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PREFACE

I~ writing this book I have tried to bring before students
who are interested in radio-activity the chief facts
concerning the chemistry of radio-active substances
at present known. As far as I am aware there is no
book in English on this subject which is reasonably
up-to-date.

This book is not a monograph in the ordinary sense,
and although I have taken pains to collect together
the best and most recent data and views on the sub-
ject, I have made no attempt to deal with any part
of it exhaustively, and I have not thought it necessary
to cite authorities and references except for a few
statements, A monograph very rightly, I think,
should give chapter and verse for every statement of
importance, but a book like this one, which does not
pretend to do more than give a short account of a
large subject, need not. Below are given a list of
books which I recommend as primary sources of infor-
mation on radio-activity and cognate subjects, and from
them, merely by consulting their indexes, a reader may
speedily be put on the track of the original papers
dealing with any matter on which he requires further
information.

I wish to express here my indebtedness to the writers
of these books in the task of compiling my own.

v



vi PREFACE
The following is the list :

(1) Sir ErNEsT RUTHERFORD, F.R.S.: Radio-active Sub-
stances and Their Radiations. (Cambridge Uni-
versity Press, 1913.)

This is the standard book on radio-activity in Eng-
lish, and contains the whole of the information on
which the chemical side is based. It deals exhaustively
and in a masterly way with work on radio-activity,
both chemical and physical, to the end of the year 1912,

(2) Dr. S. MEYER and Dr. E. v. SCHWEIDLER : Radio-
aktivitat. (Leipzig, 19186.)

This work in German is on the same general lines
as Sir E. Rutherford’s book, but includes the important
information obtained between 1912 and 1916, when the
chemistry of the radio-elements underwent great
development.

(3) Prof. FrEpERICK SopDY, F.R.S.: The Chemistry
of the Radio-Elements. (Longmans, 1915.)

This book deals with the chemical side of the sub-
ject, with full references of work done up to 1915,
It is at present out of print.

(4) Dr. K. Fasans: Radioaktivitdt. Third edition.
(Vieweg, Braunschweig, 1921.)

This is an excellent summary of the latest work
on radio-activity in German. It deals particularly
with isotopes and the new ideas on the chemical
elements developed by recent work on radio-activity
and on the structure of the atom. It covers a wide
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field, but it is too short to serve as a textbook. It
gives references to all recent work.

(5) Annual Reports of the Progress of Chemistry. The four
volumes for 1914, 1916, 1918, and 1920, issued by
The Chemical Society (Gurney and Jackson).

The sections on Radio-activity are by Prof.
Soddy and summarise the work done in the year of
and the year before publication. They give, also, full
references to the original papers.

(6) Dr. J. N. FrIEND : A Textbook of Inorganic Chemis-
try. Nine vols. (Griffin, 1918-21.)

This is a book of reference on inorganic chemistry.
Vol. I deals, inter alia, with the periodic system, X-ray
spectra, and radium emanation; Vol. III with radium
and its products ; Vol. IV with actinium and the acti-
nium series; Vol. V with thorium and the thorium
geries ; Vol. VII with uranium and the uranium series.
Full lists of authorities are given. (Vol. III and Vol.
VII are not yet published.)

(7) E. Canex and W. O. WoorroN : The Mineralogy
of the Rarer Metals. (Griffin, 1920.)

This work describes radio-active minerals.

A. S. RUssELL,
March 1922,
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AN INTRODUCTION TO THE
CHEMISTRY OF RADIO-ACTIVE
SUBSTANCES

CHAPTER 1
THE SOURCES OF THE RADIO-ELEMENTS

Introduction.—The name * radio-active” is applied
to a class of bodies like uranium, thorium, radium, and
their compounds which possess the property of spon-
taneously emitting radiations of different kinds capable
of passing through substances which are opaque to
ordinary light. The characteristics of these radiations
are their powers (1) of penetration, (2) of ionising gases,
and consequently of discharging charged bodies like the
leaf-system of an electroscope, (3) of affecting a covered
photographic, plate, and, ' when sufficiently powerful,
(4) of producing fluorescence on screens of suitable
material. The property is spontaneous, i.e. it cannot
be initiated, stopped, accelerated, or retarded ; it is
atomic; it is an accompaniment of the transformation
of an atom into an atom of another kind. A brief
definition vof a ‘ radio-active substance” is, * one
whose atoms emit spontaneously a- or B-particles.”
Such atoms are said ‘to break up or to disintegrate or'
to be transformed.
1
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Because radio-activity is an atomic property it is
customary to refer to and to think of a radio-active
substance as an element even when actually it is a
compound, and the term ‘radio-element” will often
be used in this sense in the pages that follow.

The radio-elements include some forty elements
possessing atomic weights which lie between 206 and
238:2, Above the limit of 209 there are no elements
which are not radio-active. It would thus appear
that there is a connection between high atomic weight,
i.e. complexity of atomic structure, and radio-activity,
a view borne out by other work in physics. Two ele-
ments of low atomic weight, however, rubidium and
potassium, are also radio-active in a small but perfectly
definite way. These alone of elements possessing
atomic weights of less than 206 have so far been shown
to possess radio-activity.

Of the radio-elements two alone, uranium and tho-
rium, were known before the discovery of radio-activity
in 1896, and these are still the only ones which may be
purchased in weighable quantities at a reasonable
cost: The remainder exist in small amount only,
some being measured in grams, others in fractions of a
milligram, and the majority in altogether unweighable
quantities. Nevertheless, it has been found experi-
mentally that each of these forty radio-elements is a
perfectly genuine element in the chemical sense with
characteristic physical and chemical properties. The
additional property of radio-activity enables these
substances to be recognised unmistakably no matter
what chemical operations they have been subjected
to, and at concentrations far less in amount than can
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be detected by the most sensitive spectroscope.
What appears to be a hopeless task, namely the in-
vestigation of the chemical properties of bodies most
of which exist in very small quantities, is for this reason
quite practicable. The chemistry of nearly every radio-
element has now been experimentally investigated and
is accurately known.

It will be shown in the sequel that every radio-
element with the exception of rubidium and potassium
is connected genetically either with uranium or with
thorium, the two radio-elements to be first discovered.
It follows, therefore, that the radio-elements are found
in minerals which contain uranium and thorium, and
there alone.

Minerals containing uranium.~<Uranium is found
combined in a few rare minerals, the most abundant
of which are carnotite, pitchblende, autunite, broggerite,
cleveite, thorianite, and thorite.

(@) Carnotite is a hydrated vanadate of potassium
and wuwranium, K,0 -2UO, 'V,0; 3H,0, occurring
as a secondary mineral impregnating & porous, sedi-
mentary sandstone ; a yellow crystalline powder found
chiefly in Colorado and Utah.

(b) Uraninite, or pitchblende, is UsOg (or UO, and UO,
in varying proportions), with PbQ; Fe, 03, and traces of
ThO, and rare earths. It occurs primary as a con-
stituent of rocks, and secondary in Veins with metal-
liferous sulphides. It is black in colour. Its chief
sources are Bohemia, Saxony, Colorado, East Africa,
and Cornwall,

(c) Autunite is a hydrated phosphate of calcium
and uranium, Ca(UQ,),(PO,), * 8H,0. It is probably
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an alteration product of other uranium minerals. It
is yellow and greenish-yellow in colour. The chief
sources are Portugal, U.S.A,, and South Australia.

(d) Broggerite resembles uraninite in many respects,
but contains thorium.

(e) Cleveite is a hydrate of uranium, lead, thorium,
yttrium, and other rare earths. It occurs in Norway.

(f) Thorianite and thorite.—See under Thorium Min-
erals.

The composition of the principal minerals may be
sufficiently indicated by the typical analyses tabulated
in Table 1.

TaBLE 1
Constituent. Carnotite. Pitchblende. Autunite.
U303 . . 47-8 82:63 61-34
VBO,; . . 16-8 —_ —
F6203 . . 1 9'4 3'2 1 —_—
Al203 . . 57 0-40 —_
CaO . . 1-0 1-00 5-24
PO . . 1-3 6-39 traces
KO0 . . 52 — —
Nazo . . 1-8 - 0-31 —_
P205 . . —_ 0-06 14-97
Si02 . . -_— 2'67 —_—
Water . . —_ 317 19-66

Minerals containing thorium.—The chief sources
of thorium are the minerals monazite sand, thorite,
orangite, and thorianite.

(@) Monazite sand.—Monazite is essentially an ortho-
phosphate of the cerium group of rare earth elements,
containing nearly always some thorium. This mineral
is & constituent of beach sand, occurring there in small
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yellow brittle grains. The most abundant sources are
the coast of Brazil and Travancore in Southern India.

(b) Thorite is an altered form of an original thorium
gilicate, and is ThSiO, with up to 7% Ce,O; and up to
10% UO; It occurs in various parts of Norway,
Ceylon, and in New York State. It is a primary con-
stituent of pegmatite dikes, and is black in colour.

(c) Orangite is another altered form of an original
thorium silicate.

(@) Thorianite consists of oxides of thorium (50 to
709%), of uranium (10 to 30%), and of lead (2 to 5%),
with oxides of cerium, zirconium, and rare earths
(0'1 to 109%). It occurs as a primary constituent of
pegmatite dikes in hard black cubic crystals in Ceylon and
Madagascar. Its geological age is probably Archean.
It is an excellent source of all radio-active elements.

Typical analyses of these minerals are given in
Table 2.

TABLE 2

Constituent, ll{goarﬁzte Thorite. Thorianite,
ThO, . . 500 71-8 63:36 79-25
Usos . . —_ 1-25 28-:00 15-25
PbO . . — — 2:90 26
Ce,O; and rare

earths . . 63756 2-10 1-16 1-0
Fe,Oa . . 3-00 3-55 1-27 0-55
Ca0 . . 0-15 — 0-85 115
SiO, . . 1-20 13-55 077 0-2
P,O, . . 2630 1-8 —

Ignition loss . 0-25 5-85 1-32 —

These. two sets of minerals are sources of all the
radio-elements.
]



CHAPTER 1II

THE BEGINNINGS OTF RADIO-ACTIVITY AND THE
DISINTEGRATION THEORY

““THE subject of radio-activity belongs to the borderland
>f chemistry and physics.” Both have been indis-
pensable in its development, though without doubt
physics has been the more important. It follows, there-
fore, that, for a proper understanding of the chemical
side of the subject, with which alone this book pro-
fesses to deal, some knowledge of the more relevant
physical phenomena of the subject must be possessed.
The chemical and the physical sides are at times so
interdependent that it is not feasible to deal fully with
the physical phenomena in a preliminary chapter pre-
paratory to a description of the chemical side. A short
description of the main physical facts of the subject,
superficial though it is, must be interwoven with that
dealing purely with the chemistry of the radio-elements,
even if the author were purposely to ignore the his-
torical development of the subject and merely to confine
himself to stating the facts as they are known at
present.

It is convenient, however, in describing the subject,
to deal with it to some degree historically, and the
main points in the history of the chemical side are
for convenience summarised below. Each will be
treated in some detail in the sections which follow.

6
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Summary of the historical development of the
subject.—(a) Discovery of the radio-activity of uranium
by Becquerel (1896), and of thorium by Mme Curie and
by Schmidt (1898).

(b) Discovery that radio-activity is an atomic
phenomenon and may be detected by its

(1) photographic action ;

(2) its power of ionising gases ;

(3) its fluorescent action on prepared screens.
Isolation of four new elements, polonium and radium
by the Curies (1898), actinium and radio-lead.

(¢) The experiments on the radio-activity of thorium
and of uranium which led to the disintegration theory
of the cause of radio-activity (Rutherford and Soddy,
1902-3). Discovery of more radio-elements and the
gradual elucidation of the three disintegration series
from 1904 onwards.

(d) The theory of the structure of the atom (Ruther-
ford 1911, and other workers later).

(e) The experiments leading to the idea of atomic
number ; showing that atomic number, not atomic
weight, is the fundamental property of an element ;
that the chemical properties of the elements are a
periodic function of their afomic numbers (Moseley,
1912-13).

(f) The theory and the experimental proof of the
existence of isotopes of radio-elements. The relation
of the radio-elements to the periodic system. (Marck-
wald, 1909 ; Fajans, Russell, Fleck, Soddy, 1913.)

Discovery of radio-activity.—The discovery of
X-rays by Rontgen, of Munich, towards the end of the
year 1895 was the beginning of a new epoch in modern



8 : THE BEGINNINGS OF RADIO-ACTIVITY

physics. It attracted great public as well as scientific
interest, an interest that has grown as the subject has
been developed in the last twenty-five years. X-rays
were shown to have the power of passing through thin
layers of bodies, whether opaque or not to ordinary
light, being absorbed roughly in direct proportion to
the density of the material they traversed. They had
the property of ionising gases, and so of discharging
charged bodies like the leaf-system of an electroscope ;
they affected a covered photographic plate; they
produced fluorescence on screens of suitable material.

In following up this discovery in 1896, Becquerel, of
Paris, connected the phenomena with phosphorescence,
and tried the action of a number of fluorescent and
phosphorescent substances upon the photographic
plate. His results were negative until he tried the
salts of uranium. He found that the salts of uranium
with which he experimented, whether they exhibited
phosphorescence or not, and equally whether kept in
daylight or the dark, affected a covered photographic
plate. It was at once realised that this was a new
property of uranium, and one unconnected with
phosphorescence ; it was called radio-activity.

