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GENERAL INTRODUCTION TO THE SERIES.

Durixe the past few vears the civilised world has begun to realise the
advantages accruing to scientific research, with the result that an ever-
increasing amount of time and thought is being devoted to various
branches of science.

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

Some method of classifying the elements for treatment in this way
is clearly essential, and we have adopted the Periodic Classification
with slight alterations, devoting a whole volume to the consideration
of the elements in each vertical column, as will be evident from a glance
at the scheme in the Frontispicce.

In the first volume, in addition to a detailed account of the clements
of Group O, the general principles of Inorganic Chemistry are discussed.
Particular pains have been taken in the selection of material for this
volume, and an attempt has been made to present to the reader a
clear account of the principles upon which our knowledge of modern
Inorganic Chemistry is based.

At the outset it may be well to explain that it was not intended
to write a complete text-book of Physical Chemistry. Numerous
excellent works have already been devoted to this subject, and a
volume on such lines would scarcely serve as a suitable introduction
to this series. Whilst Physical Chemistry deals with the general
principles applied to all branches of theoretical chemistry, our aim
has been to emphasise their application to Inorganic Chemistry, with
which branch of the subject this series ol text-books is exclusively
concerned.  To this cnd practically 21l the illustrations to the laws
and principles discussed in Volume I. deal with incrganic substances.

Again, there are many subjects, such as the methods cmployed in
the accurate determination of atomic weights, which are not generally
regarded as forming part of Physical Chemistry. Yet thesc are

1



viii SULPHUR, SELENIUM, AND TELLTURIUM.
subjects of supreme .importan.ce to thc»sm{dm}t of Inorganic Chemistry
and are accordingly included m the Introduction. L

Hydrogen and the ammonium sa]ts';‘n'c dealt with in Volume I1,,
along with the elements of ‘(‘yroup 1. lhe posltxo:\t of ‘thc rarc carth
metals in the Periodic Classification has for many v (321!‘:‘1](‘(‘1) a source
of difticulty. They have all bcen’ mcludgd in Volume IV, uiong with
the elements of Group IIL, as this was found to be the most suitable
place for them. . )

Many aliovs and compounds have an eq.ual claim to be considered
in two or more volumes ol this series, .but this would _cntzu_l unneeessary
duplication. For example, alloys ol copper "fun‘] tin might bhe dealt
with in Volumes IL and V. respectively. Similarly, certain double
salts—such, for example, as ferrous amnionium suiphate - 1}11;{]1’( very
logically be included in Volume 1L u_ndcg‘ ammoniun, and in Volume IX.
under iron. As a general rule this ‘dﬂ“(‘lﬂf}" has been overcome by
treating complex substances, contaning two or more metals or bases,
in that volume dealing with the metal or base which belongs to the
highest group of the Periodic Table. For c.\:z\mplv, the atloys of copper
and tin are detailed in Volume V. along with tin, since copper occurs
earlier, namely, in Volume 1L Similarly, ferrous ammonium sulphate
is discussed in Volume IX. under iron, and not under ammoninm in
Volume II. The ferro-cyanides are likewise dealt with in Volume 1IX.

But even with this arrangement it has not always been found casy
to adopt a perfectly logical line of treatment. For example, in the
chromates and permanganates the chromium and imangancse function
as part of the acid radicals and arc analogous to sulphur and chlorine
in sulphates and perchlorates; so that they should be treated in the
volume dealing with the metal acting as base, namely, in the case
of potassium permanganate, under potassium in Volume 1L But the
alkali permanganates possess such closc analogics with one another
that separate treatment of these salts hardly scems desivable. They
are therefore considered in Volume VIIL

Numerous other little irregularitics ol a like nature oceur, but 1t 1s
hoped that, by means ol carclully compiled indexes and frequent cross-
referencing to the texts of the scparate volumes, the student will
experience no difficulty in finding the information he reguires.

Particular care has been taken with the scctions dealing with the
atomic weights of the elements in question.  The ligures given are not
necessarily those to be found in the original memaorrs, but have been
recalculated, except where otherwise stated, using the following
fundamental values : '

Hydrogen = 1-00762. Oxyvgen - 16-060.
Sodium = 22:996. Sulphur 32:065.
Potassium = 39-100. Fluorine - 19-015.
Silver = 107-880. Chlorine 35157,
Cff}rbon = 12-003. Bromine TG94,
Nitrogen = 14-008. Todine 126-920.

By adopting this method it is casy to compare directly the vesults of
earlier wvestigators with those of more recent daic, and morcover it
renders the data i.or the different clements strictly comparable through-
out the whole series. ’ ‘
Our aim has not been to make the volumes absolutcly exhaustive,



GENERAL INTRODUCTION TO THE SERIER. ix

as this would render them unnecessarily bulky and expensive; rather
has it been to contribute concise and suggestive accounts of the various
topics, and to append numerous references to the leading works and
memoirs dealing with the same. Every effort has been made to render
these references accurate and reliable, and it is hoped that they will
prove a useful feature of the series. The more important abbreviations,
which are substantially the same as those adopted by the Chemical
Society, are detailed in the subjoined lists, pp. xvii—Xix.

The addition of the Table of Dates of Issue of Journals (pp. xxi-xxviii)
will, it is hoped, enhance the value of this series. It is believed that
the list is perfectly correct, as all the figures have been checked against
the volumes on the shelves of the library of the Chemical Society by
Mr. F. W. Clifford and his staff. To these gentlemen the Editor and
the Authors desire to express their deep indebtedness.

In order that the series shall attain the maximum utility, it is
necessary to arrange for a certaln amount of uniformity throughout,
and this involves the suppression of the personality of the individual
author to a corresponding extent for the sake of the common welfare.
It is at once my duty and my pleasure to express my sincerc appre-
ciation of the kind and ready manner in which the authors have
accommodated themselves to this task, which, without their hearty
co-operation, could never have been successful. Finally, I wish to
acknowledge the unfailing courtesy of the publishers, Messrs. Charles
Griftin & Co., who have done everything in their power to render the
work straightforward and easy.

J. NEWTON FRIEND.
January 1931.






PREFACE.

Or the threc clements dealt with in this volume, two arc of compara-
tively recent discovery, the existence of tellurium being recognised
only in 1798 and that of sclenium about twenty ycars later. Sulphur
has been known from antiquity, and there is evidence that its inflam-
mable and fumigating properties were madc use of 3000 years ago; by
the alchemists it was regarded as the * principle of inflammability *
and included as one of their #ria prima ; to the phlogistonists it was a
compound of phlogiston and sulphuric acid ; Lavoisicr, in 1777, how-
ever, showed it to be a true element, and to-day it is undoubtedly
recognised as onc of the most important.

The part now played in chemical industry by sulphur and its wide
variety of compounds scarccly needs emphasis. The astonishing
increase in the production of sulphur and sulphuric acid during the
last two decades, made possible by the discovery ol the vast deposits
of sulphur in Louisiana, is itself indicative of widespread applications.
Many of the compounds of sulphur are notable for possessing valuable
properties, and their use extends into almost every branch of modern
industry ; their chemical investigation has contributed much to the
advancement of science and to the amenities of domestic life.  Prob-
ably in no direction has sulphur more widely and directly influenced the
general publie than in conncction with mcthods of transport, which
have been revolutionised by the introduction of sulphur-vuleanised
rubber as a wear-resisting, shock-absorbing material for the equipment
of whecls of motor vchicles.

Selenium and tellurium are gencrally considered rare clements and
are not lound in abundance; cach, however, has a claim to speccial
interest. The peculiar clectrical properties of selenium appeal especially
to the physical chemist, but the compounds of this clement are of
growing imiportance, especially in their application to the glass industry.
Both selenium and tellurium offer attractive ficlds for resecarch.  In the
casc of tellurium, owing to what had been considered an crroncous
value for the atomic weight, the very considerable amount of work
done in the past has been too much confined to one direction ; interest
in the chemistry of tellurium appears now to be widening, however.

X1



xii SULPHUR. SELENIUM, AND TELLURIUM.

Every effort has been made to render the present work of a high
standard of usefulness and worthy of the Serics. )

The Authors desire to thank the Editor, Dr J. Newton TFriend, for
his kindly help and advice throughout the production of the work.

REECE H. VALLANCE.
D. F. TWISS.
A. R. RUSSELL.

January 1931.
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Buitish Association Reports.
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Bulletin de la Société chimique Belgique.
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important journals in chronological order, giving the dates of issue of
their corresponding series and volumes. In certain cases the volumes
have appeared with considerable irregularity; in others it has occa-
sionally happened that volumes begun in one calendar year have
extended into the next year, even when this has not been the general
habit of the series. To complicate matters still further, the title-pages
in some of these latter volumes bear the later date—a most illogical
procedure. In such cases the volume number appears in the accom-
panying columns opposite both years. In a short summary of this kind
it is impossible to give full details in each case, but the foregoing
remarks will serve to explain several apparent anomalies.
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2, .. $0-43 L 104120 L 1-l4 92 |
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17 4-6 1, 2 349,350 | 107
18 . 7-9 3 {51,452 | 198
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1820 2 13-15 501 1-3 6 53,46 110
21 3 16-18 6 .. | 4-6 757,58 111
22 . 4,5 19-21 7 1,2 7-9 8 59, 60 112
2306 22-24 8§ | 36 10-12 9 ¢ 61,62 113
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| : i ; !
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* First series known as Bulletin de Pharmacic.
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VOL. VII. PART IL
SULPHUR, SELENIUM, AND TELLURIUM.

CHAPTER 1.

GENERAL CHARACTERISTICS OF THE ELEMENTS
OF GROUP VI, SUBDIVISION B.

SuspivisioN B of the Sixth Group of the Periodic Table contains five
elements, namely, oxygen, sulphur sclenium, tellurium and polonium.
Of these, the so-called B typical ” clement, oxygen, and the radioactive

polonium, also known as radlum ¥ or radio-
i tellurium, are described elsewhere in this series.!
i The elements form a natural group the distine-
. tive characteristics of which differ sharply from
n. | those of the neighbouring elements in Groups
Ve and VIIB. Even with the elcments of the
chromium group the rclationships are not very

Group VI.

|
1
|

O . marked * except in those compounds containing
o s ' the clements in the highest stage of oxidation. In
l ! Lge ¢ ogeneral the valencies exhibited hoth with regard
LMo -~ to oxygen and the halogens arc numerically equal
- Te 1 to two, four and six.  Oxvaen itsell is unique, but

. - sulphur, selenium and tellurium show their closest
T : . resemblance to the clements of the chromium sub-
division in the series of acidic trioxides. MO,
and their derivatives.  The metallic sulphates
and selenates arc analogous to and often isomorphous with the corre-
sponding chromates and molybdates, but cven in this respeet the
tellurates are exceptional and show little analogy even to the selenates.
In both subdivisions the acidic nature of the trioxides diminishes with
inercased molecular weight.

As carly as 1828 the resemblance of sulphm to sclenium was recognised
both by Dumas and Berzelius, and the investigations of the latter into
the chemical behaviour of tellurium definitely v placed this clement in a
triad with the other two. Dumas, however, obscr\ e that oxygen,
although so exceptional in its propertics, approaches more clo%clv to

b For Oxygen, sce this Series, Vol. VIIL., Part I.; for Polonium, see Vol. I11., Part I.

® The gencral characteristics of the clements of Subdivision A are dealt with m this
Series, Vol. VII., Part II1., Chapter I. Those of the elements of Group VI. considered
as a whole are dealt with in Vol.:VIIL., Part I., Chapter I.
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other element, and the unity of the subdivision
There is not, however, a consistent gradation

in propertics from oxygen to tellurium, the change being greatest from

oxveen to sulphur and least from sulphur to sclenium.  The difference
obw ium and tellurium is semewhat accentuated by the

between seleni it W d '
definitely basic character exhibited by the latter element.  This transi-
tion towards the metal is scarcely apparent in sclenium, except in the
peculiar optical and electrical properties of the crystalline ** metaliic >

4

sulphur than to any
was thus rccognised.

variety. ) ' ‘

The atomic volumes of the four elcments‘l%e on an ascending branch
of Lothar Mever's periodic curve,® the positions being in accordance
with the non-metallic nature, low {‘uslblhty angl rc;'ld'\,j volatility of the
elements. The gradation in physical propertics is indicated in the

following table :

Oxygen. |  Sulphur. Selenium. Tellurium.
“ Atomic weight . 1600 32:065 1 792 1275
[ Colour . .+ Bluish Yellow  Red and Silvery - arev
! | o grey and brownish-
| ‘ ' - black
| Density (solid) . 1426 196-2:07 425478 5-85-6-31
Melting-point, °C. =219 . 110-119 . i86-217 | iy
| Boiling-point, > C.  —183 L U 10

]

Sulphur, selenium and tellurium exhibit aliotropyv, and in certain
of their erystalline forms the clements are isomorphous.  As would be
expected from the increased positi\'q character of teilurinm. the allo-
tropy of this element is less well defined.  In the liquid condition the
elements are miscible with onc another and yvield mixed ervsialy - the
ternary system, S —Se—Te, exhibits ucither the forimation u!“(-.mn;x;um{s
nor ternary eutectics, but contains two zones of complete miseibility in
which there exist mixed erystals of seleniuny and tellurian with sulnlsyr
and of sulphur and tellurium with sclenium.? ' ’

The atoms of ali three clements show consideralile tendency
polymerisation, both in the vaporous state and i solution in varions
solvents. In the vaporous state, sulphur appears fo exist as S S,
S, and S molecules in varying proportions depending upon the ('mrx‘-'
ditions ; selenium behaves similarly, but tellurium vapone appears Lo
consist mainly of Te, and Te molecules. )

The three elements resemble oxveen in forming binary compoinds
with metals, many of these ecurring in nature.  Fron these ('omj.}mm(is
by the action of acids, tiie following well-known series of hvdrides can l)(’:
obtained : H,0, IS, ii,Sc, H,Te. The stabilityv of Urese conpounds
decreases with increased moleeular weight, and ail mayv be (h-(‘:nln[)us(-(l

to

by heat. water with diiliculty st ahout 20009 (. hvdrogen sulphide at
400-6007 C., hyvdrogen selenide at 356 C.. whilst ivdrouen tellaride

decomposes slowly at ordinary temperatures. The heals of formeition -
of the hydrides are as {ollows :

! See thus Neries, Vol 1.

* Losana, Guzzella, 1923, 53, 1., 3Y6.
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[11,, O] lig.,+68,360 calories ; [1f,, S (rh_ombic)]r,+2730 calorics_.

[1I,, Se (moneclinic)], —17,000 calories ; [H,. Tef,—35,000 calorics.
The hydrides of sulphur, selenium and tellurium, which are gaseous at
ordinary temperatures, may be liquefied and solidified with comparative
ease. The boiling- and meclting-points rise with inereasing molecular
weight :

Melting-point, °C.

|
H,S. HiSe. | HTe
-
Boiling-point, °C. b—618 . —42 . — 18
—85 B VI -
|

The physical properties of water are anomalous, probably owing in part
to molecular association, and in part to high diclectric properties.

The hydrides are fcebly acidie, the degree ol acidity increasing with
increase in molecular weight.?  They react with metallic salts in solution
to yield sulphides, selenides and tellurides, respectively.  Oxygen is able
to displace the elements from the hydrides or their salts, thus :

0,+2H,S=2S8+2H,0.
O,+2Na,Tc--2H,0=2Te--4NaOIl.

Similarly, sulphur can displace selenium from hydrogen selenide.

Hydrides containing higher proportions of sulphur have been iso-
lated (sec p. 47), but such are unknown in the case of selenium and
tellurium. )

The three elements unite directly with the halogens, various products
being obtainable according to the conditions prevailing and the relative
proportions of the reactants present. The lollowing compounds have
been obtained :

'

Type. i Compounds. '

NR, | SFg SeFy | TeRy

JR— —— - ,)“l

| xR, | SF, I Scl, f Tel, !

SCl, 1 Sel, o TeCl, ;

[ SeBr, P TeBr,

! ! Tel, !

: XR, : SCl, ! TeCl, i

i ! TeBr, |

L OXLR, S,F, 0 Sel, :
; S.Cly L Se,Bry,
S,Br, .. ‘
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The hexatluorides, in which the positive sexavaleney of the clements
is evident, arc ali stable gases which do not ELAtEil(‘,]E glass or decompose
spontancousiy. The tetrahalides with water yield the halogen hydracids
and acids of the tyvpe EL,NO; ;1 these fatter acids arce obtained also with
separation of the clement when lower halides are decomposed by water,

thus : L
28,01, 4311 ,0== tIICI 11,50, +4-35

This behaviour contrasts with that of the halides of oxygen, which with
water produce halogen oxyacids.  Sulphur and selenium do not combine
with iodine. .

