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THE EXTRAORDINARY WORLD OF SULPHUR
PART 1

Abstract: Sulphur is a highly reactive element, and is tleeeeable to enter into a great variety of chemical
combinations, resulting in the formation of compdsinof widely differing properties. Reactions invialy
sulphur, and the compounds which they produce, tsiveulated and inspired people throughout the .ages
Sulphur has always been associated with volcarfoes, and smells. However, its story goes muchhimnt
Sulphur is present in thousands of products ottrenical industry, which are in everyday use. Theskeide car
batteries, car tyres, matches, paints, paperdéexfiood, detergents and pharmaceuticals. InJpaftthis essay,
the evolution of the role of sulphur in the histefymankind is explained, through the eyes of etpgw geology,
literature, art, and chemistry. In part 2 the rolesulphur in biochemistry and chemical technol@gyeviewed.

In so doing, a case is established, to show thghsuis the most extraordinary substance knowxaa.

Keywords: sulphur, sulphuric acid, sulphur dioxide, alcherhemistry, technology

Introduction

From the wonderful experience of a giant pyrotechdisplay, to the joy of riding
a bicycle, to the exhilaration of soaring high adav rocky mountain valley on a hang
glider, from the simple satisfaction of washinghdis, to the euphoria of being cured from
an illness, or the delight of looking at a freshigind painted wooden floor and the
inspiration to handwrite a poem with brown ink orwhite sheet of textured cartridge
paper, sulphur has been at hand since the davimefté stimulate the human imagination.
No other substance on earth could possibly hava me®lved in so many different ways,
and done so much for humanity.

Sulphur’s role in history is examined with a pautar focus on its chemistry, thus
presenting the case that sulphur is, the most texhbr substance ever known.

Etymology

Evidence of the knowledge of sulphur in ancientesnarises from references in early
languages, the oldest of which is Sanskrit. This wa Indo-European language of India,
and the sacred language of Hindu scriptures. Adegrtb the eminent teacher, author and
scholar Eric Holmyard [1], the worsliphur is the Latin derivative of the Sanskrit word
sulvari, which meangnemy of copper [2]. Thus not only did the Hindus know of sulphur
some 5000 years ago, they also knew the reactigs @&pour with hot copper.
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Today we can easily reproduce this reaction inh@alcchemistry laboratory. Figure 1
shows a sample of copper foil being strongly heaetoiling sulphur vapour. The red
glow shows the reaction. Figure 2 shows the resultdlack brittle solid
(copper(l)sulphide), alongside a piece of unreactggber foil. It is possible to see from
this reaction, why sulphur might be described assemy of copper.

Fig. 1. Copper meets its “enemy”

Fig. 2. Copper, before and after “destruction”

Another word which is synonymous with sulphur is tiow obsolete tertrimstone.
This originates from the old Englishrynstan, which is similar to the old German
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brennstein, both of which meant “burning stone”. Figure 3 wkoa lump of roll sulphur
burning in a pool of burning molten sulphur. TheGtcteristic blue flame is barely visible
in daylight - the only sign of combustion is thewlbut continuous stream of acrid sulphur
dioxide fumes.

Fig. 3. Burning sulphur, ddrimstone

From Ancient Greek, in which sulphur weion, the prefixthio has been derived, to
denote some sulphur containing compounds, suchodsirs thiosulphate or sodium
tetrathionate.

Various discussions have taken place to decide conaistent spelling of sulphur in
the English language. In 1990 the Internationalddnof Pure and Applied Chemistry
(IUPAC) adoptedwulfur as the preferred spelling, although the spekidghur continues to
be widely used. The reason for this change wastligatvord ‘sulphur’ does not originate
from Ancient Greek, in which the letters “ph” arerived from “phi” [®], but rather the
Latin ‘sulfur’ (3 century AD). Interestingly, the letter ‘f * has dve accepted in other
European languages eagufre (Spanish),schwefel (German),soufre (French) andzolfo
(Italian) [3].

The symbols for sulphur have also undergone maapgds throughout the ages. Two
of several different symbols for sulphur are givere, both from the same source [4].
Figure 4 shows the alchemists’ symbol for sulphwihijch is listed among a variety of
substances, whereas Figure 5 gives a completdigrelit symbol, which is based on its
inclusion with combustible elements. The contexthimi which the symbols are given
reflect the difficulty which early chemists experied, in classifying substances.
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Fig. 4. Alchemists’ symbol for sulphur
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Fig. 5. Haffenfratz and Adet’s symbol for sulphur

In 1808, the English chemist, physicist and metiegist John Dalton [1766-1844]
published a substantial work (560 pages), in whielsummarised all chemical knowledge,
which was still just possible in those times [5]heTl quintessential part of his new
philosophy was his Atomic Theory, which was to ptakey role in the development of
chemical theory. In conjunction with this theorg proposed a set of symbols to represent
atoms of each element. Sulphur was representeccimsle with a cross, and the elements
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were arranged in order of increasing atomic weitfte,concept of which had only recently
been established. Figure 6 shows a table of synfbolsis elements, which are taken from

his great work. This table was used by him for béag purposes and sulphur is represented
as the element with atomic weight 13.
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Fig. 6. Dalton’s symbols for elements

It was not until the modern system of symbols wasised by the Swedish chemist
Jacob Berzelius [1779-1848] in 1813, the todayisisyl for sulphur, S, was adopted, and
not until the modern classification of the elementshe Periodic Table - had been
established by Mendeleev in 1869, that all the el®m were put into a systematic
classification. This was initially based on cherhipaoperties and atomic weights, but

subsequently, in the first decades of th& 2@ntury, confirmed on the basis of atomic
structure.

Geology

Sulphur is the % most abundant element on Earth (2.9 %} st abundant in the
universe, and the f6most abundant element in the Earth’s crust. Mutthe Earth’s
sulphur is found in its crust and mantle, whichlekps the huge quantities of sulphureous
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fumes (sulphur dioxide and/or hydrogen sulphide)iciwhare associated with volcanic
regions, in which molten magma comes to the eashisace. Frequently these fumes
condense or combine to form sulphur which is foimdhe rims of active volcanoes, of
which the volcano complex ljen in east Java in hekia, and Grimsvotn in Iceland are
examples.

Small quantities of native sulphur are widely disited as thin strata throughout the
Earth’s crust. Figure 7 shows a map of the worlthviis principal regions of volcanic
activity, shown by dotted lines, which are also ltteations of sulphur deposits [6].

Fig. 7. Volcanic regions and sulphur deposits

Fig. 8. Sulphur deposits in Lousiana, USA

The sulphur deposits are usually interspersed/mixéti other minerals such as
limestone. In some regions such as Canada, Japaticd/ Poland, Sicily, USA (Louisiana
and Texas) large underground deposits of almost gpuiphur occur. These deposits, which
can be found in salt domes at depths of 60 to 660a®, are generally associated with
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sedimentary rocks: limestone (calcium carbonate) anhydrite and gypsum (calcium
sulphate). No other element occurs in such largmsies in such a pure state. Figure 8
shows a schematic diagram of the location of sulgleposits in Louisiana, USA [7].

