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PREFACE TO THE FIRST EDITION

IT has been the aim of the authors, in writing the
present treatise, to place before the reader a fairly
complete, and yet a clear and succinet statement of
the facts of Modern Chemistry, whilst at the same
time entering so far into a discussion of Chemical
Theory as the size of the work and the present
transition state of the science permit. Special atten-
tion has been paid to the accurate description of the
more important processes in technical chemistry, and
to the careful representation of the most approved
forms of apparatus employed. As an instance of this,
the authors may refer to the chapter on the Manu-
facture of Sulphuric Acid. For valuable information
on these points they are indebted to many friends
hoth in this country and on the Continent.

The volume commences with a short historical
sketch of the rise and progress of chemical science,
and a few words relative to the history of each
element and its more important compounds preface
the systematic discussion of their chemical properties.
For this portion of their work, the authors wish here
to acknowledge their indebtedness to Hermann Kopp's
classical works on the History of (‘hemistry.

In the part of the volume devoted to the description
of the non-metallic elements, care has been taken to
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select the most recent and exact experimental data,
and to give references in all important instances, as
it is mainly by consulting the original memoirs that
a student can obtain a full grasp of his subject.

Much attention has likewise been given to the
representation of apparatus adapted for lecture-room
experiment, and the numerous new illustrations re-
quired for this purpose have all been taken from
photographs of apparatus actually in use. The fine
portrait which adorns the title-page is a copy, by the
skilful hands of Mr. Jeens, of a daguerreotype taken
shortly before Dalton’s death.

MANCHESTER, July, 1877.

PREFACE TO THE SECOND EDITION

IN this new, completely revised and reprinted edition I
have endeavoured to carry out the aims which were
put forward in the preceding preface seventeen years
ago. Deprived of the aid of my late friend and
colleague, I have been fortunate in securing the help
of two of the ablest of my former students, and to
them I tender my thanks. How far we have succeeded
in bringing this edition up to the level of the science
of the present day, it will be for the public to judge.
All T can say is that no pains have been spared to

do so.

H. E. Roscos.
LonpoN, September 29th, 1894.



PREFACE TO THE THIRD EDITION

THE ever-increasing progress which Chemistry in all
its branches is making demands a frequent revision of
all text-books. I am glad again to have to thank my
friends, Drs. Colman and Harden, for the able assist-
ance which they have given me; indeed, to them
belongs the whole credit of bringing this edition up
to date.

I have also to express my obligations to Messrs.
Walter King, George Lunge, George Matthey, M. W.
Travers, and T. E. Thorpe for permission to use
illustrations, and to thank Mr. W. J. Young, M.Sec., for

assistance.

H. E. Roscok.
April, 1905.
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CHEMISTRY

HISTORICAL INTRODUCTION

IN looking back at the history of our Science, we find that
although the ancient world possessed a certain empirical know-
ledge of chemical facts derived chiefly from an acquaintance
with pharmaceutical and manufacturing art, the power of con-
necting or systematising these facts was altogether wanting.
The idea of experimental investigation was scarcely understood,
and most of those amongst the ancients who desired to promote
a knowledge of Nature attempted to do so rather by pursuing
the treacherous paths of speculation, than the safe though tedious
route of observation and experiment. They had no idea of the
essential differences which we now perceive between elements
and compound substances, nor did they understand the meaning
of chemical combination. The so-called Aristotelian doctrine
of the four elements, Earth, Water, Air or Steam, and Fire,
bore no analogy to our present views as to the nature and pro-
perties of the chemical elements, for with Aristotle these names
rather implied certain characteristic and fundamental properties
of matter than the ideas which we now express by the term
chemical composition. Thus “Earth” implied the properties
of dryness and coldness; “ Water,” those of coldness and wet-
ness ; “ Air cor Steam,” wetness and heat; “ Fire,” dryness and
heat. All matter was supposed to be of one kind, the variety
which we observe being accounted for by the greater or less
abundance of these four conditions which were supposed to be
essential to every substance, that which was present in the
greatest degree giving to the substance its characteristic pro-
perties, To men holding such views, a change of one kind of
B 2
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matter into a totally different kind appeared probable and
natural. Thus, the formation of water from air or vice versd
is described by Pliny as a usual phenomenon seen in the
formation and disappearance of clouds, whilst the ordinary
experience that cold acts as a solidifying and hardening
agent bears out Pliny’s view, that rock crystal is produced
from moisture, not by the action of heat, but by that of cold,
so that it is,in fact, a kind of ice. A transformation of one
sort of substance into another quite different thus appears
not only possible but probable, and we are not surprised to
learn that, under the influence of the Aristotelian philosophy,
which throughout the middle ages was acknowledged to be the
highest expression of scientific truth, the question of the trans-
mutability of the base into the noble metals was considered
to be a perfectly open one.

Much light of a very interesting and remarkable character
has been thrown upon the origin of alchemy, the artificial pro-
duction of the noble metals, by the discovery of an Egyptian
papyrus, which contains more than a hundred metallurgical
recipes written in Greek, many of which consist of elaborate
directions for the falsification of the precious metals. The con-
nection between these working notes of a fraudulent Egyptian
goldsmith and the dreams of the later alchemists is attested
by the reappearance of several of these very recipes in the
writings of the following century under the guise of formule of
transmutation.!

The oldest works of a strictly chemical character date from
about the beginning of the third century of our era, and are due
to Greek authors resident in Egypt, where our science appears
to have had its birth. These early workers were familiar with
the processes of distillation, sublimation, and digestion, and their
writings are illustrated by rough drawings of the apparatus
employed for these purposes. Among these writers, the most
ancient and distinguished of whom is known as Zosimus of
Panopolis, the possibility of the transmutation of the metals
is fully accepted, and their works consist mainly of directions for
the achievement of this object, couched however in language so
deeply tinged with religious mysticism, symbolism, and metaphor
as to be almost unintelligible2 They allude to their subject as

1 Berthelot, Les Origines de U Alchimie, p. 3. Intreduction @ I Etude de la

Chimie des Anciens et du Moyen Age, pp. 21, 59.
2 Berthelot, Collection des Anciens Alchimistes Grecs. Part 1.
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the “divine art,” and it is not until the fourth century that we
find in the works of the Byzantine writers the term Chemia
applied to the art which treats of the production of gold and
silver.! The fact that all these authors were closely connected
with the celebrated schools of Alexandria, the last resting-place
of the proscribed secrets of the Egyptian priests, adds to the
probability that our science was first extensively practised in
Egypt, although there are indications of early Babylonian and
Chaldean traditions, and alchemical ideas also appear to have
arisen and to have been developed independently in India.?
Plutarch, indeed, states that the old name for Egypt was
Chemia, and that this name was given to it on account of the
black colour of its soil. The same word was used to designate
the black of the eye, as the symbol of the dark and mysterious.
It is therefore possible that chemistry originally meant simply
the Egyptian—or secret—knowledge, whilst others identify the
name with the Greek xvuds, sap or liquid, the name of the
agent of transmutation being applied to the art.

The Aristotelian philosophy and the Greek alchemy became
known to the Arabians in Persia (about 640 A.D.) through' the
medium of the Syriac translations made by the philosophers who
had fled thither from the ancient schools of Egypt and Syria,
closed by the decrees of the Byzantine emperors® It seems
probable that the Arabs also became acquainted -with Hindu
science in Persia, and thus united the learning of the East and
West. The Arabs carried the science back through Egypt, and
thence through Northern Africa into Spain, and by them the
Arabic article was affixed to the original name, so that the word
Alchemy has from that time been used to signify the art of
making gold and silver.

The Arabs made but little progress and concealed their
doctrines in the vague, mystical, semi-religious language of the
Greeks. Among them, however, grew up the first beginnings
of a chemical theory (Avicenna) which gradually became more
precise and was universally acknowledged later on in the twelfth
century., This asserts that the essential differences between the
metals are due to the preponderance of one of two principles
—mercury and sulphur—of which all the metals are composed.

1 Kopp, Beitrige zur Geschichte der Chemie. 1 Stiick, p. 40.

t P. C. Riy, History of Hindu Chemistry. Vol. I. (Williams & Norgate,
1902).

3 Berthelot, Lu Chimic au Moyen Age (Paris, 1893).
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The first principle is characteristic of the truly metallic qualities,
whilst the latter causes the peculiar changes noticed when the
metals are exposed to heat. The noble metals are supposed
to contain a very pure mercury, and are, therefore, unalterable
by heat, whilst the base metals contain so much sulphur that
they lose their metallic qualities in the fire. These constituents
may, however, not only be present in different proportions, but
also in different degrees of purity or in different states of
division; and thus it might naturally be supposed that, if
not by a variation in their relative quantity, at any rate by a
change in their condition, such an alteration in the properties of
one metal might be brought about as would produce from it some
other known metal. Thus gold and silver contain a very pure
mercury, which in the one instance is combined with a red and
in the other with a white sulphur; further, the reason why
these two metals amalgamate so easily is that they already
contain a large quantity of mercury, and are therefore quickly
attracted by the liquid metal.

Whilst Greece and Italy sank decper and deeper into bar-
barism, arts and science flourished under Arabian dominion,
and the academics of Spain were thronged with students
from all parts of the Christian world. The knowledge of
alchemy spread from this source over Western Europe, and in
the thirteenth century we find alchemists of the Arabian school
in all the chief countries of Europe. In France we hear of
Arnold Villanovanus and Vincent of Beauvais ; Albertus Magnus
flourished in Germany ; our own Roger Bacon (1214-1294) was
also an alchemist, and was tried at Oxford for sorcery, and, to
disprove these charges, wrote the celebrated treatise® in which
he shows that appearances then attributed to supernatural
agency were due to common and natural causes. It was Roger
Bacon, from his rare accomplishments and learning termed
Doctor Mirabilis, who first pointed out the possible distinction
between theoretical alchemy, or chemistry studied for its own
sake, on the one hand, and practical alchemy, or the striving
after certain immediately useful ends, on the other.

Alchemical writings were also at this time falsely attributed
by their anonymous authors to the great names of Raymond
Lully, Thomas Aquinas, and many others.

To the thirteenth century also belong the Latin works which
purport to be translations of the Arabian writings of Geber or

1 Epistola de secretis operibus artis et nature, et nullitate magie.
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Djaber, but which bear no resemblance in form or contents to
the genuine works of this alchemist.!

This Latin writer describes various chemical operations, such
as filtration, distillation, crystallisation, and sublimation, many
of which had been known from the time of the Greeks; and by
these he prepares new substances or purifies the old ones.
Bodies such as alum, green vitriol, saltpetre, and sal-ammoniac
are employed ; and we find that he was able to prepare nitric
acid, or aqua fortis, and from it the valuable solvent for gold,
aqua regia. It is probable that even sulphuric acid was known
to him, and he was certainly acquainted with a number of
metallic compounds, amongst which were mercuric oxide and
corrosive sublimate, the preparation of which he describes.

Although all these men agreed that the transmutation of
metals was not only possible but that it was an acknowledged
fact, and that for the preparatlon of gold and silver the philoso-
pher’s stone was needed, it is difficult, not to say impossible,
now to understand their methods or processes, inasmuch as all
that they have written on this subject is expressed in the
ambiguous and inflated diction of the Byzantine and Arabian
authors.

The fourteenth century finds the study of alchemy widely
spread over the civilised world, and the general attention which
the subject attracted gave rise to the discovery of a large
number of chemical substances. By the end of the fifteenth
century, although the knowledge of chemical facts had continued
to increase, the old views respecting the ultimate composition
of matter were still accepted. In addition, however, to the
sulphur and mercury, supposed to be the universal constituents
of matter, we find a third constituent, viz., salt, introduced.
We must bear in mind however that these three principles, like
the four Aristotelian clements, were not supposed to be identical
with the common substances which bear their names.

oThat men of such wide experience and great powers, as the
chemists of this period proved themselves to be, could bring
themselves to believe in the possibility of the discovery of the
philosopher’s stone, a substance of such potency tbat when
thrown on the base metals in a state of fusion (moment of pro-
jection) it transmutes them into gold and silver, appears to us
very remarkable. No one doubted the possibility of such a
transmutation, and the explanation may be found in the fact,

1 Berthelot, La Chimie du Moyen Age. Vol. 111
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at that time well known, that the colour of certain metals can
be altered by the addition of other bodies. Thus the Latin
Geber knew that when red copper is melted with tutty (an
impure oxide of zinc), the golden-yellow brass is obtained ; and
also that other minerals (those which we now know to contain
arsenic) give to copper a silver-white colour. Still, the difference
between these alloys and the noble metals must soon have been
discovered, and the possibility of the transmutation lay rather
in the notion already alluded to, that the different metals con-
tained the same constituents arranged either in different quanti-
ties or in different states of purity. Nor were experimental
proofs of this view wanting. Thus Geber believed that by adding
mercury to lead the metal tin was formed, and the solid
amalgam does closely resemble tin in its appearance. Then
again the metallurgical processes were in those days very im-
perfect, and the alchemists saw proof of their theory in the
formation of a bead of pure silver from a mass of galena, or in
the extraction of a few grains of gold out of a quantity of
pyrites. It was not until the beginning of the seventeenth
century that it was proved that galena frequently contains
silver, and that traces of gold are often found in iron pyrites.
Even so late as 1709 we find Homberg stating that pure silver
after melting with pyrites is found to contain gold, and it was
only after several chemists had performed the experiment with
a like result that the mineral itself was acknowledged to contain
traces of gold.

Again, it was not at this time recognised that some salts are
metallic compounds, and the precipitation of copper from a
solution of blue-stone by metallic iron was supposed to be a
transmutation of iron into copper. These apparent experimental
proofs of the truth of the alchemical doctrine were accompanied
by a mass of traditional evidence; that is, of stories handed
down from generation to generation, in which cases of the
transmutation of metals are circumstantially narrated. Thus
the belief in the fundamental principle of alchemy became
firmly established.!

A satisfactory explanation of the belief in the power of the
philosopher’s stone to heal disease and to act as the elizir vite,
the grand panacea for human ills, is more difficult to find. It

1 For further information on this subject Kopp’s classical works, Die Geschichte
der Chemie, and Die Alchemie, Thomson’s History of Chemistry, and the various
works of Berthelot, already quoted, may be consulted.
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may possibly have at first arisen from a too literal interpretation
of the oriental imagery found in the early Arabian writers,
where, although the peculiar doctrine of elixir vile is unknown,
we find such passages as the following:—*“ If thou carriest out
my prescription with due care thou shalt heal the bad disease
of poverty.” The Arabians called the base metals “diseased.”
Thus Geber says, “ Bring me the six lepers, so that I may heal
thém ;”—that is, transmute the other six known metals into
gold. The belief in the healing power of the philosopher’s
stone was also much strengthened by the discovery, about this
time, of many substances which produce remarkable effects on
the human frame, and of these the alchemists of the thirteenth
century write in the most exaggerated and exalted terms.

The work known by the fantastic title of the 7' iumph- Wagen
des Antimonti, which contains a large amount of accurate
information concerning the preparation and the medicinal
properties of many of the compounds of antimony, and is
ascribed to the authorship of a monk, Basil Valentine by name,
who was supposed to have lived at the beginning of the fifteenth
century, has been shown by the late Prof. Schorlemmer to be
an undoubted forgery dating from about 1600, the information
being culled from the works of other writers and thrown into
the mystical, semi-religious style suitable to the earlier period.!
The same appears to be true of the other writings attributed to
this author. - :

The man who effected the inestimable union between
chemistry and medicine was Paracelsus (1493-1541). He not
only assumed the existence of three components of all inorganic
substances, bu't he was the first who included animal and
vegetable bodies in the same classification, and held that the
health of the organism depends on the continuance of the true
proportions between these ingredients, whilst disease is due to
a disturbance of this proper relation.

The era thus inaugurated by Paracelsus continued up to the
end of the seventeenth century. Chemistry was the handmaid
of medicine, and questions respecting the ultimate composition
of matter were considered of secondary importance to those
relating to the preparation of drugs. Of the contemporaries
of Paracelsus, Agricola (1490-1555) was one of the most dis-
tinguished, and his remarkable work De Re Metallica contains
a complete-treatise on metallurgy and mining, which did much

1 See also Kopp, Beitrige 111. 110.
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to advance the processes of technical chemistry, many of the
methods which he describes being in use even at the present
day. Whilst Agricola devoted himself to the study of metallurgy,
his countryman Libavius greatly assisted the general progress
of science, inasmuch as he collected together, in writings which
are characterised by a clear and vigorous style, all the main facts
of chemistry ; so that his 4lchemia, published in 1595, may be
regarded as the first handbook of chemistry. His chief object
was the preparation of medicines, but he still maintained the
science in its old direction and distinctly believed in the trans-
mutation of metals.

The first who formally declined to accept the Aristotelian
doctrine of the four elements, or that of Paracelsus of the three
constituents of matter, was Van Helmont (1577-1644). He
denied that fire has any material existence, or that earth can be
considered as an element, for it can, he says, be produced from
water, but he admitted the elementary nature of air and water,
and gave great prominence to the latter in its general dis-
tribution throughout animate and inanimate nature. Van
Helmont’s acknowledgment of air as an element is the more
remarkable, as he was the first to recognise the existence of
different kinds of air and to use the term gas. Thus, his “ gas
sylvestre,” which he clearly distinguished from common air, is
carbonic acid gas, for he states that it is given off in the process
of fermentation, and also formed during combustion, and that
it is found in the “Grotto del Cane,” near Naples. He also
mentions a “ gas pingue ” which is evolved from dung, and is
inflammable. It was Van Helmont who first showed that if a
metal be dissolved in an acid it is not destroyed, as was formerly
believed, but can again be obtained from solution as metal by
suitable means; and ke considered the highest aim of the
science to be the discovery of a gencral solvent which would at
the same time serve as a universal medicine, and to which the
name of “alkahest” was given.

Although Van Helmont accomplished much towards the
overthrow of the Paracelsian doctrine, his discoveries of the
different gases were forgotten, and even up to the middle
of the seventeenth century much divergence in opinion on
fundamental questions prevailed. Those who were interested
in the connection of chemistry with medicine still believed in
the dreams of the alchemist,and held to the old opinions ; whilst
those who, advancing with the times, sought to further the
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science for its own sake, or for the sake of its important technical
applications, often upheld views more in accordance with those
which we now know to be the true ones. Among the names of
the men who, during this period, laboured successfully to pro-
mote the knowledge of chemistry, that of Glauber (1603-1668)
must be first mentioned. He was both alchemist and medicinal
chemist, and discovered many valuable medicines. Another name
of importance at this epoch is that of N. Lemery (1645-1715).
He, as well as Lefebre and Willis, believed in the existence of
five elements : mercury or spirit, sulphur or oil, and salt are the
active principles; water or phlegm, and earth are the passive
ones. Lemery’s ideas and teachings became well known through
the publication of his Cours de Chymie (1675), which was trans-
lated into Latin, as also into most modern languages, and excrted
a great influence on the progress of the science. In this work the
distinction between mineral and vegetable bodies was first clearly
pointed out, and thus for the first time the distinction between
Inorganic and Organic chemistry was realised.

Pre-eminent amongst the far-seeing philosophers of his time
stands Robert Boyle (1627-1691). It is to Boyle that we owe the
complete overthrow of the Aristotelian as well as the Paracelsian
doctrine of the elements, so that, with him, we begin a new
chapter in the history of our science. In his Sceptical Chymist!
he upholds the view that it is not possible,as had hitherto been
supposed, to state at once the exact number of the elements; that
on the contrary all bodies are to be considered as elements which
are themselves not capable of further separation, but which can
be obtained from a combined body, and out of which the com-
pound can be again prepared. Thus he states, “ That it may
as yet be doubted whether or no there be any determinate
number of elements; or, if you please, whether or no all com-
pound bodies do consist of the same number of elementary in-
gredients or material principles.”® Boyle, it is clear, was the first
to grasp the idea of the distinction between an elementary and a
compound body, the latter being a more complicated substance
produced by the union of two or more simple bodies and differing
altogether from these in itsproperties. He also held that chemical

1 The Sceptical Chymist or Chymico-physical Doubts and Paradozes, touching
the Experiments whereby vulgar Spagyrists are wont to endeavour to evince their
Salt, Sulphur, Mercury, to be the true Principles of Things. First published in
1661 (Boyle’s Works, 1772, 1, 458).

3 Boyle’s Works, 1772, 1, 560.
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combination consists in.an approximation of the smallest particles
of matter, and that a decomposition takes place when a third
body is present, capable of exerting on the particles of the one
element a greater attraction than the particles of the other
element with which it is combined. More, however, than for his
views on the nature of the elcments, is science indebted to Boyle
for his clear statement of the value of scientific investigation for
its own suke, altogether independent of any application for
the purposes either of the alchemist or of the physician. It
was Boyle who first felt and taught that chemistry was not to be
the handmaid of any art or profession, but that it formed an essen-
tial part of the great study of Nature, and who showed that from
this independent point of view alone could the science attain to
vigorous growth. He was, in fact, the first true scientific chemist,
and with him we may date the commencement of a new era for
our science, when the highest aim of chemical rescarch was
acknowledged to be that which it is still upheld to be, viz., the
simple advancement of natural knowledge.’