The following oxides are known :

Type i Oxides.

NXO ‘ .. : e
helen i 5,0, ‘ = ‘ ..
NO, 1 SO, S Se0, e,
NO, ‘ 5O .- TeO,

In addition, more highly oxygenated compounds of sulphur of un-
certain composition have heen deseribed (see po W) as well as an
intermedinte oxide of tellurium, Te, 00 (po 369). The following mixed
sesquioxides are also known s SScG NTeD o S¢TeO,,

The dioxides. which are formed by diveet union of the elements, arve
most characteristie. They are acidie, and with water produee acids
of the ty pe ON(O11),. Uniike sulphur dioxide, the diovides of seleninm
and tellurimn are solids ot ordinary temperatures 1 the correshonding
acids are also solidse bat whercas sclenious aaid is veadily soluble in
water, tellurons acid is ondy very stightly solubles The following heats

ol tormation e beenn determiied o

Reactants Hear ”1‘f\‘;:;ﬁ_"'”lun ol Product.,
S0, THOSO calortes. 1 Gas,
L Se. O, S0 - Cryvstalline sobid,
el O, . A TT.T00 L Solud,
SO0 A . . TRS0 .. Aqueons solution.,
S, Ou A . . S6.160 .. - -
e, ()._,. IZ:,,(P . . TS0 .. Solid.

|

From the forcoome dataont s seen that whereas the aflinaly of selenium
for oxygen is mueh less than that of sulphor, the aftinity of tellurinm
is about cqual to that of sulphur.

The actds and salts derived from the triovides are well defined,
although sceleniuny trionide itsell” has not beens isolated, and tellurnm

PoRee Thowwen, Pherowcorho o fog, tran Leed by Darke {Lonenans, THOS)
* Nebuhwanng Jo dneers Cheone Soc 1920, 47, 3ot
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trioxide, unlike its sulphur analogue, is unacted upon by water. The
heats of formation of the aqueous solutions of these acids are as follows :

S, O, Ag.=142,410 calories.
Se, O;, Aq.= 76,660 .
Te, O, Aq.= 98.330 .,

Again the heat effect is smallest in the case of selenium. Telluric acid,
H,Te0,, differs in some important respects from sulphuric and selenic
acids. The latter are both liquids, possessing a strong affinity for water,
whilst tellurie aecid is a crystalline solid which is not deliquescent and
has no particular affinity for water, although soluble ; it is also a com-
paratively weak acid. The three acids suffer reduction by the action
of hydrogen sulphide, but the ease with which this is accomplished
increases in the order sulphuric acid, telluric acid, selenic acid. Although
this is at variance with the positions of the elements in the Periodic
Table, it is in accordance with the thermochemical data already given.t

In addition to the foregoing acids, sulphur forms a considerable
number of other oxyacids, which are enumerated on p. 46. Selenium
and tellurium do not yicld corresponding acids, although sclenosulphurie
acid, H,S¢80,, and selenotrithionic acid, I,SeS,0,, corresponding to
thiosulphuric acid and trithionic acid, respectively, are known. Nor
do selenium and tellurium form peracids corresponding to the per-
sulphuric acids.

Compounds with carbon of compositions CS,, CSSe, CSe, CSTe
and CTe, are known, as also arc series of salts ol the type MCNX,
M representing the equivalent weight of a metal, and X suiphur, selenium
or tellurium.  The tellurium compounds of the latter class are unstable.

The tendency to form complexes increases with the atomic weight
of the element. Tellurium resembles iodine in entering into the forma-
tion of iso- and hetero-polyacids of the basic formula Te(OH),.

! Benger, J. dmer. Chem. Soc., 1917, 39, 2179.



CIIAPTER IL
SULPHUR.
Symbol, S.  Atomic weight, 32-06(3).

Tars element has been known sinec remote ages ol antiquity on account
of its occurrence in naturc in the {rec condition. By ’§hc alchemists it
was regarded as a constituent of many metals, and it was not until
Lavoisier’s investigations and his explanation of the process of com-
bustion that sulphur was rccognised as an clementary substance. In
the pre-phlogistic period it was regarded by some as an essential con-
stituent of combustible substances. Its common name brimstone was
in Middle English ** bernston ™ or ** brenston,” indicating a combustible
mineral ; sulfur is the old Latin name for the substance.

Occurrence.—Sulphur 1s widespread in nature, although in the free
state it is morc or less localiscd.  The quantity present in the upper
Javer of the earth’s surface has been estimated at 0-04 per cent.!  In-
dications have also been obtained of its existence in the sun,? some of
the hotter stars ? and in gascous ncbulie.?

In the [vec or “ native” condition sulphur is found abundantly in
voleanic districts, for example in Sicily, Italy, Louisiana, Mexico,
Texas and Alaska ;o smaller guantilies occeur in Japan, Greeee, Austria,
Hungary, Germany, IFrance, Spain and clsewhere. The element oceurs
sometimes in well-formed crystals, but. more commonly is mixed with
other mincral matter such as caleium sulphate (gvpsum). strontium
sulphate (cclestine) and rock salt. An orange-red variety of native
sulphur peculiar to Japan owes its colour to the presence of small
quantitics of tellurimm and seleninnn® whilst. a black pyritie sulphur
containing traces of carbon occurs in Mexico ¥ and South Spain, in the
latter case being found mn fantastic fountain-like formations.

In all probability the history of the formation of many of these
deposits of sulphur is that large masses of iron pyrites; having under-
gone thermal decomposition in the carth with formation of sulphur and
ferrous sulphide, have subsequently been exposed to the action of steam
the ferrous sulphide has thus given rise to hydrogen sulphide which,
issuing with the voleanic gases, has become oxidised with formation of
[ree sulphur ® (see p. 56). 1 the oxidation of the hydrogen sulphide had

U Clarke, Chem Neaes, 1800, 61, 31.
* Young, dwmer. J. Sei., 1872, [ut |, 4, 356.
¢ Lockycer, Proe. Roy. Soe, 1907, 8o, [A], 50.
1 Bowen, Nalure, 1429, 123, 150, .
5 Board of Trade J., November 1919,
¢ Divers and Shimidzu, Chene. Neows, 1883, 48, 2584,
? Neumann, Zeusch, angcie. Chen., 1917, 11, 165,
8 Habermann, Zeitsch. anorg. Chen, 1904, 38, 1015 see also Deierle, Centr, Min., 1906,
202 ; Dittler, Kollowl-Zedsch., 1917, 21, 27.
8
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procecded further, sulphuric acid would have been produced. which by
its action on the ealcarcous rocks would account for the [requent con-
tamination of the sulphur with sulphates. It is possible, however, that
in some cases the deposits of sulphur owe their existence to the decom-
position of pre-existing mineral sulphates.*

Hydrogen sulphide is present in many mincral springs, and even
free sulphur is occasionally found therein.? 3any metallic sulphides,
for examplc, iron pyrites, galena, zinc blende, stibnite and cinnabar, oceur
abundantly. Sulphur dioxide, sulphites, sulphuric acid and sulphates
are also found in nature, more espccially in waters springing [rom
voleanie earth, whilst the sulphates of certain metals such as calciun,
barium and magnesium exist in large deposits.

In the organic world sulphur is somectimes found free; certain
micro-organisms and algw which thrive in water containing hydrogen
sulphide enclose sulphur in a non-crystalline condition.? Combinec
sulphur is present in albuminoid substances, and is therefore found in
all living animal * and vegetable matter. 'The presence of sulphur in
coal in various forms?® is well known. Certain essential oils such as
those derived from mustard and gavlic contain combined sulphur, as
also do petroleum and asphaltun in small and variable quanti

Extraction.—Of the total annual output of nearly 2} million tons
of sulphur, almost the whole is produced by the Uhnited States and
Sicily. The production figures for 1928 were as follows : §

TUnited States . . . . 1,081,873 tons.
Ttaly (including 51(11\') . . . 322,481,
Spam, sulphur rock . . . . 74632,
" rcﬁmd sulphur . . . . 10,491,
Iapan sulphur roek . . . . 13,109
. . refined sulphur | . . . 63,062,

United ingdom and Irish Tree State,
spent oxic de (average sulphur content
4+8+8 per cent.) . . . . . 174000,

The remarkable rise in recent years of the industry in the United
States is largely due to the introduction ol new sctiods in mining the
subterrancan deposits. In Sicily and Italy, where the extraction is
an old industry, the *“ore” rarely contains much above 0 per cent.
of sulphur and is considered rich if above 30 per cent. The process of
extraction is based on the liquation of the cleinent.  Although attempts
have been made to supply the neeessary heat, direetiv or indivectly, by
means of ordinary fucls, no system has pro\c(i so cheap as that ll[ﬂiﬁil]}_‘“

b Kraus and Hunt, wer. J. Scr., 1906, 1v.], 21, ...)1 i Nruemmer and Ewald, Gedr.

L 1 Q) nJ
_Um‘,l 1912, 638. l‘nr a method ormaton h\ the decompozition of previons I\-lmmul
sulphites, see Bayer & Co., Cerman Pulal, -"m»/ (1413 For the pr
deposits of sulphur at \Iomo Solforoso, lraly, s <_)nox(m>, SR Aeead, Loneer, 19 28,
[\1] 8, 243.

2 \Iohcan CO)I/]// rend., 1902, 135 1278.

8 Em!dan( 1 Ohvier (um]/l rend L 1882,95, 816, Olvier, ihel., 1885, 106, 1866 Kmer
and Spilker, Ber., lbt)() 32, 2941.
; 4 Sce Wohlgemuth, Zeitsch. physiol Chein., 1963, 43, 469 also Timdr, Suochen:.
Aczf.sc]) 1928, 202. 365.

8 For a yecent mvestivation into the nature of the sulphurn Canadian coal and coke,

see Nicolls, Canadu Depl. Munes Fuel Liucest., 1926, 34.

6 Impeual Institute, The Jincral Industry, Statistical Summary, 1926-23.
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the hieat of combustion of a part of the sulphur itsell.  The old calearone
sethod, which is now 1 1;»1( v 'h(‘(‘(‘mil’“‘ obsolete, consisted in building
he side of a il and on a slopl 1o foor, a laige h(.dp
Iphur ore i suceh amanner as to give a mass conta ning
inels 1 the outside of the heap was proteeted by a ('()&Lmu
minceral substance.  "The mass \\‘1\ then fired near Hle
base, and by carefully regulating hie course ol the combustion, which
fasted for b(\("‘JI weeks, the proportion of sulphur lost by atmosphcuc
q\”d(m(m (and by the reduction of calenun su]p]ulh to slm;]u(l(.) could
be Hmized to gnpm\nml’(/“ one-third, the remainder collecting on the
floor, whenee it was periodically run off into rectangular m(m]m The
pmdm t thus obtained contag ined 83 to 90 per cent. of sulphu

The forcgoing process, besides being unceonomical, suflered great
disadvantage owing to the liberation off immvns(' volunies ol sulphur
dioxide into the atmosphere. This evil is mitigated to a considerable
extent in the more modern process. The sulphur ore is placed in a
group or evele of small kilns (/ur//('//i) huilt of hrickwork and so arra wged
tlmt the hot guses genevated in the first kiln piiss suecessively Llnono]
the remainder of the Kilns. ‘.hv full number ol kiins frequently heing six.
In seme cases the kiln is in the form of an oven m(u\i l)\' @ Lupola
inside which is oosmalicr cupola containing « coke five. l)\/ the time
fusicn is coniplete in the first overs the contents of the second arve alrcady
heated 1o burning temperature, so that the heat of combustion of the
sulphur s more <.m*p[( telv utilisea and aosmaller proportion of sulphur
diovide procuced .t the pollution of the atmosphere relative Lo the
output of sulphur is this (nmmxxlml' a [urther diminution in the
deleterions inthrencee of the sulphur dioside enovegetation can be effeeted
by restricting the process to certamn riods of the vear, althongh with
the newest tvpes o plant this is not necessary. The vield of sulphur
obtained by these later mcthods I miteh [l!:_:(} (sotetines by 50 per
cont.) fhan by the calearone method, and the working is mneh more
rapid. the reaction in the kilns oeneralls being complete alter afew days,

The niost important deposits of sulphur in the world are those ol
where Jio Prasel’s wethod of eclraction is

..], usuaty

1
1
t

Lonisiana and Hexas, ULS

foflowed? This obviates the formation of sulphur dioxide and ab the

satne Dme vields o Imnfm‘i of such o dearee of purity (i some wells as

Bich s 996 ner eentl) as to he smtable o most cases for direel use.
i

1
A boring is o n{< i atum so that a

conbinnous pipe cane paiss thenes To the sarlace the pipe consists of
three concentiie tubes (see s 1) saperheated waters eogoat 1507 C s
forced down the annbo spiees A0 A hetween the urm-l' tubes, in order
to mell the suiphure v the nerehbourbood of the end of the boring, A
LHlnsi of hented air down the fnanost tubes B0 then causes the molten

Helween the fwo inner tubes to the surface,

'

eocarth dosn to the \.Hl})]ll;!‘ w1

sulphior to be earried up
where it s collected s

Seaaller quantities of sulphe are obiained o the preliminary roasting
of certain sulphude ores where Hie desulphorised mass is vequired for

e, ee Pieeyitaand “U()j..;(),

R cde cription Lt T e ol eiten o
Hyr PE o, Noe o0 g el 1t o " 4 ColaRs, L, BT
R O h Aol ch oo e, 19U TE oot s Fong, g 9260 Reedalso The Chemical

.Ij/e, (hur}ul a2, o7
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further operations. Iron pyrites itself is sometimes treated in this way,
the residual ferrous sulphide being applied to purposes such as the
manulacture of sulphuric acid.

The iron oxide used in the purification ol coal gas gradually becomes
richer in sulphur and can repeatedly be revivified by exposure to air
until the sulphur amounts to
about 40 per cent. of the T~
whole ; the mixture is then of

greater value as a source of T T
sulphur. The * spent oxide,’ ; | i
as it is commonly termed, is LA

frequently applied to the pro- . A B A

duction of sulphur dioxide or
sulphuric acid, but the extrac-
tion of its sulphur by carbon
disulphide has been effected as Hot -
a successful commercial pro-  Water
cess; using the system of
“ counter-currents ”’ the mass
is exhausted of sulphur, whilst
a saturated solution of sulphur
is obtained, from which the |
solvent can be distilled and Su/pﬁw [ | U Sulphur
returned to the extraction Ly
process.

In many coal- and cil-gas
works in the Western States of
f‘Xmerlca the I\Opp(.zrs PrOCESS o 1 —Lower End of Pipe Used in Frasch
for the removal of hydrogen Process.
sulphide [rom the gas is em-
ployed. This consists of passing the gas up towers filled with wooden
hurdles over which a dilute sodium carbonate solution is sprayed. The
following recaction occurs :

Na,CO,+H,S=NalICO,-+NallS

the sulphur is then recovered {rom the solution by agitation in intimate
contact with air in an emulsilying machine, a catal\ st also being present :

NaifCO,+-NallS+10,=5--Na,(0,--i1,0.

Hot
7 Water

-—> Sulphur
—>Sulphur

The catalyst used is colloidal nickel sulphide. The sulphur is run olf
from the sal]au and after filtering and washing is obtained as a paste
containing 53 per cent. of water. Alter h‘\mn, a produet is obtained
which is more toxic than most other forms of sulphur and is very clfective
in agricultural work as a hmoxud c; the [)dltlclcb arc almost ol colloidal
size, most being less than 15 u.1

A further method of ohtaining sulphur from sulphide ores consists
in heating the latter under high vacuum ; the sulphur vaporises and is
condensed in a suitable receiver.?

Sulphur is also obtained from alkali waste (p. 56).

L Cundall, Chen. Jet. Eng., 1927, 34, 143 ; 1928, 35, 407.
2V 11Lm=on dmerican I’ul(,/zl loﬁ()‘J 26 (1925); Marx, dmerican Patents, 157-4988-9
(19’6)
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- ¥ ot .