The vast majority of the earth’s sulphur occurarimerals, in which it is combined
with metals in the form of sulphides or sulphat&samples of these minerals, which have
been known and exploited since ancient times, @eliron pyrites FeS(by far the most
common, sometimes referred to as “Fool’s Gold” cnoaint of its golden lustre), copper
pyrites (chalcopyrite) G$.FeS;, galena PbS, cinnabar HgS, sphalerite (zinc bleAdS,
realgar AsS,, and orpiment AsS;. Figure 9 shows pyrite crystals, which have a bidu
cubic structure.

Fig. 9. Pyrite crystals

An example of a sulphate mineral in gypsum, Ca8&@0. Sulphur bearing minerals
are distributed in small amounts in a wide varigtgeochemical environments throughout
the earth. They are metamorphic rocks, having lheened in the earth’s crust through the
action of intense heat and pressure.

Sulphide minerals are also found in meteorites\Mans, and have been recently found
on the moon [8]. Tiny amounts of gaseous sulphunpmunds are found in the Vesuvian
atmosphere, and sulphur has recently been repontestoplanets [9].

Thermal springs have been popularly used sinceeantimes for curative purposes.
They have a specific odour which arises from theyvew concentrations of hydrogen
sulphide which are found in the spring waters. €haprings exist in many places
throughout the world, e.g. Australia, Brazil, Caaa€osta Rica, China, Hungary, Italy,
Iceland, India, Iran, Japan, New Zealand, Perwefi@, Taiwan, Turkey, USA. The water
in these springs is geothermally heated, the heaigbgenerated from the decay of
radioactive elements in the earth’s mantle. Repesg¢arch has suggested that 90 % of the
earth’s sulphur is present in its core [10].

Sulphur is present in small variable quantitiesc@mpounds which are found in the
fossil fuels: coall (1-2) % S natural gas0.2 % S and 0ill 0.5 % S. Coal deposits, which
were formed during the carboniferous period betw8éf and 360 million years ago,
constitute sedimentary rocks, and are widely disgrat various depths in the Earth’s
crust. The sulphur in coal can be divided into &garies: inorganic (pyrites and sulphates)
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and organic (mercaptans, sulphides (thioethersylghides, sulphones, thiophenes etc.).
The sulphur containing compounds in crude oil idelmercaptans, hydrogen sulphide, and
thiophene derivatives. In natural gas the sulphearing components are mercaptans and
hydrogen sulphide.

Mercaptans are a class of organic compounds whiotam an -SH group attached to
a hydrocarbon chain. They are the sulphur equivatalcohols, and are also referred to as
thiols. They have exceedingly unpleasant odoureméting rotten eggs or garlic.
The simplest mercaptan is &H which is known as methanethiol or methyl meraapt
Humans can detect the smell of mercaptans at aeotmation of 10 ppbillion, and
hydrogen sulphide at a concentration of 30 ppluillibhiophene, ¢H,S, consists of cyclic
5 membered ring molecules, resembling benzene.h8nfs have a general formula
R-S(=0)-R*, and sulphides (thioethers) have general formu-R. Disulphides are of
two kinds: symmetrical, which are encountered igamo sulphur chemistry, and which
have general formulae R-S-S-R, and unsymmetric hiddis, R-S-S-B which are
encountered in nature.

In a surprising development during the past fewades, fossil fuels have become the
main source of elemental sulphur for the chemiodlistry.

Literature and art

On account of its strong association with volcandies, destruction, and deep steamy
foul smelling chasms, sulphur has long been asatiaith evil, demons, death, eternal
damnation, and hell.

The Bible is divided into the Old and New Testarsefihe Old Testament was written
in Hebrew over a period of several centuries sof3/ears ago. It consists of numerous
chapters which are presented in 46 books and toeatse history of Israeli tribes. The New
Testament, which was inspired by the life and dedthesus Christ, consists of 27 books,
divided into 4 sections - the Gospel, Acts of thpostles, Letters to the Apostles and
Revelations - was written over a period of somgedrs.

One of the key recurring themes throughout theeBibimorality and its interpretation
and implementation in the behaviour of humans. fEmsions between the opposites such
as: good and evil, right and wrong, just and unjasstere and luxurious, wealthy and poor,
suffering and pleasure, pride and humility, gensrand mean, reward and punishment are
key elements of the Bible. It is in the domain @fie retribution, or punishment, that
sulphur makes its several appearances, of whige thxamples are given. The first is from
the Old Testament, and the second and third ara fh® New Testament, written some
2000 years later.

The first book of the Old Testament is entitled €ss, in which are described the
story of the earth’s formation by God and the higtaf the early tribes of Israel. In Chapter
19, we learn of the extremely immoral lives of fhbabitants of two cities, Sodom and
Gomorrah. They were punished severely.

“Then the LORD rained on Sodom and Gomorrah sulpma fire from the

LORD out of heaven; and he overthrew these citte®l all the Plain, and all the

inhabitants of the cities, and what grew on theugd3 [11].

The fourth book of the New Testament, the Revehatigprovides the reader with an
apocalyptic description of the intervention of Gadthe case of evil doing. In Chapter 8,
seven angels from heaven, with seven trumpets,enweosevere punishments for sinners.
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The author, John, described the scene once theaigtel had blown his trumpet to unleash
the fury of God, in the form of horses, upon thdtitudes of wrongdoers:

“And this was how | saw the horses in my visiore tiders wore breastplates the
colour of fire and of sapphire and of sulphur; teads of the horses were like lions’
heads, and fire and sulphur and smoke came ouhaif thouths. By these three
plagues a third of humankind was killed, by the ind smoke and sulphur coming out
of their mouths” [12].

In a subsequent verse of the Revelations, enfittedBeast and Its Armies Defeated,
we read:

“Then | saw the beast and the kings of the earth Wieir armies gathered to
make war against the rider on the horse and aghiesarmy. And the beast was
captured, and with it the false prophet who hadgpered in its presence the signs by
which he deceived those who had received the méarthe beast and those who
worshipped its image. These two were thrown in® ldke of fire that burns with
sulphur” [13].

Sulphur’s role in connection with evil, sins andrefl damnation also featured vividly
in the huge outpouring of artistic creativity infBpe. Two examples are given.

Fig. 10. Lot and his daughters (from a print in #&u¢hor’s collection)



14 Zbigniew A. Szydto

One of Poland’s best known legends $mok Wawelski or the Dragon of Wawel.
During the 1% century, Krakow was the proud capital of Polana és castle Wawel
stood on a steep bank on the river Vistula. A dnagibich breathed fire and terrorised the
people of Krakow, is baited by a boy shepherd, wigheep which is stuffed with sulphur.
As the hungry fire breathing dragon consumes thg ibacatches fire and dies a horrific
death, consumed in flames of burning sulphur.