In special directions Boyle did much to advance chemical
science (his published writings and experiments fill six thick
quarto volumes), particularly in the border land of chemistry and
physics; thus in the investigations on the “Spring of the Air,”
he discovered the great law of the relation existing between
volumes of gases and the pressures to which they are subjected,
which still bears his name.

Although Boyle was aware of the fact, which had long been
known, that many metals when heated in the air forin calces
which weigh more than the metals themselves, and although he
examined the subject experimentally with great care, his mind
was so much biassed by the views he held respecting the
material nature of flame and fire that he ignored the true
explanation of the increase of weight, namely, that it is due to
the absorption of a ponderable constituent of the atmosphere,
and looked upon the gain as a proof of the ponderable nature of
fire and flame, giving many experiments having for their object
the “ arresting and weighing of igneous corpuscles.” !

Similar views are found expressed in his essay “On the
Mechanical Origin and Production of Fixedness,”? written in
1675, where Boyle, speaking of the formation of mercuric oxide
from the metal by exposure to the air at a high temperature,
says, “ chemists and physicians who agree in supposing this pre-

! Boyle’s Works, 8, 706—718. 2 Boyle’s Works, 4, 309.
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cipitate to be made without any additament, will, perchance,
scarce be able to give a more likely account of the consistency
and degree of fixity, that is obtained in the mercury: in which,
since no body is added to it, there appears not to be wrought
any but a mechanical change, though I confess I have
not been without suspicions that in philosophical strictness
this precipitate may not be made per se, but that some
penetrating igneous particles, especially saline, may have asso-
ciated themselves with the mercurial corpuscles.”

We owe the next advances in chemistry to the remarkable
views and experiments of Hooke (Micrographia, 1665), and of
John Mayow (Opera Omnia Medico-physica, 1681). The former
announced a theory of combustion, which, although it attracted
butlittle notice, more nearly approached the true explanation than
many of the subsequent attempts. He pointed out the similarity
of the actions produced by air and by nitre or saltpetre, and he
concluded that combustion is affected by that constituent of the
air which is fixed or combined in the nitre! Hooke did not
complete his theory or give the detail of his experiments, but
similar conclusions seem to have been independently arrived at
by Mayow, who in 1669 published a paper, De Sul-Nitro et Spiritn
Nitro-aéreo, in which he points out that combustion is carried on
by means of this “ spiritus nitro-acreus ” (another,and not an in-
appropriate name for what we now. call oxygen), and he also
distinctly states that when metals are calcined, the increase of
weight observed is due to the combination of the metal with this
“gpiritus.” Mayow was one of the first to describe experiments
made with gases collected over water, in which he showed that
air is diminished in bulk by combustion, and that the respiration
of animals produces the same effect. He proved that it is the
nitre-air which is absorbed in both these processes, and that an
inactive gas remains, and he drew the conclusion that respiration
and combustion are strictly analogous phenomena. There is,
therefore, no doubt that Mayow clearly demonstrated the
heterogeneous nature of air, although his conclusions were not
admitted by his contemporaries.

Another theory which was destined greatly to influence and
benefit chemical discovery, was advanced about this time by
J. J. Becher (1635—1682), and subsequently much developed
and altered by G. E. Stahl (1660—1734). It made special
reference to the alterability of bodies by fire, and to the

1 Micrographia, pp. 103—S5.
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explanation of the facts of combustion. Becher assumed that
all combustible bodies are compounds, so that they must
contain at least two constituents, one of which escapes during
combustion, whilst the other remains behind. Thus when
metals are calcined, an earthy residue or a metallic calx remains ;
metals are therefore compounds of this calx with a combustible
principle, whilst sulphur and phosphorus are compounds contain-
ing a principle which causes their combustion. Bodies unalter-
able by fire are considered to have already undergone combus-
tion ; to this class of bodies quicklime was supposed to belong,
and it was assumed that if the substance which it had lost in
the fire were again added a metallic body would result. The
question as to whether there be only one or several principles of
combustibility was freely discussed, and Stahl decided in favour
of the former of these alternatives, and gave to this combustible
principle the name Phlogiston (¢Aoyiorés, burnt, combustible).

An example may serve to illustrate the reasoning of the
upholders of the Phlogistic theory. Stahl knew that oil
of vitriol is a product of the combustion of sulphur; hence
sulphur is a combination of oil of vitriol and phlogiston.
But this latter is also contained in charcoal, so that if we can
take the phlogiston out of the charcoal and add it to the oil of
vitriol, sulphur must result. In order that this change may be
brought about, the oil of vitriol must be fixed (i.. rendered
non-volatile) by combining it with potash; if then the salt thus
obtained is heated with charcoal, a Ahepar sulphuris (a compound
also produced by fusing potash with sulphur) is obtained. The
argument shows that when charcoal is heated with oil of vitriol
the phlogiston of the charcoal combines with the oil of vitriol
and sulphuris theresult. The phlogiston contained in sulphur
is not only identical with that contained in charcoal, but also
with that existing in the metals, and in all organic bodies, for,
these are obtained by heating their calces with charcoal, or with
oil or other combustible organic substances.

The amount of phlogiston contained in bodies was, according
to Stahl, very small, and the greatest quantity was contained in
the soot deposited from burning oil. It was likewise considered
that the phlogiston given off by combustion is taken up again
from the air by plants; and the phenomena of fermentation and
decay were believed to depend upon a loss of phlogiston which,
however, in this case only escapes slowly. Stahl explains
why combustion can only occur in the presence of a good supply
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of air, because in this case the phlogiston assumes a very
rapid whirling motion, and this cannot take place in a closed
space.

pa]:(;iwever false from our present position we see the phlogistic
theory in certain directions to be; and although we may now
believe that the extension and corroboration of the positive views
enunciated by Hooke and Mayow might have led to a recognition
of a true theory of chemistry more speedily than the adoption
of the theory of phlogiston, we must admit that its rapid
general adoption showed that it supplied a real want. It was
this theory which for the first time established a common
point of view from which all chemical changes could be observed,
enabling chemists to introduce something like a system by class-
ing together phenomena which are analogous and are probably
produced by the same cause, for the first time making it pos-
sible for them to obtain a general view of the whole range of
chemical science as then known.

It may appear singular that the meaning of the fact of the
increase of weight which the metals undergo on heating, which
had been proved by Boyle and others, should have been wholly
ignored by Stahl, but we must remember that he considered their
Jorm rather than their weight to be the important and character-
istic property of bodies.

Stahl also, perhaps independently, arrived at the same con-
clusion which Boyle had reached, concerning the truth of the
existence of a variety of elementary bodies, as opposed to the
Aristotelian or Paracelsian doctrine ; and the influence which a
clear statement of this great fact by Stahl and his pupils
—amongst whom must be mentioned Pott (1692—1777)
and Marggraf (1709—1782)—exerted on the progress of the
science was immense. It is only after Stahl’s labours that a
scientific chemistry becomes, for the first time, possible, the
essential difference between the teaching of the science then
and now being that the phenomena of combustion were then
believed to be due to a chemical decomposition, phlogiston being
supposed to escape, while we account for the same phenomena
now by a chemical combination, oxygen or some element being
taken up. .

Thus Stahl prepared the way for the birth of modern chemis-
try. It was on August 1st, 1774, that Joseph Priestley dis-
covered oxygen gas.

Between the date of the establishment of the phlogistic theory
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by Stahl, and of its complete overthrow by Lavoisier, many
distinguished men helped to build up the new scicnce—Black,
Pricstley, and Cavendish in our own country, Scheele in Sweden,
and Macquer in France. The classical researches of Black on the
fixed alkalis (1754)! not only did much to shake the foundation
of the phlogistic theory, but they may be described with truth
a8 the first beginnings of a quantitative chemistry, for it was by
means of the balance, the essential instrument of all chemical
research, that Black established his conclusions. Up to this time
the mild (or carbonated) alkali was believed to be a more simple
compound than the caustic alkali. When mild alkali (potashes)
was brought into contact with burnt (caustic) lime,the mild alkali
took up the principle of combustibility, obtained by the lime-
stone in the fire, and it became caustic. Black showed that in
the cases of magnesia-alba and chalk the disappearance of the
effervescence on treatment with an acid after heating, was
accompanied by a loss of weight. Moreover, as Van Helmont’s
older observations were quite forgotten, he was the first clearly
to establish the existence of a kind of air or gas, termed fized
air (1752), totally distinct both from common atmospheric air
and from modifications of it, by impurity or otherwise, such
as the various gases hitherto prepared werc believed to be.
This fixed air, then, is given off when mild alkalis become
caustic, and is taken up when the reverse change occurs.

This clear statement of a fact, which of itself is a powerful
argument against the truth of the theory in which he had been
brought up, was sufficient to make the name of Black illustrious,
but he became immortal by his discoveries of latent and specific
heats, the principles of which he taught in his classes at Glasgow
and Edinburgh from 1763. The singularly unbiassed character
of Black’s mind is shown in the fact that he was the only
chemist of his age who completely and openly avowed his
conversion to the new Lavoisicrian doctrine of combustion.
From an interesting correspondence between Black and
Lavoisier, it is clear that the great French chemist looked on
Black as his master and teacher, speaking of Black’s having
first thrown light upon the doctrines which he afterwards more
fully carried out.?

This period of the history of our science has been called that

1 ¢« Experiments upon Magnesia-alba, Quicklime, and other Alkaline Sub.

stances.”—FEdin. Phys, and Literary Essays, 1755,
3 Brit. Assoc. Reports, 1871, p. 189,

N
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of pneumatic chemistry, because, following in the wake of
Black’s discovery of fixed air, chemists were now chiefly engaged
" in the examination of the properties and modes of preparation
of the different kinds of airs or gases, the striking and very
different natures of which naturally attracted interest and stimu-
lated research.

No one obtained more important results or threw more light
upon the existence of a number of chemically different gases than
Joseph Priestley. In 1772 Priestley was engaged in the examin-
ation of the chemical effect produced by the burning of com-
bustible bodies (candles) and the respiration of animals upon
ordinary air. He proved that both these deteriorated the air
and diminished its volume, and to the residual air he gave the
name of phlogisticated air. Priestley next investigated the
action of living plants on the air and found to his astonishment
that they possess the power of rendering the air deteriorated
by animals again capable of supporting the combustion of a
candle.

Fig. 1, a reduced facsimile of the frontispiece to Priestley’s
celebrated Observations on Different Kinds of Air, shows the
primitive kind of apparatus with which this father of pneumatic
chemistry obtained his results. The mode adopted for generating
and collecting gases is seen ; hydrogen is being prepared in the
phial by the action of oil of vitriol on iron filings,and the gas is
being collected in the large cylinder standing over water in the
pneumatic trough ; round this trough are arranged various other
pieces of apparatus, as, for instance, the bent iron rod holding
a small crucible to contain the substances which Priestley desired
to expose to the action of the gas. In the front is seen a large
cylinder in which he preserved the mice, which he used for
ascertaining how far an air was impure or unfit for respiration,
and standing in a smaller trough is a cylinder containing living
plants, the action of which on air had to be ascertained.

On August 1st, 1774, Priestley obtained oxygen gas by
heating red precipitate by means of the sun’s rays concen-
trated with a burning glass, and termed it dephlogisticated air
because he found it to be so pure, or so free from phlogiston,
that in comparison with it common air appeared to be impure.
Priestley also first prepared nitric oxide (nitrous air or gas),
nitrous oxide (dephlogisticated nitrous air), and carbonic oxide ;
he likewise collected many gases for the first time over mercury,
such as ammoniacal gas (alkaline air), hydrochloric acid gas

YOL, 1 C
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(marine acid air), sulphurous acid gas (vitriolic acid air), and

silicon tetrafluoride (fluor acid air).! He also observed that when a

series of electric sparks is allowed to pass through ammoniacal

- gas, an increase of volume occurs, and a combustible gas is formed,
whilst on heatlng ammonia with calx of lead phloglstlcated air
(nitrogen gas) is evolved.

Priestley’s was a mind of rare quickness and perceptive
powers, which led him to the rapid discovery of numerous new
chemical substances, but it was not of a philosophic or delibera-
tive cast. Hence, although he had first prepared oxygen, and
had observed (1781) the formation of water, when inflammable
air (hydrogen) and atmospheric air are mixed and burnt together
in a copper vessel, he was unable to grasp the true explanation
of the phenomenon, and he remained to the end of his days a
firm believer in the truth of the phlogistic theory, which he had
done more than any one else to destroy.

Priestley’s notion of original research, which seems quite
foreign to our present ideas, may be excused, perhaps justified, by
the state of the science in his day. He believed that all dis-

_coveries are made by chance, and he compares the investigation
of nature to a hound, wildly running after, and here and there
chancing on, game (or as James Watt called it, “his random
haphazarding ”), whilst we should rather be disposed to compare
the man of science to the sportsman, who having, after persistent
effort, laid out a distinct plan of operations, makes reasonably
sure of his quarry.

In some respects the scientific labours of Henry Cavendish
(1731-1810) present a strong contrast to those of Priestley; the
work of the latter was quick and brilliant, that of the former was
slow and thorough. Priestley passed too rapidly from subject
to subject even to notice the great truths which lay under the
surface ; Cavendish made but few discoveries, but his researches
were exhaustive, and for the most part quantitative. His
investigation on the inflammable air? evolved from dilute acid
and zine, tin, or iron, is a most remarkable one. In this memoir
we find that he first determined the specific gravity of gases,
and used materials for drying gases, taking note of
alterations of volume due to changes of pressure and tempera-
ture. He likewise proved that by the use of a given weight of
each one of these metals, the same volume of inflammable gas

1 Priestley’s Observations on Different Kinds of Air, 1, 328.

2 On Factitious Air, Hon. Henry Cavendish, Phil. Trans. 1766, 141.

c2
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can always be obtained no matter which of the acids be employed,
whilst equal weights of the metals gave unequal volumes of the
gas. Cavendish also found that when the above metals are
dissolved in nitric acid, an incombustible air is evolved, whilst if
they are heated with strong sulphuric acid sulphurous air is
formed. He concluded that when these metals are dissolved in
hydrochloric or in dilute sulphuric acid their phlogiston flies
off, whilst when heated with nitric or strong sulphuric acids,
the phlogiston goes off in combination with an acid. This is
the first occasion in which we find the view expressed that
inflammable air is phlogiston—a view which was gencrally held,
although Cavendish himself subsequently changed his opinion,
regarding inflammable air as a compound of phlogiston and water.

The discovery of oxygen by Priestley, and of nitrogen by
Rutherford, naturally directed the attention of chemists to the
study of the atmosphere, and to the various methods for ascer-
taining its composition.

Although Priestley’s method of estimating the dephlogisti-
cated air by means of nitric oxide was usually employed,
the results obtained in this respect by different observers
were very different. Hence it was believed that the composition
of the air varies at different places, and in different seasons, and
this opinion was so gcnerally adopted, that the instrument used
for such measurements was termed a eudiometer (evd(a, fine
weather, and uérpov, a measure). Cavendish investigated this
subject with his accustomed skill in the year 1781, and found
that when every possible precaution is taken in the analysis,
“ the quantity of pure air in common air is }$,” or 100 volumes
of air always contain 20'8 volumes of dephlogisticated, and 79-2
volumes of phlogisticated air,and that, therefore, atmospheric air
had an unvarying composition. But the discovery which more
than any other is for ever connected with the name of Cavendish
is that of the composition of water (1781).! In making thisdis-
covery Cavendish was led by some previous observations of
Priestley and his friend Waltire. They employed a detonating
closed glass or copper globe holding about three pints, so
arranged that an electric spark could be passed through a
mixture of inflammable air (hydrogen) and common air,? but

1 Phil. Trans. 1784, 119; 1785, 372. Mr. Cavendish’s experiments on air.

2 A similar apparatus (originally due to Volta) was used by Cavendish. The
pear-shaped glass bottle with stopcock, usually called Cavendish’s eudiometer,
would not be recognised by the great experimenter,
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though they had observed the production of water, they not
only overlooked its meaning, but believed that the change was
accompanied by a loss of weight. Cavendish saw the full
importance of the phenomenon and set to work with care and
deliberation to answer the question as to the cause of the
formation of the water. Not only did he determine the
volumes of air and hydrogen, and of dephlogisticated air
(oxygen) and inflammable air (hydrogen) which must be mixed
to form the maximum quantity of water, but he first showed
that no loss of weight occurred in this experiment and that the
formation of acid was not an invariable accompaniment of the
explosion. , ]

On this important subject it is interesting to hear Caven-
dish’s -own words; in the Phtlosophical Transactions for 1784,
page 128, we read :— _

“From the fourth experiment it appcars that 423 measures
of inflammable air are nearly sufficient to phlogisticate 1,000
of common air; and that the bulk of the air remaining after
the explosion is then very little more than four-fifths of the
common air employed ; so that, as common air cannot be reduced
to a much less bulk than that by any method of phlogistication,
we may safely conclude when they are mixed in this proportion,
and exploded, almost all the inflammabdle air and about one-fifth
part of the common air, lose their elasticity and are condensed
tnto a dew which lines the glass.” Since 1,000 volumes of air
contain 210 volumes of oxygen and these require 420 volumes of
hydrogen to combine with them, we see how exact Cavendish’s
experiments were. “The better,” he continues, “to examine
the nature of the dew, 500,000 grain measures of inflammable
air were burnt with about 2} times that quantity of common air
and the burnt air made to pass through a glass cylinder eight
feet long and three-quarters of an inch in diameter, in order to
deposit the dew .. .. By this means upwards of 135 grains
of water were condensed in the cylinder, which had no taste or
smell, and which left no sensible sediment when evaporated to
dryness; neither did it yield any pungent smell during the
evaporation ; in short it seemed pure water.” Cavendish then
sums up his conclusions from these two sets of experiments
as follows:—*“ By the experiments with the globe it appeared
that when inflammable and common air are exploded in a
proper proportion, almost all the inflammable air, and near one-
fifth of the common air, lose their elasticity and are condensed
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into dew. And by this experiment, it appears that this dew is
plain water, and consequently that almost all the inflammable
air and about one-fifth of the common air are turned into pure
water.”

Still more conclusive was the experiment in which Cavendish
introduced a mixture of dephlogisticated air and inflammable
air nearly in the proportions of one to two into a vacuous
glass globe, furnished with a stopcock and means of firing by
electricity. “The stopcock was then shut and the included
air fired by electricity, by which mecans almost all of it lost
its elasticity. By repeating the operation the whole of the
mixture was let into the globe and exploded, without any fresh
exhaustion of the globe.”

Priestley had prekusly been much led astray by the fact that
he found nitric acid in the water obtained by the union of the
gases. Cavendish, by a careful series of experiments, explained
the occurrence of this acid, for he showed that it did not form
unless an excess of dephlogisticated air was used, and he traced
its production to the presencein the globe of a small quantity of
phlogisticated air (nitrogen) derived from admixture of common
air. He likewise proved that the artificial addition of phlogisti-
cated air increased the quantity of acid formed in presence of
dephlogisticated air (oxygen), whilst if the latter air were re-
placed by atmospheric air no acid was formed, in spite of the
large amount of phlogisticated air (nitrogen) present. In this
way he showed that the only product of the explosion of pure
dephlogisticated with pure inflammable air is pure water,
Although Cavendish thus distinctly proved the fact of the com-
position of water, it does not appear from his writings that he
held clear views as to the fact that water is a chemical compound
of its two elementary constituents. On the contrary, he seems
to have rather inclined to the opinion that the water formed
was already contained in the inflammable air, notwithstanding
the fact that in 1783 the celebrated James Watt had already
expressed the opinion that “water is composed of dephlogis-
ticated and inflammable air.”! Cavendish’s general conclusions
in this matter may be briefly summed up in his own words as
follows :—“ From what has been said there scems the utmost
reason to think that dephlogisticated air is only water deprived
of its phlogiston, and that inflammable air, as was before said,
is either phlogisticated water, or else pure phlogiston ; but in

! Letter from Watt to Black, 21st April, 1783.
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all probablhty the former.” To the end of his days Cavendish
remained a firm supporter of the phlogistic view of chemical
phenomena, but after the overthrow of this theory by Lavoisier’s
experiments the English philosopher withdrew from any active
participation in chemical research.

- Whilst Pnestley and Cavendish were pursumg their great
discoveries in England, a poor apothecary in Sweden was
actively engaged in investigations which were to make the name
of Scheele (1742-1786) honoured throughout Europe. These
investigations, whilst they did not bring to light so many new
chemical substances as those of Priestley, and did not possess
the quantitative exactitude which is characteristic of the labours
of Cavendish, opened out ground which had been entirely
neglected, and was perhaps unapproachable by the English
chemists. Scheele’s discoveries covered the whole range of
chemical science. A strong supporter of the phlogistic theory,
he held peculiar views (see his celebrated treatise Ueber die
Luft und das Feuer) as to the material nature of heat and light,
and their power of combining with phlogiston, and, like Stahl,
he considered modification in the forms of matter to be of much
greater importance than alteration in its weight. In experiment-
ing upon the nature of common air he discovered oxygen gas
independently of, and probably at least a year before, Priestley,
although his discovery was not made public until 1777."

