AICL)
+(CgHy)oS,.AlCl;.  According to J. N. Brénsted, at 18-6° and 25-3°, benzene
dissolves respectively 2-064 and 2-335 per cent. of B-sulphur, and 1-512 and 1-835
per cent. of a-sulphur. J. Meyer also noted that 8-sulphur is more soluble than
d-sulphur in benzene. J. H. Hildebrand and C. A. Jenks found that 100 grms.
of toluene at 0° dissolve 0-987 grm. of a-sulphur; 2-018 grms. at 25°; 2-722
grms. at 35°; 3-620 grms. at 45°; and 4-85 grms. at 54°. R. Delaplace found
1-857 grms. of sulphur are dissolved by 100 grms. of toluene at 20°. W. Alexéeft
gave 180° for the critical soln. temp. with sulphur and toluene. H. R. Kruyt
observed that with sulphur and toluene, the limits of complete miscibility lie
between 180° and 220°, and the curves are similar in type to those of Fig. 34.
J. K. Haywood made observations with mixtures of sulphur and toluene.
A. Smith and co-workers, and H. R. Kruyt studied the system sulphur and
triphenylmethane ; the solubility curves are shown in Fig. 7, and the miscibility
curves are similar in type to Fig. 34, with the limits of complete miscibility
between 145° and 200°. J. K. Haywood made observations with mixtures of
sulphur and xylene. H. R. Kruyt found that the system sulphur and m-xylene
gives curves in which the components are not completely miscible within the
limits of temp. employed. J. H. Hildebrand and C. A. Jenks found that 100 grms.
of m-xylene dissolve 1:969 grms. of a-sulphur at 25° ; and 3-604 grms. at 45°. With
sulphur and ethylbenzene, a chemical reaction at about 200° interferes with the
results. H. R. Kruyt, and D. L. Hammick and W. E. Holt studied the system
sulphur and benzoic acid; and K. Schneider, the action of sulphur on various
organic iodides. Sulphur is soluble in ligroin, ete. N. T. de Saussure found
that 12 parts of hot pefroleum from Amians dissolved one part of sulphur;
C. B. Mansfield found sulphur to be soluble in ligroin. For the solubility of sulphur
in grams per 100 parts of coal-tar oil, J. Pelouze gave for oils of different sp. gr.
and b.p. :

Fractlon
8p. gr. B.p. 15° 30° 50° 100° 120° 130°
0-870 80°-100° 2-1 3-0 5-2 15-2 — —
0-880 85°-120° 2-3 4-0 6-1 18-7 270 —_
0-882 120°-200° 2:5 5-3 8-3 23-0 32-0 387
0-885 150°-200° 2-6 5-8 8.7 26-4 38 43-8
1-010 210°-230° 6-0 85 10-0 525 ® ®
1-020 220°-300° 7-0 85 12-0 54-0 ® o

A. Payen found that 1-35 and 16-2 grms. of sulphur dissolve in 100 grms. of tur-
pentine at 16°, and at the b.p. respectively. Sulphur dissolves in hot styrene,
and separates from the soln. on cooling. A. Cossa found that 100 grms. of phenol
digsolved 16-4 grms. of sulphur at 164°. A. Smith and co-workers found that
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mixtures of sulphur and 100 grms. of phenol could be heated until they were homo-
geneous, and on cooling, a cloudiness appeared at

89-5° 138° 160-5° 167:5° 175°
Sulphur . 91 19-9 28-6 324 - 36-5 grms.

Similarly with 100 grms. of S-naphthol, a cloudiness appeared at

118° 143-5° 157° 164° 168°
Sulphur . 34 59-3 97-4 209-7 300 grms.

Sulphur is slightly soluble in cold ereosote, but one part of sulphur dissolves in
2-6 parts of boiling creosote. A. Cossa, V. Merz and W. Weith, J. Fritzsche,
K. A. Hofmann, O. Hinsberg, and J. A. Barral found that sulphur is very soluble
in warm aniline, but sparingly soluble in the cold. W. Alexéeff gave 138° for the
critical soln. temp. with aniline and sulphur. A. W. Hofmann, I. Cerut, and
E. Beckmann and W. Gabel found that quinoline dissolves sulphur, but a reaction
sets in with the evolution of hydrogen. D. L. Hammick and W. E. Holt studied
equilibria in the systems sulphur and quinoline, sulphur and pyridine, and sulphur
and p-xylene. With pyridine as solvent, and a vulcanized rubber membrane,
L. Kahlenberg was able to separate, by dialysis, sulphur from cane sugar, silver
nitrate, or lithium chloride. J. W. Klever found that 100 grms. of nicofine at 100°
dissolve 10-6 grms. of sulphur. Sulphur also dissolves in coniine. Sulphur is
soluble in hot oil of copaiba, hot oil of caraway, hot oil of mandarin, hot oil of
amber, hot resin oil, and hot caoutchoue. C.S. Venable and C. D. Greene studied
the solubility of sulphur in rubber. W. J. Kelly and K. B. Ayers said that the
distribution of sulphur between unvulcanized rubber and amyl or n-butyl alcohol
obeys Henry’s law. The sulphur is present in the rubber in a state of soln. and
not of adsorption. D. F. Twiss and F. Thomas found p-sulphur slightly more
active than A- or m-sulphur as a vulcanizing agent for caoutchouc. P.Bary and
L. Weydert concluded that ordinary vulcanized caoutchouc is an equilibrium
mixture, and that combined sulphur is set free on diminishing the osmotic press.
of the free sulphur. The reaction of vulcanization is represented as C;oH;6-+Ss
=00H,4S,, but the numerical data obtained are not in agreement with the ordinary
law of mass action, whatever hypothesis may be adopted as to the degree of poly-
merization of the hydrocarbon. The conclusion drawn is that the hydrocarbon
molecules having polymerized by union at the double linkings, on vulcanization
sulphur first becomes attached only to the terminal double linkings of a chain ;
further vulecanization, therefore, can only occur after depolymerization.
Wo. Ostwald, H. Pohle, and W. E. Glancy and co-workers studied the rate of
combination of sulphur with rubber in the formation of vulcanite ; A. T. McPherson
and co-workers, the density and electrical properties of the system sulphur-
rubber. G. S. Whitby and H. D. Chataway studied the action of sulphur when
heated with linseed oil. J. J. Pohl found that linseed oil dissolves the following
percentage amounts of sulphur : 0-630 per cent. at 25°; 1-852 at 60°; 2-687 at
95°; 4-935 at 130°; and 9-129 at 160° ; while J. Pelouze observed that 100 parts
of olive oil of sp. gr. 0-885 dissolved the following parts of sulphur: 2-3 at 15°;
5-6at40°; 20-6 at 65°; 25-0at100°; 30-3at110°; and 43-2at130°. D.H. Wester
and A. Bruins found that at 45°, 100 grms. of anhydrous lanoline dissolve 0-38 grm.
of sulphur.

For the action on various hydrocarbons, vide infra, hydrogen sulphide. R. F. Mar-
chand studied its action on sugar. The action of sulphur on n-octane, octylene, indene,
hydrindene, cyclo-pentadiene, and a-10ethylnaphthalene, was investigated by W. Fried-
mann ; on sulphones, by J. Boseken ; terpenes, by P. P. Budnikoff and E. A. Schiloff ;
cyclo-hexyl chloride, by A. Mailhe and M. Murat ; hydrocarbons—diphenylmethane, and
fluorene—by L. Szperl and T. Wierusz-Kowalsky ; organo-magnesium compounds, by
H. Wuyts and G. Cosyns; amines—toluidine—by H. H. Hodgson, H. H. Hodgson
and A. G. Dix, and L. Gattermann ; diphenyl, and anthraquinone, by E. Beckmann and
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R. Hanslian. The catalytic activity of sulphur compounds in the autoxidation of various
organic compounds—benzaldehyde, analdehyde, styrene, turpentine, linseed oil—and
sodium sulphite—was studied by G. Moureu and co-workers. H. Freundlich and G. Schikorr
found that colloidal sulphur hastens the conversion of maleic acid into fumaric acid.

The action of sulphur on the metals and metalloids is indicated in connection
with the respective sulphides, ete. ; similarly also with the metal oxides. Accord-
ing to A. E. Wood and co-workers,® the corrosive action on metals of naphtha soln.
of sulphur, mercaptans, hydrogen sulphide, alkyl sulphates, sulphonic acids, ete.,
increases in presence of water. In some cases, this is due to ionization, but in other
cases, as with free sulphur, it is due apparently to the formation of anodic and
cathodic areas. A mercaptan soln. yields with most metals a mercaptide which is
decompoged on heating, yielding sulphide. The affinity of metals for sulphur was
discussed by K. Jellinek and J. Zakowsky, C. Frick, and W. Guertler—uvide infra,
hydrogen sulphide. T. W. and W. T. Richards tried to measure gravimetrically
the force of chemical affinity at a distance of about 0-001 mm. between the sulphur
and the oxides of silver, copper, iron, zine, and magnesium. In no case did the
attractive force amount to 0-1 mgrm.; and it was concluded that the force of
chemical affinity must decrease very rapidly as the distance between the attracting
atoms increases. W. P. Jorissen and C. Groeneveld studied the reaction between
sulphur and iron, and sulphur and aluminium. A. Frumkin observed that when
drops of a soln. of sulphur in a light volatile solvent—like ethyl ether, benzene,
and light petroleum—are dropped on to a surface of clean mercury, the first drops
spread out very rapidly and subsequent drops more slowly until finally a stage is
reached where addition of another drop does not cause further spreading. At this
stage, the mercury is covered with a unimolecular layer of sulphur, and the area
of the surface occupied by each sulphur atom is of the order of magnitude of the
cross-section of a mercury atom. The linking between the mercury and sulphur
atoms would therefore seem to be of the same type as in a chemical compound of
these elements. K. Schneider studied the action of sulphur on germanium and
stannic iodides.

The action of alkali hydroxides on sulphur has been previously discussed
—L. 20, 21. C. Fahlberg and M. W. Iles said that when potassium hydroxide
is fused with sulphur, sulphide and thiosulphate are formed; with an excess
of the alkali, only sulphite and sulphate are formed. M. J. Fordos and A. Gélis
said that with boiling alkali-lye and sulphur, more thiosulphate is formed than
corresponds with the reaction: 3K;0-4-nS+H,0=2KyS, o-+Ky8,05-+H,0;
alkaline earth hydroxides give similar results. J. B. Senderens said that the
equation represents a limiting case applicable only to conc. soln. ; with dil. soln.,
the polysulphide is decomposed into thiosulphate and hydrogen sulphide.
According to H. V. Tartar, the primary. reaction of sulphur with potassium
hydroxide in hot aq. soln. takes place in accordance with the equation: 6KOH
+88=2K385-+K8,05--3H,0. When sulphur is used in excess, a secondary
reaction occurs, in which it combines with the trisulphide to form the pentasul-
phide. Potassium tetrasulphide is perhaps formed as an intermediate product.
A variation in temp. (below 100°) and conc. dges not alter the nature of the
reaction. H. Pomeranz supposed that some hydrosulphite is formed. With
golid alkali, and sulphur, E. Filhol and J. B. Senderens gave 14-4 Cals. for the
heat of the reaction; but in dil. soln., no heat is developed. With solids, the
reaction proceeds by simple trituration ; but it is slow in soln., and this the more,
the less the conc. R. Boyle observed that while neither sulphur nor potassium
carbonate is soluble in alcohol, yet the spirit of wine in contact with a mixture of
sulphur and potassium carbonate * will in less than an hour, and sometimes in less
than a quarter of that time, dissolve enough of this matter to be richly colour’d
by it, and this without the help of external heat.” T. L. Davis and J. W. Hill
obtained a similar result. J. K. Haywood, 8. J. M. Auld, and R. W. Thatcher
studied the reactions which occur when mixtures of calcium hydroxide, water,
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and sulphur are boiled for different periods of time. The soln. contains chiefly
calcium pentasulphide and thiosulphate together with some sulphite and sulphate.
L. Guitteaun investigated the action of barium hydroxide, sulphur, and boiling
water. According to J. B. Senderens, the reaction with sulphur when boiled with
cuprous and cupric oxides, or with silver oxide, can be symbolized : 4Ag,0-+48
=3Ag,5-+Ag,80, ; and 3Ag,80,4-48=3Ag,8-+4803. The sulphate persists even
after long boiling when the oxides of cadmium, mercury, lead, bismuth, or nickel
is similarly treated ; cobalf oxide is attacked more slowly than nickel oxide, and in
both cases a thiosulphate is formed which decomposes into the sulphate ; man-
ganese hydroxide, and magnesium oxide form thiosulphates; and when chromie
oxide or mercurous oxide is triturated with sulphur, inflammation may occur
with the formation of sulphur dioxide, sulphate, and sulphide. C. Briickner
found that when a mixture of chromic oxide and sulphur is heated in air, the
oxide is not changed; chromic anhydride inflames, and forms chromic oxide
together with a little chromium sulphide—wide infra. L. Bémelmans found that
molten alkali chlorides react with sulphur, forming, at a high enough temp., sulphur
chloride and alkali sulphide, and at a lower temp., sulphide and chlorine. W. Selez-
neff observed that boiling soln. of the alkali chlorides are not decomposed.
A. Manuelli found that a soln. of cupric chloride acidified with hydrochloric acid
and sulphur heated in a sealed tube at 150°-180°, is partly reduced to a cuprous
salt—sulphuric acid is also formed. O. Ruff and H. Golla prepared aluminium
tetrasulphotrichloride, AICl3.8,, by extracting the complex salts of aluminium
trichloride and sulphur chloride with carbon .disulphide ; aluminium trisulpho-
trichloride, AlCI3.S3, by reducing sulphur chloride with an excess of aluminium ;
and aluminium disulphotrichloride, AlC;.S,, as in the case of the tetrasulpho-
salt. M. Raffo and A. Pieroni showed that a colloidal soln. of sulphur reacts with
stannous chloride, forming stannous sulphide, and hydrogen sulphide. When
dehydrated cuprie sulphate is heated with sulphur, C. Briickner found that it is
reduced to cuprous sulphide. G. Vortmann and C. Padberg showed that an
excess of hydrochloric acid is necessary for the oxidation of stannous chloride
when it is heated with flowers of sulphur. Hydrogen sulphide is formed, and all
the tin is converted into stannic chloride. The reaction with cuprous chloride is
represented : CuyCly4-S=CuS-+CuCl,, W. Wardlaw and F. W. Pinkard obtained
a black precipitate containing a large proportion of cuprous sulphide by heating
cuprous chloride with finely divided sulphur and dil. hydrochloric acid (112 c.c.
of 33 per cent. acid and 138 c.c. of water) at 95° in a current of carbon dioxide.
C. F. Rammelsberg, and O. W. Huntington showed that if silver sulphide and
cupric chloride act on one another in the presence of air and soln. of sodium chloride,
cuprous chloride, silver chloride, and sulphur are produced or the cuprous chloride
is converted into a sulphide. They also noted the secondary reaction :
CuS+-CuCly=CuyCly+8, which is the reverse of G. Vortmann and C. Padberg’s
reaction. E. Filhol and J. B. S8enderens observed no sensible decomposition when
a cuprie salt—sulphate, nitrate, or chloride—is heated with sulphur. W. Wardlaw
and F. W. Pinkard represented the reaction which occurs when cupric chloride
and sulphur are heated for 4 hys. with dil. hydrochloric acid (112 c.c. of 33 per
cent. and 138 c.c. of water) in a current of carbon dioxide: 6CuCly,~-S--4H,0
=3CuyCly+6HCI+Hy80,. In general, colloidal sulphur is much more reactive
than other forms of sulphur. According to A. Gerardin, 100 grms. of stannic
chloride dissolve at

99° 101° 110° 112° 121°
Sulphur . 5-8 6-2 8-9 9-6 17-0 grms. 8.

W. Selezneff observed that the alkali nitrates are not decomposed when boiled
with sulphur ; alkali sulphates were also said to resist attack ; but J. B. Senderens,
observed that the alkali sulphates are slowly decomposed. K. Briickner found that
the sulphates of lithium, sodium, and potassium react at a red-heat with the evolu-
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tion of sulphur dioxide, and the formation of an alkaline residue of sulphide, thio-
sulphate, and polysulphide. The alkaline earth sulphates yield similar products,
but react less readily. There is no reaction with beryllium, magnesium, or
aluminium sulphates at a red-heat. The sulphates of copper, silver, zine, cadmium,
mercury, thallium, lead, iron (-ous and -ic), cobalt, and nickel are converted into
sulphates with the evolution of sulphur dioxide. M. Raffo and A. Pieroni repre-
sented the reaction with silver sulphate and a colloidal soln. of sulphur by
3Ag,80,+4Hy0-48=4H,80,+3Ag,8. K. Briickner found that antimony and
bismuth sulphates yield bluish-grey sulphides of metallic appearance, but in the
case of bismuth, the metal is obtained when a smaller proportion of sulphur is
employed ; chromie sulphate yields a black sulphide insoluble in hot hydrochloric
acid ; potassium chrome-alum forms with a prolonged heating chromic oxide
and potassium sulphate only, but if the heating is limited, these are accompanied
by a compound of potassium and chromium sulphides which is insoluble in water
and decomposed by hydrochloric or nitric acid ; W. Wardlaw and N. D. Sylvester
found that the green soln. of a tervalent molybdenum salt reacts with sulphur,
forming hydrogen sulphide; quadrivalent molybdenum salts are not reactive
with sulphur. According to C. Briickner, a mixture of sulphur and uranyl sulphate
yields a mixture of uranous and uranosic oxides; and cerium sulphate yields a
reddish-brown sulphide decomposed by hydrochloric acid. G. N. Lewis and co-
workers found that sulphates are not reduced when aq. soln. and sulphur are
heated to 150°-180°. W. Selezneff found that the salts of the heavy metals are
partly decomposed. G. N. Lewis and co-workers found that nitrates are reduced
to nitric oxide when the aq. soln. is heated to 150°~180° with sulphur. E. Filhol
and J. B. Senderens said that copper salts are not decomposed ; lead sulphate
is slowly attacked ; insoluble silver salfs are generally blackened, while silver nitrate
forms silver sulphide. G. N. Lewis and co-workers found that when aq. soln. of
cupric, mercurous, bismuth, and lead salts are heated with sulphur to 150°~180°,
they are slowly but quantitatively reduced ; and mercurie, ferric, and stannie
salts also are quantitatively reduced. C. Geitner, and E. Filhol and J. B. Senderens
made some obgervations on this subject. G. Vortmann and C. Padberg found
that the salts of the -ic oxysalts are more readily attacked than the -ous oxysalts ;
aq. soln, of zine, cadmium, manganese, ferrous, and nickel salts, and bismuth
chloride are not altered when boiled with sulphur. W, Wardlaw and F. H. Clews
found that ferric chloride, in a cone. soln. of hydrochloric acid, is reduced to a small
extent by sulphur. W. Selezneff showed that alkali carbonates furnish poly-
sulphide, thiosulphate, and carbon dioxide; when heated in sealed tubes, the
reaction is reversible—wvide 2. 20, 21. The alkaline earth carbonates slowly form
thiosulphates ; while the metal carbonates react like the corresponding oxides.
J. J. Pohl found that a 56 per cent. soln. of sodium carbonate dissolves no sulphur
at 20°, and about 0-06775 per cent. at 100°. A. Girard observed that sodium
pyrophosphate is slowly reduced when the aq. soln. is boiled with flowers of sulphur,
forming hydrogen sulphide, sodium orthophosphate, and thiosulphate, while
T. Salzer represented the reaction: #nNa,Ps0;,4128-4-3H,0=2Na,8;--Nas8,04
+6Na3HP207+(n—-6)Na4P207; and Nags5+3H20=N323203+3H28. A little
thiophosphate is also formed. J. B. Senderens observed that ealcium and barium
phosphates are slowly decomposed when boiled with water and sulphur; silver
and copper phosphates are completely decomposed to sulphide, etc.; while lead,
cobalt, and nickel phosphates are not changed. Arsenates behave in an analogous
way : sodium arsenates form sulphoarsenates; silver and copper arsenates are
completely decomposed ; lead and nickel arsenates are not decomposed ; sodium
arsenife i1s decomposed into polysulphide and hydrogen sulphide which forms
arsenic trisulphide and finally sodium sulpharsenite. Sulphur reduces boiling
potassium chromate solution; hydrogen sulphide is given off, chromium sesquioxide
is precipitated, and potassium thiosulphate is formed. A soln. of potassium
dichromate affords, in like manner, chromium chromate with potassium sulphite
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and sulphate ; argentic and mercuric chromates are also attacked, but the lead salt
is unaffected. W. Selezneff, J. L. Lassaigne, and O. Dépping also noticed that the
chromates are decomposed by boiling water and sulphur ; while A. Manuelli found
that a soln. of potassium dichromate and sulphur, in a sealed tube at 150°-180°,
is reduced to chromic oxide—sulphuric acid is also formed. G. N. Lewis and
co-workers, and J. B. Senderens showed that borates are decomposed when boiled
with water and sulphur. J. Hoffmann discussed the blue colour obtained with
fused borax, or boric -oxide. P. Ebell found that sulphur added to molten glass
gives a yellow or brown-coloured glass. The black colour produced in glass is not,
as E. M. Péligot supposed, due to a black allotropic form of sulphur, but, as
W. Selezneff showed, it is produced by ferrous sulphide. According to
J. B. Senderens, sulphur decomposes boiling soln. of sodium and calcium silicates
with formation of polysulphides, of some thiosulphate, and evolution of hydrogen
sulphide, while sulphur, boiled with powdered glass, determines a similar reaction
which is prevented by a previous addition of hydrochloric acid. P. Fenaroli said
that the colours produced by sulphur in glass can be interpreted in terms of the
varying dispersity of the element. In the case of sulphur, the coloration is due
to molecular dispersed sulphur present in the form of polysulphides, and there is
no evidence of the presence of colloidal sulphur in glasses of this type.

The physiological action of sulphur.—Sulphur has no action on the skin, but
some of it may be converted into hydrogen sulphide which acts as a mild vascular
stimulant and with some persons produces eczema ; some sulphur may be converted
into sulphurous and sulphuric acid which act as irritants. If taken internally,
most of it passes out in the fwces unaltered ; but a small proportion is converted in
the intestine into hydrogen sulphide and other sulphides. These have a mild
laxative effect, which is sometimes accompanied by a flatus of hydrogen sulphide
which makes sulphur an undesirable laxative. Kxcessive amounts of sulphides
and hydrogen sulphide may produce symptoms of asphyxia, and paralyze the nervous
and muscular systems. According to T. Frankl® some sulphur is oxidized to
sulphurous acid in the intestine, and if in sufficient amount it may produce
hyperamia, and an increased peristalsis. When sulphur is taken internally, some
hydrogen sulphide may be eliminated through the kidneys, the milk, the lungs, and
skin ; and some is excreted as sulphates in the urine. The breath may smell of it,
and silver ornaments near the skin may be discoloured. According to L. C. Maillard,
colloidal sulphur, prepared by the interaction of hydrogen sulphide and sulphur
dioxide, is completely and rapidly absorbed by rabbits when introduced into the
cesophagus. Within twenty-four hours, somewhat less than half is eliminated with
the urine as mineral sulphates, and a portion in the form of organic sulphates. The
normal amount of the latter is increased by 5-13 per cent. after the ingestion of
gulphur, but the proportion falls below normal when this is withdrawn from the diet.
About half of the sulphur is excreted in an incompletely oxidized condition, probably
in organic combination, since no sulphur, hydrogen sulphide, or sulphur dioxide is
formed on treating the urine with acid. It may be supposed that substances are
formed by the conjugation of compounds of the type R.80,.0H with phenols, and
that more highly oxidized compounds escape combination in this way. L.Sabbatani
showed that when the hydrosol is injected subcutaneously, hydrogen sulphide is
formed only very slowly. Afterinterperitonealinjection itisformed more rapidly, but
yet not sufficiently quickly for it to be detectable in the expired air. When injected
intravenously, it is readily formed, and for this reason the hydrosol of sulphur is
very toxic. As the sulphur aggregates become larger, the toxicity diminishes. The
dog can tolerate relatively large doses when the sulphur is introduced into the
stomach. With the larger doses vomiting occurs, and the animal rapidly recovers.
The sulphur is more toxic under the same condition in rabbits, as these animals
cannot vomit. A little more than 0-1 grm. per kilo. of body-weight can produce
death. This dose can be well tolerated when introduced intraperitoneally or sub-
cutaneously, although larger doses can act toxically. When given intravenously,
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doses of 0-0065-0-0203 grm. are toxic, the toxicity depending on the rate at which
the sulphur is introduced. E. Salkowsky studied the effect of cabbage on the
sulphur compounds in the urine of man and animals. 8. Beck and H. Benedict
found the excretion of sulphur is increased by muscular work, and when the work
has ceased, this is followed by a corresponding decrease. The increase falls specially
on oxidized sulphur ; the non-oxidized sulphur due to proteid metabolism may be
lessened. W. J. Smith said that the union of sulphur and carbon is so strong in some
organic substances, that the chemical reactions accomplished cannot sever these
elements—e.g. acetone-ethylmercaptol, thiophene, and ethyl sulphide. In these
three cases the sulphur is combined as =C.8.C=. The administration of
carbamino-thioglycollic acid does augment the urinary sulphates. The same
subject was studied by E. Petry. W. J. 8. Jerome studied the sulphur excretion
in a dog under various conditions; and W. Freund, in infants. TIi]e removal of
the liver from birds showed that the liver plays no part in the formation of sulphuric
acid from the sulphur of food. M. Kahn and F. G. Goodridge have reviewed the
whole subject in their Sulfur Metabolism (Philadelphia, 1926).

The toxic action of sulphur on the fungus oidium Tuckeri, which causes the grape
disease, was attributed by R. Marcille 7 to the adherent sulphurous and sulphuric
acids. H. J. Waterman found that sulphur inhibits spore formation in the mould
aspergillus miger. During growth, sulphur accumulates in the cells. According
to R. C. Williams and H. C. Young, tests made with sulphurous, sulphuric, and
pentathionic acids—all found in water in which sulphur has been triturated—on
the spores of the Sclerotinia cinerea show that by far the most toxic are the poly-
thionic acids. Although the acidity of the sulphur filtrates is due mainly to sul-
phuric acid, yet a soln. of this acid of eq. conc. is not toxic. If commercial sulphur
18 freed from its polythionic acids by suitable treatment with ammonia or nitric
acid, it loses its toxicity, but regains it on exposure to air and water. Artificially
oxidized sulphurs are also very effective provided the oxidizing agent does not
destroy the polythionic acids. Since the polythionate ion is not toxic in neutral
or alkaline soln., the toxicity of lime-sulphur sprays is probably dependent on the
development of acidity, to liberate the polythionic acid, by weathering of the
sulphur.

Over 100,000 tons of sulphur are used per annum in Europe alone for dusting
vines and hops. Many experiments have been made to find if sulphur has a bene-
ficial influence as a fertilizing agent. E. B. Hart and W. H. Peterson showed that
considerable quantities of sulphur are removed from the soil by common crops.
Although the loss is partly compensated by the supply of sulphur from the atm.,
the latter is probably counterbalanced by the losses the land sustains by drainage.
Soils which had been cropped for fifty to sixty years, and had received little or no
manure, were found to have lost an average of 40 per cent. of the sulphur trioxide
originally present, as determined by comparison with virgin soils, but in cases in
which the farm manure had been regularly and liberally applied, the sulphur
content of the soil had been maintained or even increased. It is therefore necessary
to supply sulphur to the soil in order to replace that removed by the crops and
drainage. E. Boullanger found that flowers of sulphur in goil increased the yield
from such plants as carrots, haricots, potatoes, etec.; and E. Boullanger and
M. Dugardin attributed the favourable influence of small doses of sulphur to its
activating effect. on bacteria which break down nitrogenous matter in soil to
ammonia, and on the nitrification filaments. 0. M. Shedd found sulphur increased
the production of some crops ; it acted injuriously on some ; but it had no effect
on others. T. Pfeiffer and E. Blanck found that with oats, the addition of sulphur
had a slightly depressing effect, and it did not increase the yield or utilization of
nitrogen. J. A. Voelcker observed no effect with mustard, rape, and clover.
W. Pitz obtained a slightly increased yield of red clover without influencing the
development of the roots or root nodules. 'A. R. Thompson studied the effect on
the rice plant. W. Pitz observed that 0-05 per cent. of sulphur decreased the number
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of bacteria on agar-agar plates; there was an increased production of ammonia, ’
and a decreased yield of nitrates. J. R. Neller found that legumes show an increase
in their nitrogen constant when grown in soils containing sulphur ; non-legumes do
not seem to be affected in any way by the sulphur. Sulphur is not so likely to prove
advantageous on acidic soils, and on those soils which are improved by marling.
H. C. Lint observed the acidity of soils increased gradually after the addition of
sulphur. The sulphur is oxidized more rapidly in heavy clay loam soils than in
sandy loam soils—wvide supra. C. Brioux and M. Guerbet stated that the oxidation
of sulphur in soils is entirely due to bacterial action. G. Bosinelli observed an
insignificant increase in the conversion of organic nitrogen compound in soils into
ammonia. According to W. Thorner, the oxidation products of the sulphur com-
pounds in peat are injurious to plants, and also to mortars and cements. A. Hot-
inger discussed the rdle of sulphur and sulphides in biological oxidations and
reductions. The oxidation of sulphur in soils by sulphur bacteria was studied by
J. G. Lipman and co-workers—uvide supra for sulphur bacteria. F.F. Nord investi-
gated the effect of heat and H'-ion conc. on the biological transportation system
containing sulphur.

The uses of sulphur.8—Sulphur is employed in the preparation of numerous
sulphur compounds, and preparations—e.g. sulphuric acid, ultramarine, vermilion,
and sulphur dioxide for making the bisulphite of lime—i.e. caleium hydrosulphite—
used in the wood-pulp industry. It is used in the preparation of gunpowder,
matches; and in vulcanizing rubber.® It is employed as a fungicide in com-
bating the so-called grape-disease,10 ete.; as a disinfectant—wvide infra, sulphur
dioxide ; in certain pharmaceutical preparations; and as a parasiticide for the
Sarcoptes hominis. The so-called sulfozon is powdered sulphur with much adsorbed
sulphur dioxide.!! The insulating qualities of sulphur have some applications ; and
in consequence of its inertness towards many chemical agents, it is employed as a
cement either alone or in admixture with sand—e.g.in setting the brick-linings of
acid-towers ; in constructing storage-tanks ; paving-floors; in the luting of jars,
etc. For this purpose, the sulphur is melted. If not well stirred, the sulphur may
become viscous and take fire if in the open air. It may be fused in jacketed-pans
heated by steam at, say, 30 lb. press. J. Myers 12 used sulphur for the drying of
gases. It is also used as a “ fixed point ** in graduating pyrometers ; and for high
temp. vapour-baths in the laboratory. Sulphur is used in taking casts of various
objects. According to C. Lepierre,!8 if molten sulphur at 115° be poured on printed
or written paper, on cooling it acquires a sharp impression of the characters,
W. H. Kobbé 14 described the indurating of wood with sulphur to preserve,
harden, and strengthen it, and make it more acid-resisting. The impregnation of
concrete with molten sulphur has also been recommended for electrolytic cells, ete.,
to make it stronger and impervious to acids.
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§ 8. The Valency and Atomic Weight of Sulphur

The valency of sulphur is variable. Formerly, when the theory of constant
valency was fashionable, it was supposed that sulphur was bivalent, and compounds
like 8O, and 803 were symholized by closed chain formule, and sulphuric acid,
H,80,, was represented HO.8.0.0.0H. Actually, sulphur appears to be bivalent
towards hydrogen; quadrivalent and sexivalent towards oxygen ; and sexivalent
towards fluorine—H. Moissan and P. Lebeau’s! SFgq. A. A. Blanchard, and
A. P. Mathews made some speculations on this subject. The variable valency of
sulphur isillustrated by ethyl sulphide, and its oxidation products—ethyl sulphoxide,
and ethyl sulphone—described by A. von Oefele :

C,H; CoHy o CH; o O
N o, 5 =0 ol 5<0
Ethyl sulphide . Ethyl sulphoxide Ethyl sulphone

H. C. Klinger and A. Maassen showed that the same products are obtained when
ethyl sulphide is treated with methyl iodide, as when methylethyl sulphide is
treated with ethyl iodide :

(C,Hy),S +-CH, I = }C2H5>S <CH;
(C.H;)(CH,)S +C.H;I=)C,H; I

Hence, unless an intramolecular change to a more stable condition takes place
during the formation of the methyldiethylsulphonium iodide, the three valencies
to which the alkyl-groups are attached must be equivalent. The different results
obtained by F. Kriiger, and J. A. Blaikie and A. C. Brown, were ascribed by
H. C. Klinger and A. Maassen to the presence of impurities. R. Nasiniand A. Scala
supported the view that the products are different because the products furnish
complex salts with platinum tetrachloride, one forming cubic and the other mono-
clinic crystals. The different ways of preparing methylethylamylsulphonium iodide :

CsH,, CH,

C.H; > S<I
described by A. Brjuchonenko, supported the conclusion of H. C. Klinger and
A. Maassen. The quadrivalency of sulphur is emphasized by the existence
of sulphur tetrachloride; by the formation of thionyl chloride, SOCl,, from
sulphur tetrachloride and trioxide, observed by A. Michaelis and O. Schifferdecker ;
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and by the existence of compounds of the type MS(CoH;),Cl, observed by
C. W. Blomstrand. R. De supposed that the three alkyl groups in the sulphonium
compounds are held by tervalent sulphur, and that the halogen is attacked by an
electrostatic bond. W. J. Pope and co-workers concluded from the non-activity
of the thetine salts, also studied by L. Vanzetti :

2H5>S <CH2000H

that the four groups directly united to the sulphur atom lie in the same plane ;
but this hypothesis was not confirmed by the later work of W. J. Pope and
8. J. Peachey, D. Strémholm, and 8. Smiles, who were able to prepare optically
active compounds containing an asymmetric sulphur atom ; thus,

CH,. . CH,COC,H, CH3 1,000
CH,” S<p 1, 5<¢

This subject was discussed by M. Scholtz, and R. F. Goldstein. The optical activity
persists when these compounds are dissolved in water, and ionization has occurred.
Hence, added T. M. Lowry, optical activity occurs in a trisubstituted sulphonium
ion, although it does not exist in the analogous molecule of ammonia :

MSN—R, El >S—
2 2
Inactive Active

He continued : no analogous difference exists between the electronic formula for
the two groups since in each case the central atom carries three pairs of shared
electrons, with one ‘“ lone pair ” to complete the octet. The contrast is, therefore,
probably due to the existence in the nitrogen-compound of a mobility of atomic or
molecular structure, similar to that which makes it easy to form a double or triple
bond between elements of the first short period, whereas thig is difficult or impossible
in elements of the later periods.

E. Divers tried to show that the sulphites contain only a quadrivalent sulphur
atom—wide infra ; and A. Michel and A. Adair said that the sulphones may be
similarly regarded as compounds with a quadrivalent sulphur atom, e.g. :

C.H, .
S0

According to R. Otto and A. Réssing, the sulphinic acids may be regarded as com-
pounds of either quadrivalent or sexivalent sulphur :

CH,.CeH,._ O CH, CGH

CH, %0 or . s<g
R. C. Casanova argued in favour of the sexivalency of sulphur. L. Dobbin and
D. 0. Masson prepared compounds of the type illustrated by (CHs)3SIBry, which
may be represented with either a quadrivalent or a sexivalent sulphur atom :

CH, CH, 1
CH3>S I<§r or CH3>séBr
CH, cr,” B

but they favoured the latter hypothesis. E. A. Werner prepared a tetrachloro-
trimethylsulphonium iodide, (CHg)4SCIIClg, which was not considered to favour the
assumption of an octovalent sulphur, but rather a sexivalent sulphur atom with
halogens having a higher valency than unity. The sexivalency of sulphur was also
discussed by T. P. Hilditch and 8. Smiles, W. J. Pope and H. A. D. Neville,
J. A. N. Friend, ete. R. H. Pickard and J. Kenyon, and R. Hermann prepared
additive compounds with the sulphoxides of the type (CgHj)s80, but not additive
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compounds with the sulphones of the type (CgH;);80,. They therefore assume
that the sulphones have a ring structure in which the residual valencies are mutually
satisfied :
CGHS
CeH

CHy. o -Q CeHs o O
CGH5>S§ o and not CsH5>S\<O

For the grouping of the sulphur atoms in the molecule, vide supra, blue colloidal
sulphur ; - and for the molecular weight of sulphur, vide supra, physical properties
of sulphur. J. Piccard and J. H. Dardel, and V. M. Goldschmidt discussed the
valency of sulphur from the point of view of the co-ordination theory.

In 1808, J. Dalton 2 made an estimate of the atomic weight of sulphur. He
said :

>S<8 or

I deduce the weight of an atom of sulphur to be nearly 14 times that of hydrogen ; it
is possible that it may be somewhat more or less, but I think that the error cannot
exceed 2.

J. J. Berzelius’ early values for the at. wt. of sulphur were equally faulty ; later he
made observations on the synthesis of lead sulphate and obtained 32:12 for the at.
wt. of sulphur. He also obtained AgCl : Ag,8=100 : 86:4737 for the ratio of silver
chloride to silver sulphide formed by heating the chloride in hydrogen sulphide,
while L. F. Svanberg and H. Struve obtained 86:472. 0. L. Erdmann and
R. F. Marchand determined the amount of calcium sulphate which could be obtained
from calcium carbonate ; and fixed the value for sulphur by reference to calcium
and to mercury. They thus obtained 32:011 for the at. wt. of sulphur.
J. B. A. Dumas heated silver in the vapour of sulphur and obtained for the ratio
Ag:Ag,8=100:114-8234; and J. 8. Stas obtained 100:114-8522. J. P. Cooke
reduced silver sulphide in hydrogen at a temp. low enough to hinder the volatiliza-
tion of silver, and he obtained the ratio 100 : 114-888, and 100 : 114-8165. H. Struve
determined the ratio of silver to silver sulphate, and found Ag : Ag80,=69-230: 100 ;
while J. 8. Stas obtained 69-:203 : 100. T. W. Richards converted sodium carbonate
into sodium sulphate, and obtained for the ratio NaoCO, : Nag80,==100: 133-985 ;
while T. W. Richards and C. R. Hoover gave 32:062 when the value for sodium is
22-995. T. W. Richards and (. Jones converted silver sulphate into the chloride
by heating it in a stream of hydrogen chloride and obtained Ag,SO,: AgCl
=100:91-933. F. B. Burt and F. L. Usher calculated 32-067 from the ratio of
nitrogen to sulphur in the decomposition of nitrogen sulphide (at. wt. N=14-009).
In agreement with his bias in favour of the “ whole number ” theory of at. wts.,
G. D. Hinrichs gave 32 for the at. wt. of sulphur. J. D. van der Plaats calculated
32:059 from J. S. Stas’ data, and J. Thomsen, 32-074. F. W. Clarke’s summary
of the data available up to 1910 gave 32:0667. E. Moles, and P. A. Guye said the
best representative value of the experimental work lies between 32-048 and 32:056.
The International Table for 1926 gives 32-:06. :

Attempts have been made to calculate the at. wt. of sulphur from physical data.
A. Leduc obtained from the densities of sulphur dioxide and hydrogen sulphide,
the value $=32-056 ; and from the method of limiting densities, D. Berthelot
obtained 8=32:050; and R. Wourtzel, 32-059. A. Jaquerod and A. Pintza
obtained 32-01 for the at. wt. of sulphur calculated from density determinations of
sulphur dioxide ; A. Jaquerod and O. Scheuer, 32-036 ;'and G. Baume, 31-952.
P. A. Guye calculated from the critical constants of sulphur dioxide, 32:065 ;
G. Baume and F. L. Perrot, 32:070 from the vap. density of hydrogen sulphide ;
and G. M. Maverick, 32:100 from compressibility data.

The atomic number of sulphur is 16. F. W. Aston’s 8 positive ray analysis
indicated that in- addition to the primary atoms of mags 32 there are isotopes
of mass 33 and 34 amounting to above 3 per cent. of the whole; the Sgy atoms
appear to be about 3 times as abundant as the Sgg atoms. E. Rutherford and
J. Chadwick observed no signs of atomie disintegration when sulphur is bombarded
by a-particles, but H. Pettersson and G. Kirsch observed that the atom can be
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disrupted by bombardment with a-rays., The subject was discussed by
G. I. Podrowsky. N. Bohr represented the electronic structure : (2) (4, 4) (4, 2).
H. G. Grimm and A. Sommerfeld, D. R. Hartree, C. D. Niven, A. M. Taylor and
E. K. Rideal, 8. C. Biswas, R. H. Ghosh, W, Kistiakowsky, J. K. Syrkin, W. Krings,
T. M. Lowry, M. L. Huggins, C. G. Bedreag, F. Hand, W. Pauli, and C. P. Smyth,
made observations on the electronic structure of sulphur, and H. Burgarth, and
H. Collins have made some speculations on the subject.
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§ 9. Hydrogen Sulphide

This feetid-smelling gas was not described by the ancient Greek writers although
it is frequently found issuing from springs and craters on the northern shores of the
Mediterranean Sea. It is related that Pythia, the oracle of Apollo, in the temple
at Delphi, was thrown into an ecstatic frenzy by inhaling some peculiar vapour
ascending from a chasm in the ground of the d8urov of the temple. The priestess
then spoke—often with shrieks and ravings—the answers of the invisible god
Apollo. It has been suggested that the vapour which issued into the adytum was
hydrogen sulphide gas ; but this is a fanciful hypothesis because, although the gas
does excite the senses, there is no real evidence to enable the chemist to identify
the atmosphere in the adytum with the malodorous hydrogen sulphide.l

In the Collection des anciens alchimistes grecs, by M. Berthelot and C. E. Ruelle
(Paris, 1887), it is stated that No. X of the Leyden papyri contains a description of
different forms of 58wp Oetov, the water of sulphur, or, by a play on the double mean-
ing of the word feiov, the divine water. The mode of preparation indicates that the
liquid was a polysulphide of calcium which could give black, yellow, or red pre-
cipitates, and colour the surface of metals. There is here no indication of the power
subsequently attributed to the divine water of transmuting metals into gold. In
the apocryphal Physica et mystica, ascribed to Democritus of Abdera, however, the
divine water is employed to obtain gold, for it says that when androdamus (arsenic
sulphide) is mingled with brine and antimony ; calcined until it becomes yellow,
and boiled in the water of sulphur, it will produce, when thrown upon silver,
xpveoldpuov—i.e. juice of or tincture of gold. M. Berthelot and C. E. Ruelle
noted that this simply means that silver will be superficially tinted like gold. The
third-century writer, Zosimus of Panopolis, the first alchemist of known date-—
1.1, 11—called water of sulphur ‘ the great mystery.” He said that this water,
like a leaven, changes to its resemblance substances with which it is treated. The
leaven was supposed to contain the distinctive qualities of gold, and to cause the
molten metal on which it was thrown to ferment, changing it thereby into its own
nature. This seems to be the first expressed definition of the philosopher’s stone,
and the theory was accepted by the alchemists of the Middle Ages as the action
which takes place in the process of transmutation.2 Zosimus frequently alluded to
the unpleasant smell of the divine water, but not until the sixteenth century has
any further mention of this smell been found to occur in the literature of alchemy.

In 1595, A. Libavius3 alluded to the blackening of ceruse by the fumes
of sulphur ; in 1664, R. Boyle, to the blackening of silver by the fumes from liver
of sulphur ; in 1675, N. Lemery, to the blackening of silver by the vapours of sulphur
emitted during the preparation of milk of sulphur; and in 1722, F. Hoffmann
referred to the smell, like rotten eggs, which is emitted during preparation of the
lac sulphuris. F. Meyer, in 1764, described the combustibility of the aeriform
fluid emitted when kepar sulphuris is treated with acids; and H. M. Rouelle, in
1774, observed that the aq. soln. has the same odour as the gas, and deposits sulphur
when it is kept some time. He also showed that the gases from the liver of sulphur,
and from sulphuretted mineral waters, are the same. C. W. Scheele, in 1777,
reported that the gas can be obtained by the action of acids on liver of sulphur
prepared with alkali or lime, or on manganese or iron sulphide; and by heating
sulphur in hydrogen. He found that the gas gives sulphur when treated with
nitric acid or with chlorine, and inferred that it contained sulphur, phlogiston, and
caloric. F. Meyer had previously stated that the contained sulphur makes
the gas inflammable. A. Baumé also supposed that the gas contains sulphur and
phlogiston. Immediately after C. W. Scheele, T. Bergman proved that the
sulphurous properties of many mineral waters depend on the presence of this gas;
and he mentioned that the gas reddens litmus paper, and showed that it reacts with
soln. of numerous salts of the metals. The gas was now investigated by many
chemists, P. Gengembre, J. Senebier, ete. L. Viellard found indications of this
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gas in putrid blood. R. Kirwan called the gas kepatic air, and stated that it occurs
in coal-pits, and that it is the peculiar product of the putrefaction of many animal
substances ; and ‘‘ rotten eggs and corrupt water are known to emit the smell
peculiar to this species of air, and to discolour metallic substances in the same
manner.,” R. Kirwan examined the action of the gas on soln. of the salts of the
metals, and emphasized the acidic nature of the gas. He thought that the gas
contained no hydrogen, and said that it is difficult to conclude that hepatic air
consists of anything else than sulphur itself, kept in an aerial state by the matter
of heat.” C.W. Scheele called the gas die stinkende Schwefelluft ; it was also called
Schwefelleberluft ; A. N. Scherer, and L. W. Gilbert gave it the name Schwefel-
wassergas; and J. B. Trommsdorff, Hydrothionsaure. A. F. de Fourcroy, and
C. F. 8. Hahnemann employed the gas in the detection of lead in wines. The gas
was analyzed by A. B. Berthollet in 1796, and shown to be hydrogéne sulfuré—
hydrogen sulphide or sulphuretted hydrogen.

The occurrence of hydrogen sulphide.—Hydrogen sulphide is found in the air
of sewers and cesspools; it occurs in the emanations from moist earth or moist
slag containing pyrities or metal sulphides. It is formed whenever albuminous
matter putrefies—e.g. eggs, the corpses of man or animals. It is found in the air of
towns, and it then causes the blackening of silver ornaments not kept bright by
repeated use—wvide atmospheric air, 8. 49, 1. The gas is given off along with
other gases from numerous springs. The offensive smell of mineral waters of
Harrogate is usually due to the presence of dissolved hydrogen sulphide. As
E. Goldschmidt ¢ has said, many of the so-called sulphur springs are known—as, for
instance, at Niagara Falls, the Yellowstone National Park, Wyoming, the Stink-
water River, and the Red Sulphur Springs of Sharon—where hydrogen sulphide is
said to be exhaled to the disgust of those who live in the neighbourhood. Accord-
ing to J. F. Daniell, and B. Lewy, sea-water contains some hydrogen sulphide ;
R. C. Miller and co-workers found it in the water of S8an Francisco Bay ; B. Lewy
said that 300 parts of the sea-water off Caen contained one part of the gas.
A. Archangelsky discussed the formation of hydrogen sulphide in the mud of the
Black Sea. E. V. Smith and T. G. Thompson observed that on the Lake Washing-
ton Ship Canal, hydrogen sulphide is produced by bacteria acting on the sulphates
contained in the stagnant or sluggish brackish waters ; and the elimination of most
of the oxygen from the water precedes the appearance of hydrogen sulphide.
M. Yegunoff said that diffusion experiments with the waters of the Black Sea
discredit the view that hydrogen sulphide is formed at the sea-bottom and diffuses
upwards. It is probably formed throughout the whole thickness of the water, and
accumulates at the bottom where it cannot be oxidized. This subject has been
discussed previously in connection with the occurrence of sulphur. E. 8. Bastin and
co-workers discussed the sulphate reducing bacteria of the oil-wells of Illinois, and
California. The following sulphur springs, amongst others, have been reported :

J. von Liebig described the sulphur springs at Aachen ; E. Willm, Aix-les-Bains (Savoy) ;
E. Ludwig and T. Panzer, Altenburg; A. P. Poggiale, Amélie.les-Bains ; C. Schmidt,
Arasau (near Kopal) ; L. Waagen, Baden ; W. von Filhol, C. Moureau and A. Lepape, and
F. Garrigou, Bagniéres de Luchon (Pyrenees); P. F. G. Boullay and O. Henry, Baréges
and Barzun (Pyrenees); E. Willm at Olette, Pyrénées Orientales ; C. Schmidt, Belucha
near Altai (Siberia); J. L. Smith, at Boll Bruna (Asia Minor); R. Wildenstein, Burt-
scheider Quelle ; A. and G. Negri, Casteggio (Cremona); L. Burgerstein, Cantets (Alten-
burg) ; L. Marton, Eaux-Bonnes (Pyrenees); A. Schoof, and C. R. Fresenius, Eilsen ;
A. Bechamp, Fumades (d’Alais) ; L. R. von Fellenberg Grosswardein, Gurnigel-Bad (Bern) ;
T. E. Thorpe, R. H. Davis, W. A. Hofmann, S. Muspratt, T. Fairley, P. A. E. Richards,
C. H. Bothamley, A. E. Wilson and H. Ingle, and C. L. Kennedy and M. N. Jolmstone,
Harrogate ; R. von Drasche, Japan ; B. von Lengyel, Hechingen (Kolop) ; G. Massol, and
P. Besson, Isére-les Bains; H. von Meyer, Landeck ; R. Bunsen, and F. Wandesleben,
Langenbriicken (Baden); E. Sarasin, C. E. Guye and J. Micheli, Lavey (Switzerland) ;
J. C. Wittstein, Le Prese (Craubunden) ; S. Brigel, and P. Balley and 8. Brigel, Lostrof (Solo.
thurn) ; M. Gossart, Muerchin (Pas-de-Calais) ; C. Schmidt, Monbarry ; O. Henry, Montbrun
(Dept. de Déme) ; L. de Marchi, Montegrotto (Euganei) ; E. Witting, Nenndorf (Lipp-
springe) ; C. R. Fresenius, Neudorf ; L. A. Buchner, Oberdorf (Algédu); E. Willm, Olette
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(Pyrenees) ; F. Wandesleben, Oestringen (Baden) ; A. Casselmann, Porchow near Chilowo ;
F. von Bibra, Pystian (Rothenburg); G. Bizio, Reutlingen (San Daniele, Venedig);
C. von Hauer, San Stefano ; L. Dieulafait, P. Bolley and W. Schweitzer, and A. Hartmann,
Schinznach (Aargan) ; F. Henrich and G. Prell, Luisenburg (Fichtelgebirge); E. Miiller,
Sebastrianweiler (Seebruch); E. Egger, Seon (Oberbayern); C. Schmidt, Smorgon
(Russia); A. Theegarten, Sophia; A. Vierthaler, Spalato; T. Simmler, Stackelberg
(Glarus) ; R. Nasini and C. Porlezza, and D. Vitali, Tabiano.Salzomaggiore ; E, E. Lang, and
F. C. Schneider, Trentschin (Toplitz); A. Albertoni, F. Lussana and M. Rota, Trescore ;
C. Ochsenius, Utah ; A. Agrestini, Val de Gallo; A. B. Poggiale, Viterbo ; C. von Hauer,
Warasdin (Toplitz) ; and G. F. Walz, Wiesloch (Baden).