The radiations from uranium and its compounds
were found to resemble X-rays in ionising gases, in
affecting a photographic plate, and in producing
fluorescence on suitable screens, but they differed in
that they were given forth spontaneously and were
unaffected by any change of conditions. A systematic
examination of minerals and preparations were then
undertaken by several workers to see what other
substances exhibited the new property. The procedure



DISCOVERY OF RADIO-ACTIVITY 9

usually was to place the mineral or preparation on
top of a covered photographic plate for hours or days,
and then see if the plate on development showed an
effect. Results were negative except for compounds
of thorium, which were shown in 1898 independently
by Mme Curie and G. C. Schmidt to be radio-active
like uranium.

Radio-activity an atomic phenomenon.—The
next thing to be proved was important. Radio-
activity was shown to be an afomic phenomenon.
When uranium or thorium compounds (but not
minerals) were examined, the radio-activity, deter-
mined usually by the amount of ionisation produced
in a gas, was found to be proportional to the amount
of uranium and thorium present calculated as elements,
and independent of the other elements composing the
compound. The fact that the property was atomic
was not only very interesting theoretically, but it led
in subsequent chemical works to great simplification,
and to the isolation of new radio-active bodies, for
since a radio-active body is always radio-active, what-
ever compound it forms, it can never escape detection
by its radio-activity at any stage of the chemical
processes through which it is put.

Polonium and radium.—Mme Curie compared
the activities of uranium and thorium minerals with
uranium and thorium compounds, and made the
important and unexpected observation that several
minerals containing uranium were more radio-active
than they would have been had they lacked impurities
and been composed of uranium alone. She prepared
artificially several minerals, and these had, as was
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expected, merely the amount of radio-activity that
was calculated from their composition, and conse-
quently had less than the natural ones. Some of her
results are given in Table 3.

TABLE 3.—RELATIVE RADIO-AcTIVITY OF URANIUM
MiNERALS AND COMPOUNDS

Compound. aréting?tyu:;?ta.
Pitchblende . . .31
Natural |Chalcolite . . . 23
Minerals | Autunite . . . 12
Carnotite . . .27
Uranium . . . 10
Artificial Uranium and Potassium
Minerals ‘ sulphate . . . 03
Artificial chalcolite . . 04

Similar results were obtained with thorium minerals.

Since the radio-activity of a compound was proven
independent of the composition, and dependent only
on the amount of uranium in it, the relative activity
of minerals should be less than that of uranium. The
expected result was shown in the artificially prepared
minerals, but not in the natural ones. To explain this
Mme Curie put forward a very concrete explanation,
namely, that in these natural minerals were small
quantities of an element or of elements having a greater
radio-activity than uranium and undetected by
ordinary analysis—in other words, new radio-elements.
This theory was verified experimentally. Starting
with pitchblende (a uranium mineral containing oxides
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of uranium, lead, iron, with traces of calcium, barium,
bismuth, thorium, and rare earths) M. and Mme Curie
made a full qualitative analysis of it in the ordinary
way and examined carefully each precipitate for radio-
activity by physical methods. Along with the bismuth,
an impurity in the mineral, a very radio-active sub-
stance which they called polonium was separated.
This substance appeared to be chemically radio-active
bismuth, but it was clearly not bismuth, for bismuth
is not radio-active; besides, it could be separated
to some extent from it. It was consequently a new
substance.

They also found that the precipitate of barium,
another impurity in the mineral, contained a highly
active substance which was, at first partially, and later
entirely, separated from the non-radio-active barium
by a series of fractional crystallisations. This also
was without doubt a new radio-active substance, and
was named radium.

Polonium and radium, even when associated with the
inactive substances with which they were separated,
were weight for weight many thousands of times more
radio-active than uranium.

Actinium and radio-lead.—In 1900, by adopting
the methods of the Curies, Debierne separated a
third radio-active substance with the iron group which
was called actinium. Associated with the lead of the
mineral was found in a similar way by Hofmann and
Strauss in 1901 a fourth radio-active substance then
named radio-lead. At this stage, then, there were six
radio-active substances known, uranium and thorium,
polonium which associated with bismuth, radium
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with barium, actinium with iron, and radio-lead
with lead.

The discovery of radium created the greatest
scientific interest, and led to some extravagant talk
with regard to its properties. When sufficiently con-
centrated from barium it showed to an extraordinary
degree the properties of a radio-active body in ionising
gases, affecting a photographic plate, and producing
luminescence on a screen. Its two most obvious
properties, arising from its emission of energy, were
that it glowed in the dark, and that it kept itself
above the temperature of surrounding objects. This
constant emission of light- and heat-energy in all
circumstances, without any noticeable diminution over
a period of years, created general surprise and great
interest, because it apparently contradicted the law
of the conservation of energy, and showed the existence
of a perpetual-motion machine. One gram of radium,
with its products in equilibrium, calculated as element,
evolves continuously about 130 gram-calories per hour.

Excited activity., — There W& other set of
observations difficult to explain. It Was found that
all bodies placed in the neighbourhood of compounds
of thorium, actinium, and radium, but not of uranium,
became apparently radio-active. The names given
for this phenomenon, *“ the excited activity ” and ** the
induced activity,” reveal the basic ideas of its cause
then in the minds of those who were investigating it.
The activity excited in a non-radio-active body lacked
the permanency of that of the compounds exciting it ;
also it varied in nature and amount apparently
capriciously. It received a simple explanation in due
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course, but so long as the idea was prevalent that
radio-activity could be induced in ordinary materials
by radio-active substances, difficulties in the way of
progress seemed very great.

The disintegration theory of Rutherford and
Soddy.—There was yet no satisfactory theory to
account for these phenomena. The one or two hypo-
theses that had been put forward neither explained
things simply nor suggested further experiments.

A great advance in the subject and a clear explana-
tion of the difficulties was given in 1902-3 by Ruther-
ford and Soddy, as a result of a happy continuation
of physical and chemical work on preparations of
thorium. This subject will be dealt with in detail in
the next chapter. Preparations of thorium, actinium,
and radium had been found to generate continuously
emanations which gave rise to the ‘ excited ” activity
of bodies in their neighbourhood. Rutherford and
Soddy showed that the producer of the emanation
given off by thorium preparations was not thorium
itself, but a very minute impurity which could be
separated from the thorium by a simple chemical
operation. It was called thorium X because of its
mysterious character. Thorium X produced the
emanation and the ‘‘ excited ” activity; thorium did
not. Thorium X, however, was not permanent; it
lost its radio-activity with time, while the thorium
initially freed from thorium X spontaneously produced
& new supply. They concluded that with a given
quantity of a preparation of thorium there was asso-
ciated a definite but exceedingly minute amount of
thorium X. This amount could neither be increased
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nor decreased. The thorium X might be removed from
the thorium chemically when it spontaneously decayed,
but as much as decayed in any given time was found
to be grown in the thorium preparation, so that on
adding the two portions the original amount was
reached. If the thorium X is not removed from the
thorium the two processes, growth from thorium and
decay into something else, proceed simultaneously so
that the amount of thorium X remains constant.

In order to explain the results observed, Rutherford
and Soddy put forward a very definite and concrete
explanation called the disintegration theory, which
offered a quantitative explanation of the experimental
facts and suggested many new lines of experimental
work. _

According to this theory radio-activity is due to the
expulsion of material particles at a great speed from
atoms which explode spontaneously with intense
violence. In a radio-active body a fraction only
explodes in this way in a small interval of time. The
particles shot out (we now know) are of two kinds, one
with & mass approximately four times that of the
hydrogen atom, bearing two positive charges of elec-
tricity, with a velocity of about a tenth of that of light,
and consequently with great energy; the other, of
less energy, a single negative charge of electricity,
with a velocity nearly that of light, but with almost
negligible mass. These material particles are parts of
the atom which have exploded ; as a consequence the
atom remaining after the explosion is different from
the atom before, i.c. different from an atom that has
not exploded. In a radio-active change, then, one kind
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of atoms is spontaneously being transformed into
another with the liberation of energy; both bodies
are distinct chemical elements with characteristic
chemical properties and capable of being separated
by the methods of analytical chemistry. If the second
body is itself radio-active, it will be partially trans-
formed into a third, and the third, if radio-active,
into a fourth, and so on until a body is reached which
is not radio-active. A radio-active body consequently
may contain several other radio-active bodies which
are connected with the parent body by the relation
father, son, grandson, great-grandson, etc. Much of
the chemistry of the radio-elements is devoted to
separating these products genetically connected with
one another.

The rate at which the process of disintegration pro-
ceeds in any radio-element was found to be constant,
but very different for different radio-clements. This
is one reason why a body like radium is so radio-active
compared with uranium.

The principle of the conservation of energy was
not violated. The long-continued emission of energy
which gave the surprising results shown most clearly
by radium was derived, on this theory, from the
internal energy of the atom. The internal energy of
an atom was surprisingly great in amount (indeed, this
is one of the most remarkable discoveries in radio-
activity), but there was nothing abnormal in this fact.
The energy released on disintegration is simply the
difference in internal energies of the original atoms
and the resultant atoms. Moreover, the emission of
energy by any particular body, although continuous,
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decreased continuously in amount, but often so slowly
as apparently to appear not to do so, for clearly
for every atom disintegrated there is one atom the
less of the body disintegrating. The disintegration
theory received further support in 1903 by the remark-
able observation of Ramsay and Soddy that helium
was produced from radium emanation. It was further
shown that the ‘ induced” or * excited” activity
was a non-gaseous type of matter itself radio-active,
the product of disintegration of the gaseous emana-
tions.



CHAPTER III
THE DISINTEGRATION THEORY

THE disintegration theory of radio-activity mentioned
in its historical setting in the last chapter will now be
described in detail. The view of Rutherford and
Soddy is that radio-activity is due to an explosion of
intense violence which results from the transforma-
tion of an atom of a radio-element into a completely
different atom. In the explosion a portion of the
atom being transformed is expelled with a very great
velocity. The process is spontaneous and continuous.
It is now known that the seat of the transformation
(or disintegration) in the atom is the nucleus, but the
reason for the disintegration of the nucleus is not yet
known. In a given interval of time a definite fraction
of the whole number of atoms of the radio-element
explode. Before the moment of explosion it is im-
possible to distinguish in any way between an atom
about to explode and one which does not; after
explosions the disintegrated atoms have different
chemical properties, and may be separated readily
from the parent body by the ordinary methods of
qualitative analysis as soon as its chemical reactions
are known. Uranium atoms, for example, disintegrate
with the expulsion of a-particles. The resultant body
(known as uranium X;) has an atomic weight of
17
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238 — 4 = 234, and may be separated quantitatively
from uranium by taking advantage of its similarity to
thorium. Thorium is most conveniently separated
from uranium by precipitating it from a neutral solu-
tion with m-nitrobenzoic acid. To separate uranium
X, from uranium, therefore, a little thorium nitrate is
added to the solution prior to the precipitation with
m-nitrobenzoic acid, when the precipitated thorium
carries down with it the whole of the uranium X;. If
uranium X, existed in sufficient amount to allow of
filtration, it would not be necessary to add the thorium
to act as a nucleus for it.

The definite fraction of the atoms which explode in
a given interval of time, i.e. the rate of disintegration,
is a constant independent of all known factors. As
the phenomenon is atomic, the rate is not affected by
the combination of radio-active atoms with other
atoms. For example, the rate of disintegration of
radium bromide, radium sulphate, and of metallic
radium are identical. Again, the disintegration of
atoms cannot be initiated or stopped, nor can the rate
of disintegration be affected in any way by such
influences as concentration of radio-active substances,
changes of pressure or of temperature. For example,
a gram of radium disintegrates at the same rate as
10~ grams. Further, radium in a mineral, or in a
laboratory preparation, or in the blast furnace (so
long as none of the material is actually lost), in a
vacuum, or at a pressure of a thousand atmospheres,
disintegrates at exactly the same rate. This rate, the
nature of the radiation expelled, and the velocity of
expulsion of the radiation, are characteristics of each
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radio-element. The second and third of these will be
dealt with before the first.

Types of radiation.—The radiations emitted by
radio-active substances are grouped under three heads:

(@) The a-particle.—This is the least penetrating of
the three types of radiation. It carries two charges
of positive electricity, has a mass of 4-00 (oxygen = 16),
a1d is really a charged atom of helium. It is expelled
by different radio-elements with different velocities,
all of which are of the order of one-twentieth of the
velocity of light. It corresponds to the positive rays
produced in a vacuum tube by an electric discharge.

(b) The B-particle.—This is an electron, ¢.e. a particle
carrying one charge of negative electricity and having
an.apparent mass of ;g5 of that of a hydrogen atom.
B-particles are of the same nature as the cathode rays
produced in a vacuum tube. They are usually ex-
pelled with velocities from 339, to 999, of that of light.
They come off in groups emitted at a definite velocity,
so that a pencil of B-particles deflected in a magnetic
field shows a magnetic spectrum.

(¢) The «o-ray.—This, like the X-ray, carries no
charge, and is a wave-motion propagated with the
velocity of light. It accompanies the emission of a
B-particle,

v-rays are a type of X-rays of much shorter wave
length than can be, or are likely to be, produced by
laboratory methods.

It is the general rule that either an a- or a B-particle
(but not both) is expelled by a radio-element, and that
- one particle only is expelled by each atom disintegrat-
ing. The expulsion from the nucleus of the charged
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a- and B-particle (but not the y-ray) causes an alteration
of the charge on the nucleus, and, as we have con-
gidered above, therefore a complete alteration in the
properties of the atom which explodes. The whole of
these new atoms arising from these explosions form a
new element, which exists with the parent element
and which can be separated from it by chemical means.
This new element, if radio-active, will in turn produce
a third element at a rate which is characteristic of
itself, the third element, if radio-active, a fourth, and
so on, until the nth radio-element in succession is
transformed into an inactive element, when the process
apparently stops.