The investigations which led Scheele to this discovery are of .
interest as a remarkable example of exact observations leading
to erroneous conclusions. His object was to explain the part
played by the air in the phenomenon of combustion ; and for
this purpose he examined the action exerted by bodies sup-
posed to contain phlogiston upon a.corfined volume of air.
Thus he found that when a solution of kepar sulphuris (an alka-
line sulphide) was brought into contact with a given volume
of air, that volume gradually diminished, the residual air being
incapable of supporting the combustion of a -taper. The same
result was observed when moist iron filings or the precipitate
formed by the action of potash on a solution of green vitriol was
employed. Scheele argued that if the effect of the combination
of phlogiston with air is simply to cause a contraction, the
remaining air must be heavier than common air. He found,
however, that it was in fact lighter, and hence inferred that a
portion of the common air must have disappeared, and that
common air must consist of two gases, one of which has the
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power of uniting with phlogiston. In order to find out what
had become of the portion of air which disappeared, Scheele
heated phosphorus, metals, and other bodies in closed volumes
of air, and found that these acted just as the former kind of sub-
stances had done. Hence he concluded that the compound
formed by the union of the phlogiston with one of the constituents
of the air is nothing more or less than heat or fire which escapes
through the glass. In confirmation of the truth of this
hypothesis, Schecle believed that he had experimentally realised
the decomposition of heat into phlogiston and fire-air. Nitric
acid had, in his belief, a great power of combining with
phlogiston, forming with it red fumes; he found that when he
heated nitre in a retort, over a charcoal fire, with oil of vitriol,
he obtained, in addition to a fuming acid, a colourless air,
which supported combustion much better than common air.
This he explained by assuming that when charcoal burns, the
phlogiston combines with the fire-air to form heat, which passes
into the retort, and is there decomposed into phlogiston,
which by combining with the acid gave rise to the red nitrous
fumes, and pure fire-air.. He conceived that he had brought
about the same chemical decomposition of heat by warming
black oxide of manganese with sulphuric acid, or, still more
simply, by heating calx of mercury ; for here it was clear enough
that by bringing heat and calx of mercury together, the phlo-
giston combined with the latter, and fire-air was liberated,

thus :—
Heat Mercury

Fhiogiston + Fire-air + Calx of Mercury = Calx of Mercury + Phlogiston + Fire-air.

In the year 1774 Scheele made his great discovery of chlorine
gas, which he termed dephlogisticated muriatic acid ; in the same
year he showed that baryta was a peculiar earth ; shortly after-
wards he proved the separate existence of molybdic and tungs-
tic acids, whilst his investigations of prussian blue led to the
isolation of hydrocyanic acid, of which he ascertained the
properties. It was, however, especially in the domain of
animal and vegetable chemistry that Scheele’s most numerous
discoveries lay, as will be seen by the following list of organic
acids first prepared or distinctly identified by him :—tartaric,
oxalic (by the action of nitric acid on sugar), citric, malic, gallic,
uric, lactic, and mucic. In addition to the identification of each
of these as distinct substances, Scheele discovered glycerin, and
we may regard him not only as having given the first indication
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of the rich harvest to be reaped by the investigation of the
compounds of organic chemistry, but as having been the first
to discover and make use of characteristic reactions by which
closely allied substances can be detected and separated, so
that he must be considered one of the chief founders of
analytical chemistry.

We have now brought the history of our science to the point
at which Lavoisier placed it in the path which it has ever since
followed. Before describing the overthrow of the phlogistic
theory, it may be well shortly to review the position of the
science before the great chemist began his labours little more
than one hundred years ago. Chemistry had long ceased to be
the slave of the alchemist or the doctor; all scientific chemists
had adopted Boyle’s definition, and the science was valued for its
own sake as a part of the great study of nature. Stahl had well
defined chemistry to be the science which was concerned with
the resolution of compound bodies into their simpler consti-
tuents, and with the building up of compounds from their
elements; so that the distinction between pure and applied
chemistry was perfectly understood. Geber’s definition of a
metal as a fusible, malleable substance, capable of mixing
with other metals, was still accepted ; gold and silver were con-
sidered to be pure or noble metals, whilst the other malleable
metals, copper, tin, iron, and lead, were called the base metals.
Mercury, on the other hand, was thought to be only a metal-like
body until it was frozen in 1759. After that date it was con-
‘sidered to be a true metal in a molten state at the ordinary
temperature. Arsenic, antimony, bismuth, and zinc, from being
brittle, were classed as semi-metals, and to these well-known
bodies were added cobalt in 1735, nickel in 1751, and man-
ganese in 1774, whilst platinum was recognised as a peculiar
metal in 1750, and molybdenum and tungsten were discovered
about 1780. The several metals were supposed to be compounds
of phlogiston with metallic calces, whilst sulphur, phosphorus,
and carbon were looked upon as compounds of phlogiston with
the acids of these elements. Of the simple gases the following
were known : inflammable air (hydrogen), supposed to be either
pure phlogiston or phlogisticated water ; dephlogisticated or fire-
air (oxygen) ; phlogisticated air (nitrogen) ; and dephlogisticated
muriatic acid (chlorine). When the metals dissolve in acids the
phlogiston was thought to escape (as inflammable air) either in
the pure state or combined with water. It wasalso known that
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when a metal is calxed, an increase of weight occurs, but this
was explained cither by the metal becoming more dense, which,
in the opinivn of some, would produce an increase of weight, or
by the absorption of fiery particles, or again by the escape of
phlogiston, a substance which instead of being attracted is re-
pelled by the earth. In short, confusion and difference of
opinion in the quantitative relations of chemistry reigned
supreme, and it was not until Lavoisier brought his great powers
to bear on the subject that light was evoked from the darkness
and the true and simple nature of the phenomena was rendered
evident.

In the year 1743 Lavoisier was born. Carefully educated,
endowed with ample means, Lavoisier, despising the usual occu-
pations of the French youth of his time, devoted himself to
science, his genius, aided by a careful mathematical and physical
training, rendering it possible for him to bring about a complete
revolution in the science of chemistry. Before his time quanti-
tative methods and processes were considered to be purely
physical, though they now are acknowledged to be chemical,
and of all these, the determination of the weights of bodies
taking part in chemical change, as ascertained by the balance,
is the most important. Others, indeed, before him, had made
quantitative investigations. Black and Cavendish almost ex-
ceeded Lavoisier in the exactitude of their experiments, but it
is to the French philosopher that the glory of having first
distinctly asserted the great principle of the indestructibility
of matter belongs. Every chemical change, according to him, -
consists in a transference or an exchange of a portion of the
material constituents of two or more bodies; the sum of the
weights of the substances undergoing chemical change always
remains constant, and the balance is the instrument by which
this fundamental fact is made known. )

In his first important research (1770) Lavoisier employs
the balance to investigate the question, much discussed at the
time, as to whether water on being heated becomes converted
into earth. For one hundred and one days! he heated waterin
a closed and weighed vessel ; at the end of the experiment the
weight of the closed vessel remained unaltered, but on pouring
out the water he found that the vessel had lost 17'4 grains,
whilst on evaporating the water, he ascertained that it had dis-
solved 204 grains of solid matter. Taking the excess of 3-0

! (Euvres de Lavoisier, 2, 22.
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grains as due to unavoidable experimental errors, he concludes
that water when heated is not converted into earth. Shortly
after this, the same question was examined independently by
Scheele, who obtained the same results by help of qualitative
analysis, which showed that the water had taken up a constituent
of the glass, viz, the alkaline silicates.

When he became acquainted with the novel and unexpected
discoveries of Black, Priestley, and Cavendish, a new light burst
upon the mind of Lavoisier, and he threw himself instantly
with fresh ardour into the study of specially chemical
phenomena. He saw at once that the old theory was in-
capable of explaining the facts of combustion, and by help
of his own experiments, as well as by making use of the
experiménts of others, he succeeded in finding the correct
explanation, destroying for ever the theory of phlogiston, and
rendering his name illustrious as having placed the science of
chemistry on its true basis. On looking back in the history of
our science we find indeed that others had made experiments
which could only be explained by this new theory, and in cer-
tain isolated instances the true explanation may have previously
occurred to the minds of others. Thus in 1774 Bayen showed
that calx of mercury loses weight, evolving a gas equal in weight
to what is lost, and he concludes that either the theory of phlo-
giston is incorrect, or this calx can be reduced without addition
of phlogiston. This, however, in no way detracts from Lavoisier’s
glory as having been the first to carry out the true ideas consist-
ently and deliberately through the whole science. It is the
systematic application of a truth to every part of a science which
constitutes a theory, and this it was that Lavoisier and no one
else accomplished for chemistry.

When a man has done so much for science as Lavoisier, it
seems almost pitiful to discuss his shortcomings and failings.
But it is impossible in any sketch of the history of chemistry to
ignore the question how far Lavoisier's great conclusions, the
authorship of which no one questions, were drawn from his
own discoveries, or how far he was indebted to the original
investigations of his contemporaries for the facts upon which
his conclusionsare based. Certain chemists consider that to him
alone the foundation of modern chemistry is to be ascribed, both
as regards material and deduction, whilst others, affirming that
Lavoisier made use of the discoveries of his predecessors,
and especially of the discovery of oxygen by Pricstley,
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without acknowledgment, assert that he went so far as to
claim for himself a participation in this discovery to which
he had no right whatever, and insist that until he had thus
obtained, from another, the key to the problem, his views upon
the question of combustion were almost as vague as those of
the phlogistonists themselves. To enter into a full discussion
of the subject would lead- us into a historical criticism which
would outrun our space. Suffice it to say that many of the
charges which have been brought against Lavoisier's good
faith unfortunately turn out upon investigation to be well
founded, so that whilst we must greatly admire the clear sight
of the philosopher, we cannot feel the same degree of respect for
the moral character of the man.

His investigations on the phenomena of combustlon began in
the year 1772. In a first memoir?® Lavoisier finds not only that
when sulphur and phosphorus are burnt no loss of weight
occurs, but that an increase of welght is observed. Hence he
concludes that a large quantity of air becomes fixed. This dis-
covery leads him to the conclusion that a similar absorption of
air takes place whenever a body increases in weight by combus-
tion or calcination. In order to confirm this view, he reduces
litharge with charcoal, and finds that a considerable quantity
of air is liberated. This, he asserts, appears to him to be
one of the most interesting experiments made since the time
of Stahl.

Lavoisier's next pubhcatlon was his Opuscules phyugucs et
chymiguies, commenced in 1774. In these memoirs he first
examines the kind of air given off in the processes of breathing,
combustion, and fermentation. The views which he expresses are
similar to those put forward long before by Black, to whom"
he frequently refers as the originator of them, this acknowledg-
ment of his indebtedness to the Scottish philosopher being
repeated in the letters from Lavoisier to Black which have
been already referred to,? in one of which the following passage
occurs :—“Plus confiant dans vos idées que dans les miennes
propres, accoutumé @ vous regarder comme mon maitre,” dc.

In the year 1774 he describes experiments on the calcination
of lead and tin, which he, like Boyle, heats in closed glass
globes: so long as the vessel is closed it does mot change in
weight, but when the neck of the flask is broken, air rushes in,

! Sur la Cause de ' Augmentation des Poids. (Euvres 2, 99.
3 British Association Reports, 1871, 190,
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and the weight increases. He further shows that only a por-
tion of the air is taken up by the molten metal, and that the
residual air is different from common air, and also from fixed air.
From these statements it is clear that Lavoisier considered that
the air consists of two different clastic fluids, but that he was
not acquainted with Priestley’s discovery of oxygen. Nor were
his views at this time so precise or well defined as we should
gather from reading his papers published in the memoirs
of the French Academy for 1774. The explanation is
simple cnough, inasmuch as owing to the careless and tardy
manner in which the memoirs of the French Academy were
at that time edited, changes in the original communications
were frequently made by the writers before publication, so that
the papers: printed in the memoirs were corrected to suit
alteration in view or in fact which had become known to the
authors between the times of reading and of publication

Thus, for instance, it is clear that the paper!® detailing the
result of his experiments on the calcination of the metals
above referred to, which was read before the Academy in Nov.
1774, does not express the same views which we find given
in the exterided description of his experiments contained
in the volume of the memoirs for 1774, which however
was not published till 1778. So that although Lavoisier in
1774 considered air to be made up of several different elastic
fluids, it is certain that he was not then acquainted with the
kind of air which was absorbed in calcination, that his views
on the subject were in reality very similar to those expressed
a century before by Jean Rey (1630), Mayow (1669), and later,
by Pott (1750), and that they were far from being as precise
and true as we should gather them to have been from the perusal
of his extended memoir, printed in 1778 and corrected so as
to harmonise with the position of the science at that date.

It is not until we come to a paper, Sur ls nature du
principe qui se combine avec les métanx pendant leur caleina-
tion, first read in 1775 and re-read on Aug. 8, 1778, that
we find a distinct mention of oxygen gas, which he first termed
“lair éminemment respirable,” or “ lair pur)” or “lair vital,”
and that we see that the whole theory of combustion is clear to
Lavoisier. He shows that this gas is necessary for the cal-
cination of metals, he prepares it from precipitatum per se,
as Priestley had previously done, and in the year 1778 we

! Journal de Physique for Dec. 1774,
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find the first mention of oaygen or the acidifiant principle. The
name was given to it because he observed that combined with
carbon this substance forms carbonic acid, with sulphur vitriolic
acid, with nitrous air nitric acid, with phosphorus phosphoric
acid, although with the metals in general it produces the
metallic calces. In his Eléments de Chimie, published in 1782,
we find the following words under oxygen gas:—“Cet air que
nous avons découvert presque en méme temps, Dr. Pricstley, M.
Scheele et moi.”t Now there is no doubt whatever that in
October, 1774, Dr. Priestley informed Lavoisier, in Paris, of the
discovery he had lately made, and that Lavoisier was at that
time unacquainted with the fact that precipitatum per se yields
this new gas on heating. Hence we cannot admit Lavoisier’s
claim to the joint discovery of oxygen, a claim, it is to be
remembered, not made until eight years after the event had
occurred. In corroboration of this conclusion we find in
Priestley’s lust work, published in 1800, and singularly enough
entitled The Doctrine of Phlogiston Established, the following
succinct account of the matter. “ Now that I am on the subject of
the right of discoveries,” he says, “ I will as the Spaniards say,
leave no ink of this kind behind in my ink-horn, hoping it will be
the last time I shall have any occasion to trouble the public about
it. M. Lavoisier says (Elements of Chemistry, English edition,
p. 36) ‘This species of air (meaning dephlogisticated) was
discovered almost at the same time by Mr. Priestley, M. Scheele,
and myself’ The case was this: having made the discovery
some time before I was in Paris in 1774, I mentioned it at the
table of M. Lavoisier, when most of the philosophical people in
the city were present; saying that it was a kind of air in which
a candle burned much better than in common air, but I had
not then given it any name. At this all the company, and Mr. and
Mrs. Lavoisier as much as any, expressed great surprise ; I told
‘them that I had gotten it from precipitatum per seand also from
red lead. Speaking French very imperfectly, and being little
acquainted with the terms of chemistry, I said plomb rouge and
was not understood till M. Macquer said, ¢ I must mean mintum.’
M. Scheele’s discovery was certainlyindependent of mine, though
I believe not made quite so early.”

The two memoirs in which Lavoisier clearly puts forward his
views on the nature of combustion and respiration are, first, one
read before the Academy in 1775, Sur la combustion en général

1 (Euvres, ], 38.
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and second, one entitled Réflexions sur la Phlogistique, published
by the Academy in 1783. In the first of these memoirs he
does not attempt to substitute for Stahl's doctrine a rigorously
demonstrated theory, but only an hypothesis which appears to
him more conformable to the laws of nature, and less to con-
tradict known’ facts. In the second memoir he develops his
theary, denying the existence of any “ principle of combust-
ibility,” as upheld by Stahl, stating that the metals, and such
substances as carbon, sulphur, &c., are simple bodies which on.
combustion enter into combination with oxygen, and concluding
that Stahl’s supposition of the existence of phlogiston in the
metals, &c., is entirely gratuitous,and more likely to retard than
to advance the progress of science.

The triumph of the antiphlogistic (Lavoisierian) doctrines
was, however, not complete until the discovery of the compound
nature of water by Cavendish in 1781 became fully known.
The experiment concerning the combination of hydrogen (phlo-
giston) and oxygen to form water was at.once repeated and
confirmed by Lavoisier and Laplace on the 24th June, 1783,
and then Lavoisier was able satisfactorily to explain the changes
which take placc when metals dissolve in acids, and to show
that the metals are simple bodies which take up oxygen oa
combustion, or on solution in acid, the oxygen being derived
in the latter case either from the acid or from the water
present.

Here, again,if we investigate the posmon occupied by Lavoisier
respecting the discovery of the composition of water we shall see
that, not content with ‘the glory of having been the first to
give the true explanation of the phenomena, he appears to claim
for himself the first quantitative determination of the fact,!
although it is clear that he had been previously informed by
Blagden of Cavendish’s experiments.?

The verdict concerning the much-vexed question as to the
rival claims of Cavendish, Watt, and Lavoisier cannot be more
forcibly or more concisely given than in the following words of
Professor Kopp—Cavendish first ascertained the facts upon

1 Euvres, 2, 338.
- 2 For an exhaustwe discussion of this subject we must refer the reader to
George Wilson'’s Life of Cavendish, 1849, as well as to Prof. H. Kopp's Beitrige
2ur Geschichte der Chemie. Die Entdeckung der Zusammensetzung des Wassers,
Vieweg und Sohn, 1875. See also Grimaux, Lavoisier, F. Alcan, Paris ; Thorpe,

Brit. Assoc. Reports, 1890, p. 761, Historical Essays, p. 110, Macmillan, 1894 ;
and Berthelot, La Révolution Chimique, F. Alcan, Paris, 1890.
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which the discovery of the composition of water was based,
although we are unable to prove that he first deduced from these
facts the compound nature of water, or that he was the first
rightly to recognise its constituent parts. Watt was the first to
argue from these facts the compound nature of water, although
he did not arrive at a satisfactory conclusion respecting the
nature of the components; whilst Lavoisier, also from these
facts, first clearly recognised and stated the true nature of the
components of water.

Although at this period the experimental basis of the true
theory of combustion was complete, it was some time before the
clear statements of Lavoisier were accepted by chemists. Many
of those who were most distinguished by their discoveries
remained to the last wedded to the old ideas, but by degrees, as
fresh and unprejudiced minds came to study the subject, the
new views were universally adopted.

In considering this great question from our present point
of view, we cannot but recognise in the phlogistic theory the
expression of an important fact, of which, however, the true in-
terpretation was unknown to the exponents of the theory. The
phlogistonists assert that something which they term phlogiston
escapes when a body burns; the antiphlogistonists prove,on the
other hand, that no escape of material substance then occurs, but
that, on the contrary, an addition of oxygen (or some other
element) always takes place. In thus correcting from one aspect
the false statement of the followers of Stahl, Lavoisier and his
disciples to some extent overlooked an interpretation which may
truly be placed upon the statements of the phlogistonists, for if in
place of the word “ phlogiston ” we read “ energy,” this old theory
becomes the expression of the latest development of scientific
investigation. We now know that when two elements combine,
Energy, generally in the form of heat, is usually evolved,
whilst in order to resolve the compound into its constituent
elements an expenditure or absorption of an equal amount of
energy is requisite.