Refining.—The crude Sicilian sulphur. partly on account of the lack
St ie] is ex')orted to be refined elsewhere. In the subﬁequcnt com-

o \l'lf'(‘li ;1lrifilcatiox) the processes involved are decantation and sub-

?M(tli‘m ]cr distillation.  After melting in cylindrical vessels and allowing
imation or distills . 0 3

the mcehanical impurities to scttle, the snlphu}' is 1run intp 1]}(.n'.ixcn.]'tal
i g ‘hich open into a large vaulted chamber. I msh!lauo.n
O ey, the temperature of the receiving chamber will not attain
the melting-point of sulphur gnd the \'apf)u_r issum%‘.th'?l? Pyc }‘.e)t'orts
will condense directly to a solid 13’ou'der, » hich 'c?nf itu csn _)/.Zowus}of
sulphur™ or % sublimed su[])/zxu/;". Ranpid dlstll:‘%.tlo‘n wi ch}sT tle‘
temperature of the receiver to rise above the .melt%pg:})o'n}t 0 -5111-1311111.
and the vapour will then condense as a liquid, o 11,1(4'.11'1'15 ][‘)‘er.l?cfllgull_\l,
tapped off into wet woodgn moulds of 1'ecc;tang11]m (;]C\’ 111(\.;1(:? 1%.1¢.1pc,
the resulting product being known as * roll sulplar. 2 0}11 (; con-
structed of aluminium or its a}lloys have also been t(')un(l srlu;t;-a )Ie.' ‘

In plant designed especially for the pz‘p(hl(f't!o;l 10‘4 mfl(?\‘\crs‘ of
sulphur,” the condensing chambers may be .n{ proﬁtﬁccw ‘u:.xg,gt ]11011 and
contain an arrangement of cond{ens‘mg; ‘sui‘faccs. the Ci]l.TZiI.HC(. Illlg)ltell
sulphur being separated by a balfle.* ihp mod]e.m ‘,)1‘0(]119..1011 ol finely
ground sulphur has lessened the demal}d for sublimed sulphur, although
the latter is considered more suitable lor vuleanisation and agricultural

oceurs slowly,

purposes. o .
“ Chemically pure” sulphur can be prepared from the forcgoing

products either by filtering whilst molten through olass wool and igb-
sequently distilling under reduced prcssurc:‘3 or by repeated (h‘stllla..,xo_n
in a current of pure carbon dioxide. 1*01‘Ithc l'cn.m\"al of organic
impurities it is sufficient to heat the sulphur for a period a little below
its normal boiling-point. . .
Applications of Sulphur.—Much sulphur is consumed in the
manufacture of matches, being applied in the form of phosphorus
sulphide as a constituent. of the heads ol common {riction matches,
whilst on the Continent the woodern splints have [requently heen treated
with sulphur to facilitate the passage of the flame {ro1 the head to the
remainder of the match.  Large quantities of sulphur are also required
for the production of gunpowder and fireworks; for these purposes
inely divided sulphur is necessary, but ““flowers of suiphur ” is not
suitable on account of its lability to contain traces of sulphuric acid,
due to atmospherie oxidation, which would render its use danverous.
Sulphur is applied, commonly in the powdered form: or as * liowcers
of sulphur,” to medicinal purposes, and also agriculturally as a dust
or dressing to check [ungeid diseases ol certain plants. especially the
vine.”  The toxic properties of sulphur have not heen Fally clocidated
and arc variously ascribed to reduction to hivdrogen sulphide. oxidation
to polythionic acids, or to the vapour of the clement itsclf. produced
by slow vaporisation.6 If adsorbed pentathionic acid he removed Irom

i Germinn Patend, 451796 (1926).

X ::eo, lfgxive_\'ay‘n‘pl‘e, }\ hite, .C/z,(fnz. J{p/. ];;n(/., }!928. 35 255, ) ] )

Threlfall, Brearley and Allen, Proc. Roy. Soc., 1394, 56, 32 Wilkinson, American
Patent, 1560926 (1925).

* Vouel and Partington, Trans. Chen. Soc., 1925, 127, 1514.

? Marcille, Compt. rend., 1911, 152, 780, Sec also Fite, Suil Sei., 1026, 21, 245 ; Neller,
Ind. Eng. ('lzs:]n., 1926, 18, 72; Williams and Young, ibid., 1929, 21, 359 - Marsh, J.
Pomalogy. 1920, 7, 237, U '

¢ See Willlams and Young, loe. cit. ; Marsh, loc. i, ;5 Tacker, Lud. Euy. Chem., 14529,
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sulphur by means of ammonia, the sulphur loscs its toxicity but regains
it if suspended in water and exposed to air.!

The clement has a definite fertilising action 2 which is exerted in
two ways : (1) It supplies sulphuric acid by bacterial oxidation, the
presence of the acid increasing the availability of certain mineral con-
stituents in the soil, such as alkalis, ferrie oxide, alumina and phosphates.
(2) It facilitates the work of the ammonia ahd nitrifying bacteria, thus
placing larger supplics of nitrogen at the disposal ol the plants. But
although such action may be beneficial in some soils it is equally harmful
in others, and sulphur should not be applied to a soil already acid.3

Many important inorganic compounds of sulphur, such as carbon
disulphide, sulphur chloride, phosphorus sulphide, vermilion and
“ Mosaic gold,” are manulactured from their constituent elements, and
considerable quantities of [rec sulphur are alsc used in the prepara-
tion of certain organic dyes, the colouring matter Primuline probably
being the best known “ sulphur dye,” Methylene Blue and Thioindigo
being other examples of this class of dyestuffs. The vuleanisation
of rubber * also calls for the use of sulphur and sulphur compounds.
Tor this purpose, onc of the following methods is usuaily employed :
(1) The rubber is mixed with powdered sulphur and heated to a temper-
ature of 135° to 166° C.; in the prescnce of a suitable accelerator a
considerably lower temperaturc may be employed. (2) The rubber is
dipped into a solution of sulphur chloride in a suitable incrt solvent
such as carbon disulphide, or is exposed to the vapour of such a solution ;
this method is restricted to thin material or surface treatment. (3)
The rubber, either dry or in solution, e.g. in benzene, is treated succes-
sively with sulphur dioxide 3 and hydrogen sulphide (see p. 115). The
product obtained by the first process may be soft or hard (ebonite)
according to the proportien of sulphur going into combination. Various
unsaturated oils, e.g. the so-called *“ drying oils,”” can be © vuleanised >
by similar means so as to vield elastic solids possessing, however, very
little tensile strength. By heating with sulphur in a somewhat similar
manner tar can be rendered harder and therefore more useful for many
purposes.  Resinous condensation products of high melting-point and
considerable hardness may be obtained by heating homologues or
substituted derivatives ol phenol with sulphur in the presence of a
basic catalyst.®

Sulphur has rccently been described 7 as a valuable agent [or

21, 44, Tor the physiological action of sulphur, see Foldes, Chem. Zentr., 1628, ii., 464 ;
Pincussen, hid., p. 1347 ; Marston and Robertson, Cowncil Sci. Res. Australia, 1028,
Bull. 39, 5.

I Young and Williams, Science, 1928, 67, 19.

2 Nicolas, Conept. reied., 1921, 172, 85 ¢ Lipman, Waksman. and Joffe, Soil Sei., 1921,
12, 475 Maclntire, Gray and Shaw, #bid., 1921, 11, 249 ¢ J. fnd. Eng. Chen., 1921, 13,
310 : Smon and Scholienberger, So/ Sel., 1923, zo, 443 Guittonncau, Compt. rend.,
1926, 182, 661.
¢ See also McKibbm, M. Agrie. Eap. Sta. Brll., 1928, No. 266, 955 Jones, Soul Sei.,
1928, 26, 447 ; tiengl and Reckendorfer, fwed. Zontio, 1028] 57, 53¢

t Ree Twiss, J. Soeo Chen. Lid., 1917, 36, 782, Also H. . Sievens, ibid., 1019, 38
192T: 1928, 47. 37 T : 55T

> Peachey and Shupsey, J. Soc. Chen. Tud., 1921, g0, 5 T: Bedford and Scbrell,
J. Ind. Eig. Chem., 1922, 14, -

¢ Ges. fur Chem. Ind. in Bas
186107 (1921).

7 Kobbé, Chein. and Met. Ling., 1926, 33, 354.

»

L Siriss Patends, 105855-8 (1922) 1 of. Lmray, British Putent,
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impregnating wood. The_absorpﬁon 91" m.olten.’sglphur by ﬂm wood
preserves and strengthens 1t and gives 11t ac1c1-rc§13t1ng' properties. i

Amongst other applications may be ‘mentioned the use of free
sulphur in the manufacture of Tltramarine and the occasional con-
version of the element into thiosulphates (see p. 193), sulphurous acid
or sulphur dioxide (p. 103) and sulphuric acid (p. 150).

THE ALLOTROPY OF SULPHUR.

Ever since the recognition of allotropy amongst the clements, sulphur
has occupied the position of being the most marked example. So
complex is the behavioqr of the e}em.ellt, }10weycr, that even at the
present time a complete interpretation is not possible. .

Changes in the Vaporous State. Foven in the statc of vapour
the problem presented by the behaviour of sulphur is far from simple.
As scon as moderately accurate results for vapour density were available
it became clear that with elevation of temperaturce {rom the boiling-
point upwards the vapour molccules un(iergoYre(h,:_c‘tim.) in weight,
approaching the condition S, when near 1000~ ( whiist in the neigh-
bourhood of the boiling-point, under atmospherie pressure, the vapour
density attains a value almost corresponding with the molecule S,,1
which is the molecular condition of ordinary dissolved sulphur (see the
following). More recent experiments have confirmed these results and
have shown that cven at the boiling-point the S, moleeules of sulphur
vapour are accompanicd by smaller molecules, the proportion of the
latter gradually increasing as the temperature rises until when near
900° C. only S, molccules are present.2  Above 17607 €. the S, mole-
cules begin to suffer incipient dissociation into singic atoms and at
2070° C. the vapour density corresponds to a molecutar weight of* only
50, indicating that the vapour contains a considerable percentage of
monatomic molccules.?  From the pressure resulting during the ex-
plosion of ** detonating gas ™ (2H,+-0,) mixed with hydrogen sulphide
it has been caleulated that at 2450° C., under atmospherie pressure,
30 per cent. of the diatomic sulphur molecules undergo further dis-
sociation into single atoms.*

Vapour density experiments conducted under reduced pressure and
at temperaturcs below the normal beiling-point of sulphur » have shown
1§

that under such conditions sulphur vapour gradually approaches the
octa-atomic condition as the temperature is lowered ; this is indicated
by the following ligures :

t Deville and Troost, Compt. rend., 1863, 56, 891 ; Biltz, Zeutsch. ploysikeal. Chen,
1888, 2, 920).

* Rawsay, Zeitsch. physikal. Chemi., 1889, 3, 67 Riccke, dhid., 1880, 6. 268, 430 ;
Bgr.ﬁ, 1890, 23, 724 : Troost, Compt. rend., 1873, 86, 1294 : Biliz, Zeitsch. plysilal. Chein.,
]b%b, 2, 920 1897, 19, 425 ; Ber., 1888 21, 20135 1901, 34, 2490 1 Monatsh., 1901, 22,
627; Biltz and Meyer, Ber., 1889, 22, 725 1 Zeilsch. pliysilal . Chew., 1886, 4, 249 5 Meyer
1111(11 Meyer, Ber., 1879, 12, 11i5; Scott, dun. Phys. Chem. Deibl., 1888, [in.), 12
. _3 Biltz and Meyer, loc. ¢if. ; Nernst, Zeutsch. Lleltrochem., 1903, 9, 626 : von Warienberoe,
Zeitsch. anory. Chem., 1907, 56, 320. ‘

Budde, Zeutsch. anarg. Chem., 1912, 78, 169.

? Troost, Comnpt. rend., 1878, 86, 1396 ; Bleier and Kohn, Jouatsh., 1900, 21, 575 ;
Ber., 1900, 33, 50.  See also Schall, Ber., 1890, 23, 1704 ; 1900, 33, 4584,

5
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| i Vapour Density Apparent Number of

\
Temperature, ©C. (Air=1). f Molecular Weight. “yiop, o per Molecule.
310 8-26 237-9 744
262 8-34 240-1 750
236 8-52 245-2 7-66
212 8-67 249-6 7-80
193 873 251-1 7-85

The gradual disintegration of the Sg molccule at higher temperatures
can also he observed by the alteration of the vapour density when the
pressure is reduced and the temperature allowed to remain constant.!
Indeed, this method of examining the alteration in the molecular con-
dition of sulpbur vapour has vielded important information. At onec
time it was believed that the Sg molecule disintegrated in successive
stages to Sy and S, beforc reaching the diatomic condition, but it now
appears probable that therc is only one intermediate stage, namely S,
which form of sulphur vapour appears to stand in closc relationship with
one of the forms of liquid sulphur, namely S, (sce later).

Fxternal evidence is available in confirmation of the remarkable
molecular alteration in sulphur vapour. Near the boiling-point sulphur
vapour is orange-red, but the colour fades to a straw-yellow as the
temperature is raised ; indeed, above 10007 C. the vapour is said to
become colourless and on reaching 1460° C. to assume a pale blue tint.?
The absorption spectrum of sulphur vapour?® has been examined over
the range 400° to 1200° €., and it is found that absorption increases as the
temperature is raised to about 6507 C. but above this temperature it
decreases as the vapour becomes more and more transparent. This
agrees with the view that the dissociation Sg—— S, is not direet, but that
molecules of intermediate complexity and of greatcr absorptive power
than S, are formed and in turn dissociated. No further change is
observable above 9007 . Thie fluorescence ' observable in the vapour
under reduced pressures also shows variations indieative of the alteration
in molccular condition.

Allotropy in the Liquid State.—YVYhen the temperature of sulphur
is gradually raised from the melting-point, a notable change is obscrvable
near 166° C., the colour of the liquid beginning to deepen, whilst the
fluidity commences to decrcasc.”  'The occurrence of this change, or at

b Btz and Preuner, Ber., 1901, 34, 2406 . Preuner, Zeitsch. physikal. Chein., 1903, 44,
7335 Preamer and Schupp, wbid., 1909, 68, 129 ; Preuncr and Brockmoller, ibid., 1912, 81,
129.  See also Bodenstem, Zeitech. physideal. Chem., 1899, 29, 315 ; Milbaver, dwn. Chim.
P]zg/é';. 1607, {vin.], 10, 1255 Stalford and von Wartenbery, Zeitsch. physilal. Chem., 1911,
77, 66.

2 Paternd and Mazznechelli, A#0 R Accad. Loncel, 1907, [v.7, 16, 1., 465 ; Howe and
Hamner, J. dwer. Chemn. Soc., 1898, 20, 737.

8 Nalet, Compl. rend., 1871, 73, 559 1 Gernez, ibid., 1872, 74, 804 5 Graham, Proc. Roy.
Noc., 1910, [A], 84, 311 ; Debine and Fox, bid., 1919, [A). 95, 484; Norrish and Rideal,
Trans. Chem. Soc., 1924, 125, 20670, '

¢ Diestelmeier, Zeitsch. wess. Photochem., 1915, 15, 185 Steabing, Physilal. Zeilseh.,
1913, 14, 887. '

5 DPwsatl, Gazzelta, 1877, 7, 337 : Brunhes and Dussy, Compt. reid., 1894, 118, 1045 ;
Schaum, Annalen, 1899, 308, 18 : Smith and Holmes, Zeitsch. physilcl. Chem., 1905, 52,
602 ; J. dmer. Chem. Soc., 1903, 27, 797. '
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least its extent, is dependent on the prcvious_historj\‘r <l)f }th(‘z ‘S-ulpfhurf fqr
it mav be delayed or be much less marked if t}}e 5}11 p ;1u1 is o' a lng.h
deoree of purity; the reason for this is to bg soug 1'L1',‘n }l}c cagg ytie
im?ucncc of certain impuritllcs (see p. 18). N{,glder 0;‘()1.012163 clon itions
the viscosity attains a maximum hetwecn 170° and 220 .,‘t 1e colour
being then a very deep brown. Further rise 1n tempera‘tu‘le ?au§eg a
partial restoration of the [luidity, but the de.c‘,p §010111 18 leta_med,
These striking and exceptional changes arc a’qtmouted to 'the' presence
of three diffcrent forms of sulphur in the liquid, and Cavl‘elul“]n\.‘estlga-
tions of the phenomeila have been made, especially by A. Smith and
-aricus borators. ' .
‘drﬁui?uflogiérprctation of the results of the investigations is rendered
diflicult by the complications introduced by external influences such as
those due to certain impurities which it is almost impossible to exclude.
Tt is clearly rccognisable, however, that the. abngrmal behaviour is due
mainly to the existence of two distinet moqlﬁca_tlons of molten sulphur,
side bv side; these are commonly distinguished as A-sulphur and
w-sul pimr, and the equilibrium between them at any temperature may
be expressed

A-Sulphur == p-Sulphur.