An excellent example of a work of art is found Ire tpainting, by an unknown Dutch
master c. 1530, which is entitlédt and his Daughters. It shows the destruction of Sodom
and Gomorrah, with Lot and his two daughters in fiiweground. Figure 10 shows this
painting, in which burning sulphur pours from heavesembling a meteorite shower.

William Shakespeare [1564-1616] is widely regardesl the greatest and most
influential English playwright and poet. His workave been translated into every language
in the world, and they continue to be performeddigtd and reinterpreted. The plathello
(written in 1603-1604 and published in 1622) isragédy in whichOthello, who was
an African general in the Venetian army, murdess wife for her perceived betrayal of
him. Having found out that she was innocent, his kilmself. The fragment below is from
his speech upon having discovered that he hastiynjuardered his own wife. It brilliantly
illustrates the great drama, passion and emotibndiich humans are capable.

“O! cursed, cursed slave. Whip me ye devils,
From the possession of this heavenly sight!
Blow me about in winds! Roast me in sulphur!
Wash me in steep-down gulfs of liquid fire!

O Desdemona! Desdemona! dead!

Oh! oh! oh!" [14]

John Milton [1608-1674] was an English poet andgsioipher. He became inspired by
the teachings of the Bible, and was particularlyvetb by his observation of the huge
amount of ill doing in his times. In his youth henceived of an epic tale, which would be
a discourse on Man’s creation and his fall fromcgraas described in the BiblRaradise
Lost was written during the years 1658 and 1665 whewdeblind. Today its considered
by many to be the greatest epic poem in the Entdistpuage. It consists of 12 books and is
written in plain verse, using beautiful and powédascriptive language to express grand
ideas. In the first section of the second book, dttaggle against Satan, the Torturer, is
described:

“Turning our tortures into horrid arms
Against the tort'rer; when to meet the noise
Of his almighty engine he shall hear

Infernal thunder; and for lightning, see

Black fire and horrour shot with equal rage
Among his angels; and his throne itself

Mix’d with Tartarean sulphur, and strange fire
His own invented torments. But perhaps

The way seems difficult and steep to scale
With upright wing against a higher foe” [15]

(The word Tartarean, which is derived from the deep abyss of Tartaruancient
Greek mythology, means hellish.)

Today, scholars from across various disciplinekeafning have become fascinated by
the use of sulphur in connection with fire, eter@mination and hell. In this field of study,
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a noteworthy contribution of the issues involveds lbeen made by the Dutch geologist
Salomon Kroonenberg. As a geologist, Professor Keaberg combined his research into
mythology with geology, to examine the evidencethbgeological and mythological, for
the connection between sulphur and hell. As pathisfresearch, he turned to one of the
great masterpieces of Western literature, Damé/ne Comedy, which was first published
in 1300. Dante Alghieri [1291?-1361] was an ltalipoet, writer and philosopher.
The Divine Comedy is an allegorical work, which can be interpretsdfze story of Man’'s
descent into sin. Hell is depicted in 9 circlessanding deeper underground, in which
sinners are subjected to fire and horrendous tstusurprisingly, there is no reference to
sulphur.

However, recent scholarship has shown that thesstibjatter of théivine Comedy,
including ideas of layers of hell, was derived frearlier Islamic sources, which contained
references to sulphur. In the Isra’ and Mi'aj, whis the story of the prophet Mohammet's
allegorical journey to heaven, mention is made efesal lands of hell. “The fifth land,
Malca, is full of sulphur stones from hell. “"Theaee the stones of which Allah speaks in
the Koran when he says: “We shall prepare stondsito and torture the sinners™ [16].
Other authors have suggested that the idea of exddyhell may have had even earlier
origins. Kroonenberg thus writes: “...there may beredeeper roots in Iranian and Indian
mythology” [17].

THE INTERNAL ECONOMY OF DOTHEBOYS HALL.

Fig. 11. Administering brimstone and treacle mewici
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Charles Dickens is widely regarded as one of theatgst authors of the Victorian
period. He had a remarkable talent for creatingaextlinary fictional characters, which
frequently represented archetypes of people. Imthel Nicholas Nickleby, published in
1839, Nickleby was assigned to a poor boys’ bogrdinhool, Dotheboys, for teacher
training. The headmaster’'s wife Mrs Squeers, useddtone as a component [sulphur has
an action as a mild laxative] of a nasty medicingkture. Its purpose was to show
Nickleby, how to save money in the running of thkeol:

“They have brimstone and treacle, partly becauskeely hadn't something or other in
the way of medicine they'd be always ailing andimiva world of trouble, and partly
because it spoils their appetites and comes chebparbreakfast or dinner. So, it does
them good and us good at the same time, and fla@t'snough, I'm sure” [18].

Figure 11 shows an illustration by Halbot K. Brow(fiehiz"), depicting the agony on
the boys faces, at the prospect of consuming boimesand treacle medicine.

Who would have thought that sulphur, otherwise kmoas brimstone, a yellow
harmless looking solid, could have had such el t@nrifying connotations?

Alchemy

The eyes of the alchemists saw a very differenidvivom the one that we see today.
Their view was based on a philosophy of Nature tied its roots in a different set of
axioms from those of modern science. These axidemraed from ancient philosophies of
nature e.g. Chinese, Hindu, Egyptian. Common tofathem was the quest for finding the
ultimate constituents of all matter. The Greek gdoljpher Empedocles [c. 494 - c. 434 BC]
constructed the first coherent theory of the "rbaistter, which were: earth, fire, air and
water. Two forces - attraction and repulsion, jdirend separated these "roots”. Plato
[427-347 BC] was the first to introduce the ternfefeent” to denote a formless matter
from which substances are made.

FIRE

Hot Dry

AR EARTH

Wet Cold

WATER

Fig. 12. Aristotle’s elements

Aristotle [384-322 BC] improved on Plato’s ideasn @he basis of his long term
observations of natural phenomena such as: volsanflames, weather patterns,
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reproduction and growth in plants and animals,asion of metals, Aristotle introduced the
four properties - hot, cold, wet and dry. Figuresh®ws a diagrammatic representation of
this system.

Aristotles’s system of the elements became widelgepted and was to underpin
alchemical philosophy for many centuries. In highdwiew, all matter was alive (this was
the idea of panvitalism) and filled all space aevacuum could not exist, and changes in
matter occurred as it flowed into another form. Fhwose the idea of transmutation, which
was perceived as the act of changing from one fatmanother. Furthermore, there were
three kinds of body: animals, plants and minerAlsimals were the most complex and
lived the shortest whereas minerals were the ssh@lad lived the longest. Thus mother
Earth gave to birth to rocks, minerals and metalsis philosophical system inspired
a multitude of operations and experiments, whosesaiere to improve Man’s life on
Earth, through a better understanding of how sules&interact with one another.