The fact that every distinct chemical compound possesses a
fixed and unalterable composition, was first proved by the
endeavour to fix the composition of certain neutral . salts.
Bergman from the ycar 1775, and Kirwan from 1780, were
occupied with this experimental inquiry, but their results did
not agree sufficiently well to enable chemists to come to a satis-
factory conclusion, and it is to Cavendish that we owe the first
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proof that the combining proportion between baseandacid follows
adistinct law, whilst to him we also owe the introduction of the
word “equivalent ” into the science. It is, however, to Richter
(1762-1807) that we are indebted for the full explanation of the
fact, that when two neutral salts undergo mutual decomposition,
the two newly-formed salts are also neutral. He shows in his
“Stochiometrie,” that the proportions by weight of differént bases
which saturate the same weight of a given acid will also saturate
a different but a constant weight of a second acid. So that if
we have determined what weight of a given base is required to
saturate a given weight of several different ac¢ids,and if we also
know the weights of the different bases which are needed for the
neutralisation of a given weight of any one of these acids, we
can calculate in what proportion each of these bases will unite
with any one of these acids. Richter alsoshowed that when the
different metals are separately dissolved in the same quantity
of sulphuric acid, each one takes up the same quantity of
oxygen; or, a8 We may now express it, the varying quantities of
these different oxides which neutralise one and the same
quantity of any acid, all contain the same quantity of oxygen.
These important observations attracted but little attention or
consideration from Richter’s contemporaries, all of whom were
busily engaged in carrying on the phlogistic war in which he
himself took an active part in defence of the older doctrine.
The investigations of Richter and his predecessors had
reference mainly to the proportions by weight in which acids
and bases unite, which, according to Lavoisier’s theory, are not
simple substances, whilst Lavoisier recognised the fact that the
elements themselves combine in definite proportions by weight.
In opposition to this view of combination in definite unalterable
quantities, L. Claude Berthollet published in 1808 his cele-
brated Essai de statique Chimigue, in which he refers the
phenomena of chemistry to certain fundamental properties of
matter, endeavouring to explain chemical changes by the motions
of the particles of matter on the same principles as Newton’s
theory of gravitation accounts for the simpler motions of the
heavenly bodies. Considering chemical change from this
mechanical point of view, Berthollet pointed out the cir-
cumstances under which we can accomplish the highest
development of the science, namely, prediction of phenomena;
and if, in his assumed identity of the laws of gravitation
and chemical action, he was mistaken, the aim which he set
VOL. I D
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before himself is that which has remained, and will ever
remain, the. highest ideal of the science. The influence which
‘Berthollet’s views exercised.on the progress of the science was
less powerful than it otherwise would have been owing to the
fact that he, considering chemical combination to be based upon
purely mechanical laws, was obliged to admit that an alter-
ation of the conditions, such as mass and temperature, must
generally produce an alteration in the proportion in which two
elements combine. He was, theréefore, forced to the conclusion
that combination may take place, as a rule, between variable
proportions of the elements, with the formation of a series of
compounds differing gradually in composition, combination in a
limited number of proportions being the exception, due to some
special physical property of the compound containing those
proportions, such as insolubility or elasticity. The opposite
view that combination only takes place in a small number of
definite fixed proportions was defended by his countryman
Proust, and this led to a keen dcbate between the two French
philosophers which lasted from the year 1801 to the year 1808.
In the end, however, Proust proved conclusively that Berthollet’s
views were not generally applicable, inasmuch as he showed
that when one metal gives rise to two oxides, the weight of the
metal which combines with the same quantity of oxygen to
form the various oxides is a different but a fixed quantity, so
that combination does not take place by the gradual addition of
one element, but by sudden increments. It must, however, be
remembered that Berthollet’s views are strictly applicable to
that class of homogeneous mixtures now known as physical
mixtures!® (p. 50).

Proust’s observations might in fact have led him to the
recognition of the law of multiple proportions, bus his analyses
were not sufficiently accurate for this purpose,? so that neither
‘Proust nor Richter arrived at the true expression of the facts
of chemical combination, and it was reserved for John Dalton,
(1766—1844) clearly to state the great law of chemical com-
bination in multiple proportions, and to establish a theory
which is in full accord with the observed facts.

.. Democritus, and after him Epicurus and Lucretius, had long
ago taught that matter is made up of small indivisible particles,
and the idea of the atomic constitution of matter, and even the

! On this subject see Hartog, Vature (1894) 50, 149.
3 Journal.de Physique, 59, 260 and 321,
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belief that chemical combination consists in the approximation
of the unlike particles, had been already expressed by Kirwan in
1783, as well as by Higgins in 1789. Dalton was, however,
the first to propound a truly ckemical atomic theory, the only one
hitherto proposed which co-ordinates the facts of chemical com-
bination in a satisfactory manner. The cardinal point upon
which Dalton’s atomic theory rests, and in which it differs from
all previous suggestions, is that it is a quantitative theory respect-
ing the constitution of matter, whereas all others are simply quali-
tative views. For whilst all previous upholders of an atomic
theory, including even Higgins, had supposed that the relative
weights of the atoms of the various elements are the same,
Dalton at once declared that the atoms of the different elements
are not of the same weight ; and that the relative atomic weights
of the elements arc the proportions by weight in which the clements
combine, or some multiple or submultiple of these.

Dalton published his first table of atomic weights of certain
elements and their compounds, as an appendix to a paper read
before the Manchester Litcrary and Philosophical Society, Oct.
21, 1803, and issued in 1805, on the absorption of gases by water
and other liquids.

Daltow’s First Table of the Relative Weights of the Ullimate
Particles of Gaseous and other Bodics?

Hydrogen. . . . . 1 Nitrous oxide . . . 137
Azot . . . . . . 42 Sulphur. . . . . 144
Carbon .. . . 43 Nitricacid . . . . 152
Ammonia. . . . . 52 Sulphuretted hydrogen 154
Oxygen . . . . . 55 Carbonicacid . . . 153 .
Water . . . . . 65 Aleohol . . . . . 151
Phosphorus . . . 72 Sulphureous acid. . 199
Phosphuretted hy(lrogen 82 Sulphuricacid . . 254
Nitrousgas . . . . 93 Carburetted hydrogen,
Ether . . . . . . 96 from stagnant water. 63
Gaseous oxide of carbon 98 Olefiant gas . . . . 53

1 Certain inaccuracies in the values of the weights of some of the compounds
occur in this table; thus, 42 + 55 = 97, whilst 93 appears opposite nitrous
gas. Whether these are merely printer’s errors or are to be explained in some
other way can now only be conjectured. ~See Roscoe on Dalton’s First Table
of Atomic Weights. Manchester Lit. and Phil. Soc. Mem. 1874-5. 3rd Series,
5, 269,
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As a reason for introducing these numbers, Dalton states
that the different solubility of gases in water depends upon
the weight and number of the ultimate particles of the
several gases. “ The inquiry,” he continues, “into the rela-
tive weights of the ultimate particles of bodies is a subject,
as far as I know, entirely new ; I have lately been prosecuting
this inquiry with remarkable success. The principle cannot be
entered upon in this paper, but I shall subjoin the results as far
as they appear ascertained by my experiments.”

Thus then, at the end of a paper on a physical subject, does
Dalton make known a principle the discovery of which at once
placed the science of chemistry upon a firm basis, and has
rendered the name of its discoverer second only to that of
Lavoisier amongst the founders of the science.

It is not easy to follow in detail the mental or experimental
processes by which Dalton arrived at this great theory. Certain
it is, however, that the idea which lay at its foundation had long
been in his mind, which was essentially of a mathematical and
mechanical turn, and that it was by his own experimental deter-
minations, and not by combining any train of reasoning derived
from the previous conclusions of other philosophers that he was
able to prove the correctness of his theory. Singularly self-reliant,
accustomed from childhood to depend on his own exertions,
Dalton was a man to whom original work was a necessity.! In
the preface to the second part of his New System of Chemical Phil-
osophy, published in 1810, he clearly shows his independence
and even disregard of the labours of others, for he says—* Having
been in my progress so often misled by taking for granted the
results of others, I have determined to write as little as possible
but what I can attest by my own experience.”

It appears from entries in his laboratory notebooks? that
Dalton, being actively engaged upon the question of atomic
weights in September, 1803, had drawn up at least three
provisional tables before that printed in the Manchester
Memoirs. He appears to have been mainly influenced in the
development of his theory by the consideration of the physical
properties of gases, and more especially by his attempts to
account for the various phenomena of the diffusion and the

1 Lonsdale’s Life of Dalton. Longmans, 1874.

2 4 New View of the Origin of Dalton’s Atomic Theory, p. 26. Roscoe and
Harden. (Macmillan, 1896.)
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solubility of gases, rather than by the results of any extended
series of chemical analyses.

His views on these subjects, in fact, led him to endeavour to
ascertain the relative sizes of the particles in different gases,
and this involved the determination of the relative weight of the
particles of each gas and the relative number contained in a
given volume. It was with the object of determining this
relative weight that he had recourse to the chemical composition
of the gas, and was thus led to the ideas which he formulated
as the Atomic Theory.

As early as 1802, in an experimental inquiry into the propor-
tions in which the several gases constituting the atmosphere
occur, Dalton clearly points out “that the element of oxygen
may combine with a certain portion of nitrous gas” (our nitric
oxide) “or with twice that portion, but with no intermediate
quantity,” and this observation, no doubt, also contributed
largely to the development of his views.!

The atomic theory and the law of combination in multiple
proportions were publicly announced by Dalton at a lecture
delivered at the Royal Institution? in London in 18034, but,
singularly enough, first became widely known through the
agency of his friend, Professor Thomas Thomson, of Glasgow,
who published in 1807 an account of Dalton’s discovery in the
third edition of his System of Chemastry3 In the following year
(1808) Dalton made known his own views in the remarkable
book entitled .4 New System of Chemical Philosophy, in which
(Part i, p. 213) he says—* It is one great object of this work to
show the importance and advantage of ascertaining the relative
weights of the ultimate particles, both of simple and compound
bodies, the number of simple elementary particles which
constitute one compound particle, and the number of less
compound particles which enter into the formation of one more
compound particle.”

Dalton at once applied his views to the composition of water,
ammonia, nitrous gas (nitric oxide), nitrous oxide, nitric acid,
sulphurous and sulphuric acids, and the oxides of carbon, and,

1 Manchester Memoirs, 2nd Series, 1, 250. .

2 New System. Part I. Preface.

? Thomson’s statement that the law of multiple proportions was discovered
by the study of olefiant gas and marsh gas is now known to be inaccurate.

(Debus, On Some of the Fundamental Laws of Chemistry, Cassel, 1804 ;
Roscoe and Harden, loc. cit.).
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somewhat later, to nitrous acid, olefiant gas and marsh gas,
phosphuretted hydrogen, alcohol and ether, and he showed and
expressed by the numbers given in his tables that the compo-
sition of these might be most simply explained by the assump-
tion that one atom of one €lement is attached to 1, 2, 8, &c.,
atoms of another. The novelty and importance of his view of
the composition of chemical compounds induced Dalton to
introduce a method of graphic representation of the atoms of
the elements, and the system he adopted may be illustrated by
a reproduction of the plate (p. 39) and description appended
to the first part of his New System.

PraTE IV.—This plate contains the arbitrary marks or signs
chosen to represent the seveml chemical clements or ultimate
particles.

Fig. ' Fig.

1 Hydrog. its rel. welght 1 11 Strontites. . . . . 46
2 Azote . . . . 5 12 Barytes . . . . . 68
3 Carbone or charcoa.l . 5. 183Irn . . . . . . 38
4 Oxygen .. . 7114 Ze . . . . . . 56
5 Phosphorus . . . . 9 15 Copper . . . . . 56
6 Sulphur . .. 13:16 Lead . . . . . . 95
7 Magnesia. . . . . 20 "17 Silver . . . . . . 100
8 Lime . . . . . . 23 18 Platina . . . . . 100
98Soda . . . . . . 28 19God . . . . . .140
10 Potash. . . . . . 42 20 Mercury . . . . . 167

21 An atom of water or steam, composed of 1 of oxygen
and 1 hydrogen, retained in physical contact by a
strong affinity and supposed to be surrounded by a

common atmosphere of heat; its relative weight . . 8
22 An atom of ammonia, composed of 1of azote and 1 of

hydrogen . . . 6
23 An atom of nitrous gas, composed of 1 of uzote and 1 of

oxygen . 12
24 An atom of oleﬁant gas composed of 1 of carbone and

1 of hydrogen . . . 6
25 An atom of carbonic ox1de, composed of 1 of carbone

and 1 of oxygen . . . e 12
26 An atom of nitrous oxide, 2 azote + 1 oxygen AR | 4
27 An atom of nitric acid, 1 azote + 2 oxygen . . . . 19

28 An atom of carbonic acid, 1 carbone + 2 oxygen . . 19
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Fig.

29 An atom of carburetted hydrogen 1 carbone + 2 .
bydrogen . . . A
30 An atom of oxymtnc acld 1 a.zote + 3 oxygen ... 26
31 An atom of sulphuric acid, 1 sulphur + 3 oxygen . . 34
32 An atom of sulphuretted hydrogen, 1 sulphur + 3
hydrogen . . . .o 16
33 An atom of alcohol, 3 carbone + 1 hydrogen . .. 16
34 An atom of nitrous acid, 1 nitric acid 4 1 nitrous gas 31
35 An atom of acetous acid, 2 carbone + 2 water . . . 26
36 An atom of nitrate of ammonia, 1 nitric acid + 1
ammonia + 1 water . . . ... 33
37 An atom of sugar, 1 alcohol + 1 carbonlc ac1d . . . 35

These atomic weights, it is evident, are far from being those
which we now accept as correct, indeed they are different from
those given in his first table, for Dalton not only frequently
altered and amended these numbers, according as his experi-
ments showed them to be faulty, but even distinctly asserts
the doubtful accuracy of some. Chemists at that time did not
possess the means of making accurate determinations, and when
we become acquainted with the rough methods which Dalton
adopted, and the imperfect apparatus he had to employ, we
cannot but be struck with the clearness of his vision and the
boldness of grasp which enabled him, thus poorly equipped, to
establish a doctrine which further investigation has only more
firmly established, and which, from that time forward, has served
as the pole star round which all other chemical theories
revolve.

Amongst those to whose labours we are indebted for advancing
Dalton’s atomic theory are Thomas Thomson and Wollaston,
but before all, the great Swedish chemist Berzelius, to whom we
owe the first really exact values for these primary chemical
constants. With remarkable perseverance he ascertained the
exact composition of a large number of compounds, and was,
therefore, able to calculate the combining weights of many
elements, thus laying the foundation-stones of the science as it
at present exists. In 1818 Berzelius published his theory of
chemical proportions, and of the chemical action of electricity,
and in these remarkable works he made use of chemical sym-
bols and formule such as we now employ, to denote not only
the qualitative, but also the quantitative composition of chemical
compounds. From this time forward it was satisfactorily proved
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and generally acknowledged that the elementary bodies combine
together either in certain given proportions by weight, or in
simple multiples of these proportions; and, through the
researches of Berzelius and others, the list of elements, which at
the time of Lavoisier amounted to twenty-three in number, was
considerably increased.

Next in order comes Humphry Davy’s discovery of the com-
pound nature of the alkalis (1808), proving that they are not
simple substances but oxides of peculiar metals, and thus entirely
revolutionising the views of chemists as to the constitution of a
large and important class of compounds, including the salts of
the alkaline earths. The discussion in 1810 as to the constitu-
tion of chlorine—then termed oxygenated muriatic acid—decided
by Davy and Gay-Lussac in favour of its elementary nature,
was likewise a step of the greatest importance and of wide
application. In 1811 iodine was discovered by Courtois, and
most carefully investigated by Gay-Lussac, who proved the close
analogy existing between this element and chlorine. The
discovery of many other elements now opened out fresh fields
for investigation, and gave the means of classifying those
already known. The names and properties of these will be found
in the portions of this book specially devoted to their description.

If Dalton, as we have seen, succeeded in placing the laws of
chemical combination by weight on a firm basis, to Gay-Lussac
belongs the great honour of having discovered the law of the
combination of gaseous bodies by wolume. In the year 1805
Gay-Lussac and Alexander von Humboldt found that one volume
of oxygen combines with exactly two volumes of hydrogen to
form water, and that these exact proportions hold good at what-
ever temperature the gases are brought into contact. This
observation was extended by Gay-Lussac, who in 1808 published
his celebrated memoir on the combination of gaseous bodies,! in
which he proves ‘that gases not only combine in very simple
relations by volume, but also that the alteration of volume which
these gases undergo in the act of combination may be expressed by
a very simple law. Hence it follows that the densities of gases
must bear a simple relation to their combining weights. The true
explanation of these facts was first given by Avogadro in 1811,
and his hypothesis is now universally admitted both by chemists
and physicists. According to the Italian philosopher the
number of smallest particles or molecules contained in the

! Mémoires & Arcueil, 1808, 2, 207.
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same volume of every kind of gas is the same, similar
circumstances of pressure and tempecrature being of course
presupposed.

The discovery by "Gay-Lussac of the laws of volume-
combination, together with Avogadro’s explanation of the law,
served no doubt as most valuable supports of Dalton’s atomic
theory, but the truth of this latter theory was still further
asserted by a discovery made by Dulong and Petit in 1819.
These French chemists determined the specific heat of thirteen
elementary bodies and found that the numbers thus obtained,
when compared with the atomic weights of the same bodies,
showed that the specific heats of the several elements are
inversely proportional to their atomic weights, or in other
words, the atom of each of these elements possesses the same
capacity for heat. Although subsequent research has shown
that this law .does not apply in every case, it still remains a
valuable means of controlling the atomic-weight determinations
of many elements. '

In the same year a discovery of equal importance was an-
nounced by Mitscherlich—that of the law of JIsomorphism.
According to this law, chemically analogous elements can re-
place each other in many crystalline compounds, either wholly
or in part, in atomic proportions without any change occurring
in the crystalline form of the compound. This law, like that of
atomic heats, has proved of great value in the determination of
atomic weights.

Gradually the new basis given by Dalton to our science was
widely extended by these discoveries and by the researches of
other chemists, and a noble structure arose, towards the com-
pletion of which a numerous band of men devoted the whole
energies of their lives.

Especially striking was the progress made during these years
in the domain of Organic Chemistry, or the chemistry of the
substances found in, or obtained from, vegetable or animal
bodies. Analytical results were wanting to prove that the
complicated Organic bodies followed the same laws as the
more simple Inorganic compounds. It is to Berzelius that
we owe the proof that this is really the case, and his exact
analyses placed organic chemistry in this respect on a firm
and satisfactory basis. There still remained, however, much
doubt as to the strict identity of the laws according to which
organic and inorganic compounds were severally formed. Most
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of the compounds met with in mineral chemistry could be easily
prepared by the juxtaposition of their constituents; they were
of comparatively simple constitution, and could as a rule be pre-
pared by synthesis from their constituent elements. Not so
with organic bodies; they appeared to be produced under cir- -
cumstances wholly different from those giving rise to mineral
compounds; the mysterious phenomena of life seemed in some
way to influence the production of these substances and to
preclude the possibility of their artificial preparation. A great
step was therefore made in our science when,in 1828, Wohler
artificially prepared urea, a body which up to that time had been
thought to be a product peculiar to animal life. This discovery
broke down at once the supposed impassable barrier between
organic and mineral chemistry, pointed out the rich harvest of
discovery since so largely developed, especially by Liebig,in the
synthesis of organic substances, and paved the way to the know-
ledge which we have gained, chiefly through the labours of the
last-named " chemist, that the science of Physiology consists
simply in the Chemistry and Physics of the body.



GENERAL PRINCIPLES OF THE SCIENCE

1 MATTER is capable of assuming three different states or con-
ditions :—the solid, the liquid, and the gaseous. Of these, the
first two have, for obvious rcasons, been recognised from the
earliest ages, as accompanying very different kinds of substances.
It is, however, only within a comparatively short time that men
have come to understand that just as there are many distinct
kinds of solids and liquids, so there are many distinct kinds of
gases (Van Helmont). These may, indeed, be colourless and in-
visible, but, nevertheless, they can readily be shown to differ one
from another. Thus, Black, in 1752, collected a peculiar gas,
which we now know as carbonic acid gas, or carbon dioxide, ob-
tained by the action of dilute acids on marble ; to this gas he
gave the name of “fixed air,” because it is fixed in the alkaline
carbonates, which at that time were called the mild alkalis, in
contradistinction to the caustic alkalis. This invisible gas does
not, like air, support the combustion of a taper, and, unlike air,
it renders clear lime-water turbid ; it is also much heavier than
air, as can be shown by pouring it downwards from one vessel to
another, by drawing it out of a vessel by means of a syphon, or by
pouring it into a beaker glass previously equipoised at one end of
the beam of a balance (see Fig. 2). That the gas has actually been
poured out is seen either by a burning taper being extinguished
when dipped into the beaker glass, or by adding some clear
lime-water, which then turns milky.

In 1766, Cavendish showed that the gas termed by him in-
flammable air, and obtained by the action of dilute acids on
metallic zinc or iron, is also a peculiar and distinct substance,
to which we now give the name of hydrogen gas. It is somuch
lighter than air that it may be poured upwards, and takes fire
when a light is brought in contact with it, burning with a pale
blue flame. Soap-bubbles blown with hydrogen ascend in the



PROPERTIES OF GASES 45

air,and if hydrogen be poured upwards into the equipoised bell-
jar hung mouth downwards on the arm of the balance (Fig. 3).
the equilibrium will be disturbed, and the arin with the bell-jar
will rise.

On August 1st, 1774, Priestley heated some red precipi-
tate (oxide of mercury) and obtained from it a new colour-
less gas called oxygen,and this, although invisible, possesses

Fia. 2.

properties quite different from those of air, carbonic acid gas, or
hydrogen gas. A red hot chip of wood is at once rekindled
when plunged into this gas, and bodies such as iron wire or steel
watch-spring, which do not burn in the air, burn with brilliancy
in oxygen.