The position of the equilibrium varies with the temperature, the pro-
portion of p-sulphur being less at lower temperatures ; near the melting-
point the proportion of p-sulphur approximates to 4 per cent., and the
maximum at higher temperaturcs gencrally dops not' muech cxgced
40 per eent. It was at one time believed that rapid cooling could clfect
the scparation of molten sulphur into two distinet layers,? but careful
examination has shown the lack of homogeneity to be duc only to tem-
perature differences caused by the viscosity and the poor thermal con-
ductivity of the liquid; the two modifications are completely miscible
in the liquid state.®

By rapidly cooling the fluid mixture it is possible to minimise the
readjustment of the cquilibrium and to attain a solid condition in which
the original proportions of thc mixture are approximately retained ; in
the solid state the allotropic change is so verv slow as to allow carcful
and fairly prolonged examination of the mixture. It is then found that
the normal mobile liquid constituent (S,) has given risc to crystalline
sulphur, soluble in carbon disulphide, whereas the dark-colourced viscous
constituent (S,) has produced an amorphous solid, insoluble in this
solvent * (sece also p. 19). A rough analysis of molten sulphur in

! Brodie, Proc. Roy. Soc., 1856, 7, 24 3 Compt.icnd., 1875, 80, 515 ; Magnus and Weber,
Ann. Phys. Chem., 1836, [ii.], 99, 145 ; Dewille, Comypt. rend., 1848, 26, 117 : Berthelot,
J. pralt. Chem., 1857, 71, 360 ; Kister, Zeilsch. anorg. Chem., 1898, 18, 369 : Scha
Zeitsch. physikal. Chem., 1900, 33, 382 ; Kruyt, ibid., 1908, 64, 513 ; 1900, 65, 186 :
321 ; 1913, 8z, 726 ; Smith and others. ilud., 1903, 42, 469 ; 1905, 52, 602 ; 1906, 54, 207 ;
1907, 61, 200z 1911, 77, 661 also Proc. Ruy. Sor. Edon., 1902 24, 2000 1665, 25, 588,
5051806, 26, 352; Cavson, J  dwer. Chem Soc, 1907, 29, 4995 Lewss and Randall,
ibid.. 1911, 33, 476 ; Kellas, Trans. Chein. Soc., 1918, 113, 903.
® Smith. Proc. Roy. Soc. Edii., 1905, 25, 588 ; Hoffmann and Rothe. Zeitseh. physileal .
Chem., 1906, 55. 113 ; Erdmann, Anwales, 1908, 362, 133. ’

¥ Smits and Leeuw, Proc K. Alad Wetensch. Amsterdam, 1911, 14, 461; Lecuw
ihid., 1912, 15, 5384 ; Smuts, Zeitsch. physikal. Chem., 1913, 83, 221. ’

‘4 \\'ig_ar}d, Zeitsch. physilal. Chem., 1908, 63, 273 ; 1910, 72, 752 ; 75, 235 ; Smith and
Holmes, ibid., 1503, 42, 469 ; 1906, 54, 257 ; Hammick, Cousms and Lancford, J. Chem.
Soe., 1928, p. 797. o '
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this way becomes possible. Recent experiments,® however, suggest
that the insoluble p-sulphur is not present as such in liquid sulphur,
but makes its appearance, possibly as a gcl, only when the liquid
solidifies.

If sulphur is heated to 18¢° C. and then cooled, it becomes more
soluble in ecarbon disulphide; also a saturated solution of sulphur
chloride in toluene at the ordinary temperature will, after being heated
to the neighbourhood of 180° C. and cooled again, dissolve yet more
sulphur. These observations led to the discovery of a third modifica-
tion in molten sulphur. This form of sulphur, distinguished as 7-sulphur,
is formed to some extent when ordinary sulphur is heated to 125° C.
The optimum temperature for its formation is near 180° C., when the
liquid contains approximately 6-5 per cent. of S, with 20-5 per cent. of
S, and 73 per cent. of Sy, m-Sulphur exists as a definite and distinct
modification both in the liquid and the solid state.? It is especially
notable on account of its deep orange-vellow colour, which is also seen
in its solutions, a fairly concentrated solution in carbon disulphide having
the colour of a concentrated aqueous solution of potassium dichromate.
a-Sulphur is unstable at the ordinary temperature, its transformation
being accelerated by ammonia solution and also by the influence of light ;
the products of its transformation are octahedral sulphur and some
insoluble sulphur. A suggestion that z-sulphur has a molecular weight
corresponding to S, needs further experimental confirmation.

The existence of yet another form of sulphur, designated h-sulphur,
formed together with m-sulphur but ol a somewhat paler colour, although
deeper than octahcdral or monoclinic sulphur, is also suspected (sec
p. 26).

The presence of the u- and m-modifications of sulphur dissolved in
molten A-sulphur naturally causes a depression of the [reezing-point of
the latter, and from the magnitude of this effect it has been possible
to demonstrate the probability of a molecular weight corresponding to
S for the dark brown p-allotrope, a result which is of especial interest
as correlating this form of liquid sulphur with the hexatomice sulphur
believed to occur in sulphur vapour (sce before).?

Kellas,* however, {rom measurcments of the surface tension of
liquid sulphur, maintains that between 115° and 160° C. at least 95 per
cent. of mobile sulphur is represented by the formula S, and
that above 160° C. polymerisation ocecurs, resulting in the formation
of S, or (S;); molecules, which arve st able ncurl\' up to the boiling-
point.

On account of the variability of the proportions of A-sulphur,
p-sulphur and z-sulphur in the liquid. the solidifying-point of molten
sulphur is not constant, but may range from 114° to 117° C. or cven more
widely. The [reezing-point of purc A-sulphur can be dctermined by
calculation, the result, 119-25° C., almost coineiding with the temperature

* Hammick and Zvegintzov, J. Chem. Soc., 1930, p. 273,

* Aten, Zatsch. physikal. Chem., 1912, 81, 257 : 1913, 83, 442 : 86, 1; 1014, 88, 321 ;
Proe. K. Akad. Wetensch. Amslerdam, 1912, 15, 572; l"lb 20, 8214, Scee also Gauher L,
Compt. rend., 1916, 162, 554 ; Beckmann, Paul and stt}m, Zm/,c('/z. anong. Chem., 1918,
103, 189.

3 Smith, Proc. Roy. Soc. Edin., 1002, 24, 299 ; Smith and Carson, Zeilsch. physilal.
Chem., 1911, 77, 661 ; Beckmann, Sitzungsher. K. Alad. Wiss. Berloe, 1913, 886. ~ See also
Gernez, Compt. rend., 1876, 82, 1153 ; 1883, 97, 1268 Dussy, wbid., 1896, 123, 305 ;
Duhem, Zeitsch. physikal. Chem., 1897, 23, 224. 1 Kellas, loc. cit.

VOL. VIL : I, 2
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119-2° C. ohserved in the crystallis.at.ion of pure1 A-sulphur and with the
ideal melting-point of purc m.onoclnnc sulphur.' L

Certain substances, especially ammonia, cxert a catalytic influence
two changes involved in the foregoing equilibrium, greatly
facilitating the attainment of the ethbn}nn; ‘on. this account the
presence of a little ammonia, or an organic base such as aniline or
pyridine, causes soluble sulphur to be formed almost exclusively on
solidification. On the other hand. several ot.her subst.ancc‘s, e.g. sulphur
dioxide 2 (or gases such as 'aip or oxygen _w]nch’can give rise to SUIPIMF
dioxide), halogen hydracids, phosphoric acid and organic acids,?
behave as negative catalysts, and when molten sulp]n}r is coo]e(‘!‘,. cause
the p-sulphur to persist in a quantity in excess of the equll_l‘orlum
proportion at lower temperatures, so that‘ t}}cse substances. raisc fhe
percentage of insoluble sulphgr in the sohdlﬁcc.l mass. It is posmple
that the action of ammonia is merely duc to its power of removing
sulphur dioxide, traces of which are usually present in ordinary sulphur,
Todine not only exerts a catalyvtic effect of' the same type as sulphur
dioxide. but also causes an increase in the proportion of w-sulphur in
the liquid.* o ) '

For the foregoing reasons it is seldom possible to obtain reproducible
viscosity values for a given sample of sulphur. I[. however, pure gas-
[ree su]i)hur is prepared by distillation first in'carbon dioxide and then
in high vacuumn, reliable valucs may he ol)ta:mo(l. i For such s.ulphur,
protected {from exposure to air, it has been 101.111_(1 > t'hnt the viscosity
between 163° and 169° C., the interval of high viscosity variation, lics
on the same curve whatever the previous thermal treatment of the
sample may have been.

Exposure to bright light, for example to a concentrated beam of the
sun’s rays or to the electric are, produces an inercase in the proportion
of the ‘zj—modiﬁcation in liquid suiphur.® A similar cffcet is obscervable
even in solution ; il a solution of sulphur in carbon disulphide is simifarly
illuminated, insoluble sulphur gradually separates; the reverse change
occurs in the dark.” The conclusion can thercfore be drawn that in
solution also there is an cquilibriun hetween the A- and je-forms at the
ordinary temperature, but that except under the mfluenee of light the
concentration ol p-sulphur is not sufficient to cause scparation ol the

on the

corresponding solid.

In spite of these allotropic changes, molten sulphur under certain
conditions can be successfully used as a eryvoscopic solvent. Soon alter
having been melted. the freczing-point of the liquid may be as high as
119° C., but after keeping for somce honrs at a temperature just above

1 Smuth and Holmes, loe. cot., Kvuyt, Zedseh. physikal. Chem, 1913, 81, 726 84, 143,

2 Smith, Proc. Loy, Soc. Fdin., 1906, 26, 3525 Beekmann and Pluzimann, Zolseh.
anorg. Chen., 1918, 102, 201, According to Mowsan (L. Chon. Phys., Y907, [vidd, 10,
433), sulphur, when fused after exposure to morst air, frequently contains sulphur dioxide
and hydrogen sulphide m small quantitics.

8 Por a viscozmmetric examination of the mfluence of certam organie substances (e
phenol, camphor) on the transformation temperature, see Mondain-Monval and Sehneider,
Compt. rend., 1928, 186, 751.

! Smith and Carson, Proc. Roy. Soc. fdin., 1906, 26, 3525 Zewtseh. physihal. Chem.,
1907, 61, 200.

> Farr and Macleod, Proc. Roy. Soe , 1923, [Al, 118, 534,

¥ Wicand, loc. cit. 5 also Zelisch. physilal. Chem., 1909, 65, 4425 1911, 77, 123, 78, 208,

7 Lallcmand, Compt. rend., 1870, 70, 1825 Berthelot, ehid., 1870, 70, 941 ;5 Schaun,
Annalen, 1899, 308, 18 ; Rankin, J. Physwcal Cher., 1907, 11, 1.
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the melting-point, the freezing-point falls to 114-3° C., and in this con-
dition the sulphur is suitable for ecryoscopic determinations,! the constant
K being 213.

When molten sulphur is rapidly cooled from the neighbourhood of
1400° C.. an amber-coloured semi-elastic mass of density about 1-9 Iis
obtained. This so-called ** plastic sulphur ™ is in recality an under-
cooled liquid sulphur and gradually hardens or solidifies to a mixture
of soluble and insoluble sulphur,? the change being hastened by knecading
or by heating in boiling water. The rate of hardening 1s naturally
dependent on the relative proportions of the two modifications and so
will be influenced by the extent of the sudden fall in temperature; e.g.
the higher the temperature of the sulphur as it is poured into cold water,
the slower the solidification.? If the cooling is still more rigorous, as
by immersion in liquid air, a hard mass may be obtained,! which on
warming assumes the elastic character, possibly in greater degree, and
finally solidifies in the usual manner. In its general character it will
be seen that ** plastic sulphur ” resembles materials like glass or ** barley
sugar ~ which have been produced by cooling liquids much below their
normal temperatures of crystallisation without any sharp change in
state.

Asisto be expeeted the equilibrium between the two above-mentioned
forms of liquid sulphur affects other properties in addition to the colour
and the viscosity. Thus, the eleetrical conductivity > and the surlace
tension ¢ of molten sulphur exhibit abnormal variation with alteration
in temperature ; also the solubility curves for A-sulphur and p-sulphur
in high-boiling solvents such as triphenylmethane are quite distinct,
the solubility of the former increasing and that of the latter decreasing
with rise of temperaturc; the respective coclficients of expansion are
also quite independent.” The reactivities of the two forms towards
rubber are practically equal.

More or less drastic modifications * of the above view of the nature
ol molten sulphur have been suggested, but none appears to be supported
by sufficient evidence to deserve acceptance.

Allotropy in the Solid State.—%Vhen molten sulphur is allowed
to solidily, the modifications present give rise to corresponding solid
forms, the liquid A-sulphur producing crystalline sulphur (rhombie,
monoclinic or nacreous, according to the conditions), whilst the decp

b Beckmann and Platzmann, Zeitsch. anorg. Chem., 1918, 102, 201.

2 Smith, Proc. Roy. Soc. Edin., 1803, 25, 590.

3 Kastle and Kelley, Amer. Chem. J., 1904, 32, 483, For stress-stram curves for plastic
sulphur, see Strong, J. Physical Chemn., 1928, 32, 1223,

* von Weimarn, Zeutsch. Chem. Ind. Kolloide, 1910, 6, 250 ; Brodie, Proc. Loy, Soc., 1854,
7, 24.

® Pigulewski, J. Russ. Phys. Chem. Soc., 1912, 44, Phys. Part, 105 ; Wigand, Ber. deut.
physilal. Ges., 1908, 6, 495; Pisati, Gazzetta, 1877, 7, 337; Zickendraht, Ann. Lhysil,
1906, [1v.], 21, 141.

& Capelle, Bull. Soc. chun., 1908, [1v.], 3, 764 ; udge, Proc. Cambridge Phil. Soc.,
1911, 16, 1., 55: Kellas, loc cit. Sce also Rotinjanz, Zeutsch. physilal. Chen., 1908, 62, 609.

© Smith, Proc. Roy. Soc. Ldin., 1905, 25, 383.

$ Twiss, J. Soc. Chemn. Ind., 1917, 36, 787 ; Awnn. Reports, Soc. Chein. Jud. 1919, p. 327 ;
Trans. Inst. Rubber Ind., 1928, 3, 386; Twiss and Thomas, J. Soc. Chem. Lod., 1921,
40, 48 T.  Sec also van Iterson, Comm. Netherland Gort. [ust. Rubber Tid., 1916, 7, 2575
Stoll, Rubber Age, U.S.4., 1925, 17, 418; Dannenbery, Kautschul, 1927, pp. 104, 128 ;
Scholz, ibid., 1927, pp. 101, 127. '

% Sec Erdmann, dnnalen, 1908, 362, 133; Quincke, Ann. Physil, 1908, [1v.], 26, 623.
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hrown viscous p-sulphur yields an amol.'ph?tfsv P;H.]?}"G]H“’:fo{‘d .j\'\'}]nch
is very sparingly soluble (generally descz'}}??(‘ .as] l 111'5(1)1u’;‘lo: ‘ ) m c‘a; >onl
disul]ihide and the other common solx’C}lts Anlsu p 1[u1/. L ’11? «11110}1]‘?_‘19115
form of sulphur, which is frequently ECI‘H\]?}(;;:/mSHl.r].J‘/‘/u,),' s 0o « 10111111’(@
melting-point and so may be regavded as }111(7\1(}(:?1.0(1 , };L-VSU phur.
s the crvstalline forms of sulphur are commonl.\“o stained by S‘CPI“‘{?-
tion from a melt containing some p-sulphur, erysta lhne su]l‘)l}ur orQuwrh_\:
contains an appreciable quantity of insoluble y-sulphur in a staFe of
solid solution (sce p. 21). .)Ien’tlon has already been made of t:}}e
formation of y-sulphur as an insoluble powder when a carbon disulphide

solution of sulphur is exposed to light.

Crystalline Forms of Sulplhur.