With such a vague, yet universal philosophy, it wessible to interpret natural
changes and processes in a vast number of wayse Smphur had been known for
millennia, it and its compounds were to play a keje in both the philosophical
speculations of the alchemists, and in the devedopraf early chemical and metallurgical
technologies.

Divine water

Alexandria, which was founded in 331 BC by Alexandee Great [356-323 BC]
became a melting pot of people of different cuburé&reeks, Syrians, Egyptians and Jews.
It was here that alchemical experimentation begad, the first writings were recorded.
Among the earliest written records of these praeesgere the relatively recently [in 1828]
discovered Chemical Papyri [19], in which detail@escriptions are given for a large
number of chemical processes. Of particular interese processes in which gold could be
made. On account of its inertness and beautifttdugold was considered to be the symbol
of perfection and eternal life. It became a focus abchemical philosophy and
experimentation. Any substance which could turrebaetals into gold acquired a special
and miraculous significance - it became known as'stone of the philosophers”.

In this respect, the “divine water” whose prepamtiwas carefully described by
Zosimos in one of Chemical Papyri, was very specidbsimos of Panapolis
[c. 270-340 AD] is widely regarded as one of therfders of alchemy. He described a wide
range of chemical processes and gave a large nushibecipes. One of these was “divine
water”, also known as “bile of the serpent”. Zosgwecognised that he was not describing
a transmuting agent for changing base metals iotd, dout a process for colouring, or
tinging a metal with gold. His water was made Iseges of reactions involving the boiling
of sulphur with milk of lime (calcium hydroxide suension) and urine or vinegar.
The product, essentially calcium polysulphide, bafdul smell, which we recognise today
as that of hydrogen sulphide. Using his “divine evgt Zosimos was able to tinge silver
with gold. Lawrence Principe has experimentally eistigated this procedure and has
achieved a spectacular success. He was able tgelia appearance of a silver cent coin
to a gold cent coin. Naturally, the gold appearamas due not to gold, but to an ultra-thin
coating of silver sulphide [20].
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Sulphur-mercury theory of metals

The origins of this, the most famous philosophitedacy of the alchemists, is
shrouded in mystery. It was an unsolved puzzlegéerations of chemical historians, but
recent research has suggested a very plausibleeanbwill first present the historical
background, then the theory itself, the rationakhibd the theory, and finally its
assessment in the light of today’s knowledge.

With the fall of the Roman Empire in th& Bentury AD, and Alexandria in 641 AD,
Arabic culture gradually spread through southermope. New alchemical trends thus
evolved. The Arabs developed new apparatus, impror&ny chemical processes,
developed a classification system for substanced, raade significant contributions to
alchemical theory. From the %icentury onwards, when alchemical practice became
widespread in Europe, Latin became the main alctentdnguage. Until the 5century
knowledge was disseminated by handwritten documaerttieh were frequently beautifully
and ornately illustrated, and re-written by scooésopyists. With the invention of the
printing press in 1440 by Johannes Guttenberg 40041468], the spread of knowledge
became much faster. Many Arabic works were traedlatto Latin.

Independently of epoch, nationality, subject matteccupation or language, the
authors of new research were frequently secre@reaccount of the perceived potential
impact of their work, e.g. which could lead to dreeealth or to eternal life, or to
imprisonment as a heretic, and death, alchemists ea&pecially secretive. They frequently
camouflaged their work, which was often writtenaim obscure style, with pseudonyms or
with complete anonymity.

The sulphur-mercury theory of metals was a theohpse author, or populariser,
seemed to desire anonymity. For centuries, its eptimn was accredited to Jabir
ibn-Hayyan, or Geber as he was known by his lathisame, about whom little was
known. Today it is believed that this theory wasealeped in the 9 century by Balinus,
and subsequently popularised by Geber. Of the naarlgors of the 3000 works in the
Jabirian corpus, the popularisation of the sulphercury theory in latinised Europe is
attributed to Paul of Taranto, a™8entury Italian Franciscan friar [21].

The theory postulated that all metals were compadetivo elements: mercury and
sulphur. Gold, which was the most perfect of thmétals which were then known, was
composed of an optimum ratio of pure sulphur tepuercury. Less optimum ratios or less
pure elements gave rise to different metals. Baseithe alchemical way of thinking, which
involved analogies and correspondences, this madé sense, since sulphur is yellow and
mercury is silver in colour. Thus by combining dulp and mercury in the right manner,
gold could be formed. Furthermore, in the alcheshigew, sulphur and mercury were not
only interpreted as the yellow solid and shiny esildense liquid, by which we recognise
them today. They saw them as Aristotelian oppasifeég” was linked to “sulphur”, and
“water” was linked to “mercury”. As an extension tfe doctrine of opposites, the
additional attributes of masculinity and femininityere assigned to both sulphur and
mercury. For alchemists, the terms “sulphur “ amdefcury” thus embodied both the
physical and spiritual qualities with which thodensents were associated.

The sulphur-mercury theory had a profound effecpeaple’s imaginations, and was
quoted and interpreted by various authors overrmg®f several centuries. The medieval
English philosopher Roger Bacon [c. 1220-c. 128%o known a®octor Mirabilis, gave
an interpretation, which gives a superb insight ihie thinking of his times:
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“The natural principles in the mynes, are Argente/fMercury], and Sulphur. All
metals and minerals, whereof there be sundrie aratsdkinds, are begotten of these
two: but | must tel you, that nature always intehdend striveth to the perfection of
Gold: but many accidents coming between, changergals... For according to the
puritie and impuritie of the two aforesaid prin@gp)Argent-vive, and Sulphur, pure
and impure metals are ingendred” [22].

Paracelsus and thdria Prima

The outspoken Swiss iatrochemist and physiciande#mas [1493-1541] incorporated
the sulphur-mercury theory into his new system lefrents. On the basis of his own
experiments and observations, he added salt tdnsubnd mercury, thus creatingtréa
prima: SALT, SULPHUR, MERCURY in his own philosophicajstem. The Paracelsian
system was also to play a significant role in thel@ion of the alchemical world view.
This was summarised succinctly in Poissoftisories & Symboles des Alchymistes (Paris,
1891, p.17). Figure 13 shows Read’'s diagrammaficesentation of Poisson’s synthesis
[23].

Sulphur [ Earth(visible, solid state)
fixed principle | Fire (occult, subtle state)
Primary MaTTer [Quimumrce (state compar-
unique, inde- - Salt able to the ether of physi-
structible l cists)
Mercury /[ ater (visible, liquid state)
-volatile principle | Air (occult, gascous state)

Fig. 13. Alchemical theory after Paracelsus

Typically for alchemical times, substances haveitigg associated with them, which
are spiritual, and not related to chemical or ptglgproperties of matter.