An example will make this clear. The atoms of
uranium (atomic weight 238) are not permanently
stable systems, but on an average about one atom
in every 10 becomes unstable and breaks up each
second. This atom breaks cleanly into (1) an
a-particle which is expelled with great velocity, and
(2) the rest of the atom (a new atom) which remains.
Since the a-particle is an atom of helium of atomic
weight 4, the new atom has decreased in weight by
4 units, i.e. its atomic weight is 234, These new
atoms constitute a new substance, which has been
called uranium X,, and their physical and chemical
properties resemble those of thorium and are quite
distinct from those of uranium. The atoms of uranium
X, are far more unstable than those of uranium itself,
for on an average one in every 10" disintegrates per
second. The explosion in this atom results jn the
emission of a B-particle from the nucleus, and a new
atom of the same atomic weight as that of uranium X,
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results. There is no measurable change of atomic
weight, because of the almost negligible mass of the
B-particle, but the charge on the nucleus has been
altered, and consequently the resultant atom has
different chemical properties. The body composed of
these resultant atoms is called uranium X, The
atoms of this body are more unstable than those of its
parent, uranium X,, about one in every hundred dis-
integrating per second. The particle emitted is a
B-particle from the nucleus. The product, therefore,
has different chemical properties, but the same atomio
weight. It is called uranium II,

These three transformations may be represented
graphically thus :

Oa '@» Y] Oa
o/ ~ o/ o/ - o/
238 234 234 234

Uranium I Uranium X, Uranium %, Uragium II
Uy Ux, _ . Ux, Un

A series of such elements in its entirety is called a
disintegration series. Three of these are known, the
uranium, the actinium, and the thorium series. A dis-
integration series commences with what is called a
primary radio-element, and is such that every element
in it, subsequent to the primary, is the product of the
one preceding it, and the parent of the element
succeeding.

The heads of these three series, the primary radio-
elements, with necessary data are given in Table 4,

3 )
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TaBLE 4
Atomt Atoma
Nufn"g:i. Element, Symbol. W;ZLI::
92 Uranium . U 238-2
91 Protactinium Pa 230
90 Thorium . Th 232-2

Decay and growth of a radio-element.—The
rate at which a radio-element disintegrates may now
be considered. We have seen that this has been found
experimentally to be a constant for each element, and
is denoted by A. Every radio-active substance, when
freed entirely from its parent substance, is found to
decay owing to disintegration according to an ex-
ponental law with the time. Let N, be the number
of atoms of a radio-element present at any time, N
the number which remain after a time ¢ later, then the
relation is expressed by the equation :

%0=6_M . . . (D)
where \ represents the fraction of the total number of
atoms which break up per second if ¢{ be measured in
seconds, or per (any other) unit of time if ¢ also be
expressed in that unit. A is known as the disintegra-
tion—or transformation—constant. It varies enor-
mously from element to element. For uranium I, for
example, it is 1-4 X 1071 per year; for uranium X,,
0-0282 per day, and for actinium A 350 per second.
It may be deduced from (1) by differentiation that

dN
—d—t—=-—kN . . . (2)
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which shows that the number of atoms which break
up in unit time is always proportional to the number
unchanged at that time.

The usual form in which (1) is expressed so that A
may be calculated from values of N, N, and ¢ deter-
mined experimentally is
log N,—log N

04343 ¢

where logarithms are to the base 10.

(3) is obtained from (1) by taking logarithms to base
10 of both sides, and remembering that logj.e is
0-4343.

Although X is a characteristic constant of a radio-
element, the rate of disintegration is nearly always
expressed for convenience in terms of two other con-
stants which are very simply connected with A. These
are known as the Half-Value Period (P) and the Period
of Average Life (L). These three constants are con-
nected by the equations

A= (3)

L=1443P = (4)

Pl

as will now be shown.

A radio-element disintegrates according to equa-
tion (1), which is the equation of a monomolecular
reaction.

It is well known that in this reaction there is an
interval of time P, which is constant, at the end of
which the quantity of material present is half that
at the beginning of the interval. This is the im-
portant constant, the Half-Value Period, of radio-
activity.
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_log N,—log N
From (3) ¢ =3 343 x
Put t=P when N =% N,
then P =821 1 (6)

T 04343 2 T 1443 2

Again, the law of transformation shows that theoretic-
ally any atom may exist unchanged for any time from
zero to infinity ; but the atoms of any one particular
radio-element have in mass an average life of so long.
It may be calculated that the measure of this PERIOD
OF AVERAGE LIFE of the atoms of the radio-element is
numerically the reciprocal of A.

For with the symbols of equation (1), the number
of atoms of a radio-element in existence at time ¢ is
N, the number which disintegrate per second is AN,
the number which disintegrate in time dt is A Ndt, i.e.
AN,e *Mdt, N, being the original number of atoms.
As each of these atoms has a life ¢ the average life of

the whole number is given by Nl_o A ® 5 N,te ™dt,
This when integrated in the usual way (by parts)

comes out to % . . . . . . (6)
From equations (6) and (6) we have the equality
stated in (4), namely: ‘

Period of Average Life = 1-443 Half-Value Period
= Reciprocal of Disintegration
Constant . . W)
The Half-Value Period is the constant most commonly

used to indicate the rate of disintegration.
Example.—For uranium X;, A =0-0282 per day.
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This is determined experimentally by inserting the
necessary data in equation (3):

. . 1
Period of Average Life = 50980 = 35'5 days.
. 35-5
Half-Value Period = 1443 = 24-6 days.

Re interpretation of the last constant is as follows:
If we have a quantity of uranium X, now, in 246

100

75

50 \

\

N
Days—L» |

30 60 90 120 160  18Q
F16. 1.—THB DROAY OURVE OF URANIUM X,.
days half alone remains (the other half has disinte-
grated), in 49-2 days a quarter remains, in 73-8 days an
eighth, in 98-4 days a sixteenth, and so on. The decay
curve of this body [the graph of equation (1)] plotting

Activity X3
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values of N against values of ¢, is shown in Fig. 1, the
curve falling exponentially to zero. It is more usual
(being in practice more accurate) to graph the equation

2.0

1.8 \

1.6 N \
W\
1.2 N

NI

0.8 f
0.6r.3

5 A\

= N\
0.41—5

g \
0.2

Days +— \\

30 60 90 120 160 180

F16. 3.—THE DECAY OURVE OF URANIUM X, PLOTTED LOGA-
RITHMICALLY.

(3), plotting values of log N against values of ¢, as
shown in Fig. 2. The relation now is a straight line.
Growth of a radio-element.—Consider again the
transformation,
U; > UX, » UX, > U,
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If UX, were not radio-active, it is clear that it must
accumulate with time in a preparation which contained
initially U; only. Since, however, it disintegrates to
form UX, it does not accumulate, for there comes a time
when the number of atoms of UX, produced by U;
in a given interval of time is the number disintegrating
to form UX,. After that time has been reached the
quantity of UX, remains constant. The amount
of UX, remains constant, but the atoms comprising the
material do not remain unchanged, some breaking up
into UX,, others taking their place from the breaking-
up of U;. The substance is then said to be in equili-
brium with its parent substance, and this maximum
amount present at equilibrium is called the equili-
brium-amount. It follows that if UX, be completely
separated from U; chemically, the former will decay
as we have seen above, but in the U] remaining it will
grow as fast as it decays until equilibrium is again
reached. This growth of the equilibrium-amount of a
product in its parent, when represented graphically, is
called a rise curve. A rise curve is the complement of
a decay curve, its equation being
—_ — p—At
]—V:,_ =1—c¢ . . . (8)
where the symbols have their previous significance,
and N represents the number of atoms at equilibrium.

The rise and decay curves of uranium X, are shown
in Fig. 3.

TheYdecay of a product and growth in its parent
according to these simple laws holds for all radio-
elements whose parents disintegrate slowly.

Radio-active equilibrium.—If A, Ay, Ay Ay, be the
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disintegration constants, .e. the fractions of the whole
which break up per second, of U;, UX,, UX,, Uy re-
spectively, then when these four elements are in equili-
brium (as they are in an old untouched uranium-
containing mineral), the number of atoms of U break-

100  E———

//

768 /

N

Actioity %

Days—> \\_

30 60 90 120 150
¥16. 3.—THE DECAY- AND RISE-OCURVES OF URANIUM Xj.

ing up per second is equal to that of UX,, of UX,, and
of Uy, Expressed mathematically,

M A =g Ay =2 Ay =2 A = ete.
where A,, A;, A;, A,, are the total number of atoms
of the four elements respectively at equilibrium,
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1 1 1 1
Hence, A,: A,: A;: A4=)Tl: W

=P1:P2:P3:P‘

It follows that at equilibrium the amounts of different
radio-elements are proportional to their half-value
periods. Knowledge of the half-value periods is there-
fore very necessary in a study of the chemistry of these
bodies, for it enables one to calculate the amounts
of different elements in a preparation or a mineral ;
it gives one an idea of the amount of material one is
dealing with in chemical operations, and of the relative
permanence of artificial preparations of the element.

Example.—In an old uranium mineral we have
all the products of the uranium disintegration series
in equilibrium with uranium. The half-value period
of uranium is 5 X 10° years, that of uranium X,
24-6 days, that of radium 1,600 years, that of radium
A 3 minutes, and that of radium D 16 years. In a
quantity of mineral containing 1 kilo of uranium calcu-
lated as element there is therefore

1000 X 24-6
5 % 10° X 365

1000 x 1600
5 X 10°
1000 % 3
5 X 10° X 365 X 24 X 60
0-:0000000011 milligram and
1000 x 16
5 x 10°

all being calculated as elements,

of a gram of uranium X, or 0-000013
milligram,

of a gram of radium, or 0-34 milligram,

of a gram of radium A, or

of a gram of radium D, or 0-0032 milligram,



30 THE DISINTEGRATION THEORY

Summary.—(1) The activity shown by radio-active
substances is due to the spontaneous disintegration
of the atom.

(2) A definite fraction of the total number of atoms
present becomes unstable (it is not known why) in a
given interval of time.

(3) The instability of the atom is shown by the
emission of energy in the form of one a- or one
B-particle, the latter usually being accompanied by
y-rays.

(4) The atom remaining after the expulsion of either
particle is completely altered in chemical character.
After the expulsion of an a-particle its atomic weight
is four units less than that of its parent; after the
expulsion of a B-particle parent and product have the
same atomic weight.

(6) At any time there exists together :

(a) the unchanged radio-element.

(b) the product of disintegration.

(c) the product of (b),that product’s product, and
80 on, if (b), (¢) and products be radio-active.

(6) From (2) the period of average life and the half-
value period of a radio-element may be deduced.

(7) At equilibrium the amounts of a parent sub-
stance and its successive products present together
are directly proportional to their half-value periods.



CHAPTER 1V

ATOMIC NUMBER, THE PERIODIC SYSTEM, AND THE
STRUCTURE OF THE ATOM

UNTIL the year 1913 the Periodic System of Classi-
fication of the chemical elements was essentially that
put forward by Mendeleef and Lothar Meyer in 1869—
71. The classification was based on the idea that the
properties of the chemical elements are a periodic
function of their atomic weights. The atomic weight
was considered to be an element’s fundamental property,
that on which in some way the others depended. The
periodic classification was found to be a valuable
one and was soon adopted by chemists, and will never,
in all probability, be discarded. It systematised the
whole subject of inorganic chemistry, and achieved
striking success in many ways, particularly in showing
at the time that certain elements were missing and
predicting what the properties of these would be when
they were found, predictions which were borne out
very accurately, as is well known, when scandium,
gallium, and germanium were discovered.

Nevertheless, certain difficulties were associated with
it. The chief of these were :

(@) The ambiguous position of hydrogen.

31
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(b) The so-called exceptions in atomic weight .

(1) Argon 39-88 coming before potassium 39:10,
(2) Cobalt 58-97 before nickel 58-68.
(3) Tellurium 127-5 before iodine 126-92.

(¢) The indefiniteness about the positions of the
group of rare earths ; and the inability to predict their
number whether missing or found; hence inability
to set a limit to the total number of elements in exis-
tence.

It was found, however, in 1913 by Moseley that the
properties of the chemical elements are periodic func-
tions not of their atomic weights, but of a more funda-
mental constant, the atomic number. The idea of
atomic number has become of great importance in
chemistry. It has carried one stage further the sim-
plification which the periodic classification in its original
form had made; it has helped to shed much new light
on the structure of the atom ; also it has removed the
difficulties mentioned in the last paragraph. From
work on atomic number it has been deduced :

(1) That hydrogen is not included in the periodic
system.

(2) That argon does come before potassium, cobalt
before nickel, and tellurium before iodine in the periodic
classification.

(3) That the group of rare earths is not included
in the periodic system.