These examples suffice to show that invisible gases exist
which differ in the widest degree from each other, though many
more illustrations of the same principle might be given.
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2 The method which we have had to adopt in order thus to
discern differences between these invisible gases, is termed the
Experimental Mcthod. Experiments may be said to be ques-
tions put to nature, and a science is termed experimental, as
opposed to observational, when we are able so to control and
modify the conditions under which a phenomenon occurs as to
be able to observe the cffect of each modification, and thus to

Fia. 3.

gain a clearer insight into the true sequence of events which
constitutes the phenomenon under examination. -

Chemistry is, thercfore, one of several experimental sciences,
each of which has the study of natural phenomena for its aim.
These sciences are most intimately connected, or, rather, the
division into separate sciences is quite arbitrary, so that it is
not possible exactly to say where the phenomena belonging to
one science begin and those appertaining to anotherscience end.
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Nature is a connected whole, and the divisions which we are
accustomed to make of natural phenomena into separate sciences
serve only to aid the human mind in its efforts to arrange
a subject which is' too vast in its complete extent for the
individual to grasp. Although it may not be possible exactly
to define the nature of the phenomena which we class as
chemical, as distinguished from those termed physical, it is not
difficult, by means of examples, to obtain a clear idea of the
kind of observations with which the chemist has to do. Thus,
for instance, it is found that when two or more given substances
are brought together, under certain conditions they may
change their properties, and a new substance, differing
altogether from the original ones, may make its appearance,
Or, again, a given substance may, when placed under certain
conditions, yield two or more substances differing entirely from
the original one in their essential properties. In both these
cases the change which occurs is termed a chemical change; if
" several distinct substances have coalesced to form one new
substance, an act of chemical combination is said to have occurred ;
if one substance is made to yield two or more distinct new
bodies, a chemical decomposition has taken place. These acts
of chemical union and disruption occur alike amongst solid,
liquid, and gaseous bodies; they depend in the first place on
the essential nature of the substances, and secondly, on the
circumstances or conditions under which they are placed. Itis
also to be observed, in the first place, that these actions of
chemical union do not occur when the component particles
are situated at a distance from each other, close approximation
being necessary in order that such changes should take place;
whilst secondly we invariably notice that both combinations and
decompositions are attended with some change in the energy
of the system, such as an evolution or absorption of heat,
or the production of light, or of a current of electricity;
finally it is characteristic of chemical union that complete
combination does not occur between any proportions of
the substances which may be taken, but only between certain
definite proportions (see p. 63).

3 Some simple illustrations of chemical action may here be
cited. When powdered sulphur and fine copper-filings are well
mixed together, a green-coloured powder results, in which,
however, a microscope will show the particles of sulphur lying
by the side of the particles of copper. On heating this green
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powder in a test tube, the mass suddenly becomes red-hot, and,
on cooling, a uniform black powder is found. This is neither
copper nor sulphur, but a chemical compound of the two, in
which no particle of either of the substances can be seen, how-
ever high a magnifying power be employed, but from which, by
the employment of certain chemical means, both copper and
sulphur can again be extracted. Here, then, we have a case of
chemical combination between two solid bodies, well charac-
terised by change of properties and evolution of heat and light.

Again, if the two gases, hydrogen and oxygen, be mixed to-
gether in equal volumes and an electric spark produced in them,
they combine with an explosion to form water, which condenses
as a liquid ; a large amount of heat is evolved, a flash of light
is seen, and a considerable contraction in volume occurs. Com-
plete combination, however, only occurs when hydrogen is
mixed with exactly half its volume of oxygen; if either of
the gases be in excess of this proportion the excess remains
uncombined, so that in the present case half of the oxygen
would remain free and unaltered.

The water formed by the combination of the two gases can
again be decomposed into free hydrogen and oxygen, and this
can readily be effected by a current of electricity, as discovered
by Nicholson and Carlisle in 1800. For the purpose of exhibit-
ing this we only need to pass a current of electricity from four
or six Grove’s or Bunsen’s elements by means of two platinum
poles through some water acidulated with sulphuric acid (Fig. 4).
The instant contact is made, bubbles of gas begin to ascend
from each platinum plate and collect in the graduated tubes,
which at first are filled with the acidulated water. After a
little time it will be seen that the' plate which is in connection
with the zinc of the battery evolves more gas than the one
which is in contact with the platinum or carbon of the battery;
and after the evolution has continued for a few minutes one
tube will be seen to contain twice as much gas as the other.
On examination, the larger volume of gas will be found to be
hydrogen, and will take fire and burn when a light is brought
to the end of the tube in which it was collected, whilst the
smaller volume of gas is seen to be oxygen, a glowing chip of
wood being rekindled when plunged into it.

Whereas the combination of hydrogen with oxygen is
attended by the evolution of energy in the forms of light and
heat, the inverse change, the decomposition of water, requires




CONSERVATION OF ENERGY 49

energy to be supplied, and in the experiment just described,
this is conveyed to the water in the form. of the energy of the
electrical current.

As regards these transformations of energy which accompany
chemical change, it must be remembered that according to the
well-established law of the “Conservation of Energy”! the
total amount of energy in the universe is constant and never
varies. Energy cannot be created, but energy of one kind can

Fia. 4.

be transformed into energy of a different kind, and il is a
change of this sort which accompanies chemical action.

Free hydrogen and oxygen, therefore, possess a store of
potential energy, known by the name of chemical energy (or
potential energy of chemical separation), and when combination
occurs this is converted into the cnergy of heat and light. On
the other hand, when water is decomposed, as described above,

! See Clerk Maxwell, Theory of Heat. Chap. 1V.
VOL. 1 E
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the energy of the clectrical current is converted into the
chemical energy of. the mixture of hydrogen and oxygen
which is produced.

4 It isnot always an easy matter to decide whether a particular
change can properly be termed chemical, although in cases
like the foregoing there is no difficulty in arriving at a decision.
The phenomena of solution, for example, exhibit many of the
characteristics of chemical change. Thus, water dissolves a
solid substance like sugar, forming a homogeneous, colourless
liquid, which differs both from sugar and from water itself in
properties ; heat is absorbed during the process of solution, and
water at any particular temperature will not dissolve more
than a definite proportion of sugar, any excess of the latter
being left undissolved and unchanged. On the other hand, it
is possible, by the 'gradual addition of sugar to water, to obtain
a series of solutions, the properties of which pass gradually
from those of pure water to those of a saturated solution of
sugar, and in this respect, therefore, the phenomenon differs from
a true chemical change. Solutions accordingly are usually
looked upon, not as true chemical compounds, but as physical
maztures, other cxamples of the same class being found in many
of the alloys formed by fusing together two or more metals.
In the ecxamination of homogeneous substances as they occur
in nature or are artificially produced it is usually the chemist’s
first task, and it is often one of extreme difficulty, to ascertain
whether the material in question is a chemical individual or a
physical mixture of two or more distinct substances.

5 In many cases of chemical action, the products are gaseous,
whilst at least one of the materials acted upon is solid or liquid.
Hence, in these cases, a disappearance or apparent loss of matter
occurs. It has, however, been shown by many accurate experi-
ments that in these cases the loss of matter is only apparent, so
that chemists have come to the conclusion that matter is in-
destructible, and that in all cases of chemical action in which
matter disappears, the loss is apparent only, the solid or liquid
being changed into an invisible gas, the weight of which is, how-
ever, exactly identical with that of its component parts. We
only require to allow a candle to burn for a few minutes in
a clean flask filled with air in order to show that the materials
of the candle, hydrogen and carbon, unite with the oxygen of
the air to form, in the first place, water, which is seen in small
drops bedewing the bright sides of the flask, and in the second,
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carbon dioxide or carbonic acid gas, whose presence is revealed
to us by lime-water being thereby turned milky. The fact that
the sum of the weights of the products of combustion (water
and carbon dioxide) is greater than the loss of weight sustained
by the candle is clearly shown by an experiment made by
means of the apparatus (Fig. 5), which consists of a tube equi-
poised on the arm of a balance. In the long vertical tube a
taper is placed, the other end of the system being attached to

-

Fia. 5.

a gasholder filled with water, which, on being allowed to run
out, causes a current of air to pass through the tube, and thus
maintains the combustion of the taper. The water and car-
bonic acid gas which are formed are absorbed in the bent tube,
which contains caustic potash. After the taper has burnt for a
few minutes, the apparatus is disconnected from the gasholder
and allowed to vibrate freely, when it will be found to be appre-
ciably heavier than it was before the taper had burnt, the
E 2
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explanation being that the excess of weight is due to the com-
bination of the carbon and hydrogen of the wax with the
oxygen of the air.

6 Another series of experiments which shows more plainly the
fact of the indestructibility of matter, and is of historical in-
terest, is that by which it has been clearly demonstrated that
the air consists of two different gases, oxygen and nitrogen.
The fact of the complex nature of air was proved by Priestley
in 1772 by setting fire, by means of a burning glass,«o char-
coal contained in a vessel of air. He showed that fixed air
(carbonic acid gas) was produced, and that on the absorption of
this fixed air by lime-water, one-fifth of the original bulk of

Fia. 6.

the air had disappeared, and a colourless gas remained, which
did not support combustion or respiration. It was not, however,
till the year 1775, after he had discovered oxygen, that Priestley
distinctly stated that this gas was contained in common air,
and about the same time Scheele came to an identical con-
clusion from independent experiments. But the method by
which the existence of oxygen in the air was first demon-
strated in the clearest way, is that adopted by Lavoisier, and
described in his Trasté de Chimie.! Into a glass balloon (Fig. 6)
having a long straight neck, Lavoisier brought 4 ounces of pure
mercury ; he then bent the neck so that when the balloon rested
on the top of the furnace, the end of the bent neck appeared

1 Part i. chap. iii

~ g
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above the surface of the mercury contained in the trough, thus
placing the air in the belljar in communication with that in
the balloon. The volume of the air (reduced to 28 inches of
mercury and a temperature of 10°) contained in the bell-jar and
balloon amounted to 50 cubic inches. The mercury in the balloon
was now heated, by a fire placed in the furnace, to near its boil-
ing point.. For the first few hours no change occurred, but then
red-coloured specks and scales began to make their appearance.
Up to a certain point these increased in number, but after a
while no further formation of this red substance could be noticed.

Fio. 7.

After heating for twelve days the fire was removed, and the
volume of the air was secn to have undergone a remarkable
diminution : the volume, measured under the same conditions as
before, having been reduced from 50 to between 42 and 43 cubic
inches. The red particles were next carefully collected, and on
weighing, were found to amount to 45 grains. These 45 grains
were next introduced into a small retort connected with a
graduated glass cylinder (Fig. 7), and on heating they yielded
41} grains of metallic mercury and from 7 to 8 cubic inches of
a gas which was found to be pure oxygen. Thus, the whole of
the oxygen which was withdrawn from the air by the mercury,
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was obtained again when the oxide formed was decomposed by
heat.

7 The statement that matter is indestructible, it must be re-
membered, is based entirely upon the evidence of experiment,
and many investigations have been carried out to test its
-validity. These have taken the form of weighing two sub-
stances, such as silver and iodine (Stas), mercury and iodine
(Kreichgauer), or iodine and sodium sulphite (Landolt), as care-
fully as possible, and then allowing them to unite or react
chemically and finally weighing the products. In the experi-
ments of Stas the silver and iodine were separately dissolved
and allowed to react, and the resulting silver iodide was then
collected and weighed, but in the other cases the chemical
change was allowed to occur within sealed-up vessels, so that no
mechanical loss could take place. The result has been that no
definite change of weight has in any case been observed.! The
accuracy of the statement that matter is indestructible is there-
fore true within the limits of accurate weighing which have at
present been attained.

8 It is not merely to the investigation of changes occurring in
the essential properties of inorganic or mineral matter that the
chemist has to direct his attention. The study of many of the
phenomena observed in the vegetable or animal world also claim
his notice. So much so, indeed, is this the case that the science
of physiology has been defined as the physics and chemistry
of the body. The simplest as well as the most complicated
changes which accompany life are, to a great extent, chemical
in character, and, although we are still unable fully to explain
many of these changes, yet each year brings us additional
aid, so that we may expect some day to possess an exact
knowledge of the chemistry of life. In order to be convinced
that vital actions are closely connected with chemical
phenomena, we only need to blow the air from our lungs through
clear lime-water to see from the ensuing turbidity of the water
that carbonic acid gas is evolved in large quantities during tke
process of the respiration of animals, and when we further
observe that the higher animals are all warmer than surrounding
objects, we come to the conclusion that the process of respiration
is accompanied by oxidation, and that the breathing animal

1 Stas, Nouvelles Recherches sur les Lois des Proportions Chimiques (1865),
152 ; Landolt, Zeit. physikal. Chem. (1893) 12, 1-33; Kreichgauer, quoted by
Landolt.
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resembles the burning candle, not only in the products of this
combustion, viz., water and carbon dioxide, but in thc heat
which that combustion evolves, the difference being that in the
one case the oxidation goes on quickly and is confined to one
spot (the wick of the candle), whereas in the other it goes on
slowly and takes place throughout the body. In like manner
the living plant is constantly undergoing changes, which are as
necessary for its existence as the act of breathing is for animale.
One of the most fundamental of these changes is readily seen if
we place some fresh green leaves in a bell-jar filled with spring
water and expose the whole to sunlight. Bubbles of gas are
observed to rise from the leaves, and these, when collected, prove
to be oxygen. In presence of the sunlight the green leaf has
decomposed the carbonic acid gas held in solution in the spring
water, assimilating the carbon for the growth of its body and
liberating the oxygen as a gas. Nor, indeed, are the investiga-
tions of the chemist now confined to the organic and inorganic
materials of the earth which we inhabit. Recent research has
enabled him, in conjunction with his colleague the physicist, to
obtain a knowledge of the chemistry as well as of the physics
of the sun and far distant stars, and thus to found a truly
cosmical science.

9 It is the aim of the chemist to examine the properties of
all the different substances which occur in nature, so far as they
act upon each other, or can be made to act so as to produce
something different from the substances themselves; to
ascertain the circumstances under which such chemical changes
occur, to discover the laws upon which they are based, and to
investigate the relation between the properties of substances

-, And their chemical composition. In thus investigating terrestrial
matter it is found that all the various forms of matter with
which we are surrounded, or which have been examined, can be
divided into two great classes.

I ErLEMENTARY BobiEs.—Elements, or simple substances, out
of which no other two or more essentially differing substances
have been obtained.

II. CompPoUND BODIES, or compounds, out of which two or
more essentially differing substances have been obtained.

Only twenty-three elements were known during the lifetime
of Lavoisier; now we are acquainted with not less than seventy-
eight. Of these,.and their compounds with each other, the
whole mass of our globe, solid, liquid, and gaseous, is composed,

e rRet @ gt
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and these elements contribute the material out of which the
fabric of our science is built.

The following is an alphabetical list of the elementary bodies
known at present (1904), together with their atomic weights

(see also p. 76).

LIST OF ELEMENTS.

ATOMIC WEIGHT.

H=1.

Aluminium..Al 26°9
Auntimony ..Sb 1193
Argon .....A 396
Arsenic ......As 744
Barium ..... Ba 1364
Bismuth ...Bi 206-9
Boron.........B 109
Bromine ...Br 79-36
Cadwmium ...Cd 1116
Ceesium ...... Cs 1319
Calcium ...Ca 398
Carbon ...... C 1191
Cerium ...... Ce 1392
Chlorine ...Cl1 3518
Chromium...Cr 517
Cobalt ...... Co 58-56
Columbium

(Niobium)..Cb(Nb) 933
Copper ...... Cu 631
Erbium ...... Er 1648
Fluorine ...F 189
Gadolinium .Gd 155
Gallium......Ga 695
Germanium.Ge 719
Glucinum

(Beryllium)G1(Be) 9-03
Gold ......... Au 195-7
Helium ...... He 4
Hydrogen...H 1-000
Indium ...... In 1131
Iodine ...... I 12590
Iridium...... Ir 1915
Iron ......... Fe 555
-Krypton ...Kr 81-2
Lanthanum.La 1379
Lead .........Pb 205°35
Lithium...... Li 698
Magnesium..Mg 24°18
Manganese..Mn 546
Mercury......Hg 1985
MolybdenumMo 953

0=16.

271 ~Neodymium.Nd
120 ~Neon ......... Ne
3992, Nickel ...... Ni
750 Nitrogen ..N
137:43  Osmium ...Os

‘5 Oxygen ......0
140" Palladium...Pd
79-9¢ G Phosphorus.P
112 Platinum .. Pt
13299 Potassium...K
40°1= .. Praseo-
12001 dymium...Pr
14025  Radium......Ra
35:45¢" Rhodium ...Rh
5214 Rubidium ..Rb
590 ¢ Ruthenium.Ru
Samarium...Sm
o4 Scandium ...Se
636 ¢ Selenium ...Se
166 _ Silicon ...... Si
19-0°  Silver......... Ag
156 Sodium ...... Na
70 - Strontium...8r
725 Sulphur......S
Tantalum ...Ta
91 Tellurium ...Te
197-2 Terbium ...Tb

3.0 Thallium ...Tl

I'OUR 6 Thorium ...
114 — Thulium ...Tm
Tin............ Sn
Titanium ...Ti
Tungsten ... W
Uranium ...U
Vanadium ..V
Xenon
Ytterbium..Yb

126 85

24:36 Yttrium ... Yt
5502 \ Zinc ......... Zn

2000 Zirconium...Zr
96°0

H=1.
1425
199
583
1393
1896
15-88
1057
30°77
1933
3886

139+4
2233
102:2
8418
1009
1489
438
78'6
282
10712
22:88
8694
3183
1816
1266
1588
2026
230°8
1697
118°1
477
1826
236°7
508
127
1717
88:3
649
899

ATOMIC WEIGHT.

0=16.
143'6

1404
190§
1600
1065
310
1943

39°15;
140°5

103
85°4L

l%.!

1734, |
89-0
654¢
906

139°0% Franney
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In addition to the above, the existence of many other elements ]
has been announced, among whiech are Holmium, Yttrium-a, & tarcop Cwm
and the radio-active Polonium. These, however, have not, as
yet, been very perfectly mvest.lgated and their atomic Wexghts
and chemical relationships remain-undetermined.

10 For the sake of convenience it is customary to divide the
elements into two classes—the Metals and the Non-Metals, a
distinction which was first made about the time of Lavoisier,
when only a few elements were known. Now, however, the
division is a purely arbitrary one, as it is not possible to draw
an exact line of demarcation between these two groups, so that
there are cases in which an element has been considered as a
metal by some chemists and as a non-metal by others. To the
first class belong such substances as gold, silver, mercury, and
tin; te the second substances which are gaseous at the ordinary
temperature, such as hydrogen, nitrogen, and oxygen, together
with certain solid bodies, as carbon and sulphur. The number
of metals is much larger than that of the non-metals: we are
acquainted with fifty-eight metals, and with only twenty non-
metals.

11 In this treatise the elements usually classed as non-metals
are considered in the present volume, arranged in the following

groups:

- Symbol. Symbol.
Hydrogen . . . .H Nitrogen .N
Phosphorus .P
Fluorine . . . .F Arsenic . . As
Chlorine . . . .Cl :
.Bromine . . . .Br Boron .B
Todine . . . . .I
Carbon . .C
Oxygen. . . . .0 Silicon . . Si
Sulphur . . . .S
Selenium . . . .Se Helium . . He
Tellurium . . . .Te Neon. . Ne p
Argon .A
Krypton . Kr
Xenon . X

The metals are treated in the second volume according to the
groups and sub-groups of the Periodic System of Classification,
which is shere fully discussed. (Vol. IL. (1897), p. 37.)
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12 Of the elements only five occur largely in the air, about
thirty have been detected in the sca, whilst all the seventy-
eight are found irregularly distributed throughout the solid
mass of our planet.

Some are very abundant, and are widely distributed, whilst
others have hitherto been found only in such minute quantities
and so seldom, that even their propertics have not yet been
satisfactorily examined. Thus oxygen is found throughout the
air, sea, and solid earth in such quantitics as to make up nearly
half the total weight of the crust of our planet, whilst the com-
pounds of casium, although tolerably widely distributed, occur
only in very minute quantity, and those of erbium have as yet
been met with only in very small quantities, and in very few
localities.

In order toobtain an idea as to which elements form the main
portion of the solid crust of the carth, we may examine the
composition of all the different kinds of granitic or eruptive
rocks which constitute by far the greater part of the earth’s
-crust. From analyses made by Bunsen we find that all granitic
rocks possess a composition varying between the limits given in
the following table, so that these numbers give a fair idea of
what is known of the average chemical composition of the solid
crust of the globe. All the other elements occur in quantities
less than any of those mentioned in the table.

The Composition of the Earth’s Solid Crust in 100 parts

by weight.
Oxygen . . 440 to 487 Calcium . . . 66 to 09
Silicon . . 228 , 362 Magnesium . . 27 , 01
Aluminium. 99, 61 Sodium . . . 24 , 25
Iron . . . 99, 24 Potassium . . 17 , 81

13 In considering for the first time the subject of the
elements, the question will at once suggest itsclf—Are these
seventy-cight all the clements which make up our earth, or
is it likely that other hitherto undiscovered elements exist ?
Judging from analogy, remembering what has previously
occurred, and looking to the incomplete state of our know-
ledge concerning the composition of the carth’s crust, we
may fairly conclude that it is all but certain that other
elementary bodics remain to be discovered. Every improve-
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ment in our methods of examination leads to the detec-
tion either of new elements or of old ones in substances
in which they had previously been overlooked. Thus by
the methods of Spectrum Analysis many new elements
have been discovered, including casium, rubidium, thallium,
indium, and gallium, and the cxistence of several others
rendered highly probable especially among the rare earths.
By help of this method we are also enabled to come to
certain conclusions respecting the distribution and occur-
rence of these same elements in some of the heavenly bodies,
and we learn that many of the metals, and even non-metals,
which are well known to us on the earth, are found in the sun
and the fixed stars. The conclusion that the terrestrial elements
exist beyond the bounds of our planct is borne out by the
chemical examination of the meteoric stones which are constantly
falling upon the surface of the earth. In hundreds of these which
have been examined, no single case of the discovery of an un-
known element has occurred. The substances of which meteorites
have been found to comsist are iron, nickel, oxygen, calcium,
silicon, carbon, and other well-known terrestrial elements.