Sendivogius and hisTreatise on sulphur

Several centuries after the theory had been fortledat was clearly playing a major
role in alchemical philosophy. The secretive Polizlchemist Michael Sendivogius
[1566-1636] included a treatise on sulphur in hisieepoch making workNovum Lumen
Chymicum (A New Light on Alchymy), which was first publistieanonymously in Prague
in 1604 [24]. In the opening statement, he empkadise importance of sulphur:

“Sulphur is not the last amongst the Principlesaose it is a part of the Metall;
yea and the principall part of the Philosophersi&t@and many wise men have left in
writing divers, and very true things of Sulphurs]2
In subsequent passages, using language which squitdsunscientific to the modern

ear, and which seems to make no sense at all, ®syigié, in the form of “The Voice, or
Master”, extolls on the spiritual significance ofghur and mercury:

“If you understand that the Mercury of the Sagestaims within itself its own

good Sulphur, digested and matured by Nature, wouaccomplish the whole process
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by means of Mercury alone; but if you know how tlnldhe supplement which our Art
requires to the natural proportions of substantesliouble the Mercury and to triple
the Sulphur, you will all the more quickly produdest the good, then the better, and
finally the best - though only one Sulphur appears] two Mercuries... . It is really
unnecessary to describe the matter of the Mercodythe Sulphur of the Sages, as it
has already been plainly delineated by the Anciastis consistent with our vow. We
do not altogether say that the Mercury of the Rloifihers is a common thing, or that
they have openly called it by its name, and thatriatter from which Mercury and
Sulphur are philosophically extracted has beemplgiointed out. For the Mercury
itself is not found above ground, but is extractgdan artifice from Sulphur and
Mercury conjoined. In short, Sulphur and Mercurg #re ore of our quicksilver, and
this quicksilver has power to dissolve, mortifydarevive metals, which power it has
received from the Sulphur” [26].
Further on, in a dialogue between the Alchemist andoice, the Voice informs the
Alchemist on the true nature of sulphur:

“For the blood of Sulphur is that inward virtue addyness which congeals

quicksilver into gold and imparts health and peiéecto all bodies” [27].

Fig. 14. The sulphur-mercury theory (Courtesy &f Wellcome Institute Library)
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Riddled language indeed, but this was the worlthefalchemists, and it helps us to
understand and marvel at how modern science halsveglvdrom such complex roots.
Yet sulphur, clearly, was very important!

An imaginative pictorial representation of the $uwlpmercury theory appears in an
engraving from Daniel Stolciud/iridarium Chymicum (the chemical garden) [28]. This is
shown in Figure 14.

This is from a set of engravings, which show 12 tbé greatest alchemical
philosophers, which include Michael Sendivogius pfdeed as Sarmata Anonymus).
Thomas Aquinas [1225-1274] is shown in this engrgyvpointing to the pictorial depiction
of the sulphur-mercury theory. At the bottom of tlie exhalations of mercury and sulphur
(denoted by their alchemical symbols) are risirapfrinside the earth. These vapours exit
through a vent at the top, where the alchemistadging to combine them to make gold.
The diagram resembles a cross section of a volcano.

The sulphur-mercury theory from today’s viewpoint

The incredulous and sceptical modern reader mighintlined to ask, what were the
grounds for such a theory to be developed?

It has been known since ancient times, that metele frequently associated with
sulphur in minerals. The inspiration for this theeame from two minerals: cinnabar and
pyrites. Pyrites has the superficial appearancgabd, and decomposes when heated to
yield yellow sulphur and a solid black residue 6{Jz. Cinnabar decomposes when heated,
to yield mercury in the form of a dense silver ldjuand sulphur as a yellow solid. Both of
these processes were well known in ancient timgseaally in China, where artificially
created rivers of mercury flowed underground famawnental purposes. It was also well
known that cinnabar did not decompose to give ggletl the theory was accepted.
Undoubtedly the very special natures of mercuryaaslver coloured dense liquid, and
sulphur, as a yellow solid that burnt, enabledlithie to be established between them and
gold. Gold’'s special attributes, of course, were liteautiful permanent shiny lustre,
inertness, ductility and rarity. It representegacsal kind of perfection.

Lawrence Principe has succinctly summarised theessc of the sulphur-mercury
theory of metals: “The mercury-sulphur theory pmbwastonishingly long-lived. It was
accepted... until the eighteenth century, almosbagshand years after it was first proposed”
[29].

Chemistry

Sulphur was first recognised as an element by Isé0[1743-1794] in 1778, yet its
elemental nature continued to be debated untifitsedecade of the fdcentury. At this
time, idea of particles, atoms and molecules becaeikestablished, in addition to simple
ideas on chemical affinity. The laws of chemicaimtination were also established.
Chemists were thus able to understand the natusalisftances, classify them as elements,
compounds or mixtures, to assign formulae to comgsuand to elucidate their chemical
and physical properties. Many compounds of sulphare identified and characterised
e.g. sulphur dioxide in 1774 (Joseph Priestley gt7804]), hydrogen sulphide in 1777
(Carl Wilhelm Scheele [1742-1786]) and carbon gikide in 1796 by Wilhelm August
Lampadius [1772-1842]. These all have pungent sniedisembling rotten eggs {8) or
rotten cabbages (G and are highly toxic, like many other compounésulphur.
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Sulphur has atomic number 16 and is in group ®, lal®wn as the Chalcogens or “ore
formers” of the Periodic Table. Its chemistry iswmetallic, typically exhibiting oxidation
states of —2 (sulphides and organosulphur compunds (disulphides, §), +4
(sulphites) and +6 (sulphates) in its compoundsa@ount of the exceptionally interesting
reactions of sulphur and its compounds, by the taidfithe 18' century its chemistry had
become incorporated into school teaching programBe®w are described some aspects
of the chemistry of sulphur, which can be useddaching purposes in schools.

Physical properties

Sulphur has a melting point of 115 °C and boil448 °C. It has more allotropic forms
than any other element, but the two most commamdaare rhombic (diamond shaped) and
monoclinic (needle shaped). Both of these can bdilse prepared: rhombic sulphur by
crystallisation from its solution in carbon disuigdy, and monoclinic sulphur by allowing
molten sulphur to solidify, or to crystallise frata hot solution in toluene (methylbenzene).
The transition temperature for the allotropes is’@6 Above this temperature, monoclinic
sulphur is more stable, below 96 °C, rhombic sufpkumore stable. Figures 15 and 16
show these two allotropes of sulphur.

Fig. 15. Monoclinic sulphur

Fig. 16. Rhombic sulphur
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When sulphur is heated, it undergoes a remarkaiessof changes: from a yellow
solid at room temperature, to an amber mobile digai 115 °C. At about 200 °C its
viscosity suddenly increases due to the ruptureSpfnolecules and their subsequent
polymerisation. Figure 17 shows diagrammatic regmegions of the gSmolecule - this is
described as a puckered ring.