(4) That the total number of elements in existence
between hydrogen (of lowest atomic weight) and ura-
nium (of highest atomio weight), is 92, and it indicates
clearly the positions in the system of the five elements
that are yet to be discovered.
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Atomic numbers are determined experimentally.
It is well known that an element may in suitable cir-
cumstances be caused to emit a characteristic X-radi-
ation. There are threce principal series of character-
istic X-radiations known as the K-series, the L-series,
and the M-series, the K being less penetrating (softer)
than the L and the L than the M. X-radiations of the
K-series are emitted by the elements from sodium to
cadmium ; of the L-series from zinc to uranium; and
of the M-series from dysprosium to uranium. ¥or any
particular series the relation between the frequency n
of the principal spectrum-line emitted by an element,
and N the atomic number of the element, has been shown
by Moseley and later workers to be connected by the
simple relation

n==FkN?

where % is a constant for one series, but has different
values for the three series.

Consider now the K-series, <.e. the characteristic
X-radiations emitted by the elements from sodium
to cadmium, If N for sodium be chosen as 11 (since
it is the eleventh element in ascending order of atomic
weights), the values of N for the other elements may
be calculated from the experimental data. It is found
that N for zinc is 30 and for cadmium 48,

Consider next the L-series, i.e. the characteristic
X-radiation of the elements from zinc to uranium.
N for zinc is already known, and from this value the
values of N for the elements up to uranium can be
determined. And so from the M-series.

In Fig, 4 the relation between n and N is shown
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graphically. Obviously, since » = k N* N must be
proportional to the square root of =, or to the reci-
procal of the square root of A the wave-length of the
characteristic X-ray. Along the axis of Y are plotted

values of ’\/ ;x 1074, and along the axis of X the

atomic numbers and the relation between them is a
straight line.

In Table 5 the atomic numbers of the elements are
shown in an up-to-date diagram of the periodic classi-
fication. (The elements enclosed by the thick black
lines are radio-active.)

It may be seen from the figure or the table above that
the atomic number is that obtained by numbering off
the elements from hydrogen to uranium in ascending
order of atomic weights with the following provisos :

(a) That argon comes before potassium, cobalt
before nickel, and tellurium before iodine as the
periodic classification has always indicated.

(b) That there is a space (corresponding to a missing

element) between molybdenum and ruthenium, neo-
dymium and samarium, tungsten and osmium, lead
and emanation, and emanation and radium.
It is seen that the atomic number increases by one
as we pass from any element to the one of next higher
atomic weight (with the provisos mentioned). It is
seen also that when the elements are arranged in order
of atomic number, A and K, Co and Ni, Te and I are
no longer exceptional, but in the places to be expected
from their chemical properties, These facts show that
atomic number is a more fundamental property of an
element than atomic weight.
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As each element has but one atomic number, and
the highest atomic number known is 92, there cannot
be more elements between hydrogen and uranium
inclusive than 92. Eighty-seven of these, as the
diagram shows, have been discovered, and the positions
of the five still to be discovered, numbers 43, 61, 75,
85, and 87, are definitely known.

Rydberg’s formula.—An ingenious formula has
been suggested for calculating the atomic numbers of
the elements of group O. It is:

Moo =25(1 4+ 20+ 204 3 4 St p a1 ). . (1)
where Nguo represents the atomic number of an
inert element,

From (1) :

Nge=2x1=2

Nyge = 2(1 + 2% = 10

Ny =2(1+20 429 =18
Ng, = 2(1 + 2t + 20 + 37 = 36

Ny, = 214 2t + 21 + 3¢ + 39 = 54
Ny = 2(14-20 4 2 4 31 4 3t 4 4%) = 86
If the positions and names of the elements in the
neighbourhood of an inert element be known, their
atomic numbers are easily calculated by the help of
the above formula. To calculate that of barium,
remember it is in Group II and near xenon. Xenon’s
atomic number is 2(1 4 2% 4 2t 4 3t 4- 3%), j.e. 54;
and as xenon is in Group O and barium in Group II,
the latter’s atomic number is 56.
By careful use of this formula and knowledge of the
members of the different groups of the periodic system,
the atomic numbers of all the elements may quickly
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be written down. It is likely that atomic number
and not atomic weight will figure in the textbooks
of the future as the fundamental constant of a chemical
element.

The constituents of the atom.—The atoms of
all the chemical elements are believed to be built up
in the same general way. The present view of the
atom is that it is made up of positive and of negative
electricity. On Rutherford’s theory, at the atom’s
centre is a nucleus of positive electricity which is very
small compared with the dimensions of the atom. (An
atom has a radius of about 1078 cm., the nucleus
about 10-2% ¢cm.). This contains, nevertheless, almost
the whole of the atom’s mass, and carries a charge of
positive electricity equal to some multiple of the unit
charge of electricity, namely, that of an electron.
The nucleus may, and in the atoms of heavy atomic
weights the nucleus does, contain both positive and
negative charges, but since the former is always greatly
in excess of the latter, the net charge is positive.

Round the nucleus are disposed charges of negative
electricity (electrons) equal in number to the net
positive charge on the nucleus. Their disposition is
not fully known at present, and need not concern us
here. The essential points are that each electron is
one single negative charge of electricity, that its mass
is an insignificant part of the atom’s mass (being about
1vs7 of the mass of a hydrogen atom), and its volume
a very small fraction of that of the atom. (If it be
assumed spherical, the radius of it is about 1072 cm,
Note that it is larger than the nucleus.)

To contrast negative and positive electricity in the

4
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atom, The electrons external to the nucleus are
discrete single charges of electricity. They are not
associated. The expulsion of one from an atom causes
the resultant atom to have a positive charge, but has
an almost negligible effect on the atom’s mass. Posi-
tive electricity in the nucleus consists of many positive
(and in some atoms negative) charges associated. The
loss of one positive charge causes the resultant atom
to have a negative charge, and also a smaller atomic
mass, for experiment shows that for each positive
charge expelled by the atom, two units of atomic
weight are lost.

Since the atom is assumed to be normally neutral,
the (net) number of positive charges on the nucleus
and the number of external electrons are equal. This
number has been shown experimentally to be the
atomic number. Thus the hydrogen atom (atomic
number 1) consists of a single positive charge on the
nucleus and a single external electron; the helium
atom (atomic number 2) of two positive charges on the
nucleus and two external electrons, and so for atoms
of all the elements. The atomic number is the number
of external electrons ; also the net number of positive
charges on the nucleus.

The charge on the nucleus determines the configura-
tion of the external electrons, and since the configura-
tion of the external electrons is assumed to be the
seat of all ordinary physical and chemical properties
of the atom, the charge on the nucleus is the funda-
mental property of the atom. On it the physical and
chemical properties depend. If it be altered in any
way so that the charge is decreased or increased, the
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40 THE NUCLEUS OF THE ATOM

configuration of the external electrons will be radically
altered, and the physical and chemical properties like-
wise will be radically altered ; alteration of the charge
on the nucleus, therefore, leads to an entirely different
atom.

Three facts may be emphasised in connection with
this.

(1) The chemical elements are apparently not so
independent of one another as chemists thought prior
to the discovery of radio-activity. It has been found,
as has been said above, that all have essentially the
same structure. The difference between one element
and another is largely a difference in the amount of
charge carried by the nuclei of the two sets of atoms,

(2) The nature and magnitude of the nucleus of the
atom has been shown by recent work in physics to be
such that an alteration of the nucleus by artificial
means is an extraordinarily difficult undertaking.
Change of such conditions as temperature or pressure
has no effect on the nucleus. This difficulty in attack-
ing the nucleus explains why it is that, although the
difference between the atoms of different elements is
a simple one, it is very difficult to bring about trans-
mutation of one element into another artificially.

(3) Radio-elements are those whose atoms’ nuclei
are sponlaneously and continuously being transformed
into the nuclei of atoms of other elements,



CHAPTER V
THE THREE DISINTEGRATION SERIES

In Chapter III it was mentioned that there are three
disintegration series, those of uranium, actinium, and
thorium. A short account will now be given of the
experiments which led to the elucidation of these
series ; and the chief facts relating to the chemistry
of the different members of the series will be sum-
marised for reference in three tables. The facts of
importance are :

(@) The element to which the radio-element of the
series has experimental]y been proved to be chemically
most similar. This is a convenient way of expressmg
chemical properties in a short form.

(b) The position of the element in the dlsmtegratlon
series.

(c) The atomic weight of the radio-element. This
is most frequently calculated from reliable data. In
a few cases it has been determined directly.

(d) The radiation expelled by the radio-element.
This would appear to be of physical interest only. It
will be shown later, however, that the nature of the
radiation expelled by a body fixes the chemical
properties of its product.

(¢) The half-value periods.

41



42 THE THREE DISINTEGRATION SERIES

(@) will be discussed in Chapter VI; (b) and (c) will
be separately considered below for each of the three
series; (d) and (e), which apply generally, will be
considered first.

The radiations and their detection.—Radio-
active radiations are usually detected and measured
in three ways:

(1) By their ionisation cffect in air or other gas.

(2) By their effect on a photographic plate.

(3) By their effect on a fluorescent screen.

For details of these methods Rutherford should be
consulted.

The a-particle.—a-particles are easily distinguished
from B-particles and y-rays by their—

(@) Absorbability. They are the most easily absorbed
of the three types. 10 c¢m. of air or {4 mm. of
aluminium stops them completely.

(6) Behaviour in an electric or a magnetic field,
since they are positively charged.

On account of their great energy, they produce very
intense ionisation in the gas through which they pass.
Weak preparations expelling a-particles are therefore
most conveniently measured by the rate of discharge
of the leaf of a gold-leaf electroscope.

The action of a-particles on a photographic plate is
very weak.

They produce fluorescence on a prepared screen
such as one of crystals of zinc sulphide. If this
fluorescence be observed through a low-power micro-
scope, it is found to consist of a succession of scintilla-
tions produced by the successive impacts of individual
a-particles, Each particle produces a separate flash
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on the screen when it strikes it. The impact of a
single a-particle can thus be observed. One a-particle
alone is expelled per atom when an element expelling
a-particles disintegrates.

The B-particle—p-particles are easily distinguished
from the two other types by their—

(a) Absorbability. They may penetrate up to 3 mm.
of aluminium and corresponding thicknesses of other
materials.

() Behaviour in an electric or a magnetic field,
since they are negatively charged. They are many
times more easily deviated (and of course in the
opposite direction) than a-particles.

They have a marked effect on a photographic plate.

Their ionising—and fluorescent—eflect is many
times less than that of the a-particle. A single 8-par-
ticle has not yet been detected by the fluorescent
screen. They are usually detected and measured by
their ionisation effect in a gold-leaf electroscope, the
active preparation being covered to prevent any
ionisation effect due to a-particles which may be
simultaneously expelled.

One B-particle alone is expelled per atom when a
radio-element expelling B-particles disintegrates.

The «-ray.—q-rays carry no electric charge, and are
the most penetrating of the three types. For example,
the y-rays from radium C can be detected after they
have passed through 30 cm. of iron. They are not
deflected in the least degree either by an electric or a
magnetic field.

They have a relatively feeble effect in ionising gases,
affecting a photographic plate or producing luminosity
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on a prepared screen. Typical electroscopes used in
working with a-, 8-, and y-ray bodies are shown in
Fig. 5.

In considering radio-activity from the chemical side,
the y-ray has not the importance of the other two
types, which are a primary disturbance of the nucleus
and cannot be expelled from an atom without a funda-
mental change taking place. The y-ray is a secondary

Electroscope for g-particles Electroscope for
and vy-rays a- particles

Fi6. 5.

disturbance, an effect due in all probability, in the main,
to the sudden emission of a B-particle from the nucleus.
Its expulsion from an atom does not of itself cause a
new atom to be produced. «-rays are usually
measured by their ionisation effect in a gold-leaf
electroscope whose walls and base are thick enough to
exclude B-particles.

Half-value periods.—The half-value periods of
the radio-elements set out in the tables in this chapter
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have been determined for the most part directly, i.e.
by separating the particular radio-element chemically,
and measuring from time to time the ionisation effect
of its rays in an electroscope ; or by determining the
weights of the equilibrium-amounts of parent and
product and assuming the period of one of them ; or
by measuring on a fluorescent screen the number of
a-particles expelled by a known mass of an element
in a given time. (For knowing the mass of the element
one can calculate the number of atoms in it, and
knowing the number of these which are transformed
in a given time, one can calculate the rate of trans-
formation, and therefore the half-value period.)

The half-value periods of the quickly-changing
elements have been determined by special methods,
or, failing a direct experimental method, have been
calculated from their physical properties.

Tue URANIUM SERIES

Radio-activity was discovered in a compound of
uranium by Becquerel, and later but independently
by Silvanus Thompson in 1896. We know now that
what Becquerel first discovered was really the radio-
activity not of uranium itself, but of its product
uranium X. A compound of uranium shows both q-
and B-particle activity, the former from uranium, the
latter from its product, which is normally in equilibrium
with .it. Crookes in 1900 showed that the radio-
activity of uranium, in so far as it affected a photo-
graphic plate (that due to the A-particles), could be
removed as a minute precipitate by chemical means
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from the uranium compound, and this body he called
uranium X because of its new and mysterious character.
Later, because of an analogy with other B-particle
products, it was suspected that uranium X consisted
of two successive S-particle products, and on this being
proved experimentally by Fajans and Roth in 1913,
the two bodies were called uranium X, and uranium
X,. Boltwood in 1906, from physical measurements
on the a-particle activities of uranium and its products
in an old mineral, concluded that uranium itself ex-
pelled approximately twice as many particles as the
simple theory suggested. It was thought at first that
uranium expelled in succession two a-particles, but
later it was concluded that there were two bodies and
not one expelling a-particles, the second of these being
the product of uranium X, The series thus runs:

Uranium —> uranium X, - uranium X, - a second body
a B B expelling
a-particles.