The origin of sulphur springs has been discussed by A. Gautier,5 G. Bischof,
E.Planchud, F. Auerbach, O. Hackl, ete. J.Thomann observed that the presence
of hydrogen sulphide in bottled mineral waters must be attributed to the presence
of micro-organisms. In the water of Passug, there is an anaérobic spirillum which
reduces sulphates. According to R. Piria, the hydrogen sulphide from the fuma-
roles of Agnano (Naples) can be ignited by a piece of lighted tinder. Hydrogen
sulphide is a constituent of most of the so-called volcanic gases. This was shown by
the analyses of R. W. Bunsen made on the fumaroles, etc., in the neighbourhood of
Hekla, Iceland, by C. J. 8t. C. Deville and F. Leblanc on the volcanic gases of
Vesuvius, Vuleano, Etna, and various springs in Sicily ; by H. Gorceix, on the
gases from Vesuvius, Santorin, and Nisyros; A. Brun, on the exhalations from
Vesuvius, Stromboli, the volcanoes of Java, and the Canary Islands, and Kilauea ;
C. A. Kténas, the exhalations from the Santorin volcano ; R. Nasini and co-workers,
on the gases from Vesuvius, the Flegrei Plains and the Albule Waters of Tivoli, and
the Springs of Viterbo, Pergine, and Salsomaggiore ; by F. Fouqué, on the volcanic
gases from fumaroles associated with Vuleano, the voleanic eruptions of Santorin,
and a submarine eruption near the Azores; by O. Silvestri, S. von Waltershausen
and A. von Lasaulx, I. G. Ponte, on the exhalations from Etna ; by C. F. X, Rochet
d’Héricourt, on the solfatara of Dufane, Abyssinia ; by A. von Humboldt, on the
solfatara of Urumtsi, Chinese Tartary ; by T. Wolf, on the exhalations from Coto-
paxi; by H. Moissan, and A. Lacroix, on the emanations from the fumaroles, etc.,
of Mont Pelée, Martinique ; by C. Velain, fon the exhalations from St. Paul
Island ; A. L. Day and E. 8. Shepherd, W. Libbey, E. T. Allen, on the gases from
Kilauea ; E. T. Allen and E. G. Zies, on the gases from Mount Katmai, Alaska, and
the fumaroles of the Valley of Ten Thousand Smokes. General observations on
the subject were made by E. T. Allen, W. Hempel, A. Brun, E. de Beaumont, and
T. Thorkelsson. F. C. Phillips showed that the natural gas escaping from the well
at Point Albino, Canada, contains hydrogen sulphide; C. C. Howard, in the
natural gas of Indiana and Ohio; and W. H. Cadman, in the natural gas of
Persia. P. Pfeiffer ¢ found hydrogen sulphide in the gases associated with the
Stassfurt salt deposits; A. Gautier, in the occluded gases of granites.
R. T. Chamberlain discussed the subject of occluded gases in rocks. Hydrogen
sulphide occurs in the so-called stinking limestones discussed by W. Spring,
Y. V. Samoiloff and V. A. Zilbermintz, W. Nenadkevitsch, W. Vernadsky, and
B. J. Harrington. The liberation of hydrogen sulphide from gob-fires in coal was
discussed by T. J. Drakeley. The occurrence of hydrogen sulphide in the stomach
was examined by I. Boas, and H. Strauss ; in urine, by F. Miiller ;. in boiled milk,
by F. Utz ; and in sewage, by A. B. Porter and J. A. Cresswick.

The formation and preparation of hydrogen sulphide.—R. Kirwan ? founded
an argument that hydrogen sulphide does not contain hydrogen because “ hepatic
air could not be procured from the direct union of inflammable air and sulphur.”
This is all wrong, for C. W. Scheele, and H. Davy showed that when sulphur is
heated to a temp. near its b.p. in hydrogen, or when hydrogen is passed over melted
sulphur, combination between the two elements occurs slowly and incompletely,
so that even after a long period of time, a large proportion of hydrogen remains
uncombined ; the vol. of the hydrogen is not changed by union with the sulphur.
A. Cossa observed that sulphur vapour burns in hydrogen gas. B. Corenwinder
passed a mixture of sulphur vapour and hydrogen over pumice-stone at 400°.
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D. P. Konowaloff, F. Jones, A. Cossa, R. F. Bacon, and V. Merz and W. Weith
obtained confirmatory results ; and M. G. Weber obtained 10 per cent. better yields
by using pumice-stone as contact catalyst ; at 325°, the mixed gas contained 46-1 per
cent. of HyS ; at 400°, 58-0 per cent. ; and at 475°, 58-9 per cent. I. Taylor obtained
impure hydrogen sulphide by passing coal-gas over boiling sulphur. The hydrogen,
not the hydrocarbons, of the coal-gas here reacts with the sulphur. P. Hautefeuille
heated hydrogen and sulphur in a sealed tube at 440°. On the other hand,
J. Myers said that hydrogen sulphide is rapidly decomposed at the b.p. of
sulphur.

R. Januario said that the direct union of the two elements begins at 120°, and is
quite perceptible at 200°. The reconciliation of these statements turns on the fact,
demonstrated by H. Pélabon, that the reaction is reversible, for the combination is
not complete between 200° and 350°, M. Cluzel showed that hydrogen sulphide is
decomposed into its elements when it is passed through a red-hot tube ; J. Myers
said that the reaction begins at 400°, and H. Pélabon, that it is quite perceptible
at 440°. N. Beketoff observed that at a red-heat about T per cent. of the gas is
decomposed ; and C. Langer and V. Meyer said that decomposition is complete at
about 1690°. H. Pélabon found that if p denotes the partial press. of the hydrogen
sulphide and P the total press. of the gas, the ratio p/P is 0-0210 at 200°; 0-0541 at
235°; 0-13 at 255°; 0-3355 at 280°-285°; 0-69 at 310°; and 0-972 at 350°. In the
case of the gas at 280°-285°, the ratio after 38 hrs.’ heating was 0-098 ; after 162 hrs.’,
0-3356 ; and after 300 hrs.’, 0-3354. At this temp., therefore, hydrogen sulphide
will be formed in the system containing hydrogen, hydrogen sulphide, and sulphur
vapour, in contact with liquid sulphur, so long as the ratio is included between 0 and
0-3355 ; but the reverse change with hydrogen sulphide does not occur, the ratio
remains nearly unity when the temp. is maintained at 280°. Hence, the mixture of
hydrogen, hydrogen sulphide, and sulphur vapour, in contact with liquid sulphur,
should have a ratio approaching unity if the system is to remain in & true state of
equilibrium at this temp. ; the fact that the ratio does not exceed 0-3355 is taken by
P. Duhem to mean that the equilibrium is only apparent or in a state of what he
calls le faux équilibre. H. Pélabon showed that when sulphur and hydrogen are
heated in sealed tubes, and afterwards cooled, the final composition of the gaseous
mixture depends on the mass of sulphur employed, and the proportion of hydrogen
sulphide is higher the higher the proportion of sulphur. The composition of the
gaseous mixture in the cooled tube corresponds the more nearly with that of the
gaseous mixture. When the proportion of the sulphur is low, but yet in excess,
combination takes place more quickly the higher the temp., and the maximum
quantity of hydrogen sulphide that can be formed increases very regularly with the
temp. = With larger masses of sulphur, the quantity of hydrogen sulphide dissolved
by the fused sulphur increases with the temp. When the hydrogen is mixed with
nitrogen, the maximum quantity of hydrogen sulphide formed is less than with
pure hydrogen for the same time of heating, but, other conditions being the same,
the difference is smaller the higher the temp. M. Bodenstein could not confirm the
experimental results on which P. Duhem’s theory of false equilibrium is based. He
found the reaction to be quite normal between 234° and 356°, and the velocity .

constant, &,
234° 283° 310° 356°
k. . - 0-0000018 0-0000329 0-000118 0-0028

The reaction is of the first order, and is therefore represented by Hy--S=H,S.
When the conc. of the sulphur is varied, the velocity is proportional to the sq. root
of the conc., a surprising result in view of the complexity of sulphur mols. It may,
however, be explained by the assumption that three actions occur—(i) Sg=48,,
(ii) 8,=228, (iii) Hy+S=H,S, and that of these the velocity of (i) is very small, and
of (ii) very great compared with (iii). The velocity of (iii) will then be proportional to
the sq. root of the concentration of the 8, mols., and this, owing to the rapid removal
of the latter, proportional to the cone. of the Sg mol. There is nothing improbable
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in P. Duhem’s les états de faux équilibre, but H. Pélabon’s results with hydrogen
sulphide could not be confirmed by R. G. W. Norrish and E. K. Rideal, for they
observed no sign of such a state in their observations on the speed of the reaction
between sulphur in a current of hydrogen. They assumed that the bulbs in
H. Pélabon’s experiment were not heated long enough for equilibrium.

R. G. W. Norrish and E. K. Rideal found that combination between hydrogen
and sulphur occurs by way of two reactions, a gaseous reaction proportional to the
press. of the hydrogen, and a surface reaction independent of the press. of the
hydrogen. The temp coeff. is 148 for the surface, and 2:19 for the gaseous
reaction. The surface reaction is directly proportional to the internal surface of
the vessel and is independent of the quantity of sulphur in the bulb. The heats
of activation of the gaseous and surface reactions are 52,400 and 26,200 cals.,
respectively, the former being exactly double the latter. It is suggested in explana-
tion of this that the sulphur molecules can become activated in two stages. The
critical increment—.e. the energy necessary for the rupture of the sulphur bonds—
is 51,460 cals. at 300° for the gaseous, and 25,750 cals. at 300° for the surface
reaction. The critical increment of the surface reaction is taken to correspond
with the breaking of one sulphur bond, and to be equal to that energy required to
sublime a molecule of S, from the surface, which also involves the breaking of one
bond. The surface reaction is considered to take place in two stages—(1) adsorption
of the molecule, involving breaking of one bond, and (2) removal of the molecule of
hydrogen sulphide, involving breaking of the second bond, the critical increment
meagured corresponding only to the slower of these two processes. By assuming a
small percentage of the stable and saturated Sg mols. of which the surface is mainly
composed to be opened by the rupture of one linkage and thus polarized, the
adsorption of hydrogen and oxygen and the catalytic action of the latter can be
explained. The presence of oxygen acts as a catalytic agent, and as the temp.
rises to 265°, that gas retards or poisons the reaction when more than 10 per cent.
is present, and at 285° when more than 7 per cent. is present. The phenomenon is
complex. There is (i) a strong poisoning effect in the gaseous reaction between
hydrogen and sulphur at all temp., and (ii) a catalytic effect on the surface reaction
which becomes observable only at low temp. (265° and 285°), where the surface
reaction is of greater relative importance. This surface catalytic action rises to a
maximum with increase of oxygen conc. in the hydrogen and then falls off, finally
becoming a poisoning action for conc. of oxygen beyond 10 per cent. At the same
time, sulphur dioxide is formed at a rate directly proportional to the conc. of the
oxygen. The effects observed can be quantitatively explained by postulating a
gradual preferential adsorption of oxygen by the sulphur surface, all the hydrogen
being displaced when the gaseous conc. of oxygen has exceeded 10 per cent., and
ascribing to the oxygen a catalytic activity proportional to the number of mols.
adsorbed per sq. ecm. of surface. H. A. Taylor and C. F. Pickett studied the
decomposition of hydrogen sulphide by heated platinum filaments near 1000°,
and found that the decomposition curves have two branches showing an increased
decomposition as the rate of flow is increased, separated by a region where the
amount of decomposition is constant and independent of the rate of flow. This
branch decreases as the temp. rises, becoming a point of inflexion at 1269°. There
is supposed to be (i) a primary absorption of gas with the sulphur atoms oriented
with respect to the platinum ; (ii) a splitting of the adsorbed molecule with the
escape of hydrogen, and subsequent evaporation of the sulphur.

G. Preuner and W. Schupp studied the reaction with hydrogen and sulphur
vapour at a temp. where the molecules of sulphur are diatomic. The following
represent the equilibrium constants for pressures, K,, and for volumes, K,, where
E,—K,/RT, and [HyS]—K[H,][S,]

750° 830° 945° 1065° 1132°
Kpx10* . 0-89 3-8 245 118 260
K,x10% . 1-06 4-2 245 107-5 226
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M. Randall and F. R. von Bichowsky worked at temp. between 750° and 1394° ;
the collected results are :

750° 830° 945° 1065° 1132° 1200° 1364° 1394°
Log Ky . 2-025 1-710 1-305 0-964 0-793 0-643 0-490  0-257

Observations were also made by G. Preuner, and J. Brockméller. R. F. Bacon
noted that the combination is favoured by pressure. F. Pollitzer gave for the
reaction Hy-+Spia=H,8, [Hy]=K[H,S], where the bracketed symbols refer to
partial press.; he found that log K=—5000/4-5717—1-4. S. Dushman studied
this reaction. D. Alexejeff gave for the percentage degree of dissociation, x="55
at 1023° K.; 87 at 1103° K.; 156 at 1218° K.; 24.7 at 1338° K.; and 30-7
at 1405° K.; and }a3(1—x)2=K,. A. Geitz studied the reaction in the high-
tension arc flame. According to J. Milbauer, the rate of formation of hydrogen
sulphide from hydrogen and molten sulphur is not affected by the presence of a
sulphide of silver, gold, mercury, thallium, arsenic, molybdenum, or by metallic
mercury or palladium, but was increased by platinum black, or red phosphorus.
The acceleration in the latter case is possibly due to the occurrence of the following
reactions : P285+8H2=2PH3+5H28, and 2PH3+4:82=P285+3H28. The rate Of
formation of hydrogen sulphide by the action of hydrogen on sulphur alone increases
continuously with rise of temp., but in presence of red phosphorus the maximum
rate is attained at 218°, after which it diminishes up to 278°. The rate of formation
in the case of sulphur and hydrogen alone is greater when the sulphur has been
heated almost to boiling and then cooled to 278°, which indicates that the trans-
formation Sg=48, takes place more slowly than 8,=28. T. J. Drakeley observed
that hydrogen sulphide is formed when hydrogen is passed over heated pyrites.
H. Buff and A. W. Hofmann observed that an electrically heated spiral of platinum
or iron wire decomposes hydrogen sulphide, forming in the latter case ferrous
sulphide. On the one hand, G. Chevrier observed that sulphur vapour and hydrogen
unite under the stimulus of electric sparks; A. Boillot obtained hydrogen sulphide
by passing sparks between platinum wires covered with sulphur in hydrogen ;
while W. R. Grove made apalogous observations. On the other hand, H. Davy,
B. Lepsius, and H. Buff and A. W. Hofmann observed that hydrogen sulphide is
decomposed by the passage of electric sparks through the gas. M. Berthelot also
represented the reaction with the silent discharge: 8HoS8=7TH,+4-H,S,4(8 —n)S.
R. Schwarz and P. W. Schenk observed an activation of sulphur vapour under
the influence of the silent discharge; and R. Schwarz and W. Kunzer observed
that with the silent discharge (8000 volts), the percentage proportion of hydrogen
sulphide decomposed was
20° 270° 390° 430°
Decomposition . . 2717 2-30 114 230 per cent.

showing that the amount decomposed decreases with rise of temp., but as the temp.
approaches the b.p. of sulphur, there is a back reaction. The re-formation of
hydrogen sulphide is attributed to the activation of sulphur vapour by the dis-
charge. C. Montemartini observed the synthesis of hydrogen sulphide from its
elements in the corona discharge.

Hydrogen sulphide is produced when nascent hydrogen acts on sulphur. Thus,
E. Becquerel obtained it at the cathode during the electrolysis of water with the
electrodes in contact with sulphur—sulphuric acid was formed at the anode.
P. Fischer obtained the gas by the electrolysis of soln. of sulphides. A. Cossa also
obtained it by the electrolysis of water with finely-divided sulphur in suspension ;
8. Cloez, by the action of hydrochloric acid on zine, aluminium, or iron when sulphur
is suspended in the acid—the best yield was obtained with aluminium ; the worst,
with zinc ; and E. Trautman used in a similar manner tin or stannous chloride and
hydrochloric acid, or zinc and acetic acid as the source of hydrogen, and he found
the yield was greater in the presence of a solvent for sulphur—e.g. acetic acid or
alcohol. The yield with acetic acid was better than with alcohol. A. Bach found
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that recently-melted platinum contains adsorbed sulphur compounds and evolves
hydrogen sulphide when heated in hydrogen; according to experimental con-
ditions, this power is more or less rapidly lost. Passage of the evolved hydrogen
over powdered sulphur does not increase the amount of hydrogen sulphide pro-
duced from the fresh metal, and does not cause formation of hydrogen sulphide
after the metal has become “aged.” Treatment of the “ aged’ metal with
ordinary laboratory air restores its ability to give hydrogen sulphide when heated
in hydrogen ; under similar conditions, no trace of hydrogen sulphide is produced
after treatment with carefully purified air. The phenomenon of “ resting ” depends,
therefore, on the adsorption of sulphur compounds from the air. Palladium-sponge
behaves similarly to platinum.

Sulphur vapour has an absorption band in the ultra-violet at 1750 A., and
R. G. W. Norrish found that ultra-violet radiation of wave-lengths of about 2700 A.
is photochemically active in initiating a gaseous reaction between hydrogen and
sulphur vapour, proportional to the press. of the sulphur vapour. In the gaseous
state, reactions between hydrogen and sulphur can take place only between sulphur
atoms, which are produced both by collisions and by photochemical dissociation.

-In addition, a reaction at the surface takes place between hydrogen and activated

8g-molecules, and is not affected by ultra-violet radiation, the activation being
entirely caused by collisions. In all cases, whether the activation takes place in
the gaseous state or at the surface, by radiation or by collision, the energy of activa-
tion is constant, indicating that, in activation by collisions, the Newtonian laws of
inelastic impact do not apply, but that the process obeys the laws of quantum
dynamics, the same amount of energy being extracted from the colliding molecules,
whatever the force of their impact, providing this exceeds a certain magnitude.
In these reactions, activation of the sulphur molecule, whether S, or Sg, is
synonymous with the disruption of one valency ““ bond.”

The formation of hydrogen sulphide by the action of water or steam on sulphur
has already been discussed in connection with elemental sulphur. C. A. Burghardt
obtained hydrogen sulphide by heating water with iron pyrites in a sealed tube.
P. Hautefeuille obtained hydrogen sulphide by the action of sulphur on gaseous or a
conc. aq. soln. of hydrogen iodide. The reaction is reversible in the cold, for the
hydrogen sulphide also reacts with the soln. of iodine in hydriodic acid, forming
sulphur. F. Pollitzer found for the equilibrium constant K of the reaction HyS
+2Lsonia=2HI+8sonal HI]2=K[H,S], where the bracketed symbols refer to partial
press. ; K x102=1-90 at 40-1° ; 4-50 at 20-1°; 9-96 at 60-2°; and 47-0 at 80-7°. The
heat of the reaction is 17-2 Cals. F. Pollitzer also examined the equilibrium con-
ditions of the reaction in aq. soln.

M. J. Fordos and A. Gélis 8 obtained hydrogen sulphide by boiling sulphur with
an aq. soln. of an alkali sulphide; and A. Girard, by boiling a soln. of sodium
sulphide, or a soln. of sodium pyrophosphate and sulphur. D. Urquhart obtained
hydrogen sulphide by the action of superheated steam on barium or strontium
sulphide. J. Bohm said that the lower sulphides of the alkalies and alkaline earths
give hydrogen sulphide when boiled with water; while pyrites, galena, and zinc-
blende require a temp. of 150°~200°, F. Meissner observed that this gas is formed
in roasting metal sulphides in the presence of superheated steam. Water decom-
poses sulphide of phosphorus or boron (g.v.) with the evolution of hydrogen sulphide.
P. de Clermont and J. Frommel observed that some hydrogen sulphide is formed
when arsenic trisulphide is boiled with water, but with arsenic disulphide, only a
little hydrogen sulphide appears at the beginning—wvide arsenic trisulphide ; and
for the preparation of hydrogen sulphide by the action of conc. hydrochloric acid
on antimony trisulphide, vide antimony trisulphide. Under ordinary laboratory
conditions, hydrogen sulphide is prepared by the action of acids on the metal
sulphides. C. W. Scheele recommended ferrous sulphide and sulphuric acid, and -
this method is in common use to-day. Hundreds of different forms of apparatus—
typified by the familiar Kipp—have been devised in which the acid acts on the



SULPHUR 121

sulphide contained in a vessel, so arranged that when the exit tube of the apparatus
is closed by a stopcock, the pressure of the gas drives the acid from the sulphide,
and gas is no longer generated. When the stopcock is opened, the pressure of the
gas is released, and the acid returns to the sulphide to generate more gas as required
—e.g. Fig. 9, 2. 18, 6. The apparatus can also be arranged so that the acid is added
as required, v7d a tap, from the top of a tower containing the sulphide the exhausted
acid drains away at the bottom. The same source of hydrogen sulphide was
recommended by C. D. Tourte, J. L. Gay Lussac, and numerous others. 8. Kita-
shima said that if free sulphur is present it is converted into hydrogen sulphide if
a large quantity of iron is present in the sulphide. G. Dragendorff recommended
artificial ferrous sulphide prepared with purified materials in order to obtain
hydrogen sulphide of a high degree of purity. E. W. Parnell and J. Simpson
treated ammonium sulphide with carbon dioxide or ammonium hydrocarbonate ;
and H. N, Draper passed the ammonium sulphide vapours—a by-product in the
ammonia-soda process—into dil. sulphuric acid. R. Finkener, and W. Hampe
used arsenic-free sulphuric acid and sodium sulphide ; C. F. Mohr treated barium
sulphide and hydrochloric acid—F. W. Martino recommended a barium sulpho-
carbide made by fusing barium sulphate and carbon in the electric furnace. R. Otto,
and J, Habermann recommended using calcium sulphide and hydrochloric acid.
C. R. Fresenius employéd a mixture of calcium sulphide and sulphate moulded into
cubes for use in Kipp’s apparatus. G. Bong, B. Kosmann, and F. R. L. Wilson
treated the alkaline earth sulphide with carbon dioxide. H. von Miller and C. Opl,
and J. R. Michler treated a soln. of calcium hydrosulphide with steam ; E. Divers
and T. Shimidzu, F. Gerhard, and @. Sisson, heated a soln. of magnesium
hydrosulphide ; and J. Habermann gently warmed & mixture of magnesium
chloride and calcium sulphide mixed with a little water: MgCl,+CaS-+-2H,0
=Mg(OH)y+4-CaCly+-H,S. H. Hager, and H. Howard treated zinc sulphide with
hydrochloric acid. H. Howard devised a process for producing hydrogen sulphide
from complex zinc sulphide ores and sulphuric acid. P. Casamajor, W. P. Jorissen,
and W, Skey found that hydrogen sulphide is formed when a mixture of galena
(lead sulphide), iron pyrites, or bismuth sulphide is treated with zinc and dil. hydro-
chloric acid, but these sulphides are not attacked in the absence of the zinc; and
F. Stolba, by treating the lead sulphide with a soln. of hydrochloric acid and sodium
chloride. H. Fonzes-Diacon recommended using water and aluminium sulphide
as a source of the gas. H. Wiederhold obtained hydrogen sulphide by decomposing
sulphides or hydrosulphides by humic acid or substances containing humic acid—
e.g. peat.

Hydrogen sulphide was obtained from the sulphide in the manufacture of soda-ash.
H. Grouven, for instance, passed steam over the sulphide residue at a high temp. This
subject was investigated by L. Mond, G. Lunge, M. Schaffner and W. Helbig, C. Stahl.
schmidt, G. Guckelberger, T. Rowan, J. Mactear, F. B. Rawes, J. W. Kynaston,

W.Weldon, C. Opl, E. W. Parnell and J. Simpson, C. Kraushaar, G. Aarland, A. R. Pechiney,
ete.

Hydrogen sulphide is also formed by reducing the oxy-acids with sulphur—
eg. by the action of hydrogen on some metals on dil. sulphurous or sulphuric acid.
Thus, S. Rosenblum obtained it by the action of iron on a soln. of calcium sulphate
in carbonic acid ; and A. Hartmann, by passing a mixture of steam and sulphur
dioxide through red-hot coke. H. Highton reported that hydrogen sulphide was
formed as from the carbon in a cell charged with dil. sulphuric acid and having zine
for the positive plate and carbon packed in granulated carbon for the negative.
There is.a possibility that the hydrogen sulphide was due to the contamination of
the carbon with iron sulphide, or, according to W. Skey, of adsorbed hydrogen
sulphide.

A number of carbon compounds furnish hydrogen sulphide when treated with
water or steam—e.g. carbon disulphide, 6. 39, 42; thiocyanic acid or potassium
thiocyanate, as observed by F. Sestini and A. Funaro, and J. T. Conroy and co-



122 INORGANIC AND THEORETICAL CHEMISTRY

workers ; mercaptan and alcohol with sodium sulphide, as observed by R. Béttger ;
boiling ethyl malonate and sulphur, as found by A. Michael; and boiling milk, as
reported by L. Schreiner, and F. Utz. C. W. Scheele prepared hydrogen sulphide
by heating a mixture of olive oil and sulphur; H. Reinsch, sulphur and suet ;
J. Galletley, W. C. Ebaugh, A. Henwood and co-workers, J. Fletcher, W. Johnstone,
A. P. Lidoff, and H. Wuyts and A. Stewart, sulphur and paraffin—A. Henwood
gave 36 parts sulphur, 14 parts of paraffin oil boiling above 110° and 50 parts
asbestos fibre ; E. Bindschedler and E. W. Rugeley, hydrocarbon oil and sulphur ;
P. Champion and H. Pellat, A. Etard and H. Moissan, and P. Mochalle, sulphur
and sugar ; A. C. Vournasos, by heating a mixture of sulphur and sodium formate
to 400°, likewise also a mixture of sodium sulphite and formate ; and E. Prothiére,
sulphur and vaseline. T. J. Drakeley observed the formation of hydrogen sulphide
by passing sulphur dioxide over heated coal; by heating mixtures of coal and
sulphur; and by heating mixtures of coal and iron pyrites. F.W. Sperr 9 extracted
hydrogen sulphide from the gas resulting from the cracking of petroleum.
Hydrogen sulphide is formed during the putrefaction of organic matter con-
taining sulphur by the agency of bacteria. Hence, its occurrence in the gases of
the alimentary tract—uvide supra. The bacteria concerned in the reduction of
albuminates, etc., to hydrogen sulphide were described by P. Miquel, J. Thomann,
T. Sasaki and I. Otsuka, M. Hausmann, P. N. Holschewnikoff, M. Debraye and
M. Legrain, etc. The formation of sulphur or of hydrogen sulphide by the reduction
of sulphates with organic matter has been known for a long time. Thus,
K. W. G. Kastner showed that if a soln. of calcium or sodium sulphate be mixed
with a little sugar, gum, glycerrhizin, and allowed to stand in a closed vessel for a
couple of years, there is formed hydrogen sulphide, carbon dioxide, and acetic
acid ; straw also develops hydrogen sulphide when in contact with mineral waters
if air has access, but not if air be excluded. A. Vogel noted a similar phenomenon
with beechwood. Many mineral waters were found by K. W. G. Kastner,
G. Bischof, and J. W. Débereiner to contain sufficient organic matter to decompose
the sulphates in soln. O. Henry observed a similar result with the sulphate water
from Passy, and from the neighbourhood of Paris. At the same time, ferrous
sulphide, and slimy flakes of an azotized organic substance were produced. The
hydrogen sulphide in sulphur springs is derived from the decomposition of alkaline
sulphates by organic matter; moist clay containing gypsum and organic matter
likewise furnishes hydrogen sulphide. According to J. K. Daniell, the waters of the
rivers in hot climates, say the west coast of Africa, may be highly charged with
organic matter, this mixing with sea-water containing sulphates, may give rise to
hydrogen sulphide—sometimes at a distance of 27 miles from the mouth of the
rivers. The water has been reported to contain 6 cubic inches of gas per gallon.
G. J. Mulder attributed the reduction of sulphates to the hydrocarbons formed by
the decomposing organic matter; R. J. Petri and A. Maassen, to hydrogen in
statu nascends ; and K. Plauchud, to the growth of algse. A. Etard and L. Olivier,
and F. Cohn attributed the action to alge or bacteria. This subject was
discussed by A. van Delden, A. Fitz, N. Gosling, F. Hoppe-Seyler,
J. F. Liverseege, R. H. Saltet, 8. Winogradsky, etc. The spirillum desulfuricans
of W. M. Beijerinck reduces sulphates to hydrogen sulphide—vide supra,
sulphur bacteria. E. Pollacei, L. Olivier, and J. B&hm observed that this
gas is formed when sulphur is in the vicinity of certain growing plants;
and M. E. Pozzi-Escot observed that it is produced by the action of the
hydroxygenases—e.g. philothion—on sulphur. The formation of hydrogen sul-
phide during alcoholic fermentation by yeast has been discussed by J. de Rey-
Pailhade, E. Crouzel, M. E. Pozzi-Escot, R. Schander, H. Will and co-workers,
H. Wanderscheck, L. Sostegni and A. Sannino, J. E. Abelous and H. Ribaut.
. The hydrogen sulphide derived from ferrous sulphide and dil. sulphuric acid
contains phosphine, arsine, etc.l0 When the gas is required of a high degree of
purity, it is best made from purified materials—say by heating to about 60° a
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mixture of calcium sulphide with & sat. soln. of magnesium chloride, and drying
the gas over phosphorus pentoxide. The rate of the reaction is regulated by
raising or lowering the temp. of the flask. W. Lenz 1! recommended removing
arsine by washing the gas with hydrochloric acid in a train of four wash-bottles—
but H. Hager, and R. Otto did not consider the purification satisfactory. O. von
der Pfordten removed arsine by passing the gas over potassium trisulphide
at 300°-350°: 2AsHj; 4 3K,8; = 2K3AsS; 4 3Hy8; and O. G. Jacobsen, and
Z. H. Skraup passed the gas over solid iodine which fixed the arsine as arsenic
triiodide, and the iodine vapour was removed by washing the gas with water.
O. van der Pfordten removed oxygen by washing it with chromous chloride.
A. Gautier purified the gas from arsine by washing the gas with water, passing it
through a short tower containing moistened pumice-stone, then along a tube con-
taining small fragments of glass maintained at a low red-heat, then through a
gserpentine wash-bottle containing barium sulphide soln., and finally through
cotton-wool. H. Moissan first solidified the gas, then exhausted the containing
vessel by means of a mercury pump, and then allowed the gas to regain the ordinary
temp.—2, 18, 8. E. Cardoso discussed the purification of the gas.

The physical properties of hydrogen sulphide.—This compound at ordinary
temp. is a colourless gas with the offensive odour characteristic of rotten eggs. It
has been condensed to a liquid, and frozen to a solid. The vapour density of the
gas, air unity, when calculated from the equation: Hy(2 vols.)--8,p(1 vol.)
=H,5(2 vols.), is 1:1769. T. Thomson 12 observed 1-1791; J. L. Gay Lussac and
L. J. Thénard, 1-1912; L. J. Thénard, 1-236 ; H. Davy, 1-267; L. Bleekrode,
1-191 at 18-5°; and A. Leduc, 1:1895+0-0004. G. Baume and F. L. Perrot found
that a litre of gas, at 0° and 760 mm., weighs 1-5392 grms. ; and F. Exner calculated
1-5223 grms. The literature was reviewed by M. 8. Blanchard and 8. F. Picker-
ing. M. Faraday gave 0-9 for the specific gravity of the liquid; L. Bleekrode,
091 at 18:5°; R. de Forcrand and H. Fonzes-Diacon, 0-86 at the b.p.; and
D. McIntosh and B. D. Steele, 0-964 at the b.p. The results of B. D. Steele and
co-workers are indicated below ; so that the sp. gr. D at T° K. are represented by
the formula D=0-964{1-4-0-00169(60-3—1)}. The molecular volume at the b.p.,
given by B. D. Steele and co-workers, is 35:2. G. M, Maverick found for the com-
pressibility of hydrogen sulphide for p="746-872, 370-877, and 248-987, respectively
v=166-646, 337-310, and 502-269, and pv=124463-5, 125100-6, and 125307-6.
Hence, 1+ A = (pv)o/(pv)760 = 124440-9/125730-4 = 1-:01036. P. A. Guye and
L. Friedrich gave for the constants of J. D. van der Waals’ equation—1. 13, 4—
a=0-00887 and b=0-00191 when referred to the initial vol. of the gas ; a=4-4x108,
and b=42-5 when referred to gram-molecules ; and ¢=3780, and b=0-870 when
referred to grams. M. Faraday said that the solid has a greater sp. gr. than the
liquid. R. de Forcrand and H. Fonzes-Diacon calculated 39-53 for the molecular
volume in the liquid state. This subject was also examined by E. Rabinowitsch,
who gave 35-4 for the constant; and also by R. Lorenz and W. Herz. Analyses
by J. J. Berzelius, J. L. Gay Lussac and L. J. Thénard, and L. J. Thénard agree
with the formula HyS, and this is in harmony with the vap. density. F. Exner
calculated for the molecular diameter, 221079 cm. ; and 60 X 10~7 cm. for the mean
free path ; and T. Graham, 37-5x10~7cm. T.Graham gave 469 X102 sq. cms. for
the total sectional area of all the moleculesin a c.c. of gas, at 0° and 760 mm. ; and
41,190 cms. per second for the molecular velocity. A. O. Rankine and C. J. Smith
calculated 0-773X10715 cm. for the collision area. T. Graham’s experiments,
calculated by O. E. Meyer and A. von Obermayer, gave for the viseosity of the gas,
at 0°, 7==0-0001154 at 0° and 0-0001300 at 20°; O. E. Meyer, 0:000137 when air is
0-000200; O. E. Meyer and F. Springmiihl gave 0-000130 (air 0-000212) between
10° and 20°; and A. O. Rankine and C. J. Smith, 0:0001175 at 0°, and 0-0001610 at
100°. D. McIntosh and B. D. Steele gave for the viscosity, 5, of the liquid :

—82° —797° ~74:8° ~71-8° —66:9° —63-2°
7 . . 0-547 0-528 0-510 0-488 0-470 0-454
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and for the temp. coeff. of the viscosity, 1:10. J. E. Lewis measured the viscosity
of hydrogen sulphide in chloroform. B. D. Steele and co-workers obtained the
following results for the sp. gr. of the liquid, D; the vapour density, D,; the
surface tension, ¢ dynes per cm. ; and the mol. surface energy, o(Mv)} ergs :

—84° —-78-4° —-78-8° —69-1° —62:2°
D . . 1-006 0-997 0-987 0-9806 0-9692
D, . . 0-00055 0-00076 0-00098 0-00122 0-00175
G . . . 33-418 32-126 31-020 30-448 28-783
o(Mv)t . . 349-5 3380 328-3 3247 308-6

There was no evidence of molecular association observed during these determina-
tions. B. Tamamushi studied the effect of hydrogen sulphide on the surface
tension of water. F. Schuster calculated 2545 atm. for the internal pressure of
the liquid. A. Masson gave for the velocity of sound in the gas 289:3 metres per
sec. at 0°. N, de Kolossowsky studied the relation between the velocity of sound
and the translation velocity of the molecules. F. J. von Wisniewsky, and
H. Remy discussed the structure of hydrogen sulphide ; H. Henstock, and F. Hand,
the eleetronie structure ; and A. O. Rankine, and F. J. von Wisniewsky, the general
structure of the molecules of the family of hydrides. A. Hagenbach calculated the
coeff. of diffusion of hydrogen sulphide in aq. soln. to be 1-24 sq. cms. per day at
155° and F. Exner gave 1-53 at 16°. The subject was studied by G. Tammann
and V. Jessen. A. Eucken gave 0-03045 cal. per cm. per second per degree for the
thermal conduetivity of hydrogen sulphide at 0°. :

M. Croullebois 13 gave for the specific heat of the gas, at constant press., 0-2423 ;
and for the ratio of the two sp. hts., C,/C,, P. A. Miiller gave 1:2759 between 10-2°
and 40-0°, and between 259 mm. and 767-4 mm.; J. W. Capstick gave 1-340, or
Cp==8237, and C,=6-170 ; R. Thibaut, at 20°, 1-32 at } atm. press., and 1-34 at
one atm. press. corresponding respectively with C,=8-179 and 8-100, and C,=6-166
and 6-036. A. Masson’s results furnish 1:313 for the ratio of the two sp. hts., and
C,=8728, and C,=6-45; H. V. Regnault, y=1-326, C,=8-290, and C,=6-253 ;
R. W. Millar’s results agree withy=1-308, C;,==8-831, and C,=6-750. G. N. Lewis
and M. Randall gave C,==8-81—0-001904-0-0522262.

M. Faraday 14 liquefied the gas by enclosing sulphide of iron and conc. hydro-
chloric acid in one leg of a sealed V-tube, when the other leg is cooled by a freezing
mixture. J. H. Niemann said that the ferrous sulphide must have no free iron or
else the hydrogen liberated will burst the tube. Instead of ferrous sulphide and
acid, G. Kemp, J. von Liebig, and R. Bunsen used hydrogen persulphide; and
H. J. F. Melsens, charcoal sat. with the gas. M. Faraday also obtained the liquid

. by passing the gas through a tube cooled by a mixture of solid carbon dioxide and
ether ; and when this freezing mixture is evaporated in vacuo, the clear, colourless,
mobile liquid freezes to a snow-white mass of crystals. M. Faraday found that the
gas liquefied at the following temp. and press. : .

—70°  —40° —3383° 111I° o° 18° 50° 100°

Press. . 1-09 2-86 6-36 14-60 10-25 16-95 35-56 88-7 atm.
The four last data are by C. Olschewsky. O. Maass and D. McIntosh gave for the
vapour pressure, p :

~1100° —99:7° —90-6° —877° —809° —720  —647°  —601° —581°
p . 18 43 91 112 188 393 573 732 822 mm.

H. V. Regnault represented the vap. press. by log p=4:2038661—0-796052509 +27,
where log a=1-9895941; C. Antoine, by log p==0-72176{9-6282—1000/(61238)}.
E. Cardoso represented his results :
o 10° 20° 40° 60° 80° 100° 1004
p» . 1020 13-34 17-24 27-80 42-22 61-388 88:32 88-92 atm.
by formulw of the type p=ae!¥+" atm. ; for temp. between 0° and 50°, he gave
log p=1-00860--0-0119350—0-0000268302, and between 50° and 100-4°, log p
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=1'53820--0-0088786(6—50) —0-000014429(6—50)2. The two parabolas join per-
fectly at 50°. From these formule, dp/df=p(0-027481—0-000123716), and
dp[d0=p{0-020444—0-000066449( —50)}. B. D. Steele and L. S. Bagster studied
the vap. press. of the binary systems: HoS-HBr, and HyS-HI. U. Antony and
G. Magri said that the liquid vaporizes slowly without boiling. M. Faraday gave
—173° for the boiling point at 760 mm.; H. V. Regnault, —61-8° at 755 mm. ;
C. Olschewsky, —63-5°; A. Ladenburg and C. Kriigel, —60-4° at 7552 mm. ;
R. de Forcrand and H. Fonzes-Diacon, —61-6° at 760 mm.; D. McIntosh and
B. D. Steele, —60-1°; O. Maass and D. McIntosh, —59-8°; R. de Forcrand and
H. Fonzes-Diacon, —61° at 773 mm.; and E. Cardoso and E. Arni, —60-2° at
760 mm. N.de Kolossowsky gave 0-63 to 0-72 for the ebulliscopic constant of the
liquid. M. Faraday gave —85° for the f.p.; E. Cardoso and E. Arni, —83°; and
0. Maass and D. McIntosh, —83+6°, and B. D. Steele and co-workers, —82-9° for
the melting point. R. de Forcrand and H. Fonzes-Diacon gave —86° for the m.p.
E. Cardoso gave 100-4° for the critical temperature; and A. A. Schnerr, 100-43°,
while J. Dewar, and P, A. Guye gave 100-2° for the critical temp., and 92-0 atm.
for the critical pressure; C. Olschewsky gave respectively 100° and 88-7 atm. ;
A. Leduc and P. Sacerdote, 100° and 90 atm. ; F. E. C. Scheffer, 99-6° and 88-3 atm.
and E. Cardoso and E. Arni, 100-40° and 89-05 atm. D. A. Goldhammer gave
0-00490, and F. Schuster, 0-00413 for the eritical volume. 8. F. Pickering gave
for the best representative values T,=373'6° K.; and p,—=89 atm. R.de Forcrand
and H. Fonzes-Diacon found the latent heat of vaporization to be 4230 cals., and
20-01 for Trouton’s number. 0. Maass and D. McIntosh gave 19-3 X100 ergs or
4585-8 Cals. per mol., or 134:6 Cals. per gram for the latent heat of vaporization,
while P, H. Elliot and D. McIntosh gave 19-6X1010 ergs; and A. A. Schnerr,
449-8 Cals. per mol., or 131-98 Cals. per gram at —61:37°. F. Paneth and
E. Rabinovitsch discussed some relations between the physical properties of the
family of hydrides.

J. Thomsen 15 gave for the heat of formation (H,,S61q) =HoSgas-+4-510 Cals. ;
P. Hautefeunille, 4-82 Cals.; and M. Berthelot, for (Hj,Sgus)=T-2 Cals. The
subject was studied by R. de Forcrand. J. Thomsen gave 136-71 Cals. for the
heat of combustion at constant press. R. de Forcrand and H. Fonzes-Diacon gave
16-34 Cals. for the heat of formation of the solid hydrate. J. Thomsen gave 4-76
Cals. per mol. for the heat of absorption; and 4-75 Cals. for the heat of solution
of a mol. in 900 vols. of water. For the heat of formation of the hydrate, vide infra.
J. Thomsen, P. A. Favre and J. T. Silbermann, and M. Berthelot measured the
thermal value of the reaction between hydrogen sulphide and the metal oxides ;
J. Thomsen, and P. Sabatier, the heat of formation of the metal sulphides; and
J. Thomsen, the heat of the decomposition of the metal nitrates by hydrogen
sulphide. K. Jellinek and A. Deubel calculated the chemical eonstant, —0-79,
of hydrogen sulphide.

J. B. Biot and D. F. J. Arago 16 gave 1-000636 for the index of refraction of the
gas, and P. L. Dulong gave 1-000641 for white light ; I.. Bleekrode, and M. Croulle-
bois gave 1-000639 for Na-light, and E. Mascart, 1:000619. C. and M. Cuthbertson
gave 1-0006509 for light of wave-length A==846-1uu ; 1-0006440 for A=546-Tuu ;
10006412 for A=579-Opp ; and 1-0006362 for A=6566-3uu. C. and M. Cuthbertson
found that the refractivity of hydrogen sulphide is about 6 per cent. less than is
required by the addition law. The number of dispersion electrons in hydrogen
sulphide is not equal to the sum of those in the component atoms. M. Faraday,
and J. H. Niemann observed that the refractory power of liquid hydrogen sulphide
is greater than that of water. J. Dechant gave 1-374 for the refractive index
of the liquid for Na-light ; and L. Bleekrode, 1-380 at 12-56°, and 1-384 at 18-5°
for Na-light, and 1-390 at 18-5° for sunlight. The sp. refraction with the u-formula
is 0-429, and with the u2-formula, 0-262. The subject was studied by T. H. Have-
lock. C. V. Raman and N. 8. Krishnan gave 0-26 x 10710 for Kerr’s constant at
one atm. press., 20°, and the D-line. K. R. Ramanathan and N. G. Srinivasan
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investigated the optical anisotropy of hydrogen sulphide. A. Kundt and
W. C. Rontgen studied the electromagnetic rotation of the plane of polarized light.
K. R. Ramanthan and N. G. Srinivasan found that the depolarization of light in a
direction perpendicular to the incident beam in hydrogen sulphide is the same as
in hydrogen chloride and ammonia (g.v.). J. Piccard and E. Thomas discussed
the colour of sulphide ions. W. H. Bair,17 and H. Deslandres studied the spectrum
of hydrogen sulphide. G. D. Liveing and J. Dewar, W. A. Miller, P. Baccei,
L. Ciechomsky, and W. H. Bair investigated the ultra-violet speetrum ; and
A. H. Rollefson, 8. C. Garrett, J. Tyndall, and W. W. Coblentz the ultra-red
spectrum. The maxima in the absorption bands occur at 4-24u, 5-6u, 7-12u, 7-78u,
8-46u, 9-65u, 10-08u, 10-6u, and 10-95u. J. W. Ellis discussed the spectra of com-
pounds with 8~H linkages. R. Wright found that while the strong acids give the
same absorption spectrum as their sodium salts, the reverse is the case with weak
acids like aq. soln. of hydrogen sulphides. It is supposed that the non-ionized
molecule—capable of ionization—is in a state of stress and is more absorptive than
a similar free ion, or than a molecule incapable of ionization.

A. 8. Eve found that the ionization produced in the gas by X-rays is 0-9 (air
unity), and by the y-rays of radium, 1-23. According to E. Wourtzel, when
hydrogen sulphide is exposed to radium rays, the ratio of the amount of hydrogen
formed to the amount of radiation destroyed diminishes with the time of exposure
owing to diminution in press. caused by decomposition of the hydrogen sulphide.
The calculated amount of hydrogen formed, corresponding with the total destruction
of the emanation and the complete use of its radiation, is constant. The velocity
of decomposition diminishes with the temp. The number of molecules of hydrogen
sulphide decomposed by the radiation from the emanation exceeds 3-3 times the
number of ions produced in air under the same conditions. The relative amounts
of water and hydrogen sulphide decomposed by a given amount of radiation are
as 1:4-7, expressed as mols, E. Wourtzel also studied the decomposition of the
gas, HoS=H,-+8, by exposure to the a-rays of radium. R. A. Morton and
R. W. Riding gave 11-3 for the ionizing potential ; and C. A. Mackay, 104 volts.
L. B. Loeb and L. du Sault studied the mobilities of the gaseous ions; and
J. H. Bartlett, ionization by slow electronic impacts.

The effect of the electrical discharge on the gas has already been discussed.
J. J. Thomson 18 found the eleetrical conduetivity of the gas to be very small.
A. de Hemptinne said that the flame of burning hydrogen sulphide is a good electrical
conductor. U. Antony and G. Magri, and L. Bleekrode made a similar remark
about the conductivity of the dry liquid. B. D. Steele and co-workers gave
0-1X107% ohm for the sp. conductivity of the liquid when that of the purest water
is 0-04xX10—® ohm. The aq. soln. of hydrogen sulphide is very little ionized :
H,8=H'+HY’, and this is reduced in the presence of the stronger acids. This,
said W. Ostwald, is connected with the solvent action of acids on certain sulphides,
and the low solubility of the metal sulphidesin water. The sulphides of the univalent
metals are also ionized : Ry8=2R'--8"”; and also Ry8-+-H,0=2R"+SH'4OH".

TaBLE II.—RELATIVE CONCENTRATIONS OF THE IONS IN AQUEOUS SOLUTION OF
THE SULPHIDES.

Soln. g7 HY H,8 H’ OoH’

Mol . .| 0-09 0-91 1-3 x10—7 1:3x 1014 0-91
Mol NaHS .| 36x10—*® 1-0 3-6 x10—4 3-:3x10—1t 3-6x10—*
Mol (NH,),S§ . | 3x10—¢ 10 5 x 10—2 0-5%x10—2 | 1.7x10—3
Mol NH,(HS) . | 1-6x10—7 0-93 0-07 0-7x10—# 1.7 X 10—*
Sat. H,S in water | 1-2x10~1% | 0-95 x 10—* 0-1 0:95 x10—* 1-3 x10—1°
Sat. H,S in

N.CH,COOH. | 0-6x10—1% | 2.0x10—¢ 0-1 4 x10—3 3x10—14
Sat. H,Sin N.HCI| 1-1 x10—2% | 0-91 x10—8 0-1 1 1-2x10—14
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According to J. Knox, the proportion of HyS, and of 8”-, HS'-, H'-, and HO-ions
in ag. soln. of the sulphides is indicated in Table II. K. Jellinek and J. Czerwinsky
measured the conc. of the ions in the hydrolysis equilibrium of sodium sulphide,
and found that

Na§ Na§” Na’ 8° OoH'’ SH’ H’ NaOH NaSH
0-1N. . 0-0003 0-002 0-08 0-006 0-035 0-033 30x10—1% 0-004 0-0055
1-06N. . 0-053 0-09 0-66 0-076 0-226 0-195 48x10—15 0-08¢ 0-115
2-85N. . 0-431 0-47 1-26  0-259 0-131 0-138 8x10—1% (0-133 0-126

With 0-1N-NaHS, NaSH, 0-085; 8”,3-2x107¢; H-,6-3x10~11 and OH’, 8-0 1075.
The degree of hydrolysis of sodium sulphide is :

N . . 01 0-21 0-53 1-06 1-59 2:12 2-85
Hydrolysis 0-805 0-754 0-655 0-585 0-535 0-500 0-460

The percentage hydrolysis of 0-1N¥-NaSH is 0-15 per cent. at 0°, 0-08 per cent. at
10°. The temp. coeff. and the heats of hydrolysis are small; and the heat of
ionization of HS' is large—about 13,000 cals. For the ionization constant of aq.
goln. of hydrogen sulphide : HoS=HHY', at 18°, M. de Hlasko, and F. Auerbach
gave 0-91 X10~7, which is between the value 0-574 X 1077, at 18°, given by J. Walker
and W. Cormack, and the 1-2x10~7 given by T. Paul. K. Jellinek and J. Czer-
winsky gave 1 X107, at 0°. J. Knox calculated the second ionization constant to
be 1:2Xx10715 at 25°; M. Aumeras, 0-37 X10715 to 0-59x10716 at 25°; and
K. Jellinek and J. Czerwinsky gave 210715 at 0°; and for the ionic mobility
they gave 42-5 at 0°, 56-5 at 18°, and 64 at 25° for HS'-ions at infinite dilution.
M. Randall and C. F. Bailey studied the activity coeflicient of hydrogen sulphide.
R. E. Hughes found that thoroughly dried hydrogen sulphide gas has no action
on litmus; but the gas reddens tincture of litmus, although the red colour dis-
appears on exposure to air. F. J. Malaguti said that tincture of litmus, saturated
with hydrogen sulphide under press., is decolorized. G. Bellucci attributed the
decolorization of soln. of litmus, indigo, ete., to the formation of colourless com-
pounds with the sulphur of hydrogen sulphide. G. N. Guam and J. A. Wilkinson
measured the conductivities of various substances dissolved in liquid hydrogen
sulphide.