Special interest attaches to the discovery of the element
Helium in terrestrial matter, since this name was first given to
the unknown element to which certain lines in the spectrum of
the solar chromosphere were ascribed by Lockyer in 1868, and
it was not until 1895 that it was discovered by Ramsay in the
rare mineral Cléveite.

14 Another question which may here be asked is—Are these
elements really undecomposable substances ? and to this it may
be replied, that so far as our chemical knowledge enables us to
judge, we may assume, with a considerable degree of probability,
that by the application of more powerful means than are at
present known, chemists will succeed in obtaining still more
simple bodies from the so-called elements. Indecd, if we examine
the history of our science, we find frequent examples occurring
of bodies which only a short time ago were considered to be
elementary which, upon more careful examination, have been
shown to be compounds.

The singular fact that the element radium, which belongs
to the newly discovered class of radio-active substances, con-
tinually emits a radio-active emanation, which itself slowly
changes into helium, is a phenomenon of the highest interest in
this connection. It is more fully discussed on a later page.
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15 A very remarkable fact observed in the case of many
_elements is that they are capable of existing in more than one
distinct condition, presenting totally different physical qualities.
One of the most striking examples of these allotropic modifica-
tions or conditions of matter (&AMos, another—rpémos, a way or
mode) occurs with carbon, which exists as Diamond, Graphite,
and Charcoal, bodies which as regards colour, hardness, specific
gravity, &c., bear certainly but a slight resemblance to each
other, but which, when they are burnt in oxygen, all give the
same relative weight of the same product, viz., carbonic acid,
thereby proving their chemical identity.
16 The Balance—As it is the aim of the chemist to examine

Fia. 8.

the properties of the elements and their compounds, and as the
weight-determination of a substance is of the greatest import-
ance, it becomes necessary for him to ascertain with great pre-
cision the proportion by weight in which these several clements
combine, as well as that in which any one of them occurs in a
given compound, and for this purpose the Balance is employed.
By means of this instrument the weight of a given substance is
compared with the unit of weight. It consists essentially of a
light but rigid brass beam (Fig. 8), suspended on a fixed hori-
zontal axis situated at its centre; and this beam is so hung as to
assume a horizontal position when unloaded. At each end of
the beam scale-pans are hung, one to receive the body to be
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weighed and the other for the weights. When each pan is
equally weighted the beamn must still retain its horizontal
position or oscillate about this position, but when one pan is
more heavily weighted than the other, the beam will incline on
the side of the heavier pan. The balance is, therefore, a lever
with equal arms, and it is evident that the weight of the sub-
stance relative to the unit weight employed is the sum of the
weights necessary to bring the balance into equilibrium. The
two important requisites in a balance are (1) accuracy, (2) sen-
sibility, and these can only be gained by careful construction.
It needs but little consideration to see that in a delicate balance
the friction of the various parts must be reduced to a minimum.
This is usually accomplished by suspending the beam by means
of an agate knife-edge, working on an agate plane, whilst the
pans are attached to each end of the beam by a somewhat similar

Fia. 9.

arrangement shown in Fig. 9. The position of the axis of
suspension relatively to the centre of gravity of the beam is
likewise a matter of consequence. If the axis of suspension
and the centre of gravity in a balance were coincident, the beam
would remain stationary in all positions in which it might be
placed. If the axis of suspension be placed below the centre
of gravity the beam would be in a condition of unstable equili-
brium. Hence the only case in which the balance can be used
is that in which the point or axis of suspension is above the
centre of gravity, for in this case alone will the beam return to
a horizontal position after making an oscillation, and in this
case the balance may be considered as a pendulum, the whole
weight of the beam and pans being regarded as concentrated at
the centre of gravity. In order that the weight of the sub-
stance and the sum of the measuring weights in the scale-pan
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may be equal, it is evident that the axis of suspension must be
exactly in the centre of the beam, or in other words, that the
balance must have arms of equal length. It is also necessary
that the balance should have great sensibility; that is, that it
may be moved by the smallest possible weight; for this end it
is likewise requisite that the vertical distance of the centre of
gravity below the axis of suspension should be as small as
possible. As the whole weight of the instrument may be
regarded as concentrated at the centre of gravity, it evidently
requires a less force to act at the end of the beam to move the
instrument when the distance of the centre of gravity from
the point of suspension of the balance is small, than when that
distance is greater, inasmuch as in the latter case the weight
has to be lifted through a longer arc. The sensibility of the
balance is also increased, both by increasing the length of the
beam and by diminishing the weight of the beam and of the
load. When, however, the beam is made either too long or too
light it ceases to be rigid, and a serious source of error is
introduced.

In all weighings with delicate balances it is necessary
to have recourse to the method of weighing by vibration! by
which the excursions of the moving beam are accurately
obscrved instead of its approach to the horizontal position.

A good chemical balance, such as is commonly used for
analytical work will indicate 00001 gram,2? when loaded with
50—100 grams in each pan. With a specially constructed
balance by combining this method of vibrations with that of
double weighing, which consists in reversing the position of the
loads in the two pans, it is possible with a load of 1 kilogram
in each pan to ascertain definitely a difference of weight of
0-0001 gram or the 1/10,000,000 of the weight in either pan.3

1 See Prof. W. H. Miller, Phil. Trans. 1856, 763 ; and article ‘‘Balance,”
Watts’ Dictionary, 1st Edition.

2 For a table of cquivalent values of the common English weights and measures
with those of the motrical system, see Appendix to this volume.

? Landolt, Zeit. physikal. Chem. (1893), 12, 1.
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LAWS OF CHEMICAL COMBINATION.

17 The composition of a chemical compound can be ascertained
in two ways: (1) By separating it into its component elements,
an operation termed analysis (avaldw, I unloose), and (2) by
bringing the component elements under conditions favourable to
combination, an operation termed synthesis (cvvrifnu:, I place
together). In both of these operations the balance is employed ;
the weight of the compound and of the components in each
instance must be ascertained, except indeed in the case of
certain gases of known specific gravity, when a measurement of
the volume occupied by the gas may be substituted for a deter-
mination of its wenght

It is one of the aims of analytical chzmwtry to ascertain with
great precision the perccntage composition of all chemical sub-
stances, and this branch of inquiry is termed quantitative
analysis, as contradistinguished from that which has only to
investigate the kind of material of which substances are com-
posed, and which is hence termed qualitative analysis.

COMBINATION BY WEIGHT.

18 The first great law discovered by the use of the balance, is
that the clements combine with ome another in a limited number
of definite praportions, this number being almost invariably found
by experiment to be a small one. When two clements are
brought together under such conditions that they can combine,
it is always found that one or more of a small number of com-
pounds is produced, the particular substance or substances
formed depending upon the special circumstances of the experi-
ment. Thus carbon is found to be capable of uniting with
oxygen in two different proportions, producing two distinct sub-
stances, carbonic acid gas and carbon monoxide, these being the
only compounds of carbon with oxygen which are known, Some
elements, on the other hand, only form one compound with each
other, whilst others again form a large number. Each one of
these compounds is found to have a fixed composition, contain-
ing the elements of which it is made up in a definite proportion
by weight, and this fixity of composition is used as a character-
istic of a chemical compound as opposed to a mere mechanical
mixture, the constituents of which may be present in any vari-
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able proportions. In whatever way the conditions under which
the elements are made to combine may be varied, it is always
found that they unite in exactly the same ratio, unless, as some-
times happens, the changed conditions are favourable to the
production of one of the small number of other compounds which
can be formed by the same elements. Thus, for instance, the com-
bination of silver with chlorine has been brought about in no
less than four different ways, but in every case it has been found
that the resulting compound contains 107-12 parts of silver for
35-18 of chlorine.! The combination of chlorine with phosphorus,
on the other hand, takes place in two distinct ratios, so that when
an excess of phosphorus is present, the resulting compound con-

. tains 1025 parts of this element for 35:18 parts of chlorine, whilst
if the latter be kept in excess, this weight of it only combines
with 615 parts of phosphorus. These are, however, the only two
compounds of these elements which are known. Inlike manner
hydrogen combines with oxygen to yield water, a substance
which contains 88:81 parts of oxygen to 11-19 of hydrogen. If
these elements are brought together in proportions differing
from those in which they are present in water, the excess of one
element remains in the free state; thus, if 98-81 parts of oxygen
by weight be brought together with 11-19 parts of hydrogen
under circumstances in which they can combine, 88:81 parts of
the oxygen will combine with all the hydrogen to form 100
parts of water, whilst 10 parts of oxygen remain in the free
state.

It will therefore be seen that the chemical combination of
two or more clements does not result in the production of a
series of compounds varying gradually in composition, according
to the conditions of the experiment, but yields one or more
compounds, each of which contains its constituents in a perfectly
fixed and definite ratio.?

19 Ashas been said, the case frequently occurs of two elements
uniting to form several compounds, for each of which the law of
definite proportion holds good, and the special relations which
exist between the weights of the two elements entering into
combination under these circumstances were first discovered by
John Dalton. Thus the two elements, carbon and oxygen,
unite to form two distinct compounds, carbonic oxide gas and
carbonic acid gas, and 100 parts of each of these bodies are

1 Stas, Récherches, etc. pp. 108, 210. 1865,
2 On this subject compare Hartog, Nature, 1804, 50, 149.
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found by analysis to contain the following weights of the
elements :—

Carbonic Oxide Gas. Carbonic Acid Gas.

Carbon . . . . 4286 . . . 2727
Oxygen . . . . 5714 . . . 7273
100-00 100-00

Knowing these facts Dalton asked himself what was the
relation of one element (say of the oxygen) in both compounds
when the other element remained constant? He thus found
that, in proportion to the carbon, the one compound contained
exactly double the quantity of oxygen which the other contained ;
thus :—

Carbonic Oxide Gas. Carbonic Acid Gas.

Carbon . . . . . 100 . . . 100
Oxygem . . . . . 133 . . . 266
233 366

Thus again, analysis showed that two compounds which carbon
forms with hydrogen, viz., marsh gas and olefiant gas, have the
following percentage composition :—

Marsh Gas. Olefiant Gas.
Carbon .. . . 1495 . . . 8568
Hydrogen . . . . 2505 . . . 1432

_EO'OO 10000

Dalton then calculated how much hydrogen is combined in
each compound with 10 parts by weight of carbon, and he
found that in olefiant gas there are 1'67 parts by weight of
hydrogen to 10 of carbon, whilst marsh gas contains 3:34 parts
of hydrogen to the same quantity of carbon, or exactly double
as much.

As another example we may take the compounds of nitrogen
and oxygen, of which no less than five are known to exist. The
percentage composition of these five bodies is found by experi-
ment to be as follows : —

VOL. | F
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(1) (@) @ @ (5)
Nitrogen . . 6371 4675 3691 8051 2599
Oxygen . . 3629 5325 6309 6949 7401

10000 10000 10000 10000 10000

If then, like Dalton, we inquire how much oxygen is con-
tained in each of these five compounds, combined with a fixed
weight, say 10 parts of nitrogen, we find that this is represented
by the numbers 57, 11+4, 17°1, 22'8, and 28'5. In other words,
the relative quantities of oxygen are in the ratio of the simple
numbers 1, 2, 3, 4, and 5.

20 Theabove examples illustrate the relations exhibited in the
combination of two or more of the elements to form compounds,
but a careful examination of the quantitative composition of a
whole series of chemical compounds leads to a further conclusion
respecting the nature of the laws of chemical combination
which is of the highest importance. Let us examine the com-
position of any given series of compounds as determined by
analysis, such as the following :—

CHLORIDES.

Hydrogen Chloride. Potassium Chloride.
Chlorine . . . . . 9724 Chlorine . . . . 4751
Hydrogen . . . . 276 Potassium . . . 5249

' 10000 10000

Sodium Chloride. Silver Chloride. )
Chlorine . . . . 6059 Chlorine . . . . 2472
Sodium . . . . . 3941 Silver . . . . . 7528

100-00 100-00
BROMIDES.

Hydrogen Bromide. Potassium Bromide.

Bromine . . . . 9876 Bromine . . . . 6713

Hydrogen . . . 1-24 Potassium . . . 3287

100-00 100-00
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Sodium Bromide. Silver Bromide.
Bromine . . . . . 7762 Bromine . . . . 4256
Sodium. . . . . 22:38 Silver . . . . . 57-44

10000 10000
IopIDEs.

Hydrogen Todide. Potassium Iodide.
Iodine . . . . . 9921 Iodine . . . . . 76-41
Hydrogen. . . . 079 Potassium . . . 2359

110000 10000

Sodium Iodide. Silver Iodide.

Todine . . . . . 8462 Iodine . . . . . 54-03
Sodium . . . . . 1538 Silver . . . . . 4597
10000 100-:00

—_— ——

Arranged in this way we do not notice any simple relation
existing between the components of this series, except that the
quantity of hydrogen is always smaller than that of the chlorine,
bromine, or iodine, whilst the quantity of sodium is always
smaller than that of potassium, and this again is less than the
quantity of silver.

21 If, however, instead of examining a constant weight of
the several compounds we ask ourselves how much of the
one constituent in each compound combines with a constant
weight of that constituent which is common to several, we
shall obtain at once a clear insight into the law of the
formation of the compound. In the series of hydrogen com-
pounds, for instance, let us calculate (by simple proportion) how
much chlorine, bromine, and iodine combine with the unit
weight of hydrogen. We then obtain for the composition of
these compounds :—

Hydrogen Chloride. Hydrogen Bromide. Hydrogen Iodide.
Chlorine . . 3518 Bromine . 7936 Todine . . 12590
Hydrogen . 100 Hydrogen. 100 Hydrogen. 1-00

3618 8036 126-90

F 2
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Continuing our calculation, let us next ask how much of the
metals, potassium, sodium, and silver, unite with 35:18 parts by
weight of chlorine to form chlorides; with 7936 parts of bro-
mine to form bromides, and with 12590 parts of iodine to form

iodides.

The result is as follows :—

CHLORIDES.

Potassium Chloride. Sodium Chloride. Silver Chloride.
Chlorine 3518 Chlorine . 3518 Chlorine . 3518
Potassium . 3886  Sodium 22:88  Silver . . 10712

7404 5806 142-30
BROMIDES.

. Potassium Bromide. Sodium Bromide. Silver Bromide.
Bromine 7936 Bromine. 7936 Bromine 7936
Potassium . 3886 Sodium . 2288  Silver . . 10712

11822 102-24 18648
IoDIDES.

Potassium [odide. Sodium Iodide. Silver Iodide.
Todine . . 12590 JIodine . . 12590 Iodine . . 12590
Potassium. 3886  Sodium. 22:88  Silver . 10712

16476 14878 2—33'02

Now for the first time a remarkable relation becomes apparent,
for it is clear that the SAME weights of the metals potassium,
sodium, and silver, which combine with 35:18 parts of chlorine
to form chlorides, also combifie with 7936 parts of bromine to
form the bromides, and with 125-90 parts of iodine to form the
iodides. In other words, if we replace the 3518 parts by
weight of chlorine in each of these compounds by 7936 parts
of bromine, we get the bromides, and if by 125:90 parts of iodine
we obtain the iodides of the metals. Hence one and the same
weight of metals (3886 of potassium, 22-88 of sodium, and 107-12
of silver) has the power of forming compounds with the precise
quantities of chlorine, bromine, and iodine respectively, which
unite with 1 part by weight of hydrogen, to form the hydrides
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of these elements. These quantities of the elements in question
are called equivalent quantities, because they are the amounts of
them which will combine with the same weight of some other
element.

3518 of chlorine
3886 of potassium combine with { 7936 ,, bromine} respec-
12590 , iodine J tVelY:
22:88 ,, sodium " ” . ”»
10712 ,, silver » » » »

100 ” hydrogen » » » ”»

Similar results are obtained from the examination of the
compounds of all the other elements, so that a number may be
assigned to each element which is termed the combining weight
or cquivalent weight of the element.

22 Taking an example from another group of chemical com-
pounds we find that the well-known oxides of hydrogen, lead,
copper, mercury, and cadmium possess the following percentage
composition :—

OXIDEs. .
Water. Lead Oxide. Copper Oxide.
Hydrogen . 1119  Lead . . 9282 Copper . 7989
Oxygen.. . 8881  Oxygen . 718 Oxygen . 2011

10000 100-00 10000
Mercury Oxide. Cadmium Oxide.
Mercury . . . . 9263 Cadmium . . . 8754
Oxygen . . . . 737 Oxygen . . . . 1246
100-00 10000

Whilst the corresponding sulphides exhibit the following
composition :

SULPHIDES.
Sulphuretted Hydrogen. Lead Sulphide. Copper Sulphide.
Hydrogen . 601 Iead. . . 8658 Copper. . 6648

Sulphur . . 9399 Sulphur . 1342 Sulphur . 3352

100-00 100-00 100-00
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Mercury Sulphide. Cadmium Sulphide.

Mercury . . . . 8618 Cadmium . . . 7781
Sulphur . . . . 1382 Sulphur . . . . 2219
10000 10000

23 If, as before, we now compare the quantity of each element
united with one and the same weight of oxygen, taking 7-94
parts of this element, because this is the amount of it which
combines with one part of hydrogen and is, therefore, the
equivalent weight of oxygen with respect to hydrogen, we get
the following numbers :—

Water. Lead Oxide. Copper Oxide.
Hydrogen . 100 Lead . . 10268 Copper. . 3155
Oxygen- . . 794 Oxygen . 794 Oxygen. . 794

894 11062 39-49
Mercury Oxide. ) Cadmium Oxide.
Mercury . . . 9925 Cadmium . . . . 5580
Oxygen . . . 794  Oxygen B
10719 6374

And, if we investigate the sulphides, we find that one and the
same weight of sulphur, viz. 1591 parts by weight, unites with
weights of these elements to form sulphides, which are identi-
cal with the amounts that combined with 7-94 parts by weight
of oxygen to form oxides. Thus we have:—

Sulphuretted Hydrogen. Lead Sulphide. Copper Sulphide.
Hydrogen . 100 Lead . . 10268 Copper. . 3155
Sulphur . . 1591 Sulphur . 1591 Sulphur . 1591

1691 11859 47-46
Mercury Sulphide. Cadmium Sulphide.
Mercury . . . . 9925 Cadmium . . . 5580
Sulphur . . . . 1591 Sulphur . . . 1591

11516 7171
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Hence we see again that the amounts of these elements which
unite with an equivalent of oxygen also combine with an
equivalent of sulphur, so that

1 part by weight of hydrogen combines with { |Lo4of oxygen

102:68 parts by weight of lead combine with ’
3155 ,, ,, » » copper ” »
9925 ,, » » Imercury » "
5580 , » » cadmium » "

and these are, therefore, the equivalent weights of these
elements.

24 When one element combines with another in more than one
proportion it is said to have more than one equivalent, and
since the amounts of one element which combine with a fixed
weight of a second are in a simple ratio to one another, it
follows that the several equivalents of an element must also
stand in a simple ratio to one another. Iron for example
forms several different compounds with oxygen, two of which
have the following composition as determined by analysis : —

Ferrous Oxide. Ferric Oxide.
Iron . . . . . . 7754 69-97
Oxygen . . . . . 2246 3003

10000 10000

Calculating the amount of iron combined with the equivalent
(7°94 parts) of oxygen we find ¢

(1) (2)
Irom . . . . . . 2175 18:50
Oxygen . . . . . 1794 794
3569 26-44

These amounts of iron are, however, in the simple ratio of
2:3, 2775 being the equivalent of iron in ferrous oxide and
18:50 in ferric oxide.

25 It will be seen, therefore, that combination always takes
place between certain definite and constant proporiions of the
elements or between multiples of these.

26 At a time when the question of combination m a limited
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number of definite proportions was still under discussion, John
Dalton’s speculative mind conceived an hypothesis which clearly
explained the law of combination in constant proportions, and
solved the question as to the nature of the compounds formed
by the union of two or more elements in several different pro-
portions. The hypothesis known as Dalton’s Atomic Theory
may be said to have become one of the most important
foundation stones of the science, and to have exerted an
influence on its progress greater than that of any other
generalisation, with perhaps the single exception of Lavoisier’s
explanation of the phenomena of combustion, and the discovery
of the indestructibility of matter.