The power of sulphur to crystallisc in_different 71'01’11}:5 was fivst
recognised in 1823 by .\Iitschcrhch,:2 who. dcscr{b_odl the 1‘,{9};1})16 and
prisﬁmtic varieties. The classification _o!jhe.(;mcf crystailine forms
was completed by Muthmann,® who distinguished them by Roman

numerals. ) . ‘

Sulplour 1. Rhombic, Octahedral or a-Sz/Ip'//’zfr.~1mS is t}xc form
commonly cecurring in nature.? On acgmmt. 0_! ﬂ}c presence of a smalil
but variable quantity ol the /J,-I]IO(H["I.CQJU()II‘ of h(;md su]p]m:‘_ (p- 16) and
also S, in molten sulphur, the freczing-point of thp tatter is lacking in
constancyand is dependent on the previous history of the Hquid: ervstalli-
sation of molten sulphur generally gives rise to xu]ph‘.n‘ H. . however,
sulphur (preferably rcerystallised from cavbon disulphide and so con-
taining a reduced proportion of ~- or p-sulphur) is melted in a flask
fitted with a cork carrving a zigzag glass tube, the contents of the fiask
may be cooled rapidly to 95° €. and then slowly to 90 €. beiore
spontaneous crystailisation hegins. By inverting the flask  before
solidification 1is complete. the octahedral erystals (sulphur 1) which
form at the bottom of the [lask may be examined, whilst the remainder
of the sulphur is retained in the neek of the flask by the piug of solid
sulphur formed in the bent outlet tube.  Undercooled lHguid sulpliare
can also be made to sepavate in the octahiedral forin by the addition of
a crystal of this type, but the result is vendered more certain by working
at a temperature below 95-5° €5

Crystallisation of sulphur at the ordinary temperature frons solut ion,
e.g. from carbon disulphide, yields octahedral crystals which differ from
the erystals obtained by the solidification of molien suiphue in that the
proportion of - and w-sulphur, present in soiid solviion, is less,
Octahedral crystals of sulphur may be prepared at the ordinary ten.
perature also by the gradual atmospheric oxidation of a solulion of

Y Deville, Compl. rend., 1848, 26, 1175 Brodic. Pror. Loy, Noe 185k, 7,020 Knapp,
J.prake. Chem., 1843, (11}, 43, 305 ; Chapman dones, Chom. N s, 1880, 410 204 0 Kuster,
Zewtsch. anorg. Chem., 1898, 18, 365 1 Brunhes and Dussve Compt yend | 1864, 118, 1015 -
Dussy, ibid., 1896, 123, 305 : 3Malus. 15, 1900, 130, 1708 ¢ clwn. Chom Phys.. ISOL, T,
24,491+ Wigand, Zetsch. physiical Chen., T30, 65,112 0 1910, 75, 233+ Smch, Proe /.‘/://:
Soc. fdin., 1903, 25, 591, cte. (sce pp- 26-28). '

* Mitscherlich, dwi. Chim. Phys., 1823, 24, 204,

8 Muthmann, Zeatsch. Kryst. 1., 1350, 17, 336.

* Lsovay, Zeilsch. Kryst Min., 1883, 1o, 91.  Sce also Erdmann, ohid ) 1903, 37, 252
Ranfaldi, Mem vl Linced, 1927, [vi), 2, 266, ’
7 Gernez, Compt, rend., 1876, 83, 217,
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hydrogen sulphide in pyridine * or by the much slower process of
sublimation.?

The 1"100011)0 crystals belong to the rhombic system,? the clements
a:b:e=03138:1:1:9076 beum sub]ect to shOht variation. This
slight mcomtan(\' 18 doubt]css due in part to the presence of a small
variable percentage of y- and m-sulphur (p. 17) in the crystals, this
impurity also accountum for thc various figures which have been given
at different times for the density. the correct value at the ordman‘
temperature for pure octahedral sulphur probably lying between
2-03 and 2-06.4

The melting-point of octahedral sulphur is influenced in a similar
manncer, and indeed the eflect of these almost permanent impurities
in the crystalline forms of sulphur has added to the difficulties of
mv estlcratlon. In the following table are given the ideal temperatures
for the change of state of the various 10rms together with the tempcra-
tures as commonly observed with the forms as usuall} obtained ; > the
ideal temperatures can be approached only with specimens prepared with
extreme care.

| } Natural Tem Percentage of
i ' Tdeal Temperature, © C. Deratwe. © C. | Impurity ” present
{ i I oo in latter case.

1

S. L. Freezing-point 112-8 | 110-2 34
S. 11, i ’s 119-2 1145 3-6
S. 1L | ” 1068 | 103-8 31
S.1..==S.1I.| Transformation 933 | 95-3 31

-—— . —

Octahedral sulphur is a brittle solid of hardness approximately 2-3;
the colour is lemon-yellow at the ordinary temperature but darkens
somewhat on warming, whilst at —30° C. it almost disappears. leaving
the solid practically colourtess ; ¢ the refractive index for sodium light
is 2-08,7 the mecan specific heat is 0-176,% and the coellicient of cubic

Ahrens, Ber., 1390, 23, 2708.

Arvziuni, Z([[\Nz Nryst. Min., 1884, 8, 338.

Tschermak, Mencralogie, 1897, 331 ; Kokscharow, Muwi. Russ., 1874, 6, 368 ; Arvzruni,
luc. cit. ; Molengraaf, Zcitsch. Kryst. Mun., 1888, 14, 43 5 Busz, ibid., 1889, 15, 616 ; Dana,
Amer. J. Sel., 1886, (1i.], 32, 389.

* Marchand and Scheever, J. prall. Chem., 1841, 24, 129 1 Devalle, Canpt. rend., 1847,
25, 857 : Kopp, Annralen, 1855, 63, 129 : Pizati, Ber., 1874, 7, 361 1 Petersen, Zetsch.
physikal. Chem., 1891, 8, 609 ; Arons, Awn. Phys. Chem., 1894, Lmj 53, 106: Jecht,
whid., 1904, iv.], I4, 1008.

5 Smith and Ho tmes, Zeilsch. physikal. Chem., 1803, 42, 4605 1906, 54, 257 ; Smith
and Carson, Proc. Roy. Soe. Edin., 1906, 26, 352 ; "Zatsch. physikal. Chem, 1911, 77, 661 ;
Kruyt, ibid., 108, 64, 513: 1908, 65, 436 1000, 67, 321, 1913, 81, 726; 1013, 84, 493
Proc. K. ;1/:(1//. Wetensch. Amsterdam, 19i3, 15, 1228 Nernst, Zedsch. physilal. Chem.,
1913, 83, 546+ Wigand, ibid., 1909, 65, 442 ; 1910, 75, 235.

b Schonbein, J. prakt. Chemn., 1852, 55, 161.

© Arvons, loc. eit. ; Schrauf, A(L[vdz Kryst. Uan., 1890, 18, 113 ; Beequerel, Ann. Chim.,
Phjs 1877 [v.], 12, 5.

¢ Mondain- \Ionval Compt. rend., 1926, 182, 58 ; cf. Bunsen, Ann. Phys. Chem., 1870,
[ii.], 141, 1; Wiebe, Bcr., 1879, 12, 790 ; Silvestri, CGazzelln, 1873, 3, 378 ; Hocht Ana.
Physil;, 1904, [iv.], 14, 1008; I\ulbatoﬂ J Russ. Plz_/s Chem. Soc., 1909, 41, 311 ; Forch
and Nordmeyer, dnn. Physil, 1906, iv., 20, $23.
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expansion approximately 0-00022 at 20° C.1 The plasticity and deform-
abilitv are not appreciably incrcased by heating ai temperatures up to
280° C. under pressures of 1000 to 19,600 kom. per sq. eme; under
19,300 kgm. per sq. emn., octahedral sulphur melts at 263° (.2

“When a sphere cut from a crystal of thombic sulphur is allowed to
vaporise at 100° C., plane surfaces develop which correspond to the most
important crystal faces.? . ‘

Carbon disulphide is an excellent solvent lor rhombie sulphur, the
proportions soluble in 100 parts by weight of the solvent at dilferent
temperatures being given in the following table ; the highest temypera-
ture is the boiling-point of the saturated solution under ordinary
atmospheric pressurc.?

; .
; |
SN - Dissolve
Temperature, ° C. ulphur Dissolved

Sulphur Dissolved ‘
(Parts by Weght), |

Temperature, © C. (Parts by Weicht).

—11 16-5 38 94-6
0 24-0 183 116-2
15 37-1 35 181-3 |
22 46-0 ‘

Methylene iodide, aniline, and benzyl chloride especially when
warm, are good solvents for sulphur; phenol is also fairly good. Other
less powerlul solvents are benzene,® toluene, turpentine. ehloroform,
ether, alcohol and acctic acid.

Octahedral sulphur will form mixed erystals with selenium containing
up to 33 per cent. ol the latter, although no corresponding erystalline
form of pure sclenium has been isolated.?

Sulphur 1L Prismatic, 3Monoclivic or B-Sulplur.  ‘This is a varicty
of monosymnietric crystalline sulphur obtained ordinarily when sulphur
erystallises at a temperature near the melting-point from the molten
condition.  The usual procedure in order to obtain distinel erystals
is to allow molten sulphur to cool undisturbed until approximately
one-hail’ has erystallised, and then, after breaking the erust, to pour
away the remaining liquid.® - Crystallisation by the rapid cooling of hot
solutions (sce the following) sometinies also yields this modification,
although morce Irequently the varicty obtained is S, 111.Y

The crystals consist of Tong slender needles helonging to U

ne none-

v Spring, Bull. deud. roy. Dely., 1851, fnl], 2,0 880 Wiebe, loe. oo,

* Rose and Mugge, Nack. K. Geso Wass, Goltingen, 1922, 10, 105, For the COMpres-
sibility of rhombic sulphur, see Brideman, Proe. Awer. drad. Lils Neeo, 1927, 62, 207.

3 Aminoft, Zeitsch. Krist,, 1927, 65, 632 1 Chene, Zentr, 1925, 1., 3.

4 Cossa, Ber. 1868, 1, 138 1 Payen, Compl. rend . 1852, 34, 156, 508, or the specifie
gravity of the solutions, sce Pleilicr, Zedseh, anorg. Chem., 1897, 15, 191, For the refractive
index of the solutions, sce Bergholl, Zeltseh. physikal. Cheme, 1851, 15, 131: Forch, Aun.
Physik, 1902, [iv.], 8, 675.

5 von Boguski, J. Russ. Phys. Chen. Soc., 1905, 37, 02,

¢ Kxuyt, Zeitsch. physikal. Chem., 1969, 65, 436.

* Muthmann, Zeusch. Kryst. Min., 1890, 17, 336.

§ Mitscherlich, dwnalen, 1823, 24, 264: Brauns, Verk. Gos. deat. Naturforsch. Aerzle,
1899, [ii.], 189 ; Silvestri, Ber., 1876, 9, 293 : Oglialoro, Guzzetia, 1884, 14, 30.

¢ Muthmann, loc. cit.
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clinic system, the parameters being @ :0:¢=0-99575:1: 0-99983;
B=81-23°1 WWhen prepared from molten sulphur this variety fre-
quently possesses a pale amber colour, which is probably due in part to
m-sulphur present as impurity, since crystals obtained [rom solution
arc ol a much paler colour. The density,? 1-957 at 23° C., is lower than
that of the octahedral form, whilst the specific heat is higher. As is
the case for sulphur I., the presence of variable proportions of 7- and
y-sulphur in the crystals affects the constancy of the melting-point,
so that whereas as usually prepared the melting-point is 114-5° C.,
the melting-point of pure monoclinic sulphur should be 119-2° C.
(see p. 21).

At the ordinary temperature the clear transparent crystals beeome
opaque and friable, the change occupying from several hours to several
days, and the alteration being due to a transformation into sulphur I.;
if the needle crystals are not crushed they will retain their external
form, although they are built up of minute octahedral crystals of the
denser modification.? Conversely, if octahedral sulphur crystals are
maintained at a temperature within a few degrees of the melting-point,
they gradually undergo conversion into sulphur II.

The transition point, at which ordinary sulphur I. and sulphur II.
arc in cquilibrium, is at 95-3° C.,* although if no trace of =- or y-sulphur
were present the temperature would be slightly lower (see p. 21).
The afore-mentioned changes can occur a few degrees above or below
the stated temperaturc and are considerably facilitated by contact with a
little of the stable form ; below 95-5° C. sulphur I. is the stable modi-
fication and sulphur II. is unstable, whilst above 95-5° C. and up to the
point of fusion, the position is reversed. It is possible for cach of the
forms to exist for a considerable period within its unstable range of
temperature, and it is obvious that but for this fact it would be
impossible to determine the melting-point of octahedral sulphur.?
Specimens of sulphur II. may be kept unchanged for years between a
microscopic slide and a cover glass. 'The actual velocity of the trans-
formation is dependent on several factors,” such as the temperature, the
previous history of the sulphur, or in other words its content of - and
m-sulphur, subjection to mechanical stress, and contact with the stable
form or with a solvent; actinic light is said also to have an acceleratory
influence on the transformation.s

Alteration of pressure affects the transformation in a more marked
manner by actually influencing the transition temperature itsell.
Increase in pressurc causes a rise in the transition tempcrature to an
extent of approximately 0-05° C. per atmosphere. However, increase
In pressure also raises the melting-point of each form, and the relation

P Muthmann, loc. cit.

* Marchand and Scheerer, J. pralkt. Chem., 1841, 24, 133 ; Deville, Compl. rend., 1847,
25, 857 ; Rathke, J. prakt. Chein., 1869, 108, 235 ; Petersen, Zeutsch. physilal. Chein., 1891,
8, 609 ; Loepler, dnn. Phys. Chein., 1892, [u1.], 47, 173.

8 Threlfall, Brearley and Allen, Proc. Roy. Soc., 18394, 56, 33.

t Reicher, Zeusch. Kryst. M., 1884, 8, 593 ; Rec. Trae. chun., 1884, 2, 246 ; Tam-
mann, Ann. Phys. Chein., 1899, [in.], 68, 633.

° Gemez, Compt. rend., 1884, 98, 810, 915 ; 18853, 100, 1343 ; 1909, 148, 1015.

Q“ Brauns, Centr. Min., 1921, 225.  Sce also Cohen, Zeitsch. physikal. Chem., 1924, 109,
109.
7 Duhem, Zeitsch. physikal. Chem., 1897, 23, 254 ; Fraenkel and Goez, Zeilsch. anorg.
Chem., 1923, 144, 45.
5 Brame, L' [ustitut, Paris, 1853, 303.
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between the variations of the three tm'lmm'.a!:ul'cs ‘with prcs&tre 1s suchi
that under 1288 atmospheres tl}o 'tl‘anﬁltl(-)llg E'C“LHPCI ature and the
melting-points ol thc? two forms c(nnglde at }.)1 N erated B
These relationships are represented in an exaggerated manner in
fio. 2. The lines AO, BC and OD represent the vapour pressures OL
sglphur L., sulphur I and molten sulphur, I‘CS‘])(.‘,CL‘I\vCl:\j ; .01? and CF
show the effect of pressure c:}.mng'e. on the melting-points of the two
ervstalline forms, whilst the elfect ol pressurce on the transition tempera-
ture is indicated by BT . . ' ‘
Determination of the molecular weight by eryoscopic and c})ulllochplc
measurements in various solvents, including carbon disulphide, various

F(151°C., 7288 atm.)

Pressure

~B5(955°C.)

b

[emperature

I'ie. 2.—Relauonship hetween Sulphur Loand Sulphur U,

hydrocarbons, and mctallic chlorides such as antimonie or sltannic
chloride, indicates the value corresponding to Sy both for octahcdral
and prismatic sulphur.?  This is not surprising, hecause in the molten
condition these two modifications of sulphur arc identical, and their
difference in erystalline form and other physical properties may be attri-
buted to variation in the manncer in which the ocla-atomic moleenles
are grouped together in the erystal. ,

As s to be expected with modifications showing the mutnal relation-
ship described, the less stable forni is more soluble in ordinary solvents ;
above 93-3° C., therefore, the cetahedral form is the more soluble, whilst
below this temperature prismatic sulphur possesses the greater sohi-
bility. At the ordinary temperature the solubility ratio for most solvents
is approximately 1-8 : 1.

Sulphur I11. Nacreous Sulphur.—At least two other varictics of
monoclinic sulphur are kinown to exist 3 the better known was dis-
covered by D. Gernez in 1884, who, from the pearly lustre of the crystals,

* Tammann, loc. cil. ; Roozeboow, Ree. Tru. chiin., 1887, 6, 3153.