The sp. conductivities in mhos X107 were for: hydrogen chloride (8-813), chlorine
(1-787), bromine (1-614), iodine (136-000), iodine trichloride (13-420), mercuric bromide
(51-6), mercuric iodide (99-9), mercuric chloride (0-31), zinc chloride (6-34), silicon tetra-
chloride (1-29), ferric chloride (20-99), sulphur monochloride (10-340), phosphorus tri.
chloride (0-4254), phosphorus tribromide (0-5269), arsenic trichloride (11-510), antimony
trichloride (4244-000), stannic chloride (1-680), thiocarbanilide (9-610), acetic acid—0-1
mol.—(nil), acetic acid—0-1 mol., room temp.—(0-634), acetic anhydride (41-260), thioacetic
acid (2-960), acetyl chloride (18-800), and acetoamide (1:680). The following did not form
conducting soln.: potassium, strontium, barium, cadmium, chromic (green and violet),
manganous, and cobalt chlorides, potassium and ammonium hydrosulphides, bismuth
trichloride, carbon disulphide, »-butyl sulphide, n-butyl mercaptan, thiophenol, p-thiocresol,
thionaphthol, chloroform, bromoform, iodoform, trichloroacetic acid, benzoic acid, dinitro.
benzene, stearic acid, and palmitic acid.

J. F. Daniell, and W. Beetz compared the electromotive force of elements with
carbon or platinum, or palladium sat. with hydrogen sulphide in dil. sulphuric
acid as the anode, and the simple element as cathode. For Pdm,s | Hp80, | Pd,,
J. F. Daniell found 0-41 volt ; and for Cp,s | Hp80, | C, 0-29 volt. W. Beetz made
observations on this subject. N. Isgarischew and E. Koldaewa discussed the
poisoning of the H-electrode by hydrogen sulphide, arsenic trioxide, etc.
D. F. Smith and J. E. Mayer found for the reduction potential and decrease of free
energy for S4-2H =H,8 at 25° respectively —0-141 volt, and —6400 cals.; for
80,-+6H =H,84-2H,0, respectively —0-360 volt, and —49,840 cals.; and for
S0,”+10H" =H,S-+4H,0, respectively —0-304 volt, and —56,190 cals. According
to J. Garnier, in the electrolysis of molten sulphides, out of contact with air, with
" a carbon anode, the sulphur reacts with the carbon, forming carbon disulphide.
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H. 8. Blackmore made some observations on this subjeet. According to M. Merle,
and A. Scheurer-Kestner, when a soln. of sodium sulphide is electrolyzed, the
sulphide is oxidized to sulphate ; and F. W. Durkee said that thiosulphate is formed
as an intermediate stage of the oxidation, but A. Scheurer-Kestner did not accept
this result. E. F. Smith also studied the oxidation of the sulphides by electrolysis.
W. Skey found that if the sulphides of silver, gold, mercury, lead, and platinum
be employed as anodes they are reduced to the metal with the evolution of hydrogen
sulphide. According to I. Bernfeld, in the electrolysis with electrodes of metallic
sulphides, the following changes occur. (1) In acid soln.: at the anode, the metal
is dissolved and the sulphur precipitated or oxidized ; at the cathode, hydrogen
sulphide is formed with separation of the metal; (2)in alkaline soln. ; at the anode,
the metal forms a hydroxide and the sulphur is oxidized ; at the cathode, the metal
is precipitated and the sulphur passes into soln. as an ion. According to F. Hund,
the distance apart of unlike ions for the HS'-ion is 1:5x10~8 cm., and for H,S,
1-56x10™8 cm. ; the distance apart of like ions is for the HyS, 1-6 X10~8 ¢m., and
for the energy of complete separation of one hydrogen nucleus from the HS'-ion is
430 Cals., and for H,,8, 310 Cals. W. T. 8killing found a soln. of potassium chloride
in liquid hydrogen sulphide to be non-conducting. B. D. Steele and co-workers found
that although hydrogen chloride and bromide readily dissolve in liquid hydrogen
sulphide, the soln. are non-conducting. They also measured the conductivity of
soln. of triethylammonium chloride, tetramethylammonium chloride, nicotine, and
of piperidine in liquid hydrogen sulphide. They also measured the raising of the
b.p. by toluene, and triethylammonium chloride as solutes—the molecular raising
of the b.p. is 620.

L. B. Loeb and A. M. Cravath found that the mobility of the positive ion
in hydrogen sulphide is 0-61 cm. per sec. per volt per cm., and of the negative
ion, 0-55 cm. per sec. per volt per cm. P. Eversheim found the dieleetrie
constant of liquid hydrogen sulphide to be for A=, 593 at 10°; 4-92 at 50°;
3-76 at 90°; and 2-T at the critical temp. H. J. von Braunmiihl gave 0-69 x10~24
for the dielectric constant, and for the eleetric moment, 1-101 x10-18 ; C. T. Zahn
and J. B. Miles gave (e—1)v7T=0-0012237-0-732 for the dielectric constant of
the purified gas when » is the sp. vol., and T, the absolute temp.; and 0-931 x10~18
for the electric moment. K. Honda and K. Otsuka found the sparking voltage of
56 to be necessary with tubular electrodes, 10 cms. apart, using a 50-cycle alternating
current.

The chemical properties of hydrogen sulphide.—Dry hydrogen sulphide is
decomposed by exposure to light : H,8=H,+n"18,. The reaction is endothermal,
and the wave-length of the active radiation is 2300 A. to 1800 A. The reaction was
discussed by V. Henri,’® D. Berthelot and H. Gaudechon, A. Smits and
A. H. W. Aten, H. Tramm, and R. H. Gerke. E. Béhm and K. F. Bonhoffer 20
found that active hydrogen is de-activated by hydrogen sulphide, and quantities
over one per cent. repress the Balmer spectrum of hydrogen. M. Scanavy-Grigorieva
found that when hydrogen is passed over platinum, palladium, copper, and glazed
porcelain, at 600° to T00° hydrogen sulphide is formed, presumably owing to the
presence of sulphur adsorbed from the atmosphere. Hence, many proofs of the
activation of hydrogen after its passage over glowing metals by showing that it
forms hydrogen sulphur, are invalidated. A. G. White studied the limits for the
propagation of flame in mixtures of hydrogen and hydrogen sulphide. According
to H. Davy, hydrogen sulphide burns in air or 0xygen under conditions similar to
those for hydrogen. It is ignited by charcoal or iron at a low red-heat. According
to J. Dalton, hydrogen sulphide burns in air with a blue flame, forming water and
sulphur dioxide and depositing sulphur. A. Smithells and H. Ingle analyzed the
flame into two cones, and found that most of the sulphur escapes from the first
cone without undergoing combustion. When mixed with oxygen, hydrogen sulphide
explodes on ignition. One vol. of hydrogen sulphide exploded with half a vol. of
oxygen forms water and sulphur; and with 1-6 vols. of oxygen, it forms water
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and sulphur dioxide. A. Pedler represented the reaction with sufficient air or oxygen :
2Ho8-+30,=2H,0+4280,; and with a deficiencyof oxygen : 2H,8--0,=2H,0--28. -
This preferential combustion of the hydrogen at the expense of the sulphur was
applied by C. F. Claus to the recovery of sulphur from the by-products of the
black-ash process of making soda ; and,according to J. Habermann, is the primary
cause of the occurrence of sulphur in volcanic distriets. G. W. Jones and co-workers
discussed the explosibility of mixtures of hydrogen sulphide and air; and
D. 8. Chamberlin and D. R. Clarke, the speed of the flame of the burning gas. R. Piria
found that if a stream of hydrogen sulphide be sent through an inverted flask with
the bottom removed, so that a mixture of air and hydrogen sulphide is formed,
the mixture is inflamed by contact with red-hot coal, etc., and burns, forming a
thick cloud of water, sulphur dioxide, and sulphur resembling the fumes ejected
from the fumaroles of Agnano (Naples). According to F. Freyer and V. Meyer,
the ignition temp. of a mixture of hydrogen sulphide with three times its vol. of
oxygen streaming into air is 315°-320°; and when heated in a closed vessel to
250°-270°, an explosion occurs. J. W. Débereiner found that spongy platinum
does not ignite & mixture of oxygen and hydrogen sulphide, but it does so if hydrogen
be also present, and A. de la Rive and F. Marcet showed that palladiumized or
platinized paper-ash must be heated to 100° before it will become red-hot in a stream
of hydrogen sulphide. It may then set the gas on fire. T. Graham found that a
ball of platinized clay causes the slow oxidation of hydrogen sulphide admixed
with oxygen; water is formed, and sulphur is deposited on the platinized clay.
If a mixture of equal vols. of hydrogen, oxygen, and hydrogen sulphide be similarly
treated, only the hydrogen of the hydrogen sulphide is oxidized during the first
24 hrs. ; only afterwards does the free hydrogen unite with the oxygen. According
to E. Carstanjen the gas is ignited by thallium trioxide; and, according to
R. Béttger, by manganese, lead, or silver peroxide, or by chlorates or chromates ;
barium dioxide; or by silver, copper, or nickel oxide, and many silver and mercury
salts only inflame the gas when heated. F. Bayer and Co. used porous silicic acid
as catalyst for the reaction between oxygen and hydrogen sulphide. According
to J. B. A. Dumas, sulphuric acid is formed when hydrogen sulphide is slowly
oxidized in air. The presence of moisture is necessary for the oxidation.
C. J. 8t. C. Deville observed that a mixture of hydrogen sulphide, steam and air,
corresponding with many fumarole gases, when allowed to act for some months
on broken fragments of rocks, forms sulphates of the alkalies and alkaline earths.
According to J. B. A. Dumas, the formation of sulphuric acid by the oxidation of
moist hydrogen sulphide can be observed at the baths of Aix (Savoy), for the lime-
stone walls are soon covered with crystals of gypsum ; and iron hooks, with green
crystals of ferrous sulphate-—yet the gas is itself free from sulphuric acid. Similarly,
the fumarole gases of Tuscany, free from sulphuric acid, convert the lime of soil
into gypsum. The waters of the Rio de Pasambio (South America) were found by
A. von Humboldt and J. B. J. D. Boussingault to contain sulphuric acid derived
from the oxidation of the hydrogen sulphide from the adjacent volcano of Purace.
U. Bresciani found that in steam at 120° hydrogen sulphide is incompletely oxidized
to sulphuric acid by a large excess of ozonized oxygen. R. Nitzschmann and
E. Vogel discussed the oxidation of hydrogen sulphide to sulphurous acid.

An aq. soln. of hydrogen sulphide was found by L. N. Vauquelin to be slowly
oxidized by exposure to air, forming water and milk of sulphur, as well as some
sulphuric acid. C. Herzog said that some ammonium sulphate was formed in a
closed flask containing air, and an aq. soln. of hydrogen sulphide, but this has not
been verified. E. Filhol said that no sulphuric acid is formed at all, but if sufficient
alkali-lye be present to form sodium hydrosulphide, the oxidation occurs more
slowly, forming sulphur, and alkali polysulphide and sulphate. J.Raab said that
light favours the action; and M. Salazar and H. Newmann, that the aq. soln.
decomposes more slowly in darkness than in light. C. F. Mokr preserved the soln.
by covering it with a layer of petroleum to keep away the oxygen ; and P. H. Lepage,
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J. Raab, M. Salazar and H. Newmann, and A. J. Shilton said that the aq. soln.
can be kept for a longer time without decomposition if glycerol be also present.
D. Lindo said that the soln. in glycerol is no more stable than the soln. in water.
A. J. Shilton reported that the presence of sugar or salicylic acid acts as a pre-
servative. According to P. de Clermont and H. Guiot, dry oxygen does not act
on the metal sulphides at ordinary temp., but many of them are transformed by
moist air or oxygen into sulphates—e.g. ferrous sulphide. If the precipitated
sulphides of manganese, iron, or nickel be strongly compressed, and exposed to
moist air, they become heated owing to rapid oxidation ; the sulphides of copper,
zine, and cobalt are oxidized more slowly, and no evolution of heat can be detected.
H. A. Krebs observed that the rate of oxidation of aq. soln. of hydrogen sulphide
or of alkali sulphides is greatly accelerated by the presence of a minute proportion
of a heavy metal sulphide. For aq. soln, of hydrogen sulphide, nickel sulphide is
the most active catalyst; for soln. of the gas in N-HC, a mixture of manganese
and iron sulphides is the most active. The so-called autoxidation of soln. of sul-
phides is attributed to the presence of traces of heavy metal sulphides. F. Q. Smith
and co-workers found that ultrasonic radiations on an aq. soln. of hydrogen sulphide
form colloidal sulphur.

According to A. Desgrez and co-workers, free hydrogen sulphide may be removed
from soln. by bubbling through them an inert gas like hydrogen or nitrogen. The
free gas is removed from simple aq. soln. very quickly ; with soln. to which sufficient
sodium hydroxide has been added to produce the hydrosulphide, the gas is evolved
more slowly as the result of the hydrolysis: NaHS-+H,0=NaOH-|-H,S; and
with sodium sulphide in soln. the decomposition proceeds at a still slower rate,
the first stage of the reaction is: NaoS+H,;0=NaOH-}NaHS. The rate of
evolution of the gas is modified by the presence of certain salts. Sodium hydro-
carbonate accelerates the removal of the gas; and potassium monophosphate still
more 80; whilst sodium borate has a smaller influence. Using buffer soln. of
borate and phosphate, the rate of removal of hydrogen sulphide was found to
depend on the py value, i.e. on the acidity of the liquid. Acidic soln. are unstable ;
alkaline soln., stable. There is a rapid transition at pg=8 or 9. The mean pg
value of urine is 6-5, and this is taken to explain the absence of hydrogen sulphide
from urine after considerable quantities of sulphuretted waters have been drunk.
If an aq. soln. of hydrogen sulphide be heated in a sealed tube, at 200°, C. Geitner
found that a blue liquid is produced on which float globules of sulphur. The
liquid is decolorized on cooling, and it then becomes turbid owing to the separation
of sulphur. The liquid contains some sulphuric acid. According to A. Gautier,
on passing a current of hydrogen sulphide, saturated with water vapour at 100°,
through a red-hot tube provided with a condenser, sulphurous acid, sulphuric acid
in small quantity, and colloidal and precipitated sulphur collect in the latter, and
hydrogen 1is also evolved.

C. F. Schonbein, and W. Helbig said that ozone oxidizes the gas or the aq.
soln. of hydrogen sulphide to sulphur and water. A. Mailfert also observed that
ozone converts the sulphides of the alkalies, alkaline earths, copper, zinc, cadmium,
and antimony into sulphates; cobalt and nickel sulphides, first into sulphates,
and then into sulphuric acid and peroxide ; gold sulphide, into gold and sulphuric
acid ; silver, bismuth, and platinum sulphides into sulphuric acid; manganese,
lead, and palladium sulphides into sulphuric acid and peroxide; while mercuric
sulphide is but slowly attacked. H. C. Jacobsen discussed the oxidation of hydrogen
sulphide to sulphuric acid by bacteria—uvide supra.

Early observations on the solubility of hydrogen sulphide in water were made
by W. Henry,2! who found that one vol. of water absorbs 1-08 vols. of gas at 10°;
N. T. de Saussure, 253 vols. at 15°; J. L. Gay Lussac and L. J. Thénard, 3 vols.
at 11°; T. Thomson, 3:66 vols. at ordinary temp.; and J. Dalton, 2-5 vols. at
ordinary temp. R. de Forcrand and P. Villard gave 4 vols. at 0° and ordinary
press., and 100 vols. at 0° and 820 mm. press., while F. Pollitzer found that a litre
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of water dissolves 0-1004 mol. H,S at 25° and 760 mm. L. Carius found that one
vol. of water at §° absorbs S vols. of hydrogen sulphide reduced to 0°—760 mm.
press. :

0° 5° - 10° 15° 20° 25° 30° 35° 40°
S . 43706 3-9652 3-5858 3-2326 2.9053 2-6091 2:3200 2-0799 1-8569

R. Bunsen and E. Schonfeld represented the results by the formula S=4-3706
—0-0836870--0-000521302 ; and F. Henrich, S=4-4015—0-891176--0-0006195462—
vide infra. L. W. Winkler represented the coeff. of absorption—i.e. the vol. of
gas reduced to 0° and 760 mm, which is absorbed by one vol. of liquid when the
press. of the gas itself, without the partial press. of the solvent, is 760 mm.—at 0°
by 46210 ; at 20°, by 2554 ; at 40°, by 1642 ; and at 60°, by 1-176. G. Fauser
gave 4-686 at 0°, and 2-672 at 20°. P. K. Prytz and H. Holst gave 46796 at 0°;
and F. Henrich, 4-4015 at 0°, and at
2° 9-8° 14-8° 19° 23° 27-8° 35:6° 439

8 . 4.2373 3-5446 3-2651 2-9050 2-7415 2-3735 1.9972 1.7142

E. P. Perman measured the rate of escape of hydrogen sulphide from its aq. soln. ;
and W. H. McLauchlan showed that the gas is less soluble in a soln. of sodium or
calcium chloride than in water. They also found that the solubility of hydrogen
sulphide in water follows Henry’s law—1. 10, 4—that the solubility in salt soln.
is lowered in the following way :

The vol. of hydrogen sulphide absorbed by one vol. of aq. soln. at 25° is 2-61
for N-NH,Br; 2-40, for N-.NH,Cl; 2-58,for N-NH,NO,; 2-14, for 0-6N-(NH,),S0,; 2:37,
for 0-25N(NH,),80,; 2-47, for N-KBr; 2-22, for N-KCl; 2-38, for N.KNO,; 2-04, for
0:-5N-K,80;; 2-32, for 0-25N.-K,80,; 256, for N.-KI; 2-44, for N-NaBr; 221, for
N-NaCl; 2:42, for 0-5N.NaCl; 2:32, for N-NaNO,; 1-90, for 0-56N-Na,S0,; and 232,
for 0-25N -Na,80,. L. Dede and T. Becker found that neutral soln. of the following salts
dissolved the following number of grams of hydrogen sulphide per 100 c.c. of soln. :

0 1 2 4
CaCl, . . . 0-392 0-350 0-313 0-270
NaClO,. . . 0-392 0-340 0-293 0-220
Na,80,. . . 0-392 0-348 0-306 0-257

F. L. Crobaugh found that the gas is soluble in an aq. soln. of ammonium cadmium chloride.
According to H. Goldschmidt and H. Larsen, a litre of 0-05N-NaSH dissolves 0-082 and
0:064 mol of hydrogen sulphide respectively at 35° and 45°; a litre of 0-1N-NaSH dis-
solves 0-132, 0-104, and 0-082 mol of hydrogen sulphide respectively at 15° 25° and 35°;
and a litre of 0-2N.NaSH at 15° and 25° dissolves respectively 0-129 and 0-1035 mol of
hydrogen sulphide.

According to F. W¢hler, when moist hydrogen persulphide is enclosed in a
sealed tube, it decomposes into sulphur and hydrogen sulphide along with a few
transparent, colourless crystals, which, on opening the tube, immediately liquefy
and volatilize. They are supposed to be hydrated hydrogen sulphide. Again, if
hydrogen sulphide be passed through alcohol mixed with enough water so that the
mixture does not freeze at —18°, octahedral crystals are produced resembling ice.
The crystals quickly disappear, with brisk effervescence, when removed from the
freezing mixture ; if enclosed in a sealed tube, they disappear at ordinary temp.
but reappear when the tube is cooled down to —18°. R. de Forcrand obtained
a hydrate of hydrogen sulphide by compressing hydrogen sulphide in contact with
water. There is a difficulty in determining the proportion of water in the hydrate ;
in 1882, R. de Forcrand estimated indirectly that the hydrate was H,S8.15H,0 ;
in 1883, he gave HyS.12H,0; in 1888, R. de Forcrand and P. Villard gave Hy8.7H,0;
in 1911, F. E. C. Scheffer, Hy8.5H,0; and in 1925, G. N. Quam, H,8.6H,0.
P. Villard argued by analogy with other gas hydrates that the formula should be
H,;8.6H,0; he found that the liquid crystallized when seeded with the hydrate
N;0.6H,0, and this makes the formula Hy8.6H,0 probable. R. de Forcrand, in
1902, found that, as a rule, when the 3-phase line of a dissociating compound which
splits up into a solid and a gas reaches a vap. press. of one atm., the quotient of
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the heat of transformation and the absolute temp. approximates 30. The rule
conforms with the formula H,8.6H,0 for this hydrate, but fails with SO,.8H,0.
F. E. C. Scheffer and G. Meijer also showed that the assumption that the com-
pound is hexahydrated hydrogen sulphide, H,S.6H,0, best explains the behaviour
of the hydrate under varying conditions of temp. and press.

The soln. of hydrogen sulphide and water separates into two layers, expressing
the composition in mols of hydrogen sulphide per 100 mols of water. F.E.C. Scheffer
found

0° 6° 17° 26° 295° 20-4°  26-9°  22:9°  137° 5:3°
HsS . 04 05 08 12 16 963 973 982 991 995
ZL,—Layer rich in H,8 L,—Layer rich in H,0

The 2-phase lines OB (solid and vapour), BL (liquid and vapour), and BC
(solid and liquid), Fig. 35, represent the ordinary equilibrium diagram of the hexa-
hydrate ; the line BC refers to the system containing the hydrate, liquid-2, and
vapour. The 3-phase line FC, Fig. 35, represents the solid hydrate, solid water,
and the vapour of ice and hydrogen sulphide : HyS.6HyOgo1a=26H30s01a--HoSgas :

0 . . —25-85° —19-75° —15-8° —11-85° —7-95° —4-95° —2-4°

P . . 22-35 30-2 36-2 43-3 51-5 58-6 655

The equation of the line FC is log p=—13337"1+46-7393. The 3-phase line CD
represents the solid hydrate, liquid water, and vapour : HyS.6HoOgaa=6H;051quia
4+ HyS8gas; GD refers to the hydrate, liquid-1, and vapour ; CH, to the solid hydrate,
ice, and liquid-2: DJ, to the solid hydrate, and the two liquids; and DK, to the
two liquids and vapour. The quadruple point C, at 0-4° and 700 mm. press., has
golid hydrate, ice, liquid-2, and vapour in equilibrivm ; and the quadruple point
D, at 29-5° and 22-1 atm., has the solid hydrate, the two liquids, and vapour in
equilibrium. The thermal value of the reaction is HyS.6HoOgoua=HoSgas
+6H205013d—5'550 Cals. and of st~6Hzosolid=stgas+6H201iquid—‘14'270 Cals.
R. de Forcrand and H. Fonzes-Diacon gave for the heat of formation of the solid
hydrate : (HySgas,"HoOniquiq)=16-3¢ Cals. R. de Forcrand and P. Villard said
that the temp. of formation of the crystals of the hydrate at different press., p mm.,
are:
0° 1° 21° 34° 52° 198° 28:5°

P . . 731 820 907 1048 1250 5396 12,160
L. P. Cailletet and L. Bordet also measured the temp. of formation at different
press., and found at 1-0°, 2 atm. ; at 14°,5-4 atm. ; and at 25°,16 atm.; and they
gave 29° for the critical temp. of existence, while
R. de Forcrand gave 30°.

According to L. J. Thénard,?2 hydrogen sul-
phide, or its aq. soln., is decomposed by hydrogen

$ dioxide, forming sulphur and water, and, added
3 ¢ A. Classen and O. Bauer, the reaction Hy0,-}-H,S
s ) =8+4-2H,0 does not take place in the presence of
L A ammonia or potassium hydroxide, for then sul-

phuric acid is produced. According to C. Zenghelis
and S. gorsctllll, Wl(llen hydrogen sulphide is passed
over sodium dioxide, a very vigorous action occurs
g Temperatures either in the presence or the absence of air, and
Fia. 35.—Diagrammatic Repre- if the dioxide is previously warmed, the action is
sentatéon of the Effect of Tem: 4c0ompanied by a flame and the containing vessel
perature and Pressure on L
Hydrated Hydrogen Sulphide, ©f 8lass or porcelain is attacked. The products of
the action vary according to the conditions. The
hydrogen of the hydrogen sulphide always goes to form water, which in its turn
partly attacks the hydrogen dioxide. In the absence of air the sulphur forms
sodium sulphide and polysulphides, together with a small amount of thiosulphate
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and sulphate, and if the current of hydrogen sulphide is rapid there is a deposition
of a small amount of free sulphur. In the presence of air scarcely any sulphide
is formed, but sodium sulphate and free sulphur are obtained. If the containing
vessel is attacked owing to a very vigorous action, then the solid products have
a blue tinge, due to the iron in the glass or porcelain. M. V. N. Swamy and
V. Simhachelam found that with 98-6 per cent. lead dioxide, hydrogen sulphide,
diluted with 5 vols. of air, does not react below 2-5 atm. press., but the dark brown
colour becomes light red; with 87-7 per cent. lead dioxide there is a reaction
with hydrogen sulphide diluted with 15 vols. of air.

According to H. Moissan, fluorine inﬁamq; in contact with hydrogen sulphide,
forming hydrogen fluoride and sulphur hexaéifioride. A. Stock observed that at
—100°, chlorine reacts with hydrogen sulphide dissolved in liquid hydrogen chloride
to form sulphur; no evidence of the existence of a sulphur hydrochloride, SHCI,
was observed. H. Rose said that chlorine, bromine, and iodine when warmed with
hydrogen sulphide form sulphur and the respective hydrogen halide: H,S4I,
=2HI+8; and if the halogen is in excess, the sulphur may form sulphur halide,
and some sulphuric acid. A. Naumann explained the different effects by the thermo-
chemical data : Bro-H;8=2HBr48-155 Cals., and with an excess of water the
hydrogen bromide reacts evolving 40 Cals. of heat ; with jodine in place of bromine,
the thermal effects are respectively 16-5 Cals. and 39 Cals. Todine does not react
with hydrogen sulphide alone ; indeed, M. Berthelot observed no reaction when the
two substances aré heated in a sealed tube at 500°. In the presence of water,
hydriodic acid is formed up to a certain value limited by the reverse reaction between
sulphur and the halogen acid. A. Naumann said that iodine and hydrogen sulphide
can react on each other only in the presence of water until, by the increasing amount
of hydriodic acid in the water, the positive amount of the heat of absorption of the
hydriodic acid has fallen from 39-0 Cals. to 16-5 Cals. M. Berthelot suggested that
the limited action is due to the formation of a definite hydrate, HI.TH,0, but there is
no evidence of the formation of any such compound. For the reversible reaction
2H T gas+28s01ia=22Tgo11a+HoSgas, if the bracketed symbols denote partial press.,
[HI2=K[H?28], where K=1-9x 1073 at 40-1°; 45x1072 at 50-1°; 9-96 X1073 at
60-2°; and 47xX10"3at80:7°. The thermal value of the reaction is 16-8 Cals. at 50°;
17-35 Cals. at 60°; 17-12 Cals. at 60° ; 17-70 Cals. at 80°. L. B. Parsons found that
the reaction between hydrogen sulphide and iodine is complete in absence of water
and incomplete in presence of water, the equilibrium point reached depending on the
water content of the solvent. In anhydrous ether, the reaction proceeds according
to the equation : Hy8-+I,=2HI4S; and in the presence of water, a series of
consecutive reactions occurs; these may be summed into a single equation :
Hy84-3H;04-3I,=Hy803+6HI. The changes in the course of the reaction in
the presence of atmospheric oxygen are ascribed to the formation of ethyl peroxide
which oxidizes hydriodic acid to iodine and water, but does not oxidize hydrogen
sulphide. H. Heinrichs studied the reaction between iodine and hydrogen sulphide ;
and R. W. E. Maclvor, that between iodine trichloride and hydrogen sulphide.
W. H. McLauchlan found that one vol. of 0-5N-hydrochloric acid at 25° dissolves
2:54 vols. of hydrogen sulphide. J. Kendall and J. C. Andrews gave for the solu-
bility of hydrogen sulphide—S mols of Hy8 per litre, or 8 vols. of HyS reduced to
0° and 760 mm. per vol. of soln. under a press. of hydrogen sulphide of 760 mm.—
in hydrochloric acid of normality N :

HCI . ON. 0-1348N. 0-6308N. 1-848N. 2-498N- 3-308N- 4-410N- 4-874N.
B . 2-266 2-253 2-250 2-272 2-291 2:301 2-384 2-413
S . 01023 0-1018 0-1016  0-1026 0-103¢  0-1039 0-1076  0-1090

G. Baume and N. Georgitses measured the f.p. of the system : liquid hydrogen
chloride and liquid hydrogen sulphide, and the results are indicated in Fig. 36.
The curve is characteristic of that for solid soln., with a minimum at —117-5°,
K. Jellinek and co-workers studied the heterogeneous equilibria with hydrogen



134 INORGANIC AND THEORETICAL CHEMISTRY

sulphide and metal chlorides—silver, cadmium, and manganese. L. S. Bagster
obtained a curve analogous with that of hydrogen chloride, Fig. 36, for liquid
hydrogen bromide and hydrogen sulphide, Fig. 36, with a minimum at —88° with
485 molar per cent. of hydrogen bromide; and also for hydrogen iodide and
hydrogen sulphide, Fig. 36, with a minimum at about —90-8° with 284 molar per
cent. of hydrogen iodide. Expressing concentrations in mols per litre, F. Pollitzer
found the solubility of hydrogen sulphide in soln. of hydriodie acid at 25° and
760 mm., to be:

HI . 0 1-01 1-93 2-64 4-38 5-0056 5-695 6-935 (9:21)
H,S . 01004 0-111 1-125 0-138  0-163 0-165  0-181 0-197 (0-267)

A. J. Balard found that hydrogen sulphide inflames in contact with chlorine
monoxide. G. Lunge and G. Billitz observed that an aq. soln. of hydrogen sulphide
is oxidized by hypochlorous acid to water, sulphuric acid,

” hydrochloric acid, and chlorine. T. L. Phipson said that if

-Molh__ a stream of hydrogen sulphide be directed on to a piece of

s calcium hypochlorite, heat is generated, and the hydrogen

- 80°V4- and a large part of the sulphur burn at the cost of the

i 3 oxygen of the hypochlorite, and chlorine is set free. W. Feit

- 100 N NA and C. Kubierschky found that & soln. of hydrogen sulphide

/I is oxidized by iodie acid, forming water, sulphur, and iodine ;

-120° [ | bromic acid forms water, sulphur, and bromine; alkali

& L] iodates yield water, sulphur, sulphuric acid, and iodine ; and

-4 N I G. Lunge and G. Billitz found that alkali bromates yield
iy ”o:'f water, sulphur, sulphuric acid, and bromine.

020 % 60 80 100 According to J. Dalton,23 one vol. of sulphur dioxide
Molar percent- S  reacts with 2 vols. of hydrogen sulphide, at ordinary temp.,
Fie. 36.—Freezing- forming water, and sulphur—along with some pentathionic
E(i):;t C‘“‘ées :g:fl}s’ acid. T. Thomson regarded the mixture as a sulphite of
contal:is;ing ffydm, hydrogen sulphide. M. Cluzel, and W. Schmid found that
gen Sulphide. the dried gases do not react, but they do so immediately
a trace of water is introduced into the system. From their

study of the reverse reaction, G. N. Lewis and M. Randall calculated for the reaction
at constant press., 2HyS-+80,==38y4 +2Ho0+@Q cals., K,=p2g,0p'>/p2m,sp o,
=649 ; and Q=25,719 cals. H. A. Taylor and W. A. Wesley measured the velocity
of the reaction between sulphur dioxide and hydrogen sulphide, and found that
the velocity of the reaction is proportional to the surface area of the reacting
chamber, and the velocity V¥ can be represented by

~60° V=KS2x,s8s0,, Where S denotes the fraction of
B e ) the surface covered by the mols. of the respective
| ’§, /| gases. Since s=kpl/® for each gas, V:k’pé"ép;ém,

M 2

-0 R when n=%, and m=1. The velocity at a co“‘ns’oan’c
. temp. varies directly as the partial press. of the
~/20 sulphur dioxide, and as the partial press. of the
o hydrogen sulphide raised to the 1-5th power.

0 2 75 25 s so The glass surface hence acts as a contact catalyst ;
Motar per cent: HyS and it is assumed that each of the reacting gases is

. . activated by adsorption on the surface of the
FIG(')&Z;;‘SF rief;n.g'ls’oomtlf‘érve glass, and the reaction then follows between the
ystem s Bl S activated molecules. G. N. Quam said that dry

sulphur dioxide reacts vigorously with liquid

hydrogen sulphide. W. Biltz and M. Bréutigam represented the f.p. of the
binary system: HyS8-80, by Fig. 37. W. R. Lang and C. M. Carson repre-
sented the first reaction with the gases in 2H,8-+80,=38+2H,0; and observed
that with the liquids there is a slow formation of sulphur; and H. B. Baker
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found that liquid alcohol, and liquid sulphur dioxide can liberate sulphur
from the dried mixed gases, whereas carbon tetrachloride is inmert. Accord-
ing to D. Klein, immediate action is produced by water, ethyl alcohol, zsobutyl
alcohol, isoamyl alcohol, acetone, propyl acetate, benzaldehyde, and carvone. A
slower decomposition occurs with methyl ethyl ketone, acetonitrile, propionitrile,
valeronitrile, phenylacetonitrile, methyl benzoate, ¢sobutyl acetate, and ethyl
ether. On the other hand, carbon disulphide, acetyl chloride, benzoyl chloride,
ethyl chloride, and carbon tetrachloride are quite inert. There appears to be no
connection between the dielectric capacity or association factor of a liquid and its
activity as a catalyst in this reaction. Many of the active liquids are known to
form compounds with hydrogen sulphide, notably the nitriles, the aldehydes, and
carvone. E.Matthews also found that in order to bring about the decomposition
of a mixture of sulphur dioxide and hydrogen sulphide in either the gaseous or the
liquid state, the addition of a third substance in the liquid phase is necessary.
There is no rigid relationship between the values of the dielectric constants of
substances and their chemical activity as measured by their ability to bring about
the interaction of hydrogen sulphide and sulphur dioxide. Hydrogen sulphide
and sulphur dioxide when in liquid state do not react vigorously. The activity
of a substance in causing decomposition is dependent on the solubility of the two
gases in the substance when liquid, or on the solubility of the solids in the liquid
mixture of the two gases. E. Mulder showed that above 400°, both gases can exist
besides one another in the presence of steam: 2Ho8-+80,=38vapour+2HoOgas—
vide supra, the preparation and formation of sulphur. The interaction of hydrogen
sulphide and sulphurous acid was also discussed by H. W. F. Wackenroder, H. Debus,
W. R. Lang and C. M. Carson, etc., in connection with the polythionic acids—uvide
supra—H. Debus supposed that the first reaction results in the formation of tetra-
thionic acid, and that the other thionic acids are formed by secondary reactions.
I. Guareschi arranged the experiment to give the sulphur in the form of vortex
rings. A. Geuther observed that hydrogen sulphide is immediately decomposed
by conc. sulphuric acid, forming water, sulphur dioxide, and sulphur which dis-
solves in the acid, forming a blue liquid. J. W. Débereiner obtained a similar result
with furnishing sulphuric acid ; and A. Vogel, with rectified sulphuric acid, and
slowly with a 1 : 4-mixture of sulphuric acid when impurities—like sulphurous and
arsenious acids—are present. W. H. McLauchlan said that one vol. of 0-56N-H,80,
dissolves 2-36 vols. of the gas at 25°. H. Prinz found that hydrogen sulphide does
not react in the cold with thionyl ¢hloride, but at 60°, hydrogen chloride, sulphur
dioxide, and sulphur are formed. A. Besson said that the reaction occurs at
ordinary temp. with the dried gases: 280Cly+2H,8=4HCl+480.+38; and, at
higher temp., the main reaction is: 280Cl,+HyS=8,Cly-80,+2HCl; while
with dried sulphuryl chloride and hydrogen sulphide at ordinary temp., the reac-
tions are : SOzClz+Hgs=2H01+802+S; and 802012+2H2822H20+82012+S.
H. Prinz found that hydrogen sulphide reacts in the cold with chlorosulphonic
acid with the separation of sulphur and the evolution of hydrogen chloride—when
the mixture is distilled, sulphur monochloride and sulphur trioxide collect in the
receiver. According to W. Feit and C. Kubierschky, A. Gutbier and J. Lohmann,
with selenium dioxide, water and selenium sulphide are formed.

F. E. C. Scheffer 24 has studied the binary system, ammonia and hydrogen
sulphide ; when the components are in molar proportions, the maximum sublimation
point is 88-4° at 19 atm. press. ; and the minimum m.p. is at 116°-117°, and 150
atm. The action on aq. ammonia, where the aq. soln. of hydrogen sulphide acts
as an acid, has been previously discussed—R&. 20, 42. According to F. Ephraim
and H. Piotrowsky, hydrogen sulphide readily dissolves in hydrazine hydrate, but
no golid is obtained. With anhydrous hydrazine, however, a crystalline compound
is obtained in the form of long needles. More hydrogen sulphide is absorbed than
corresponds with the formula 2N, H,,H, S, but not enough for the formula NoH,,H,S.
It is probable that the latter compound is formed, and by surrounding part of the
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hydrazine prevents further ahsorption of hydrogen sulphide. The compound
readily loses hydrogen sulphide on exposure to the atmosphere, becoming liquid on
account of the liberation of hydrazine. Its vapour tension was found to be 760 mm.
at about 35°. According to C. Leconte, a mixture of dry hydrogen sulphide and
dry nitrie oxide does not react, but S. Cooke found that a mixture of the two gases
explodes on the passage of an electric spark. The reaction was studied by
J. A. Pierce. Fuming nitrie aeid vigorously attacks hydrogen sulphide, and, as
shown by F. Kessel, A. W. Hofmann, and P. T. Austen, hydrogen sulphide burns
with a yellow flame in the vapour of nitric acid, forming white fumes thought to
be nitrogylsulphonic acid. A. Vogel, and N. A. E. Millon said that hydrogen sulphide
has no action on nitric acid freed from nitrogen picroxide ; and R. Kemper found
that purified nitric acid of sp. gr. 1-8 does not act on hydrogen sulphide, but if the
smallest trace of nitrogen peroxide is present—as is the case with nitric acid which
has stood exposed to air—the sulphide is completely decomposed. J. W. F. John-
ston, and C. Leconte observed that hydrogen sulphide reduces dil. nitric acid forming
sulphur, sulphuric acid, ammonium sulphate, and nitric oxide. H. B. Dunnicliff
and 8. Mohammad added that 5 per cent. nitric acid is not attacked by hydrogen
sulphide even in the presence of nitrous fumes. Soln. of higher conc., say 43 per
cent. nitric acid, are attacked after a more or less long interval of time. This
induction period is removed if nitrous fumes are introduced or slight decomposition
of nitric acid is induced by insolation. The addition of sulphuric acid increases
the induction period. A 43 per cent. soln. of nitric acid was used. The products
of reaction are sulphuric acid, nitrous acid, ammonia, sulphur, nitric oxide, nitrous
oxide, and nitrogen. A possible explanation of the evolution of nitrogen in the
later stages is that ammonia is formed and immediately decomposed. If this is
80, ammonia is not formed in the early stages of the reaction in any quantity though
there is evidence to show that it might be formed later. Apparently the presence
of sulphuric acid exerts considerable influence on the formation of nitrogen. There
are, however, explanations for the existence of nitrogen other than through the
agency of ammonia as an intermediate compound, and it is probable that any
ammonia formed is the result of side reactions or minor secondary reactions. There
is a concentration of ammonium salt below which there is no interaction with
nitrous acid. The presence of sulphuric acid affects the progress and ultimate
products of the reaction. If to the nitric acid, sulphuric acid is added before
passing hydrogen sulphide, the reaction stops when the concentration of the nitric
acid has fallen to 23 per cent. and the total sulphuric acid cone. is 15 per cent.
These are roughly equivalent quantities, but isotonic soln. at lower conc. do not
exhibit this stoppage in the progress of the reduction. It is probable that the
nitric acid and sulphuric acid enter into a chemical combination which is inert to .
the action of hydrogen sulphide, but which at lower conec. become decomposed or
dissociated and attackable by hydrogen sulphide. It is possible that the condition
of stasis which occurs when the conc. of the nitric acid has fallen to 23 per cent.,
and that the ‘cone. of the sulphuric acid has reached 15 per cent., may possibly be
due to the combination of these two acids in soln. at these specified percentages
which correspond very roughly with eq. quantities of the two acids, the nitric acid
being slightly in excess. Salts of nitrato-sulphuric acid, HNOg, HySO4 or (HO),
=NO0.080,.0H, ¢.g. KNO3, KH80, or HNO;,K,80, and NH,NO;, corresponding
with the constitution (NH,0).N(OH).0.80,.(ONH,), have been obtained. It may
be assumed that a compound 2HNO;.H,80,, or (HO);=N0.0.80,,0.NO=(0H),,
may be formed in soln., and that this compound does not react with hydrogen
sulphide. According to G. Lunge and G. Billitz, nitric acid and some nitrates
form with the aq. soln. of hydrogen sulphide, sulphur, sulphuric acid, nitric oxide,
and ammonia ; agua regia forms sulphuric acid; and, according to M. Gérlich
and M. Wichmann, nitrites react with the aq. soln: KNQ,4-3H,8=KOH--38
+NH;3-+H,0, and if an excess of hydrogen sulphide be present, a hyposulphide is
formed. L. 8. Bagster found that the products of the reaction of a soln. of nifrous
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acid with hydrogen sulphide vary with relative conc. With appreciable cone. of
nitrous acid, the reduction products are chiefly nitric and nitrous oxides; with
small cone. of nitrous acid, they are ammonia and hydroxylamine, the proportions
of which vary according to the conc. of sulphide ion in soln. Nitric and nitrous
oxides are regarded as products of hyponitrous acid formed primarily. The pro-
portion of sulphur trioxide to free sulphur is small even with fairly conc. nitrous
acid soln. unless the hydrogen sulphide conc. is small. Hydrogen sulphide reacts
slowly with ammonium nitrite, converting it into ammonia. The rate of reaction
is diminished by the addition of ammonium sulphide and increased by addition of
polysulphide. It is suggested that the polysulphide ion is more acidic than the
sulphide ion and would thus furnish a greater conc. of reducing ions in soln.

A. Colson found that although dry silver phosphate and pyrophosphate
are not attacked by dry hydrogen sulphide at 0°, the action becomes distinct
at 15° to 20°, and rapid at 100°. Dry zine phosphate is not appreciably attacked
between 5° and 9°, but the action becomes marked at 100°, and rapid at 160°.
Experiments at 100° show that the mass of hydrogen sulphide decomposed by
zinc phosphate in unit time and at a constant temp. is proportional to the square
of the press. Dry cupric phosphate and orthophosphate, on the other hand,
absorb hydrogen sulphide slowly but continuously at 0°.  The rate of the reaction
is greatly reduced if the press. is lowered, but is accelerated by a rise of temp.
The decomposition of silver phosphate or pyrophosphate by hydrogen sulphide
develops more heat than the decomposition of the corresponding cupric salts,
and hence there seems to be no connection between the heat of decomposition
and the temp. at which the reaction will take place. When dry hydrogen
sulphide is brought in contact with silver phosphate, the gas is at first absorbed
somewhat rapidly, then more slowly, and finally a condition of equilibrium is
reached in about 3 days, the pressure of the residual gas being 125 mm. at 12°;
the equilibrium is not appreciably affected by increasing the press. of the gas, but
is at once disturbed by a rise of temp. At 109°, the reaction rapidly becomes
complete. Similar phenomena were observed with silver pyrophosphate; the
higher the temp., the greater the amount of change before equilibrium is established,
and the lower the press. of the residual gas. The reaction between a chloride and
a non-volatile acid is endothermic, and that between metallic salts and hydrogen
sulphide is exothermic, but in both cases a rise of temp. promotes the reaction and
a fall of temp. retards it. G. 8. Sérullas observed that hydrogen sulphide reacts
with phosphorus trichloride, forming hydrogen chloride and phosphorus trisulphide ;
while E. Baudrimont represented the reaction with phosphorus pentabromide :
HyS-+PBr;=P8Brg--2HBr; and similarly with the reaction with phosphorus
pentachloride. A. Besson found that phosphoryl chloride reacts with dry hydrogen
sulphide at 0°, forming solid Py0,8;; and at 100°, liquid Py0,8Cl,. J. Myers
represented the reaction with arsine : 3HyS+42AsHg—As,8;+6H,. In air at
ordinary temp., the arsine is first oxidized and the product is then converted to
trisulphide ; at 230°, in the absence of air, arsenic and arsenic sulphide are formed.
0. Brunn found that with stibine hydrogen sulphide reacts in the absence of air
and in darkness, forming antimony trisulphide ; the reaction proceeds more quickly
in light. Quinquevalent vanadium salt soln. are reduced to the quadrivalent
state by hydrogen sulphide—wide vanadic acid.

H. Kéhler 25 found that if a mixture of hydrogen sulphide and carbon dioxide
be sent through a red-hot tube, the reaction can be symbolized : COy--Ho8=8--CO
+H,0, with the possible formation of carbonyl sulphide, discussed by R. Meyer
and 8. Schuster. A. Gautier represented the reaction: 8C0,-+9H,S=3C08
+5C0+H,+8H,0+4-68 ; and said that carbonyl sulphide has been noted
by several observers in vlocanic gases, and in sulphuretted waters in volcanic
neighbourhoods. The condensation of acetylene and hydrogen sulphide to form
thiophen was studied by A. E. Tschitschibabin, W. Steinkopf and J. Herold,
W. Steinkopf and G. Kirchhoff, V. Meyer and T. S8andmeyer, P. Sabatier and
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A. Mailhe, and M. G. Tomkinson. The liquefaction of mixtures of sulphur dioxide
and ethane was studied by W. Mund and P. Herrent; and the propagation of
flame in mixtures of hydrogen sulphide with methane and with carbon disulphide
by A. G. White. Hydrogen sulphide is soluble in carbon disulphide. W. Biltz
and M. Brautigam represented the f.p. of mixtures of carbon disulphide and hydrogen
sulphide by the curve, Fig. 38. The thiohydrated carbon disulphide, CS,.HsS, may
be a thiocarbonic acid, H,CSg; and the compound hexathiohydrated carbon
disulphide, CS,.6H,8, corresponds with CO,.6H,0. The f.p. curve of mixtures of
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carbon tetrachloride and hydrogen sulphide is shown in Fig. 39. Hydrogen sul-
phide is soluble in ethyl aleohol ; N. T. de Saussure found that 100 vols. of alcohol
of sp. gr. 0-84 absorb 600 vols. of the gas; while L. Carius found that one vol. of
alcohol at §° and 760 mm. press. absorbs the following amounts of gas reduced to
0° and 760 mm.
o 5° 10° 15° 20° 24°
HS . . 17891 14-776 11-992 9-539 7-415 5-955 vols.

or one vol. of alcohol absorbs §=17-891 —0-655980--0-0066162 vols. of hydrogen
sulphide. W. H. McLauchlan also obtained values for the solubility of the gas in
alcohol. G. Baume and F. L. Perrot measured the f.p. of mixtures of hydrogen
sulphide and methyl aleohol, Fig. 36. There is a eutectic at —132-9°. A. M. Wasi-
lieff made some observations on this subject. Hydrogen sulphide was found by
W. Higgins to be soluble in ether ; and G. Baume and F. L. Perrot measured the
f.p. of mixtures of methyl ether and hydrogen sulphide, Fig. 36, and obtained
eutectics at —153-7° and —137-6° with a maximum at —148:6° corresponding
with (CHg),0.H,S. A. M. Wasilief made some observations on this subject.
For the solubility in vols. of hydrogen sulphide dissolved by one vol. of a soln.
containing the following number of mols of acetic acid, CH;COOH, in 100 mols of
water at 25°, W. H. McLauchlan gave :

o] 885 210 535 67:8 98-58
H,S . . 261 2-56 2-61 3-16 3-65 9-94 vols.

and for the solubility in one vol. of N-tartarie aeid, he gave 2-46 vols. of gas, and
in 3N-C,H;0,, 2-24 vols.; one vol. of a soln. of 60-1 grms. of urea per litre, dis-
solved 2-66 vols. of gas; and one vol. of a normal soln. of ammonium acetate,
2:84 vols. of gas. R. F. Marchand found that hydrogen sulphide is soluble in
methyl acetate. A. W. Ralston and J. A. Wilkinson studied the thiohydrolysis
of the thioacetic ethers in liquid hydrogen sulphide; and R. E. Meints and
J. A. Wilkingon, the thiohydrolysis of furfuraldehyde. P. H. Lepage showed
that glycerol dissolves less hydrogen sulphide than water ; and W. H. McLauchlan
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found that one vol. of pure glycerol dissolves 2:26 vols. of the gas. Hydrogen
gulphide is insoluble in caoutchouec. D. L. Hafnmick and W. E. Holt studied
ternary systems of sulphur with quinoline, pyridine, and p-xylene. M. Berthe-
lot 26 found that hydrogen sulphide completely displaces hydrogen cyanide
from soln. of the alkali eyanides, and in dil. aq. soln., (H,8,2KCy)=4-7 Cals. ;
(Nay8,2HCy)=3-2 Cals.; (NaoS,HCy)=3:1 Cals.; (NaHS,HCy)=0 Cals.; and
(NayS,KCy)=0 Cals. If hydrogen sulphide be added to a soln. of silver cyanide
in an excess of potassium cyanide, a brown coloration is produced and subse-
quently a precipitate, but the filtrate contains a silver salt, hydrogen cyanide,
and hydrogen sulphide. In the presence of a slight excess of potassium cyanide,
the action of the hydrogen sulphide is complete; a considerable excess of
the cyanide is necessary to keep the silver in soln. Sodium sulphide behaves
like hydrogen sulphide. In the soln. there is a complex condition of equilibrium
between hydrogen sulphide, hydrogen cyanide, and silver potassium cyanide,
dependent on the relative stability of hydrogen silver cyanide and silver potassium
cyanide, which is increased by the presence of excess of potassium cyanide, but
reduced by an increase in temp. or the addition of acetic acid. The decomposition
of gilver potassium cyanide by hydrogen sulphide produces no thermal disturbance,
and the occurrence of the reaction is determined by the removal of the silver
sulphide from the sphere of action. In the presence of excess of potassium cyanide,
which produces a development of heat over and above that corresponding with the
formation of silver potassium cyanide, there is no precipitation. If the pure double
cyanide is mixed with a quantity of hydrogen sulphide insufficient for complete
precipitation, an intermediate condition is produced, and there is development of
heat. The action of potassium cyanide soln. on freshly precipitated silver sulphide
also causes considerable development of heat. The condition of equilibrium corre-
sponds with the proportion 2AgK(CN),--K,8+492KCN, a double cyanide and
sulphide being formed with development of heat. With mercuric potassium
cyanide, the precipitation is complete; and with zinc potassium cyanide, the
precipitation is slow, and if potassium cyanide is in sufficient excess there is no
precipitation. E. Baumann studied the action of hydrogen sulphide on aldehydes,
and cyanic acid; E. F. Smith and H. F. Keller, on the metallamines ; and
W. Schneider the action of the gas on sugars—dextrose furnishes thioderivatives ;
the hexoses—d-galactose, d-mannose, and d-fructose—act more rapidly than
dextrose ; the action with /-rhamnose and I-arabinose is similar; lactose and
maltose react slowly; and a-methylglucoside and mannitol do not give thio-
derivatives. W. A. Plotnikoff obtained compounds with aluminium bromide and
ethyl bromide, ethylene bromide, and bromoform. J. U. Nef studied the action
of hydrogen sulphide on silver fulminate ; and L. Cambi, on mercury fulminate.
E. Schmidt showed that many of the alkaloids-—e.g. strychnine, brucine, veratrine,
nicotine, conine, cinchonine, etc.-—react with hydrogen sulphide to form crystalline
additive compounds.