This last body and uranium have been found to
possess identical chemical properties, consequently if
the two be mixed, as they are in minerals, separation
is impossible. What is called the element uranium is
on this view really a mixture of two elements which
differ in atomic weight by four units, and in radio-
active properties, but are identical in other properties.
The first of these is called uranium I, and the second
uranium II. The proportion in which these two
make up uranium is calculable, as has been mentioned
when discussing the disintegration theory, being the
ratio of their half-value periods, which is approxi-
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mately 5,000 to 1. From this it follows that the
mean atomic weight of the mixture is approxi-
mately that of uranium I. All compounds of uranium
in existence are mixtures of compounds of these two
elements.

Radium was discovered in 1898 by M. and Mme
Curie in pitchblende. The name was suggested by
the rays it spontaneously emitted. Its connection
with and place in the uranium disintegration series was
discovered some years later by the researches of Soddy
and of Boltwood. The former showed that in a care-
fully purified preparation of uranium, radium very
gradually was produced, and his experiments proved
not only the genetic connection of radium and uranium,
but also that at least one new element of long half-
value period lay between. Boltwood showed that
in all old untouched minerals containing uranium the
ratio of the weights of radium to uranium was con-
stant. This proves genetic connection as has been
discussed in p. 29 above. In 1907 Boltwood isolated
a new radio-element called ionium (after the word
.ton), which he showed was the parent of radium. This
body has a long half-value period and is the body
suggested by Soddy’s experiments. In 1913, as a
result of a survey of both the physical and chemical
evidence, ionium was found to be the product of
uranium II. The series consequently runs:

U; > UX, > UX,; > Uy = Io > Ra -
a B B a a a

The disintegration product of radium is gaseous, &
homologue of the group of inert gases of the periodic
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classification, and is called the radium-emanation.
Except in its radio-activity, its behaviour is that to
be expected from its position in that group.

The radio-elements which follow the radium-emana-
tion in the disintegration series consist of three bodies
of relatively short half-value periods and three of
relatively long. The first three are often referred
to as ‘‘the active deposit of shor fe,” or more
briefly as ‘ the active deposit,” and the last three as
‘“ the active deposit of long life.”” The reasons for
these names are that RaA, RaB, and RaC have rela-
tively short periods, RaD, RaE, and RaF relatively
long periods, and all are solids which are consequently
deposited on any material which has been exposed to
the gaseous disintegrating emanation.

The deposit is easily removed by hot acids from the
walls of the glass tube (or from a wire inserted in the
tube) on which it is formed, and may be analysed
partly by physical measurements—namely, by the
rate of decay and growth of the material in different
circumstances—and partly by the chemical methods
used in radio-activity—namely, chemical operations
controlled at every stage by measurements of a- and-
B-particles in an electroscope.

These analyses reveal the presence of six successive
products which have been named systematically
radium A, radium B to radium F. From radium,
therefore, the series runs:

Ra - RaEm — RaA - RaB - RaC
a a a B a,B
RaC - RaD - RaE - RaF.

8 B B a



TaABLE 6.—-THE URANIUM SERIES,

Half-+ Element
Element, Symbol.  Radiation. At Wi, value  chemically
Period.  Similar,
Uranium1I . . Ui a 2382 47x10°Y U
Uranium X, . UXT) By 234 24.6 D Th
Uranium Z l é,z By (234) 68H Pa
Uranium Xg . UX, By 234 1-115 M Pa
\J/ < About
Uranium II . Uy o 234 2x108Y U
Uranium Y . UY B»v (230) 250 H Th
About
Ionium . . To a 230 108 Y Th
Radium . . Ra a3 226 1,600 Y Ra
Radium-emanation RaEm « 222 385 D Em
Radium A . . RaA a 218 30 M Po
Radium B . . RaB B,y 214 26-8 M Pb
Radium C . . RaC™j (@),By 214 195 M Bi
About
Radium C’. . RaC’ a 214 10~¢8S Po
Radium C’ . ' RaC” 8 210 114 M Tl
, <!
Radium D . . RaD By 210 16 Y Pb
Radium E . . RaE B,y 210 50D Bi
Radium F . . RaF [ 210 136 D Po
(Polonium) or Po
Radium G . RaG Inactive 208 -_ Pb

(Uranium Lead) or Pby
(Y = years, D = days, M = minutes, S = seconds)
49
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Radium A, radium B, radium C, and radium E were
discovered by physical and chemical analyses of the
active deposit. Radium C was subsequently shown
to break up in two ways, a large fraction of atoms
forming a new body called radium C’, which on dis-
integration formed radium D, and a small fraction
forming a new body called radium C”. This branch-
ing will be discussed later. The series therefore
should run:

- RaB - RaC - RaC’ -> RaD —
\
RaC”

Radium D is the same body as radio-lead, discovered,
as has been mentioned, in uranium minerals in 1901,
and ther so named from its chemical character.
Radium F is the same as polonium, discovered in 1898
by Mme Curie and named after Poland, her native
country.

The transformation product of polonium, radium G,
is often called ‘‘ the end-product ”’ because, being in-
active, the uranium series stops with it. As it is
chemically identical with ordinary lead, however, it
is often referred to as ‘‘ uranium-lead,” which describes
it characteristically. '

In Table 6 is set out the uranium disintegration
series as it is at present known, with the particulars
mentioned under the headings (a), (b), (c), (d), and (e)
above as up-to-date as possible.

Atomic weights of members of the usanium
series.—In Table 6 above, the atomic weights shown in
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heavy type have been determined experimentally. They
are all recent redeterminations by Honigschmid and his
co-workers. To the second decimal place the values
are U = 238:20, Ra = 22597, and Pby = 206-05.
Since the a-particle weighs 4-00 and the B-particle is of
negligible weight, it is possible to calculate the atomic
weights of all the elements of this series. The difficulty
is to decide which of the three experimental values
to select as datum. If Ra be taken as 226-0, Pb,
should be 206-00 and U should be 238-0 by allowing for
the a-particles expelled. The difference between the
calculated and the experimental value of Pby, taking
Ra = 226 as datum, is not important, but a satisfactory
&ccount of the discrepancy between the corresponding
values of U has not yet been given. In the table the
calculated atomic weights are based on Ra = 226-0,
and the a-particle = 4:00. The atomic weights of
UZ and UY given in brackets are calculated on the
assumption that these bodies occupy the positions
assigned to them in the table.

Branching in the uranium series..—In Table 6 each
element is the product of the one next above it, or as
indicated by the arrows. Usually a radio-element
is wholly transformed into its product. A few, however,
appear to break up in two different ways, the larger
fraction of atoms breaking up into one product termed
the main product, and the smaller into a second product
called the branch product. 99-97%, of RaC breaks up
with the expulsion of a S-particle to form RaC’, 0-03%
breaks up with the expulsion of an a-particle to form
RaC”. Uy is believed to give two products also.
9679, of Uy breaks up with the expulsion of an a-
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particle to form Io, 3:39, breaks up with the expulsion
probably of an a-particle to form UY. Io is the main
product, and its successive products form the main
uranium series; UY is the branch product, and its
successive products form a branch series which is
believed to be the actinium series.

UX, expels a B-particle and gives UX, ; it also expels
a B-particle and gives UZ. The fractions breaking up
to form these products are not yet known. Both UX,
and UZ are chemically similar, and both appear to
disintegrate to form Uy They are known to be
different bodies only because they have different
half-value periods.

Nomenclature.—Although the elucidation of the
three series of radio-elements is now nearly complete, a
systematic nomenclature has not yet been adopted.
For the most part the elements were named by their
discoverers, and as they were not discovered in the order
in which they stand in Table 6, the nomenclature is
haphazard. In recent years certain small changes
have been adopted to show more clearly the
similarities of the three series, and to make the names
as systematic as possible without introducing radical
changes.

If a body has subsequently been shown to consist
of two isotopes, these are indicated by Roman indices,
thus: U;, Uy; and by Arabic indices if the body
has been subsequently shown to consist of two
successive products, thus: UX,, UX,  For the
branch products of the C-members, one dash indi-
cates the isotopes of polonium, two dashes the isotopes
of thallium. Thus RaC’, AcC’, and ThC’ are isotopic
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with polonium, and RaC”, AcC”, and ThC” with
thallinm. The original name UY, however, is retained
for the branch product of Uy at the head of the acti-
nium series, and UZ has been given to the new element
believed to be a branch product of UX,.

THE ACTINIUM SERIES

‘The actinium series derives its name from actinium,
the second member of the series but the first to be
discovered. It was discovered by Debierne in 1899,
and was later believed to be an element of long
half-value period and to be the head of the series.
Subsequent experimental work showed, however, that
its period was twenty years only. A search was then
made for its parent substance. This was discovered
in 1917 independently by Hahn and by Soddy in
pitchblende residues.

Protactinium, although considered to be a primary
radio-element, because it is the head of the actinium
series, is probably genetically connected with uranium.
Boltwood showed that in old minerals there is a
constancy of proportion between the amounts of
uranium and actinium in different minerals, showing
that actinium is genetically connected with uranium.
(The argument holds equally well for protactinium,
which was not discovered at this time.) The amount
of actinium found, however, is much less than to be
expected if it were a direct product of disintegration.
Presumably it lies, therefore, in a side-chain. At the
present moment it is not known precisely how pro-
tactinium arises from uranium, but three schemes have

5
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been suggested. All these consider that protactinium
is the product of uranium Y. The first states that
uranium Y is the product of uranium I, the second
that it is the product of uranium II, and the third
that it is the product of an isotope of uranium which
may or may not be connected with uranium I and IIL.
The first of these views is considered unlikely. The
writer inclines to the third, but as the second is con-
sidered at present the most probable it is given
here, viz. :

13%
UI->UX —>UX.Z—>-UH—>Io—>Ra cte.
238 234 \L 230 226

B «
UY — Pa — Agc, cte.
230 230 226

The third scheme is given alternatively with the
above in Fig. 6 (p. 59).

The second part of the actinium series (from acti-
nium onwards) is much better known. It has been
elucidated experimentally.

Preparations of actinium, like those of radium,
produce a gaseous emanation which is itself radio-
active. It was found that the parent of this emanation
was easily removed chemically from actinium as a
minute precipitate. Because of this it was called
actinium X by analogy with uranium X, and the series
was believed to run :

Ac > AcX > AcEm -

actinium expelling both a- and S-particles.
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Hahn showed, however, that a product existed
between actinium and actinium X, which he called
radio-actinium, because it expelled the whole of the
a-particles ascribed to actinium. Actinium itself emits
a feeble B-radiation only.

The series therefore runs :

Ac - RdAc > AcX = AcEm —,
B a B a

Like the radium emanation, the actinium emanation
produces an active deposit on all bodies exposed to it.
Careful analysis of this reveals the presence of four
successive transformation products named by analogy
with the first four of the radium active deposit:
actinium A, actinium B, actinium C, and actinium D.
The last of these, being inactive, is the end-product of
the series.

This part of the series runs:

- AcEm =~ AcA — AcB - AcC - AcD.
@ a B a,8  inactive,

Subsequently AcC, like RaC, was found to break up
in two ways, the larger fraction breaking up into
AcC”, which on disintegration produces AcD, and the
smaller fraction into AcC.” This is discussed later.
Tohe series therefore should run:

—> AcB - AcC - AcC” - AcD.
¥
AcC’
In Table 7 is set out the paftxcglars of the actmuigl .
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disintegration series, corresponding to those for the
uranium series in Table 6.

Atomic weights of members of the actinium
series.—The atomic weights of the members of the
actinium

TaBLE 7.—THE ACTINIUM SERIES
Half- Element

Element. Symbol. Radiation. At. Wt. value  chemically
Period.  Similar.
Protactinium . Pa a (230) 12,000Y Pa
Actinium . . Ac B (226) About20Y Ac
Radio-actinium . RdAc afBy (226) 19D Th
Actinium X . AcX af (222) 115 D Ra
Actinium-emanation AcEm a (218) 292 S Em
Actinium A . AcA a (214) 0-002 S Po
Actinium B . AcB By (210 361M Pb
Actinium C . AcC a(B) (210) 2:-16 M Bi
N
Actinium C’ . AcC’  a (210) 0006 S Po
Actinium C” . AcC” By  (206) 471 M TI
Actinium D . AcD Inactive ( 206) — Pb

(Actinjium Lead)

(Y = years, D = days, H = hours, M = minutes, S = seconds.)

series are calculated on UY = 230, UY being the parent
of Pa, and the a-particle = 4'00. The view adopted of
the relation of UY to the uranium series is that set
out above, namely, that it is the branch-product of Uyp.
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If UY = 230, Pa = 230, and the atomic weights of
the other products are calculated from the latter. If
the parent of Pa should be the branch-product of Uy,
all the atomic weights given in Table 6 must obviously
be increased by 4.

Branching in the actinium series.—Corresponding
to RaC, AcC breaks up in two ways. 99-859, of it
breaks up with the expulsion of an a-particle to form
AcC”, 0-159, with the expulsion of a B-particle to form
AcC’

THE THORIUM SERIES

Thorium was the second radio-element to be
discovered (Mme Curic and G. C. Schmidt, 1898),
and will always be interesting historically, for it
was experimental work on preparations of thorium
that led Rutherford and Soddy to the disintegration
theory.