640: G‘éoss,]]. P/z,gg‘cu]. Chem., 1899, 2, 421 ; Popoll, J. Russ. Phys. Chem. Soc., 1903, 35,
2. See also p. 39.
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gave it the name “nacrcous sulphur.” ' This monosymmetrie form
of sulphur can be obtained by many dilferent methods.  Suiphur which
has been heated in a glass tube to 150° . and subsequently cooled slowly
in a water-bath to 937 C. without crystallisation. can, by applying local
cooling or by rubbing the interior of the tube with a 01&55 rod alrea vy
in the 11QL11(1 be made to give crystals of this modification.?  Hot con-
centrated solutions of aulphur in carbon disulphide, benzene, toluene,
turpentine and other solvents, prepared by heating sulphur with the
solvent, prcfambl\' in a sealed tube, until no sclid remains undisselved,
crencrallv deposit nacrcous crystals on being rapidly cooled.?  Similar
crystals can also be obtained by the precipitation of sulphur from carbon
disulphide solution by the addition of cther,? and also by subliming
sulphur, e.g. from one w atch ¢lass into ancther acting as cover.? Pure
gas-frec sulphm prepared by distillation fivst in a strcam of carbon
dioxide and then in high vacuum vields only nacreous sulphur on
soliditying.¥

Under suitable conditions, certain chemical reactions will give rise
to nacreous sulphur ; the most satisfactory result is obtained by allowing
slow inter-diffusion of solutions of sodium thiosulphate and potassmm
hydrogen sulphate to occur.” Another method involves the gradual
decomposmon of sulphur chleride or bromide by the vapour of water or
methyl alcohol at the ordinary temperature.® 'The decomposition of
caleium polysulphides by hydrochloric acid,? and of hydrogen per-
sulphide by the addltlon ol alcohol, cther, cth\ I acetate or other o organic
solvents, also vields 5u;phur of the desired modification.

Nacreous >u1phur forms clear, pale yellow (almost colouriess), doubly
1et’1active leaflets of the monoclinic class, @ : b : ¢=1-06094 : 1 : 070944 ;
f=88-2°.10 The decgree of pearly lustzc1sLu'OM\rdovcn(‘(‘n onthe method
ol preparation. This form of sulphur is unstable and tends to change
more or less rapidly, without altuatlon in external forny, into sulphur I.
i.e. octahedral sulphur.'® The natural melting-point is i03-8° to
103-9° €., but, on account of its tendency at this temperature to undergo
conversion into sulphur Ii. (ordinary menoclinic sulphur), nacrcous
sulphur, when heated slowly, may give a mciting-])oint approaching
that of sulphur II.  In anv case thc erystals contain small percentages
ol - and m-sulphur : the ideal melting-point for pure nacreous sulphur
would approximate to 106-8” C. (scn p. 21).18

b Gernez, C«'})u};f‘ rend., 1833, 7 1477 . 1554, 98, 141, 1835, 100, 1584 Ber., 1884,
17, 41 ; 1885, 18, 492, Nee also Maquenne, Ball. Soe. cliim., 1884, 41, 233 1 Compl. rend.,
1883, 100, 1449, 2 Gernez, loe.

3 Payen, Cowpt. reid., 1832, 34, 456, 508 ; Bruhns and Muthmann, Zetsch. Kryst.
Min., 1890, 17, 348 ¢ Deville, Comipt. rend., 1852, 34, 534, 361 ; Debray, ibid., 1535,216,
576 ; Gernez, loc. col.: alko Zeitseh. [\)J~ M, 1886, 11, 186 0 Rover, Compl. rend.,
18539, 48, 845 Lchwmann, Zeitsch. Kryst. 3., 1877, 1, 1285 dAvallon, Compt. vend.,

564 58, 54 ; Bloxam, Chein. News, 1886, 53, 181.

Sabatier, Conpt, read | 18853, 100, 1346

Enge lmann, Zettsch. Kryst. w1889, 30, 605 5 Salomon, iud., 1894, 30, 605,

Farr and Macleod, Proc. Loy, Soe., 1928, [A], 118, 534.

Gernez, loc. cit.

Clocz, Compt. rend., 1853, 46, 485 : Bruhns and Muthmann, loe. cif.

Spica, Zedsclh. Kryst Min., 1886, 11, 409,  Sce also Wetherell, Lmer. J. Sel., 1863,
[ii.], 40, 330 ; Barilari, Gazzetta, 1878, 8, 178 ; Berthelot, dnn. Chi. Plys., 1857, [1ii.], 50,
376. 10 Salomon, loc. eit.

1t See Kohlschutter, Koll. Chem. Beihefie, 1027, 24, 319.

12 Farr and \Iadeod loc. cit.

3 Kruyt, Zeitsch. p/Lyu/ul. Cherm., 1913, 81, 726.
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SULPHCUR. SELEXNIUM. AND TELLURIUM.

line varicty of selenium is known corresponding
to nacreous sulphu lification ()l’&i_}]ph‘.n“ can i’m'm mixed eryvstals
containing between 35 and 66 per (ccut'.“o! s@lcmm:}. . .
Sulphur 1V Tabular Su/p/zm;.f—:hzs is anotier \'zu;:of‘\‘* of nono-
clinic or monosynietric ;sulplu_u‘ wmffh 18 c;_\;occ*,v(l}llgly ulns‘;zl»)Jc z:n(}% ha.s,
in consequence, been little investigated. ?\ hen the clear liquid
obtained by saturating an alcoho_] SQlkltl(Jl'l of :'?T:mnl;inus:x.: or sodium
\ide with sulphur is diluted with four times its buik ol aleohol and

Although no crystal
ur, this moc

sulpl h— . ]
then allowed to stand ai the ordinary temperature, nacrcous sulphur
At temperatures below 147 L, however, e.g.

(sulphur II1.) scparates. ral : G
at 5° C.. the deposit consists of a mixture of nacrcous suiphur with the
fourth érystalline fornm, or may even c.opsmt cntn'cl)i ol i,h.(f ialter. '
Other Crystalline Forms.—Iu addition to thgs Joz’cgmng‘ (”')'St_i}!1111(¢
modifications of sulphur, at least two others have been observed. When
using boiling sulphur as the heating agent in the outer jacket .<>." a .\'ict(;r
Mevyer vapour density apparatus, 1*1‘1.ed§:$.- n 3879, not;ccd. the forma-
tion of very unstable friclinic crystals inside the upper part of the jacket ;
these crystals rapidly underwent change into ordinary octahedral
sulphur. Various crystalline stuctures may be f)l)'scz'\fc(l when sulphur
condenses in droplets on a glass plate and solidifies.®  Such crystals

are also unstable. . »
By extracting with chloroform the aquecous solution obtained by

mixing concentrated solutions of sodium thiosulphate and hydrochloric
acid at 10° C., a solution is obtained, which, after evaporating olf the sol-
vent chloroform, leaves rhombohedral orange-yellow erystals of sulphurd
This form of sulphur is commonly knowiw as fowgel's rhoadohedral
sulphur, or S;. The crystals are usually prisis of specilic gravity 2-135.
Although it corresponds with the rhombohedral foris of selfenium and
tellurium,? rthombohedral sulphur is very unstable and. in the course of
a few hours, changes into a mixturc ol octahedral and msolubic sulphur.s

By crystallising sulphur {rom chloroform solution containing rabher
as a thickening agent and a few drops of benzomirile, twe other forims,
also claimed to be distinet allotropes, have been obtained” desionad od
respectively (- and yp-sulphur.  Both lorms are praciic: colonrless
and the crystals are doubly refracting; the former ervstailises in
rhombic plates and the latter in hexagonal plaies. )

Amorphows Swlphar.

* Insoluble Amorplous Sulpluwr 7 is produced. usually touether with
some sulphur soluble in carbon disulphide, by many reactions in which
sulphuris set free. Theslow decomposition of sal pivar eidovide or hronide
by water, which may require several days for completion. oives oy ery
stable form of insoluble sulphur® The acltion of mineral aeids on

b Muthmann, Zeitsch., Kiyst. Min., 1300, 17, 336, 398,
= Friedel, Bull. Soc. chon., 1879, 32, 114,

& Whitaker, J. Physical Chem., 1925, 29, 399.

P Engel, Compt. read., 1891, 112, 866 ; Ber., 1891, 24, 551, Nven, Zoddsel. physihal.

C’iaeéu.‘? 1914, 88, 321. ) O Lriedel, Compt. rind., 1891 122, 834, 866,
l)?eo also Gaubert, ibid., 1916, 162, 554 ; Bichowsky, J. Washington S ead. Nee, 1919,
9, 126.

* Rorinth, Zeilsch. anorg. Cheim., 1928, 174, 57.
¢ Borthelot, Compt. rend., 1857, 44, 318, 378 ; Clocz, ibhil., 1858, 46, 4x5 5
, e > 44, 313, ; i thid., 1S58, 46, 4855 1858
8195 Petersen, Zevtsch. physikal. Chein., 1891, 8, 6. v o 40, A5 1S5S, 47,
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solutions of thiosulphates and polvthlonates ! the oxidation of hydrogen
sulphide by sulphurous acid 2 or concentrated sulphuric ac1d,3 the
oxidation of hydrogen sulphide or metallic sulphides by nitric acid or
halogens,* and the incomplete combustion of sulphur compounds ® such
as hydrogen sulphide or carbon disuiphide, all vield some of this
sparingly soluble sulphur. It is interesting to note that all these
reactions occur in the presence of free acid which, as has been alre ady
mentioned, is {favourabie to the existence ol p- sulphur (p. 18).

In all plobabxllty the primary product when sulphur is precipitated
by chemical action consists entirely of the insoluble y-sulphur, but, as
soon as formed, this begins to change rapidly into the more stable
soluble crystalline form in a fine state of division. The presence of
halogens retards this change, so that a concentrated solution of bromine
or iodine, acting on a solution of a sulphide or polysulphide, will give a
product contamnm a higher proportion of insoluble sulphur than will
a more dilute solution. H\'drOGen lons also exert a retarding effect, so
that whereas the interaction of acetic acid or dilute hy drochloric acid
with a solution of a thiosulphate or polysulphide yields a product
entirely soluble in carbon disulphide, the precipitate obtained with
concentrated hydrochloric acid contains a considerable proportion of
insoluble y-sulphur.®

“ Flowers of sulphur ” (see p. 12), when freshly prepared, commonly
contains about 30 per cent. of insoluble sulphur, but this percentage
may vary considerably.” However, if sulphur vapour is condensed on
the surfacc of cold water or especially on the surface of a cold aqueous
solution of a mineral acid such as sulphuric acid, the proportion of the
inscluble amorphous modification in the deposit may be so high as to
render it the main constituent.®

The insoluble sulphur obtained by these various methods is some-
what inconstant in physical properties, but all the varieties are
included under the designation y-sulphur. They are generally loose
amorphous powders of pale yellow colour, the density ranging from
1:85 to 2-03.% They all have a tendency to change spontaneously
into soluble crystalline sulphm‘ the change at 116° C. being accom-
panicd by a shwht evolution of heat.!® Contact with a cold aqueous
solution of hw’noocn sulphide or of an alkali sulphide has a marked
accelerating éfteet on the change, as also has compression,'! or heat-

1 Berthelot, loe. et Fordos and Gélis, Ann. Chin. Phys., 1851, [1iv.], 32, 383.

2 Sobrero and Selwn, Awn. Chim. Phys., 1850, 1.}, 28, 210 ; de Luca and Ubaldini,
C(/m/// rend., 1867, 64, i200.

2 Berthelot, loe. cut.

1 \,elnn, J. 1 Phetim. Chimn., 1852, [0i.]), 21 418; Selmi and Missaghi, Cimento, 1855, 2,
381 W.i , Chem. \rzm, 1376, 34, 63.

3 B\thvluL !m, cit.; see also .\\b.ltlil Ber., 1385, 18, 493.

8 Smuth and Brow nlu, Zeitsch. p/zys[/;(./l. Chem., 1907, 61, 209 ; Brownlee, J. Amer.
Chein. Sve., 1407, 29, 1032,

T Peviile, loc. cil.; Domergue, Ana. Chim. anal., 1904, 9, 445 ¢ Taurel and Griffet,
Compt. rend., 1911, 152, 1182 Noyer, Cavulchoue et Guttu-percha, 1918, 15, 9661.

3 Nelmn, o, ed.; Muller, Ann. Phys. Chen., 1866, [1i.], 127, 404; Cross and Higgin,
Ber., 1883, 6, 1195,

Y Troost and Hautefeuille, Compt. rend., 1869, 69, 48; Detersen, Zeitsch. physilal.
Chein., 1891, 8, 609.

10 Petersen, loc. cif. : Berthelot, Compt. rend., 1870, 70, 941 ; Favre, J. Pharin. Chim.,
1853, [iil.], 24, 344 ; l avre and Silbermann, Ani. Chin. P]IJ\ ., 1852, [1il.], 34, 447.

T Threlfall, B;eallev and Allen, Proc. PUJ Soc., 1394, 56, 37 ; Judd Trans. Chem. Soc.,

1890, 57, 404.
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with aleohol or an animal or chctabl(% oil ; if the
1wtil it becomes (luid, the plmnm‘nmm ohserved will
be those alrcady described 1'01‘]‘quuid. sulpht}r. ‘)"J‘hlc‘ pl.'oﬂltlcj‘c’is lﬁ'i)m
© plastic sulphur 7 and from sodium tlnos}ulphatﬁ :1.‘(. 11 x}n??;’:‘ : ;o , cast
stable forms of ~-sulphur whilst those from tL(L ;SvUt;)'l.i-—' ;1?:_‘16 s are
relativelv very stable. By treatment with an .i}qumm:‘s}o:;f lon of a
mineral acid such as sulpllmrlc or sulphurous acid. the stability of the
- be increascd. oo )
Pmsli}ll;;tf:s lelggl}erL:uliItable conditions y-sulphur can retain ts nu{lp\'lduahty
for a considerable period is clearly de_monstrat;({ by ?hg Aa(:jc thatl
“insoluble sulphur ” has been 'f(.)xlmd in a specimen ,Oi I!()\\ ers. of
sulphur * prepared more than filty vears -‘prel. 1(v)u‘s_ly.' ‘IH(ILCC-d,-' d}e
presence of * insoluble sulphur ” serves as a trustwor Lh.\,f.ciw‘t?.a,c%_(‘mstlc}
of genuine " flowers ofsulp.hur 7 by which the fraudulent substitution of
powdered sulphur may easily be detected. o

When prepared by chemical methods, y-sulphur I frequ ently
accompanied by an apparently _amorphous powder \‘\mch i }‘md}l:\,f
soluble in carbon disulphide. 'This has becen 1'@3’&1‘(10(1, by some investi-
gators, as a definite form of su}phur and given the name soluble
amorphous sulphur ™ ;2 in reality, howeyer, it conslstg ol minute
spheroidal erystals of rhombic sulph.ur 1}9551b1§"togethcz“ with nacreous
sulphur.®  Another so-called 1‘no_dlﬁcat:10n of “amorphous sulphur,
described * as soluble in carbon disulphide but becoming insoluble on
evaporation of the solvent_, 18 prob.ab]y no (hsyinct form, but only a,
mixture of y-sulphur with finely divided erystalline sulphur.

It is probable that the inconstancy of the resuits obtained by
various investigators for the specific gravity and other characteristios
of v-sulphur Is due to contamination of- the substance examined with
other forms ol sulphur or with lorcign substances.  Such a probability
is increased by the description of a hydrated form of amorphous sulphur
the composition of which points to its being a definite hydrate, S,.11,0 ;
this compound is stated to be obtainable by the interaction of hydrogen
sulphide and sulphurous acid in aqueous solution.’

“ Mk of Sulphur  or * Precipitated Sulphur ™ of conmicree, which
is preparced by precipitating with acid a solution of caleiun polysulphide
(obtained by heating an aqueous emulsion of slaked e with finely
divided sulphur, sec p. 67) or of “liver of sulphur” (obtained by
fusing together potassium carbonate and sulphur), is also 1 mixture of
finely divided thombic sulphur with the insoluble amorphous y-sulphur,
It owes the paleness of its colour and its especial suitability for internal
medicinal application to its very fine state of division. v-Sulphur in
reactivity is very little different [roin ordinary crystailine sudphu?

28

ing.! either alone or
~-sulphur is heated w

boSmivh and Holmes, Zeitseh. physiled . Chem., 1903, 42, 165, Huceeve, S0 Pharm, Chime,
1923, [vin], 28, 223 ; Magnus, dun. Phys. Chon., 1854, ] 92, 308 ¢ Fordos and Géls,
dAnn. Chim. Phys., 1851, [iiL), 32, 385 ; Srodie, Proe. Loy, Soc., 1854, 7. 215 Berthelot,
Compl. rend., 1857, 44, 318.
2 Bert})elot,:~1/_w. Chuin, Phy«., 1857, [in }, 49, 430 : 50, 376 Compt.rond., IST0, 70, 911,
* Petersen, Zeitsch. physikal. Chen., 1891, 8, €08 : Muthmann, Zeitach. Nryst. Min.,
1890, 17, 342, 398.
431" See, e.g., Magnus, 4nn. Phys. Cheii., 1856, [11.], 69, 1455 Weber, thed ., 1870, |, 141,
5 Spring,.f{e(:. Traw. chim., 1906, 25, 253, See also Debus, Chem. News, 1888, 57, 7.
8 Sabbatini, Biochen. Zetsch., 1914, 59, 378.
\ i Peim de St Gilles, A7, C.Vzinh Phys., 1838, [iil.], 54, 49 ; Conipl. rend., 1838, 48, 398 ;
Muller-Erzbach, dnnalen, 1883, 18, 114 ; Schmitz-Dumont, Ber., 892, 25, 2659,
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m-Sulphur, a deep vellow amorphous form of sulphur soluble in
carbon disulphide, has already been described (p. 17).