U. Antony and G. Magri 27 reported that liquid hydrogen sulphide is a good
solvent with small ionizing power, and D. MeIntosh and co-workers observed that
it dissolves metal salts sparingly; it dissolves hydrogen chloride and bromide
without forming conducting soln.; but a number of organic compounds form con-
ducting soln.—e.g. amines, acid amides, alkaloids, ketones, ether, methyl alcohol,
phenols, organic acids, and ethers. . Hydrogen sulphide is employed as a redueing
agent—e.g. in converting ferric to ferrous salts, etc.—and L. Cohn 28 has discussed
its use as a reducing agent in organic syntheses.

P. Sabatier 29 found that when horon is heated in hydrogen sulphide, boron
sulphide is produced; while silicon furnishes silicon sulphide. The f.p. of the
gystem boron triftuoride and hydrogen sulphide has two eutectics—one at —147-5°,
and the other af, 137-5°, Fig. 36. The maximum at —137° corresponds with boron
trifiuodihydrosulphide, BF;.H,S; and there is a transition point at —99° corre-
sponding with boron triftuotetradecahydroheptasulphide, BF;.7TH,S. M. Blix



140 INORGANIC AND THEORETICAL CHEMISTRY

ound that only in the presence of aluminium chloride does boiling silicon tetra-
bromide react with hydrogen sulphide, forming silicon dibromosilicide. ~Many
natural silicates were found by P. Didier to be attacked by hydrogen sulphide at
1400°. There is a change of colour, and the silicates become more soluble in acids,
part of the metallic constituents having been converted into sulphides. The
quantity which becomes soluble varies with the nature of the mineral from about
7 per cent. with peridote to 45 per cent. with powdered commercial cerite. In
most cases a small quantity of sulphuric acid is formed, and condenses in the cool
part of the tube. The silica displaced by the hydrogen sulphide remains in the
free state, usually non-crystalline, or in some cases forms more acidic silicates.
Occasionally an annular deposit forms in the cool part of the tube, consisting either
of silicon or a silico-formic compound.

J. L. Gay Lussac and L. J. Thénard 80 found that when hydrogen sulphide
is heated in the presence of potassium or sodium, the alkali hydrosulphide is formed :
2K +2H,8=2KSH-H, ; hence, 2 vols. of hydrogen sulphide furnish one vol.
of hydrogen; with tin, stannous sulphide is formed and the hydrogen sulphide
furnishes its own vol. of hydrogen. V. Merz and W. Weith found that the dried
gas does not act on copper or silver unless air be present. If a mixture of air
and hydrogen sulphide be passed over powdered copper, the mixture is sometimes
heated to redness by the heat developed during the reaction: 4Cu-+2Hy8-0,
=2H,0+-2Cu,8 ; with oxygen in place of air, the mixture is always heated to
redness, and the cuprous sulphide is sintered together. J. B. Fournier and F. Lang
observed no apparent alteration of copper after immersion for eleven years in liquid
hydrogen sulphide at ordinary temp., or for 15 days at temp. up to 60°. According to
M. Berthelot, the decomposition by copper begins at 500°, and by silver and mercury
at 500° ; mercury is not affected in the cold. According to M. Berthelot, when a
mixture of hydrogen sulphide and oxygen is left in contact with mercury, the
surface of the latter is slowly converted into sulphide, but the reaction does not
continue unless the surface of the mercury is constantly renewed. The complete
reaction would develop +74:8 Cals. H. St. C. Deville and L. Troost, and R. Lorenz
studied the reaction with silver ; and R. Lorenz, the action of the gas on nickel,
zine, and cadmium ; and S. Meunier, on an iron-chromium alloy. G. Tammann
and W. Koster studied the rate of attack of hydrogen sulphide on the metals.
The action is rapid with copper and manganese ; slower with silver; and slower
still with lead. No change was observed with zinc, cadmium, tin, aluminium,
antimony, bismuth, chromium, iron, cobalt, and nickel after several days’ contact
with the gas. J. B. Fournier and F. Lang found that aluminium and iron behaved
likecoppertowardsliquid hydrogensulphide. Thespecific actionof hydrogen sulphide
is discussed in connection with the individual metals ; a similar remark applies to
the metal oxides, and the metal salts. The relative affinity of the metals for sulphur
has been discussed in connection with elemental sulphur.3! According to I. Guare-
schi, hydrogen sulphide is readily absorbed by soda-lime, which becomes black,
possibly owing to the presence of impurities and the formation of iron sulphide.
This reaction is attended with the development of a very considerable amount
of heat, and when the current of gas is mixed with air the soda-lime becomes
incandescent, whilst replacement of the air by oxygen results in a violent explosion.
This incandescence is observed only with freshly prepared soda-lime, which should
consist of granules 1 to 3 mm. in diameter. 100 grms. of soda-lime absorb
as much as 35 litres of hydrogen sulphide. The incandescence observed when a
mixture of air and hydrogen sulphide is passed over soda-lime also occurs when the
latter is replaced by a mixture of lime or, more especially, barium oxide with
sodium or potassium hydroxide, even when the latter is present in relatively small
proportion ; potassium hydroxide is more effective than sodium hydroxide. A
negative result is obtained when the lime or baryta is replaced by beryllium oxide.
The incandescence cannot be attributed to the presence or formation of peroxides ;
the alkali peroxides (not of recent preparation) act almost like hydroxides, and
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barium, magnesium, and lead dioxides have noaction. Mixturesof calciumor barium
oxide with mercuric oxide or nickel oxide also react vigorously with hydrogen
sulphide and, when the constituent oxides are in definite proportions, vivid in-
candescence or even explosion takes place. When incandescence occurs with
mercuric oxide, sulphur dioxide is formed, and this reacts with the hydrogen sulphide,
giving colloidal sulphur, which is precipitated by water in a special, blue form.
No incandescence is observed when hydrogen sulphide acts on pumice and mercuric
oxide, or on a mixture of calcium or barium oxide with ¢uprous or cupric¢ oxide,
lead oxide, or ferric oxide. H. B. Dunnicliff and 8. D. Nijhawan found that when
hydrogen sulphide is passed into a neutral soln. of potassium permanganate, the
products are colloidal manganese dioxide, sulphur, and potassium sulphate and
thiosulphate : 10KMnO,-}22H,8=3K,80,+2K8,05-+10MnS4-22H,0--58. The
colloid afterwards coagulates. An excess of hydrogen sulphide furnishes man-
ganese sulphide; and at the same time the dithionate passes into sulphate, and
sulphur separates partly in a colloidal form. The property possessed by the iron
hydroxides of removing hydrogen sulpbide from coal-gas has been utilized for
many years. The subject has been discussed by W. A. Dunkley and R. D. Leitch,
and T. G. Pearson and P. L. Robinson—wide iron sulphide. H. B. Dunnicliff and
C. L. Soni studied the action of hydrogen sulphide on ehromates—q.v.—2H,CrO,

G. N. Quam studied many reactions with liquid hydrogen sulphide as solvent.
Salts with hydrogen sulphide of crystallization, or sulphohydrate, were prepared
by W. Biltz and E. Keunecke32—e.g. BeBry.2H,S; Bel;, 2HoS; AlCL.H,S;
AlBrs. HyS (studied by 8. Jakubsohn); Allg2H,S; All;.4H,S; TiCl H,yS;
TiCl4.2st; TiBI‘4.H28', TiBI‘4.2st; SnCl4.2H23; and Sn014.4:st. E. Baud
also prepared AlCl;.H,S, with aluminium chloride and liquid hydrogen sulphide at
—T0°; and at —45°, 2AICl3.H,S appears. W. A. Plotnikoff prepared AlBrs.H,S.
H. R. Chapman and D. McIntosh found that iodine, trisgsobutylamine, tripropyl-
amine, and antimony trichloride form conductive soln. with liquid hydrogen sulphide.
R. W. Borgeson and J. A. Wilkinson, R. E. Meints and J. A. Wilkinson, and
A. W. Ralston and J. A. Wilkinson studied reactions with organic compounds in
the liquified gas.

According to R. E. Hughes,38 hydrogen sulphide, when thoroughly dried, acts
as an acid anhydride, since it does not react with many thoroughly dried metal
oxides and salts. An aq. soln. of the gas acts as a weak dibasic acid-—hydro-
sulphuric acid-—forming a series of sulphides of the type RyS, which may be regarded
as normal sulphides. If only one of the hydrogen atoms is displaced by a metal,
hydrosulphides of the type R.SH are formed. R.de Forcrand compared the chemical
function of water, H,0, with that of hydrogen sulphide, HoS ; in other words: Are the
two compounds constituted alike ¢ From the equations HyOggin, +Nagotn.=Hgas
+NaOHy;, 4-31-19 Cals. ; and NaOHyg, +Nagor, =Hgas+NagOggin, —11:685 Cals.,
it follows that the quantities of heat developed during the successive replace-
ment by sodium of the hydrogen atoms in the water molecule differ by 42-875 Cals.,
which 1s an abnormally large difference. The corresponding heat changes for the
action of sodium on hydrogen sulphide are 44-45 and 31-80 Cals., giving a difference
of 12:65 Cals., and a mean value of 38-12 Cals. When the hydrogen atoms of the
hydroxyl groups of catechol are successively replaced by sodium, the amounts of
heat developed are 4361 and 33-08 Cals. respectively, the difference being 38:42
Cals. From these numbers, R. de Forcrand concluded that hydrogen sulphide,
considered thermally, is a true diphenol with the formula H—S—H, but that water
is not a symmetrical compound and must be represented by the formula H—OH.
J. Thomsen also concluded from his thermochemical observations that in a wet way
only one hydrogen atom is replaceable by a metal, so that the constitution is H(SH),
and that the acid in aq. soln. is monobasic, consequently, R(SH) represents a
neutral salt. The sulphide K,8 is congidered to be a molecular mixture of H(SK)
and H(OK) ; and Ca8, as a basic sulphide or oxysulphide, (HS)Ca(OH). H. Kolbe
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said that this hypothesis is supported by the fact that water decomposes normal
barium sulphide, BaS, into the hydrosulphide and hydroxide; but not so with
sodium sulphide, NaoS. A soln. of sodium sulphide, Na,8.9H,0, when boiled
with potassium ethyl sulphate, should yield mercaptan without any admixture of
ethyl sulphide, if the action of water effected its complete decomposition into sodium
hydrate and sodium hydrosulphide or sulphydrate. H. Kolbe found, however, that
ethyl sulphide is the principal product of the reaction, being accompanied by more or
less mercaptan, according to the cone. of the soln. employed ; the more dil. the soln.
the larger being the proportion of mercaptan. He therefore inferred that the
metallic sulphides are only partially decomposed into hydroxides and hydrosulphides
by soln., the extent of the decomposition depending on the proportion of water
present. Observations on the electrical conductivity of the soln. also favour the
hypothesis that hydrogen sulphide in aq. soln. is a dibasic acid whose two hydrogen
can be displaced one by one, forming the respective ions HS’ and 8. K. Jellinek
and J. Czerwinsky inferred from the great difference in the jonization constants and
the heat of ionization of hydrogen sulphide that the molecule must possess an
asymmetric structure. The sulphides and hydrosulphides are discussed in con-
nection with the respective metals. E. Pietsch and co-workers studied the action
of hydrogen sulphide on crystdls of copper sulphate.

Some reactions of analytical interest.—Dil. sulphuric acid decomposes all soluble
and some insoluble sulphides with the evolution of hydrogen sulphide; while the
cone. acid decomposes all the sulphides when warmed, forming sulphur and sulphur
dioxide: NayS-+2H,80,=Na,80,--2H,0--80,--8; the sulphur itself mayalso form
sulphur dioxide under these conditions: S-42H,80,=2H,0-4-3580,. A black
precipitate of silver sulphide is produced by silver nifrate ; the precipitate is
insoluble in cold nitric acid, but soluble in the warm acid ; lead salts give a black
precipitate of lead sulphide; paper saturated with a soln. of lead acetate is a
common form of applying the test for the gas. A soln. of barium chloride gives
no precipitate. According to E. Tiede and F. Fischer,3¢ if a soln. of mercuric
chloride be added drop by drop to a conc. hydrochloric acid soln. containing
a little hydrogen sulphide, a lemon-yellow turbidity or precipitate is formed. The
reaction is said to be very sensitive. A reddish-violet colour is produced when a
goluble sulphide—not hydrosulphide—is treated with sodium nitroprusside. Hence
a soln. of hydrogen sulphide does not give the reaction except when treated with
alkali-lye. A number of other tests based on the reducing action of the gas could
be devised. Thus, according to D. Ganassini, & soln. of 1-25 grms. of ammonium
molybdate in 50 c.c. of water is mixed with a soln. of 2-5 grms. of potassium thio-
cyanate in 45 c.c. of water, and to the mixture are added 5 c.c. of hydrochloric acid.
The reagent will keep for a few days when placed in the dark. A strip of filter-
paper or a porcelain slab moistened with the reagent when exposed to vapours
containing hydrogen sulphide will turn red. In the so-called methylene-blue test
of N. Caro and E. Fischer, the aq. soln. of hydrogen sulphide is treated with one-
fiftieth vol. of cone. hydrochloric acid, a few grains of paramidodimethylaniline
gulphate are added, and when this is dissolved, 1 to 2 drops of a dil. soln. of ferric
chloride. Inthe case of a soln. containing 0-00009 grm. hydrogen sulphide in a litre
of water, coloration took place in a few minutes, and in half an hour the liquid had
assumed a strong blue colour, which lasted for days. A soln. of the same conc.,
but without hydrochloric acid, yielded only a light brown coloration with lead
acetate. In a soln. containing 0-0000182 grm. of hydrogen sulphide in a litre of
water, the methylene-blue reaction still gave a distinct blue coloration, whilst no
effect was produced either by lead acetate or sodium nitroprusside. This reaction
is therefore recommended as the most delicate and certain test for neutral or acid
soln, of hydrogen sulphide. Numerous oxidizing agents—the halogens, nitric
acid, chromates, permanganates, ferric salts, etc.—decompose hydrogen sulphide
with the separation of sulphur. Silver is blackened by free hydrogen sulphide,
or by soluble sulphides. The blackening occurs only if air or oxygen be
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present : 2Ag+H,8+4-O(air)==H,0-}Ag,S ; or 2Ag+Na,8+H,;0-+0(air)=2NaOH
—i—AggS.

Hydrogen sulphide is & valuable reagent. In 1831, J. von Liebig,35 in a Note sur
la séparation de quelques oxides métalliques dans Uanalyse chimigque, showed that its
reactions with the different metal salts enable the metals to be separated into groups
as a preliminary to more detailed examination. Thus—

I. Sulphides insoluble in dil. acids.

(a) Soluble in alkaline sulphides—arsenic, antimony, stannic, gold, germanium,
molybdenum, tellurium, tungsten, iridium, and platinum sulphides.

(b) Insoluble in alkaline sulphides—mercury, silver, lead, copper, bismuth, cadmium,
and stannous sulphides.

II. Sulphides soluble in dilute mineral acids but insoluble in the presence oi alkalies—
iron, cobalt, nickel, manganese, and zinc sulphides.

ITI. Sulphides not precipitated by hydrogen sulphide—chromium, aluminium, mag.
nesium, barium, strontium, calcium, potassium, and sodium, Chromium and aluminium
are precipitated as hydroxides,

An alternative scheme for the grouping of the elements for the purpose of
analysis is based on the behaviour of solutions of their salts towards ammonium
sulphide.

1. Sulphides soluble in ammonium sulphide—arsenic, antimony, and tin.

2. Sulphides or hydroxides precipitated by ammonia and ammonium sulphide.

() Insoluble in cold dilute hydrochloric acid—mercury, lead, bismuth, cadmium, copper,
nmickel, and cobalt.

(b) Soluble in cold dilute hydrochloric acid—zinc, maganese, iron, aluminium, and
chromium.

Silver, lead, and mercury can be first precipitated by hydrochloric acid, and barium,
strontium, calcium, and lead by sulphuric acid. Other modifications can be
introduced. '

The method of classifying certain elements into groups—those which form
soluble and those which form insoluble sulphides in hydrochloric acid—frequently
conveys wrong ideas of the properties of the sulphides. The solubility of the
sulphides depends upon the conc. of the acid. For instance, if hydrogen sulphide
be passed into 5 c.c. of a soln. of 2 grms. of tartar emetic—potassium antimonyl
tartrate—in 5 c.c. of hydrochloric acid (sp. gr. 1-175) and 85 c.c. of water, antimony
sulphide will be precipitated, but not if 15 c.c. of hydrochloric acid had been
employed without the water. In one case, 28bCly3Hy8=8byS;+6HCl; and
in the second case, SbySy+6HC1=3H,S8+25bCl;. In other words, the antimony
sulphide, in the second case, is decomposed by the acid as fast as it is formed.
Similarly, no lead will be precipitated by hydrogen sulphide from a soln. containing
3 per cent. of hydrochloric acid, HCI ; and if the soln. has 2-5 per cent. of acid, the
lead sulphide will be imperfectly precipitated—i.e. part will be precipitated, and
part will be decomposed as fast as it is formed. Similarly, a 5 per cent. boiling
soln. of hydrochloric acid will prevent the precipitation of cadmium sulphide.

If a metallic sulphide, MS, be treated with hydrochloric acid, hydrogen sulphide
and a metallic chloride will be formed: MS4-2HCl=MCl,+H,8. Conversely,
when a metallic chloride in aq. soln. is treated with hydrogen sulphide, the metallic
sulphide and hydrochloric acid will be produced : MCly+H,S=MS+-2HCl. Hydro-
chloric acid thus accumulates in the soln. as the action goes on. If any more sul-
phide be produced, after the hydrochloric acid has attained a certain limiting
concentration, the excess of sulphide will be at once decomposed by the acid.
There are then two simultaneous opposing reactions : (1) Formation of the metallic
sulphide and hydrochloric acid; and (2) formation of chloride and hydrogen
sulphide. In illustration, if a current of hydrogen sulphide be passed through a
sat. soln. of zinc chloride, part of the metal is precipitated, but when the hydro-
chloric acid has attained a certain concentration, the action apparently ceases
because the reverse change sets in. Hence, the precipitation will be incomplete.
In illustration, take the case of lead chloride : PbCly-+Hy8<=PbS-+2HCl. When
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equilibrium is established, the soln. contains lead chloride, hydrogen sulphide, and
hydrogen chloride. Using symbols in square brackets to represent the conc.
(g. mol. per litre) of the respective compounds in the soln., it follows from the
equilibrium law, that : [PbCly] xX[H,S]=K[HCI]2. This shows that if the conc.
of the acid be increased, and the conc. of the hydrogen sulphide be constant, the
amount of lead chloride which remains in soln. (that is, escapes precipitation) will
increase in order to keep the numerical value of the *“ constant » always the same.
Conversely, if it be desired to keep the amount of lead chloride in the soln. as low
as possible, it is necessary to keep the conc. of the acid down to a minimum value.
A certain amount of acid is usually required to keep other metals in soln. ; zine, for
example. See the individual metals.

The cone. of the hydrogen sulphide in the soln. is practically constant (0-0073
mol. per litre at 20°) when the gas is passing through the soln. If the conc. of
the hydrogen sulphide were large and the conc. of the metallic chloride small, a
very large excess of acid would be needed to prevent metal being precipitated by
the hydrogen sulphide. It will be observed, however, that the conc. of the hydrogen
sulphide under ordinary circumstances is small. In consequence, a comparatively
small amount of acid suffices to prevent the separation of sulphides of zine, iron,
nickel, cobalt, and manganese. If the solubility of the hydrogen sulphide has been
greater than it is, some of the metals—zinc, iron, nickel . . ..—would have been
included in the ‘ hydrogen sulphide group ”’; and conversely, had the solubility
of hydrogen sulphide been less than it is, some of the present members of the
‘“ hydrogen sulphide group ” would not have been there. For instance, tin, lead,
cadmium. . . . Molybdenum is precipitated incompletely under ordinary press.,
but if the soln. be warm and the press. of the gas be increased, it can be completely
precipitated. This subject was discussed by G. Bruni and M. Padoa.

Under ordinary conditions, the solubilities of the sulphides in hydrochloric acid,
starting with the least soluble, are approximately in the order : Mo, Pt, Au, As, Ag,
Cu, Sb, Bi, Sn(ic), Hg, Cd, Pb, Sn(ous), Zn, Ti, Fe, Ni, Co, Mn. As shown by
G. Bodlinder, W. Béttger, and 0. Weigel, the conditions of precipitation affect the
results to some extent. G. Bodlander gave for the solubilities in mols 108 X per litre,
MnS, 71+6 ; Zn8, 70-1 ; Fe8, 70-1; Co8, 41-62; NiS, 39-87 ; CdS, 8:836 ; ZnS, 6:63;
8bySg, 52 ; PbS, 3-60; CuS, 3-51; Cu,S, 3-10; AsySs, 21 ; SnS,, 113 ; Ag,S, 0-552;
BiyS;,0:35; SnS, 0-14; and Hg,S, 0-054. Elements wide apart in the list can be
easily separated by hydrogen sulphide in acid soln., but elements close together in the
list require a very careful adjustment of the amount of acid in soln. before satis-
factory separations can be made. For instance, the separation of cadmium or lead
from zine by means of hydrogen sulphide is only satisfactory when the conc. of the
acid is very carefully adjusted. If too much acid be present, cadmium or lead will
be imperfectly precipitated ; while if too little acid be present, zinc will be pre-
cipitated with the cadmium or lead. Hence there is no sharp line of demarcation
between metals precipitated and metals not precipitated by hydrogen sulphide from
acid soln, All depends upon the conc. of the acid, This is arbitrarily adjusted so
that antimony, arsenic, lead, bismuth, cadmium, copper, mercury, and tin are
precipitated by making the vol. of the soln. such that it contains approximately
4 c.c. of hydrochloric acid (sp. gr. 1:12) per 100 c.c. before passing the hydrogen
sulphide. The aluminium, iron, zinc, nickel, cobalt, and manganese salts will
be found in the filtrate. Barium, strontium, caleium, and magnesium salts will also
be found in the filtrate along with alkalies, because the sulphides of these elements
are attacked and decomposed by water and by acids. ZE.g. 2CaS+42H,0
=Ca(OH),+-Ca(SH)s,.

The above remarks can be easily translated into the language of ions. The
precipitation is then supposed to proceed according to the equation:
M +2H,S=M(HS),+2H ; or M "4+H,8=M8-42H'. That is, the bivalent
ion M reacts with the hydrogen sulphide, forming the sparingly soluble MS, or
M(HS),, which precipitates. In the process, hydrogen (acid) ions, H', are formed.
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The hydrogen sulphide is itself supposed to be ionized in aq. soln. as indicated
above : HoS=H +HS<=2H 48", The metal chloride, say, is also ionized :
MCl,=M"-}2Cl. Hence the soln. may be supposed to contain MCly+H,S=M"
+2C1"4-874-2H". When the solubility product [M"]x[8"] is exceeded, the solid
MS separates from the soln., leaving hydrochloric acid ions behind: 2H'-2Cl". A
further amplification on the lines indicated in the text can now be made. Here,
ag elsewhere, it makes very little difference which mode of expression be used. The
facts will stand for ever; the language used in describing the facts, like other
customs, changes according to the prevailing fashions.

The physiological action of hydrogen sulphide.——The aq. soln. and the gas are
poisonous, but less poisonous than chlorine or bromine. Towards the end of the
eighteenth century, a number of accidental deaths occurred in Paris, due to the
gases from the sewers ; and in 1785, M. Hallé 36 reported on the conditions, but did
not recognize hydrogen sulphide as the cause of the poisoning. At the beginning
of the nineteenth century, G. Dupuytren, M. Prunelle, and F. Chaussier proved
that hydrogen sulphide was present in the mephatic vapours from the sewers, and
it was believed that this gas was the cause of the toxic action of the sewer gas.
M. Parent-Duchatelet made a comprehensive report on the Paris sewers in 1829 ;
he found that the average proportion of hydrogen sulphide was 2-29 per cent.
Cases of accidental poisoning were reported by T. S. Bell, B. 1. Raphael, L. Holden
and H. Letheby, R. Christison, H. Letheby, A. Kwilecki, D. Brown, R. R. Sayers
and co-workers, A. Haibe, K. B. Lehmann, A. Cahn, J. P. J. d’Arcet and
H. Braconnot, etc. Observations on sewer-gas poisoning were also made by
T. H. Barker, and L. Surne. C. W. Mitchell and 8. J. Davenport say that hydrogen
sulphide is one of the most toxic gases, and is comparable to hydrogen cyanide
with respect to rapidity of action and concentration producing death. The action
depends upon the concentration—0-005 per cent. is sufficient to produce poisoning,
while a continued exposure to a conc. of 0-02 per cent. during several days may
produce death. The exact mechanism of the poisoning is unknown. A. 8, Taylor
described the cases of hydrogen sulphide poisoning which occurred during the build-
ing of the tunnel under the Thames. T. Oliver mentioned three fatal cases in the
construction of a graving dock at Hebbum-on-Tyne, where the excavation reached
some old alkali waste ; and A. S. Taylor mentioned six fatal cases at Cleator Moor.
Some cottages were built on iron slag ; the slag contained sulphides of calcium and
iron ; the water from a heavy rainstorm soaked into the slag, and hydrogen sulphide
was formed ; this diffused into the cottages during the night, and killed three adults
and three children. Hydrogen sulphide is a common reagent in chemical
laboratories. A. Cahn described the case of a student poisoned by the gas in the
laboratory. J. Habermann and co-workers examined fifty samples of air from
laboratories, and found the hydrogen sulphide varied from 0-00015 to 0-2 vol. per
1000. R. Biefel and T. Polek, and A. Haibe described cases of hydrogen sulphide
poisoning in the coal-gas industry ; T. Oliver, in the sulphur mines of Sicily ; and
M. Holtzmann, in tanneries. According to C. B. Lehmann, an atmosphere con-
taining 1 : 3000 hydrogen sulphide kills cats and rabbits in 10 minutes ; an atmo-
sphere with 0-4 to 0-8 per 1000 produces local irritation on the mucous membrane of
the respiratory tract, and death follows from an cedema of the lung preceded by
convulsions ; air containing 0-2 per 1000 produces in half an hour a smarting of the
eyes, nose, and throat, and after 30 minutes the atmosphere can no longer be
borne, air with 0-5 per 1000 is the utmost that can be breathed, and it produces
smarting of the eyes, nasal catarrh, cough, palpitation, shivering, great muscular
weakness, headache, and faintness with cold sweats. 0:76-0-8 per 1000 is dangerous
to human life, and 1-0-1-6 per 1000 rapidly destroys life. H. W. Haggard and
Y. Henderson studied the action of hydrogen sulphide on the respiratory centres.
R. Fisher compared the toxic action of the gas alone, and when associated with
carbon disulphide. E. Goldsmith found that three men exposed to the gas became
temporarily blind for 2 or 3 days, suffering with intense pain, with reddening of
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the conjunctiva ; almost continual running of tears; headache and general indis-
position. He supposed that the gas formed a compound in the outer cuticle of the
eye, and that this prevented light passing into the eyes. The patients could not
distinguish objects held before them ; they could not find their way home alone.
The eyesight always returned after the lapse of several days. J. Wigglesworth
reported two cases of insanity produced by the inhalation of hydrogen sulphide.
H. Schulz said that the gas acts as a hypnotic agent, but N. Uschinsky could find
no evidence of this. Observations on hydrogen sulphide poisoning were also
made by C. Bernard, H. Eulenberg, R. Biefel and T. Polek, W. Kiihne, P. Brouardel
_and P. Loye, A. Flint, E. S8alkowsky, H. Stifft, and C. Husson.

J. R. Wilson observed that 1 per cent. of hydrogen sulphide in the air kills a
rabbit in about a minute ; 0-5 per cent., in 3 minutes; 0-2 per cent., in 10 minutes ;
0-1 per cent., in 37 minutes; and 0-025 per cent. produced no perceptible result
on a rabbit after 2 hrs.” inhalation. The toxic effect on bacteria was observed by
F. Hatton, and C. Fermi. A. Chauveau and J. Tissot found that animals live
quite well in a lethal atmosphere of hydrogen sulphide provided that they are allowed
to breathe pure air through a tube. Hence, the skin and external mucous
membranes are impermeable. This contradicts an early observation by F. Chaussier.
J. P. Peyron, and L. Simirnoff examined the absorption of hydrogen sulphide by
contact with different parts of animals. ‘

The gas is a blood poison. F. Hoppe-Seyler studied the chemical action of
hydrogen sulphide on the blood. He observed that when hydrvogen sulphide is
passed through the blood, a dark green pigment is deposited similar to the greenish
discoloration of cadavers. This change is said to be due to the action of hydrogen
sulphide on the oxyhsmoglobin of the blood, with the formation of a substance
termed sulphmetahemoglobin. An absorption spectrum was found with two bands
in the red—one near the C-line, and the other between the C-line and D-line.
Observations were also made by T. Arake, A, Lewisson, A. Gamgee, W. Kiihne,
J. V. Laborde, E. Harnack, T. W. Clarke and W. H. Hurtley, A. van der Beigh,
8. West and W. Clarke, R. L. M. Wallis; and P. Binet. N. Uschinsky said that the
poisonous action is not due to the formation of a sulphometahsmoglobin, and
0. Pohl attributed it to the gas uniting with the alkali of the blood, forming alkali
sulphides, but H. W. Haggard disproved this hypothesis. S. Kaufmann and
I. Rosenthal attributed the action of hydrogen sulphide to be such as to result in
oxygen-hunger, and compared hydrogen sulphide poisoning with suffocation ; but
F. Hoppe-Seyler showed that this explanation is incomplete, because it does not
explain the action of the gas on the nervous system.
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§ 10. The Polysulphides of Hydrogen

In 1777, C. W. Scheele,! during his work on the phlogistification of sulphur,
discovered a polysulphide of hydrogen. He said :

If you pour into a solution of sulphur in alkali a great deal of acid at once, a small
quantity of stinken de Luft—i.e. hydrogen sulphide—is evolved, and you may observe in
this mixture a kind of thin oil; however, the oil remains not fluid always, but grows
thick and hard in the open air. It seems that the excess of acid immediately seizes upon
the alkali; and since in that case no decomposition, or at least a very partial one, of the
sulphur is possible, the heat obtains too small a quantity of phlogiston to expand the heavy
sulphur into an airy vapour ; a beginning only being made by forming an oil.

C. L. Berthollet then examined the oily liquid obtained by the action of acids
on the polysulphides of the alkalies and alkaline earths, and concluded that its
composition is HySs. J. J. Berzelius regarded it as at least a pentasulphide or a
still higher proportion of sulphur. L. J. Thénard obtained it both as a light, ethereal
oil, and as a heavy, viscid oil. The difference was attributed to the latter containing
a higher proportion of sulphur. He considered, by analogy with hydrogen peroxide
which he discovered in 1818, that the light, ethereal oil had a similar composition,
and he regarded it as hydrogen persulphide, H,S;. The oily liquid thus came to be
called hydrogen persulphide, although a score of names had been previously applied
to the oil. L.J. Thénard’s analyses of the heavy oil varied from HyS; to HyS,.
A. W. Hofmann prepared a complex salt with strychnine, Cy;HyoNoOy . HyS3, but
later, he showed that the composition was better represented by the formula
(Co1Ho09N5)o. HySg.  Compounds of HyS¢ with brucine, (CoqHogO4No)e. HoSg, and
with benzylamine (C;H;N)y.HySg, were also prepared by E. Schmidt, and G. Bruni
and A. Borgo. O. Débner also prepared a compound with brucine,
(CogHy604No)o. HySg.2H,0. H. Brunner and V. Vauillellmier obtained complexes
with benzaldehyde, (CeH;COH)H,S; ; with anisic aldehyde, (C¢H,0.CH;COH)H,S, ;
with cinnamic aldehyde, (CoHgO)H,8,; and with benzoquinone, (CgHyOg) HoSs.
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W. Ramsay’s analyses ranged from H,S8; to HyS,o. P. Sabatier obtained from
calcium polysulphide and hydrochloric acid an oil with a composition ranging
between HySq and HyS,o; and when the oil was distilled in vacuo, the product
had the composition H,S,. H. Rebs obtained from sodium di-, tri-, tetra-, and
penta-sulphide, as well as from the polysulphides of potassium and barium, by
treatment with well-cooled hydrochloric acid, an oil which in all cases had the com-
position HyS;. This statement was not confirmed by I. Bloch and F. Hshn. The
attempt by G. Bruni and A. Borgo to determine the mol. wt. from the effect of
the persulphide on the f.p. of bromoform was shown by E. Paterno to be unreliable. -
The properties of the persulphide were examined by J. von Liebig, G. Kemp,
R. Bunsen, C. F. Schénbein, P. Sabatier, and E. Drechsel.

Hydrogen persulphide is made by pouring a soln. of the polysulphide into
hydrochloric acid ; if this operation be reversed, no persulphide is formed, but the
salt is decomposed : CaSz;+4-2HCl=CaCl,+H,8+48. M. Berthelot said that it
is best to employ an alkali polysulphide prepared by saturating a soln. of the normal
sulphide with hydrogen sulphide with the air excluded so as to avoid the formation
of thiosulphate which is decomposed by the acid with sulphur, ete. O. von Deines
obtained hydrogen persulphide by reducing sulphur dioxide-—gaseous or in agq.
soln.—with hypophosphorous acid and extracting the product with ether. The
sulphur dissolves in the hydrogen persulphide. O. von Deines explained the
production of hydrogen persulphide by the action of 3N-HCI on a soln. of sodium
thiosulphate by assuming that sulphoxylic acid is formed as an intermediate
product : Hy8,03=80--H580,, and that this reduces the sulphur dioxide which
1s also formed : Hy8,05=80,+H,8-+0. Precipitated white sulphur is said to
contain some hydrogen persulphide. The preparation of the polysulphide, and of
hydrogen persulphide was described by J. J. Berzelius, L. J. Thénard, F. Hohn,
I. Bloch and F. Héhn, ete. A. W. Hofmann, and E. Schmidt mixed ammonium
polysulphide with a cold, saturated soln. of strychnine in alcohol ; and treated the
crystalline product with conc. sulphuric acid. The composition of the oil corre-
sponded with HySs.

What is here called hydrogen persulphide is doubtless a mixture. Hydrogen
persulphide is a yellow, oily liquid, which, according to L. J. Thénard, is mobile if it
contains a small proportion of sulphur, and viscid if it contains a large proportion.
It has a peculiar, sulphurous, disagreeable odour, and irritates the eyes and nose ;
it tastes sweet and bitter ; and imparts a white colour to the tongue and saliva.
A few drops placed on the skin of the arm, alter and decolorize it. At the moment
of its formation, the liquid bleaches litmus. C. F. Schénbein also found that it
bleaches litmus and indigo. The colour is restored by oxidizing agents—ozone,
chlorine, bromine, iodine, potassium permanganate, ozonides, hydrogen dioxide,
etc.—by metallic salts—copper, manganese, nickel, and ferrous sulphates—and by
phosphoric and arsenic acids; nitric and sulphuric acids act very slightly in the
same way, and hydrochloric acid does not act at all. L. J. Thénard gave 1-769 for
the sp. gr., and H. Rebs, 1-71 at 15°. P. Sabatier said that it can be distilled
between 60° and 85° at a press. of 40t0100mm. A brilliant, pale yellow, limpid
liquid distillate is produced which has a very irritating. odour. The composition
approaches HyS;. The heat of formation is HoSgas+ (n—1)Sgas=Hy8,—5-3 Cals. ; or
Hy+nS8go1na=H,8,—07 Cal., when n=6 to 10. E. Becquerel gave 1-8850 for the
index of refraction ; and 1-743 for the magnetic rotation of the plane of polarized
light.

L. J. Thénard said that when hydrogen persulphide is ignited by the flame of a
candle, it burns with a blue flame. When the oxide of gold or silver is placed in
contact with the liquid persulphide, it becomes red-hot, and the oxide is reduced to
metal ; but J. von Liebig said that silver oxide is converted into sulphide. Accord-
ing to L. J. Thénard, if the acid be left to itself for a few days, it is resolved into
hydrogen sulphide and sulphur, so that the liquid becomes more and more viscid,
and ultimately solid. The decomposition is rapid at 60°, and still more so at 100°.
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P. Sabatier found that stability of the persulphide is increased by the presence of
dissolved sulphur or hydrogen sulphide, Its decomposition is accelerated by light.
Certain substances have no appreciable action on it. Amongst these are dry air,
dry hydrogen, and conc. acids. Others, including carbon bisulphide, benzene and
similar hydrocarbons, paraffins, and chloroform, simply dissolve it ; whilst others,
such as iodine, bromine, and potassium permanganate, act on the sulphur or
hydrogen sulphide dissolved by the persulphide, and thus diminish its stability.
Many substances which decompose the persulphide, such as alkalies, water, alcohols,
and ethers, appear to form with it highly unstable intermediate compounds.
L. J. Thénard found that the decomposition of the persulphide is more rapid at
100° than it is at 60°; while G. Kemp, and J. von Liebig showed that even when
sealed up in a glass tube for 3 weeks, it forms transparent sulphur, and colourless
liquid hydrogen sulphide. R. Bunsen said that the decomposition in a sealed tube
occurs only when moisture is present; and if a little calcium chloride be present
the liquid may be preserved without decomposition ; but with finely divided cal-
cium chloride, J. von Liebig said that hydrogen persulphide froths up violently and
soon solidifies ; effloresced sodium sulphate acts more slowly, but the crystals of the
hydrate do not act at all. J.J. Berzelius showed that acids hinder or prevent the
decomposition, while the decomposition was shown by L. J. Thénard, and J. von
Liebig to be accelerated by finely-divided charcoal, silica, pyrolusite, kermes-
mineral, galena, gold sulphide, gold, platinum, and other metals ; but sugar, starch,
and lignine exert a feeble action in hastening the decomposition. Potassium penta-
sulphide either in soln. or diffused in water causes a very violent evolution of hydrogen
sulphide, and a sudden precipitation of sulphur; and an alecoholic soln. of liver
of sulphur decomposes the persulphide without the evolution of gas. According to
J. J. Berzelius, and L. J. Thénard, the decomposition of the persulphide is favoured
by powdered hydroxides of potassium, the alkaline earths, and magnesia, and also
by an aq. soln. of ammonia or potassium hydroxide. It is possible that these
substances act by first forming sulphides. With a small proportion of potash-lye,
hydrogen persulphide gives off hydrogen sulphide, and with an excess of alkali it
at once forms spongy sulphur. P. Sabatier said that the rapid decomposition by
alkalies is probably due to the formation of an unstable intermediate alkali sulphide.
E. Drechsel represented the reaction with an alcoholic soln. of potassium sulphide :
2KSH-H,8;=K,8,+2H,8. According to L. J. Thénard, water removes hydrogen
sulphide from the persulphide and becomes turbid ; alcohol acts similarly, while
ether dissolves it at first, but soon deposits acicular crystals of sulphur. E. Drechsel
said that the persulphide is insoluble in water, alcohol, ether, benzene, and chloro-
form ; and is decomposed by nitrobenzene and aniline, P. Sabatier said that a
mixture of ether and hydrogen persulphide deposits nacreous sulphur in a short
time ; ethyl acetate, and ethyl or amyl alcohol act slowly ; and hydrocarbons, and
derivatives of chloroform do not give this reaction. For the observations of
E. Schmidt, G. Bruni and A. Borgo, and H. Brunner and V. Vuillellmier, on the
complex salts with hydrogen sulphide, vide supra. F. Hohn, and I. Bloch and co-
workers observed that aldehydes react with the persulphide—e.g. benzaldehyde, and
salicylaldehyde—forming thiocarbonic acids ; I. Bloch and M. Bergmann found that
with aromatic acid chlorides, acyl disulphides are formed. - J. Dodnoft and H. Medox
found that dimethylaniline causes a vigorous decomposition of hydrogen disulphide
into hydrogen sulphide and sulphur. Triethylphosphine and triethylarsine afford
the corresponding sulphides. With phosphorus trichloride in benzene the disul-
phide yields phosphoryl thiochloride, phosphorus pentasulphide, hydrogen chloride,
and a little hydrogen sulphide. It appears probable that the compound PCly(SH),
is formed initially and that a similarity in constitution exists between hydrogen
disulphide and hydrogen dioxide.

The nature of the lower hydrogen persulphides was worked out by I. Bloch and
co-workers, and described in their papers: Ueber Wassersioffpersulfid, in 1908.
By heating sodium sulphide with varying amounts of sulphur in an atmosphere of
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hydrogen for three hours on the water-bath and dissolving the products in water,
solutes of the composition NaySe, NaoSs, NaoS,, and Na,S;, are produced. When
the soln. are allowed to flow into mixtures of equal parts of ice and hydrochloric
acid (D 1-19) cooled in a freezing mixture, crude hydrogen persulphide is obtained as
a yellow, oily liquid with the odour of sulphur chloride and camphor. It is decom-
posed instantaneously by alkalies, and therefore it is essential that all apparatus
used in the preparation should be waghed with an acid. The oil can be kept for an
hour without visible decomposition. Water decomposes it, but dil. acids, particu-
larly hydrochloric acid, act as preservatives. A criterion of purity is the fact that
the freshly prepared persulphide yields a clear soln. in benzene. Aleohols, ether,
ethyl acetate, and acetone decomposes the oil more or less rapidly, whilst with
aldehydes and ketones condensation occurs, yielding substances rich in sulphur.
The crude oil is then to be fractionally distilled under reduced press., say, 20-25
mm. The distillation is conducted in an apparatus, Fig. 40, in which large quanti-
ties can be operated upon in small portions at a time, and the residue from an opera-
tion can be recovered after each distillation without disconnecting the apparatus. By
using quartz vessels wherever possible, J. H. Walton and L. B. Parsons increased

Fic. 40.—The Preparation of Hydrogen Di- and Tri-sulphides.

the yields, by lessening the tendency for the polysulphide to decompose. The
flask A, of 300 c.c. capacity, immersed in the glycerol bath K, is connected through
the condenser with B (150 c.c.), which is attached to the strongly-cooled vessel C-—
say by solid carbon dioxide and ether. By means of a tube reaching to the bottom,
A’is connected with the U-tube F. Between H and the water-pump are vessels
containing soda-lime and calcium chloride, and a manometer. The flask 4 can be
connected with the pump either through B and C by means of the stopcock a, or
through F by the stopcock b. To prevent the deposition of sulphur during the
distillation, dry hydrogen chloride should be passed through the apparatus before
it is evacuated. To carry out the distillation, the bath K is raised to 110°~125°,
and the apparatus evacuated to about 20 mm., ¢ being open and b closed. From
the dropping funnel D, about 15 c.c. of crude hydrogen persulphide is run slowly
into 4. Distillation commences; when it becomes irregular, @ is closed and b
opened, whereby the residue in 4 is drawn over into F. The distillation is then
continued by closing b, opening @, and introducing another 15 c.c. of hydrogen per-
sulphide into 4 from D. The liquid collecting in B is mainly hydrogen trisulphide,
whilst the more volatile disulphide is found in C.

The crude hydrogen persulphide is separated into three fractions; the more
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volatile one collecting in C, Fig. 40, contains hydrogen disulphide, HyS,. It forms
an almost colourless liquid as mobile as water. Its odour is more penetrating and
aggressive than that of the trisulphide. The disulphide can be distilled with
partial decomposition, at ordinary press., the chief fraction passes over at 74°-75°.
The sp. gr. is 1-376 at 15°. The disulphide does not freeze in a mixture of solid
carbon dioxide and ether, and J. H. Walton and L. B. Parsons found that it shows no
sharp solidification temp. when cooled, but its m.p. is between —88° and —90°; and
its b.p.is 74-5°. 1. Bloch and F. H6hn gave 74°-75° for the b.p., and added that the
disulphide resembles the trisulphide in many respects, but it is more sensitive to
soln. of the alkalies.

The oil which collects in receiver B during the distillation of crude hydrogen
persulphide is hydrogen trisulphide, H,S;, a yellow oily liquid rather more mobile
than olive oil. R. Schenck and V. Falcke found that the analyses and mol. wt.
agree with HoS;. According to I. Bloch and F. Hohn, hydrogen trisulphide has
a disagreeable odour, recalling that of sulphur monochloride and camphor. The
vapour irritates the eyes and mucous membranes of the nose sehr stark. Asin the
case of ordinary sulphur, the yellow colour disappears when the trisulphide is cooled.
Its sp. gr.is 1-496 at 15°. It freezes between —53° and —54° to a crystalline solid
which melts to a colourless liquid between —52° and —53°. This temp. was confirmed
by J. H. Walton and L. B.Parsons. On cooling to —78°,the trisulphide became more
and more viscous, like glass until it solidified. Attempts to distil the trisulphide at
ordinary temp. were not successful; but when distilled under reduced press.,
100 c.c. of the trisulphide furnished about 15 c.c. of disulphide, and 10 c.c. of residue ;
the remainder was collected as trisulphide. R. Schenck and V. Falcke gave 43°-50°
for the b.p. at 4-5 mm. press. L. Bloch and F. Hhn found that when the trisulphide
is warmed in a test-tube it darkens in colour, and becomes more and more viscid,
and at about 90° there is a copious evolution of hydrogen sulphide ; some drops of a
distillate collect in the upper part of the tube. When the trisulphide has stood for
about a day+dn darkness, it seems to have undergone no change, but after standing a
longer time it decomposes with the separation of rhombic sulphur. It decomposes
more quickly inlight. When theliquid is shaken in & test-tube, bubbles of hydrogen
sulphide are set free, and rhombic sulphur is precipitated. J. H. Walton and
I.. B. Parsons observed that when the trisulphide is kept in & sealed tube under
ordinary laboratory conditions, at the end of 3 days small crystals of sulphur began
to appear, while at the end of 5 days there were two liquid layers noticeable, the one
heavy and viscous, the other light, mobile, and colourless, presumably hydrogen
sulphide. There were large crystals of sulphur in the tube. After 2 days more,
the viscous layer had completely disappeared, and the tube contained only several
large rhombic crystals of sulphur and liquid hydrogen sulphide, with possibly dis-
solved persulphide. The trisulphide inflames more easily than the crude persulphide,
and it burns with a blue flame. R. Schenck and V. Falcke gave 1-70 for the index of
refraction with D-light.