Preparations of thorium compounds, like those of
uranium, expel both a- and B-particles, but in addition
they produce a gaseous radio-active element, the emana-
tion. Rutherford and Soddy showed that in thorium
preparations two solid radio-active substances were
present, and that the body expelling 3-particles could
be completely separated by chemical means from that
expelling a-particles. They showed, further, that the
B-particle body was the one which generated the emana-
tion. It was exceedingly minute in amount, for after
its removal from the thorium compound there was no
measurable diminution of the latter.  This B-particle
product was called, by analogy with uranium X,
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thorium X, and thorium itself was believed to be
directly transformed into thorium X,
The series consequently was believed to run :

Th - ThX - ThEm -
a B a

Later work showed that the series was more complex.
Hahn showed, from an extensive study of thorium
minerals and thorium preparations of different ages,
that no less than three radio-active bodies existed
between thorium and thorium X. A body expelling
a-particles he called radio-thorium, and this was proved
to be the true parent of thorium X. Between thorium
and it a body expelling B-particles was found, and
this he called mesothorium. Later he proved this body
to be complex; it consists of two products each
expelling B-particles. They were named mesothorium 1
and mesothorium 2. The first part of the thorium
series therefore runs:

Th - MsThl - MsTh2 - RdTh - ThX - ThEm -
a B B a a a

The active deposit of thorium emanation has been
analysed in the same way as those of radium and
actinium emanations. It consists of four successive
products—thorium A, thorium B, thorium C, and
thorium D. - These resemble very closely the corre-
sponding products in the radium and actinium series.
Thorium D, like actinium D, but unlike radium D, is
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The dotted lines between Un and UY and U isotope and UY
indicate alternative possibilities.
F1g. 6.—THE UBANIUM DISINTEGRATION BERIES,
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the end-product, and consequently the series stops
with it.
The latter part of the series runs:

— ThEm —> ThA — ThB - ThC - ThD
a a B a3 inactive.

Subsequently ThC, like RaC and AcC, was found to

Th

a

MsTh1
B
MsThy
B

RdTh

a

ThX

a

ThEm

a

ThA

a
ThB
\l/ B
ThC
(856%) a / \l( 8 (65%)

ThC” ThC’

P\ Y

ThD
(thorium-lead)

f1g. 7.—THE THORIUM DISINTEGRATION SERIES.

break up in two ways, the larger fraction breaking
up into ThC’, which on disintegration produced
ThD, and the small fraction breaking up into ThC”.
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This is discussed later. The series therefore should
run:
—> ThB -> ThC - ThC’ = ThD

.
ThC
In Table 8 is set out the particulars of the thorium:

TAaBLE 8.—TuE THORIUM SERIES

Half- Element
Element. Symbol. Radiation. At. Wt value chemically
Perrod. Simalar.
Thorium . . Th a 232-15 About
1-5 x 101°Y Th
Mesothorium 1 . MsThy B 228 67 Y Ra
Mesothorium 2 . MsThg By 228 62 H Ac
Radiothorium . RdTh a,B,y 228 19Y Th
Thorium X . ThX a 224 3:64 D Ra
Thorium-emanation ThEm a 220 545 S Em
Thorium A . ThA a 216 014 S Po
Thorium B . ThB By 212 1006 H Pb
Thorium C . . ThC (a)B 212 60-8 M Bi
\L’ About
Thorium C’ ThC’ a 212 10118 Po
Thorium C” ThC” By 208 31 M Tl
)4
Thorium D . ThD Inactive 208 — Pb
(Thorium Lead)

(Y = years, D = days, H = hours, M = minutes, S = scconds.)

The atomic weights shown in heavy type have been determined
experimentally. The others have been calculated from that of ThD.
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disintegration series corresponding to the particulars
given in Tables 6 and 7.

Branching in the thorium series.—ThC, like
RaC and AcC, breaks up in two ways: 659 of it
breaks up with the expulsion of a B-particle to form
ThC’, 359, with the expulsion of an a-particle to
form ThC”.

Below are set forth, in Figs. 6 and 7, the uranium
and thorium disintegration series to show the branch-
ings that occur, and to make plain the supposed
genetic relationship of the actinium to the uranium
geries. These diagrams embrace the data given above
and supplement Tables 6, 7, and 8.



CHAPTER VI

THE TEN TYPES OF RADIO-ELEMENTS AND THE GROUP-
DISPLACEMENT LAW

IN the last columns of the three tables in the preceding
chapter are given the elements to which the radio-
elements tabulated there have been found experi-
mentally to be chemically most similar. This is a
convenient way of expressing in brief their chemical
characters and, as will be seen, an exact way. It may
seem curious at first to chemists that an investigation
" of the chemical properties of new elements like the
radio-elements should have received the little impor-
tance it did in the early days of radio-activity. It was
not till 1913 that a systematic investigation of this
subject was completed. Except in a few instances—
that of radium, for example—the problem was not faced.
The reason for this is that workers in radio-activity
were so engrossed in investigating the radio-active
properties of these new and interesting bodies that to
them an investigation of their chemical properties
seemed almost irrelevant.

It must also be remembered that the concentration
of most of these bodies was so excessively small that
many early workers were doubtful whether the bodies
could be said to have chemical properties in the
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ordinary sense at all. So long as sufficient of the radio-
active body was separated chemically to enable its
radio-active properties to be investigated, there was
little stimulus to devise the best methods, ¢.e. to
investigate the chemical properties of the substance.
Many of the original methods of separation we now
know to be poor ones; some, indeed, depended upon
partial adsorption of the minute but highly active
substance. It was shown, however, by Schrader in
1911 that the constituents of the active deposits
formed chemical compounds, and behaved chemi-
cally in every way like ordinary elements, and
gradually it was shown that all radio-elements behaved
similarly.

It was next found that when the chemical properties
of the radio-elements were investigated systematically,
there was always a common element (by which is here
meant one for which there is a place in the periodic
classification) which resembled the radio-element
chemically more than another. These are they given
in the last columns of Tables 6, 7, and 8 above. The
details of the methods employed are given later in
Chapter XI, but the principle on which the investi-
gation depended may be outlined briefly. To a
solution containing one or more radio-elements a
solution of the principal common elements was added.
The common elements were then separated out in the
usual way, and each of these was examined for radio-
activity by the usual methods with electroscopes. It
was found that each radio-element attached itself
definitely to one particular element in all circum-
stances. This located approximately the common
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element which the radio-element most closely
resembled. Next the experiment was repeated with
all the elements, which resembled this common
element, mixed with the particular radio-element
under investigation, and the particular one which,
when separated from the others, carried with it the
radio-element discovered.

For example, ionium is not precipitated as chloride
along with lead, silver, or mercurous compounds, nor
with any of the group which is precipitated by H,S
from a solution containing HCl. It is precipitated
quantitatively, however, with iron, chromium, and
aluminium' by NH,OH and NH,Cl. This indicates
.lonium’s analytical behaviour approximately. A
second experiment is carried out with a solution of
ionium mixed with a solution of compounds of all the
elements which in the course of analysis are precipi-
tated by NH,OH and NH,Cl. These are separated
from one another by the usual methods, and each
tested for radio-activity by the electroscope. It is
found that ionium inwvariably cleaves to the thorium,
eschewing all others; thorium is consequently regarded
as the common element to which ionium is chemically
most akin. And so for the others.

It is seen from Tables 6, 7, and 8, on pp. 49, 56, 61,
that altogether there are but ten different elements
which possess chemical properties most similar to the
forty known radio-elements, & very remarkable result.
These ten may be conveniently described as types of
radio-elements, Their atomic numbers, names, and
positions in the periodic system are given in the
following table :
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TaBLE 9.—TyPES oF RADIO-ELEMENTS

Column of

Periodic Table® At, No. Type. Members of Group.
VIA . . 92 Uranium — — Cr, Mo, W, U
VA . . 91 Protactinium — — V, Cb, Ta, Pa
IvaA . . 90 Thorium C, Si, Ti, Zr, Ce(?)Th
IITA . . 89 Actinium B, Al, Se, Yt, La, Ae
IIA . . 88 Radium Be, Mg, Ca, Sr, Ba, Ra
o . . 86 Emanation He, Ne, A, Kr, Xe, Em
VIB . . 84 Polonium 0, S, Se, Te, Po
VB . . 83 Bismuth N, P, As, Sb, Bi
IVB . . 82 Lead C, Si, Ge, Sn, Pb
IIIB . . 81 Thallium — — Ga, In, T

* A = first octave, B = last octave, of a long period.

Note that there are no type elements corresponding
to atomic numbers 87 and 85. These are still to be
discovered. 87 is the homologue of the group of
alkali metals, 85 that of the halogen group. Both,
when discovered, will probably be radio-active.

Of the ten types, five were known before the dis-
covery of radio-activity. The five discovered since
are protactinium, actinium, radium, emanation, and
polonium. Protactinium has been proved to be the
homologue of tantalum, actinium of lanthanum and
the rare earth group, radium of barium, the emanation
of xenon and the inert gases of the helium group, and
polonium of tellurium.

The whole of the radio-elements, then, have been
found experimentally to be divided into ten groups,
every member of a group being similar chemically
to one of the ten types, more similar to it than to any
other chemical element. The three disintegration
series will now be set out diagrammatically, so that
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while the relation between successive members of a
disintegration-series is preserved, every radio-clement
is placed vertically above the type element to which
it has been found chemically similar. This is done in
Fig. 8 on p. 69.

The members of a group all of which are similar to
a type element (the members of each vertical column)
are usually referred to as isotopes, so named by Soddy,
because they occupy the same place in the periodic
classification (Greek, oos, equal, Témos, place).

This diagram is convenient because, in addition to
setting out the three disintegration series, it shows
the different sets of isotopes in their proper places in
the periodic system, and it also demonstrates a very
simple relation between the position of a radio-element
in the periodic table and the radiation expelled by the
element of which it is the product. This relation may
be expressed thus :

(1) When an element expels an a-particle (carrying two
positive charges) its atomic number is diminished by 2,
t.e. the product occupies a position in the periodic
system two places lower than the parent element.

(2) When an element expels a B-particle (carrying one
negative charge) its atomic number is increased by 1,
v.e. the product occupies a position one place higher
in the table than the parent element.

These rules, known now as the Group-Displacement
Law, were first put forward (but in an imperfect form)
by the writer from imperfect chemical evidence, and
before the three disintegration series were unravelled as
completely as they are at present ; and more correctly
later by Fajans and by Soddy (1913). They are now
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thoroughly substantiated, as may be seen by comparing
Fig. 8 with the data of Tables 6, 7, and 8.

The Group-Displacement Law was found out before
the theory of atomic number was put forward. It is,
however, an obvious deduction from that theory.
For the atomic number, it has been mentioned, is
identified with the net number of positive charges on
the atom’s nucleus. Clearly, if the nucleus gives up two
of these, as it does when it expels an a-particle, the
atomic number is diminished by two; a negative
charge lost is the equivalent of a positive gained, so
that when a S-particle is expelled the atomic number
is increased by one.

It should be noted that the expulsion of the y-ray
has no such effect as that of an a- or B-particle.

Whenever it happens that an element expels both
an a- and a B-particle it is probable that there is
a branching in the chain of disintegration. This is
known to be true for RaC, AcC, and ThC. The radia-
tion which leads to the product in the side-chain is
represented in brackets. (See Tables 6, 7, and 8.) In
the cases of Ra, RdAc, and RdTh, experimental work
has not yet settled whether the expulsion of the 3-
particle (which is of much less importance in all three
bodies than the expulsion of the a-particle) leads to the
formation of a side-chain.

The Group-Displacement Law has simplified experi-
mental work in some ways, and chiefly in two :

(1) It has led to the discovery of a few elements
in those cases in which the disintegration series as set
out in 1913 contradicted the law. Two may be given
as examples:
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(a) Before 1913 the uranium scries was supposed
to commence thus :

a a B a
U; > Uy > UX - Io - Ra
92 92 90 90 88

which, as is seen, contravenes the law in two cases
out of four. If now the series be written

a B B a a
U; > UX, - UX, > U; > Io > Ra
92 90 91 92 90 88

the difficulties are overcome. This is the only way
in which the series may be written to fit in with the
law. It postulates the existence of a new body, UX,,
which is the product of UX,, and which expels 8-
particles. As a result of this scheme this new body
was discovered by Fajans. It was found to be the
direct product of UX,, and to expel B-particles.

(b) Again, since the At. No. of actinium is 89, its
parent must have an At. No. of 91 if the parent expels an
a-particle, or 88 if it expels a B-particle. Now Ra has
At. No. 88, and it expels a B-particle (in addition to an
a-particle), so that it is a possible parent of actinium.
Chemical work, however, showed that this view is
untenable. No other body with this atomic number
is a possible parent. The parent, therefore, must have
an At. No. of 91, i.e. must be the homologue of Ta. Ex-
periment justified this view. Some tantalum in solu-
tion was added to a uranium mineral in solution, and
the tantalum separated from the other metals. It
contained a substance from which actinium was pro-
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duced in time. This substance is the parent of acti-
nium,

(2) It has excluded the possibility of the existence
of undiscovered elements between supposedly suc-
cessive products. For example, when ionium was dis-
covered, its relationship to uranium in the disintegration
series was not accurately known. In the example
above, it is shown that it must be the product of ura-
nium IT,and the parent of radium. If B-particle products
existed between uranium II and ionium, and between
ionium and radium, the only possible schemes are
indicated in the diagram below.

Each scheme would make the atomic weight of Io
eight less than that of Uy, and that of Ra eight less than
that of To; both of which suppositions are contrary
to fact. It follows that there cannot be B-particle
products either between Uy and Io or Io and Ra.