Other forms of amorphous sulphur, which have been described at
Variom times in chonﬁcal literature, are the so-called ** blue sulplur >
and  black sulplwr ™ ; our present state of knowledge of these is far
from satislactory. and their existence as definite modifications of pure
sulphur is (111€St1011d])1€ especially in the case of the latter variety, the
colour of which appears to be due to small quantitics ¢f carbon or of
metallic suiphides.t

When a concentrated solution of ferric chloride is rapidly mixed with
fifty to one hundred times its velume of aqucous hydrogen sulphide
solution the liquid assumes a transient blue colour, sulphur subsequently
precipitating in the orvdinary yellowish-white form.? Sulphur with a
blue coloration is also obtained in tlic interaction of carbon disulphide
and sulphur chloride, for the preparation of carbon tetrachloride, under
the catalytic influence ol ferric chloride,

€8, -28,Cl,=CCl, +6S.

By submitting various metallic sulphides, e.g. those of bismuth,
silver, cadmium or zine, to the action of a sclution of sulphur chloride
in benzene or toluiene, a greenish-blue precipitate of sulphur is obtainable,
but the product invariably contains several units per cent. of mincral
impurity.?  The sx.(mc\hon that Ultramarine owes its colour to the
presence of a blue v amnty ol sulphnr appc*'us to have little probability,
especially in view of the sta mht\' of this substance towards heat,* and
indeed the true nature of the blue- or green-coloured precipitates of
sulphur, obtained by any of the alore-mentioned methods. requires
much more experimental investigation before the existence of a blue
or green medification of sulphur can be accepted.

Sulphur. however, dissolves in certain organic liquids, for example,
hot glyecrol or ethylene glyveol, and in pyrosulphuric acid, yiciding
clear blue solutions.”  (rvoscopic measurements with solutions in the
latter solvent indicate that the sulphur molecules are diatomic, and it
is to be assumed that this is also the case with the blue solutions in
organic solvents. Thus, in such solutions the sulphur is more highly
dispersed than in moest organic solvents, in which the molecules arve
octatomic.

The existence of a black formi of sulphur was fivst suggested by
Mitscherlich in ¥836. who ol,su\(“" that in the presence of very slight

traces of organic impuritie pldsm sulphur could be obtained with a
very deep or even black colunr the necessity for the presence of
L Neumann, Zelisch. angow. Cheni, 1017, 30, 1., 165,

2 Wohler, Awnalen, 1853, 86, 373 : Voucl, . ’ Phearic. Chim., 1856, (1], 29, 433, Sece
also Sehift, L unalen, 1860, 118, GS.

5 Oriofl, J. Russ, Phys. Clitom. Noc., 1901, 33, 3975 1902, 34, 52, Sce alse Stock and
Blix, Ler., 1801, 34, 3039 0 irdmann, cAenaden, 16908, 362, 1331 von Weimarn, oJ. Russ.
Phys. (thein. Soc., 1915, 47. 2177 Guareschy cAite R Aeead. Seio Torco, 1916, 51, 9515
Rohland, l\'/J/n[f/-Ze iseh, 1915, 16, 145 0 Ruil and Gewsel, Berl 1905, 38, 2659,

U Paterno an(l )Ivzuuh(l At R deead Logeei, 1907, Tyl], 16, 3., 4655 Puchner,
Kolloid-Zeilsch., 5. 16, 145 Hottmann, Zeitsel, Chein. Lod. Kolloide, 1912, 10, 275.

2 von We mmx n. /. Buss, Phys Chene Noe V915, 47, 2077 0 Nollo Chew Beibiefle, 1626,
no AR - Oetwald and Avevrhach  Aolloid-Zeil<eh 1240 28 229G - Avuerbach
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forcign matter, however, greatly discredits any claim of this variety
to be a distinct allotropic form.

Sulphur thus presents a most re.mark'a.ble ex"an}p]c o[ ;.)5}}*.1\.11(;;1:}031.1{.1'511'1,
Indeed. on account of the complexity of its bclnax 1oty n:» Lis direction,
much further investigation will be required 1‘)0!91}‘0} any :?T.tempt at a full
and general interpretation of the phenomena will be possible.

COLLOIDAL SULPIIUR.

Colloidal sulphur, sometimes designated  S-sulplur, <_;ox1.sists of
sulphur in such small particles that these can remain suspended in
water as a “ colloidal solution.” Such a suspension i 1'cadl:1y ior‘mg,d by
rapidly pouring an alcohol solution of sulphur into water,* or 5‘111‘11Aa1‘1~y
treating a solution of sulphur in hydrazine I:y(‘h"ate.— . deh{?(‘hc
pulverisation, as applied commonly to the pi'()ducb‘xoz.y‘m colloidal
solutions of metallic substances, has also been successfully extended
to sulphur.? ' ) ) _ ]

When hydrogen sulphide is passed into a SOI.L{I‘.K)H ol gulphyurous acid
(see p. 128) some of the sulphur remains in colloidal s()!_iztmn: tpc amount
and degree of dispersion depending on the concentration of the sz.lip_’nur
dioxide.t both increasing to a maxinuun as the Iatter ficcrcascs aind then
falling rapidly ; the degree of dispersion ol the suipi':ur 1‘]‘.}15 decreases
with its concentration. The Lormation of sulphur sol by the action of
hyvdrochloric or sulphuric acid on aqueous solutions ol sedivm thio-
sulphate decrcases with inereasing concentration of the reactants and
also decreases somewhat with lowering of temperature.  After the
formation of sulphur sel by these cherical methods, the mixture should
immediately be floceulated by the addition of pure sodium chloride
and the precipitate separated by centrifuging the lguid.  The suiphar
obtained is largely redispersible in water, forming a hyvdrosol, any un-
dispersed portion being removable by sedimentation.?

On account of the tendency of the suspended particles to coalesee,
colloidal solutions of sulphur are generally shorvt-lived. fhe stability
of the solutions can be increased by the addition of a ** protective
colioid 7 such as albumen or gelatine. The action of hyvdrochioric
acid on sodium thiosulphate solution yields a colloidal solution which
is more stable if the rcagents are used in a concentrated condition,s
but the life of the unstable colloidal solution obtained with dilute
reagents can be extended by the addition of gelatine.  Also, by pre-
paring the sulphur in a wet way in the presence of albumen, the

ibid., 1854, (1.}, 92, 308; Keller, Bull. Soc. chim., 1865, [il.}, 4, 346 ; Knapp, J. pralit.
Chem., 1888, 111.], 38, 48; Ber., 1891, 24, 615, Sce also Jones, Chem. News, S8, 41, 244,

! von Weimarn and Maljisheft, J. Russ. Lhys. Chein. Soc., Y910, 42, 481, )

2 Meyer, Ber., 1613, 46, 3030 ; Ostwald and Bue v, Kolloid-Zedsch., 1927, 43, 353.

9 Maller and Nowakowski, Ber., 15053, 38, 377¢

P Odén, Nowa avta, Upsala, 1913, [iv.2, 3, No. 4, 1.

> Cf. Ralio, Zeitsch. Chein. Lnd. Kolloide, 1908, 2, 358.
¢ Lobry de Brayn, Ree. Trav. chism., 1000, 19, 236, Sce also Raflo and others, Zedseh.
Chem. Ld. Kolloide, 1910, 7, 158 ; 1911, 9, 585 1912, 10, 278 ; 11, 121 ; I\'u//fm/iZ(z/,w'//.
1913, 13,239 ; 2, 1915, 45, 1., 119 also Gavard and Colt, J. ~tines. Cheon. Noe., !‘.i‘_’Ti
49, 6305 Lora and Tamayo, Anal. Fis. Quim. (Tecn.), 1929, 27, 1. PForthe influcuce of
mercaptan., see Iwase, Kollotd-Zeitsch., 1028, 45, 31.

o
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precipitate can subsequently be washed, dispersed in water containing
a trace of alkali, and the sulphur obtained [inally as a greyish-white
amorphous substance by dialysis and evaporation of the celloidal
solution : the product contains 93 per cent. of suiphur and cn dispersion
in water gives an opaleseent sol.?

Sulphur sols may aiso be prepared by intensively grinding together
pure sulphur and grape sugar in an agate mortar and treating with
water.?

Fighly dispersed sols, containing up to 0-082 per cent. of sulphur,
may be obtained 3 by passing superheated sulphur vapour, free from air,
into air-free watcr. The sols have an acid reaction due to traces of
polythionic acids and hydrogen sulphide. They are white and remain
stable for several weeks.

Sulphur sols gencrally are opalescent, with a vellowish-white to
vellow colour; when viewed by transmitted light they commonly appear
bluish, but i freshly formed may exhibit successively the colours
vellow, green, red, violet and blue.  Such colour changes, which depend
upon the degree of dispersion of the sulphur. may conveniently be
shown? by adding a dilute selution of phosphoric acid to N 25 sodium
thiosulphate solution.  The vellow or brown colour produced by sulphur
in sodinm-caleium silicate glass 3 is not due te colleidal sulphur, but
is probably caused by the formation of polysulphides.t

Colloidal suiphuor is usually hydrophilic and capable of absorbing
water to a considerable degree. The absorption is favourcd by the
presence i solution of small amounts ol acid or salts of wnivalent
metals, but salts of bhivalent metals hinder the absorption and cause
precipitation.”  Sols prepared by von Weimarn’s mcthod, i.e. by pouring
an ualechol solution of sulphur into water, are, however, completely
hyvdrophobice.s  They are negatively charged and are readily coagulated
by electrolvtes ; alkali salts have a ten to twenty ftiies stronger
coagulating action on them than on sols prepared by the interaction
of" hvdrogen suiphide and sulphurous acid, or tie decomposition of
thionic acids. It is evident that the micelles in the twe types of sols
are not identical ; the sulphur is in a highly polymerised condition and
the hydrophilic colloid appears to contain pentathionic acid ; this acid
can be detected in the filtrate after coagulation. Jorcover. hydro-
philic sols are produced by reactions which yicld both sulphur and
pentathionice acid, as in the decomposition of sulphur moncciioride by
water :

35,01,-- 6,0 == 55 --11,5;0,-- 16 HCL

A suiphur sel containing sulphurie acid and sodium sniphate, whick
act as stabilisers, has an cleetrical conductivity lower than that of a
similar sclution containing no colloidal sulphur: the {reczing-point is

1 Chemische Fabrik voo Heyden, Gemun Patent, 164664 (1905) © S Soce Chen. L.,
1906, 25, 284 : Himwmelbauer, Zeitseh. Chew. Lud. Kolloide, 1909, 4. 307.

= von Weimarn and Utzino, Wem. Coll. Seio Kyoia, 1925, A, 8

& Guibier, Zettsch. anorg. Chem., 16926, 152, 163, Sce also Winkler and Giller, Geimrn
Patent, 431505 (1925) 3 Dictler, KAollowl-Zeitseh., Y047, 21, 27,

VoAuerbach, KNollowl-Zesch,, 1920, 27, 2 See also n. 20,
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also higher.! II suc
to the (xlal\ sed solu
in the amounts oii
resulting solution wiil

Hoidal sulphur soluti

RN ;)1 ion is dialysed, and then
shurie acid and sodiwm sulphate are added
'(*scnt, the clectrical conduetivity of the

> the same higher value as a similar solution
rei

{rom which the sol h?s been 1 K ‘?“(’ It must be assumed therefore
o fipet Pormied R T T 3
that when the sol is first formec the suiphur reacts i some way with

the electroiytes, pmi,a biy causing a change in Hmir physical nature, this
resulting in a reduction in clectrical conducetivity and osmotic presxurlb
Further quantities of the (*‘i(“f-,tr \‘L(x added dﬂcl f.'(* formation of L}C
colloid are not affected by the olloid. e

The tr nnsio‘mmu\n. of ni :icic acid to hm aric acid is accelerated by
the presence of colloidal st Iphur.? 3

Grxinan Povsican Prorerrins oF Svnraon,

! h 1 s vk et rierta o RS e N \
Solid sulphur docs not e o1 n|( ¢ cleetrietty appreciably 3 and so forms

: nveniend insuiating maf rial for some purposes, RN

e ; isee ontvoas 1 Nt ot S C 00 N .

: q 1 = e ‘[ i . insu ating conmpounds or
mixtures. Viien rined, sulp l'm becomes neg u\'(-ly charged, ﬂUl()UOl
on exposure 16 winen radiation it beeomes charged posiltively.t vm]Lon
sulymm conducis cleetricity :1})},“.(13. v thUuml 1“1‘)i'];fi(g mlv
('mm")m(- in part to this characieristic behavionre The condue h\lt\'
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SULPHUR. 33

On account of its low heat conductivity solid sulphur brcaks recadily
when warmed, the uneven expansion caused by the warmth of the hand
being sullicient to cause an audible sound of cracking.! The following
values for the thermal conductivity of sulphur over the temperature
range 20° to 210° C. have been obtained: 2

Form. i Temperature, ° C. ! Cogclllslc:iritilty.
Rhombic 20 0-00065
. 40 0-00061
s 60 0-0003
s 80 0-00053
. 95 transition 00003 4
pomt
Monoclinie 100 0-00037 to
0-00040
Plastic 20 0-0002
Liquid 115 (m.pt.) 0-00031
. 120 0-00031
" 140 0-00032
' 1607 transition 0-00033
. 165  point 0-00033
" 170)  region 0-00034
' 190 0-00036
5 210 0-00037

The latent heat of fusion of solid sulphur varics with the diflerent
allotropic forms and with the temperature ; it is lowest for octahedral
sulphur ; it is also influenced by the proportion of insoluble sulphur
(y- or p-) in the original solid and in the liquid formed.® By clectrical
heating at the melting-point, the latent heat of fusion of monoclinic
sulphur has been found to be* 8:85 gm.-cals. per gm.

The latent heat of evaporation of sulphur (within an cstimated
accuracy of 2 per cent.) is 79.°

As has alrcady been mentioned, the behaviour of molien sulphur
on crystallisation is of a complex nature and dependent largely on the
previous temperatures, the rate of cooling and the temperature at which
erystallisation begins.®  Occasionally erystallisation occurs in arvhythmic
manner, giving rise to an annular appcarance in the structure of the
solid mass.” The erystallisation of undercooled molten sulphur is stated

b Daguin, Compt. rend., 1845, 20, 1667.

2 Kaye and Lhegins, Proc. Roy. Soc., 1929, [A], 122, (33,

8 Lewts and Randally J. Awer. Chen, Soe., 1911, 33, 476 0 1914, 36, 2463 ; Wigand,
Zeilsch. physikal. Chem., 1908, 63, 273, Tor the heat of vaporisation, sce Tranbe, Ber.,
1898, 31, 1362.

U Swratton and Partington, £l Meay., 1922, 43, 442 1 cf. Wigand, loc. cit.