The chemical characters of the trisulphide are chiefly reducing and sulphurizing,
but it also acts as an oxidizing agent. J. H. Walton and L. B, Parsons said that the
trisulphide is soluble in benzene, toluene, chloroform, carbon disulphide, ether, and
heptanes, while alcohols, ketones, aniline, nitrobenzene, and pyridine decompose
it catalytically ; I. Bloch and F. Héhn observed that the decomposition with ethyl
alcohol is rapid, and with amyl aleohol, explosively violent. Both the di- and tri-
sulphides dissolve in alcohol containing some hydrogen chloride, forming a clear
soln. which decomposes rapidly with the evolution of hydrogen sulphide, and the
separation of white amorphous sulphur. When the trisulphide is treated with water
or hydrochloric acid, the liquid slowly decomposes, becoming turbid owing to the
geparation of white, amorphous sulphur. Alkali-lye rapidly decomposes the
trisulphide ; conc. sulphuric acid reacts but slowly with the trisulphide, rapidly
with the disulphide, forming white, amorphous sulphur and some sulphur dioxide.
In ethereal soln., J. H. Walton and L. B. Parsons concluded that the behaviour is
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very like that of hydrogen sulphide—copper oleate gave a reddish-brown colloidal
precipitate ; ferric chloride, a white precipitate which redissolved in excess ;
stannic iodide, a buff precipitate ; silver nitrate, no change ; and mercuric bromide,
a yellow precipitate ; silver oxide, copper oxide, lead dioxide, and mercuric oxide
caused a violent decomposition of the trisulphide ; the heat evolved was sufficient
to ignite the persulphide. Lead oxide, stannic oxide, and magnetite brought about
a violent decomposition of the trisulphide. Arsenious oxide, arsenic oxide, ferric
oxide, zinc oxide, barium peroxide, and manganese dioxide caused .only a slow
decomposition. The oxidizing agents potassium permanganate and potassium
dichromate were found to decompose the trisulphide rapidly. The permanganate
generated sufficient heat to ignite the persulphide. The sulphates of ferrous iron,
aluminium, nickel, zine, and manganese gave a very slow decomposition of the
trisulphide. Anhydrous copper sulphate, however, decomposed the trisulphide
rapidly, the whole mixture turning dark. The nitrate of aluminium gave only a
slow decomposition, while the nitrates of lead, silver, and copper caused a rapid
decomposition of the persulphide. Ferric nitrate behaved in a peculiar manner ;
for a time no visible decomposition took place, and then suddenly an increasingly
violent reaction began, as if it were an autocatalytic effect. The chlorides of manga-
nese, sodium, cadmium, ammonium, and lead decomposed the trisulphide only
slowly., The chloride of antimony dissolved with the

consequent decomposition of the trisulphide. The 6/° I
chlorides of copper and lead turned dark with accom- 3 f
panying decomposition of the trisulphide. The acetate, %/ X
bromide, and oleate of copper decomposed the tri- . /
sulphide, rapidly turning dark at the same time. %/

Antimony tri-iodide dissolved in the persulphide. The o

mixture turned red and decomposed. Massive metals ¢ - /-45°
did not decompose the persulphide rapidly. They 20°

became coated with the sulphide of the metal and P

the reaction ceased. Powdered arsenic, antimony .,

and zinc and iron, however, brought about rapid Y0 B0 e 1075 50 85 3095
decomposition. It was found that the persulphide was Fer cent. of suiphur
not decomposed by finely ground quartz which had  Fre. 41.—Solubility of Sul.
been washed with hydrochloric acid and carefully Pslui.(‘in Hydrogen Per-
dried. Neither did boric oxide nor phosphorus pent- swiptice.
oxide bring about decomposition. It is to be noted that all copper salts decom-
pose the persulphide as do most lead salts. The trisulphide did not dissolve
either copper sulphide or arsenic trisulphide. G. Bruni and A. Borgo state
that hydrogen sulphide is insoluble in the persulphides; but J. H. Walton and
L. B. Parsons said that the trisulphide dissolves in liquid hydrogen sulphide,
forming a liquid which has a pale, straw-yellow colour at room temp. In 5 days
crystals of rhombic sulphur separated from the soln., but there was no separation
into two liquid layers as was the case when the trisulphide alone was confined in a
sealed tube under similar conditions. I. Bloch and F. H¢hn said that hydrogen
trisulphide dissolves much sulphur at ordinary temp., and the sulphur is precipitated
from the soln. when benzene is added. J. H. Walton and L. B. Parsons found that,
at 17°-20°, sulphur dissolved until the hydrogen sulphide content of the system
was 8 to 9 percent. J.H. Waltonand E. L. Whitford found the solubility of sulphur
in hydrogen persulphide—reckoned as per cent. of sulphur not evolved as hydrogen
sulphide—to be :

55:3° 35-4° 1792 005°  —145°  —375°  —1542° —3472°
Sulphur . . 92:49 89-46 86-77 82-97 82-50 80-71 71-18 53-56
When the data are plotted, Fig. 41, there is a break in the solubility curve near to
—1+45° corresponding very closely with hydrogen hexasulphide, H,Ss. This is
taken to mean that at —1+45°, the liquid phase is hydrogen hexasulphide, H,S,.
No other breaks were observed. The hexasulphide is stable below —1-45, but



160 INORGANIC AND THEORETICAL CHEMISTRY

decomposes rapidly at higher temp. The instability of the hydrogen hexasulphide
above —1:45° explains the necessity for keeping the reaction mixture cold when
preparing the yellow oil. The tetrasulphide of hydrogen has not been definitely
1solated. H. Mills and P. L. Robinson observed that hydrogen pentasulphide,
H,8;, is produced when ammonium pentasulphide is treated with anhydrous
formic acid. The sp. gr. at 16° is 1-67.

The persulphides recall the polyiodides. The organic persulphides are not so
readily formed or so stable as the organic periodides, while the reverse appears to be
the case with the inorganic per-salts. The element sulphur surpasses iodine in its
capacity for forming polyatomic molecules, and this comparison also holds good
for the hydrogen compounds, Hydrogen persulphides are well-defined compounds,
but corresponding polyiodides are unknown-—the hydrogen diiodide of the earlier
textbooks is no longer considered a chemical individual. According to A. Geuther,
the constitution of the polysulphides can be explained on the assumption that
sulphur is bivalent, and that hydrogen is tervalent in the disulphide HS—H=S ;
and in the trisulphide tervalent S=H—8—H=3$, or quinquevalent, S, =H—S—H ;
and quinquevalent in the tetrasulphide, 8,=H—S—H=8; and in the penta-
sulphide S;,=H—-S—HZ=S8,. This hypothesis, however, has no supporters.
E. Drechsel supposed that hydrogen pentasulphide has a sexivalent sulphur atom,
Sy =8=(HS),, analogous to sulphuric acid, 0,=8=(0H), ; and, just as sulphuric
acid may be regarded as the hydrate of sulphur trioxide, so may hydrogen penta-
sulphide be regarded as the hydrate of the S;-molecule. R. Béttger also assumed
that because sodium pentasulphide is converted into lead sulphide and sodium
thiosulphate when the aq. soln. is boiled with lead hydroxide, it is not to be regarded
as Na,SO, with the oxygen replaced by sulphur; and A. Geuther raised a similar
objection from his study of the action of silver oxide on finely divided sulphur.
W. Strecker obtained methyl trisulphide, (CHg)oSg, by the action of methyl sulphate
on alcoholic soln. of sodium penta-, tetra-, or tri-sulphide. Itis possible that methyl
tetra- and penta-sulphides are first formed, and decompose on distillation into the
trisulphide. These compounds were previously studied by A. Cahours, and
P. Klason. F. Jones also regarded sodium pentasulphide, NaySg, as a tetrathio-
sulphate, 8.8,Na,, a view favoured by the ease with which it can be converted into
the monothiosulphate, NagS,03, and thence to the sulphate Nay,S0,. W. Spring
and J. Démarteau showed that while the polysulphides behave in accord with the
general formula HyS.8,, their reactions with the alkyl sulphides are best explained
by assuming that they possess the formula H,8,.8,; in which two sulphur atoms
play a rdle in the molecule different from the remainder. They consider the higher
polysulphides to be merely soln. of sulphur in the disulphides. F. W. Kiister and
E. Heberlein replied that if this be true, all the polysulphides being essentially
salts of hydrogen disulphide, should be hydrolyzed in soln. to the same extent, for
the hydrolysis could not be influenced by the mere physical solution of sulphur.
They consider that the constitutions of the polysulphides and the polyiodides are
analogous, and since it is generally recognized that the latter compounds are best
represented by the formula RI.I,, they conclude that the constitution of the poly-
sulphides is best expressed by the formula R,8.8,,. They regarded the polysulphides
as salts of complex sulphohydrosulphuric acids: Hy=8=8; H;=85=8=8;
Hy=8=8=8=8; etc. J. 8. Thomas and A. Rule added that their study of the
polysulphides favours the view that in the polysulphide molecule two atoms of
sulphur are in a different state of combination from the remainder. They suggest
that the disulphides should be regarded as being derived from the form of hydrogen
disulphide analogous to the tautomeric form of hydrogen dioxide. They would
thus possess the formula R.S.8.R. From this substance, the higher polysulphides
are obtained, not by soln. of sulphur, but by further combination. Thus:

R—S=S R—S=8
R—S R—S8=8
Trisulphide Tetrasulphide
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According to D. I. Mendeléeft :

The formation of the polysulphides of hydrogen, H,S,, is easily understood from the
law of substitution, like that of the saturated hydrocarbons C.H gy + 5, knowing that sulphur
gives H,S and carbon CH,, because the molecule of sulphuretted hydrogen may be divided
into H and HS. This radicle, HS, is equivalent to H. But substituting this radicle for
hydrogen in H,S we obtain (HS)HS =H,S,, (HS)(HS)S =H,S;, etc.,in general H,S,. The
homologues of CH,, C,H,.+, are thus formed from CH,, and consequently the poly-
sulphides H,S,, are the homologues of H,S. The question arises why in H,S, the apparent
limit of » is 5—that is, why does the substitution end with the formation of H,S; ? The
answer appears to me to be clearly because in the molecule of sulphur, S; there are six
atoms. The forces in one and the other case are the same. In the one case they hold
S together, in the other S; and H,; and, judging from H,S, the two atoms of hydrogen
are equal in power and significance to the atom of sulphur. Just as hydrogen peroxide, _
H,0,, expresses the composition of ozone, O,, in which O is replaced by H,, so also H,S,
corresponds with Sg.

This hypothesis is favoured by J. J. Blanksma, who represented the sodium
polysulphides by the formule Na.8.8.Na; Na.S.8.8.Na; Na.8.S.8.8Na; and
Na.8.8.5.8.8.Na ; and also by I. Bloch. I. Bloch also said that the change of
colour with change of temp. is possibly explained by an intramolecular change
Hy:8:8=HS:iSH, analogous with the keto-enol tautomerism: H,:C:0
=H.CZ2.0H. H. Henstock discussed the electronic structure of hydrogen
disulphide.

REFERENCES.

1 C. W. Scheele, Chemische Abhandlung @tber Luft und Feuer, Berlin, 242, 1793 ; London,
192, 1780 ; C. L. Berthollet, Ann. Chim. Phys., (1), 25. 248, 1798 ; M. Berthelot, 5., (3), 49.
450, 1857 ; E. Becquerel, ¢b., (5), 12. 5, 1877 ; L. J. Thénard, ib., (2),47.79, 1831 ; J. J. Berzelius,
Lehrbuch der Chemte, Dresden, 1. 643, 1825 ; Leipzig, 2. 218, 1833 ; J. von Liebig, Liebig’s Ann.,
2. 27, 1832; A. Geuther, Ber., 17. 602, 1884 ; Liebig’s Ann., 224. 201, 1884 ; 226. 323, 1885;
R. Bottger, 4b., 223. 642, 1884 ; A, Cahours, b., 61. 92, 1847 ; O. von Deines, Zeit. anorg. Chem.,
177. 13, 124, 1928 ; Liebig’s Ann., 440. 213, 1924 ; H. Rebs, 1b., 248, 356, 1888 ; G. Kemp, ib.,
28. 170, 1836 ; Phil. Mag., (3), 7. 444, 1838 ; D. 1. Mendeléeff, The Principles of Chemastry, St.
Petersburg, 617, 1903 ; London, 2. 211, 1891 ; R, Bunsen, Pogg. Ann.,46. 103, 1839 ; H, Brunner
and V, Vuillellmier, Schweiz, Wochenschr.,48. 436, 1908 ; C.F, Schénbein, Journ. prakt. Chem., (1),
86. 270, 1855 ; (1), 92. 145, 1864 ; E. Drechsel, 1., (2), 4. 20, 1871 ; P. Sabatier, Compt. Rend., 91.
53, 1880 100 1346, 1885; Bull Soc. Chim., (3), 48 450, 1885 W Spring and J. Démarteau, ¢b.,
(3), 1. 311 1889 ; E. Schm1dt b., (2), 26. 218 1876 ; Lzebzg sA'rm 180. 287, 1876 ; Ber., 10. 1289
1877 ; G. Bruni ‘and A. Borgo, Gazz. Chim. Ital., 38. i, 279, 292, 1908 3 Aty Accad. Lim:ei, (5), 16.
745, 1908 ; E. Paterno, ., (5), 17. ii, 627, 1908 ; O. Débner, Arck. Pharm., 232. 693, 1894 ;
E. Schmidt, Liebig’s Ann.,180. 287, 1877 ; Ber.,8. 1267, 1875 ; 10, 1289, 1877 ; P. Klason, ¢b., 20.
3407, 1887 ; W. Strecker, ib.,41. 1105,1908 ; A. W. Hofmann, Chem. News, 18. 45, 64, 1868 ; Lie-
big’s Ann.,1.81,1868; 10. 1087, 1877; R. Schenck and V. Falcke, ¢b.,41. 2600, 1908 ; I. Bloch
and M. Bergmann, $b., 53. B, 961, 1920 ; 1. Bloch, ¥. Hoéhn, and G. Bugge, Journ. prakt.
Chem., (2), 82. 473, 1910 ; 1. Bloch, Ber., 41. 1981, 1908 ; 1. Bloch and ¥. Hohn, 5., 41. 1961,
1971, 1975, 1908 ; Journ. praki. Chem., (2), 82. 486, 1910; F. Hohn, Unfersuchungen iber
Wasserstoffpersulfid, Berlin, 1909 ; H. Henstock, Chem. News, 128. 337, 1923 ; W. Ramsay,
Journ. Chem. Soc., 27. 857, 1874 ; H. C. Jones, ib., 37. 461, 1880 ; J. S. Thomas and A, Rule,
ib., 111, 1085, 1917 ; J. J. Blanksma, Rec. Trav. Chim. Pays-Bas, 20. 146, 1900 ; F. W. Kiister
and E. Heberlein, Zeit. anorg. Chem., 43. 53,1905 ; J. H. Walton and L. B. Parsons, Journ.
Amer. Chem. Soc., 43. 25639, 1921 ; J. H. Walton and E. L. Whitford, 5., 45. 601, 1923 ; F'. Jones,
Journ. Chem. Soc., 37. 461, 1880 ; H. Mills and P. L. Robinson, ¢b., 2326, 1928 ; J. Dodnoff and
H. Medox, Ber., 61. B, 1767, 1928,

§ 11. Sulphoxylic Acid and the Lower Acids of Sulphur

When ethyl sulphide, (CoHj)o8, is treated with nitric acid, it is oxidized to the
so-called ethyl sulphoxide, (C.H;),SO, and to ethyl sulphone, (CoHg)oSO,.
Similarly also with methyl sulphoxide, (CHj),80, which is also formed when silver
oxide acts on methyl sulphobromide, (CH3)oSBry. E. Fromm and J. de Seixas
Palma ! attempted to prepare the so-called sulphur hydrate, or hydrogen sulphoxide,
8.H,0, the hypothetical parent of the organic sulphoxides. If hydrogen sulphoxide
has a bivalent sulphur atom, it will be constituted HO.S.H ; and if it has a quadri-
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valent sulphur atom, Hy=8=0. E. Fromm and J. de Seixas Palma found that the
action of thionyl chloride on zine-dust leads to the formation of zine chloride, sulphur
dioxide, and sulphur ; a sulphoxide is not formed by treating the mixed products
with benzyl chloride. Benzyl disulphide, sulphide, and mercaptan are formed by the
action of benzyl chloride on the product of the oxidation of sodium sulphide by
hydrogen dioxide, and some sodium sulphide is oxidized to only a small extent
yielding sodium sulphate. The action of sulphur on potassium hydroxide and
treatment of the product with benzyl chloride leads to the formation of thiobenzoic
and benzoic acids together with a small amount of benzyl disulphide. Thiobenzoic
acid is oxidized to benzoyl disulphide by potassium ferricyanide in alkaline soln.

No success has attended the effort to make sulphur monoxide, SO, the oxide
analogous to hydrogen sulphide, SH,. H. Staudinger and W, Kreis tried unsuccess-
fully to prepare it by suddenly chilling the vapour of thionyl chloride or bromide
from 1000° to —190°. 1. Vogel and J. R. Partington tried to make it by heating
sulphur sesquioxide to 95° in vacuo. Derivatives are known. For instance,
ethyl sulphone, (C,H;),80,, is obtained from the ethyl sulphoxide by the action
of nitric acid, or potassium permanganate ; and also by the action of ethyl iodide
on potassium ethyl sulphinic acid, K(CoHg)SO,. The compound melts at 70° and
boils at 248°; similarly with methyl sulphone, (CH;),80,, which melts at 109°
and boils at 238°. According to E. Fromm and J. de Seixzas Palma, zinc-dust
reacts with sulphuryl chloride in ethereal soln., forming zinc chloride and zine
sulphoxylate, or zinc sulphone, ZnS0,, which is converted into dibenzylsulphone,
(CgH;.CH,)580,, by treatment with benzyl chloride and a 10 per cent. soln. of sodium
hydroxide ; benzylsulphonic acid is not formed, as would be the case were the
product of the sulphuryl chloride reaction zine hyposulphite. The syrupy product
obtained by evaporating the ethereal soln. of the sulphoxylate reduces indigotin.
According to L. Baumann and co-workers, when a soln. of sodium hyposulphite
in 40 per cent. formaldehyde is cooled, it deposits a crystalline product which
can be separated by fractional erystalhzatlon from dil. alcohol into equal parts of
sodium formaldehyde hydrosulphite, NaHSO0;.CH,0.H;0, and sodium
formaldehydehydrosulphoxylate, NaHS0,.CH,0.2H,0. The latter compound
separates from water in large, transparent, monoclinic prisms, melts at 63°-64°,
begins to lose water of crystallization at 120°, at 125° evolves formaldehyde and
hydrogen sulphide, and finally leaves a residue of sodium sulphide. Mineral acids
decompose it with the formation of sulphur and hydrogen sulphide; alkalies
regenerate sodium hyposulphite and formaldehyde, and sodium hydroxide followed
by ammonia soln. furnishes disodium hyposulphide and hexamethylenetetramine.
Lead formaldehyde hydrosulphoxylate is insoluble in water, but dissolves in dil.
nitric or in acetic acid to form a strongly reducing soln. The compound can be
employed as areducing agent when warmed in presence of alkalies or sodium hydrogen
sulphite and, in these circumstances, gives good results in the conversion of nitro-
derivatives into the corresponding amines. According to K. Reinking and co-
workers, when the colourless crystals prepared by the interaction of formaldehyde,
sodium hydrosulphite, and ammonia, are reduced with zinc-dust and acetic acid,
zine aminomethylsulphoxylate, (NH,.CH,.0.80)yZn, is formed.

L Vogel and J. R. Partington obtained sodium ethyl sulphoxylate, Na(C,Hg)SO,,
by the action of sodium ethoxide on sulphur sesquioxide; and when this is
hydrolyzed, by allowing it to stand in contact with its mother-hqmd overnight,
sodium sulphoxylate, Na,S0,, is formed. This salt is moderately soluble in cold
and more soluble in hot water and sparingly soluble in alcohol. It is practically
unattacked by boiling cone. hydrochloric and sulphuric acids, but is attacked by a
hot mixture of fuming nitric acid and bromine. The aq. soln. gives a yellow colora-
tion with ferric chloride soln. On exposure to air, the white solid becomes
yellowish-brown. It is assumed that the reactions are: 8,0;=8S0-+80, ;
S0-+C,H;ONa=Na(CgH;)S0,; and Na(CoHz)S0,+NaOH=Nay,S0,-+C;H;0H.
Some of the sulphur monoxide or sesquioxide may react : S0-4280,+C,H,ONa
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=Na(CoH;)8304; or 8,03-4-80,-+CoH;ONa=Na(CsH;)S304; and some penta-
thionate may be formed by the polymerization of the sulphur monoxide :
5SO+02H50Na=Na(C2H5)8506,a;ndNa(CgHb)SsO6+N30H202H50H+Na2850ﬁ',
or 5Nag8;04=NayS8;04-1Nay8,04-+3Nag30,+380,. The filtrate from the sodium
sulphoxylate has a very unpleasant odour, and contains salts of trithionic, sulph-
oxylic, and sulphuric acids, and also small quantities of pentathionic and possibly
tetrathionic acids. The product of the reaction between sulphur sesquioxide and
sodium ethoxide has a strongly alkaline reaction, and under these conditions any
tetrathionate and pentathionate which might be produced would probably decom-
pose with the formation of sulphites and thiosulphates, but the absence of the latter
indicates that very little, if any, of these substances are produced in the initial
reaction. H. Bassett and R. G. Durrant said that the resistance of sodium sulph-
oxylate to attack by boiling conc. hydrochloric or sulphuric acid is highly
improbable,and that the alleged sulphoxylate is more or less impure sodiumsulphate,
which is precipitated on adding sulphuric acid to a soln. of a sodium compound in
absolute alcohol.

A series of salts of sulphinic acid can be obtained by oxidizing dry sodium
mercaptide in air: CoH;.8Na-20=C,H;50,Na—sodium ethylsulphinate ; by
the action of sulphur dioxide on zine alkyl: (CoHjz)Zn-+-280,=Zn(CoH580)s
—zine ethylsulphinate ; and when zinc acts on the chlorosulphonates :
20,H80,C1+4-2Zn="7nCly+Zn(CoHs80,),.  According to E. Fromm and J. de
Seixas Palma, when sodium hyposulphate reacts with benzyl chloride in
4 50 per cent. soln. of sodium hydroxide at ordinary temp., sodium benzyl-
sulphinate, Na(CgH;.CH,)S0,, is formed. This is converted into benzyl methyl
sulphone, (CeH;.CH,)(CH3)S0Q,, m.p. 127°, by boiling with methyl iodide.
Similarly, lead benzylsulphinate, Pb(C,H,.80,),, is obtained by reducing benzyl-
sulphonyl chloride with zinc-dust and alecohol. Both the lead and sodium salts
decolorize iodine, but not indigotin, and furnish sulphones when boiled with
~alkyl halides,

M. Bazlen regarded the compound of formaldehyde with sodium hypo-
sulphite as sodium hydroxymethanesulphonate, which is formed along with sodium
hydroxymethanesulphinate, thus showing that the salt suffers fission with the
addition of water as in the case of the dithionates. Sodium hydroxymethane-
sulphinate reacts with sodium hydrosulphite to form sodium hyposulphite and
formaldehyde. The free hydroxysulphonic acids are very unstable, while the
hydroxysulphinic acids are stable. Hydroxymethanesulphinic acid is monobasic,
whereas hydroxymethanesulphonic acid forms two series of salts—HO0.CH,.80,.R,
and RO.CH,.80,R. - A. Binz's diformaldehydesulphoxylic acid, $(0.CH,.0H),,
formed by the action of sodium formaldehydesulphoxylate, or rongalite, with
formaldehyde and hydrochloric acid, Na0.S.0.CH,.OH+-HCI+4CH,;0=NaCl
+8(0.CH,0H)y, is considered by M. Bazlen to be dihydroxymethylsulphone,
since it readily loses a mol. of formaldehyde. M. Bazlen could not prepare
the dibarium salt of hydroxymethanesulphinic acid reported to be obtained
from the condensation product of sodium hydroxymethanesulphinate and mono-
methylaniline.

H. Bassett and R. G. Durrant consider the reaction : 3S(OH),=H,S8+2H,80;
is improbable because it would be termolecular ; and it is more likely that dissimilar
molecules are respectively oxidized and reduced. They suggest that in alkaline
soln., sulphoxylic acid forms the so-called anhydro-acid, disulphoxylic acid,
HO.5.0.8.0H, or pyrosulphoxzylic acid, 2S(0H),==H,0-+HO.8.0.8.0H, since
many weak acids form pyro-salts in alkaline soln.—e.g. boric acid. It is suggested
that the sulphoxylic acid is reduced, and the disulphoxylic acid oxidized to pyro-
sulphurous acid, Hy8,05, thus, insymbols : §(0H),--HO0.8.0.8.0H=H,8-+H,8,0;.
The reversal of this reaction is the first step in Wackenroder’s reaction—uvide
infra. Disulphoxylic acid is isomeric with thiosulphuric acid. The behaviour of
formaldehydesulphoxylates with the metal salts, shows that in some cases, e.g.
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with arsenic trichloride, an increase in acidity favours the precipitation of arsenic
sulphide instead of arsenic formed when free acid is present. In other cases, e.g.
with sodium plumbite, an increase in alkalinity favours the formation of lead
sulphide, while lead is precipitated as the alkalinity decreases. The reaction
S(OH),+HO.8.0.8.0H=H,8-}H,8,05 would proceed from left to right with
a considerable increase in hydrogen ions, for there can be little doubt that sulph-
oxylic acid would be a very weak acid just as hypochlorous acid is. Alkali should
therefore favour the change into sulphide and sulphite, which agrees with the
results of the plumbite experiments. In acid soln., high acidity might be expected
to favour formation of anhydrosulphoxylic acid at the expense of sulphoxylic acid,
and this also would accelerate the change of the latter into hydrogen sulphide and
pyrosulphite. The effect of high acidity in favouring precipitation of arsenious
sulphide, rather than of free arsenic, would then be intelligible. Increasein acidity
would also tend to produce sulphur dioxide at the expense of either sulphurous
or pyrosulphurous acid, and this also would hasten the decomposition of sulphoxylic
acid, The reaction : S(OH)y-+H,8=28-1+-2H,0 occurs with decrease of hydrogen
ions, and so will be favoured by acidic conditions. It is this interaction of hydrogen
sulphide and sulphoxylic acid which leads to the decomposition of sulphoxylic
acid in acid soln. in absence of metals which form insoluble sulphides. Such
decomposition could be represented by the summation equation, 28(0OH),=H,80;
+84-H,0.

H. Bassett and R. G. Durrant in their memoir : Tke Interrelationships of the
Sulphur Acids, showed that when sulphoxylic acid is liberated by hydrolysis from
its association with formaldehyde, it decomposes into sulphurous acid and hydrogen
sulphide. If the hydrolysis occurs in the presence of a lead, arsenic, antimony,
stannous, bismuth, cadmium, nickel, cobalt, or zinc salt, the sulphide of the metal
is precipitated. No acid, other than that present in the soln. owing to hydrolysis,
must be added in the case of zine, nickel, or cobalt, otherwise the precipitate of
sulphide fails to appear; and very little must be present in the case of cadmium.
With salts of silver, copper, and mercury, reduction to metal occurs. Thismay occur
also with arsenic and probably with antimony or bismuth, especially in absence of
much acid, whilst, conversely, a little sulphide may be formed in the case of copper
and silver in presence of much acid. Precisely what happens in such cases depends
upon the relative rates of the oxidation of sulphoxylic acid to sulphurous acid or of
its change into hydrogen sulphide and sulphurous acid. These rates are affected
by the conc. of reactants, acidity, and temp. In absence of salts of heavy metals,
the hydrogen sulphide acts upon the formaldehyde to some extent to yield trithio-
formaldehyde, which appears as white crystals or oily drops, and is readily detected
by its characteristic smell. The normal interaction of hydrogen sulphide and sul-
phurous acid leads to the formation of sulphur and polythionic acids. "The acid
hydrolysis of the formaldehydesulphoxylate occurs rapidly on heating, but is slow
at the ordinary temp. ; the actual rate depends also upon the acidity. The alkaline
hydrolysis is extremely slow, but seems to follow a course similar to that of the acid
hydrolysis, yielding sulphide and sulphite. H. Bassett and R. G. Durrant found
that the action of formaldehydesulphoxylate on sodium plumbite soln. is slow at,
the ordinary temp., but more rapid on heating. A mixture of metallic lead and lead
sulphide is usually formed, a high conc. of sulphoxylate and high alkalinity being
most favourable to the precipitation of lead sulphide. The reduction to metallic
lead is due to the sulphoxylate, and not to the formaldehyde. In presence of
plumbite, it is the formation of insoluble lead sulphide which accelerates the
hydrolysis of the formaldehydesulphoxylate, Sulphur will produce a similar
effect by converting the sulphite, formed on hydrolysis of the sulphoxylate, into
thiosulphate. Thus it was found that, after an alkaline soln. of formaldehyde-
sulphoxylate had been boiled with sulphur and the polysulphide (much of which
was, of course, due to alkaline hydrolysis of the sulphur) removed with lead acetate,
the soln. was no longer capable of bleaching methylene-blue. A similar alkaline
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sulphoxylate soln., after being boiled for the same length of time without sulphur,
.gave no precipitate with lead acetate and still had a strong bleaching action on
methylene-blue, On boiling an alkaline soln. of sodium hydrosulphite to which
sodium plumbite has been added, a greyish-black precipitate of lead sulphide and
metallic lead is obtained. The same reaction occurs at the ordinary temp., but
much more slowly. If the alkaline hydrosulphite soln. is boiled and then cooled
to room temp. before the sodium plumbite is added, an immediate black precipitate
appears which consists of pure lead sulphide if only small quantities of hydrosul-
phite and plumbite are used in the experiment. H. Bassett and R. G. Durrant could
find no positive evidence in support of the assumption that sulphoxylic acid decom-
poses : 25(0OH)o=H,8+H,80,, and 28(0H)y=H,8,03+H,0. They added that
if sulphoxylic acid could undergo either of these changes, alkali should promote the
changes, since both would correspond to a considerable increase in hydrogen ion.
No sulphate is produced when sodium formaldehydesulphoxylate is boiled with
a soln. of sodium plumbite; nor is any produced when sodium formaldehyde-
sulphoxylate is hydrolyzed in acidic soln. either alone or in the presence of lead or
arsenious salts. If the arsenious sulphide formed had resulted from the decom-
position of the thiosulphate, large amounts of sulphate would have been produced.
No change was observed when an alkaline soln. of sodium formaldehydesulphoxylate
wag heated for a long time. If a conc. soln. of hyposulphite is added to cone. hydro-
chloric acid, sulphur separates at once; but with a conc. soln. of thiosulphate,
sulphur does not separate for a long time. If the sulphoxylic acid formed on the
hydrolysis of the hyposulphite changed rapidly into thiosulphate, no separation of
sulphur is likely to have occurred. The observed separation of sulphur is not due
to the presence of a sulphite, for a soln. of an equimolar mixture of sodium pyro-
sulphite and thiosulphate did not yield any sulphur when added to conec. hydro-
chloric acid, except after long standing. F. Férster and co-workers assume that the
reaction : 28(0H),=H,8,03-+H,0 does occur ; and this is supported by the fact,
observed by J. Meyer, and K. and E. Jellinek, that sodium hyposulphite, in the
absence of air, in neutral or slightly acidic soln., changes quantitatively into sulphite
and thiosulphate. The solid salt undergoes a similar change since old specimens
contain large proportions of thiosulphate. On the other hand, H. Bassett and
R. G. Durrant stated that it is probable that the thiosulphate is not formed directly
from sulphoxylic acid, but by a more complex sequence of reactions—wvide infra.
For the smell of sulphoxylic acid, vide infra, hyposulphurous acid.

The term sulphoxylic acid was applied by A. Bernthsen to the hypothetical
acid HyS0,, the parent from which the salts just indicated have been derived. This
distinguishes them from the salts belonging to the related hyposulphurons acid,
Hy8,04—wide infra. Sulphoxylic acid, HyS0,, was considered by M. Bazlen to
be metasulphoxylic acid, HySO0,, or HO.804.H, derived from orthosulphozylic acid,
(HO)3S.H, by the loss of a mol. of water.

There are several possible constitutions for compounds with the formula H,80,.
For instance, (i) with a bivalent sulphur atom corresponding with an aldehydic or
ketonic constitution : RO.S.0M—where R denotes an alkylic or arylic radicle,
and M a univalent metal ; (ii) another with a quadrivalent sulphur atom, furnishing
sulphoxylates or sulphinic acids; and (iii) another with a sexivalent sulphur
atom, furnishing sulphinic acids or sulphones :

RO R R_._ 0O R, 0O
N—8=0 Ho>5=0 150 RS0
Sulphoxylates Sulphinic acids Sulphones

R. Otto thought that the conversion of the sulphinic acids into sulphones favours
the hypothesis that these acids are hydrides and do not contain a hydroxyl group,
and that the sulphur atom is sexivalent in the sulphinates. There is, however, some
doubt about the constitution of these hypothetical acids which are known only
in the form of alkyl or other derivatives. K. Reinking and co-workers, and



166 INORGANIC AND THEORETICAL CHEMISTRY

M. Bazlen respectively represented the complex aldehydic salt of sulphoxylic acid
by the formulw :

OH HO_._0O
R—CH<§ 50. ¥ RS< o~ CHe
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§ 12. Hyposulphurous Acid

In 1718, G. E. Stahl! observed that iron dissolves in sulphurous acid, forming
a reddish-yellow liquid; and C. L. Berthollet observed that no gas is given off
when the metal dissolves. A. F. de Fourcroy and L. N. Vauquelin obtained
similar results with tin and zine. C. F. S8chonbein and others noticed that when
sulphurous acid is electrolyzed, the reddish-bfown liquid resembles that obtained
by the action of many metals on sulphurous acid, in that both liquids are strong
reducing agents, and contain an acid with less oxygen than that contained in
sulphurous or rather thiosulphuric acid. E. Schir made more extended obser-
vations on this subject. Prior to 1869, it was thought—e.g. by E. Mitscherlich—
that the acid formed by reducing the sulphurous acid was thiosulphuric acid,
H,8,0;, while H. Risler-Beunat said that pentathionic acid is formed. Observa-
tions were made by M. J. Fordos and A. Gélis, C. Geitner, and A. Harpf, who reported
sulphuric, thiosulphurie, trithionic, and pentathionic acids and hydrogen sulphide
to be formed. P. Schiitzenberger showed that un nouvel acide de soufre is formed
which he called Pacide hydrosulfureus—that is, hydrosulphurous acid. He also
prepared a number of salts of the acid. H. E. Roscoe and C. Schorlemmer, and
R. von Wagner preferred the name hyposulphurous acid, H,S,0, ; and they called
the salts hyposulphites—vide thiosulphuric acid. The acid was studied by
A. Bernthsen and co-workers, H. Bassett and R. G. Durrant, and by O. Brunck,
A. Nabl, etc. The results favour the hypothesis that the molecular formula of
the acid is that just indicated—wvide infra. The arguments in favour of hydro-
sulphurous or hyposulphurous as a name for the acid have different weights with
persons of different temperaments. The writer prefers hyposulphurous acid.
The general subject of the hyposulphites was discussed by A. Dubosc,2 L. A, Pratt,
and K. Jellinek.

The preparation of hyposulphurous acid, and the hyposulphites.—As indicated
above, hyposulphurous acid is prepared by dissolving iron or zinc in sulphurous
acid contained in a closed vessel. P. Schiitzenberger 3 represented the reaction :
2H,803-2H,=(H,80,),+2H,0. H. E, Causse also prepared hyposulphurous acid
in an analogous way by reducing sulphurous acid with zine, iron, manganese,
or copper. F. Bayer used sodium amalgam as the reducing agent. W. Spring
showed that the acid is formed along with tetrathionic acid when hydrogen
sulphide is passed into sulphurous acid; L. Maquenne, when sulphurous acid is
reduced by hypophosphorous acid ; 8. Kapff, by formic acid or sodium formate ;
P. Spence and E. Knecht, by titanium trichloride; G. Scurati-Manzoni, by a
copper-zinc couple ; H. Moissan, potassium hydride—but H. Erdmann and H. van
der Smissen did not succeed with calcium hydride ; and A. Guerout, by the elec-
trolysis of sulphurous acid. Sulphuric acid is formed at the anode, and hyposul-
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phurous acid is formed at the cathode with a low-current density, and sulphur
with a high-current density. C. Luckow also noted the formation of sulphur
and hydrogen sulphide. The aq. soln. of the free acid is stable for only a short
time. P. Schiitzenberger obtained it by decomposing the sodium salt with dil.
sulphuric or oxalic acid ; and R. Englert and F. Becker, by treating a soln. of the
calcium salt with sulphuric, oxalic, or phosphoric acid. P. Schiitzenberger made
the sodium salt by the action of zinc on a soln. of sodium hydrosulphite in a well-
cooled vessel: 6NaHS803-4-2Zn=27Zn803-+-2H,0-+2Na,80,4--(NaHS80,)s. The
greater portion of the sodium sulphite crystallizes out as a complex salt with zine
sulphite. In order to remove the small quantity which still remains in soln., the
clear liquid is mixed with 3 or 4 times its bulk of conc. aleohol, and allowed to
stand in a well-stoppered flask. The liquid then deposits a second crop of crystals
of sodium zinc hyposulphite,and the supernatant liquor when kept in a well-stoppered
flask deposits colourless crystals of the hyposulphite. These are pressed between
bibulous paper, and dried in vacuo. Angtll)]er recrystallization may be necessary
to remove the last traces of sodium zine sulphite. L. A. Pratt used a modification
of this process; M. Furukawa and K. 8. K. Kaisha used nickel or iron salts as
catalysts; and W. G. Christiansen and A. J. Norton described a mode of
purifying the sodium salt. A. Bernthsen measured the rate of conversion of
the sulphur of hydrosulphate into hyposulphite by zine with soln. containing
different proportions of salt in soln. The percentage conversion of the total sulphur
into hyposulphite was with soln. containing, per 100 c.c.

NaHSO, . 0-5852 2-3408 3-4094 10-90 17-047 26-97
Conversion . 57-7(16) 57-3(192)  53-7(265) 58-3(18) 53-1(24) 60(%)

The bracketed numbers refer to the time in hours. M. Bazlen found that the
dihydrate, NayS8,0,.2H50, can be salted out from the soln. by the addition of sodium
chloride. The Badische Anilin- und Sodafabrik patented the use of other soluble
salts, etc. For instance, sodium nitrite or acetate, chloride of calcium, magnesium
or zine, sodium or ammonium hydroxide. Itis better to use soln. ag cone. as possible.
With 200 c.c. of water and 35 and 40 per cent. of sodium hyposulphite respectively,
98 and 99 per cent. of the hyposulphite was immediately precipitated on adding
60 grms. of sodium chloride. The Farbewerke vorm. Meister Lucius und Briining
showed that instead of zinc and sodium hydrosulphite, & mixture of zine sodium
hydrosulphite and sulphurous, sulphuric, or hydrochloric acid can be used. Other
metals more electropositive than zinc were found by E. Grandmougin to be applicable
for the reduction. For example, sodium-amalgam may be used, but sodium alone
acts too vigorously ; calcium can be employed for the reduction.

A. Worsley reduced the supersaturated soln. of sulphurous acid by electrolysis
at a low temp., and under press. in the cathode compartment of an electrolytic
cell. A non-oxidizing atm. is maintained in the cathode compartment—e.g., by
introducing an inert or a reducing gas—and a catalyst—e.g., a zinc salt or a colloid
such as gelatin—may be added to the electrolyte. Sulphur dioxide may be con-
tinuously introduced into the sulphurous acid soln. during thé electrolysis. The
soln. of hyposulphurous acid obtained may be used directly as a reducing agent,
or the substance to be reduced by hyposulphurous acid may be maintained in
close proximity to the cathode, preferably in continuous agitation, during the
reduction of the sulphurous acid.

The most satisfactory laboratory method of preparing the sodium salt was
found by F. W. Heyl and F. E. Greer to be a process based on those of L. Cassella
and Co., and the Manufacture Lyonnaise de Matitres Colorantes, namely, the
action of sodium hydrosulphite on sodium formaldehydrosulphoxylate, which in
turn is obtained by the reduction of commercial hyposulphite with zinc-dust and
zine oxide in the presence of formaldehyde, and recrystallizing the crystals first
obtained from water below 70°. It was not found possible to prepare analytically
pure anhydrous sodium hyposulphite even by the method from sodium formalde-
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hydesulphoxylate indicated above and salting out the product by means of strong
brine. The best results obtained were yields of 55-60 per cent. of the theory with
a purity of 80-85 per cent., and neither by recrystallization nor by salting out from
air-free aq. soln. in an inert atmosphere could the salt be further purified.
J. Volhard obtained the hyposulphite as an intermediate stage in the action of
sulphur dioxide on an alkali sulphide. C. F. Schonbein, and P. Schiitzenberger
also obtained sodium hyposulphite at the negative pole during the electrolysis of
an aq. soln. of sodium hydrosulphite owing to the reduction symbolized : 2NaHSO,
+Hy=Na,8,0,+2H,0. A. Villon used a soln. of sp. gr. 1:32 in the cathode
compartment. G. Halphen, E. Andreoli, and E. Urbain also émployed the elec-
trolytic process. According to E. H. Ekker, the products of the electrolysis are
sodium sulphate, water, and either sodium hydrohyposulphite, or a mixture of
sodium hyposulphite and free hyposulphurous acid. Working with a cell without
diaphragm, he obtained a poor yield by a current of 1-51 amp. passing through a sat.
soln. of the sulphite. This diminished after the lapse of another hour. The poor
results are due to anodic oxidation of the hyposulphite. K. Elbs and K. Becker used
a porous diaphragm, and a cathode of platinum, aluminium, or zine. They found
that at first sodium hyposulphite is formed at the cathode in almost theoretical
quantity, but the yield very soon falls off owing to the further reduction of the
hyposulphite to thiosulphate, NayS,04+-2H=H;0-+}N2,8,05. It was impossible
to prepare solid sodium hyposulphite in this way. When soln. of calcium or
magnesium hydrosulphite in water or dil. aleohol are electrolyzed in the same way,
a little hyposulphite is formed in soln., but the solid substance which separates out
is the neutral sulphite of calcium or magnesium. Zine hydrosulphite gave similar
results. From a cone. soln. of sodium and zine hydrogen sulphites, however, a
solid substance is deposited, about one-quarter of which consists of sodium hypo-
sulphite. Soln. of sodium magnesium and of sodium manganese hydrosulphites
gave no solid substance. A. R. Frank showed that in the preparation of soln. of
sodium hyposulphite by electrolysis of soln. of sodium hydrosulphite it is necessary
to use an almost neutral soln. The presence of free sulphurous acid liberates
hyposulphurous acid, which readily decomposes. If this precaution is taken and
the current density gradually increased, a good current efficiency can be maintained
for a much longer time, and soln. containing 30 to 40 grms. of hyposulphite per
litre obtained. Soln. of caleium hydrogen sulphite containing up to 90 grms. of
the salt per litre are employed in large quantities in the preparation of cellulose,
and the maximum solubility is not 9-3 grms. per litre, as stated by K. Elbs and
K. Becker. When a nearly neutral soln. of calcium hydrosulphite containing from
40 to 60 grms. of SOy per litre is electrolyzed, the calcium hyposulphite soon begins
to crystallize out in silky needles. From 30 to 40 per cent. of the weight of the
calcium hydrosulphite used is obtained in the form of the solid hyposulphite, with
a current efficiency of 60 to 70 per cent. The dry salt is unstable, about half of it
being decomposed after three days’ exposure to the air. In the formation of
sodium hyposulphite by the electrolysis of sodium hydrosulphite, the electrolysis
stops after the soln. contains 3 to 4 per cent. of the hyposulphite. K. Jellinek
showed that sodium hyposulphite, in soln. containing hydrogen sulphite, decom-
poses spontaneously into thiosulphate and hyposulphite and then hydrosulphite,
2Na8,0,=Nay8,03+Nay8,05 ; Nay8,05+H,0=2NaHS80;. In conc. soln. the
rate of decomposition is practically unaffected by the presence of platinum or lead,
whilst in dil. soln. the greater part of the change takes place at the surface of a
platinized platinum plate. He showed that the stationary condition, in which the
conc. of the hyposulphite does not increase, is reached when the rate of formation
of hyposulphite by the current is equal to its rate of spontaneous decomposition,
from which it follows that the hyposulphite is not reduced electrolytically, and
that in order to obtain a high conc. in soln. it is only necessary to increase the rate
of formation by applying a large current to a small vol. of soln. The subject was
also investigated by K. and E. Jellinek. R. H. McKee and N. Woldman said
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that, at present, the electrolytic process cannot compete successfully with the zinc
process.

The physical properties of hyposulphurous acid.—Free hyposulphurous acid
is very unstable. H. Bagsett and R. G. Durrant added that freshly acidified
hyposulphites have a most unpleasant smell, suggestive of, but differing from, that
of hydrogen sulphide, and not unlike a mixture of hydrogen sulphide and sulphur
dioxide. The smell recalls that of sewer gas, and it may well be that of sulphoxylic
acid. An aq. soln. of hyposulphurous acid, according to its concentration, appears
yellow to orange-red. J. Meyer said that it rapidly decomposes into thiosulphuric
acid, sulphur dioxide, and hydrogen sulphide. The apparent colour of the acid
may be really due to the presence of colloidal sulphur produced by its decomposi-
tion. The alleged colour cannot be due to the presence of hyposulphite ions since
the alkali salts are colourless; nor is it probable that the colour is produced by
the HS,0, -anion, or by the non-ionized molecule since the acid is a strong one.
K. Becker did not succeed in collecting the colloidal sulphur in the layer of carbon
disulphide when the cathode liquor is shaken with that solvent during the cathodic
reduction of sodium hyposulphite. H. Bassett and R. G. Durrant found that when
hyposulphurous acid 1s liberated from its salts, it is hydrolyzed to sulphurous and
sulphoxylic acids, and the yellowish-brown coloration which appears is most
probably due to a compound, (HO),8.80,, obtained by the co-ordination of one
mol. of sulphur dioxide with the sulphur atom of a mol. of sulphoxylic acid. It
could also arise directly by a simple intramolecular change. This compound is
isomeric with hyposulphurous acid itself, which may be written HO.8.0.50.0H.
When sulphur dioxide is passed into a soln. of sodium formaldehydesulphoxylate,
a soln. of precisely the same colour is obtained as from sodium hyposulphite. The
properties of the two soln. are similar, and the coloured compound may be the
same in the two cases. It is possible, however, that the formaldehyde still remains
attached in the one case. It is noteworthy that formaldehyde removes the colour
from soln. of all the above sulphur dioxide addition compounds owing to formation
of the very stable formaldehydesulphurous acid.

In some cases, very dil. soln. of the acid are fairly stable. M. Berthelot gave
0 to 5-6 Cals. for the heat of formation of the acid in aq. soln. K. Jellinek gave
(28,30,H,0)=H,8,0,-+-105 Cals. K. Jellinek found that the electrical conductivity
of dil. soln. of the acid can be measured Wlthout undue interference by the decom-
position of the acid. Thus, 50 c.c. of $5N-Nay8,0, was treated with J;N-HCI,
and the conductivity, at 19°, after )

Time . 0 207 40" 1’0" 1’ 10” 2’ 40”7 6’ 55” 13’ 50”
kx10% . 5572 548-0 539-2 532-5 528-2 512-0 479-0 454-5

The corresponding curve represents the rate of decomposition of the acid. Express-
ing the concentration is gram-equivalents in v litres at 25° :

16 32 64 128 @©
Conductivity . 178 . 212 234 277 298 422

The temp. coeff. at infinite dilution is 0-017. The ionization constant for
[H'THS,0',]=K[Hy8,0,] is approximately K,=0-45 at 25°; and for [H'[S;0,"]
=K, [HS8,0,], K5=0-00354 at 25°. For the heat of formation of the ion (28,40,Aq.)
=8,0," aq.+177 Cals. For the heat of ionization per gram-atom of sulphur,
K. Jellinek gave 89 Cals. The mobility of the 8,0,"-ion is 69 at 25°. The electro-
motive force of combinations with a hydrogen electrode, a platinized platinum
electrode immersed in well-stirred soln. containing sodium hyposulphite, sulphite,
and hydrogen sulphite, is represented by E=—0-245- log [8204”][803”)/[HSO3’)4
at 20° for the normal hydrogen electrode ; and for the e.m f. of the reaction S,0,”
+2H;0+4-2F=2H"+2H804’, E=—0-009—0-029 log [S,0,"]/[H{HS0;']> at 20°.
From this it is calculated that & soln. containing hyposulphite and hydrogen sulphite
ions in normal concentration should be in equilibrium with gaseous hydrogen at
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two atmospheres pressure, and therefore that the reducing power of such a soln. is
very nearly the same as that of gaseous hydrogen. The e.m.f. of the combination
meagured above increases by 2-27 millivolts per degree rise of temp. From these
data the heat of the reaction is readily calculated ; it is S,0," 42805 +2H,0--2H"
=H,+4HS04'—13,920 cals. Subtracting the known value, HSO3=H }-805"
—T00 cals., gives 8,0,”+42H,0=H,42HS04'(—13920—1400=)—15,320 cals.
Consideration of the free energy of the reaction between hyposulphites and water
leads to the conclusion that they become much less stable as the temp. rises, a rise
of 10° increasing the equilibrium press. of hydrogen two and a half times. In
alkaline soln. of hyposulphite and sulphite a fairly definite potential is established
at a platinum electrode, but the nature of the reaction on which it depends has not
been discovered. In soln. of hyposulphite and thiosulphate, or of thiosulphate and
sulphite, no definite potential could be observed. The potentials measured were
unaffected by the conc. of the thiosulphate. '
The chemical properties of hyposulphurous acid and the hyposulphites.—The
acid is known only in dil. aq. soln.; but O. Réssler said that it is more soluble
in aleohol than in water. P. Schiitzenberger, and A. Binz found that aq. soln. of
the hyposulphites decompose when warmed, forming only hydrosulphites; but
J. Meyer represented the reaction: 2NayS;04-+Hy,0=Na,3,054-2NaH80;; and
his results for the decomposition at 45°, 60°, and 80° are summarized by the curves
shown in Fig. 42. The speed of the decomposition is slow

oww e w posed, a—=; so that de/dt=kx(a—z). E. Jellinek found
Minutes k at 0° to be 0-00014; at 10°, 0-00023 ; at 20°, 0-00037 ;
Fio. 42— The Efiect 80d at 30°, 000063, If ¥'=105k, log k'=1-32--0-0350. The
of Temperature on decomposition on heating is probably best represented:
the DepomPOSition 2N828204+H20=N328203+2N3HSO3. A. Lumiére and
%foll\ﬂguflm})fAS%‘:ﬁz“s L. Seyewetz, and M. Bazlen and A. Bernthsen made some
Hy;o;)ul;hite. ™ observations on this subject. K. Jellinek studied the de-
- composition of sodium hyposulphite in soln. of sodium
sulphite or hydrosulphite ; and found that it can be represented as a unimolecular
reaction dx/dt=Fk(a—w), where x signifies the amount decomposed at the time ¢.
E. Jellinek found the velocity constant, %, to be, in the presence of

S0 at the start, it then rises to a maximum, and later on slows
S w W<z down. Part of the products of the decomposition react
3% with the undecomposed salt, and consequently the velocity
3% \‘?\ of decomposition is proportional both to the extent of the
N v 71 |  decomposition, z, and to the quantity of salt left undecom-
N

NaHS0; . 10 15 27 33 15 30 per cent.
k at 18° . 0-00007 0-00031 0-00062 0-00109 — —
k at 32° . —_ —_ — — 0-00055 0-00250

C. K. Jablezynsky and Z. Warszawska-Rytel found that the rate of decomposition
is accelerated by the addition of sodium chloride, and diminished by the addition
of a colloid like gum arabic. Dilution retards decémposition. The speed of the
reaction corresponds with two reactions of the first order. C. F. Schonbein,
P. Schiitzenberger, and A. R. Frank showed that the decomposition is retarded in
the presence of alkalies. Hence, technical operations with hyposulphites are
conducted in alkaline soln. whenever possible, Acidic soln. decompose very
quickly, for when a soln. of the sodium salt is acidified, it becomes yellow or
orange, and much sulphur is separated.