CHAPTER VII
ISOTOPES

IN the last chapter it has been shown that, by fitting
the members of the three disintegration series into their
places in the periodic system, the surprising result was
arrived at that several elements occupied the same place
in the periodic system. These elements are called
isotopes, and so far they have been described as
*“ similar ”’ chemically to a type element. It will be
shown in this chapter that experimental work proves
that all occupants of the same place in the periodic
system are not merely similar to the type element in
chemical properties, but are wdentical with it. This is a
statement of great consequence.

Short account of the development of the subject.
—The first radio-elements to be discovered, uranium
and thorium, occupied unmistakable positions in the
periodic classification. Polonium, radium, actinium,
and the radium-emanation, the next four to be dis-
covercd, were found to be the true occupants of places
which had previously been marked by blanks. Six
elements were thus fitted in without difficulty. But as
more and more radio-elements were discovered, diffi-
culties arose. There were three different emanations,

for example, and but one place for a gas of the inert
72
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group. One or two workers, assuming from rather
poor evidence that actinium’s atomic weight was about
160, attempted to fit the members of the actinium series
into the numerous blank spaces in the region of the
rare-earth elements which were shown in the diagrams
of the periodic classification of that period. Most
workers who considered the matter, however, could
not escape from the conclusion that the majority
of the radio-elements were ““ outside the periodic sys-
tem,” just as are (it is believed at present) the group
of rare-earth elements.

McCoy and Ross in 1907 were the first to point out
that many radio-elements could not be separated from
each other or from some common elements by chemical
means. This suggested similarities in chemical pro-
perties. The similarity of the element ionium, isolated
by Boltwood in 1907, to thorium was studied in detail
by Boltwood and later by Marckwald and Keetman.
Boltwood found that if compounds of these two ele-
ments got mixed in the course of his work, the two
kept together, and did not allow themselves to be
separated by any chemical process he had occasion to
put them through. The question did not arise: Is
the separation of ionium from thorium a difficult one
of the same order as the difficulty, say, of a rare-earth
separation, or is it very much more difficult ? And

the siliject was not pursued.
In the problem was taken up by Marckwald and

Keetma™®Like Boltwood, they found ionium and
thorium very similar in their chemical properties, but
they concluded, after two years’ fruitless attempt to
concentrate one even in the least degree in a mixture
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of both, that ionium and thorium not merely resemble
one another in a remarkable way, but do not in fact
differ at all in any of their chemical properties. This
was a remarkable conclusion, and the question arose :
Is this really so, or is it simply a confession of failure ?
Every conceivable chemical method was tried by
these two men. To detect the slightest change they
had the physical apparatus of radio-activity at their
disposal, electroscopes which for radio-active bodies
are many thousands of times more sensitive in detecting
a change of concentration than any that could be used
for the rare earths, yet change there was none. This
was & most important result, and Marckwald must
be regarded as the pioneer in this work on isotopes.

Hahn, a little later than this, showed that radio-
thorium was non-separable from thorium itself, and
that both had identical chemical properties. If
Marckwald and Keetman’s result is combined with
Hahn’s, it is seen that thorium, ionium, and radio-
thorium are all non-separable, ¢.e. are isotopes. This
is important in showing that isotopy is not confined
to two elements only.

Hahn showed also that mesothorium 1, which he
discovered, radium and thorium X were also isotopes.
Other workers confirmed and extended these results,
It soon became obvious that from general similarities
radium A, actinium A, and thorium A, should be
isotopes, the group of B bodies also, and the group of
C bodies, and the group of D bodies. Again, the
thorium series appeared to resemble the actinium
geries more closely than the radium series, notably in
that both possessed four disintegration-products only
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after the emanation. It was surmised, therefore, that
thorium X would be similar chemically to actinium X,
and radio-thorium to radio-actinium. These predic-
tions were shown experimentally to be true. Notable
workers in this field were v. Hevesy, who showed that
members of certain groups had identical electro-
chemical properties, Fleck, who made a systematic
investigation of the purely chemical properties,
Svedberg and Strémholm, Soddy, and Fajans. In a
short time cvery radio-element, including the end-
products, except one or two of very short half-value
period, had been investigated and placed among its
isotopes.

Radio-active isotopes. — The full list is given
at this stage for reference. It supplements the facts
of Fig. 8, with additional information :

TaBLE 10.—LisT OoF IsoToPES

Atomic Group in
N“ mber. Type. If;;;;)eci;c Isotopes. At. Wi
81 Tl III1 B Tl 204-0
AcC” (206)
ThC” 208
RaC” 210
82 Pb IVB Pb 207-2

RaG(Pby) 206
AcD(Pb,) (206)
ThD(Pby,) 208

RaD 210
AcB (210)
ThB 212

RaB 214
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TasrLE 10 (continued)

Nﬁtxl?ei: Type. %:z;%%;n Isotopes. At. Wt
83 Bi VB Bi 209-0
RaE 210
AcC (210)
ThC 212
RaC 214
84 Po VIB Po 210
AcC’ (210)
ThC’ 212
RaC’ 214
AcA (214)
ThA 216
RaA 218
85 [Eka-Iodine] VIIB —— _—
86 Em 0 RaEm 222
AcEm (218)
ThEm 220
87 |Eka-Cesium] I A —_— _
88 Ra ITA Ra 226-0
AcX (222)
ThX 224
MsTh 1 228
89 Ac IITA Ac (226)

MsTh 2 228
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TABLE 10 (continued)

I\;ltomic Type. g?r”;}:i:cn Isotopes. At. Wt
umber. System.
90 Th IVA Th 232-2
RdAc 226
RdTh 228
TIo 230
UY (230)
UX, 234
UZ 234
91 Pa VA Pa (230)
UX, 234
92 U VIA Uy 234
U; 238-2

Isotopes, then, have by definition the same position
in the periodic classification, i.e. the same atomic
number. They possess also, as has been found experi-
mentally, identical chemical properties. But they
differ in radio-active properties, and they may differ
in atomic weight. Before this represented the full
state of knowledge the question arose: Do isotopes
possess any identical physical properties ? After the
publication of Marckwald’s work, and before that of
the workers mentioned above, the writer came to the
conclusion that isotopes probably possessed identical
physical properties except those of radio-activity and
atomic weight. To commence an attack on this
problem Rossi and the writer investigated the arc
spectrum of preparations of thorium and its isotope
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ionium. They showed that it was impossible to detect
a difference in the arc spectra of pure ThO,, and of a
mixture of ThO, and I00,, containing approximately
209, of the latter in circumstances such that an
impurity of 139 of a body of high atomic weight was
easily detected. From these experiments they con-
cluded that the arc spectra of thorium or ionium were
identical, and they generalised this result to include
all isotopes. Since then these results have been
confirmed, and numerous investigations have been
made of many of the physical properties of different
groups of isotopes.

Different and identical properties of isotopes.
—As a result of these experiments, isotopes have been
found to differ in the following properties :

(1) Radio-activity.

(2) Atomic weight.

(8) Properties which depend upon atomic mass, such
as density and solubility expressed in grams per c.c.
or per litre.

These may be called individual properties. Isotopes
have been found to be identical in the following pro-
perties :

(4) Atomic number and X-ray spectrum.

(5) Chemical properties.

(6) Arc spectrum.

(7) Atomic volume, molecular solubility, density
expressed in moles per litre.

(8) Volatility.

(9) Melting and freezing points.

(10) Electro-chemical potential.

(11) Diffusion velocity of ions in solution.
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(12) Refractive index.

(13) Magnetic susceptibility, and others.

These may be called type properties.

Each of these thirteen properties has not been
specifically investigated in every isotope, but sufficient
experiments have been done to render it very probable
that what is experimentally proven for such isotopes
as have been examined holds throughout.

Typical examples of the results obtained will now
be given.

(1) Radio-activity.—The diffcrences in the radio-
activity of isotopes are very striking. Consider the
isotopes of thorium (see p. 77). Four of the isotopes
expel a-particles only, and three B-particles. The
initial velocities of both these kinds of particles is
characteristic of each isotope. The half-value periods
are all different, and the difference between some is
very great.

(2) Atomic weights.—The most conclusive experi-
mental evidence with respect to differences in atomic
weights is obtained from a study of the isotopes of
lead (see below), but the evidence is good for all other
sets of isotopes.

Consider the three emanations. The atomic weight
of RaEm is 226:0 — 4:00 = 222:0; that of ThEm
232:2 — 8 X 4:00 = 220:2, since 226-0, 232-2, and
4-00 are the experimental values of the atomic weights
of radium, thorium, and the a-particle respectively.

Consider the isotopes of thorium again. The
atomic weight of Th is 232:2; that of RdTh is 4
less, i.e. 228:2; that of To 4 4 226 = 230 calculated
from radium, or 238:2 — 8 = 230-2 calculated from
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uranium I; that of RdAc is 234 — 4 = 230, or 230 —
4 = 226, depending upon which of the two possible
values of the atomic weight of protactinium is selected ;
that of uranium X is 238:2 — 4 = 234-2.

It may be seen from Table 10 that 8 is the maximum
difference in the atomic weights of radio-active isotopes.

The atomic weights of the three leads will now be
considered.

The three *‘ leads.”—The atomic weight of ordinary
lead is 207-2. That of RaG, the end-product of the
uranium series, should be 206-0, assuming that of Ra
to be 226-0, and that of the a-particle (a helium atom)
4-00, since five a-particles are expelled in the change
of Ra into RaG.

Honigschmid and Horovitz showed that lead
separated from a specimen of pitchblende from German
East Africa had an atomic weight of 206-05, and that
from a specimen of broggerite, 206-06. Richards and
Wadsworth found the lead separated from cleveite
had an atomic weight of 206-08, and that from his
specimen of broggerite 206-12. The three minerals
from which the lead was separated are primary
minerals containing uranium, but no thorium, so that
the lead they contain consists of RaG with perhaps a
small quantity of ordinary lead, and is not contaminated
with the end-product of the thorium series. The close
agreement between 206-0, the calculated result, and
the lowest of those found experimentally is remarkable.

The atomic weight of ThD, the end-product of the
thorium series, should be 208-12, since that of thorium
is 232-12 and six a-particles are expelled in the dis-
integration of the latter into the former.
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It is not possible to obtain a thorium mineral free
from uranium, so that the lead in the mineral always
contains both RaG and ThD. As the atomic weight
of the former is 206-0, its presence makes the mean
atomic weight of the mixture diverge from atomic
weight of ThD to an extent depending upon the ratio
of RaG to ThD in it. Below are tabulated the atomic
weights of lead from thorium minerals containing
different relative amounts of thorium and uranium.

Mineral. o Th. ©°, U. 9, Pb. At Wt
Thorianite . 570 26-8 35 206-83
., . 627 202 31 20690

. . 689 118 23 20721
Thorite . 301 0-45 0:35 207-90

It is seen from this table that as the amount of
thorium in the mineral relative to that of uranium
rises, the atomic weight of the lead increases. The
specimen of thorite for which the data are given here
contains the highest ratio of thorium to uranium
known. Its lead, therefore, is freest from RaG. The
atomic weight of this, 2079, is not very different from
that to be expected theoretically in a mineral which
contains ThD free from its isotopes.

There are thus three leads, each with its own atomic
weight, found in nature in sufficient amount for all
their chemical and physical properties to be investi-
gated by ordinary methods,

Ordinary lead, at. wt. 207-2.
RaG, or uranium lead, at. wt. 206-0.
ThD, or thorium lead, at. wt. 208-1,
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(3) Properties depending upon atomic mass.—(a) The
density of lead of different atomic weights has been
determined at 19-94° by Richards and Wadsworth.
Their results are given in the following table :

Atomic weight of lead 206-085 206-34 207-20
Density . . . 11-273 11-288 11-337
Atomic volume . 18:281 18-:280 18:276

It is seen that the densities of the three isotopes are
proportional to their atomic weights, and consequently
different. The atomic volumes do not vary more than
the experimental error.

(b) The solubility of a solution expressed in grams
per litre.

Richards and Schumb found that at 25° C. a saturated
solution of lead nitrate contained 595-95 grams Pb(NOy),
for 1,000 grams of water for Pb = 207-19, and 594-28
grams for Pb = 206-34. Fajan’s and Lembert found
that 10 c.c. of a saturated solution of lead nitrate at
24-45° C. weighed 14-4450 grams for Pb = 207-20 and
14-4359 grams for Pb = 206-59.

The molecular solubilities of the two specimens of
lead in both these experiments, however, were equal
within experimental error. Thus Richards and Schumb
found in their experiments that 1-7993 moles of
Pb(NO,), were associated with 1,000 grams of water in
a saturated solution of lead nitrate at 25° C. for Pb =
207-19, and 1-7989 moles for Pb = 206-34, an agree-
ment of 4 in 18,000.

(4) X-ray spectrum.—The two strongest lines in
the L series of lead (the so-called a and S lines) were
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photographed by Siegbahn on the same plate and under
the same conditions for two specimens of lead, one of
atomic weight 207-2, the other 206:05. The wave-
length of the lines agreed to 0-0001 A unit.

Rutherford and Andrade showed that the character-
istic X-radiation of lead (207-2) has the same wave-
length as the y-radiation emitted by its isotope radium
B (214).

(6) Arc spectrum.—Aronberg and Merton examined
the line 4058 A in the spectrum of two specimens of
lead, one 2072, the other 206-0 in atomic weight. They
found a difference of 0-0044 A only, or about 1 in 10°
of the absolute value. For thorium lead (mainly ThG)
and ordinary lead the difference in wave-lengths of the
line 5350 A in the two has been found to be 0-0055 A,
or about 1 in 10°

The failure to detect differences between the spectra
of ionium and thorium has been mentioned already.
The conclusion from these and other experiments is
that arc spectra of isotopes differ genuinely, but by
so very little that for practical purposes they may be
said to be identical.