5 Awbery, Proc. Physical Soc., 1927, 39, 417.

8 Gemez, Compt. rend., 1876, 82, 1153 : 1883, 97, 1298 Duhew, Zeitseh. physilal.
Chem., 1897, 23, 234 ; Tammann, tid., 1897, 23, 326 ; Gaubert, Compt. rend., 1916, 162,
554,

? Fischer-Treuenteld, KNolloid-Zeitsch., 1915, 16, 109 ; Kobler, Kolloid-Zeitsch., 1915,
17, 10. ’
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34 SULPHUR, SELENIUM, AND TELLURIUM.
to be aceclerated by the action of radium radiation, probably by the
B-rays.! . . o o« T Tent ol

In the molten cendition the density of fplphur s dependent only
on the temperature, provided that tlhc.eql_uubrmm.‘Lc'm}(u?on between
A-sulphur and p-sulphur has been attained : at ?]jon (',..)tfle de ity is
1-511. the value then rising somewhat up to about 160° .2 then steadily
faHinQ‘ to 1-480 at 446° C. The coefficient of cxpansion has l?ccn
mcasured by several investigators,® but on account of the complications
introduced by the gradual readjustment of the equilibrinm at new
temperatures, the results are 11(;"[ a]togc;ethcr conpordant, '?.I‘th.ough t,h‘ey
supply confirmatory evidence of the existence of the equilibrium.  The
mean specilic heat of mobile sulphur is 0-220 and ol viscous sulphur
0-290.4

The remarkable variations in the viscosity of molten sulphur have
already been mentioned.  Definite measurenients have been made at
a serics of temperatures by the method of rotating evlinders,” and it has
been found that exposure of the liquid to air, especially below 160° (.,
has a marked cffcct on the viseosity from 166° C. onwards. The
viscosity of purified (twice distilled but not gas-free) sulphur has a
value at 123° C. of ¢-1064 C.G.S. units; this lalls to a minimum of
0-0709 at 1507 C., rises gradually up to about 1397 C., then rapidly
increases above this temperature; an exact transition point is not
observed, however. The maximuwm for purified unexposed (gas-frec)
sulphur occurs at about 260° C. and has a value of 215 C.G.S. units.
For purificd (not gas-free) sulphur after prolonged exposure te the air,
the maximum cceurs at about 130° C. and may have a valuc as high
as 800 C.G.S. units.  Such high viscosity appears to be due to impuritiés,
the chief being sulphuric acid, resniting from exposure to the air:
sulphur dioxide and ammenia in sclution also have an appreciable clfeet.

The surface tension of liquid sulphur has been determined for
different temperaturcs by several workers, whose results, however, are
not in harmeny.8 Kellas,” in disagreement with the data of carlior
workers, maintains that the surface tension of sulphur faiis continuonsiy
frolm the melting-point to the boiling-point, and gives the (ollowing
values:

119-4° C. . . L 6046 dvnes per em.
156 ° C. . i
280 < C. . . ) .48 .
415 <C. . ) ) .89

Although sulphur exerts an appreciable vapour pressure at the
ordinary and slightly elevated temperatures,® the boiling-poine is not

b Frischaver, Compt rend., 1909, 140, 1251.
) * Ramsay, Trans, Chen. Soc., 1874, 35, 463 ; Drugman and Ramsav, J. lwer, Chen
Soe., 1895, 17, 1228 ; Avons, Aix. Phys. Chen., 1394, Tm.), 53, 106 : Mondaun-Monal ‘1-1(1.
Schaeider, Compt. reid., 1928, 186, 1356. ’ .
¥ Toepler, dun Phys. Chesn., 1892, i, 47, 169 0 Seaichiione, Gazzeitn, 1877 7, 501
Despretz, Compt. rend., 1838, 7, 34905 Kopp, <dwiclei, 1853, 03, 129 1,’1\n1, i .
1874, 4, 20 ; 1877, 7> 35375 Deville and Troost, Ber., 1880, I3, 2014, '

1 Mondain-Monval, Comipl. rend., 1026, 182, 58. . v,

¢ Farr and Macleod, Proc. Roy. Soc., 1920, [A], g7, SC.

X ¢ Pvlﬁzitl, GFazzelia, 1877, 7, 3575 Zickendraht, 470, Physil, 1906, v ], 21,1
Bull. Soc. clam., 1008, [iv.], 3, 764 ; Rudge, Proc. Coumb. I'hal. Soc., 1510 16
‘ I\tell:ls. Trans. Chom. Soc., 1918, II?;, 903. R

8 Krativ and Merz, Ber., 1603, 36, 4344 ; Jones, Wem. asichestor P Ril. Soe., 1455 2, 50,

1t
zioli,

; Capelle,
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SULPHUR. 35

reached until 444-60° C. (at 760 mm.).! This temperature is a definite
constant 2 and enables sulphur to be used as a solvent for the ebullio-
scopic uetcrnun ition of molecular weights,® the following * molecular
formulic 7 having been determined c_\perlmentally for the respective

‘elements dissolved in sulphur: Se,.,, Te.,, As;., and Sb;.,. The

boiling-point () at various pressures may be obtained {rom the equation : ¢
t=444-60-+0-0910(p —760)—0-000049(p —760)>.

The refractive index of liquid sulphur has been investigated and is
found to decrease up to 160° C. and then increase above that temperature.

With regard to the spectrum of sulphur, the most persistent lines in
the emission spectra are of the following wave-lengths (1) : ¢

18074 4694-2 6212-8
1820-5 46955 9228-2
1826-4 4696+ 92377

On vaporising sulphur in a coocled hydrogen flame, or on passing
fecble electric sparks through the vapour contained in a Geissler tube,
a band spectrum is obtained consisting of a series of bands sharp on the

[14], 15 Moss, Sci. Proc. Roy. Dublin Soc., 1906, 1, 105 ; Cross and Higgin, Ber., 1883,
6, 1195 ; Brame, dwun. Phys. Chem. Beibl., 1881, [iii.], 5, 856 ; Bertl Jolot u())/]l[ rend.,
1883, 100, 1326 ; Dewar, Proc. Roy. Scc., 1865, 14, 7; Porter, FProc. Chem. Soc., 1898, 14,
65 3 G;uunu, J. Aoer. Chem. Soc., ‘JU:, 29, 1396 ; Ruft and Graf, Zeitsch. anovig. (Jzem
1808, 58, 209 ; Ber., 1907, 40, 4199 ; Chavastelon, Compt. rend., 1923, 177, 1040, 1217.
Lor the measurement of the vapour pressuz'c at different temperatures, sec the last two
references ; also Matthies, Plysilal. Zeitsch., 1908, 7, 307 ; Mueller and Burgess, J. dmer.
Chem. Soc., 1919, 41, 745, Ior an investization of the rate of sublimation of sulphur
between 257 and 30° C.. sce Tucker, Tud. Eng. Chem., 1929, 21, 44.

1 Chappuis, Bur. Int. Poids s, 1917, Mem. 16 : Eumorfopoulos, Proc. Roy. Soc.,
1908, [A], 81, 339; 1914, [A], 90, 189 ; Callendar, tbid., 1908, [A], 81, 363; Callendar and
Moss, iltnd., 1909, [A], 83, 106; Callendar and Gniffiths, ibid., 1591, 49, 36; Day and
Sosman, J. Washinglon Acad. Sci., 1912, 2, 167 ; Ramsay, Trans. Chom. Soc., 1879, 35,

463 ; Carnelley and Williams, 2bid., 1878, 33, 281 ; Hittort, Ann. Phys. Chem., 1865, [1i.],
126, 196.

2 Meissner, Ann. Physik, 1912, {iv.], 39, 1230.

8 Beckmann and Licsche, Zeitseh. anorg. Chen., 1914, 85, 31:

! Aueller and Burgess, loc. cit.

5 Mondain-Monval and Schncider, Compt. reid., 1928, 186, 1356. Tor refractive
index and dispersion of suiphur vapour, see Cuthbertson and Mcetealie, Proc. Roy. Soc.,
1608, [Al, 80, 411. Tor the refractivity of sulpbur in organic compounds, sce Price and
Twiss, Trans. Clem. Soc., 1912, 101, 1259 Delépine, dun Chim. Phys., 1912, [viii.],
25, 528,

S Jaiernational Criticad Tables, National Rescarch Couneil, ULS AL, 1929, v, 324, See
Plocker and Hittorf, Proc. jm// \w 1861, 13, 1'2}: Phil. STag., 1864, [iv.], 28, 64;
Secuin, (»"'II///I rend., 1861, 53, 1 alu .. 68. 4041 1871, 73. 55 Hartley,
Plal. Trans., 1893, 105, 161 : de (mmmm C’mmpi rend., 1894, 119, 681 Evershed, Phal.
Mg, 18495, ,Vx . 39. 460 : Runze and Paschen, A, € lllu( Phys., 1857, [ni.], 61, 669
ancken, Zeatsch. anorg. Chen., 1898, 18, 86 ¢ Eder and Valenta, ;S'z/:iiu(/.\'[u ro K. Alad.
Wiss, dieen, 1898, 67, 975 Exner and Haschek, /10e Speltren der Elemente bel normalen
Druel, Wien, 1002, vol. 31 Melssner, Physifal. Zellsch., 1914, 15, 668 ; Stark and
Kunzer, A, _[’//z/ezl 1014, v, Bowen and Millikan, Phys. Revicwr, 1925, 25,
295, 501, 600 ; 26, 150 : Bun o Physile, 1625, (v, 76, 709 1 Bhattacharvya,
Pioe. [1’4’:]/, Soe., 1920, [A]. 122, »l](n N u!m/r‘, 1928, 122, 241, For hicher order spectra,
S L, see Bloch and Bloch, Compt. reid., 1927, 185, 7611 19249, 188, 160 : Gilles, ibid.,
1928, 186, 11049, 13534 1 Lacroute, ibid. 1028, 187, 975 J. Phys. Radvwm, 1928, [vi, 9,
180 : Ingram, Phys. Revicwe, 1928, [0.], 32, 1720 S 111, sce Gilles, Comnpl. iend., 1929, 188,
63, 320. N 1V, sce Bowen, Lhys. Review, 1928, [1i.], 31, 34, For the mtluence of argon on
the spectrum of sulphur, sce Johnson and Cameron, Proc. Roy. Soc., 1924, [A], 106, 195;
McLennan, Ruedy and Howlett, Trans. Roy. Soc. Canuada, 1928, [1i.], 2z, 111., 79.
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¢ hut shading off towards the red and extending right across

36

violet sid

the visible region.? , ‘
The ('hdll(f(‘\ in the absorption spectrum of sulphur vapour over the

range +00° to 1200° C. have already been menhoncd (p- 15). In the
ultm -violet region the spectrum has been inv estigated 2 over the range
100° to 1000° C. under low pressures (0+5 to 33 mm.) using a continuous
spark under water as a background. Below 250° C. continuous absorp-
tion occurs bhetween 2700 and 2500 A, but at higher temperatures, as
S, molecules appcar, and under (‘-o mm pressure, a band spectrum
hetween 2027 and 2718 A appears, which, with rise in temperauuo
continues to extend until it covers the region 3700 to 2475 A, It js
then composed of three distinet sets of )ands, viz.

(i) 3700 to 2794 A, bands of fine structure ;

(1) 2794 ,, 2592 A, narrow bands without fine structure ;

(1) 2592 ,, 2475 A, broad continuous bands.

There is a band of maximum absorption 3 at 2750 A.
The luorescence spectrum * of sulphur vapour uncer excitation by
light from a mercury arc gives a series of bands extending over the

visible region.

The aosorptlon of light by thin layers of sulphur (-3 mm.) at 0° €.
is continuous from thc ultra-viclet to 4080 A, and extends a further
20 A towards the red for every 10° rise in temperature up to 300° C.,
no discontinuity, such as might be expected (see p. 15), being observed
in the neighbourhood of 160° C.

The absorption of ultra-violet light by colloidal solutions of sulphur
has been examined,® and is found to vary with the size of the colloid
particle, approaching a limit corresponding with the amount absorbed
by a molecular solution of sulphur in alcohol.

CHEMICAL PROPERTIIES OF SULPIIUR

Sulphur is less clectronegative than oxygen and the halogens. It
combines directly with most of the elements notable cxecptions being
nitrogen, gold, platlnum and beryllium.

When heated in oxygen or in air it inflames near 260° C.7 with

b Salet, Ann. Chim. Phys., 1873, [iv.], 28, 37: Conpl. rend., 1869, 68, 404 ; Cernez,
thid., 1872, 74, 80435 Nichols and Snow, LLid. Iag., 1891, [v.], 32, <01 : de Gramont,
Compt. rend., 1896, 122, 1326. '

* Henri and Treves, i6id., 1924, 179, 1136 1 Nuture, 1924, 114, 391, Sce also Shy arer,
Trans. Roy. Soc. Canada, 1924, i), 18, 111., 145 : Rogen, /(//\(// /)/n/w/ 1927, 43, 64
1928, 48, 545 : Gilles, Coupl. iend., 19249, 188, 1607.  The - ray spectia have heen myvesti-
gated by Lindh, Conpt. rond., 1922, 175, * 25 ; Hopfield and Biee, Nature, 1023, 112, 437,
790 ; Hopfield, P},ys Rericw, 1925, ’u 1. 26, 282 ; Bowen and Milbkan, dhed ., 1925, (.. 23,
59, 293, 6005 Ray, Phil. Mug., 'J’w L\x] 50 505 Robinson, ,\u/am, 1925, =135, 45 ;
Allison. J. Waskington Acad. Sci., 1926, 16, 7. For spectral frequencics in the redion
between light- and N-rays, see Hol\\ eck, C'ompl. rend., 1925, 180, 266, 6585 -/, Chim. phys.,
19253, 22, 311. '

# Norrwsh and Rideal, Trans. Chem. Soc., 1924, 125, 2070 ; Craham, Proe. Jloy. Soc.
1910. [A], 84, 311. ' ’

* McLennan and W .11(1\tmn Plyssc Recicw, 19271300, 20, 208 ¢ with Gravson Smith
Phil. dlay., 1927, [\n [+3. 390 3 Rosen, Zeitsein, Physil, f027 43, (4. ) )
5 lul\n. G Meme Coll. Sea. ]\I/u/u, 192 1, 4, 351, ’
Pibblad, Zeitsch. physilal. Chen., 1"[/ 92 ~1~/1
) " Blount. Chem. News, 1890, 61, 108, 153 ; 1, 1bid., 18390, 61, 1250 Lhearm. , 1907
[iv.]. 24, 258 ; Moissan, Compz‘ /rn/l IJUJ, 137, oh; McCrea and Wilson, C/z(m \r,m ;
1907, 96, 25. ’
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formation of sulphur dioxide and a little sulphur trioxide (see p. 103).
As would be expected, the atomic heat ol combustion t of octahiedral
sulphr (71,080 calories per gram-atom) is less than that of prismatic
sulphur (71,720 calories) i considered at the ordinary temperature, the
dificrence being equal to thie heat of transformation of the one form into
the other. Acecording to Mondain-3Monval,? however, the transition
S, = S5 absorbs only 87 calories per gram-atom.

At 2007 C. sulphur can undergo slow oxidation,® manifested by a
distinet phosphorescence ; # oxidation can alse occur even at the
ordinary temperature,® especially with finely divided sulphur in a moist
condition. * Flowers of sulphur,” when stirred with water, usually
imparts a lfeeble acid reaction to the liquid. o this slow oxidation
probably is to be attributed any beneficial effects resulting from the
customary introduction of lumps of sulphur into dogs’ drinking troughs
(¢f. p- 12).

Sulphur is soluble in sclutions of the sulphides of the alkali metals,
including ammonium, with the formation of yellow solutions of poly-
sulphides.® The alkali carbonates and the hydroxides of the alkali
and alkaline earth metals, in aqucous solution, also dissolve sulphur,
producing sulphides or polysulphides together with thiosulphates and
sulphites. In all probability the ideal cquation for hydroxides is :

6MOH - (n—2)S=2131,8, --31,8,0, + 311,0.

The main polysulphide products are trisulphide, tctrasulphide and
pentasulphide, but on account of the tendency of the polysulphides to
decomposce, vielding thiosulphate and hydrogen sulphide, the quantity
ol thiosulphate usually exceeds that indicated in the equation.? Loss
ol sulphur by the thiosulphate yields sulphite.® The so-called ™ lime-
sulphur 7 washes, used as insccticides 1 agricultural work, are obtained
by treating sulphur with milk of lime in this way.?

Many metals combine readily with sulphur; for example copper in
the form of foil or wire and the vapour of boiling sulphur react so
vigorously, forming cuprous sulphide, that the metal becomes white-
hot ; 10 sodium burns brilliantly on molten sulphur.  The reaction

Thomsen, Ser., 1880, 13, 939 ; Petersen, Zeitsch. physilal. Chei., 1891, 8, 609.
Mondain-Monval, Congpt. rend., 1926, 182, 38.

Bodenstein and Karo, Zeitsch. physilul. Cheni., 1510, 75, 30.

Mulder, J. praki. Chem., 1863, o1, 112: Joubert, Compl. rend., 1874, 78, 1833 ;
Heumann, Ber., 1383, 16, 1395 Schwarz, Zedsch., cnal. Chom., 1883, 22, 531 : Jacobsen,
Ber., 1883, 16, 4785 Bioch, Compl. rend., 1509, 148, 782 ; Watson, Chem. News, 1613, 108,
187 : Emeciéus, J. Chem. Soc., 1928, p. 1942,

5 Mouwssan, loc. cit. 3 Maly, Monalsh., 1880, 1, 205 ; Pollacel, Gazzetla, 1874, 4, 177, 245,
469 5 Bo