When hyposulphurous acid is liberated from its salts, it is readily hydrolyzed
to sulphoxylic and sulphurous acids. H. Bassett and R. G. Durrant summarize
the action: HO.S.0.50.0H=x(HO0),8.80,; by HO0.8.0.80.0H-H,0=8(0H),
+Ho805(=H,0-+80,) ; and by S(OH),-8S0,=(HO0)58.80,. Thus, two isomeric
forms of HpS,0, are assumed. The direct union of two sulphur atoms in (H0).8.80,
indicates that the compound can probably be readily reduced to thiosulphate ; and
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this is in agreement with K. and E. Jellinek’s observation that hyposulphurous and
thiosulphuric acids are successive stages in the electrolytic reduction of sulphurous
acid. The oxidation of HO.8.0.80.0H by (HO0),.8.80, is taken to explain the
change of the hyposulphite into thiosulphate and pyrosulphite : H0.8.0.80.0H
+(HO)8.8045=2H,8,05-+H,8,05. The reaction was found by K. and E. Jellinek
to be bimolecular, and the rate of change is increased by the presence of hydrosul-
phites—roughly in proportion to the square of the hydrosulphite concentration—
is attributed by H. Bassett and R. G. Durrant to the stabilizing influence of the
sulphite. In the presence of acids, there is superposed on these changes the reactions
HzS+S(OH)2\ﬁ2S+2H20, and S(OH)z—i—HO.S.O.S.OH:—HzS+H28205. There is
also the possible formation of polythionates by the interaction of hydrogen sulphide
and sulphurous acid, or by the decomposition of thiosulphate. F. Forster and
co-workers added that polythionates are always formed during the decomposition
of hyposulphurous acid. The yellow colour remaining after the disappearance of
the yellowish-brown colour of (HO0)98.80,, is attributed by H. Bassett and
R. G. Durrant to a complex of sulphur dioxide and thiosulphuric acid. The subject
was discussed by R. H. McKee and N. E. Woldman. According to H. Bassett
and R. G. Durrant, the action of sodium plumbite on the hyposulphites shows that
sodium hyposulphite is hydrolyzed slowly in alkaline soln. even at the ordinary
temp., and the reactions then observed are the same as those obtained with sodium
formaldehydesulphoxylate—both being the reactions of sulphoxylic acid or its
decomposition products. If the soln. is boiled before the plumbite is added, a
precipitate of lead sulphide free from metallic lead can be obtained in the case of
the hyposulphite, because the sulphoxylate is converted into sulphide and sulphite
as fast as it is formed. If the plumbite is present during the liberation of the
sulphoxylate, some of the latter is oxidized by the plumbite before it is converted
into sulphide and sulphite, and so a mixture of lead sulphide and lead is obtained.
Alkaline soln. of sulphite give no reaction with plumbite under these conditions,
whilst thiosulphate in alkaline soln. gives a very faint reaction. The yellowish-
brown colour produced by the acidification of soln. of sodium hyposulphite, with
cone. soln., may be similar to that of 0-1N-iodine. The smell of hydrogen sulphide
is quite evident directly after acidification, but is soon masked by that of sulphur
dioxide. A. Bernthsen and J. Meyer mention that cadmium sulphide is precipitated
when hydrosulphite soln. containing cadmium sulphate are acidified, they do not
appear to have noticed the hydrogen sulphide itself. Sulphur eventually separates
from the acidified soln., but the time which elapses before this occurs may be
considerable. The colour persists longest when the acidification has been effected
by sulphurous acid. If a conc. sodium hyposulphite soln. is added to cone. hydro-
chloric acid, 2 momentary brown colour is produced followed at once by a precipitate
of sodium chloride and sulphur.

The dominant quality of hyposulphurous acid, or rather of the hyposulphites,
is a strong reducing action. The hyposulphites are readily oxidized. Consequently,
in preparation of these compounds, the soln. have to be protected from oxidation
by using an atm. of carbon dioxide or hydrogen. A. and L. Lumidre and
A. Seyewetz found that when a thin layer of powdered anhydrous sodium hyposul-
phite is exposed to the action of moist air, it is completely decomposed in seven
days, but is practically stable in a closed vessel or in dry air, the slow changes
observed, 10 and 4 per cent. loss of sodium hyposulphite regpectively in two months,
being due to admission of moisture in removing the daily samples. Soln. of sodium
hyposulphite in boiled distilled water in closed vessels decompose at rates varying
with the conc. ; 25, 10, and 3 per cent. soln. are decomposed in three, eleven, and
thirty-seven days respectively. The rate of change is accelerated by rise of temp.
or by exposure of the soln. to the air; in the latter case, the relative stabilities are
reversed, a 3 per cent. soln. decomposing entirely in one, a 20 per cent. soln. in two
days. The decomposition of sodium hyposulphite takes place according to the
equation : 3Nag8,0,=2Nas8:03+NagS:04 ; NagSy0,+0=NaoS03-4+80,, sodium
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hydrosulphite being formed in aq. soln. The chief product of the reaction is the
sulphite, When shaken with air or oxygen, P. Schiitzenberger and co-workers
found that soln. of the hyposulphites become yellow or orange, and finally colourless.
The yellow coloration is due to the liberation of the free acid. Twice as much
oxygen is absorbed as is needed to convert the hyposulphite into hydrosulphite,
but J. Meyer found that the quantity absorbed is not quite twice that needed to
form the sulphite ; and he said that the excess of oxygen is used in carrying the
oxidation past the sulphite stage: H,8,0,-0y-+Hy0=H,80,-+H,80;, and to a
small extent : 2H,8,0,40y42H,0=4H,803. P. Schiitzenberger, and F. J. Kénig
and C. Krauch assumed that some hydrogen dioxide is formed; and C. Engler,
that a peroxyhyposulphite, HyS350,.05—an isomer of dithionic acid, or else hydrogen
dioxide—is formed :
NaS0O, , OH:H , O . Na.80,.0H
NaSo, TomiET0 =  Naso,.omTHO:

Mild oxidizing agents—e.g. silver salts—normally oxidize hyposulphite to sulphite,
but with mol. oxygen, J. Meyer said that during the oxidation of the hyposulphites,
sulphite and sulphate, as well as thiosulphate, and dithionate may be formed ; and
the sulphate and sulphite would be in equimolar proportions were it not for dis-
turbances produced by the hydrolysis of the hyposulphite by the acid formed
during the oxidation. H.Bassett and R. G. Durrant added that with soln. containing
sufficient sodium carbonate to neutralize the acid formed, the atm. oxidation of
hyposulphite proceeds smoothly as a unimolecular reaction.

A. and L. Lumiére and A. Seyewetz found that chloral and guinol exert no protective
action on soln. of sodium hyposulphite. The influence of a number of other substances on
the stability of the soln. is as follows, where the first bracketed number represents the
number of grams per litre ; and the number in brackets after ‘‘ days ** refers to the percentage
amount of hyposulphite undecomposed, in the other cases, all was decomposed in the time
stated : Sodium hydroxide (10-100), 5 days ; sodium carbonate (2), 4 days ; (100), 11 days ;
potassium carbonate (5-200), 8 days; ammonia (10-200 c.c.), 4 days; normal sodium
phosphate (5), 3 days ; (50), 6 days ; (100), 24 days; sodium hydrophosphate (50), 5 days ;
(100), 7 days; sodium silicate, (25), 5 days; (100), 23 days (0-9) ; acetaldehyde (30 c.c.),
28 days (5-9); (100 c.c.), 21 days; formaldehyde (50 c.c.), 28 days (14-9); (200), 28 days
(8:1) ; acetone plus sodium sulphite (5-+15), 5 days ; (20+60), 7 days; (404120), 4 days;
ansline (100), 4 days; methylamine (100), 4 days (0-9); trioxymethylene plus sodium
sulphite (10-+1), 28 days (26-5); (50+3), 28 days (24-4) ; hexamethylenetetramine (100),
28 days (24-4).

J. Meyer found that hydrogen dioxide oxidizes hyposulphites in acidic or alkaline
soln., forming sulphates, and a small proportion of dithionates. The reaction was
examined by A. Wangerin and D. Vorlander, and F. 8. Sinnatt. The hyposulphites
were found by A. Bernthsen to be oxidized by iodine to sulphates. Brotherton
and Co. represented the reaction with sodium hyposulphite and potassium iodate : -
3N328204+4KIO3+2KI2312+3N32804+3K2804. W. Sprlng found Sulphul‘ to
be without action on sodium hyposulphite; and L. Tschugaeff and W. Chlopin
observed that a warm soln. of sodium hydroxide and hyposulphite attacks sulphur
to a very slight extent—wvide infra, tellurium. A. Binz showed that while the
hyposulphite has no action on sodiuimn sulphide, it reacts vigorously with sodium
polysulphides H N3128204+N3/28n+ H20 =Na8.80.0H + NaS.SO2OH —i—Nazs”_z,
but these products immediately decompose giving off hydrogen sulphide; with
sodium polysulphide and hydroxide : NagS;0,+NagS, +4NaOH=2Na,805+42Na,S8
+2H20; also 2N325204+2N3232+2Na0H=2N323+3N328203+H20 N and with
an excess of polysulphide: NaoSo04 -+ NayS, + 4NaOH = 2NayS,05 -+ Nao8
+Nao8, 3-+2H,0. A, Binz and W. Sondag found that the reaction in alkaline
soln. can be represented : Na;S,0,-+Nay8,05-+4NaOH=3Na,803-Na,8-}-2H,0.
W. Spring showed that if hydrogen sulphide be passed into a feebly acidified soln. of
potassium hyposulphite, the liquid becomes hot, sulphur is precipitated, and the
liquid no longer decolorizes indigo ; if the soln. be neutralized with potassium



SULPHUR 173

carbonate, no sulphur is deposited, and potassium thiosulphate, precipitable by
alcohol, is formed. L. A. Tschugaeff and V. A. Chlopin observed that tellurium is
attacked by a soln. of sodium hydroxide containing the hyposulphite warmed on a
water-bath. The liquid becomes violet and then colourless, and on cooling, it
deposits sodium telluride. Similarly also with selenium, but the reaction does not
takes place so readily. J. Meyer found that like the sulphites, hyposulphites reduce
selenium dioxide to selenium, but the reaction is more energetic. If the soln. of
selenium dioxide is very dilute, colloidal selenium is formed. O. Brunck said that
selenous acid is reduced to selenium by hyposulphites, but not so with seleni¢ acid ;
both tfellurous acid, and tellurie acid are completely reduced to tellurium, and
with very dilute soln., colloidal tellurium is formed.

J. Meyer found that in the absence of air, alkaline or neutral soln. of nitrates are
not reduced by hyposulphites, but if air be present, sodium hydrosulphite is formed,
and this reacts with the nitrate forming amidosulphonic acid : KNO,+-3NaHSO0,
+H;0=NaOH+-2NaHOS,+NH,.50,.0K. With acidified soln., however, there
is a vigorous reaction with the evolution of nitrous oxide and nltrogen A. Lidoff
found that some hydroxylamine is formed, and he represented the reaction
with potassium nitrite: 2KNO, +2H2802 -+ 2H,0 = K,80,NH,0H), . H,80,.
0. Brunck showed that in a feebly acidified soln. of arsenious aeid, amorphous,
brown arsenic is formed ; in neutral soln., the precipitation occurs on allowing
the mixture to stand for a short time; but in a soln. made alkaline with alkali
carbonate, no precipitation occurs, - W. Farmer and J. B. Firth noticed that arsenic
tritasulphide, AsgS (g.v.), is produced by the action of sodium hyposulphite on
certain arsenic salfs. A little arsenic disulphide is probably always formed at the
same time. With a feebly acidified soln. of antimony frichloride, antimony is
precipitated, and if the hyposulphite be in excess, antimony trisulphide mixed with
gulphur is formed. An acidified soln. of potassium antimonate behaves similarly ;
and with a hot neutral or alkaline soln. antimony is precipitated. A dil. soln. of
potassium bismuth tartrate furnishes colloidal bismuth ; with a soln. of bismuth
chloride, a reddish precipitate is formed, and this soon blackens forming bismuth
mixed with a little sulphide, if the hyposulphite be in excess, bismuth sulphide is
precipitated ; and bismuth hydroxide suspended in water is slowly reduced to the
metal.

E. H. Ekker represented the reaction with potassium ferricyanide by the
equation : Nay8,0,+2KsFeCyg=280,+2K;NaFeCys. The reaction was studied
electrometrically by C. del Fresno and L. Valdes. The action of sodium hypo-
sulphite in neutral or acidic soln. on formaldehyde furnishes a complex sodium
formaldehydohyposulphite, Na,S,0,.2CH,0.4H,0; and a similar product is
obtained by the action of zinc and an acid on the complex with sodium sulphite
and formaldehyde. This subject was studied by A. Binz* L. Baumann and
co-workers, H. Schmid, A. Pelizza and L. Zuber, L. Descamps, K. Reinking
and co-workers, M. Miiller, Farbwerke vorm. Meister Lucius und Briining,
Badische Anilin- und Sodafabrik, E. Glimm, E. Knoevenagel, A. Osann, M. Bazlen,
E. Fromm and J. de Seixas Palma, and C. Schwartz and co-workers. According
to M. Muntadas, an insoluble, stable, pulverulent formaldehyde-zinc hypo-
sulphite compound is formed by boiling a mixture of sodium hydrosulphite,
formaldehyde, zine-dust and sulphuric acid. The following reaction is stated
to take place : 2(NaHSO; 4 CH,0) + 3Zn 4 2H,80, = 2(Zn80, ++ CH50) 4 ZnS0,
+Nay80,+-2H,0-+H,. The insoluble hydrosulphite compound is filtered off,
washed, dried, and passed through a sieve. It can be employed advantageously
for many of the purposes for which less stable salts of the hyposulphites are used.
Soln. of indigo and other colouring agents are bleached by hyposulphites. The
reaction with indigo was studied by C. F. Schonbein,5 E. Schér, P. Schiitzenberger
and C. Risler, J. E. Tulleken, A. Miiller, M. Miiller, F. Tiemann'and C. Preusse,
A. Bernthsen and A. Drews, A. Binz and co-workers, R. Méhlau and co-workers,
A. Wangerinand D. Vorldnder, and W. Vaubel. The reduction of azo-compounds
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by hyposulphites was studied by E. Grandmougin,8 O. Fischer and S. Eilles, and
H. Franzen and P. Stieldorf; of diazonium salts, by E. Grandmougin ; of nitro-
compounds, by E. Grandmougin,” P. Goldberger, P. Aloy and co-workers, and
F. Gaess; of nitroso-compounds, by E. Grandmougin ; of organic arsenic com-
pounds, by P. Ehrlich,8 A. Bertheim, and L.. Benda ; and O. Fischer and A. Fritzen,
of triphenylmethane dyes. P. Schiitzenberger ? observed that anthraguinone in
alkaline soln. gives a red precipitate with hyposulphites ; and L. Beaudet, that it
does not decompose sugars. :
P. Schiitzenberger 10 reported that hyposulphites precipitate cuprous hydride
when added to a soln. of copper sulphate ; J. Meyer said that colloidal copper, not
the hydride, is formed—uvide 8. 21, 6. J. E. Myers and J. B. Firth showed that the
product is either pyrophoric copper, associated with a little cuprous sulphide or
mainly the sulphides. O. Brunck represented the reactions: CuSO0;+NagS,0,
=Cu-+Nay30,+280, ; and Cu+2Nay8,0,=CuS-+NayS8,05+Nay,850;. Hyposul-
phites reduce eupric chloride to cuprous chloride, and slowly reduce the latter to
copper ; with ammoniacal soln. of cupric salts, a copper-mirror is formed. He
found that at temp. up to 30° a soln. of cupric chloride is reduced by sodium
hyposulphite to cuprous chloride which is permanent in the presence of an excess
of cupric chloride : 6CuCly+NagS,0,-4H,0=38Cu,Cly+2NaCl4-2H,80,+4HCI ;
with increasing amounts of hyposulphite, the cuprous chloride is reduced to copper :
Nag8,044-CuyCly=2Cu-2NaCl-+280,, and finally converted to cupric sulphide :
Cu+4Nay8,0,=CuS+Na,80,. At temp. from 50° to 75° the final product, if
cupric chloride is present in excess, is mainly cuprous sulphide, which is converted
into cupric sulphide by excess of sodium hyposulphite. J. Meyer found that if a
soln. of a hyposulphite be slowly added to a dil. soln. of silver nitrate, colloidal
gilver is formed—wide 8. 23, 10. Unlike A. Seyewetz and J. Bloch, O. Brunck
found that the precipitate always contains sulphide. J. B. Firth and J. Higson
found that with up to 6 per cent. soln. of sodium hyposulphite, the action on silver
chloride is very slight, the product of the reaction being mainly silver sulphide ;
and with increasing conec. of the hyposulphites, the reaction furnishes a mixture
of silver and of some silver sulphide : Nay8,0,-2AgCl=2NaCl{-2Ag-280, which
may proceed in stages : NagSo0,-+AgCl=NaCl4-NaAgS8,0,, and the intermediate
sodium hyposulphite is then reduced: NaAgS,0,+AgCl=NaCl+2Ag--280;.
For cone. up to 6 per cent. hyposulphite the maximum reaction occurs at 35°, and
for higher conc., the maximum reaction occurs at 50°. As the temp. is further in-
creased the extent of the reaction rapidly diminishes until at 80° it is very slight.
The product of the action of sodium hyposulphite soln. on a soln. of silver chloride in
sodium thiosulphate is entirely sulphide, 6 grms. of original silver chloride being
completely precipitated as sulphide by 6 grms. of hyposulphite: AgCl4+NayS,0;
=N8:AgS203+Na,Cl, followed by 2NaAg8203+Na23204=Na2304+Na23406+Ag23.
If the silver chloride is dissolved in excess of ammonia soln. the silver compound is
quantitatively reduced to metallic silver. Silver is quantitatively precipitated as
the finely-divided metal from an ammoniacal soln, of silver nitrate. G. Scutari-
Manzoni found that a soln. of silver chloride and ammonia or potassium cyanide is
reduced to metal by sodium hyposulphite. Soln. of gold salts are reduced to metal ;
and with dil. soln., M. Gréger obtained purple-red colloidal gold—wide 8. 23, 10.
0. Brunck found that a neutral soln. of a zine salt is not changed by hyposulphites
in the cold, but when boiled with an excess of hyposulphite, zinc sulphide is formed :
Zn8,04+2Nag8,0,=7n8+4-2Nay8,05+80, ; similarly also in the presence of
acetic acid. No visible change occurs when sodium hyposulphite is added to a dil.
soln. of cadmium sulphate, but with a cone. soln. a white precipitate of a complex
salt is formed ; with a feebly acidified soln. of cadmium sulphate, there is first
formed cadmium hyposulphite which then decomposes to the sulphide: CdSO,
+3H,5,0,=Cd8+H,80,-+2H,8034380, ; sodium thiosulphate may also be
produced: CdS0,+3Nay8,0,=Cd8+2Nay80;+Nao80,+4-380,.  According to
J. Meyer, a dil. soln. of mereurie nitrate forms with the hyposulphite a colloidal
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soln. of mercury ; and O. Brunck, and N. A. Orloff found that in neutral or acidic
soln., all the mercury is precipitated as metal; and if an excess of hyposulphite
is present, some mercury sulphide is formed.

0. Brunck found that soln, of aluminium salts, in the absence of free acid, when
hoiled with sodium hyposulphite, precipitate incompletely aluminium hydroxide
mixed with sulphur ; at ordinary temp. neutral soln. of indium salts give no preci-
pitate, but when boiled, yellow indium sulphide is incompletely precipitated as
a decomposition product of the hyposulphite. With acidic soln., no precipitate is
formed. Neutral soln. of thallium salfs, in the cold, give a reddish-brown, violet,
or black precipitate of thallous sulphide. The precipitation is incomplete. With
feebly acidified soln., a red precipitate is formed immediately ; and with strongly
acidified soln., no precipitation occurs.

According to C. R. Fresenius, sulphuric acid or hydrochloric acid soln. of
titanic oxide are coloured an intense red by hyposulphites, and the colour gradually
fades to reddish-yellow, and yellow, and finally becomes colourless. O. Brunck
said that the colour does not appear with alkaline soln. Presumably the reduction
of titanium tetrachloride is symbolized : TiCl,+Nao8,0,->2TiClg+2NaCl+280, ;
but E. Knecht found that sulphurous acid is reduced to hyposulphurous acid by
titanium trichloride : 2TiCl3--2NaCl+4-280=2TiCl;+Nay8,0,. The equilibrium
conditions were studied by K. Jellinek, and B. Diethelm and F. Férster. 0. Brunck
found that the behaviour of zireonium salts towards hyposulphites is very like that
with aluminium salts. No precipitate is formed with acidified soln., and with a
boiling neutral soln., white zirconic hydroxide mixed with sulphur is formed. No
precipitation occurs with neutral or acidified soln. of germanium salts. A feebly-
acidified, cone. soln. of stannous chloride gives a voluminous, white precipitate when
treated with a 10 per cent. soln. of sodium hyposulphite ; stannous hyposulphite
appears to be formed, and with an excess of the hyposulphite, a soluble double
salt is produced ; and this easily decomposes into tin and sulphur, If a dil. soln.
of stannous chloride be used, stannous sulphide is precipitated ; stannie chloride
is completely precipitated as yellow tin sulphide by hyposulphite. When sodium
hyposulphite is added to a neutral soln. of a lead salt, a yellowish-white precipitate
is formed which rapidly turns red, then brown, and finally black. The precipitation
is complete. It is assumed that lead hyposulphite is first precipitated ; and this
rapidly passes into the sulphide.

K. Jellinek showed that chromie salts are not reduced by hyposulphites to
chromous salts, 0. Brunck found that, at ordinary temp., chromic acid, and
chromates are immediately reduced by hyposulphites to chromic salts in neutral
or in alkaline soln. A feebly acidified soln. of ammonium molybdate furnishes
brown molybdenum sulphide ; a neutral soln. is coloured brownish-red owing to
the formation of ammonium sulphomolybdate. A feebly acidified soln. of
ammonium tungstate is coloured deep blue; the neutral soln.is not changed.
V. Kohlschiitter and H. Rossi, and O. Brunck found that soln. of uranium salfs
are reduced by hyposulphites to uranous salts. A greyish-green precipitate of
uranous sulphate is formed when a hyposulphite is added to a yellow soln. of uranyl
acetate or nitrate.

0. Brunck found that manganous salf soln. suffer no visible change when
treated with hyposulphites; acidified or neutral soln. of permanganates are
immediately reduced to manganous salts; and in alkaline soln. the dioxide is
precipitated. C.F.Mohr found that ferric salts are immediately reduced to ferrous
salts : NagS,04-+Fey(80,)3-+Hy80,=2Fe80,+2NaHS80,+250, ; and O. Brunck
found that when a neutral soln. of a ferrous salf is warmed, black iron sulphide is
precipitated. Neutral or ammoniacal soln. of nickel salts give a precipitate of
nickel sulphide ; and cobalt salt soln. behave in an analogous manner.

The addition of hyposulphite to a dil. soln. of platinic chloride gives a yellow
coloration which becomes dark red owing to the formation of platinous chloride.-
A colloidal soln. of platinum is not formed, but the metal is soon precipitated.
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Neutral or acidified soln. of palladium salts are, at once, completely reduced to
metal mixed with some sulphide,

The hyposulphites are used in dyeing and colour printing ;1! in bleaching
sugar ;12 and in some analytical work. The so-called rongalite and hydraldite
are commercial names for complexes of sodium hyposulphide and formaldehyde
used as discharges for cotton.

The constitution of hyposulphurous acid and the hyposulphites.—P. Schiitzen-
berger 13 first gave NaHSO, as the formula of sodium hyposulphite, but
A. Bernthsen showed that the formula is NaSO, or a multiple of this (NaSOy)y.
P. Schiitzenberger assumed that the reactions : 280y-+Zn-+Hy,0=H,80,+ZnS0; ;
and 3NaHS803+Zn=7Zn80;+H,0+4Nay803+-NaHS80, show that the sodium salt
contains only one atom of sodium in accord with the formula HO.S0.H;
C. W. Blomstrand also explained the reducing properties of the acid by assuming
that it has the aldehydic structure HO.80.H, and when the acid is oxidized, it
becomes HO.SO.0H. The formule H,80, and NaHSO, were supported by
W. A. Dixon, J. Grossmann, M. Prud’homme, and .. Baumann and co-workers.
A. Bernthsen found that in the oxidation of the hyposulphite, one atom of sulphur
in the hyposulphite requires 3 atoms of iodine to form sulphuric acid ; and hence the
anhydride of hyposulphurous acid must be 8,03, not 8O ; also, analysis shows that
the atomic proportion Na ; Sisas 1:1; and this agrees with the empirical formula
(NaS8Oy),. This also agrees with M. Bazlen’s analysis. This is supported by the
formation of the zine salt, ZnS,0,, when zine dissolves in sulphurous acid, Zn-280,
=7ZnS,0,, observed by A. Bernthsen; and by the action of sulphur dioxide on
granulated zinc in & cooled flask containing absolute alcohol. J. Meyer found that
if the oxidation of sodium hyposulphite be conducted with an ammoniacal soln.
of cupric sulphate, two stages can be recognized ; for, in the cold, sodium sulphite
is formed, and at a higher temp., in the presence of ammonium chloride, sodium
sulphate. A. Bernthsen showed that the consumption of oxygen agrees with the
equations : NagSy04+0=NagS:05, followed by the oxidation of the pyrosulphite :
Nag8,054-0,+H,0=2NaHS0,. H. Moissan said that the synthesis of the
hyposulphite by the action of the alkali or alkaline earth hydride on sulphur dioxide
proceeds according to the reaction: 2KH--280,=K,8,0,+H,; and not as
formulated by P. Schiitzenberger : 2KH--280,=2KHS80,, H. Erdmann and
H. van der Smissen did not confirm H. Moissan’s observation in the case of calcium
hydride.

While chemical analysis does not distinguish between the formula NaSO,
or NayS8,0,—or still higher multiples—the probability is that the acid is dibasic
because all the other oxy-sulphur acids are dibasic with respect to sodium. This
is confirmed by observations on the electrical conductivity of soln. of sodium hypo-
sulphite basicity rule—I1. 15, 13-—and also with the assumption that with complete
ionization the factor +—1. 10, 15—approaches 3, in accord with NaoS,04=2Na’
+8,0,4”, and not with NaSO,=Na 480,’. This conclusion is also in harmony
with measurements of the f.p. of dil. soln. of sodium hyposulphite,

J. Meyer, and C. Engler deduced a graphic formula on the assumption that

Hso, OH, H: H.S0,

HS0, OH ' H: =  O+pggs

and that when oxidized, dithionic acid is formed :

H.50, _ HOSO,
130,70 =  wmogo,

M. Bazlen suggested that hyposulphurous acid is a disulphinic acid H.80,.80,H,
with a S.8-linkage. This explains its formation by the reduction of sulphurous
acid. Powerful oxidizing agents, such as iodine, cause rupture of the 8.8-linking
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with production of sulphate in place of the expected dithionate. Under certain
conditions, manganese dioxide, potassium permanganate, or nickel oxide cause
the formation of dithionic acid, which is also obtained from sulphurous acid; in
alkaline soln., however, dithionate is either not obtained or produced only in sub-
ordinate amount from sulphite. A. Binz, however, argued that when methyl
sulphate is treated with sodium hyposulphite, methyl hyposulphite is first formed,
(CHj)o80,+NayS,0,=Nas80,+(CHg)98,0,; and that this decomposes into
dimethylsulphone :  (CHg)e8,04=80,-+(CHg),80,. He therefore recommended
an asymmetrical formula Na.80.0.80,.Na. This agrees with the action of sodium
hyposulphite on formaldehyde—previously indicated—which results in the scission
of the molecule at the oxygen junction between the two sulphur atoms :

5.0Na _ S.0Na CH,0H
0<50.0Np T20H0+H0 = 0<ep opF+0<g0.0Na

and the formation of hyposulphite from sodium hydrosulphite and sodium formalde-
hydosulphoxylate is represented by the equation :

OH ONa Na0.80. SONa

WO T80 c,08 = Nao.s >0t m,om TH:O
This also.agrees with the assumption that hyposulphurous acid is a mixed anhydro-
acid with an asymmetrical structure, and derived from a mol. each of sulphurous
and sulphoxylic acids. It might then be anticipated that the hydrolysis of sodium
hyposulphite should furnish the sodium salts of these two acids : NayS,0,+H,0
=NaHS03+NaHS80, ; but this is not the case. This means that the oxygen-
bridge in the hyposulphites is very stable, and that it resists hydrolysis. The
stability of the oxygen-bridge is supposed to be an effect of the unsaturated state
of the sulphur atom of the sulphoxylate. The effect of mild oxidizing agents—
vide supra—supports the agymmetrical structure.

There are different views as to the way the sodium is combined in the molecule ;
and this, in turn, is dependent on the active valencies of the sulphur atoms. Thus,
there are the alternate forms :

CH,0H.Oy ¢ CH,0H.0y ¢ NaO.8\ Na.87°
NaO NaO NaO0.S< o Na> S /0
CH,0H.0__ O CH,0H.0_ . _ 0=
Na> 8<0 Na> §=0 0
Aldehydosulphite Aldehydosulphoxylate Hyposulphite

where the metal is attached to sulphur by an oxygen-bridge when the sulphur is
assumed to have a low valency, and it is attached directly to the sulphur atom when
the higher valency is postulated.

H. Bucherer and A. Schwalbe said that the sodium hyposulphite obtained by
salting out from an aq. soln. always contains at least one mol. of constitutional
water, and they assign to it the first of the following formule ;

O\ _H Oy _CH,(OH)
O>ﬁ\0Na O>ﬁ<0Na
SS<H 8<CHy(OH)
07" ~ONa 07" "ONa

They say that it has two hydrogen atoms replaceable by a metal ; that it is neutral
towards litmus ; and that with formaldehyde it forms an additive product which
condenses with the amines. The second of these above formule is not probable
because the evidence shows that the CHyO is united to sulphur by an oxygen-
bridge ; and the formula does not explain the scission of the molecule into two
unequal parts, hydrosulphite and sulphoxylate, as previously indicated. J. E. Orloff,
and H. Remy have made some speculations on the constitution of the hyposulphites.
VOL. X. N
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The tetrahedral structure of the sulphoxides has been supported by the obser-
vations of H. Phillips,14 and 8. Sugden. If the unsymmetrical sulphoxides

R o
R?>S—'O

contain & plane of symmetry passing through the two radicles R; and R,
and bisecting the double bond, they should be optically inactive, but if the double
bond is semi-polar, as in optically active methyl-ethylamine oxide of J. Meisen-
heimer, the two structures are analogous :

Riog_ . R, R,

G. Oddo 15 discussed the constitution of the oxy-acids of sulphur in the light of
his theory of mesohydry. H. Burgarth, and T. M. Lowry has discussed the electronic
structure of the oxy-acids of sulphur. The latter said that the 8”-ion has the

electronic structure :8:, and that the double negative charge of the sulphide-ion
would be distributed between sulphur and oxygen in the 8’ —0’-ion, or : §:0 ;, of the

hypothetical acid Hy80 ; whilst the 80,"-ion, 0 ::S 0 :, or O’—8—0'-ion of the
acid Hy80, has both negative charges on oxygen, and none on sulphur. While
the ion of Hy80-acid is incapable of existence, the ion of the Hy80,-acid has a low
order of stability. Stable ions begin to be formed only when the central sulphur
atom acquires a positive charge as in the SOg”-ions :
:0: 0
o or - I -
:0:8:0: 0—8+0

ions of the sulphites ; or the 80,”-ions

:0:

:OI?J:B.

Q
:0: or 0—1IS’C—-O
0

ions of the sulphates, The sulphur series of acid ends when four oxygen atoms are
linked to the central atom. Persulphuric acid of the formula Hy805 is kmown, but
it is to be regarded as a monosulphonic derivative of hydrogen dioxide :

050
0. 5o
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§ 13. The Hyposulphites

M. Prud’homme ! prepared ammonium hyposulphite, (NH,),8,0,, by saturating
a soln. of ammonium hydrosulphite, of sp. gr. 1-357, with a slight excess of ammonia,
and agitating it in the cold with zinc turnings. Half the salt is converted into
insoluble zinc diamminosulphite, and half into soluble ammonium hyposulphite.
The filtrate is free from zinc. The yield is 96-98 per cent. of the theoretical where
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6 mols. of ammonium hydrosulphite form 2 mols. of ammonium hydrohyposulphite,
presumably (NH,HS,0,, one mol. of normal ammonium hyposulphite, 2 mols. of
zine sulphite, and one mol. of the diamminosulphite. The ammonium hydrohypo-
sulphite was not isolated. H. Moissan 2 obtained lithium hyposulphite, Li,S,0,,
by the action of lithium hydride on sulphurous acid. The reaction is slow at room
temp., but proceeds quickly at 50°. Some lithium sulphide is formed at the same
time. The preparation of sodium hyposulphite, Na,S,0,, has been described in
connection with the acid. The salt obtained from the aq. soln. at ordinary temp.
is the dikydrate, NayS,04.2H,0, and it is very unstable. The dehydration of the
hyposulphite without decomposition, said K. Jellinek, st von allen Hyposulphitopera-
twnen die schwierigste. The anhydrous salt is obtained by heating the dihydrate
above its dehydration temp., 52° either alone or under conc. alkali-lye, sodium
chloride soln., or alcohol, removing the mother-liquor by suction and drying in vacuo.
These operations were the subject of patents by the Badische Anilin- und Soda-
fabrik, the Chemische Fabrik von Heyden, and the Farbwerke vorm. Meister
Lucius und Briining. It is everywhere necessary to keep the salt alkaline in
order to retard its decomposition ; and also to keep the salt agitated to prevent
the formation of clots. The Badische Anilin- und Sodafabrik obtained the
anhydrous salt by the action of sulphur dioxide on sodium, a lead-sodium, or a
mercury-sodium alloy, suspended in alcohol or ether; M. Billy said that the
sulphur dioxide reacts with sodium confined under alcohol, but not under ether ;
and E. Grandmougin said that dry sulphur dioxide reacts with
sodium only when traces of moisture are present. H. Meissan 60° I\j
R
S

obtained the hyposulphite by the action of sodium hydride on  5°—3&7f8~—
sulphur dioxide. K. Jellinek found that 100 grms. of water #°H3
dissolved 21'1 grms. of the anhydrous salt at 20°; and 100 MOEF J

grms. of soln. at 1°, 10°, and 20° contain respectively 12-85 2/ SHe+—
grms., 1440 grms., and 16-46 grms. of NagS,0, with the # [ I¢
dihydrate as the solid phase. The solubility curve is plotted /Z° #:587
in Fig. 43. The ice-line extends to the eutectic at —4-58° 0 /2345
with 1-93 molar per cent. Nag8,04. The solubility curve, with  #aroecen Masl;
the dihydrate as solid phase, extends to the transition point Fie. 43.—Solubility
at 52° and 2-8 molar per cent. of Nay3,0,. M. Bazlen found O‘fﬂ S}?;:lum Hypo-.
that the transition temp. is 52° under conc. alcohol, and is  **FP o

not much altered if the salt be under a soln. of sodium chloride or sodium hypo-
sulphite. Above 52°, the anhydrous salt is the solid phase. Metastable soln. are
represented by the curves CBA. The curve CB represents the solubility of the
anhydrous salt below the transition temp. when the anhydrous salt is more
soluble and less stable than the hydrate. The curve B4 represents the solubility
of the dihydrate above the transition temp., where it is more soluble and less
stable than the anhydrous salt.

P. Schiitzenberger described sodium hyposulphite as a salt which appears in
colourless, acicular crystals which, when dried in vacuo, crumble to a powder.
A. Bernthsen and M. Bazlen found that the dry salt can be kept many days in air
without change, but when kept in a closed vessel for some months, it gradually
loses its reducing power. ‘In moist air, the salt is quickly oxidized, and becomes
hot. The Badische Anilin- und Sodafabrik added that its decomposition into
thiosulphate and pyrosulphite is hindered if the crystals are washed with water
mixed with alcohol or a ketone and dried immediately in vacuo. A. Bernthsen
and M. Bazlen showed that the crystals melt when dehydrated at a dull red-heat,
and burn with a blue flame with the evolution of sulphur dioxide. P. Schiitzen-
berger said that when the salt is heated it develops water, sulphur, and sulphur
dioxide, and leaves a residue of sodium sulphide and sulphate. M. Bazlen said
that the heat of transformation of the dihydrate into the anhydrous salt is negative ;
and that the heat of dehydration is also negative. R. Robl observed no fluorescence
with the salt in ultra-violet light. K. Jellinek found that soln. containing an eq.
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. of the salt, Nay8,0y, in v litres of water had the eq. conductivity, A ohms, and the
degree of ionization, a, at 0°:

v . 2 8 16 32 64 128 256 512 1024 @D

A . 48 76 85 91 98 103 107 110 112 122

a . 0-393 0-627 0-697 0-746 0-803 0-844 0-877 0-902 0-918 1-000
and the molar conductivity, . mhos, at 25°: )

v . 4 8 16 32 64 128 2566 512 ®

® . 77 84 90 96 99-5 103 107 111 120

a . 0-642 0-700  0-750 0-800 0-829 0-858 0-892 0-917 1-000

Analogous values for the degree of ionization were obtained from the f.p. of the
soln. P. Schiitzenberger found that the salt is soluble in dil. alcohol, but not in
conc. alcohol. As shown by A. Bernthsen and M. Bazlen, when the aq. soln. is
acidified, it becomes red, and sulphur is formed. R. Wagner found that when the
aq. soln. hag been kept for some time, it contains thiosulphate. J. Meyer said
that the aq. soln. slowly decomposes at 45°, and at higher temp., rapidly : 2Nas8;0,4
+Hy0=Na,8,0;+2NaHS80;, The general reactions have been indicated in
connection with hyposulphurous acid. According to L. Eymer, dry sodium
hyposulphite with 70-95 per cent. alcohol has a greater reducing action on dyed
cotton than water ; but the,addition of alcohol to the aq. soln. does not increase
its reducing action. Fires have occurred in the transport of the dry salt owing to
the heat generated by the action of moisture.

According to H. Moissan, when dry sulphur dioxide mixed with its own vol.
of hydrogen is passed at ordinary temp., and under ordinary or reduced press.,
over potassium hydride, for about 50-60 hrs., white potassium hyposulphite,
K80y, is formed. M. Bazlen showed that if the hydrated salt be extracted with
boiling acetone, and treated with methyl alcohol, the white salt is precipitated and
can then be dried in vacuo just over 52°. The Badische Anilin- und Sodafabrik
obtained the trikydrate, Ko8,04.8H,0, in sulphur-yellow needles, by treating a soln.
of potassium hydrosulphate and sulphur dioxide with zinc-dust; adding milk-
of-lime to the partially solid mixture ; adding alcohol to the filtered liquor; and
shaking the cooled liquid precipitate with alcohol. The anhydrous salt is fairly
stable, but the hydrate decomposes in a short time. H. Moissan prepared rubidium
hyposulphite, RbyS,0,, by the action of sulphur dioxide under diminished press.
on rubidium hydride; ceesium hyposulphite, Cs,8,0,, was obtained in a similar
way.

H. Moissan prepared calcium hyposulphite, Ca8;0,, by the action of sulphur
dioxide, at 900 mm. press., on calcium hydride. The action is very slow at ordinary
press. H. Erdmann and H. van der Smissen added that die Resultate Moissans nicht
bestdtigen. The Badische Anilin- und Sodafabrik mixed a soln. of sodium hypo-
sulphite at 50°~70° with a conc. soln. of calcium chloride, and stirred the liquid for
some time. A soln. of calcium hydrosulphite can be converted into the hyposulphite
by methods described in connection with the hyposulphites generally, and the
neutral salt can be precipitated by the addition of calcium hydroxide. A.R. Frank,
and K. Elbs and K. Becker discussed the preparation of this salt by the electrolysis
of a soln. of calcium hydrosulphite. The calcium hyposulphite obtained by precipi-
tation was found by M. Bazlen to be the kemitribydrate, CaSy0,.13H,0 ; it furnishes
white, acicular crystals which do not completely lose their water at 120°. The
Farbwerke vorm. Meister Lucius und Briining said that the complex salt with
aldehyde is fairly stable. H. Moissan made strontium hyposulphite, SrS,0,, by
the action of a current of sulphur dioxide under press. on strontium hydride at 70°.

The Badische Anilin- und Sodafabrik obtained magnesium hyposulphite,
MgS,0,, by the method employed for the calcium salt ; and A. R. Frank, by the
electrolytic reduction of a soln. of magnesium hydrosulphite—a process which
K. Elbs and K. Becker found to give poor yields. H. Moissan did not make this
salt by the action of sulphur dioxide on the hydride ; but M. Billy found that when
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magnesium in the presence of a neutral solvent, like ether or light petroleum, is
exposed to the action of sulphur dioxide, magnesium hyposulphite is formed.
It is said that traces of the metallic ethoxide and hydride are first formed ; the
latter reacts with the sulphur dioxide to form the hyposulphite regenerating
" hydrogen, which converts a fresh portion of the metal into the hydride. An almost
quantitative yield, and a more stable product, was obtained by the Badische Anilin-
und Sodafabrik from a mixture of 750 litres of alcohol, 250 litres of water, 270 kgrms.
of zinc-dust, and 470 kgrms. of sulphuric acid, well-stirred at a temp. above 40°—
best at 60°-75°—washing the product with cone. alcohol, and drying in vacuo at
°~70°. M. Bazlen obtained the hydrated salt, contaminated with some sulphite
by passing sulphur dioxide into water agitated with zinc-dust at 30°—40°; and
allowing the oily liquid to crystallize. A similar process was employed by the
Chemische Fabrik von Griinan Landshoff und Meyer. According to V. von
Lang, the acicular crystals are rhombic and have the axial ratios a:b:¢
=1-0176 :1:0-5694. M. Bazlen said that the salt is very soluble in water and is
liable to form supersaturated soln.; the Farbenfabrik vorm. F. Bayer also
found it to be easily soluble in aq. ammonia. The salt rapidly loses its reducing
power when exposed to air ; and when kept in closed vesgels it loses sulphur dioxide.
M. Bazlen observed that a soln. of zinc hyposulphite forms complex salts with
the alkalies and alkaline earths. The Farbenfabrik vorm. F. Bayer obtained
soluble ammeonium zine hyposulphite, by reducing an alkali hydrosulphite with
zinc-dust in the presence of ammonium chloride. The Badische Anilin- und
Sodafabrik obtained sodium zine hyposulphite, NayS,0,.ZnS,0y, as a crystalline
precipitate by adding sodium chloride, nitrite, or acetate to a soln. of zine hypo-
sulphite ; the water of crystallization is expelled at 100°-~110°. It is also made by
adding zinc chloride to a soln. of sodium hyposulphite. M. Bazlen said that this
salt is produced as a white solid when sulphurous acid soln. of sodium hydrosulphite
is reduced with zinc-dust. The product is impure. Similar remarks apply to other
modes of preparation in which zine and sodium salts are involved-—e.g. of the
Farbwerke vorm. Meister Lucius und Briining, the Chemische Fabrik von Griesheim
Elektron, and G. Miinch. The double salt is said to be fairly stable ; less easily
dissolved by water than the component salts; easily soluble in ammonia. The
Farbenfabrik vorm. F. Bayer obtained what was considered to be sodium zine
sulphitodihyposulphite, Na;80;.2Zn8,0,, by treating a warm soln. of zinc hyposul-
phite with sodium hydrosulphite. M. Bazlen, the Badische Anilin- und Sodafabrik,
and the Farbwerke vorm. Meister Lucius und Briining prepared potassium zine
hyposulphite by the method employed for the sodium salt. It is insoluble in
alcohol. M. Bazlen found that calcium zine hyposulphite is more soluble than its
components, and J. Grossmann thought that the soln. of the double salt was an
easily soluble calcium hydrohyposulphite. O. Brunck prepared sodium cadmium
hyposulphite, NayS,0,.2Cd8,0,, as a white crystalline precipitate, by mixing cone.
soln. of cadmium sulphate and sodium hyposulphite. P. B. Sarkar prepared
gadolinium hyposulphite in an impure state. O. Brunck found that stannous
hyposulphite is obtained as a white crystalline precipitate by adding stannous
chloride in neutral soln. to a soln. of sodium hyposulphite. The precipitate is
soluble in an excess of the sodium salt; if the stannous chloride soln. be acidie,
stannous sulphide is precipitated as indicated above. According to W. Farmer
and J. B. Firth, sodium arsenious hyposulphite, NagAs(S,0,)3, was formed as a
cream-white powder by agitating a mixture of 2-75 grms. of sodium hyposulphite
in a cold soln. of 2:75 grms. of sodium arsenate in 3 c.c. of water. The granular
precipitate was washed five times by decantation with methylated alcohol and four
times with benzene, and dried in a quartz dish in vacuo over sulphuric acid for
24 hrs. When a small quantity of the product is strongly heated in a bunsen flame,
a brown and a yellow sublimate is formed and a garlic odour developed. If
cautiously heated, the product first turns brown and, when more strongly heated,
gives a brown and & yellow sublimate as before. When a small quantity of the
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product is treated with dil. hydrochloric acid, sulphur dioxide is evolved and
brown arsenic tritasulphide, As,8, is formed.
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§ 14. Sulphur Sesquioxide

The hypothetical hyposulphurous anhydride, 8303, has not been prepared, but
R. Weber! reported what he called dithionoxyd, or thionyl oxide, (S0).0, or
sulphur sesguioxide, 8,03, to be formed by the action of dried flowers of sulphur,
added in small quantities at a time, on an excess of sulphur trioxide. Drops of
a deep blue colour sink to the bottom and solidify immediately ; the temp. during
the operation must be kept at about 15°, for if it is lower, the anhydride no longer
remains liquid; if higher, the substance decomposes. When about a gram of
sulphur has been added, the anhydride, which should have remained ‘perfectly
colourless, is poured off, and the solid bluish-green crystalline mass is freed from any
impurities that remain by gentle heat. The bluish-green crystalline mass decom-
poses at ordinary temp. giving off sulphur dioxide, and leaving, when sheltered from
moisture, perfectly dry sulphur. In presence of water it is immediately decom-
posed, forming sulphuric, sulphurous, and probably thiosulphuric acids. Absolute
alecohol and anhydrous ether decompose it with deposition of sulphur. The
sesquioxide is insoluble in sulphur trioxide, but it is very soluble in a mixture of
sulphur trioxide and ordinary sulphuric acid, and the solution when kept in sealed
tubes remains blue for many weeks, but gradually becomes green, then brown,
and finally assumes the ordinary hue of oil of vitriol. The brown liquid is pro-
duced by the addition of weaker acid or of sulphur to the blue soln.; the former
is the much less stable of the two. The blue sesquioxide dissolves in a mixture of
sulphuric acid containing a fifth or less of sulphur trioxide, with formation of the
brown liquid; in an acid containing more than a fifth sulphur trioxide a blue
liquid is produced, while in an acid weaker than sulphuric acid the sesquioxide
is completely decomposed. The sulphur sesquioxide prepared by R. Weber is
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an indifferent oxide, which cannot be regarded as the anhydride of an acid.
H. Piotrowsky observed its formation in the action of hydrazine on sulphur dioxide.

The blue substance has been in part discussed in connection with colloidal
sulphur (q.v.). In 1804, C. F. Bucholz obtained a blue distillate by heating a
mixture of sulphur and sulphuric acid in a retort. F. C. Vogel obtained it by the
action of sulphur on sulphur trioxide and noted that by using different proportions
of sulphur and of its trioxide, brown, green, and blue products are obtained. The
brown substance contains the largest proportion of sulphur, and the blue substance
the least. When the mixtures are heated, they evolve sulphur dioxide, and some-
times a little sulphur trioxide while sulphuric acid remains behind-—this shows
that some water was also present. In contact with water, these coloured products
are resolved, with the evolution of much heat, into sulphur, and sulphurous and"
sulphuric acids. The blue product forms sulphates with the alkalies and alkaline
earths while much sulphur dioxide is evolved. J. 8. C. Schweigger showed that
the coloured substances can be readily converted one into the other, and that all
of them are readily decomposed, forming sulphur, etc. H. Rose observed that the
blue liquid reacts violently with ammonia gas, forming a carmine-red soln. which
produces a white mass of ammoniacal salts having red spots here and there.
When extracted with water, sulphur remains undissolved. According to
N. W. Fischer, when the vapour of anhydrous sulphuric acid is passed into a tube
containing dry sulphur and the tube sealed, the blue product is formed at particular
places, and is immediately decomposed, forming sulphur dioxide and trioxide. If
a trace of moisture be present, there may be a slight evolution of gas, and a liquid
is formed which is first brown, then green, and finally blue. In a few days, the
liquid becomes colourless. When the tube is opened, sulphur dioxide escapes
with violence, and the remainder may form a blue liquid. Sulphuric acid itself
dissolves very little sulphur. J. J. Berzelius, and W. Stein supposed that these
coloured liquids are soln. of sulphur, and a similar conclusion was drawn by
J. Biehringer and W. Topaloff. C. F. Wach obtained the coloured liquids by
allowing alternate layers of well-dried flowers of sulphur and sulphur trioxide, in
sealed glass tubes, to act on one another at 16°-19°, For the brown product,
sulphur and sulphur trioxide were employed in the gravimetric proportions 2 : 10;
for the green liquid, 1'5:10; and for the blue liquid, 1 : 10.

P. P. von Weimarn regarded the blue sulphur sesquioxide as a soln. of sulphur
in the trioxide. R. Auerbach said that sulphur dissolves in pyrosulphuric acid
as Sy-mols., without the formation of 8,033 and he found that the f.p. of
soln. of sulphur in pyrosulphuric acid indicated that the sulphur is in the diatomic
form, and is less polymerized—i.e. more highly dispersed—than it is in most
organic solvents where it is octatomic. No indication of the formation of sulphur
sesquioxide was obtained.

