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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 succinct 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
both 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 Kopyp's
classical works on the History of Chemistry.

In the part of the volume devoted to the deseription
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. Roscok.

Lonpox, 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.Se., for
assistance.

H. E. Roscos.
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 or 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 Greck 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 unintelligible.? They allude to their subject as

1 Berthelot, Les Origines de I’ Alchimie, p. 3. Introduction ¢ 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 indcpendently 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 Geachichte der Chemie. 1 Stiick, p. 40,

2 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 qualitiesin 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 deeper 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 nalure, et nullitate magice.
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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 agua 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 preparation 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 elements, 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 that when
thrown on the base metals in a state of fusion (moment of pro-
Jjection) 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,

! Berthelot, La Chimie du Moyen Age. Vol. 111



8 HISTORICAL INTRODUCTION

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 scventcenth
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 elixir vite,
the grand panacea for human ills, is more difficult to find. It

! For further information on this subject Kopp’s classical works, Die Geschichte
der Chemie, and Die Alchcmie, 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 elirir 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 Gceber says, “ Bring me the six lepers, so that I may heal
them ;”—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 tumph- Wagen
des Antimonti, which contains a largc 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, but he was the first who included animal and
vegetable bodiés 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, Beitrdge 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 4lckemia, 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 firec 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 he 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 alchcmist 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 Chymic (1675), which was trans-
lated into Latin, as also into most modern languages, and exerted
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 detcrminate
number of elements; or, if you please, whether or no all com-
pound bodies do consist of the same number of clementary 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 its properties. 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, 438).

* 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 elements, is science indebted to Boyle
for his clear statement of the value of scientific investigation for
its own sake, 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 becn
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 truc
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, 3, 706—718. ? 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 (¢AoyioTds, 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.e. rendered
non-volatile) by combining it with potash ; if then the salt thus
obtained is heated with charcoal, a hepar 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 sulphur is the result. 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 arc 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.

However 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
JSorm 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 clementary 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
belicved 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 science—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
as 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 were 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
Lavoisicr, 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.”—Edin. Phys, and Literary Essayx, 1755,
2 Brit. Assoc, Reports, 1871, p. 189,
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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

VOIL. 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 heatmg 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 discoverics, but his researches
were exhaustive, and for the most part quantitative. His
investigation on the inflammable air? evolved from dilute acid
and zinc, 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



20 HISTORICAL INTRODUCTION

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 generally adopted, that the instrument used
for such measurements was termed a eudiometer (edd(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 }3,” or 100 volumes
of air always contain 20'8 volumes of dephlogisticated, and 792
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 this dis-
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 threc pints, so
arranged that an electric spark could be passed through a
mixture of inflammable air (hydrogen) and common air? but

! 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 eclectricity, by which means 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 prevmusly 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 presence in 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 seems 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 probability 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 Priestley and Cavendish were pursuing 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 Ucber 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.confined volume of air.
Thus he found that when a solution of hepar 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, Scheele 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

P e r— — ~
Phlogiston + Fire-air 4+ Calx of Mercury = Calx of Mercury 4 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 pcculiar 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 Schecle’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 mnetals 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 was also known that
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when a metal is calxed, an increase of weight occurs, but this
was explained either by the metal becoming more dense, which,
in the opinion 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 himseclf 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 174 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
experiments 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 expcriments
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 ofa 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 c¢onclusions are 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 discoverics 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 combustion began in
the year 1772. In afirst memoir?® Lavoisier finds not only that
when sulphur and phosphorus are burnt no loss of weight
occurs, but that an increase of weight 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 publication was his Opuscules physiques et
chymigues, 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 d vous regarder comme mon maitre,” &c.

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 not change in
weight, but when the neck of the flask is broken, air rushes in,

1 Sur la Cause de U Augmentation des Poids. (Euvres 2, 99.
2 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 elastic 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 le nature du
principe qui se combine avec les métawx pendant leur calcina-
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
“Uair éminemment respiradle,” or “ Uair 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 aygen 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 mectals 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.” ! 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 last 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 discoverics,” 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 se and 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 minium.’
M. Scheele’s discovery was certainly independent 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

! (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 place when metals dissolve in acids, and to show
that the metals are simple bodies which take up oxygen on
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 position 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 cxperiments.?

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

! (Euvres, 2, 338.

? For an exhaustive 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



‘“ESSAI DE STATIQUE CHIMIQUE” 33

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 acids,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 also showed 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, as 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 1803 his cele-
brated Essai de statigue Chimique, 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, therefore, 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 debate between the two French
philosophers which lasted from the ycar 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, but 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 1n 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 taughv that matter is made up of small indivisible particles,
and the idea of the atomic constitution of matter, and even the

1 On this subject see Hartog, Nature (1894) 50, 149.
3 Journal de Physique, §9, 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 chemical 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, whercas all others are simply quali-
tative views. For whilst all previous upholders of an atomic
theory, including cven 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 are 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 Literary 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 Ultimate
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 hydrogen 82  Sulphuric acid . . 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 dcpend 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.

3 A 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 1803-4, 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 Chemistry® 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,

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

? New System. Part I. Preface.
3 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, 1894 ;
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 element is attached to 1, 2, 3, &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 sevem.l chemical clements or ultimate
particles.

Fig. ' Fig.

1 Hydrog. its rel. weight 1 11 Strontites. . . . . 46
2 Azote . . . 5 12 Barytes . . . . . 68
3 Carbone or charcoal .5 183Iron . . . . . . 38
4 Oxygen .. . 7T Y4Zinc .. . . . . 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
9Soda . . . . . . 28 19Gold . . . . . .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, composcd of 1 of azote and 1 of

hydrogen . . . 6
23 An atom of nitrous ga.s composed of l of azote and 1 of

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

1 of hydrogen . . . 6
25 An atom of carbonic oxlde composed of 1 of carbone

and 1 of oxygen . . . A §/
26 An atom of nitrous oxide, 2 azotc + 1 oxygen A L {
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

hydrogen . . . oo
30 An atom of oxymtnc acxd 1 azote + 3 oxygen ... 26
31 An atom of sulphuric acid, 1 sulphur + 3 oxygen . . 34
32 An atom of sulphuretted hydrogen, 1 sulphur + 3

hydrogen . . . . . 16
33 An atom of alcohol, 3 carbone + 1 hydrogen S {1
34 An atom of nitrous acid, 1 nitric acid + 1 nitrous gas. 31
35 An atom of acetous acid, 2 carbone 4+ 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 carbomc acxd .. . 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 cven 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, a8 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 & Arcuedl, 1808, 2, 207.
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same volume of every kind of gas is the same, similar
circumstances of pressure and temperature 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 rescarch 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 JIscmorphism.
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
cnergies 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.
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1 MATTER is capable of assuming three different states or con-
ditions :—the solid, the liquid, and the gaseous. Of these, the
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