The Atomic Theory, then, follows the doctrines of the Greek
philosophers so far as it supposes that matter is not continuous,
but made up of extremely small individual particles termed
atoms (a privative and 7éuvw I cut); but differs from that of
the ancients and becomes truly a chemical atomic theory inas-
much as it supposes the atoms of different clements not to
possess the same weights, but to be characterised by different
weights. Thus the atom of oxygen is 15-88 times as heavy as
the atom of hydrogen, and the weights of the atoms of oxygen
and chlorine are as 1588 to 85'18. Dalton assumed, in the
second place, that chemical combination consists in the
approximation of the individual atoms to each other. Having
made these assumptions he was able, to understand why combin-
ation always takes place between certain amounts of the elements
or between multiples of these amounts ; since combination being
supposed to take place between some number of atoms of each
of the elements which unite, it follows that the amounts which
combine must be some finite multiple of the weights of the atoms.

It is thus clear that the atomic theory accounts for the form-
ation of all compounds which arc found to exist, but it is
equally evident that it in no way decides how many compounds
can be formed by any two or more elements. This at present
can only be learned by experiment, but we are not without
indications that a time approaches when this further problem
will receive a theoretical solution.

27 Although the atomic theory satisfactorily co-ordinates all
the known laws of chemical combination, the actual existence of
atoms is far from being positively proved;! indeed, to many

1 Williamson, ¢ On the Atomic Theory,” Journ Chem. Soc. (1869}, 22, 328
and 433.
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minds it appears that the problem is by its nature mcapable of
solution. Nevertheless, there is evidence connected with
certain physical phenomena, which strongly points to the
existence of a limit to the divisibility of matter.! The phen-
omena in question belong to the science of molecular physics,
and have reference to such subjects as the capillary attraction
of liquids, the diffusion of gases, and the production of electricity
by the contact of metals. Reasoning from facts observed in the
study of these subjects, physicists have not only come to the
conclusion that matter is discontinuous, and, therefore, that
indivisible particles or molecules (molecula, a small mass) exist,
but they have even gone so far as to indicate the order of
magnitude which these molecules attain. Thus Lord Kelvin
(Sir William Thomson) states that in any ordinary liquid or
transparent or scemingly opaque solid, the mean distance
between the centres of contiguous molecules is less than the one
hundred-millionth, and greater than the two thousand-millionth
of a centimetre. Or, in order to form a conception of this
coarse-grainedness, we may imagine a rain-drop or a globe of
glass as large as a pea to be magnified up to the size of the
earth, each constituent molecule being magnified in the same
proportion ; the magnified structure would be coarser-grained
than a heap of small shot, but probably less coarse-grained than
a heap of cricket-balls.2

The molecular constitution of matter is likewise an essential
condition of the mechanical theory of gases, by means of which
nearly every known mechanical property of the gases can be
explained on dynamical principles, so that in this direction
again we have a strong suggestion of the existence of molecules
(p- 85).

28 It will be secn that the atomic theory as proposed by Dal-
ton does not provide any means for ascertaining what the relative
weights’ of the atoms really are. We have seen, for instance,
that 794 parts by weight of oxygen combine with one part of
hydrogen to form water, but we cannot draw any conclusion from
this fact as to the atomic weight of oxygen, (that of hydrogen
being taken as equal to one), until we know how many atoms of
each of these elements have taken part in the combination. If
the combination is between an equal number of atoms of each
element, then the relative weights of their atoms must be as
1:7-94, whilst if two atoms of hydrogen have combined with one

1 Riicker, British Assoc., 1901. 2 Nature, March 31, 1870.
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of oxygen the relation will be as 1:1588. The answer to this
question—as to the number of atoms of each element between
which combination has taken place—has been supplied by a
study of the laws of combination of gaseous substances.

COMBINATION BY VOLUME.

29 The discovery by Gay-Lussac and Humboldt in 1805 of
the simple relation existing between the combining volumes of
oxygen and hydrogen gases, followed by that of the general law
of gaseous volumes enunciated in 1808 by Gay-Lussac alone,
serves as a powerful argument in favour of Dalton’s Atomic
Theory. This law states that the volumes in which gascous sub-
stances combine bear a simple relation to one another and to the
volume of the resulting product. Thisis true both for elementary
and compound gases, the simple relations which exist being
illustrated by the following table:

1 vol. of chlorine and 1 vol. of hydrogen form 2 vols. of hydrochloric acid gas.
1 vol. of oxygen and 2 vols. of hydrogen form 2 vols. of steam.

1 vol. of nitrogen and 3 vols. of hydrogen form 2 vols. of ammonia.

1 vol. of oxygen and 2 vols. of carbonic oxide form 2 vols. of carbon dioxide.

According to the atomic theory, however, combination takes
place between the atoms of which substances are made up, and
it hence follows, if we accept this theory, that the number of
atoms which 1s contained in @ given volume of any gaseous body,
must stand itn a simple relation to that containcd in the same
volume of any other gas (measured under equal circumstances
of temperature and pressure). The simplest as well as the
most probable supposition respecting this question is that put
forward by Avogadro in 1811,' who assumed that equal volumes
of all the different gases, both elementary and compound, contain
the same number of particles or molecules, and this theory is
now generally accepted by physicists, who have arrived at
the same conclusion as the chemists have reached by an inde-
pendent train of reasoning (p. 87). If we take the simplest case
of volume combination, that of one volume (onc molecule) of
chlorine and one volume (one molecule) of hydrogen uniting to
form two volumes (two molecules) of hydrochloric acid gas, it is

1 Journ. de Phys., par De la Métherie, Juillet, 1811,73, 58-76. Ibid., Feb.
1814.
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clear that, since each molecule of hydrochloric acid contains at
least one atom of chlorine and one of hydrogen, there are at least
twice as many atoms as molecules of these elements present.
Hence, to conform to Avogadro’s theory, the molecule of
free chlorine and of free hydrogen must consist of at least two
atoms combined together, and we shall represent the combination
as taking place between one volume (one molecule of two atoms)
of chlorine and one volume (one molecule of two atoms) of hydro-
gen, forming two volumes (two molecules) of the compound
hydrochloric acid gas. Again, two volumes of steam are formed
from two volumes of hydrogen and one volume of oxygen, hence
if there are the same number of molecules of steam, of hydrogen,
and of oxygen in the same volume of each gas, it is clear that in
the formation of water from its elements, each molecule of
oxygen must be split up into two similar parts. We are thus
led to distinguish between the atom and the molecule, the latter
term being applied to the smallest particle of an element or com-
pound which can exist in the free state. Avogadro’s theory refers
exclusively to these molecules and states that equal volumes of
all gases, measured under the same physical conditions, contain
equal numbers of molecules.

An immediate consequence of this theory is of the utmost
importance. If we weigh equal volumes of two gases, we are
obviously weighing equal numbers of their molecules, and the
ratio of the weights of the gases will also be the ratio of the
weights of their molecules, so that we are thus enabled to deter-
mine the relative weights of the molecules of all gases, by simply
finding their relative densities. Hydrogen gas is taken as the
standard of comparison because it has a lower density than any
other gas, and, since it has been shown that its molecule can
be divided into at least two parts, the weight of its molecule
is taken as equal to two. The molecular weight of any gas 1is
therefore cqual to twice its denmsity compared with hydrogen ;
nitrogen, for example, is about 14 times as heavy as hydrogen
and hence its molecular weight is about 28, whilst carbon dioxide
has a density of about 22 and therefore a molecular weight of
about 44.

30 When the molecular weight of a gas and also its composi-
tion, as determined by analysis, are both known, it is possible to
calculate what proportion of each of the component elements is
present in the molecule. Water for instance contains 88-81 per
cent. of oxygen and 11'19 of hydrogen, whilst the density of
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steam is about 894, its molecular weight being, therefore, equal
to 17-88. If now we calculate how much oxygen and hydrogen
are present in 17'88 parts of water, we find that this amount is
made up of 15:88 of oxygen and 2 of hydrogen. Carbon dioxide
again has a molecular weight of 43'7, and contains

Carbon . . . . 2727
Oxygen . . . . 7273

10000

Hence 437 parts of this gas contain 11°91 of carbon and 3176
of oxygen.

A repetition of this process for all the known compounds of some
particular element enables us to ascertain the least amount of that
element which s ever found in a molecule of a substance, and to
this amount the name of afom is given! A comparison of all
the substances containing oxygen, for example, teaches us that
the least amount of it ever found in a molecule is 1588 parts,
and this 1s, therefore, taken as the atomic weight of oxygen.
This having been ascertained, we are in a position to say that
the molecule of water contains one atom of oxygen, whilst that
of carbon dioxide contains two. All the-non-metallic elements,
except those of the helium group, form compounds which can
exist in the state of gas, and hence the atomic weights of all
these elements have been found by this method. Many of the
metals on the other hand do not form volatile compounds, and
the atomic weights of these have, therefore, to be determined
by different methods, a discussion of which will be found
in a later volume (Vol. IL. (1897), p. 13). In any case it must
be remembered that the method described above is not
generally capable of great accuracy and only yields an approxi-
mate number for the atomic weight, the exact value being found
by determining the equivalent of the element by an accurate
analysis of one of its compounds, and then taking as the exact
atomic weight the multiple of this number which approaches
most closely to the approximate number obtained from the
molecular weights.

31 A few yearsago the proposition was made to adopt oxygen

! An atom may also be defined as ‘“ the least amount of an element which
is capable of being added to or taken from a molecule of any substance.”
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as the standard of the atomic weights, the atomic weight of the
latter being taken as 16. The reason for the proposed change was
that in almost every case the actual ratio experimentally
determined is that of the element in question to oxygen, the
ratio to hydrogen being then calculated from the ratio of
hydrogen to oxygen. As the latter is one of which the different
experimental determinations were not very concordant, it was
suggested that it would be better to fix the atomic weight of
oxygen arbitrarily as 16, and calculate the other atomic weights
on this basis, the only atomic weight then requiring alteration
in case of a revision of the O:H ratio being that of hydrogen
itself

Since this proposition was made (1888), the ratio of the
atomic weights of hydrogen and oxygen has been carefully
determined by several investigators with agreeing results, and
in this book, therefore, hydrogen has been kept as the standard
and unit, all other atomic weights being calculated from the
ratio O: H=1588:1, found by the recent experiments. As,
however, many chemists still prefer to take as the standard
0=16, the atomic weights according to both systems are
shown in the table (p. 56).

32 It will be seen that the determination of the atomic
weight is quite distinct from that of the molecular weight.
This is well shown in the case of carbon; a comparison of the
gaseous compounds of carbon shows that the atomic weight of
this element is about 12, this being the least amount of it
which is found in the molecule of one of its compounds ; we are,
however, quite ignorant of the molecular weight of carbon itself,
since its density in the state of gas has never been determined:

The molecules of some elements contain as many as four atoms
(phosphorus and arsenic),others contain only two atoms, this being
the case with hydrogen, oxygen, nitrogen, chlorine and others,
whilst the molecules of the gases of the Argon group, of
mercury vapour and of the vapours of some of the other metals
consist of single atoms, the molecular and atomic weights being,
therefore, identical.

33 For the first time we may now employ chemical symbols,
a kind of shorthand, by which we can conveniently express
the various chemical changes. To each element we give a
symbol, usually the first letter of the Latin, which is generally
also that of the English name. Thus O stands for oxygen ;

1 See Ber. 1889, 22, 872, 1021, 1721 ; Journ. Chem. Soc, 1893, 54.
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H for hydrogen; S for sulphur; Au for gold (aurum); Ag for
silver (argentum). These letters, however, signify more than
that a particular substance takes part in the reaction. They
serve also to give the quantity by weight in which it is present.
Thus O does not stand for any quantity, but for 15°88 parts by
weight (the atomic weight) of oxygen; H always stands for
one part of weight of hydrogen; and in like manner S, Au,
and Ag stand invariably for 31-83, 1957, and 107-12 parts by
weight of the several elements respectively. By placing
symbols of any elements side by side, a combination of the
elements is signified, thus :—

HCl Hydrochloric acid. HI Hydriodic acid.
HBr Hydrobromic acid. HgO Mercuric oxide.

If the molecule contains more than one atom of any element,
this is indicated by placing a small number below the symbol
of the atom of the element, thus H;O signifies 17-88 parts by
weight of a compound (water) containing two atoms or 2
parts by weight of hydrogen and one atom or 1588 parts by
weight of oxygen. In such a case as this, where the molecular
weight and the number of atoms in the molecule are known
and expressed in the formula, the latter is said to be a molecular
Jormula and consequently represents such a weight of the
substance as will in the state of gas occupy the same volume as
two parts by weight of hydrogen. When the molecular weight
of the compound to be represented by a formula is not known,
it is only possible to express the relative number of the atoms
of the constituent elements which are present. A formula of
this kind is known as an empirical formula and may be
calculated for any substance of which the composition has been
determined by analysis.

The gas known as ethylene has the following composition as
determined by analysis :(—

Carbon . . . 8562
Hydrogen . . 14:38

100-00

In order to find the empirical formula of this substance it is
only necessary to divide the percentage of each element by the
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atomic weight of the element, which gives us the ratio of the
number of atoms of each of the two elements, and if we express
this ratio in the smallest possible whole numbers we have
at once the relative numbers of atoms present in the molecule,
without, however, having any information as to the absolute

number.
Percentage  Simplest
Percentage. Atomic Weight. Ratio.
Carbon . . . . 8562 719 1
Hydrogen . . . 1438 14:38 2

The simplest or empirical formula of ethylene is therefore
CH, The density of this gas however is found to be equal to
1391 and its molecular weight is therefore 27-82, its molecular
formula being consequently C,H,.

It is usual to represent chemical changes in the form of
equations; the materials taking part in the change being
placed on one side and the products formed, which are always
equal to them in weight (p. 54), being placed on the other.
If we heat potassium chlorate, a substance which has the
empirical formula KCIO,, it is decomposed into oxygen and
potassium chloride and this decomposition is represented by the

equation
2KClO;=2KCl 430,

in which the sign + connects the two products and signifies
“together with.” This equation is an expression of the fact,
ascertained by experiment, that 243'36=(38'86+35184-3 x
15-88) x 2 parts of this salt by weight leave behind on heating
14808 parts =(351843886)x2 of potassium chloride and
liberate 95-28 parts of oxygen. Hence it is clear that the quan-
tity of oxygen which is obtained from any other weight of the
salt and wvice versd can be found by a simple calculation when
the equation representing the chemical change is known.

To take a more complicated case, when we know that the
equation representing the change which occurs when we heat
potassium ferrocyanide, the empirical formula of which is
K,CeNgFe, with strong sulphuric acid, H,SO,, and water, is the
following :—

K CoN,Fe+6H,S0,+6H,0=6C0+2K,S0,+3(NH,),SO,+FeSO,

yielding carbon monoxide gas CO, potassium sulphate K,SO,,
ammonium sulphate (NH,),SO,, and iron sulphate FeSO,, we
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can easily calculate how many grams of carbon monoxide gas,
CO, can be obtained from any given weight of the ferrocyanide,
K,C¢NgFe, inasmuch as analysis proves that the amounts
represented by these formulz are made up as follows :—

Carbon Monoxide. Ferrocyanide of Potassium.
Carbon C 1191 Potassium K, 15544
Oxygen O 1588 Carbon C; 7146

_ Nitrogen N, 8358
2779 Iron Fe 5550
36598

The foregoing equation then shows that 36598 parts by
weight of the ferrocyanide yield 166-74 parts by weight of car-
bon monoxide, and hence a simple proportion gives the quantity
yielded by any other weight. The illustration is, however, not
yet complete ; commercial potassium ferrocyanide contains, as do
many crystalline compounds, a certain quantity of water of
erystallisation, which is given off when the salt is heated, in
consequence of which the crystals fall to a powder. But, as
the equation shows, a certain quantity of water takes part in
the reaction, and it is, therefore, unnecessary to dry the salt
previously if only we know how much water of crystallisation
it contains. Analysis has shown that the commercial salt
has the composition K,CN,Fe+4+3H;O; hence if we add
8 x 1788, the weight of 3 molecules of water, to 36598, we
obtain the number 41962 as the weight of the hydrated salt
which must be taken in order to obtain 166-74 parts by weight
of carbon monoxide.

As, however, the quantity of a gas is almost always estimated
by measuring its volume, and from this volume calculating its
weight, it becomes of the greatest importance to know how to
calculate the volume of a gas from its weight, or wvice versd.
This can only be effected with strict accuracy by employing in
each case the density of the gas as determined by experiment.
An approximate number, which it is often useful to know,
can however be readily obtained, since we know that molecular
proportions of all gases occupy equal volumes wunder the same
physical conditions (Avogadro).

Now 1 litre of hydrogen at 0°C. and 760 mm. pressure (which
are generally taken as the standard temperature and pressure)
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weighs 0089901 gram (Morley), and hence the volume occupied
by 2 grams, or 1 gram-molecule of the gas is 2/0:089901 =
22-247 litres. The gram-molecule of every other gas therefore
occupies approximately this same volume, or in other words the
molecular volume of all gases is 22:247 litres (at 0°C. and
760 mm.). :

The volume at the standard temperature and pressure
of any weight of gas can then readily be calculated ; thus 27-79
grams of carbon monoxide occupy 22:247 litres, and hence

16674 grams occupy ?-22472?—791—@5 litres at 0°C.and 760 mm.

It is now easy to calculate what volume this weight will
occupy at any other temperature or pressure, for we know
that all gases expand by z}; of their volume at 0°C. when
their temperature is raised 1°C. at constant pressure (Law of
Dalton, p. 84), and that their volume is inversely proportional
to the pressure to which they are subjected (Law of Boyle, p. 83).
Hence if the temperature at which the gas was collected
were 17°C., and if the barometer then stood at 750 mm.,
the volume (v) in litres of the carbon monoxide collected

22:247 x 16674 x (273 + 17) x 760
would be v = o779 x 213 x 750. -

DISSOCIATION.

34 In many cases it is found that the relative density of a gas,
or of the vapour of some liquid or solid substance, as ascertained
by experiment (p. 124), alters with the temperature at which
the determination is carried out. Iodine vapour, for example, is
found to have a constant density of about 126 between the
temperatures of 400—-700° C., and its molecular weight then
corresponds with the formula I, Above this temperature, how-
ever, the density is found to diminish gradually, until at about
1,500° it again becomes constant at about 63, almost exactly
half of its previous value. We must, therefore, assume that
the molecule of iodine (I,) is decomposed at temperatures above
700°, a gradually increasing number of its molecules being
broken up as the temperature rises, until finally at 1,500° nearly
all the molecules have been broken up into free atoms, each of
which must now be considered as a separate molecule, the
molecular weight of iodine at these high temperaturcs being

VOL. I G
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126, and its formula I, the change being represented by the
equation :
: I, = 1 + L

1vol. 1vol 1 vol

A decomposition of this kind is known as dissociation. It
must be remembered that in order to prove conclusively that a
gubstance exists in the state of vapour with a definite molecular
;veight, the vapour density must be found to be constant
throughout a considerable range of temperature. Thus, iodine
vapour has a constant density between the temperatures
400—700°, and only begins to dissociate above the latter
temperature. Sulphur vapour on the other hand at a tempera-
ture near its boiling-point has a relative density of 96, correspond-
ing with the formula Sy ; but this density is not constant for any
definite range of temperature but gradually decreases until it
reaches the value of 32 (S,) at a temperature of 800°, above which
it remains constant. In the case of iodine vapour, therefore, we
have good evidenze that molecules of the formula I, exist, whereas
for the existence of sulphur molecules containing six atoms
the evidence is by no means so conclusive, although it is believed
by some that thesc exist at low temperatures (see Sulphur).

35 Frequently a compound which exists in the solid or liquid
state cannot be converted into vapour without undergoing dis-
sociation. Thus ammonia and hydrochloric acid unite directly
to form ammonium chloride :

NH;+HCI=NH,CI

¢

Phosphorus trichloride absorbs two atoms of chlorine, and is
converted into the pentachloride, thus :—

PCl,+Cl,=PCl,

> These compounds, however, only exist in the solid or liquid
state; when they are heated they decompose into the two mole-
cules from which they have been formed.! In soine cases this
decomposition can be readily seen ; thus antimony pentachloride,
SbCl;, decomposes into the trichloride, SbCl, and free chlorine.
Other compounds, such as pentachloride of phosphorus, PCI,,
appear to volatilise without decomposition, but in this case it
can be proved that the vapour is a mixture, and contains the

1 When very thoroughly dried, ammonium chloride can be vaporised without
being dissociated,
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molecules of two gases, phosphorus trichloride, PCl,, and free
chlorine. The vapour densities of these bodies accordingly do
not follow the usual law; thus the vapour of chloride of
ammonium, if it consisted of similar molecules, must possess the

density of 35.18+;3.93+4 =26'56. In fact, however, its

density is only half this number, for two volumes contain one
volume of ammonia and one of hydrochloric acid; hence its
density (or the weight of one volume) is half the above or
13-28.

In the same way iodine forms both a monochloride ICl and a
trichloride ICly: the first of these bodies is volatile without
decomposition ; the second, however, decomposes on distillation
into the molecules ICl and Cl,.

PROPERTIES OF GASES.

36 The chemist has to deal with matter in all its various
states; solids, liquids, and gases alike being the objects of his
examination. The study of gases in particular has, as we have
seen, led to most important results in the theoretical branch of
the science, the system of formulee now employed being in
fact founded upon observations made upon matter in the state

of gas.