I. Vogel and J. R. Partington obtained a substance of approximately constant
composition—S8,03—by adding either sulphur to liquid sulphur trioxide or wice
versa. The mol. wt. in soln. could not be determined because it was at once
decomposed by all the solvents tried, including phosphorus oxychloride. The
sesquioxide begins to decompose at about 70°, and decomposition is complete at
95°, The residue then melts to a liquid which has all the characteristic properties
of sulphur. When the sesquioxide is treated with water, it is immediately decom-
posed, forming a pale yellow soln., which immediately decomposes, forming a turbid
soln, by the separation of sulphur. The filtered soln. contains sulphuric and
trithionic acids together with indications of tetrathionic, pentathionic, and
sulphurous acids. It was suggested that the decomposition first proceeds :
8903==80--80, ; that some of the monoxide polymerizes and forms pentathionic
acid : 5804+H,0=H,8,04 ; and that another portion produces sulphoxylic acid :
S0+H,0=H,80,. The formation of trithionic acid may take place in accord
with the equation . SgO3+SOg+H20=H283OG, or SO+2SOz+H20=H28306
The trithionic acid then reacts with nascent sulphur, forming tetrathionic and
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pentathionic acids. There is a violent reaction with ether and the product decom-
poses with the separation of sulphur, and the formation of a yellow soln.; and a
similar result was obtained with absolute ethyl alcohol. With an anhydrous soln.
of sodium ethoxide, there is a vigorous reaction, forming a yellowish-brown liquid
and a yellow crystalline solid—sodium ethyl sulphoxylate, Na(CoH;)8O,. Sulphur
sesquioxide dissolves in oleum with the formation of a deep blue soln. identical
with that produced by the addition of sulphur. A soln. of indigo in conc. sulphuric
acid or of indigo-carmine in water is partially decolorized ; in no case could complete
decoloration be effected even by the addition of comparatively large quantities of the
substance. A similar reaction takes place with strongly ammoniacal copper sulphate
soln., the decoloration being only partial. I. Vogel and J. R. Partington concluded
that pure sulphur is insoluble in pure sulphur trioxide, although combination occurs
with the formation of sulphur sesquioxide, which is also practically insoluble. It
is only in the presence of small quantities of water that the substance dissolves
to a blue soln. The blue liquid is a molecular soln. of sulphur sesquioxide in oleum,
whilst the other coloured liquids produced by the dissolution of sulphur in fuming
sulphuric acid of certain strengths are mixtures of colloidal soln. of sulphur and
mol. soln. of sulphur sesquioxide. The compound was studied by W. Prandtl
and P. Borinsky who represented its constitution by

0w, 0
0°8<g
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§ 15. Sulphur Dioxide and Sulphurous Acid

It was shown in connection with the history of sulphur that the fumes from
burning sulphur were used from the earliest times for disinfecting purposes.
Paracelsus,! in his De naturalibus rebus, said that “ crude sulphur has the property
of bleaching red colours with its fumes; it turns red roses into white ones.”
A. Libavius, 1595, obtained what he called spiritus sulfurts acidus by leading the
fumes from burning sulphur into a vessel full of water; and he observed that
when this soln. is exposed to air it is converted into an acid identical with that
obtained by distilling vitriol, or treating sulphur with nitric acid. J. B. van
Helmont observed that the gas extinguished a flame, and he regarded it as a
spiritus sylvestris. He said :

Every seed of burnt sulphur is destroyed by the flame and it is thereby transformed
into & gas or a spiritum sylvestrem, which by reason of the properties of its own concrete
or composed body, is an antidote against the pest.

G. E. Stahl, 1702, distinguished between sulphurous and sulphuric acids and called
them respectively acidum wvolatile, and acidum fizum, although some later writers
-—e.g. H. Boerhagve—said that the two acids are the same. G, E. Stahl supposed
sulphurous acid to come between sulphur and sulphuric acid; and said that
sulphur in burning looses phlogiston and forms sulphuric acid, and that the
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sulphuric acid unites with some undecomposed sulphur to form sulphurous
acid ; hence sulphurous acid was considered to be phlogisticated sulphuric acid.
A circumstance, added H. Cavendish, “ which I think shows the truth of this,
is that if oil of vitriol be distilled from sulphur, the liquor which comes over will
be the volatile sulphureous acid.” J. Priestley, 1775, prepared sulphur diozide,
and collected it over mercury. He called it witriolic acid air. In opposition to
the phlogiston theory, A. L. Lavoisier, 1777, proved that the difference between
sulphurous and sulphuric acid is not due to the different proportions of contained
phlogiston, but rather to the degree of oxidation of the sulphur. He called the
gas from burning sulphur gaz acide sulfureux, and the soln. in water acide sulfureus
in contrast with the more highly oxidized acide sulfurique. The gas was analysed
by J. L. Gay Lussac in 1808, and by J. J. Berzelius in 1811, and 1818; and its
salts were studled by A. F. de Fourcroy and L. N. Vauquelin.

Sulphur dioxide occurs in the gaseous exhalations of volcanoes and fumaroles
as indicated in connection with hydrogen sulphide. The presence of sulphur
dioxide in the gases associated with volcanic activity is common. The gas is found
in the grottoes of Santa-Fiora, Sienna, Altna, Stromboli, Bourbon, etec., as well
as in the volcanoes of Java, Andes, ete. It also occurs in the springs of water near
active volcanoes. The occurrence of sulphur dioxide in the fumes from Vesuvius
was noted by H. Davy ;2 T. Monticelli and N. Covelli said that the gas is pro-
duced in fissures and holes only when atm. air is in contact with red-hot lava ;
and F. Hoffmann, that hydrogen sulphide, not sulphur dioxide, was emitted by
flakes of fresh scorie when broken. Hence, added G. Bischof, the presence of
sulphur dioxide presupposes atm. air, and it can be supposed to be formed at such
depths as are accessible to air, whether the sulphur is furnished by sulphur or by
sulphides. L. Ricciardi attributed the formation of sulphur dioxide in volcanic
gases to the interaction of silica with caleium and magnesium sulphates, either
jointly or singly, and the sulphur trioxide which separates is decomposed into
sulphur dioxide and oxygen: 8i0O;+MgS80,=Mg8i0; (enstatite)+S0z; SiO,
+CaB0,=Cali0; (wollastonite)--80g; and  SiOy--CaSO,+-MgS0,=MgCaSiO,
(monticellite)4-2805. An artificial mixture of granite with magnesium and
calcium sulphates evolved sulphur dioxide. On the other hand, R. Bunsen
attributed the formation of sulphur dioxide to the oxidation of hydrogen sulphide,
and to the decomposition of the sulphates of the alkalies and alkaline earths at a
high temp. R. T. Chamberlin also observed that ferrous sulphate and basic ferric
sulphate are decomposed by heat: 2FeSO,=Fe,03+80,+4-805; and FeyS,0q -
=Fe;034+2503. He also noticed that some rocks give off relatively large amounts
of sulphur dioxide when heated. G. C. Wittstein noted sulphur dioxide in the
waters of Alle Prese, Grisons. Sulphurous acid has been found in numerous
mineral waters by F. Boudet, and others. G. Witz observed that the existence
of sulphur dioxide as a normal constituent of the air of towns is shown by the fact
that placards coloured with red-lead, posted in situations where they are pro-
tected from the sun and rain, became gradually decolorized, whereas similar
placards exposed under similar conditions in country air retain their colour
unimpaired. The decolorized placards are found to contain lead sulphate and
lead sulphite, the lead dioxide in the red-lead having been converted into the
former, and the monoxide into the latter. This decolorization of the red-lead
takes place much more rapidly in shop windows where gas is burnt. Sulphurous
acid was also found to occur in hail, snow, and especially hoar frosts in the neigh-
bourhood of towns. L. Coniglio found alkali sulphites to be products of the normal
activity of Vesuvius. G. H. Bailey found a maximum of 32-2 mgrms. of SO, per
100 c. ft. of the air of Manchester and Salford, and a minimum of 1-0 mgrm. per
100 c. ft.—wvide 8. 49, 1. H. Wislicenus observed that the air in different parts
of the Tharandt Forest, ten kilometres from any source of smoke, showed the presence
of sulphur dioxide inside the forest, though in less quantity than at the edges.
C. le Blanc reported it to occur in some natural waters, though its tendency to
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oxidation to sulphuric acid renders it an unlikely occurrence except in very special
cases.

Preparation.—Sulphur dioxide is formed when sulphur burns in air or oxygen.
Some sulphur trioxide is produced at the same time, as indicated in connection with
the chemical properties of sulphur. If air be employed, the sulphur dioxide is of
course accompanied by nitrogen from the air. The nitrogen does no harm in some
of the technical applications of the gas. Numerous furnaces have been deviged for
burning sulphur ; many of these are provided with automatic feeders, and agitators.
These are described by W. Wyld,? and others in works devoted to the manufacture
of sulphuric acid. The gas is also obtained by roasting many metal sulphides in
air. In 1818, T. Hills and U. Haddock obtained a patent in England for producing
sulphur dioxide by roasting pyrites for the manufacture of sulphuric acid ; but,
according to E. Sorel, this was done by a French manufacturer, M. d’ Artigues, in
1793. N. Clement also made experiments on the subject in 1810. The burning of
pyrites on a large scale is done by heating iron pyrites, copper pyrites, zincblende,
ete., in special kilns or burners, so arranged that the heat of oxidation is utilized
for maintaining the process without extraneous fuel. As shown by A. Scheurer-
Kestner, G. Lunge and F. Salathé, and D. Pierson, some sulphur trioxide is formed
in this operation—wvide supra, the oxidation of sulphur. There are also burners
arranged for roasting the spent oxide of gas-works so as to convert the sulphur
into sulphur dioxide ; hydrogen sulphide may also be burnt to sulphur dioxide
in special burners. Some sulphide ores are roasted in heaps in the open air with-
out any regard for the contained sulphur. The ultimate object is the extraction of
the metal. The damage to health and vegetation is, however, so great that the
nuisance has been stopped by legal enactments. For the same reason, the noxious
vapours—mainly sulphur dioxide—in many manufacturing districts have to be
treated for the removal of sulphur dioxide and trioxide before the * smoke * is
permitted to escape into the atmosphere. The various methods for treating acid-
smoke, smelter-fumes, hydrogen sulphide, etc., for the recovery of the sulphur in
the gas as sulphur dioxide, are described in special treatises—e.g. by C. A. Hering,
C. Schnabel, W. Wyld, etc. F. Siemens converted hydrogen sulphide into sulphur
dioxide by burning it admixed with air at 280°-320° in contact with a catalyst
containing a metal capable of combining with sulphur—e.g. copper, nickel, or iron
—and an oxygen carrier—e.g. vanadium, chromium, or molybdenum. L. H. Diehl
devised a process for recovering the 1-5 per cent. of sulphur—chiefly as calcium
sulphide-—in blast-furnace slag, by blowing hot air through the fused slag as it is
tapped from the furnace. The air which escapes at about 950° contains about
10 per cent. of sulphur dioxide by vol. Sulphur dioxide is also formed when
other sulphur compounds are heated in air—e.g. when carbon disulphide is burnt ;
and as U. Collan and others have shown, when coal gas is burnt.

Sulphur dioxide is also produced when the oxides of many metals—manganese,
zine, lead, mercury, ete., are heated with sulphur, or with sulphur compounds of
the same metals. Thus, P. Berthier used pyrolusite, MnOy-+28=MnS--80,; or
2MnOy+85=80,+2MnO ; and R. F. Marchand, a mixture of copper oxide and
sulphur : 2Cu04-28=CuyS-+80,. F. Stolba heated sulphur with ferrous sulphate,
FeS0,+4-28=FeS8-+280,, and, as a by-product, obtained ferrous sulphide for the
manufacture of hydrogen sulphide; T. Terrell utilized the reaction: 2FeSO,
+28-+-30=Fe,03--480,, and employed the ferric oxide as a pigment ; the reaction
of sulphur with cupric sulphate was stated by H. Schiff to proceed more easily
than with ferrous sulphate. C. Briickner made a special study of the action of
sulphur on the sulphates. F. Martin and O. Fuchs found that the alkaline earth
sulphates are reduced to sulphides when heated with iron, and the reduction occurs
at a lower temp. than when coal is substituted for the iron. The reduction is
complete in half an hour at 750° for calcium sulphate; at 850° for strontium
sulphate ; and at about 950° for barium sulphate. In the presence of insufficient
iron and at about 150° higher, a rapid evolution of sulphur dioxide takes place.
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The best conditions for this are, for calcium sulphate the mixture 16CaSO,--15Fe,
giving 80 per cent. of the theoretical yield of sulphur dioxide; for strontium
sulphate the mixture 98rS0,+-8Fe, giving an 83-9 per cent. yield. These reactions
lead to the formation of well defined ferrites, 3Ca0,2Fes03=CagFe 04 ; 28r0,Fes0g
=8ry,Fe,05; and BaO,Fe;0g—=BaFe,0,. Too little iron leads to the formation of
alkaline-earth sulphide, too much iron gives also iron sulphide. Sulphur dioxide
is also evolved by heating the alkaline-earth sulphates with iron sulphide ; this
can be carried out commercially by using pyrites to which has been added a little
iron oxide. I. Moser purified the gas by the fractional distillation of the liquefied gas.

Sulphur dioxide is produced in the thermal decomposition of cone. sulphuric
acid, as when the acid is dropped into a red-hot platinum flask packed with
pumice-stone, Sulphur dioxide is also formed when many sulphates are heated,
for the sulphur trioxide first given off breaks up into oxygen and the gas in
question. The Verein Chemischer Fabriken Mannheim used iron oxide as catalyst
at about 900°—wvide supra, sulphur. H. S. Elworthy obtained it by heating a
mixture of sodium sulphide with calcium or sodium sulphate in a converter furnace
in air, when all the sulphur is given off as sulphur dioxide; and L. P. Basset
heated a mixture of calcium sulphate with alumina and powdered coal. Sulphur
dioxide is also formed when sulphuric acid is heated with sulphur: 2H,80,--8
=380,+2H,0, as shown by J. B. A. Dumas, and C. F. Anthon. H. L. F. Melsens
found it to be an advantage to mix the acid and sulphur with pumice-stone.
E. Hart recommended warming sulphur with fuming sulphuric acid, containing
30 per cent. SOy, when the blue soln. so formed is heated, sulphur dioxide mixed
with some trioxide is given off. The evolution of the dioxide ceases when all the
trioxide has been acted upon, and the sulphur melts, J. Knezaurek obtained
sulphur dioxide by heating sulphuric acid with charcoal: 2H,S0,+C=2H,0
+280,+4-CO0,, for purposes where the admixed carbon monoxide and dioxide
will do no harm, W. L. Scott recommended using acid of sp. gr. 1-824 containing
74 per cent. SO5. If a more cone. acid is used, a portion is reduced to sulphur ;
and if a more dil. acid is employed, some hydrogen sulphide is formed. The
washing liquid should be mixed with lead sulphate or coarsely powdered charcoal.
One of the commonest methods of preparing small quantities of sulphur dioxide
is to heat conc. sulphuric acid with copper: Cu-2H,80,=80,-+2H,;0--CuS0,
—uvide 3. 21, 6. According to . J. Warner, sulphuric acid is reduced to sulphur
dioxide at 160°, and 8. Cooke showed that the reaction is accelerated by the
presence of platinum. C. Bollé heated nitre-cake, acid sodium sulphate with
wood-shavings and coke; J. S. and A. A. Blowski, with petroleum sludge ;
G. Schildhaus and C. Condrea, with acid-tar or sludge ; and I. P. Llewellyn and
P. Spence, and P. Hart with pyrites in order to obtain sulphur dioxide. Sulphur
dioxide is formed by the action of conc. mineral acids on sulphites, on thiosulphates,
and on all polythionic acids. L. G. Wesson found that solid metahydrosulphite
alone or mixed with a dry solid pyrosulphate is hygroscopic in moist air, and gives off
sulphur dioxide. G. Neumann obtained sulphur dioxide from a Kipp’s apparatus
by using cubes made of calcium sulphite and plaster of Paris, and cone. sulphuric
acid. E. Geisel, and F. W, Kiister and F. Abegg devised an apparatus for pre-
paring the gas from conc. sulphuric acid and soln. of hydrosulphites. W. Garroway
decomposed a soln. of sodium hydrosulphite by sodium hydrosulphate or sulphuric
acid. Most of the sulphur dioxide is driven out in the cold, the remainder by the
injection of steam. L. Monnet fused a mixture of alkali hydrosulphite and sodium
thiosulphate, and found sulphur dioxide is given off when the granulated mass
comes in contact with water. P. Pierron obtained sulphur dioxide at the anode
during the electrolysis of ammonium thiosulphate. F. Clausnizer observed that
sulphur dioxide is formed by the action of phosphorus pentabromide on sulphuric
acid ; E. Divers and T. Haga, by the action of alkali metals on nitrosulphates ;
and H. Beckurts and R. Otto, by heating chlorosulphonic acid to 170°-180°.
E. Cardoso discussed the preparation and purification of the gas.
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According to A. Gautier, water vapour attacks sulphides of the heavy metals
—Fe8, Pb8, etc.—at an incipient red-heat, forming hydrogen sulphide, hydrogen,
and sulphur dioxide. In some cases, the sulphide is reduced to metal—e.g.
Cuy8+-2Hy0=2Cu-+80,+4-2H,. The sulphur of hydrogen sulphide may be
oxidized by the oxygen of water-vapour at a red-heat giving sulphur dioxide, .
hydrogen, and traces of sulphur, sulphuric acid, and thionic acids. Hence, the
presence of oxygen is not necessary to account for sulphur dioxide in volcanic
gases.

Sulphur dioxide for liquefaction is made by a process which gives a product
of a higher degree of purity than is needed for some operations. If the sulphur
dioxide is diluted with much inert gas, it requires concentration. This subject
is discussed in a special monograph by A. Harpf, and E. Schiitz. In some cases,
the burner gases are scrubbed with water, cooled with water, and the resulting
liquid heated in order to recover the absorbed sulphur d10x1de——eg R. Pictet,
F. R. Carpenter, H. Hegeler and N. L. Heinz, Compagnie Industrielle des “Alcools
de ’Ardeche, E. Schroeder and M. Haenisch, A H. Eustis, etc. Other liquids have
been recommended in place of water—e.g. E. Bergmann and T. Berliner used a
soln. of calcium hydrophosphate ; F. E. Coombs, milk of lime or sodium carbonate ;
H. K. Moore and R. B. Wolf, calcium chloride ; J. L. Babé and H. Pape, a soln.
of an indifferent salt ; F. Kuhlmann, heavy coal-tar oil; P. Pascal, carbolic oil ;
ete. F. W. Andrews discussed the purification of commercial sulphur dioxide by
fractional volatilization of the liquid.

The physical properties of sulphur dioxide.—At ordinary temp. and press.,
sulphur dioxide is a colourless gas of suffocating smell. It can be condensed to a
colourless liquid, and frozen to a colourless, transparent, crystalline solid. The
relative density of the gas, air unity, was found by H. Davy 4 to be 2-193;
T. Thomson gave 2-2222; R. F. Marchand, 2-0412; H. V. Regnault, 2-221;
J. Buff, 22277 ; J. J. Berzelius, 2-247; J. L. Gay Lussac, 2-255; L. Bleekrode,
2-234 at 15°; A Leduc, 2-2639-4-0- 0001 G. Bauer, 2-881 at 716 mm., and 2-910
at 724 mm. D. Berthelot gave 2- 04835 (oxygen unity) at 0° and 1 atm. press.
E. Mathias found the density, D, of the sat. vapour of sulphur dioxide can be
represented by D=1-4328{1 —-m—-l-l40(l—-m)*+0~5792}, where m represents
temp. referred to the critical temp. as unit, m=71/T.; or D=1.0019—0-003340
—0-07887(156—0)!. L. P. Cailletet and E. Mathias found the density of the sat
vapour of sulphur dioxide, referred to water at 4°, to be :

7-8° 247° 58-2° 787° 1006°  1230°  1440° 154-9°
Density . 000624 00112 0-0310 0-0464 0-0786 0-1340 0-2495  0-4017

Towards the critical temp. 156°, the density of liquid and gas approach the limiting
value 0-562. C. von Linde gave 0-002861 for the density of the gas at 0°—water
unity ; and G. Bauer, 0:00286 at —10° and atm. press.

166° T, E. Exner made some observations on this subject.
50 A?]  The weight of a normal litre of sulphur dioxide was
i found by A. Leduc to be 2-9267 grms. and for the

/50° ,——/\\,\b =\ weight W of gas at normal press. when the weight is
D[\,\“ W, at a press, p, between 0-5 and 1-0 atm., is W
5ol \ —-Wp760{1+0 0000323(760—p)}/p, A. Jaquerod and
900507 0605090502 A, Pintza found 2:926641-0-0001 grms. when the value
ensires for oxygen was 14292 grms. The weight of a litre of

Fre. 44¢.—Law of Recti- the gas at 0° was 2-18172 grms. at 570 mm. press., and
lﬁlilgzird Blaénetéﬁse(fﬁﬁ 1-44572 grms. at 380 mm. press. G. Baume gave 2-9266
Sulphur Dioxide. grms. for the weight of the normal litre, and the coeff.

representing the deviation from Boyle’s law is 0-02380
between O and 1 atm. press. M. S. Blanchard and S. F. Pickering reviewed the
literature on this subject. M. Faraday gave 1-42 for the specific gravity of liquid
sulphur dioxide; A.Bussy, 1-45; L. Dufour, 1-49 at —20°; J. I. Pierre, 1-4911 at
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—20:56°; E. d’Andréeff, 1-4333 at 0°; L. Bleekrode, 1-359 at 15°; R. Nasini,
1-3667 at 24° ; and L. P. Cailletet and E. Mathias :

00° 21-7° 52:0° 102:4°  120-45° 1408°  15175° 155:05°
Sp.gr. . 1-4338  1-3757 1.2872 1-1041 1-0166 0-8690  0-7316 0-6370
E. Mathias said that the density between 90° and 146° can be represented by
1-2812(m—0-569-4-1-655v/1—m), where m denotes temp. referred to the critical
temp. as unit. E. Cardoso found the law of the rectilinear diameter holds good
except for a slight deviation near the critical point—Fig. 44. W. Herz discussed

the sp. gr. of the liquid. A. Lange represented the sp. gr. D, and the mean coeff.
of cubical expansion, 8, of the liquid, by

—50° —40° —80° —20° —10° [0 10° 20°
D . 1-5672 1-5331 1-5090 1-4846 1-4601  1-4350 1-4095 1-3831
B . — 0-00157  0-00160 0-00164 0-0016 0-00175 0-00182 0-00192
30° 40° 50° 60° 70° 80° 90° 100°

D . 1-3556 1-3264 1-2957 1-2633 1-2289 1-1920 1-1524 1-1100
B . 0-00206 0-00223 0-00240 0-00261 0-00285 0-00315 0-00350 0-00390

The change of vol. v with temp. was measured by J. I. Pierre, C. Drion, and
E. d’Andréeff ; while A. Lange found :
—30° —20° o° 20° 40° 60° 80° 100°
v . 09510 0-9666 1-0000 1-0375 1-0819 1-1389 1-2039 1-2929
C. L. Berthollet 5 found the sp. gr. of a sat. aq. soln. of sulphur dioxide to be
1-040; T. Thomson, 1-0513; R. Bunsen and F. Schénfeld gave 1:06091 at 0°;
1-05472 at 10°; 1-02386 at 20°; and 0-95548 at 40°. At 15°, A. Scott found for
soln. with

80, . 03 1.0 2.0 4-0 6-0 8-0 10-0 per cent.
Sp.gr. 10028 10056 1-0113 10221 1-0328  1-0426  1.0520

Observations were also made by E. F. Anthon, R. Wagner and L. Gautier, H. Schiff,
G. T. Gerlach, H. Hager, C. Umney and T. Tyrer, and T. H. Sims. W. B. Giles
and A. Shearer showed that a good approximation to the relation between the sp.
gr., D, and the percentage composition of the soln., p, can be represented by
D=1+-0-005p, at 15-4°, and 760 mm. This means that the percentage of SO,
multiplied by 5, gives the sp. gr. of the soln. over and above 1000. Thus, for
instance, a soln. containing 1 per cent. of 80, has a sp. gr. of 1-005, one of 5 per cent.
a sp. gr. of 1-025, one of 10 per cent. a sp. gr. of 1-050, and so on ; so that, on the
other hand, if we know the sp. gr., we can at once tell the percentage of 80,, provided
that this is the only body present to influence the sp. gr. L. Carius represented the
gp. gr. of a soln. of the gas in alcohol at 760 mm. and 6° by 1-11937—0-0140916
+0-00025762, The mol. vol. was studied by E. Rabinowitsch, who gave 44 for
that constant. W.Herzstudied this subject ; and J. J. Saslawsky and co-workers,
the changes in vol. on neutralization with soda-lye. .

The compressibility of the gas was measured by E. H. Amagat ;¢ he found
that instead of the ratio pv/p,v, being unity, in accord with Boyle’s law, the values
at different temp. were:

15° 50° 100° 150° 200° 250°

pofpw, . 1-0185 1-0110 10054 1-0032 10021 10016
 D. I. Mendeléeff and W. Hemilian found that at press. exceeding one atm., there is
a negative deviation from Boyle’s law, meaning that the compressibility is greater
than corresponds with that law, while for press. between 20 and 60 mm. there is a
positive deviation from Boyle’s law, meaning that the compressibility is smaller
than required by that law. According to F. Fuchs, the value of pv increases as the
press. falls from 1000 mm. to 250 mm., thus :

p . 1000 900 800 700 600 500 400 300 250 mm.
pv . 10000 10033-6 10067 10100 10133 10166-4 10198 10225 10251
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D. Berthelot gave 0-025992 for the compressibility coeff. of the gas. If 4 denotes
the deviation of the gas from Boyle’s law 1—pv/p,v,=0, such that 4=1—pv/p;v;
—as indicated 1. 6, 8—then A. Jaquerod and O. Scheuer found that below one atm.
press., 4'0=0-02314; and E. Wourtzel, 4';=0-02379; A4’,.;=0'02386; and
A’4.25=002360. L. P. Cailletet gave 0-0003014 for the compressibility of the
liquid at —14° and 606 atm. press.; while A. Lange gave:

15-4° (14-0)  16-8° (14-3) 18:6° (14-1) 68:8° (10:8) 92:1° (8-8)
Compressibility coeff. . 0-0,134 00,132 0-0,135 00,271 0-04467

where the bracketed terms refer to press. expressed in atm. F. Isambert gave
0-0001024 for the compressibility coeff. of a soln. of 60 litres of sulphur dioxide in
a litre of alcohol at 18-9°; 0-0001041 at 19-1°; and 0-0001028 at 20-3°. D. Berthe-
lot and P. Sacerdote measured the compressibility of mixtures of carbon and sulphur
dioxides and the result is less than the value calculated by the additive rule.
A. Leduc also found that when the two gases are mixed there is a slight increase
in press. above that calculated from the law of partial press.

* The surface tension of liquid sulphur dioxide was found by L. L. Grunmach ?
to be 0=33-20 dynes per cm., and the specific cohesion, ¢2=4'519 sq. mm.
F. W. Clark gave 0=2-3 mgrms. per sq. mm. at —15°, V. M. Stowe found the sur-
face tension of liquid sulphur dioxide to be represented bye=0-061534(157-5—6)12,
at temp. between —20° and 50°. Some observed results were :

~20° —10° 5° 15° 20° 80° 40° 50°
o . 30-68 28:59 25-568 23-64 22-73 20-73 18-77 16-85

J. B. Hannay observed that the capillary attraction vanishes at the critical temp.
and is not restored by increasing the press. C. A. Valson, in his study of capillarity
as an additive property, found what he called the capillary modulus of the radicle
S0;” at 15°, with a capillary tube 0-5 mm. in diameter to be 1-3. F. F. Fitzgerald
found the viseosity, 7, of liquid sulphur dioxide to be 0-003936 at 0°; 0:004285 at
—10-5°; 0-004521 at —15°; and 0-006508 at —33-5°, J. Dubief made observations
on the relation between the viscosity and density of theliquid. C.J. Smith obtained
0-0001168 for the viscosity of the gas at 0°; 0:0001253 at 18°; and 0-0001630 at
100°; and 416 for Sutherland’s constant—1.13,3. T.Graham gave for the viscosity
of the gas at 0°, 0-0001225, and at 20°, 0-0001380 ; and H. Vogel gave 0:0001183 at 0°.
0. E. Meyer gave 0-000145 referred to air 0-000200 ; and O. E. Meyer and F. Spring-
miihl, 0-000138 between 10° and 20° referred to air 0-000212. M. Trautz and
W. Weizel found the viscosity changes from 0:031221 at 14° to 0-032071 at 199°,
with constant temp. coeff. over this range. Sutherland’s constant does not apply
to this gas. The viscosity curve of mixtures of sulphur dioxide and hydrogen
exhibits a maximum, which, as the temp. increases, flattens, and is displaced
towards mixtures richer in sulphur dioxide. At 17°, a mixture containing approxi-
mately 70 molar per cent. of hydrogen has a maximum viscosity, whilst at 199°
the maximum occurs with the mixture containing 50 molar per cent. of hydrogen.
The increase of viscosity of mixtures on the addition of hydrogen is roughly .
proportional, up to the maximum, to the molar fraction of hydrogen. Observations
on the viscosity of sulphur dioxide were also made by A. von Obermeyer, H. Vogel,
and S. Pagliani and M. Batelli. J. R. Lewis measured the viscosity of soln. of
sulphur dioxide in carbon tetrachloride, acetone, benzene, toluene, xylene, ether,
heptane, carbon disulphide, and water. F. Schuster gave 2726 atm. for the
internal pressure. M. Faraday 8 concluded that mercury cannot confine gases
permanently ; but H. B. Dixon showed that with sulphur dioxide and some other
gases there is no diffusion through mercury. If the mercury be dirty, or moisture
be present, a film might be formed between the glass and the mercury which
permitted diffusion. J. Loschmidt found that the coeff. of diffusion of sulphur
dioxide into hydrogen at 0° is 0-48278 sq. cm. per sec. K. Kanata studied the
permeability of rubber for the gas. A. Masson, and G. Schweikert gave for the
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velocity of sound in the gas, 209-0 metres per sec. at 0°. N. de Kolossowsky
studied the relation between the velocity of sound and the speed of translatory
motion of the molecules. '

The molecular weight of sulphur dioxide calculated from the vap. density is
64046 by D. Berthelot ; ® and 64:0594-0-006 by E. Wourtzel. From the method
of limiting densities, G. Baume calculated 64-:039 ; and from the critical constants,
63-954. From the regularities in the b.p. of various liquids, H. M. Vernon assumed
that the molecule is to be represented by 8O,. P. Walden and M. Centnerszwer
found that the ebulliscopic constant of liquid sulphur dioxide agrees with the
assumption that the molecule is SO, ; and W. Vaubel, that the moleculeis (80g);.7s.
P. A. Guye found that the mol. wt. at the critical temp. is in accord with the value
calculated by vap. density law. O. E. Meyer calculated the molecular diameter
of sulphur dioxide to be 1-21x 107 ¢m. ; E. Dorn, 0-69 x10~7 ¢m. ; and F. Exner,
1'7x1078 cm. ©. E. Meyer gave A=0-0000047 for the mean free path of the
molecules ; for the eollision frequency, 639 <108 per second ; for the velocity of
mean square 324 metres per second ; and for the mean velocity 298 metres per
second. C.J.Smith calculated 0-94 X 10715 sq. cm. for the mean collision area, and
A. O. Rankine and C. J. Smith found that this result agreed better with that
deduced from the formula 8<]0, than that from 0=8=0. J. E. Mills made
observations on the intermolecular attraction. W. Nernst gave 3-3 for the
chemical constant. According to P. A. Guye and L. Friedrich, the constants in
J. D. van der Waals’ equation—1. 13, 4—are a=0-01345 and b=0-00251 referred
to the initial vol. of the gas; a=6-61x108, and b=>55-T referred to mols; and
a=1610, and b=0-870 referred to grams. D. Berthelot gave a=0-028544, and
b=0-005384 referred to the initial vol. of the gas. J. Dubief studied the co-volume
and equation of state ; W. Herz, the co-volume ; and M. F. Carroll, W. Herz, and
K. Wohl, the equation of state. M. Trautz and O. Emert, M. Trautz and M. Giir-
sching, P. Sacerdote, A. Leduc, and F. Braun studied the application of the partial
press. law to mixtures of sulphur dioxide with hydrogen, nitrogen, oxygen, air,
ether, and carbon dioxide.

H. V. Regnault 10 gave 0-003903 for the coeff. of thermal expansion of sulphur
dioxide at constant press. between 0° and 100°; G. W. Walker, 0-00390 at 0°
and 760 mm. ; A. Ledue, 0-00396 between 0° and 20° at normal press., and under
a press. of 334 mm., 0-003787 between 0° and 22°; G. Magnus, 0-003856 ; and
E. H. Amagat, at normal press. :

0°-10° 10°-20° 50° 100° 150° 200° 250°
o . 0004233 0-004005 0-003846 0-003757 0-003718 0-003695 0-003685

For dry sulphur dioxide at ordinary temp. he gave 0-00390, and for the moist gas,
0-00395-0-00396. A. Leduc gave for the coeff. of the increase of press. with temp.,
0-003883 at 0°. H. V. Regnault gave 0-003845 at constant vol. C. Langer and
V. Meyer showed that at about 1690°, the coeff. of expansion is nearly the same as
that of nitrogen, and Charles’ law of expansion is followed at this temp. The gas
is not dissociated at 1700°. P. de Heen found that between 1° and 130°,
dv[df=01?-333, where a denotes the coeff. of thermal expansion at 0°. L. P. Cailletet
and E. Mathias found for the coeff. of cubical expansion of the liquid between

153°-154° 154°-155° 155°~155-5° 155-5°-156°
Coeff. expansion . 0-07721 0-1345 0-2273 07371

Observations were also made*by V. N. Thatte, J. I. Pierre, C. Drion, and
E. d’Andréeff. A. Lange’s results are indicated in connection with the effect of
temp. on the sp. gr. of theliquid. He found that at about 95°, the coeff. of expansion
of the liquid is nearly the same as that of the gas ; and C. Drion said that this occurs
at about 100°. A. Eucken gave 0-01950 cal. per cm. per sec. per degree for the
thermal conductivity of sulphur dioxide gas at 0°. 8. Chapman and W. Hains-
worth studied the thermal diffusion of mixtures of hydrogen and sulphur dioxide.
VOL. X. . 0
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A. Masson 11 found the ratio of the two specific heats of sulphur dioxide to be
1-280 at 0°, and for the mol. ht., C;,=9-834, and C,=7-682; H. V. Regnault gave
for the sp. ht. at constant press., ¢,=0-1544, at 15°-200°, or C;,=9-891; A. Cazin
gave for the ratio of the two sp. hts., 1-262, at 20° ; and P. A. Miiller, 2-2563 at 20°.
R. Thibaut found for the ratio of the two sp. hts., at 20°, 1258 at one atm. press.,
and 1-273 at % atm. press ; K. Schéler gave 1-273 at 0-5 atm. press., 1-283 at 1 atm.,
and 1-323 at 2 atm. press., and 20°; B. Berneis gave C;=9-1490 at 20°-100°,
or C,=9-00--0-00740 ; M. Trautz and B. Berneis, C;,=9-00--0-00370. J. R. Part-
ington and H. J. Cant gave for the ratio of the two sp. ht., 1-291, and C,=9-476
and C,=T7-340; and G. Schweikert, 1-266 at 0°, G. N. Lewis and M. Randall
gave C,=7-0-40-0071604-0-0518602; R. Furstenau, C,=9-18--0-0030776; and
B}.l. Berrfis, Cp=9-00-}-0-00740. B. Neumann calculated the following values for
the sp. ht. : .

0° 100° 200° 400° 600° 860° 1000°

Sp. ht. 0-139 0-148 0-158 0-177 0-190 0-199 0-204
1100° 1500° 2000° 2400° 2600° 2800° 3000°

Sp. ht. 0-206 0-2125 0-219 0-223 0-226 0-230 0-231

G. Witz made some observations on the heat of capacity of the gas. E. Mathias
gave for the sp. ht. of the liquid between —20° and 155-5°, ¢=0-3172--0:00035076
—0-000006762602 ; and A. Nadeschdine gave 0-3178 for the sp. ht. between —20-6°
and 9-8°. A. Press studied some relations of the sp. ht. P. Duhem showed that
if the sp. ht. of a saturated vapour is plotted against temp., the form of the curve
is that of an inverted, unsymmetrical U; and that sometimes this lies wholly in
the negative region, but in other cases it may cross into the positive region, but
if it does so it crosses twice. E. Mathias gave for the sp. ht. of the sat. vapour, c,,
and for the sp. ht. of the sat. liquid, ¢;, of sulphur dioxide :

—20° 0° 40° 90° 100° 110° 120° 140° 155°
cy . — —0-410 —0-300 —0-095 --0-027 +40-062 —0-078 —0-620 —3-850
¢ - 0315 0-317 0-338 0-403 0-422 0-442 0-470 0-620 1-800

The sp. ht. of the sat. liquid is not a linear function of the temp. even when remote
from the critical temp. The subject was discussed by J. A. Ewing, W. Jazyno,
and A. W. Porter. U. Bordoni studied the entropy of the system Ho0-80,.

A. F. de Fourcroy 12 has stated that G. Monge and L. Clouet discovered that
sulphur dioxide can be liquefied by 28° of cold, and he added that “ this property
distinguishes sulphur dioxide from all other gases, and it appears to be owing to the
water which it holds in solution, and to which it adheres so strongly as to prevent
an accurate estimate of the proportion of its radicle and acidifying principles.”
Notwithstanding A. F. de Fourcroy’s objection, M. Faraday said that ** there can
be little doubt that G. Monge and L. Clouet did actually condense the gas, for he
found that the small elastic force of its vapour at common temp. is only about 2 atm.,
go that a comparatively moderate diminution of temp. is sufficient to retain it liquid
at common press., or a moderate additional press. to retain it liquid at common temp.”
M. Faraday obtained the liquid by pumping the dried gas, at 3 to 5 atm. press.,
into an evacuated and cooled tube ; A. Bussy cooled the dried gas with a mixture
of ice and salt ; G. F. Wach, and F. Wghler placed sulphur and sulphuric acid in
one leg of a bent sealed tube, and gently warmed the mixture ; the other leg of the
tube was cooled by ice and salt ; H. L. F. Melsens, and A. Verneuil used charcoal
sat. with sulphur dioxide as the source of the gas in the sealed tube ; and A. Loir and
C. Drion cooled the gas by evaporating ether. A. W. Hofmann said that glass tubes
are dangerous in experiments on the liquefaction of the gas, and B. Krecsey recom-
mended copper vessels. The liquefaction of the gas industrially was discussed by
E. Schroder and M. Hénisch, A. Lange, H. J. Paoli, and A. Harpf. The liquid
dioxide is sold for laboratory purposes in glass syphons, fitted with a screw-valve,
so arranged that either liquid or gas can be drained off. A. Bussy observed that if
liquid dioxide be rapidly evaporated under an evacuated bell-jar, a part of the liquid
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forms white flecks ; and J. K. Mitchell obtained the solid by surrounding the liquid
with a mixture of solid carbon dioxide and ether. J. K. Mitchell gave —79° for
the melting point of the solid ; M. Faraday, —76-1°; A. Smits and W. J. de Mooy,
—175-6°; T. P. van der Goot, —75-1°; W. F. Seyler and A. F. Gill, —72-8°;
P. Walden and M. Centnerszwer, —72:70°; and G. Baume and A. Tykociner,
—172-5°.  For the boiling point at ordinary press., M. Faraday, E. d’Andréeff, and
L. Dufour gave —10°; J. M. Pierre and C. Drion, —8° at 759-2 mm.; H. V. Reg-
nault, —10-08° at 760 mm.; R. Bunsen, —10-5° at 744 mm.; A. Nadeschdine, —10°
at 757 mm. press. ; F. W. Bergstrom, —10-02°; T. Estreicher, —10-1°; J. Henning
and A. Stock, —9-99° at 760 mm. ; G. A. Burrell and I. W. Robertson, —11-0° at
760 mm. ; and H. D. Gibbs, —10-09 at 760 mm. N. de Kolossowsky gave 1-43 to
160 for the ebulliscopic constant of the liquid. M. Faraday measured the vapour
pressure of liquid sulphur dioxide between —10° and 37-77°; H. V. Regnault,
between —30° and 65°; W. Sajontschewsky, between 50° and 155-4°; R. Pictet,
between —30° and 50°; W. Mund, between —42° and 0°; A. Bliimcke, between
—19-5° and 98-2° ; G. A. Burrell and I. W. Robertson, between —11° and —64-5° ;
F. Henning and A. Stock, between 10° and —181°; F. W. Bergstrom, between
—b5-5° and —90-1°; W. Mund, between —42° and 0° ; and E. Briner and E. Cardoso,
between 33-5° and 72-2. Observations have also been reported by E. Cardoso and
U. Florentino, O. Scheuer, A. Stock, A. Rex, B. Leinweber, B. D. Steele and
L. 8. Bagster, A. Stock and co-workers, E. Cardoso and co-workers, and P. M. Shen.
The following is a composite summary of the results :

Solid. Tdquid,
—901° —81'3° —72:9° —B171° —5118° —3613°  —25° —10° —999°
pmm. . 25 7 16 38-2 80-2 199-95 373-79 762-49 760
and for the liquid above 0° : .
0° 20°  335°  50° 77-5¢ 80° 100° 120° 150°
patm., . 152 327 4-80 8:31 1'_7'12 18-09 27-82 41-56 71-45

C. E. and O. Maass gave for the vap. press., p cm. :

0-2° 1-3° 2-25° 10-0° 16-5° 22-0° 27-0°
p . 11727 123-5 127-6 173-3 218-8 264-1 314-2

H. V. Regnault represented his results by the equation log p=5-6663791
— 8-01468920af+28 — 0-146540080+28, where - log a = 9-9972989—10; and
log 8=9-98729002—10. C. Antoine used log p=0-98215{7-3593—1000(6--236)}.
G. A. Burrell and I. W. Robertson gave log p=—1448-017"1-8-425 for the liquid
between --11° and —64-5°; and for the solid between —90-6° and —144-1°,
log p=—1232-2T-149-579; F. W. Bergstrom gave for the liquid log »
=1577-37-141-75 log T—0-006411716-3286 ; and F. Henning and co-
workers, log p=—1561-36T"1-4-1-75 log p=0-0061767T-6-20476. V. Kirejeft
discussed what he called the cohesion press. of sulphur dioxide. According to
F. Braun, the press. of the saturated vapour at the b.p. is 39 mm. less in an atm.
of carbon dioxide, and 1-3 mm. less in an atm. of nitrogen than it is in vacuo.
Liquid sulphur dioxide for ice machines was employed by R. Pictet. He used at
first a mixture of approximately equimolar parts of carbon and sulphur dioxides,
and later a mixture of 32 molar parts of sulphur dioxide to one molar part of carbon
dioxide—the so-called Pictet’s liqguid. The vap. press., p atm., of a mixture of
sulphur dioxide with 0-4 per cent. of carbon dioxide was found by A. Rilliet to be :
—922:5° —17° -9 —15° 24° 155° 20° 36°
p . 097 1-.19 148 1.71 2-10 321 3-68 6-0

while H. V. Regnault gave for the liquids separately
—20° —15° —10° 0° 10° 20° 30° 40°

(SO, . 0-63 0-80 1-00 1-53 2-26 3-24 4:52 528
plCoz . 19-93 23-14 26-76 35-40 46-05 58:84 73-84 82-17
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Hence, added R. von Schottler, Pictet’s liquid has the advantage over sulphur
dioxide that its vap. press. within ordinary limits of temp. does not fall below atm.
press., and is not nearly so high as carbon dioxide. This subject was also examined
by A. Bliimcke. In place of Pictet’s liquid, C. M. Tessié du Motay employed a
soln. of sulphur dioxide in ether; J. Quiri, a soln. of the gas in hydrocarbons—
isobutylene, propylene, butane, or pentane ; and P. Boessneck, a soln. in acetone.
T. K. Sherwood measured the partial press. of sulphur dioxide over its aq. soln.—
vide infra, the effect of press. on the solubility of the gasin water. F. Caubet studied
the pv-relation with binary mixtures of sulphur dioxide and carbon dioxide, and
methyl chloride—1. 4, 3; E. Briner and E. Cardoso, with mixtures of sulphur
dioxide and methyl ether; and W. Mund and P. Herrent, sulphur dioxide
and ethane. :

C. Drion gave 140° for the critical temperature of sulphur dioxide ; A. Laden-
burg, 157°-161°; W. Sajotschewsky, 155-4°; P. Hein, 157-24°; XK. Schuck,
155-1°; M. Centnerszwer, 157-26°4-0-2°; P. Niggli, 157-6°; M. W. Travers and
F. L. Usher, 157-3°; J. Dewar, and P. A. Guye, 154:4°; L. P. Cailletet and
E. Mathias, 156-0°; E. Cardoso and R. Bell, 157-15°4-0-10°; and E. Briner,
157-2°, The subject was studied by W. Herz, and E. Cardoso. E. Cardoso
and R. Bell said that the point of opalescence could not be observed at the critical
temp. owing to an opalescent deposit on the glass. This is supposed to be
produced by the action of light and heat on the gas, although heating the gas for
300 hrs. did not affect the critical constants. L. P. Cailletet and E. Mathias said
that the presence of a trace of air lowers the observed critical temp.; and
M. Centnerszwer found that the mol. lowering of the critical temp. is independent
of the nature of the substance present, and for a mol in 100 c.c. of liquid sulphur
dioxide, amounts to 724°. P. A. Guye, W. Sajontschewsky, and J. Dewar gave
78-9 atm. for the critical pressure ; E. Cardoso and R. Bell, 77-654-0-10 atm. ;
E. Cardoso and co-workers, 77-79 ; and E. Briner, 77-95 atm. P. A. Guye gave 2-2
for the critical density with respect to air at 0° and 760 mm.; E. Cardoso and
E. Sorrentino, 0-52404-0-0005 ; and L. P. Cailletet and E. Mathias gave 0-520 at
156° with respect to water at 4°, and E. Cardoso and R. Bell, 0-513 ; and for the
critical volume 0-00557, L. P. Cailletet and E. Mathias gave 0-00550-0-00587 ; and
F. Schuster, 0-00538. W. Herz studied the relations of the critical constants.
8. F. Pickering gave for the best representative values, T',—430-3° K.; P,=77-7
atm.; and D,=0-52. W. Herz studied the critical constants of sulphur dioxide.
J. Chappius found the heat of vaporization of liquid sulphur dioxide to be 91-7 cals.
per gram, or 5-88 Cals. per mol. T. Estreicher found 96-2 cals. per gram or 6-16
Cals. per mol; at the b.p., —10-1°; T. Estreicher and A. A. Schnerr, 95-3 cals.
per gram or 6-11 Cals. per mol at the b.p. —11-16°; G. A. Burrell and I. W. Robert-
son gave 6-196 Cals. per mol. The values calculated by L. P. Cailletet and
E. Mathias are :

0° 10° 20° 80° 40° 50° 60°
Heat of vaporization 91-2 88-7 84-7 80-5 755 70-9 69-0 cals.

H. Crompton calculated values in agreement with these results. -E. Mathias gave
for the latent heat, L, at 0, L=91-87—0-38420—0-00034062, and between 0°and 50°,
L=91-87—0-38420. If A denotes the internal latent heat of vaporization at°, and
@ the quantity of heat necessary to raise the temp. of a gram of sat. vapour from
20° to 6°:

6 . 155-8° 151-85° 144-08° 128-00° 121-00° 102-65° 20-00°
A . —4172  —-3770 —33:52 —31-17 —32-82 —29-20 0 cals.
Q . 4-75 12-67 20-49 27-72 27-72 35-51 35-51 cals,

G. Cantoni made some measurements of the heat of vaporization; N. de Kolos-
sowsky studied the relation between the thermal expansion and the heat of vaporiza-
tion ; and P. H. Boutigny illustrated the latent heat of evaporation of sulphur
dioxide by the freezing of water in a red-hot crucible :
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A little water was introduced into a platinum crucible heated to redness. The liquid
assumed the spheroidal state. Some liquid sulphur dioxide was introduced by means of
a pipette. The liguid evaporated very rapidly, and on simultaneously inverting the
crucible a small mass of ice appeared.

F. B. Kenrick and co-workers found that liquid sulphur dioxide could be super-
heated to 50° for 5 seconds without explosion. W. Mund and P. Herrent investi-
gated the liquefaction of mixtures of ethane and sulphur dioxide. According to
P. A. Favre, it requires 0-261 Cal. to produce one c.c. of vapour from liquid sulphur
dioxide ; the heat of liquefaction for a mol of sulphur dioxide is 11-288 Cals., and
for the heat of condensation when the gas is adsorbed by wood charcoal, 10-734 Cals.

P. L. Dulong 13 found the heat of formation of sulphur dioxide gas from solid
sulphur to be (a-8,05)=83-2 Cals.; H. Hess gave 82-2 Cals.; T. Andrews, 73-8
Cals.; P. A. Favre and J. T. Silbermann, 71-04 to 71-2 Cals. ; M. Berthelot, 69-1
Cals.; J. Thomsen, 71-:08 Cals.; J. R. Eckman and F. P. Rossini, 70-94 Cals.;
and B. Petersen, 71-08 Cals. J. Thomsen, and E. Petersen gave for (8-8,0,),
7172 Cals.; M. Berthelot gave for colloidal sulphur, 69-1 Cals., and E. Peter-
gen, 7199 Cals., while for sulphur vapour, M. Berthelot gave 80-2 Cals.
J. B. Ferguson obtained for the thermal value of the reaction with rhombic
sulphur 84-0,=80,, —68391--3-62T log T—0-000772-}-0-043173—25-04T, or at
25°% —69,761 cals. For the heat of solution in water, J. Thomsen gave for a
mol of the gas in 250 mols of water, 7-69 Cals.; for a mol of the liquid in 300
mols of water, 1-50 Cals.; (8,05,Aq.)=78-77 Cals.; (SOaiqua,Ho,0,Aq.)=76-055
Cals. P. A. Favre gave (SOggsAq.)=T7-706 Cals.; and M. Berthelot gave 8-34
Cals. for a mol of the gasin 5 litres of water, at 15°. P. Chappuis said that the heats
developed by the soln. of the gas in water amounts to 0-000265 to 0-000359 Cal.
perc.c. Theheat of adsorption of the gas by wood charcoal was found P. Chappuis
to be 0-000470 to 0-000615 Cal. per c.c. of gas, and P. A. Favre, 0-168 Cal. per gram
of gas. A. G. Stiles and W. A. Felsing found the heat of soln. of a mol of sulphur
dioxide with # mols of water is given by §=4911-6--1105-26 log,yn(cals.).