NI

-

Fig. 17. $ molecule

Fig. 18. Plastic sulphur
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When sulphur boils, it turns to a dark brown vapetich is spontaneously flammable
in air. If molten sulphur is poured into cold watér forms plastic sulphur, which is
metastable. After a few days it loses its plasticiand gradually hardens to form
a microcrystalline structure of rhombic sulphurgdtie 18 shows freshly formed plastic
sulphur in a beaker of water.

Chemical properties

Preparation and properties of sulphur dioxide usingcopper and sulphuric acid

This experiment, in which copper is reacted withaantrated sulphuric acid to form
SO, was one of the great classics of the teachingrteijpe for 150 years, until its removal
from school teaching programs in the lat&' 2@ntury [30]. It is an outstanding example of
a demonstration experiment. Many references tatipedaletails have been provided in the
past [31-37]. Figure 19, taken from a school teathshows the experimental setup for the
preparation of sulphur dioxide [38].

~\
Copper or
brass scrap
+
conc. H,SO,
Gas jar plate
>
T SO; heavier
than air [
Gentle
heat
S5

Fig. 19. Preparation of sulphur dioxide

The diagram is drawn and labelled to a high stahdanabling it to be easily
interpreted. When conducting this experiment, sti@uld be taken throughout its duration,
to minimise the risk of SQinhalation. This is an irritating gas with a chadismell.
The experiment is thus best done with an assistadtin a well ventilated laboratory or
fume cupboard. As with all demonstration experiregrnit must be practised and
well-rehearsed, before showing it to students.
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To prepare a few gas jars of sulphur dioxide, I@gpper turnings are heated with

50 cn? of concentrated sulphuric acid. After about 5 rigsy fumes of sulphur dioxide,

frequently discernible by a fine mist of sulphuoxide impurity, are observed. About 8 gas

jars of SQ are collected. The gas is collected by downwarively, since it is quite
soluble in water and much denser than air. Towdsther a jar is full, a burning splint,
inserted into the mouth of the jar, is quickly exgtiished. After the jars have been filled,
and the reaction has subsided, the delivery tubebeaconnected to an absorption tower
filled with soda lime, which neutralises excess,SIhe following properties of S@an be
easily demonstrated:

i. Solubility in water and effect on indicator. If veat coloured green with universal
indicator, is poured into a jar of $0it immediately turns red and subsequently
becomes pale orange. This is due to the reactiovatdr with SQ, which results in the
formation of sulphurous [sulphuric(1V)] acid, whietso has bleaching properties.

H,O(l) + SOYg) ~ H:SOs(aq) = 2H'(aq) + SQ°(aq)

where: (I) - liquid, (g) - gas, (aq) - aqueous.
Sulphurous acid is a weak acid, being only patiaihised.

i. If ared rose is placed into a jar of $Qts petals lose their colour within a few
minutes. The S@acts as a reducing agent, removing oxygen fronpéial pigment.
On subsequent exposure to air, the petal colowsi®red: thus the bleaching action of
SO, is reversible.

iii. A dilute solution (about 0.001 M) of purple potassi permanganate is immediately
decolourised when poured into a jar of ;S@his is a striking example of a redox
reaction.

2Mn0; (aq) + 5SQ(g) + 2HO() - 2Mn**(aq) + 5SG(aq) + 4H(aq)

The oxidation state of manganese changes from +¥2tgreduction), whereas the
oxidation state of sulphur increases from +4 tqe6dation).

iv. If a dilute (0.1 M) solution of acidified potassiudichromate solution is poured into
a jar of SQ, its colour changes dramatically from orange teegr This is another
example of a redox reaction.

Cr,0;(aq) + 3SQ(g) + 2H'(aq) — 3SQ*(aq) + 2Cf*(aq) + HO()

The oxidation state of chromium changes from +6-3o(reduction), whereas that of
sulphur changes from +4 to +6 (oxidation).

Both of the above reactions are additionally oéiast from the standpoint of transition
metal compounds, in which coloured ions, variablEation states and complex ions are
characteristic features. Figures 20 and 21 shoseth&o reactions.

v. When a gas jar of hydrogen sulphide is allowed teo with SG, in the presence of
a few drops of water, a yellow deposit of sulplarmnts on the sides of the jars.

2H,S(g) + SQ(9) ~ 2H,0(l) + 3S(s)
where (s) - solid.
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Fig. 20. Permanganate into SO

Fig. 21. Dichromate into SO
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For several reasons, this is a remarkable reacf@nwo gases react to form a solid
and a liquid, (b) two very toxic substances reacfarm nontoxic substances, (c) this is
a disproportionation reaction in which the S isBHs oxidised and the S in $@ reduced
and (d) an element is formed spontaneously fromgases in which it is combined.

vi. If a dilute (0.1 M) solution of iodine is pouredtana jar of SQ, it is immediately
decolourised to form iodide ions. The sulphur in, &oxidised to the +6 oxidation
state in sulphate ions. lodine is reduced from =idation state of O to —1. This is
another example of a redox reaction.

vii. If a piece of burning magnesium ribbon is lowenet ia gas jar of SQit continues to
burn with a bright white light. This is because ttemperature of the burning
magnesium is sufficiently high to break the cova®O bonds in S©

2Mg(s) + SQ(g) — 2MgO(s) + S(s)
In this reaction the SQacts as an oxidising agent. Figures 22a and 28kv she

magnesium burning in, and the products of the i@act magnesium oxide (white) and
sulphur (yellow).

Flg 22 a) Magnesmm burning in 5(1)) Products of the reaction

What happens to the copper during its reaction tathconcentrated sulphuric acid?
If sulphur is reduced from the +6 oxidation statd4SO,, then it follows that copper
should be oxidised. And so it is - it changes fithim O oxidation state in elemental copper
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to the +2 oxidation state. Examination of the rasidf this reaction shows that it is a black
solid. Copper(ll)oxide is the only easily recogmhiacompound of copper, which is black.
This however cannot be formed in sulphuric acid¢siit reacts to form copper(ll) sulphate
solution, which is blue. And indeed, on dilutiontbg liquid product of this reaction, and
filtering it, a pale blue solution is obtained, whigives an intense deep blue colour of the
copper tetramine complex ion, upon addition of amiasolution. But an insoluble black
solid persists as the main reaction product of eoppfter much debate in the past, this has
been shown to be a mixture of copper(ll) sulphidd aopper(l) sulphide. Furthermore,
these two sulphides react differently with sulpbwacid, depending on the temperature of
the reaction. Only a complex series of proceduasgjescribed by Fowles, proves that the
product contains a sulphide [39]. Partington offarsnore extensive discussion on this
reaction, and his suggested equations for it arengin Figure 23 [40].

5Cu,SO,+4H,SO, = Cu,S + 8CuSO, + 4H,0 ;
Cu,S +2H,SO,=CuS + CuSO, + 2H,0 + SO, ;
Cu,S + 6H,SO,=2CuSO, + 550, + 6H,0 ;
CuS +4H,50,=CuSO, +4S0, + 4 H,0.