RELATION OF VOLUME TO PRESSURE. BoYLE's Law.

37 The gaseous condition of matter is well defined to be that
in which it is capable of indefinite expansion. If a quantity
of gas as small as we please be placed in a closed vacuous
space, however large, the gas will distribute itself uniformly
throughout that space. The relation between the volume and
pressure of a gas, the temperature remaining constant, is
expressed by the well-known law of Boyle (1662), viz., that the
volume of the gas varies inversely as the pressure, from which
it follows that the product of pressure and volume remains
constant whatever be the pressure. This is expressed by the
equation PV =C ; thus when the pressure is doubled, the volume
is halved, the product of the two remaining the same. Whena
number of gases which do not act chemically on each other are
mixed together, the total pressure exerted is equal to the sum

G2



84 GENERAL PRINCIPLES OF THE SCIENCE

of the separate pressures which each gas would exert if it
alone occupied the whole space, or as it may be otherwise
expressed, the total pressure of a mixture of gases is equal to
the sum of the partial pressures of its constituent gases
(Dalton).

Thus, if a litre of oxygen'at a pressure of 0'2 of an atmosphere
and a litre of nitrogen at a pressure of 08 of an atmosphere be
mixed and the volume again brought to 1 litre, the total
pressure will be 1 atmosphere, this being the sum of the partial
pressures of the oxygen and nitrogen.

38 The adoption of the pressure of a column of mercury 760
mm. high as the normal or standard pressure leads to the
anomaly that the mass of a given volume of gas, under stand-
ard conditions, varies at different places on the earth’s surface,
since the pressure exerted by a column of 760 mm. of mercury
varies with the latitude and the height above sea level, owing
to the variation in the intensity of gravitation. Hence when
the weight of a given volume is quoted the locality for which it
has been determined must also be stated. One litre of oxygen
at 0° and 760 mm. pressure for example weighs 142900 grams
at sea level in latitude 45°, whereas at Paris it weighs 142945
grams. As a rule such weights are quoted for Paris.

RELATION OF VOLUME TO TEMPERATURE. DALTON'S Law.

39 Another simple numerical law, which characterises the
gaseous condition, is known as the law of Dalton,! but often
referred to as the law of Charles or of Gay-Lussac? This
states that all gases heated under constant pressure expand by
an equal fraction of their volume at 0° Centigrade for equal
increments of temperature, one volume at 0° becoming 1-3665
at 100°; so that the coefficient of expansion of gases is 0-003665
or nearly ;15 foran increase from 0° to 1° Centigrade. If the
temperature of the gas be lowered, the volume contracts in the
same proportion. When, on the other hand, the volume of a
gas is kept constant and the temperature raised, the pressure
of the gas increases in this same ratio; so that a mass of gas

! Dalton, Manchester Memoirs, v. 535 (1801).

2 The experiments of Gay-Lussac were published at a later date than those
of Dalton. The results obtained by Charles were never published, but were

verbally communicated to Gay-Lussac. Gay-Lussac, Ann. Chim. (1], 43, l‘i;
Dixon, Memoirs Lit. and Phil. Soc. of Manchester (4], 4, 36
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which at 0° has a pressure of 1, has at 100° a pressure of
1-3665 if it be not allowed to increase in volume.

If a gas when cooled continued to follow this law, its volume
would become zero at a temperature of 1/0003665 or about
—-273°C. This temperature is, therefore, known as the absolute
zero and temperatures reckoned from it are termed absolute
temperatures. The law of expansion of gases at constant
pressure may then be expressed in the simple form that the
volume of a gas is proportional to the absolute temperature, or
expressed in symbols V=KT.

Combining this equation with that previously given for the
relation of pressure and volume, we obtain an expression, known
as the gas equation, which embodies the relations of pressure
(P), volume (V), and absolute temperature (T) for all gases:

PV=RT.

where R is a constant depending on the mass of gas taken.
If V be taken as 22:247 litres (p. 81), and a corresponding
value be given to R, the equation becomes at once applicable
to the gram-molecule of all gases, since the molecular volume of
all gases is the same (Avogadro).

40 The laws of Boyle and Dalton do not hold strictly for all
gases, and the deviations from them are in some cases con-
siderable : these are discussed on p. 96.

THE KINETIC THEORY OF (GASES.

41 The behaviour of substances in the gaseous state as regards
pressure and temperature is distinguished by its simplicity and
uniformity from that of the solid and liquid forms of matter.
For in the case of solids and liquids the effect on the volume
of alteration of pressure as well as of temperature is different
for every substance, whilst gases are all uniformly affected.
Hence we are led to conclude that the gaseous form of matter
is that in which the constitution is most simple, and this result
is borne out by many other considerations. '

The doctrine that heat is only a mode of motion is one which
is now generally admitted, so that a hot body may be regarded as
possessing a store of energy, some portion of which at any rate
may be made use of to accomplish actual work. The energy of
motion is termed Kinetic (from xwéw, I move), and this energy
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is communicated when the body possessing it comes to rest by
contact with some other body. The other form of energy
depending on position with respect to other bodies and not
upon the condition of matter is termed Potential energy. It
has been shown that in a hot body a very considerable portion
of the energy arises from a motion of the parts of the body ; so
that every hot body is in motion, but this motion is not one
affecting the motion of the mass as a whole but only that of the
molecules or small portions of the body. These molecules may
consist of a collection or system of smaller parts or atoms
which partake as a whole of this general motion of the molecule.
The subject of the motion of the smallest particles of matter
attracted the attention of the ancients, and Lucretius held that
the different properties of matter depended upon such a motion.
Daniel Bernoulli was the first to conceive the idea that the
pressure of the air could be explained by the impact of its par-
ticles on the walls of the containing vessel, whilst in the year
1848, Joule! showed that these views were correct, and cal-
culated the mean velocity which the molecules must possess
in order to bring about the observed pressure. Since the
above date, Clausius, Maxwell, and other physicists have
extended and completed the dynamical theory of gases.
Many of the phenomena observed in gases and also in liquids,
especially diffusion, prove that the large number of small
particles or molecules of which these forms of matter are
made up are in a constant condition of change or agitation,
and the hotter a body is the greater is the amount of this
agitation. According to the kinetic theory these molecules
are supposed to move with great velocity amongst one another,
and, when not otherwise acted on by external forces, this
motion is a rectilinear one, and the velocity uniform. The
molecules, however, come into frequent “collision” with one
another, or, as Maxwell describes it, encounters between two
molecules occur. In these encounters, and also when the mole-
cules strikc the surface of the containing vessel, no loss of
cnergy takes place, provided of course that everything is at
the same temperature, so that the total energy of the enclosed
system remains unaltered.

42 From these principles, assuming simply that the molecules
have weight and are in motion, and applying the usual laws of

1 Brit. Assoc. Reports, 1848, 2nd Part, p. 21.
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masses in motion, the experimental laws of gases, already
alluded to, as well as others, may be deduced. The pressure of
a gas is thus due to the impacts of its molecules upon the walls
of the containing vessel ; hence, when twice as many molecules
are crowded into a given space, by the compression of the gas
to half of its original volume, the frequency of the impacts, and,
therefore, also the resulting pressure, will be doubled, or,in other
words, the pressure is inversely proportional to the volume
(Boyle’s Law). The temperature is measured by the kinetic
energy of the molccules, which is equal to the product of half
their mass into the square of their velocity, .e., 4 mv®. Increase
of temperature, therefore, means increase of the velocities of the
molecules, and hence if the volumne of a gas be kept constant
and its temperature raised, both the force of impact of each
molecule against the wall of the vessel and the number of
impacts per second will be increased, the pressure rising in pro-
portion to the square of the velocity, or in other words in direct
proportion to the rise of temperature (Dalton’s Law). The tem-
perature at which the velocity of the molecules, and, therefore,
also the kinetic energy, would become cqual to nothing, is the
absolute zero of temperature (p. 85).

When two gases are at the same pressure, the total
kinetic energy of the molecules in equal volumes must be
the same ; if their temperatures are also equal, the mean kinetic
energy of each molecule must also be equal, and it hence
follows that the number of molecules in equal volumes of the
two gases must be the same. Assuming then that the tem-
perature of a gas represents the kinetic energy of its molecules
it follows that equal volumes of all gases under similar conditions
of temperature and pressure contain equal numbers of mole-
cules. This is the statement known to chemists as Avogadro’s
theory (p. 74), which is thus shown to rest upon a sound
physical foundation. '

43 The velocities of the molecules can be calculated for any
given temperature when we know the density of the gas and its
pressure at that temperature. As will be seen from the table
given below their magnitude is very considerable, and this
accounts for the great velocity with which disturbances, such as
sound waves or explosions, are propagated through gases.



88 - GENERAL PRINCIPLES OF THE SCIENCE

Velocity at 0°
in
metres per second.

Hydrogen . . . . . . . . 1838
Amomonia . . . . . . . . 628
Oxygen . . . . . . . . . 461
Carbon dioxide . . . . . . 3892
Chlorine . . . . . . . . 310
Hydriodicacid . . . . . . 230

These numbers represent the mean velocity of the molecules,
since it is supposed that owing to encounters the velocity is
not absolutely uniform but varies about an average value;
in hydrogen for example at 0°C. and 760 mm. some of the
molecules are moving at a much slower rate than 1,838 metres
per second, while others are moving much more rapidly. In
addition to the energy of translation which the molecule as a
whole possesses, the atoms of which it is composed and which
are capable of motion relatively to each other have also a
certain amount of kinetic energy. When a gas is heated, there-
fore, both of these kinds of energy are increased, or in other
words the motion of the atoms within the molecule is increased
at the same time as the velocity of the molecule itself.

Clerk-Maxwell and others have calculated that the actual num-
ber of molecules which we must conclude to be present in one
cubic centimetre of a gas at the standard temperature and pres-
sure is no less than 21 trillions (21,000,000,000,000,000,000
“or 21x10%); the weight of a single molecule of hydrogen
being, therefore, about 0000 000 000 000 000 000 04 milli-
grams or (004 x 10-18),

In spite of the high speed of a molecule of a gas it only
moves freely for a very short distance before it comes into
“collision” with another molecule, and it has been calculated
from experiments on the viscosity of gases that the mean “ free
path ” of a molecule of hydrogen, the most rapidly moving of all
the gases, is at 0°and 760 mm. only 00000178 (17'8 x 10-%) mm.,
whilst it experiences 9,520 million collisions with other mole-
cules per second. The corresponding numbers for oxygen are
00000102 (102 % 10-%) mm. and 4,180 million, and for carbon
dioxide 0-0000065 (65 10-%) mm. and 5,530 million collisions
per second.!

1 Quoted from O. E. Meyer, Kinetic Theory of Gases (London, 1899),
p. 192,



DIFFUSION OF GASES 89

DIFFUSION OF GASES.

44 Early in the history of the chemistry of gases it was
observed that when gases of different specific gravities, which
exert no mutual chemical action, are once thoroughly mixed
they do not of themselves separate in the order of their several
densities by long. standing. On the contrary, they remain
uniformly distributed throughout the mass. Priestley! proved
this by very satisfactory experiments; but he believed that if
the different gases were very carefully brought together, the
heavier one being placed beneath and the lighter one being
brought on to the top without being mixed with the other, they
would then, on being allowed to stand, not mix but continue
separate one above the other. Dalton,® in 1803, proceeded to
investigate this point, and he came to the conclusion that a
lighter gas cannot rest upon a heavier, as oil upon water, but
that the particles of the two gases are constantly diffusing
through each other until an equilibrium is reached, and this
without any regard to their specific gravities. This conclusion
Dalton regarded as a necessary consequence of his theory of the
constitution of matter, according to which the particles of all
gaseous bodies exert a repulsive influence on each other, and
each gas expands into the space occupied by the other as it
would into a vacuum. In fact, however, it does not so expand,
for the rate at which a gas diffuses into another gas is many
thousand times slower than that at which it rushes into a
vacuum.3 As was usual with him, the apparatus used by Dalton
in these experiments was of the simplest kind. It consisted of
a few phials and tubes with perforated corks. “The tube
mostly used was one 10 inches long and of % inch bore; in
some cases a tube of 30 inches in length and } inch bore was
used ; the phials held the gases which were the subject of
experiment and the tube formed the connection. In all cases the
heavier gas was in the lower phial and the two were placed in
a perpendicular position, and suffered to remain so during the
experiment in a state of rest ; thus circumstanced it is evident
that the effect of agitation was sufficiently guarded against ; for
a tube almost capillary and 10 inches long, could not be instru-
mental in propagating an intermixture from a momentary com-

! Observations on Air, 2, 441. 2 Manch. Memoirs, 1805, p. 259.
3 Phil. May. 1863 [4), 26, 400.
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motion at the commencement of each experiment.” The gases
experimented on were atmospheric air, oxygen, hydrogen, nitro-
gen, nitrous oxide, and carbonic acid ; and after the gases had
remained in contact for a certain length of time the composition
of that contained in each phial was determined, and invariably
showed that a passage of the heavier gas upwards and the
lighter gas downwards had occurred. Similar experimental
results were also obtained by Berthollet in 1809.!

The passage of gases through fine pores was likewise observed
by Priestley ? in the case of unglazed earthenware retorts which,
although perfectly air-tight so as not to allow of any escape by
blowing in, allowed the vapour of water to pass out whilst air
came in, even where the gas in the retort was under a greater
pressure than that outside. Dalton was the first to explain this
fact as being due to precisely the same cause as that which
brings about the exchange of gases in the phials connected with
the long tubes, only that here we have a large number of small
pores instead of one (the bore of the tube) of scnsible magnitude.

In the year 1823 Débereiner ® made the remarkable observa-
tion that hydrogen gas collected over water in a large flask
which happened to have a fine crack in the glass, escaped
through the crack into the air, whilst the level of the water rose
in the flask to a height of nearly three inches above its level in
the trough. Air placed in the same flask did not produce a
similar effect, nor was this rise of the water observed with the
flask full of hydrogen when it was surrounded with a bell-jar
filled with the same gas.

45 As in the former instance, the discoverer of the fact was
unable to explain the phenomenon, and it was not until 1832 that
Thomas Graham * in repeating Dibereiner’s experiments showed
that no hydrogen could escape by the crack without some air
coming in, and enunciated the law of gaseous diffusion founded
on the results of his experiments, viz,, that the rate at which
gases diffuse is not the same for all gases but that their relative
rates of diffusion are inversely proportional to the square rools
of their densities, so that hydrogen and oxygen having the rela-
tion of their densities as 1 to 16 the relative rates of diffusion
are as 4 to 1.

Instead of using cracked vessels Graham employed a diffusion

1 Mém. d'Arcueil, 2, 463. 2 Observations, &c., 2, 414.
3 4dnn. Chim. Phys. 1823, 24, 332,
4 Edin. Phil. Trans. 1834, 12, 222, Phil. Mag. 1833, 2, 175.
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tube consisting of a glass tube open at each end and about six
to fourteen inches in length and half an inch in diameter; a
wooden cylinder is introduced into the tube so as to fill it with
the exception of a short space at one end, and this unoccupied
space is filled with a plug of plaster of Paris, the cylinder being
withdrawn after the paste of plaster has set. With such a tube
divided into volumes of capacity, filled with gas and placed
over water, the rate of the rise or depression of the water could
be easily observed and the composition of the gas both before
and after the experiment ascertained. In this way the relative
diffusibility of various gases was determined, the results of
Graham’s experiments being shown in the following table.

DiFFUSION OF GASES.

| | :

| Gas. | Denmty sqr;ou::; ! . Yifmd

} ' density. ~ density.| " a5},

. Hydrogen . . . . . . 006949{ 02636 | 37935 | 383

 Marshgas . . . . . . 0559 | 07476 | 13375 | 1344

! Steam . . . .. .. 06235 | 07896 | 12664 | —

| Carbonic oxide . . . .. 09678 | 0:9837 | 10165 | 11149
Nitrogen . . . . .. : 09713 | 09856 | 10147 | 10143
Ethylene . . . . . . L0978 | 09889 | 10112 | 1-0191
Nitricoxide . . . . . - 1039 | 10196 | 09808 | —
Oxygen . . . . . . . | 11056 | 10515 | 09510 | 09487
Sulp aretted hydrogen | 111912 | 10914 | 09162 | 095
Nitrous oxide . . 1527 | 12357 | 0:8092 | 0-82
Carbon dioxide . . . . 152901 12365 | 0-8087 | 0812
Sulphurous acid . . . 1 2:247 | 14991 | 06671 | 0'68

|

The observed velocities of diffusion agree very closely with
those obtained by calculation. This is, however, only the case
when the porous plate through which the diffusion takes place
is very thin. If the plate be thick the gases have to pass
through a series of capillary tubes, and the rate of diffusion is
considerably diminished by the friction.

46 The passage of the gases through capillary tubes has been
termed transpiration of gases, and this proceeds according to
other laws than those of diffusion, the velocity of the gases
being greatly affected by their viscosity. Thus when allowed
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to pass through capillary tubes the rate of transpiration of
equal volumes of the following gases was found by Graham to

be represented by the numbers :—

Oxygen . . . . 100
Hydrogen . . . 044
Carbon dioxide. . 072

These numbers bear no relation to the square roots of the
densities of the gases.

47 Of all substances, that which is best adapted for exhibiting
the laws of diffusion is a thin plate of artificial graphite. Witha
porous plate of graphite 0'5 mm. in thickness Graham ! obtained
the following times of ditfusion into air under a pressure of
100 mm. of mercury :—

Time of molecular Square root of

passage. density O=1.
Hydrogen. . . . 02472 . . . 02509
Oxygen . . . . 10000 . . . 10000
Carbon dioxide . . 11886 . . . 11760

When the same gases were allowed to diffuse into a vacuum
the following were the results :—

Time of molecular Square root of

passage. density O=1.
Hydrogen. . . . 02505 . . . 02509
Air . . . . . . 09501 . . . 09507
Oxygem . . . . 10000 . . . 10000
Carbon dioxide . . 11860 . . . 11760

Hence it appears that a plate of artificial graphite is practically
impermeable to gas by transpiration but is readily penetrated by
gases when in molecular or diffusive movement, whether the gases
pass under pressure into air or into a vacuum, and this sub-
stance, therefore, serves as a kind of “ pneumatic sicve ” which
permits the passage of the molecules but not the masses of the
gas.

The diffusion of gases without the intervention of a porous
septum has been investigated by Lohschmidt.? It is a com-
plicated phenomenon in which, as in transpiration, gaseous
friction plays a large part.

1 Phil. Trans. 1863, 392.
3 Wien. akad. Ber. 1870, 61, 367 ; 62, 4¢8.
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48 Effusion of Gases is the name given by Graham to the flow
of gases under pressure through a minute aperture in a thin
metallic plate. The law of diffusion is found to hold good
with regard to this molecular motion of gases, the times
required for equal volumes of different gases to flow through
an aperture of a diameter of g}y of an inch having been found
to be very nearly proportional to the square roots of their
densities, and ‘the velocity of flow to be therefore inversely as
the square roots of their densities. This law, which is true for
the flow of all fluids through a small aperture in a thin plate,
has been applied by Bunsen! for the purpose of determining
the specific gravity of gases, the method serving admirably
when only small quantities of the gas can be obtained.

49 It will be observed that the rates of effusion and of diffusion
through porous septa, as determined by Graham, are directly
proportional to the molecular velocities, according to the kinetic
theory of gases, which, as has already been stated, are inversely
proportional to the square root of the density of the gas.

50 The phenomena of diffusion can be strikingly demonstrated
by the following experiments :—

To one end of a glass tube about 1 metre in length and 1 cm.
in diameter, having a bulb blown on to it, a cylindrical porous
cell (such as those used for galvanic batteries) is fixed by means
of a caoutchouc stopper. The other end of the tube is drawn
out to a fine point and bent round as shown in Fig. 10 (p. 94).
If now a vessel filled with hydrogen be held over the porous
jar this gas will enter more quickly than the air can issue, viz,,
in the inverse proportion of the square roots of their densities,
that is, as \/14'4 to 1, or as 8'8 volumes to one volume, so that
the pressure in the porous cell will increase and the coloured
water placed in the bulb will be driven out in the form of* a
fountain through the narrow jet.

A second experiment showing the mode in which one gas may
be separated from another by diffusion (termed atmolysis from
atuss vapour and Avw I loosen) is the following. A slow current
of the detonating gas obtained by the electrolysis of water, and
consisting of two volumes of hydrogen to one volume of oxygen,
is allowed to pass through a common long clay tobacco-pipe, the
gas on issuing from the pipe being collected over water in a
pnelimatic trough. On bringing the gas, thus collected, in
contact with a flame it no longer detonates. On the contrary,
: 1 Gasometry, 121..
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it will rekindle a glowing chip of wood, thus showing that in "
its passage through the porous pipe the lighter hydrogen has
escaped by diffusion through the pores of the clay very much
more rapidly than the heavier oxygen.

F1a. 10.

A third experiment to illustrate the law of diffusion is one
which possesses interest from another point of view, inasmuch
as it has been proposed to employ the arrangement for giving
warning of the o