E. Mascart 14 measured the index of refraction of sulphur dioxide gas, and
P. I.. Dulong gave 1-0006620—air=1-0002923. L. Bleekrode found it to be 1-000686
for sodium light at 15°. E. Ketteler gave 1-0006907 for light of wave-length 535uu ;
1:0006860 for A=588-9uu ; and 1-0006815 for A=670-Tup. L. Stuckert gave 696-3
for A=435-9uu ; 1-0006666 for A=546-luu; and 1-0006606 for A=670-Tuu ;
G. W. Walker gave 1-000676 for A=589-3up ; and C. and M. Cuthbertson, 1-0006586
for A=500up ; 1-000664 for A=546-1uw ; 1-0006613 for A=580uu ; 1-0005671 for
A=650p ; and 1-0006564 for A=670upu : and v—1=5-728 X 1027(8929 X 1027—A2)~1,
J. Tauss and G. Hornung gave 1:0;66618 for A=656-4uu; 1-0367015 for
A=58T-6up; 1-0367658 for A=546-lup; and 1-05689-78 for A=435-8uu.
E. W. Cheney gave 1-036637 for A=5852 A.; 1:046615 for A—=6143 A.; and
1-036598 for A=6678 A. C. and M. Cuthbertson found that the refractivity is
18 per cent. less than that calculated by the law of mixtures. The dispersion
electrons in sulphur dioxide appear to be equal to the sum of the dispersion
electrons of sulphur and oxygen. M. Faraday said that the refraction of liquid
sulphur dioxide is nearly the same as for water; but A. Delaire found it to
to be rather greater. L. Bleekrode gave 1-350 at 15° for the D-ray, and 1-357 at
13° for sunlight ; J. Dechant gave 1-340 at 20° for Na-light ; and E. Ketteler, at
24-1°,1-33574 for Li-light ; 1-33835 for Na-light ; and 1-34108 for Tl-light. W. Herz,
and J. Tausz and G. Hornung studied the refraction of light with sulphur dioxide.
L. Bleekrode obtained for the refractive power of the gas at 15° with the u-formula,
0-236, and with the u2-formula, 0-157 ; while R. Nagini gave respectively 0-23937,
and 0-14828 ; and for the liquid, L. Bleekrode obtained respectively 0-252 and 0-153
at 15° for Na-light. R. Nasini obtained respectively 15-32 and 9-49 for the mole-
cular refraction of the gas. P. A. Guye observed a relation between the mol. wt.
and the refractive index of substances in the vicinity of the ecritical temp.
L. R. Rao discussed the scattering of light by sulphur dioxide.
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G. D. Liveing and J. Dewar !5 found that the ulfra-violet absorption spectrum

of sulphur dioxide gas has a strong absorption band between the wave-lengths 3179
and 2630, and a feeble one between 3440 and 2300. M. le Blanc and co-workers
found that sulphur dioxide has a maximum in the absorption spectrum at 2900,
and a minimum at 2400. V. Henri, H. Deslandres, J. C. Ghosh and 8. C. Bisvas,
W. A Miller, L. Soret, F. Lowater, L. Ciechomsky, and W. H. Bair also examined
the absorption spectrum of this gas. R. Wright found that while the aq. soln. of
sulphur dioxide, or the crystal hydrates shows a selective absorption in the neigh-
bourhood of the band 276uu, the sulphites exhibit only a general absorption. This
is taken to mean that in aq. soln. sulphurous acid consists largely of uncombined
sulphur dioxide molecules. C. S. Garrett measured the molecular extinction with
aq. soln. of sulphurous acid and of rubidium, potassium, sodium, and ammonium
hydrosulphites of a concentration C'=0-06[80;]/2. The mol. extinction is defined
by the ratio &/C, where k=(I/d) log (I/I)—d, denoting the depth of the cell; I, the
initial intensity of the light, and I, the emergent intensity. The results, with soln.
35 days old, are illustrated by Fig. 45. The curve for the alkali salts shows an
increasing absorption with time ; and it is inferred that at the moment of forming
the soln., there would be no selective absorption. There is therefore a change in
the soln. on keeping. This change is very greatly facilitated by light. The reaction
in soln. is not hydrolytic : NaHSO4--H,0=H;80;-+NaOH because the soln., are
all acid to litmus ; and the greatest change should occur

5 25 with the ammonium salt, and be least with the rubidium
3 salt. It is assumed that in light, the hydrosulphite is
3 ok / resolved into the normal sulphite and acid : 2NaHSO;
3 S\ =Nay80;-H,805; and that in soln., the sulphurous
S el acid is resolved : HyS8034q.=80,.nH,0. The normal
E 15X alkali sulphites show no selective absorption even when
< [ s, kept for a long time in light. Similar remarks apply to
o 10 i ey, the mixed alkali, and alkali-silver sulphites; sodium
S 4 acetonehydrosulphite ; and the symmetrical and unsym-
§ o5l Wiy 5% metrical diethyl sulphites. The alkali metadisulphites
NS4 300 230 2000 give the same selective absorption as do the hydro-

Hre-lengths A-units gulphites, and it is assumed that they are resolved by
Fio. 45. — Absorption water : NagSy,05-- Hy0=2NaHS80;. The absorption band
Spectra of Solutions of given by the aged aq. soln. of sulphur dioxide is in the
%llgh“r(’l“sh‘fzc‘d and of game position as the band given by the gas though
yarosuiphites. somewhat broader. The absorption law is not followed
since the band becomes shallower with increasing dilution. K. Schaeffer showed
that the absorbing substance in aq. soln. is a hydrate 8O, . . . Hy0, which is
more active than sulphur dioxide alone. The normal sulphites, and the alkyl
sulphites are transparent in aq. soln., showing that sulphurous acid itself
is probably non-absorptive, both ionized, and non-ionized. The decrease in
the absorptive power on dilution is attributed to a change in the equilibrium
S0, . . . HO=H,80;from left toright. The aq.soln. contains very little sulphurous
acid, and it is considered that measurements of the ionic conc. in sulphur dioxide
soln. have given rise to false ideas regarding the degree of ionization of sulphurous
acid, and consequently of the strength of the acid. At higher temp., soln. of sulphur
dioxide absorb more strongly, owing to a shift in the equilibrium of the above
equation towards the left. Similarly, the addition of sulphuric acid to an ag. soln.
of the gas increases the depth of the band in the same manner, but only to a certain
limit. When the sulphuric acid exceeds 5N, the absorption again decreases,
probably owing to dehydration, in the sense SO, . . . OHg »80,4-H,0, the free
sulphur dioxide being a less strong absorber than its hydrate. In pentane and chlero-
form soln. the absorption is similar to that of the free gas, and the soln. follow
the absorption law. Insoln. of methyl and ethyl aleohols and ethyl ether, the absorp-
tion is mch increased, and in the case of ethyl ether the band passes into general
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absorption in the ultra-violet. These soln. also follow absorption law, and it is
concluded that stable compounds of the type 058 . . . OHEt and 0,8 . . . OEt,
must be present in such soln. Normal sulphites show only end absorption in the
extreme ultra-violet, and when a soln. of a normal sulphite soln. is half neutralized
with sulphuric acid, the resulting metal hydrogen sulphite soln. at first shows only
end absorption, but after a few days, particularly under the influence of light, the
sulphur dioxide band develops. When the metal hydrogen sulphite is formed,
however, by mixing soln. of sulphur dioxide and normal sulphite, the band is
present immediately. K. Schaeffer represents the equilibrium conditions in aq.
soln. of sulphur dioxide by the schemes :

. [0 OH] [0, 0]y .[0.OT , w
S0, . . .Hzoh[osH ]h[osH]Hv[osH] +H

and .
001 [cO T TV e[0T |
[OSH] r[osOH] r[os o] Hr[oso] +H

The hydrogen sulphite ion, HSOq', is probably unstable and undergoes transforma-
tion into sulphurous acid and 803/, thus : 2HS03'=803""4H,80;. The sulphurous
acid then comes into equilibrium with sulphur dioxide hydrate in the sense
Hy80;=80, . . . HyO0. These changes explain the gradual development of the
absorption band in hydrogen sulphite soln. The sulphite ion, [SO5]"’, probably has
a symmetrical constitution, and hence also the normal sulphites. F.H. Getman also
attributed the band at 276uu to hydrated sulphur dioxide formed from the ions of
sulphurous acid : H' +HS803' «&H,S803=280,.Hy0. Freshly prepared soln. of potas-
sium metapyrosulphite, K;8,05, give a characteristic band at 263uu which dis-
appears when the soln. has stood for some time and the 276uu band appears in its
place. This is taken to mean that the 263uu band is due to the undecomposed
salt. Soln. of sodium sulphite do not show selective absorption. Soln. of sodium
hydrosulphite in light, and exposed to oxygen, develop the 276uu band, and some
oxidation occurs. Light is said to be an essential factor in the oxidation.
E. C. C. Baly’s relation for the fundamental frequency in the ultra-red is applicable
to the 263uy and the 276uu bands. According to E. C. C. Baly and R. A. Bailey, in
aq. soln. of the hydrosulphites, there is present a small proportion of metahydro-
sulphite which absorbs light of wave-length 257uu. In the absence of oxygen,
these soln. are stable in light, but if oxygen is present photo-oxidation of the HSOg'-
ion takes place, followed by an Jonic rearrangement whereby normal sulphate,
sulphurous acid, and hydrated sulphur dioxide are produced. The soln. then shows
the absorption band at A=2T76uu characteristic of the hydrated sulphur dioxide.
No isomerism of sulphite molecules has been detected. The absorption bands of
sulphurous acid, hydrosulphite, and sulphite molecules lie in the extreme ultra-
violet. The characteristic ultra-violet frequencies of sulphur dioxide, hydrated
sulphur dioxide, and potassium metahydrosulphite are integral multiples of the
fundamental molecular frequency of sulphur dioxide in the infra-red. R. Dietzel
and 8. Galanos say that the absorption spectra show that aq. soln. of sulphur
dioxide contain chiefly unchanged mols. of sulphur dioxide and its hydrate, and only
a small proportion of sulphurous acid and its ions.

Similarly with aq. soln. of alkali hydrosulphites. The greater absorption with
alcoholic soln. is attributed to the formation of a complex HO.S0.0C;H;. The
alteration which occurs when aq. soln. of the dioxide are exposed to light or warmed
is attributed to a photo-oxidation of the HSOg-ions which results in the formation
of the normal sulphate, sulphurous acid, and the hydrate of sulphur dioxide.
K. Schaeffer’s assumption of an isomerization of the HSOs-ions to explain this
phenomenon is unnecessary. The wave-lengths of the bands in the ultra-violet
spectrum of sulphur dioxide given by C. 8. Garrett, and F. Lowater were shown by
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J. Tyndall, E. C. C. Baly and C. 8. Garrett to be related to the ultra-red absorption
spectrum of sulphur dioxide observed by W. W. Coblentz. C. F. Meyer and co-
workers, and V. I. Sihvonen studied the ultra-red spectra of the sulphites. In
comparing the ultra-red spectrum of sulphur dioxide with that of carbon dioxide,
the region where the latter is transparent, is where the former has its greatest
absorption bands. The maxima of the absorption bands occur in 3-18u, 3-97u,
5-68u, T-4u, 8-Tu, and 10-77u. A. Balandin discussed the relation between the
chemical affinity of sulphur dioxide, etc., and the ultra-red spectrum.

R. H. Sherry 16 studied the optical rotatory power of soln. of alkaloids in liquid
sulphur dioxide. A. Kundt and W. C. Rontgen found that sulphur dioxide
gas, at 150° and 20 atm. press., exhibits electromagnetic rotation of the plane of
polarized light ; and J. Kerr, that there is a feeble negative electro-optical effect with
aq. soln. of sulphur dioxide. C. V. Raman and N. 8. Krishnan, and G. Szivessy
said that Kerr’s constant is —1-67 10710 at 17-3°, and that it varies proportionally
with the press. of the gas, and inversely as the wave-length of light. The subject
was studied by H. A. Stuart. R. Dantinne and P. Lenaerts studied the photo-
ionization of the gas in ultra-violet light; and L. Simons, the ionization of the
gas by corpuscular rays.

According to A. S. Eve, the ionization produced by X-rays with sulphur
dioxide is 2-3 (air unity); and R. K. McClung obtained for hard X-rays 4-79, and
for soft X-rays, 11:05. E. Rutherford measured the velocity and rate of recom-
bination of the ions of sulphur dioxide exposed to the X-rays; and P. W. Bur-
bridge measured the absorption of the K-series of X-rays by sulphur dioxide.
O. Stelling studied the absorption spectrum of the X-rays. P. W. Burbridge
found that with mixtures of sulphur dioxide and air or carbon dioxide the X-ray
absorption is additive. P. Lenard found that the absorptive power of sulphur
dioxide for cathode rays at 760 mm. press. is 851 per cm. M. Ishino and
B. Arakatsu found that in a positive ray tube the sulphur dioxide decomposes,
forming negatively charged sulphur atoms. K. T. Compton gave 5:35 to 7-69
volts for the ionizing potential. S. C. Biswas studied the relation between the
ionizing potential and the mol. vol.; L. B. Loeb, L. B. Loeb and L. du Sault,
and H. R. Hasse, the mobilities of ions in the gas; A. Kirmann, the electrical
moment of the molecules; W. A. Macky, the effect of sulphur dioxide on
frictional electricity.

L. Bleekrode,!7 and A. Bartoli found that the electrical conductivity of gaseous
sulphur dioxide above its critical temp. is zero, and that of the liquid in the vicinity
of the critical temp. is very small. A similar result for the liquid was obtained by
A. Delarive, and G. Magnus; while P. Walden and M. Centnerszwer found the
conductivity of the liquid to be 0-9x10~7 at 0°; and P. Dutoit and E. Gyr gave
0-85x1077 at —15°. K. T. Kemp must have worked with the moist liquid since he
found that the liquid conducted as well as a metal and gave off oxygen at the anode,
and sulphur at the cathode. J. Carvallo found that with liquid sulphur dioxide,
free from air, with a difference of potential, E, between platinum electrodes, the
current, C, diminishes with time until a limit is attained. The negative electrode
becomes slightly brown, and the liquid is purified by the passage of the current.
When E=200 to 500 volts, the limiting current does not vary as a simple function
of E. When E is 1000-2000 volts, the current is smaller than that passing at a
lower voltage. The C'=f(E) curves are in accord with Ohm’s law when E does not
exceed 100 volts. The limiting conductivity for higher voltages is not in agree-
ment with this; the law governing it under these conditions resembles the laws
for the conductivity of gases. The limiting sp. resistance under 100 volts was
7-6 X 10° ohms ; under 2350 volts, 4-9< 1010 ohms, and under 4000 volts, 4-9 x 1010
ohms per em. The conductivity of various substances dissolved in liquid sulphur
dioxide has been measured by P. Dutoit and E. Gyr, L. 8. Bagster and co-workers,
M. Centnerszwer and J. Drucker, P. Walden and M. Centnerszwer, and
E. C. Franklin. 'W. Ostwald, and P. Walden and M. Centnerszwer, and K. Barth
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have measured the mol. conductivity of soln. of sulphurous acid containing a mol
of HySQg in o litres, and K. Barth found at 25°:

v . 32 64 128 256 512 1024 ®
pwo. 1776 214-9 2485 279-0 303-3 324-7 424
a . 0-467 0-566 0-654 0-734 0-798 0-854 1-000

The calculated values for the degree of ionization Hy80;==2H 80’5 are repre-
sented by a. Sulphurous acid is a binary electrolyte, and W. Kerp and E. Bauer
calculated values for the degree of ionization a;, Hy;80;=H +HS0';, and for
ay : HpS0;=2H"480;"” from the lowering of the f.p. 8 with soln. containing
M-mols of Hy80, grms. of water :

M . 0161 0-299 0-408 0-633 0-786 1065
8 . 0-382 0-662 0-894 1352 1-682 2-279
a; . 0-286 0-195 0-185 0-154 0-157 0-156
a . 0143 0-098 0-093 0-077 0-079 0-078

The first ionization constant, K, for [H' J[HSO;' =K ,[H,803] was calculated by
W. Kerp and E. Bauer 0-0174 from the conductivity data; J. McCrae and
W. E. Wilson calculated 0-017 from the partition of sulphur dioxide between chloro-
form and water ; and K. Drucker, 0-0164 from the cryoscopic data. M. 8. Sherrill
and A. A. Noyes gave 0-012 expressed in terms of the activities at 25°. K. Jellinek
calculated the second ionization constant K,, for [H [SO;"]=K,HS04'], from the
conductivity data of the alkali hydrosulphites to be three thousand times less than
K,, since K;—=85x1078, I. M. Kolthoff calculated K;=1x10"7 at 15°. As
shown by J. Linder, the laws of dilution break down with sulphurous acid, owing
to internal changes in the acid—wide supra, absorption spectra. K. Jellinek gave
71-4 for the ionic mobility of 8O;"-ions; and 52 for the HSOg -ions. The latter
value agrees with that obtained by W. Kerp and E. Bauer. L. B. Loeb studied
the ionic mobility in sulphur dioxide gas; and W. G. Palmer, the effect of sulphur
dioxide on the coherer in detecting electric waves.

Observations on the electrolysis of aq. soln. of sulphur dioxide were made by
A. Delarive, M. Berthelot, C. F. Schonbein, G. Halphen, J. Sakurai, A. Guerout,
C. Luckow, and C. F. Bohringer—uvide supra, hyposulphurous acid. According
to the conditions, there may be formed sulphur, and hydrogen sulphide at the
cathode and oxidation to hyposulphurous acid, or to sulphuric acid may occur at
the anode. M. Centnerszwer and J. Drucker studied the electrolysis of potassium,
sodium and lithium iodides, and lithium bromide dissolved in liquid sulphur dioxide.
A. Fischer and G. Delmarcel studied the electrolytic oxidation of sulphurous acid,
using a partitioned cell with sulphurie acid or sodium sulphite as catholyte, and
sulphurous acid as anolyte, and a nickel or platinum cathode, and a cylinder of
platinum gauze as anode. It was found that catalysts, such as copper acetate,
do not increase the yield of sulphuric acid, since the platinum of the electrode acts
as the catalytic agent. Better results are obtained with low than with high con-
centrations of the electrolyte. When oxygen begins to be liberated at the anode,
there is a sudden drop in the current strength. M. de K. and N. J. Thompson
observed that sulphurous acid is easily oxidized at platinum anodes to sulphuric
acid of any conc. below 95 per cent. The conc. of sulphuric acid in the cell has a
great effect on the current efficiency, as also, but in a less degree, has the current
density. Oxidation occurs with high current efficiencies even in cone. sulphuric
acid soln. For a given conc. of sulphuric acid, the current efficiency decreases
with increasing current density. K. F. Ochs observed that in the electro-oxidation
of sulphurous acid the negative potential increases from —O0-017 to 0-131 volt,
when the reaction is catalyzed by metal salts. According to H. Hoffmann, the
eom.f. of the gas element SOy : Oy is smaller than expected and is incapable of
furnishing large currents because of the incomplete charging of the electrodes and
the small velocity of the electrode reaction. The technical possibilities of the cell
for the production of sulphuric acid are therefore hopeless. The primary products
of electrolysis are hydrogen and oxygen, sulphur dioxide being a secondary product.
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D. F. 8mith and J. E. Mayer calculated —0-138 volt for the reduction potential
of 804" +4-4H =80,-+2H,0, and they gave —6350 cals. for the decrease, of free
energy, at 256°. Comparing this result with the values for hydrogen sulphide it
follows that the reducing powers of the two gases in molar soln. are nearly the
same ; for higher concentrations of H'-ions the reducing power of hydrogen
sulphide is the greater. Sulphur dioxide is a reducing agent in dil. acid soln.,
and an oxidizing agent in cone. acid soln. When a piece of platinum foil is immersed
in a soln. of an oxidizing agent it acquires an electric charge, and its potential in
volts, the oxidation potential, is a measure of the oxidizing power of the soln.
8. R. Carter and F. James studied the capacity of sulphur dioxide to act as an
oxidizing or reducing agent in soln. containing ferrous and ferric ions. Measure-
ments of the electrode potentials of the half cells Pt|Hy80,,H,803,HCI, and
Pt | Hy805,8,HC1 show that with an increase in the conc. of the acid, there is a rise
in the sulphur dioxide potential, and a diminution in the ferrous-ferric potential.
The effect of passing from weakly acid to strongly acid soln. is to lower the oxidation
potential of ferric-ferrous chlorides and phosphates, and to raise that of sulphur
dioxide. The oxidation potential of cupric-cuprous chloride is actually raised by
an increase in acid cone. up to about 6-5¥, after which it decreases. In the cathodic
reduction of sulphur dioxide in acid soln., hydrogen sulphide is not formed as a
primary product, and it is thought that hyposulphurous acid—or possibly thio-
sulphuric acid, thionic acid, or an active form of sulphur—is primarily fornied.
A. A. Noyes and H. H. Steinour found that the e.m.f., E, of a platinized platinum
electrode in soln. of sulphite-ions and H'-ions, under quiet conditions, is fairly
constant, but when the soln. is agitated for a long time, E becomes negative and
then gradually increases to the value for the quiescent state. The potential is not
accidental ; at 25° it is given by E=—0-37—0-0296 log [H']¢; it is attributed to
sulphurous acid, and a decomposition product of this acid. It is independent of
the initial condition of the electrode, and is scarcely affected by the presence of
sulphuric, hydrochloric, or dithionic acid. It is supposed to be hyposulphurous
acid, and the nearly constant value of E is said to be due to the rate of production
of this acid from sulphurous acid, being equal to the rate at which it spontaneously
decomposes. - The addition of sulphur has no influence on E at low temp., but at
higher temp. it may affect the potential because of the accelerated rate of decom-
position of the hyposulphurous acid. The potential is complicated by the presence
of oxygen, since this latter assists the decomposition of the hyposulphurous acid.

W. Finkelstein measured the decomposition potentials of various substances dis-
solved in liquid sulphur dioxide. H. P. Cady and R. Taft studied the electrolyses
of a number of soln. of salts in liquid sulphur dioxide—wide infra. In none of the
electrolyses attempted (potassium iodate, iodide, ferricyanide, etc.) were cathodic
reduction products of the electrolyte obtained. Generally, the products possessed
similar qualitative properties and are considered to be produced by the discharge
of the ions of the solvent. The cathodic deposit, characteristic of so many of the
soln., gave reactions which indicated the presence of a sulphite, thiosulphate, and
probably oné or more salts of the thionic acids. Contrary to L. S. Bagster and
B. D. Steel, but in agreement with M. Centnerszwer and K. Drucker, no free sulphur
was contained in these deposits. Anodic products are similar to those produced
in the electrolysis of the substances in aq. soln.

According to L. Boltzmann,!8 the dielectric constant of sulphur dioxide gas is
1-00260 ; J. Klemencic gave 1-00905 at 14-7°; and K. Bideker, 1-00993 at 0° or
at 6°, 1-00993 —0-45x10~50-1-86x 107762, up to 150°. For the liquid at 14-5°
and A=120, W. D. Coolidge gave 13-75; and 6-26 at 0°; and P. Eversheim, for
A=w, gave 14-0 at 20°; 10-8 at 60°; 7-8 at 100°; 45 at 140°; and 2-1 at the
critical temp. about 154-2, The dielectric constant, ¢, of sulphur dioxide was found
by C. T. Zahn to be:

—55° —54° 22:5° . 2p9° 93-9° 170-8°
(e—1) <108 . 10015 9918 8176 8120 5477 3911



SULPHUR 203

and the results can be represented by P. Debye’s expression (e—1)07==0-001433T
-+2-167, where v is the sp. vol. referred to the vol. occupied by the ideal gas at
0° and 760 mm. There is no evidence of the 10 per cent. increase observed by
M. Jona at about 150°. G. Jung, and G. P. Smyth discussed the orientation of the
molecules in dielectric fluids. W. Herz studied some relations between the dielectric
constants and the physical properties. W. Kliefoth calculated a value for the
electrical moment of sulphur dioxide, and showed that the electrostriction, or con-
traction in vol. which occurs when a powerful electric field is applied to the gas, indi-
cates that the attraction between the molecules is of electrical origin. 'W. A. Macky
obtained similar results in developing triboelectricity in an atm. of sulphur dioxide
ag in air. T. Terada and co-workers found that the sparking potential of sulphur
dioxide at normal press. is three times that in air.

The chemical properties of sulphur dioxide.—According to C. Langer and
V. Meyer,? vapour density determinations at 1700° show no evidence of the decom-
position of sulphur dioxide by heat. H. St. C. Deville, A. Morren, A. Geitz, and
P. Walden and M. Centnerszwer, however, said that when heated to about 1200°,
sulphur dioxide decomposes- into sulphur trioxide and oxygen. A. Winternitz
found that if « denotes the percentage dissociation of sulphur dioxide, 30,=318,-+0,,
at 727°, £=0-0,112; at 1227°, 0-000138; at 1727°, 0-0148; and at 2227°, 0-240.
J. B. Ferguson showed that it is probable that sulphur dioxide is less dissociated
by heat than is carbon dioxide or water vapour. He calculated for the dissociation
18,+0,=280,, the equilibrium constant K from [SO,]=K[S,]/[0,], log K=181871
—1-38 log 7T'4-0-000617—0-0,6772—0-135. Hence, if x denotes the fraction of
the original sulphur dioxide dissociated at different press. p atm.,

1000° 1100° 1200° 1300° 1400° 1500°

0-350 0-030 0-0038 0-00063 00013  0-000031
[p:l 0 0-0,12 0-0,61 0-0,24 3-0,80 00,23 0-0,59
» lp=01 00,26 . 0-0,13 0-0,52 0-0,17 0-0,50 0-0,13
1}1 =001 . 0-0,56 0-0,28 0-0,11 00,38 - 00,11 0-0,27
p=0001 . 0-0,12 0-0,61 0-0,24 0-0,80 00,23 0-0,59

D. Alexejeff made calculations of the thermal dissociation of sulphur dioxide.
J. Priestley, and C. L. Berthollet observed that when water and sulphur dioxide
are heated in a sealed tube, sulphur is formed. A. F. de Fourcroy and
L. N. Vauquelin, and C. Geitner observed no decomposition when the moist or dry
gas is passed through a red-hot tube, and C. Geitner when the dry gas is heated in
a sealed tube. P. Hautefeuille said that the decomposition of the moist gas in a
sealed tube occurs at 440°. J. I. Pierre found that gagseous and liquid sulphur
dioxide, and the aq. soln. were not changed when separately heated on a water-
bath for a month, or allowed to stand at ordinary temp. for 3 years. J. Priestley
observed that if sulphur dioxide and water be heated in a sealed tube, erystals of
sulphur are produced. C. Geitner observed the formation of sulphur and sulphuric
acid at 170°-180°; and M. Berthelot, at 150°-180°. Some sulphur may react
with the water, forming hydrogen sulphide. H. Wieland found that sulphur
dioxide is slowly oxidized by moist palladium, in the absence of oxygen : H20+802
=80;-+H,.

J. 8. Stas 20 said that sulphur dioxide is more chemically active in sunlight than
in darkness. According to P. Dutoit and E. Gyr, ordinary white light has no
effect on thoroughly dried sulphur dioxide. J. Tyndall showed that when a beam
of electric light is passed through a long tube filled with the gas, at first the gas
appears to be clear and transparent, but in a few minutes the gas appears to decom-
pose, for misty wavering striee appear, and gradually the whole tube appears to
be filled with a fog. This action of light in certain gases is sometimes called
Tyndall’s effect. In the present case the effect appears to be due to.the decomposi-
tion of the sulphur dioxide, probably 380,=280;-8. If left a short time in the
dark the gas becomes clear, perhaps owing to the recombination of the sulphur and
sulphur trioxide, or to the deposition of the fine particles on the walls of the cylinder.
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Ultra-violet light from a mercury quartz lamp decomposes sulphur dioxide into its
elements, a crust of sulphur being deposited on the containing mercury ; the oxygen
reacts with the residual sulphur dioxide. D. Berthelot and H. Gaudechon, A. Coehn
and H. Becker, and H. Kiihne showed that sulphur trioxide is formed when a
mixture of oxygen and sulphur dioxide is exposed to ultra-violet light. A. Coehn
and H. Becker found that the reaction, 280,--0,=2280g, is in equilibrium when
about 100 per cent. of sulphur trioxide has been formed ; whereas in the light from
a mercury lamp, and at the same temperature, equilibrium is reached when 65 per
cent. of sulphur trioxide has been formed. The value of the equilibrium constant
K in[0][80,]2=K[S03]? is 2:9x 1078 for light of a certain intensity, and with light
of a less intensity the equilibrium constant is altered. The equilibrium point is
not altered at temp. between room temp. and 800°, whereas the temp. coefi. of the
thermal reaction is 1-2 for a rise of 10° between 50° and 160°. The possibility of a
photochemical equilibrium, different from ordinary equilibrium, is denied by some
chemists. A. Findlay observed that sulphur trioxide is formed when a mixture
of sulphur dioxide and oxygen is exposed to the Tesla discharge ; and W. Hallock,
to radium rays—wvide infra, the formation of sulphur trioxide.

According to E. Coehn, the photochemical decomposition of sulphur dioxide
furnishes sulphur and oxygen, the latter being largely used up to form sulphur
trioxide ; and R. A. Hill said that the primary process involves either a dissociation
of the 80,-molecule into atomic sulphur and molecular oxygen, or simply an acti-
vation of the sulphur dioxide molecule so that the final result in either case is
380,=2805--8. A. L Foley studied the effect of ultra-violet light, and of X-rays
on the spectrum of sulphur dioxide. Assuming with T. von Grotthus—2. 18, 65—
that only those rays absorbed by a substance can be photochemically active,
R. A. Hill found that the absorption band commencing at 318-2uu with its head
at 296-lup is involved in the photochemical decomposition of sulphur dioxide.
W. C. M. Lewis showed that the reactivity of a substance depends on its critical
increment—4. 25, 8—meaning the amount of energy which must be added per
molecule or gram-molecule, in excess of the average content in order to bring the
molecule into the active state. The higher the critical increment, the smaller
the reactivity or rate of reaction. He found that this increment appears in the term

¢ ZIRT of the expression for the temp. coeff. of the velocity of the reaction, where

E denotes the critical increment per mol ; R, the gas constant ; and 7, the absolute
temp. He applied the hypothesis to the thermal decompos1t10n of sulphur dioxide.
He calculated for the critical increment of oxygen 30,000 cals. per mol; for sulphur,
78,500 cals. per gram-atom ; and for sulphur dioxide, 103,500 cals. per mol. Since
the thermal value of the reaction, @, can be represented by: Q==FEyequtants
— Ereactants,; 81,400=Eresuitants— 103,500, and the critical increment of the sulphur
dioxide molecule is therefore 184,900 cals. This corresponds with radiation of
frequency 19-6x 1014, and wave-length 153uu. This high value for the critical
increment agrees with the great stability of sulphur dioxide even at 22009 K. The
calculation assumes that atomic sulphur is concerned in the process. Remembermg
also that the absorption bands for oxygen—3-2u and 4-8u—and that the critical
increment for a wave-length 4-8u is nearly 6000 cals. per mol, if both oxygen
atoms have to be activated, and if the 8,-molecule is concerned in the reaction, the
critical increment for 8;-4-20, is 33,500 cals., and the critical increment of sulphur
dioxide is 95,700 cals. This agrees closely with the critical increment, 96,700 cals.,
calculated for the 296-1uu band concerned in the photochemical reaction.

According to J. Carvallo, when a current is passed between platinum electrodes
in liquid sulphur dioxide in the dark, the current-intensity falls to a constant
minimum. If at this stage the liquid is alternately illuminated and darkened, the
current intensity rises to a greater extent at each successive illumination, reaching
a maximum at the seventh, and falls at each extinction of the light, the limit of
the fall being higher at each successive extinction. These changes are shown by a
curve in the original. After the final extinction the current gradually falls to the
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original minimum. These two effects occur in the mass of the liquid, and are
produced by ultra-violet rays. The positive effect is chemical, and is due to the
change represented by the equation 380,=8+-2803; the negative effect, which
takes place in the dark, is due to the removal of the impurities by the current. This
negative effect is not exhibited when an alternating current is used. J. S. Stas
observed that ordinary sulphur dioxide exerts a simple reducing action on the
iodate, bromate, or chlorate of silver, but sulphur dioxide which has been exposed
to light exerts both a reducing action and a sulphuration similar to most of the
polythionic acids. As a result silver sulphide is slowly precipitated. H. Rose
noticed that sulphur dioxide obtained by the action of sulphur on manganese
dioxide behaves towards silver salts differently from the gas obtained by reducing
sulphuric acid with mereury or copper; and J. 8. Stas observed a similar result
with sulphur dioxide prepared from sulphur and sulphuric acid, but in a less degree.
This does not mean that there are two different forms of sulphur dioxide, but that
by certain modes of preparation, by exposing the gas in the presence of moisture
tolight, or by exposing the aq. soln. to light, impurities of the nature of polythionates
are formed which contaminate the gas. O. Loew found that after an aq. soln. of
sulphur dioxide has been exposed, in sealed tubes, to sunlight, it begins to deposit
sulphur after about 2 months and at the same time forms sulphuric acid.

J. Priestley 21 found that sulphur dioxide is decomposed by electric sparks.
He said :

One of the most remarkable observations I have made on vitriolic acid air was that

when the electric spark is taken in it, the inside of the glass tube in which it is confined is
covered with a blackish substance.
The black substance puzzled him, and he finally concluded that it is mercury
superphlogisticated. H. Buff and A. W. Hofmann showed that sulphur and sulphur
trioxide are formed by the sparking; and P. de Wilde, by the silent discharge.
H. 8t. C. Deville said that a state of equilibrium is attained, and that to decompose
the gas completely the sulphur trioxide should be removed as fast as it is formed
by water or cone. sulphuric acid. M. Berthelot said that some platinum sulphide
may be formed on the platinum electrodes. According to M. Poliakoff, when a
mixture of sulphur dioxide and oxygen is exposed to the silent electric discharge,
the oxidation to sulphur trioxide is more or less completely dependent on the conc..
press., etc. If the oxygen alone is subjected to the action of the discharge, it will
unite with the sulphur dioxide when removed from the influence of the discharge.
Sulphur dioxide, however, is not thus activated by the discharge. The results
gimilarly obtained with various catalysts, like those of the experiments on the
decomposition of potassium chlorate, point to the activation by the catalyst of the
gases adsorbed by the latter. According to V. Henri and F. Wolff, the emission
spectrum produced by an oscillating discharge in sulphur dioxide is attributed to
the formation of sulphur monoxide, SO, and the energy of dissociation is estimated
at 148 Cals. K. Honda and K. Otsuka calculated for the sparking voltage with
tubular electrodes in sulphur dioxide to be for a 10-cm. gap, and a 50-cycle alter-
nating current, 53 volts. V. T. Terada and co-workers studied the character of
the sparks in sulphur dioxide.

According to M. Berthelot, dry hydrogen and dry sulphur dioxide react when
passed through & red-hot tube, forming water and sulphur; and, if the temp. is
not too high, some hydrogen sulphide is produced as well. No action occurs with
the dried gases at temp. below 280°; and the moist gases do not act on one another
at ordinary temp. in light. - If the dried mixture be ignited in air, sulphur, hydrogen
sulphide, and water are produced. The thermal value of the reaction is 80,--3H,
=2H,0-+Hy8-4-51-8 Cals. ; if nascent hydrogen from zinc and sulphuric acid acts
on sulphur dioxide, the thermal value of the reaction is 37-9 Cals. If a mixture
of sulphur dioxide, hydrogen, and enough oxygen for the complete combustion of
the hydrogen be exploded, the sulphur dioxide suffers no change. I. Traube said
that the flame of a burning mixture of hydrogen and sulphur dioxide in contact
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with water forms free sulphur and hydrogen sulphide. The reaction 3H;+-80,
=2H,0+-H,8, was studied quantitatively by M. Randall and F. R. von Bichowsky
—uvide supra, hydrogen sulphide. M. G. Tomkinson found that the reaction
between the dry gases is accelerated by nickel or nickel sulphide. The whole of
the sulphur dioxide is decomposed at 400°—450° if the gas current is slow. Steam,
hydrogen sulphide, and sulphur are formed. Cobalt sulphide can be used as catalyst
for the hydrogenation, but ferrous sulphide is not so effective. P. Neogi and
B. B. Adhicary said that the hydrogen sulphide is produced with nickel as a catalyst
partly by direct reduction, and partly by the reduction of nickel sulphide formed
by the interaction of nickel and sulphur dioxide. According to J. H. Gladstone
and A, Tribe, nascent hydrogen from the copper-zinc couple, or hydrogen from hydro-
genized platinum converts sulphurous acid to sulphur, while hydrogenized palladium
reduces it to hydrogen sulphide—wvide infra, the action of metals on sulphurous acid.
M. J. Fordos and A. Gélis observed that with hydrogen from dil. sulphuric acid
and zinc, 3Zn--80,-+3H,80,=3Zn80,+H,812H,0. H. Moissan found that
sulphur dioxide reacts with the metal hydrides—alkali and alkaline earth metals—
forming hyposulphites.

Dry sulphur dioxide is oxidized by air or oxygen only to a very small extent if
at all; at an elevated temp., a little trioxide is produced, but if a contact catalyst
is present, e.g. platinum, the oxidation readily occurs. In 1831, this was the
subject of a patent by P. Phillips 22 for making sulphuric acid. The reaction was
examined by 8. Genelin, W. Petrie, G. Magnus, W. Rath, J. W. Débereiner,
F. Wéhler, F. Mahla, W. Hempel, etc.—wide infra, sulphur trioxide, and also sulphur
heptoxide. E. Briner and A. Wroczynsky observed the beginnings of chemical
reaction between sulphur dioxide and oxygen at a high press. E. Andreas dis-
cussed the production of electricity in the gas cell in the oxidation of sulphur
dioxide by air. If the gases are dry, M. Berthelot said that oxidation does not
occur at 100°, but if the gas be tn statu nascendi, as occurs when sulphur is burnt
in oxygen, or if a mixture of sulphur dioxide and oxygen or ozone is ¢Xposed
to the silent electrical discharge, oxidation occurs. In that case, the sulphur
dioxide and oxygen form some sulphur heptoxide—wvide ¢nfra, alkali sulphites.
A. Borchers found the equilibrium conditions of the reaction 30,=2403 to be
[03)&=K[O,]}, when K=0-1888; and for the reaction 3}03-48S0,=80; where
[80;]=K[0;]4[80.], and K=1-013. With sulphurous acid, K=0-514, H. B. Dixon
showed that oxygen does not combine with sulphur dioxide in the presence of
water-vapour at 100°, but oxidation does occur if particles of liquid water are
present. According to E. J. Russell and N. Smith, when a mixture of sulphur
dioxide and oxygen is allowed to stand over certain metallic oxides at the ordinary
temperature, combination takes place to a certain extent between the two gases,
owing to the “ surface action ” exerted by the metallic oxide. With the same
oxide, the amount of sulphur trioxide formed depends on the extent of the surface
of the oxide ; and also on the state of the surface. It is least with freshly pre-
cipitated oxides which are not yet dried, and increases if the oxide has been
moderately heated or kept for a long time so as to become dry. The amount is
dependent on a simultaneous combination of the oxide with sulphur dioxide, and
seems to proceed concurrently with this. Several cases have been observed in
which sulphur dioxide was absorbed without any combination with oxygen, but
no cage could be discovered in which the two gases combined without a reaction
taking place between the sulphur dioxide and the metallic oxide or other substance.
The most striking instance of this surface action is afforded by manganese dioxide,
some 20 per cent. of the sulphur dioxide being converted into sulphur trioxide.
If the materials are carefully dried by means of phosphorus pentoxide, no com-
-bination takes place, as even after standing for several days no alteration in volume
can be detected. By drying the mixture, combination of manganese dioxide and
sulphur dioxide is thus prevented, as is also the surface action of the oxide which
brings about the union of sulphur dioxide and oxygen. When sulphur dioxide and
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oxygen are passed over heated platinized pumice, combination diminishes as the
materials are more completely dried, and can be made very small. Hitherto it
has been generally held that the ““ contact action ” of platinum could bring about
combination even in the absence of any impurity, but this does not appear to be
the case. J. Maisin studied the action of the electric discharge on a mixture of
sulphur dioxide and oxygen whereby persulphuric anhydrides are formed.

The aq. soln. of sulphur dioxide is slowly oxidized in air, forming sulphuric
acid, while C. L. Reese found that dil. soln. are rapidly oxidized. H. Réssler
showed that the reaction is accelerated by copper salts ; and L. Meyer, that it is
accelerated in the presence of various salts, and this in the order of decreasing
activity—manganese sulphate and chloride, copper sulphate, ferrous and cobalt
chloride and sulphates, and the sulphates of nickel, zine, cadmium, and magnesium ;
while thallous and potassium sulphates, and free sulphuric acid are inactive.
J. Priestley, T. Bergman, A. F. de Fourcroy and L. N. Vauquelin, C. L. Berthollet,
and C. Geitner observed that when an aq. soln. of sulphur dioxide is heated, some
sulphur is formed. F. Férster and co-workers found that the autoéxidation :
3H,803=2H,80,+H,0-8, is complete only after several days at 100° C. It is
autocatalytic, being accelerated by the sulphur but retarded by the hydrogen-
ions formed. It is accelerated by light and heat. F. Thomas studied the action
in light. The mechanism of the change is complex, thiosulphuric and polythionic
acids being formed as intermediate stages. F. Férster and co-workers consider
that two different kinds of mols. must be present in the oxidation and reduction
which is the first step in the process of autoxidation ; they consider that these
are two different forms of HSOj'-ions or of S,0,'-ions reacting according to
2H803' >80, +H,y80, (sulphoxylic acid); or S,05'—>80,'+480 (sulphoxylic
anhydride). As indicated in connection with the action of light on soln. of
sulphurous acid and the sulphites, it may be assumed that some pyrosulphurous
acid is present in soln. of sulphurous acid, and accordingly, H. Bassett and
R. G. Durrant assume that the two kinds of mols. concerned in the first stage
of the autoxidation are Hy803 and HyS,0; and the reaction proceeds, HySO,
+H,8,0,=H,80,4H,8,0,, where hyposulphurous acid is the most probable pro-
duet in the first state of the reduction of the pyrosulphurous acid. Owing to the
instability of this acid proof is difficult, although E. Jungfleisch and L. Brunel, and
F. Forster observed that hyposulphurous acid is formed under some conditions,
H. Bassett and R. G. Durrant said the only reaction for hyposulphite in sulphite
soln. undergoing autoxidation is the bleaching of indigo. F. Forster and co-workers
observed that sulphur dioxide co-ordinated with thiosulphate or iodide can oxidize
sulphurous acid in place of the sulphurous acid complex Hy805.80,. This explains
the remarkable way in which iodides or thiosulphates accelerate the autoxidation.
While colourless pyrosulphurous acid, H80,.0.HSO,, is normally responsible for
the first step in the autoxidation of sulphurous acid, the pyro-form of hyposul-
phurous acid, H.80,.0.8.0H, is the first product of the reaction; but some
pyrosulphurous acid may be transformed into the yellow complex HyS05.80,,
and the two forms react to produce thiosulphate and pyrosulphite : HO.8.0.80.0H
+(HO)58.805:2H,8,05+H,y8,05. The next stage of the reaction involves the
decomposition of thiosulphuric acid (¢.0.). F. Forster and co-workers assume that
the thiosulphuric acid is derived directly from the sulphoxylic acid, a reaction which,
according to H. Bassett and R. G. Durrant, does not occur. F. Forster and co-
workers assume that pentathionic acid is the first product of the break-down of
thiosulphuric acid, but H. Bassett and R. G. Durrant said that trithionic acid is
first formed : 2H,8,0;=2H,8+4-H,8304, and this gradually yields tetrathionic and
pentathionic acids as the conc. of the sulphurous acid diminishes with the progress
of the autoxidation. The polythionic acids decompose in their turn, and the
final products of the autoxidation are sulphur and sulphuric acid. On account
of this polythionic acid formation during autoxidation, tri- and tetra-thionic acids
are almost always present in old sulphurous acid soln., whether these have been
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entirely protected from atm. oxidation or not. As the thionic acids are slowly
decomposed in acid soln., the amount surviving in any given case depends upon
the age and composition of the soln. No separation of sulphur occurs for a long
time, because the excess of sulphurous acid stabilizes both the sulphoxylic and the
thiosulphuric acids by yielding with them the sulphur dioxide addition complexes.
Formation of thiosulphate from sulphite and sulphur, according to the reaction :
H,8,0;=H,80;4-8 is greatly facilitated as well as the formation of trithionate :
2H,8,05=H,S+H,8;04; the hydrogen sulphide is removed by interaction with
sulphoxylic acid : HyS~+(HO),8=28+4-2H,0, with pyrosulphurous acid : HyS;0;
+Hy8=8(0H),+HO0.8.0.8.0H, or with the sulphur dioxide of the complex
Hy8,05(805),, thus: Ho8+4-[S0,]=8+48(OH);. While the thiosulphate is form-
ing during the autoxidation of sulphurous acid, the acidity or hydrogen-ion cone.
increases, and addition of acid 18 consequently unfavourable to the reaction.
On this account, pyrosulphite soln. undergo autoxidation much more rapidly than
do sulphurous acid soln. This effect of the hydrogen ion is connected with its
influence on the equilibria H' -+HSO3'2H,803=H,0-}-80,. The more acid the
soln., the greater the proportion of sulphur dioxide present, and since the autoxida-
tion becomes correspondingly slower, this favours the view that sulphur dioxide
is not one of the primary reactants. Various liquids other than water were shown
by E. Matthews to favour the reaction with hydrogen sulphide and sulphur dioxide ;
and the assumption that pyrosulphurous acid is one of the primary products of
the reaction is supported by G. M. Bennett’s observation that sulphur, or even
hydrogen sulphide, was liberated when sodium sulphite or pyrosulphite, in the
solid state or in sat. soln., was added to hot conc. sulphuric or phosphoric acid.
Sulphur dioxide or its sat. soln. in water do not act in this way. In conclusion,
H. Bassett and R. G. Durrant added that the reduction of sulphurous acid in aq.
soln. probably proceeds normally to hyposulphite, and not directly to sulphur or
hydrogen sulphide. These substances are products of the reduction of hyposul-
phurous, sulphoxylic, or thiosulphuric acid. The various reactions between metal
salt soln. and sulphurous acid indicated below emphasize this hypothesis.
H. Thomas discussed the oxidation of sulphur dioxide in sulphuric acid soln.

F. Forster showed that the spontaneous decomposition of sulphurous
acid is autocatalytic, and is accelerated by the presence of selenium. The
first products of the reaction are sulphate and trithionate ions, but not
tetrathionate : 4HSO04—>80,"4-8304"+2H,0. The slower the reaction the
greater is the decomposition of the trithionate according to the equation S304
+H,0=280,"4-8,0;"-2H'. The autocatalytic nature of the main reaction is
ascribed to the hydrogen ion, of which the concentration increases more rapidly
than is indicated by titration, using methyl-orange as indicator, on account of
the disappearance of HSOy'. The mechanism of the process is as follows: the
seleno-dithionate ion, formed rapidly by the action of hydrogen sulphite soln.
on selenium or on selenious acid, undergoes decomposition, accelerated by the
hydrogen ion, SeS;04"+H;0-580,"4-8e80,”+-2H" ; in presence of more hydrogen
sulphite a series of reactions then takes place: SeSO;"--2H'«<8e0-4-80-+H,0;
Se0-+2HS0, —>8eS,04"+H,0 ; SO+4-2HS03'—>8304"+H,0. In the absence of
selenium, the hydrogen sulphite ion decomposes very slowly, according to the
equation 4HS803'—>280,"4-8,03"+2H {H,0; the resulting hydrogen ions in
this case also effect autocatalysis, probably through the formation of poly-
thionates.

E. Jungfleisch and L. Brunel studied the action of heat up to 160° on aq. soln.
of sulphur dioxide, sat. at 0°, and found that water and sulphur dioxide will react
at temp. below 160°, and even at the ordinary temp. producing sulphur and sul-
phuric acid, but the reaction is much slower at the lower temp. and with more dil.
soln. This production of sulphur and sulphuric acid really takes place in two
stages, the first of which, resulting in the formation of hyposulphurous acid, is
only noticeable at the lower temp. : 380,4-2H,0=H,8,0,+H,S80, ; followed by
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H,8,0,—=8--H,80, Certain secondary reactions of a minor character take
place at the same time. K. F. Ochs measured the potential of sulphurous acid
against copper, manganese, iron, and cobalt salts in soln. between 5° and 65°.
These agents act as catalysts in the oxidation of the acid. F. Binnecker arranged
a number of salts, etc., in the order of their power to act as oxygen carriers in the
oxidation of sulphurous acid: manganese sulphate, and chloride; ecupric and
cuprous chlorides; cupric sulphate; ferric chloride; cuprous oxide; ferrous,
and cobaltous chlorides; ferrous sulphate; cupric hydroxide; copper; ferric
and cobaltous sulphate; cupric oxide; nickel, zine, cadmium, magnesium,
thallous, and potassium sulphates; dil. sulphuric acid; and water. Observa-
tions were also made by L. Meyer, and H. Stelljes. According to A. E. Lange,
sulphuric acid is not formed in appreciable quantities when sulphur dioxide is
passed into a soln. of sucrose ; but if a current of sulphur dioxide mixed with air
free from carbon dioxide is passed through a flask containing a copper or iron
salt as a positive catalyst, and then through a second flask containing the same
salt together with a 25 per cent. soln. of sucrose, the formation of sulphuric acid
is greatly diminished by the presence of sucrose. Air oxidizes aq. soln. of the
sulphites, and J. I. Pierre observed that an acid sulphite after standing for a year
in a closed vessel furnishes sulphur, and sulphuric and thionic acids. I. A. Bach-
man, and R. Lepetit and C. C. Satta observed that the normal alkali and ammonium
sulphites are oxidized at about the same speed, and faster than the hydrosulphites.
The retarding influence of alcohol and other organic substances was noted by
8. L. Bigelow, H. N. Alyea and H. L. J. Bickstrom, H. L. J. Béckstrém, and A. and
L. Lumiére and A. Seyewetz—oide infra, alkali sulphites ; and of ferric hydroxide,
by 8. Miyamoto.

C. Moureu and co-workers studied the catalytic action of some substances on the autoxi-
dation of alkaline and acidic soln. of sodium sulphite, and, taking the two types of
soln. in the order named, they found silicon retards, hastens; silica, retards, nil; silicon
tetrachloride, retards, hastens ; silicon tetrabromide, retards, hastens ; silicon tetraiodide,
retards, retards; silicon hydrotrichloride, —, retards; silicon phenyltrichloride, —,
retards; silicon tetraethyl, —, retards; silicon tetraethoxide, retards, retards; silicon
tetraphenyl, hastens, hastens; and boron, retards, —.

W. Omeliansky found that the organism which converts nitrites into nitrates
will not oxidize sodium sulphite or phosphite. L. J. Thénard, and J. Meyer
found that hydrogen dioxide oxidizes sulphurous acid and sulphites to sulphates ;
and A. Nabl represen