Fig. 23. Partington’s equations for the copper/fsutft acid reaction

So what appears to be a relatively straightforwezdction between copper and
concentrated sulphuric acid, and which is commadelscribed by the equation:

Cu + 2HSO, — CuSQ + 2H,0 + SQ

is actually far more complex. It also brings toeatton the much wider issue of the
fascinating chemistry and metallurgy of the sulgkidand oxides) of copper (and of iron),
of which there are far more than might be expected!

Metal sulphides

Many metals combine directly with sulphur to fornetad sulphides. The reactions are
highly exothermic. The reaction between iron fikn@nd flowers of sulphur, and
an investigation of the properties of the two eletagtheir mixture, and compound (FeS),
is used by schoolchildren to experimentally distisy between elements, mixtures and
compounds.

The reaction between zinc and sulphur is less Wwelbwn. If stoichiometric
proportions (2:1 by mass) of zinc and sulphur aratéd in a boiling tube, they react in
much the same way as iron and sulphur, to synthesie sulphide. However, if the ratio
of zinc to sulphur is increased to 6:1 by mass,thadmixture is ignited by a delayed action
fuse, a spectacular explosive reaction occurs. Pphirstechnic effect was demonstrated
during a meeting of Chemistry Club at Highgate Sthim 1978. This is illustrated
in Figure 24.
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Fig. 25. Insoluble metal sulphides

Needless to say, the room was vacated for two haftes the experiment, in order to
allow the fumes of sulphur dioxide to disperse. Thason for this effect is that zinc
sulphide, initially formed in the reaction, burmsthe oxygen of the air to form sulphur
dioxide and zinc oxide. At the high temperaturdhaf reaction, the SQundergoes a huge
increase in volume due to thermal expansion. Eqoatior the reactions are given below:

Zn+S- ZnS 2ZnS + 39 - 2Zn0 + 2SQ
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All metals form sulphides, but the majority of metalphides are insoluble in water.
Indeed, lead sulphide is one of the least solublestances known, having a solubility
product of 4102 moFPdm™® at 25 °C. These sulphides can be precipitated Solution in
striking reactions, by adding sodium sulphide sofuto solutions of metal salts. Figure 25
shows the metal sulphides of tin(ll), mercury(IQopper(ll), iron(lll), lead(ll) and
antimony(lll). They have been precipitated by adda few drops of sodium sulphide
solution to solutions of salts of the metals.

The chemistry of metal sulphides is complex, anduki Pauling has provided some
interesting further insights into this topic [41].

Sulphuric acid

Sulphuric acid is a colourless oily liquid of sdacigravity 1.83, freezing point 10 °C
and boiling point 337 °C. It is exceedingly corrasibeing a powerful dehydrating agent
which reacts violently and exothermically with watand also a powerful oxidising agent.
When diluting this acid, it must always be addedviter, and stirred continuously. This
procedure must be carried out in a well-ventilatedoratory or in a fume cupboard.
The chemical properties of the dilute acid and eotrated acid are quite different.

Dilute sulphuric acid behaves as a typical aciddpcing hydrogen gas and salts from
metals, and forming salts and water on its reactiith bases. These reactions can be
illustrated by means of simple equations:

Zn(s) + HSO,(aq) —~ H(g) + ZnSQ(aq)
CuO(s) + HSOy(aq) - CuSQ(aq) + HO(l)

In each type of reaction, beautiful crystals of thalts can be obtained by
crystallisation from solution. Figure 26 shows tajs of blue vitriol (copper(ll) sulphate
pentahydrate, CuS@®H,O) and green vitriol (iron(ll) sulphate heptahyérat
FeSQ-7H,0).

Fig. 26. Blue vitriol and green vitriol

Three experiments can be conducted with concedtsatihuric acid, which illustrate
its dehydrating action:
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i. If 10 mL of the acid are poured over 5 g coppes(liphate pentahydrate in a dry
evaporating basin, the crystals turn in colour frblne to off-white as they are
dehydrated.

ii. If 30 mL of the acid are poured over 80 g sucros@ il00 mL beaker, the sugar
gradually turns yellow, then brown and finally lta@he mixture becomes very hot as
the reaction proceeds, and is accompanied by tbkitean of clouds of steam and
some sulphur dioxide. The $@& formed by the reducing action of carbon frora th
sucrose on the sulphuric acid. During this reactiwhich lasts about 5 minutes,
a black solid frothy mass of carbon arises from bleaker. Thus it is sometimes
referred to as the “black monster” experiment byidcén. The effect is shown in
Figures 27a-d at 1-4 minutes after adding sulpharid to sugar. The solid residue of
this reaction is a spongy mass of carbon, also kresvsugar carbon

Fig. 27. The “black monster” experiment: a) 1 m@ut) 2 minutes, c) 3 minutes, d) 4 minutes

iii. When concentrated sulphuric acid is added to sodanmate (methanoate), carbon
monoxide is released as a gaseous product. Thecause the sodium formate initially
makes formic acid by substitution of Na with H, afamic acid is chemically
dehydrated in accordance with the equations:

HCOONa + HSO, -~ HCOOH + NaHSQ
HCOOH - CO + HO The HO is removed by the concentrated sulphuric acid.

The carbon monoxide can be ignited, and burns avibleautiful flame at the mouth of
the flask. Figure 28 shows carbon monoxide bur@ihthe mouth of a 500 mL flask, in
which 50 mL concentrated sulphuric acid have bekted to 30 g of sodium formate. This
experiment is conveniently and safely brought toead by filling the flask slowly with
water.

Sulphuric acid is also a strong oxidising agenthas been shown above (preparation
and properties of sulphur dioxide) in its reactwith copper. It undergoes similar reactions
with other metals e.g. mercury, silver and the nmetals carbon, and sulphur. In each of
these reactions, sulphur dioxide is produced asseaus product. It also undergoes an
unusual reaction with potassium chlorate, in whibb chlorine atom of the chlorate
(+5 oxidation state) disproportionates into chler{r7) in perchlorate, and chlorine (+4) in
chlorine dioxide, which are formed:

3KCIO; + 3H:S0O, —» 3KHSQ, + HCIO, + 2CIO, + H,O
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Fig. 28. Carbon monoxide flame

Chlorine dioxide is unstable, and decomposes ei@lyswhen warmed. If a drop of
concentrated sulphuric acid is added to a mixtdifgnely powdered sucrose (icing sugar),
the mixture spontaneously ignites by the decomppsimorine dioxide, and burns with
a lilac smoky flame. Figures 29 a, b and ¢ showptegress of the reaction after adding
one drop of concentrated sulphuric acid to a mexontaining 17 g of icing sugar and 7 g
of potassium chlorate. The end product is anothé&ack monster”, consisting of unburnt
carbon.

Reactions of sodium thiosulphate

Sodium thiosulphate is a colourless translucentstatjne solid with formula
NaS,0:.5H,0. It undergoes several interesting reactions, lypash account of the
somewhat unusual bonding of sulphur atoms, andypantaccount of the fact that it can
readily form a supersaturated solution. A simpli&wdation of the oxidation number of
sulphur in the thiosulphate ion reveals it to be @& examination of the bonding in the
thiosulphate ion, .7, it is clear that the two sulphur atoms are irfedént chemical
environments. Thus they have different oxidatiombars of +6, and —2. The structure of
this ion is shown in Figure 30.
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b)

Fig. 29. The spontaneous combustion of a sucrdseatd mixture: a) 30 seconds, b) 1.5 minutes,
¢) 3 minutes

St 1

Fig. 30. Thiosulphate ion

Supersaturated solution of sodium thiosulphate

If 10 g of hydrated sodium thiosulphate crystale heated in a boiling tube, they
dissolve in their own water of crystallisation t@rh a supersaturated solution.
Supersaturated solutions are unstable, since tleyain more dissolved solute than
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a saturated solution, at a given temperature. dbld supersaturated solution of sodium
thiosulphate is thus seeded with a small crystaloalium thiosulphate, the solution rapidly
crystallises. This reaction is exothermic and apwemature rise of some 30 °C can be
measured. This reaction can be used to illusttagecbncept of a reversible reaction in
conjunction with exothermic (crystallisation, or liddication) and endothermic (the
formation of a supersaturated solution througheitten of heat) processes.

Reaction of thiosulphate with acids

If dilute acid (e.g. hydrochloric) is added to aluson of thiosulphate,
a disproportionation reaction occurs, in which sulpdioxide and sulphur are produced.

$,05"(aq) + 2H(aq) ~ SOx(aq) + S(s) + KO())

As the reaction proceeds, so the opacity of theurgxincreases, due to the formation
of a suspension of sulphur particles. This reaci®reminently suited for elementary
chemical kinetics experiments [42]. Depending oa thlative concentrations of the acid
and thiosulphate, the precipitate of sulphur foahglifferent rates, leading to an opaque
appearance of the reacting mixture. The time tdkemhe solution to become completely
opaque can thus be used to measure the rate dgforeathis can be done by observing
a black cross on a piece of paper (for example)utin the reacting mixture, and timing
how long it takes for the cross to be obscured Hwy growing sulphur particles. By
measuring the time taken for the cross to disapfoeatiffering relative concentrations of
acid and thiosulphate at a given temperature,ateeaf reaction can be easily determined.

This reaction is also suited for demonstrating atiteresting physical phenomenon,
the scattering of white light. The experiment waveloped by the Irish physicist John
Tyndall [1820-1893], who was an outstanding popséarof science through his lectures
(1853-1887) at the Royal Institution in London. tig 31 shows the effect.

Fig. 31. Scattering of light by colloidal sulphao(rtesy of Andres Tretiakov)

In the experiment shown above, 100 mL of 1 M hytlodc acid were added to
6 litres of a 0.02 M solution of sodium thiosulphatVithin about 2 minutes, the scattering
of a beam of white light occurs, which is shown the appearance of a blue colour.
Simultaneously, the transmitted beam starts to tellow. This effect is due to the
interaction of the light with tiny sulphur partislevhich are evenly dispersed throughout the
mixture, forming a sol. Blue light, with wavelengtii about 450 nm interacts with the sol
particles, whose size is of the same order, amstastered. Yellow/orange light, whose
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waves have a longer wavelength, do not interach whe sol particles, and are thus
transmitted. The phenomenon of light scatteringuosdn the earth’s atmosphere, where
light from the sun is scattered by tiny airbornédsparticles of ice and dust, to make the
sky appear to be blue.

Reaction of thiosulphate with halogens

Chlorine, bromine and iodine all react in aqueoakition with thiosulphate ions.
These are all redox reactions, in which the haloglement is reduced to a halide ion.
Sulphur is correspondingly oxidised. With iodinehigh has a brown colour in aqueous
solution, the reaction is particularly spectacwaraccount of the dramatic colour change
which occurs. This colour change can be enhancethéyaddition of starch indicator,
which gives an intense blue colour (starch-iodinempglex) even at very small
concentrations of iodine. This reaction is thusrently suited for quantitative analysis,
using titrimetric methods. The equation for thect&a with iodine is:

I2(aq) + 2805 (aq) - 2I(aq) + SO6*(aq)
brown colourless
The oxidation numbers of the sulphur atoms in #imthionate ion are O for the inner
sulphur atoms, and +5 for the outer sulphur atofhe structure of this ion is shown in
Figure 32.

0

-0

O::\S/S\S/S{-:O
I O~

Fig. 32. Tetrathionate ion

The reaction described above can be used to slaw dbe oxidation of iodide to
iodine with acidified peroxide. The equation iseivbelow:

2I"(aq) + HO,(aq) + 2H(aq) - 1,(aq) + 2HO()
colourless brown

Thus if a solution containing acidified peroxideaidded to a mixture containing iodide
and thiosulphate, the acidified peroxide will startreact with the iodide to make iodine.
In the presence of a limited amount of thiosulphbtavever, the iodine is initially
converted back to iodide. When the thiosulphatesisd up, iodine suddenly appears, and
the solution turns a golden brown. If starch inthcaolution has been added, a spectacular
and sudden colour change from colourless (iodidd)ltie-black (starch-iodine complex)
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occurs in the reacting mixture. Today, this reaci® popularly called a “clock reaction”,
and it is widely employed by magicians and in s¢heaching programs, where its kinetics
can easily be investigated.

A simple procedure for this reaction is to mix tthgeg 100 mL of 0.01 M potassium
iodide solution with 100 mL 0.01 M sodium thiosugpé solution and a few drops of
freshly made starch solution. Upon addition of 10D of a mixture which is 1 M with
respect to hydrochloric acid (Hons) and 1.5% hydrogen peroxide solution at aBOUrC,
and subsequent stirring, the mixture suddenly tardeep blue-black from colourless, after
about 45 seconds. Figures 33 show the changingicmia@ mixture which was not stirred.

Fig. 33. lodine clock reaction, showing the gradappearance after of the blue-black colour in an
unstirred iodine clock reaction mixture: a) 20 setx) b) 30 seconds, c) 45 seconds

The short selection of chemical experiments, asaildet above, shows how
wonderfully suited the compounds of sulphur are,lfoth entertainment and educational
purposes.

Summary

Sulphur has been discussed as a most interestthopspiring substance in a multitude
of contexts, ranging from etymology, where it wa®Wwn and recognised 5,000 years ago,
to geology, literature, art, alchemy, and chemistry

The scene has been set for two final episodes thentife of this element - its roles in
biochemistry and chemical technology. These chiaptill conclude the remarkable story
of sulphur.
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