(7) Atomic volume has been mentioned under (3).

(8) Volatility.—Marckwald and Keetman found that
the ratio of the amount of thorium to ionium in a
preparation was not altered in the least by volatilisa-
tion. Paneth and v. Hevesy came to a similar negative
result with regard to the volatility of radium D and
lead.

(9) Melting and boiling points.—Richards and Hall
found that the melting points of lead 206-4 and of lead
207-2 did not differ by more than 0-05° C. The same
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authors found also that the thermo-electric properties
of wires of the same two leads were identical. Bridg-
man found that there was no difference in the conduc-
tivities of the same two samples, nor in the effect of
pressure and temperature upon the conductivities.

Isotopes and the nuclear theory of the atom.
—From Rutherford’s nuclear theory of the atom the
existence of isotopes may be simply deduced. The
chief point of the theory necessary for this purpose is
that the charge on the nucleus conditions the chemical
properties of the atom, the mass of the nucleus having
an influence which must be very small. Hence atoms
whose nuclei have the same charge have the same chemi-
cal properties. Now it is possible for nuclei to have
different compositions and yet possess identical
charges, since the charge (which is positive) is a net
one, being the algebraic sum of the positive and the
negative charges which the nucleus contains; the
number of charges may vary so long as their algebraic
sum is constant.

A nucleus with a given charge may consequently
have various compositions. Hence it is that isotopes
have different radio-active properties, for radio-activity,
being a property of the nucleus, must be a function of
its composition. The differences in atomic weights
which isotopes show may also be deduced. Consider
an atom whose nucleus contains p positive and n nega-
tive charges. Its net charge, i.e. its atomic number, is
p — n. Asecond atom whose nucleus has p + 2 positive
and n + 2 negative charges, and a third atom whose
nucleus has p + 4 positive and n + 4 negative charges,
have the same atomic number as the first. The three
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are consequently isotopes, but it is obvious that their
atomic weights are different, since a difference of one
unit in the gross amount of positive electricity is
equivalent to two units of atomic weight.
- It appears, however, that, although many are possible,
certain compositions of the nucleus alone are stable, for
few are found to exist. Experimentally, it is found
that the maximum variation in the gross amount of
positive electricity in the nucleus is four charges, corre-
sponding to eight units of atomic weight.

Examples.—Thorium loses two positive and two
negative charges (four units of mass) in its trans-
formation into its isotope radio-thorium ; so for ura-
nium I into uranium II. Radium B loses two positive
and two negative charges (four units of mass) in chang-
‘ing to radium D, and four positive and four negative
charges (eight units of mass) in changing to radium G,

Separation of  radio-active isotopes.—It has
been said elsewhere that no radio-active isotopes have
yet been separated completely, nor has even a con-
centration of one in a mixture been effected. The
problem appears less difficult, however, when the
isotopes of the common elements are considered. For
their separation the following methods have been
suggested : by diffusion, by thermal diffusion, by
gravitation or ‘ pressure diffusion,”” by evaporation at
very low pressure, by positive rays and by photo-
chemical methods. A few positive results have been
obtained, notably by v. Hevesy and Bronsted on the
isotopes of mercury and by Harkins on the isotopes of
chlorine. The subject, however, is still in its infancy.

REFERENOE,—Dr, F. W. Aston: Isotopes (Arnold, 1922),
7



CHAPTER VIII

DESCRIPTION OF THE TYPES OF RADIO-ELEMENTS

THE ten type elements, with their atomic numbers
and atomic weights and group in the periodic classi-
fication, are given in the following table :

At. No.

92
91
90
89
88
87
86
85
84
83
82
81

TaBLE 11
Element. Symbol.
Uranium . .U
Protactinium . Pa
Thorium . . Th
Actinium . . Ac
Radium . Ra
Radium emanation . RaEm
Polonium . Po
Bismuth . . Bi
Lead . Pb
Thallium. . Tl

At We.

238-2
(230)
2321
(226)
226-0

222

210

209-0
207-2
204-0

Group.

VIA
VA
IVA
IITA
IIA
IA

0
VIIB
VIB
VB
IVB
IIIB

Bismuth, lead, and thallium, being well-known ele-

ments, are not described here.

The primary elements,

uranium and thorium, will be described later (Chapters
IX and X) in more detail th: n the others,

QR
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91 Proractintum  Pa (230) : Group VA

(a) Discovery.—It was known that actinium is in
some way a branch-product of uranium, and, since
its atomic number is 89, the atomic number of its
parent must be either 91 or 88, according as the parent
emits an a- or a B-particle. In the former case the
parent of actinium should be similar to tantalum.
A soluble tantalum salt was therefore added to a large
quantity of pitchblende residues, and when separated
out and purified was found to contain a body which on
disintegration gave actinium. This body was therefore
the parent of actinium and was named protactinium
by Hahn and Frl. Meitner, who discovered it in this
way in 1914. The existence of this body was also
proved by Soddy and Cranston, who heated pitchblende
in an atmosphere of carbon tetrachloride yunder con-
ditions in which Ta,0; was volatilised. Actinium
appeared gradually in the sublimate, which therefore
contained its parent element.

(b) Occurrence.—Protactinium occurs only in ura-
nium minerals.

Its relation to uranium has been discussed on p. 54,

Protactinium, therefore, is not really a primary radio-
element, but for purposes of classification, and because
of lack of knowledge with regard to its relation to
uranium, it is convenient to class it so.

The atomic weight of Pa has been discussed on
p. 66. It is taken as 230. This fixes the atomic
weights of all the products of the actinium series.

The point may be settled when the atomic weight
of protactinium may be, but has not yet been, directly
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determined. This is possible because it has a long
half-value period and consequently exists in weigh-
able quantity.

(¢) Extraction.—Protactinium has been removed from
pitchblende residues in the following manner. The
residues are boiled for a long time with nitric acid.
Most of the radio-active constituents present, including
radium, go into solution. A little tantalum oxide
and a few milligrams of thorium and lead nitrates are
then added to the residue, and the whole extracted with
hydrofluoric and sulphuric acids. The tantalum and
protactinium go into solution ; the thorium and lead,
and with them UX,, Io, and RaD, remain insoluble.
The solution is evaporated to dryness and ignited, and
compounds of iron, zirconium, etc., may be removed
from the insoluble tantalum and protactinium by
boiling with aqua regia. So far tantalum and pro-
tactinium have not been separated.

(d) Chemical properties,—Nothing is definitely known
at present about its chemical properties, except that
it resembles tantalum, of which it is evidently the homo-
logue.

89 AcTINIUM Ac (226): Group IIIA

(@) Discovery.—Debierne in 1899, while working up
uranium residues, discovered an element which was
precipitated from solution by ammonia, and yet was
distinet in its radio-activity from thorium. This he
called actinium. Giesel in 1902 separated from pitch-
blende a very active substance along with the rare’
earths, and after further fractionation he found the
new body was associated with lanthanum. He called
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it emanium as it gave, like radium, an emanation.
Emanium and actinium were later shown to be the
same.

(b) Occurrence.—Actinium, like its parent protac-
tinium, occurs in uranium minerals and there only.

(¢) Chemical properties.—The chemical properties
of actinium resemble those of the rare earths, and are
generally similar to those of lanthanum, but when
fractionated along with rare earths, it appears to be
concentrated in the neodymium and samarium frac-
tions, so that it would occupy a position in the serial
order of the rare-earth elements between these two
elements, viz. 57 La, 58 Ce, 59 Pr, 60 Nd, Ae, 62 Sm,
63 Eu, 64 Gd, etc., 7.e. it appears to be a homologue of
the missing element of atomic number 61.

Other experiments have shown that it is intermediate
between lanthanum and calcium in chemical properties.
In qualitative analysis it is precipitated as hydroxide
by ammonia, but quantitatively only in absence of
ammonium salts ; its oxide is therefore more strongly
basic than that of aluminium. It is precipitated as
oxalate by oxalic acid or by ammonium oxalate, but
not quantitatively when free mineral acids are present.
In this respect it resembles lanthanum. It is not
precipitated from the solutions of the chlorides by
sodium thiosulphate, nor from a solution of nitrates
by hydrogen peroxide, so that it is easily separated
from thorium. Like the rare earths, it is precipitated
quantitatively by aqueous hydrofluoric acid in excess.
It is precipitated along with manganese when that
element is [ precipitated from basic solutions as
manganite,
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Actinium has not yet been prepared free from rare
earths. Because of this difficulty, but much more
because of its relatively short half-value period, it is
doubtful whether a quantity large enough for an
atomic weight determination or a spectroscopic
examination could be extracted from minerals.

88 Rapium Ra (226-0): Group ITIA

(@) Discovery.—In their pioneer work on radio-
activity in 1898, M. and Mme Curie found that radio-
active minerals containing uranium were several times
more active than they would have been if their radio-
activity had been due to uranium alone, even if the
mineral - had contained nothing but pure uranium
compounds. They had found experimentally that
radio-activity was an atomic property, and they
proved that no special combination of uranium with
other elements could increase the radio-activity in
any way. It was therefore deduced that other and
more powerfully radio-active substances were present
in pitchblende. The mineral was put into solution
and analysed qualitatively in the ordinary manner,
each precipitate being examined for new radio-active
bodies by the methods of radio-activity. A substance
now known as radium was found with the barium of
the mineral, and another, polonium, with the bismuth.

(b) Occurrence.—Radium, being a disintegration
product of uranium, occurs in uranium minerals only,
and provided the minerals are sufficiently old, and
that they have not been weathered, in a constant
ratio to the amount of uranium of approximately
34 X 1077 to 1 (the ratio of the half-value periods),
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the calculation applying to both substances in the
elementary form. In 3 tons of uranium there is
approximately 1 gram of radium. Radium is found in
this ratio (the equilibrium ratio) in old minerals like
carnotite, pitchblende, and thorianite, but not in more
recent minerals like autunite, where the amount varies
from 759, to 209, of the equilibrium amount only.
Carnotite, a hydrated vanadate of potassium and
uranium, X,0 , 2UQ, . V,0; . 3H,0, is the chief source
of radium. It is found in largest quantities in Colorado
and Utah. Pitchblende or uraninite, which consists
of Us04 with PbO, Fe,05, and traces of ThO,, rare
earths, etc., is also an important source.

(c) Eaxtraction.—Radium is extracted from minerals
in two stages : ,

(i) The barium of the mineral is separated from a
solution, or is separated from its residues by the usual
chemical methods. If the mineral contains little or
no barium, a small quantity of a soluble barium salt
is added to it, and the barium is later separated out.
The whole of the radium associates itself with the
barium, which it resembles very closely.

(ii) As there is no reagent yet found which precipi-
tates one of these elements quantitatively, leaving the
other in solution, radium is separated from barium by
fractional crystallisation. The usual salts employed
are the chlorides and the bromides. The halogen
salts of radium are less soluble in water and mineral
acids than the corresponding salts of barium. The
hydroxide of barium, however, is less soluble than that
of radium, and a separation based on fractional precipi-
tation of barium hydroxide from a solution containing
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barium and radium salts has been patented. The
picrates, bromates, and ferrocyanides have been
proposed also as suitable salts for fractionation. In
laboratory work crystallisation of the chlorides is con-
sidered the most satisfactory process.

In extracting radium from carnotite, it has been
found that if the ore be boiled with 969, 789, and
859, sulphuric acid, the percentages of the total radium
which go into solution are 95, 92, and 42. - In actual
work 10 kilos of ore are gradually added to 18 kilos
of 789, sulphuric acid heated to 190°, and after a
thorough mixing the whole is filtered. The residue is
washed twice with fresh hot acid, and the filtrate and
washings are run into eight times its volume of hot
water and well stirred. The sulphates of radium and
barium are thus thrown out of solution and filtered
off from other constituents of the ore. After further
purification the mixed sulphates are prepared for the
process of fractional crystallisation. In the complete
process from 859, to 959, of the radium in the mineral
may be recovered.

(d) Metallic radium has been prepared by a method
similar to that employed by Guntz in the preparation
of metallic barium.

Liquid radium-amalgam was prepared by electro-
lysing about 0-1 gram of radium chloride with a
mercury cathode. The amalgam was distilled in
hydrogen under reduced pressure. At 700° the last
of the mercury was volatilised, leaving the radium as
a pure white metal which melts at about 700°.

(e) Compounds of radium.—The chief compounds of
radium are ;
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Radium hydroxide . Ra(OH),

' chloride . RaCl, and RaCl,. 2H,0
" bromide . RaBr, and RaBr,.2H,0
" nitrate . Ra(NO,),

’ sulphate . RaSO,

carbonate . RaCO,

The chemical properties and appearances of these
compounds are very similar to those of the corre-
sponding barium salts. The sulphate, the hydrated
chloride, and the hydrated bromide are the commonest.

RaCl,. 2H,0 is less soluble in dilute hydrochloric
acid than BaCl,, 2H,0; and RaBr,, 2H,0 in dilute
hydrobromic acid than BaBr,, 2H,0. The carbonate
dissolves readily in hydrochloric acid. At 25° the
solubility of the sulphate in water is 23 X 107°
grams per c.c. (compare that of BaSQ, 23 X 10~°
grams per c.c.).

A separation of radium from barium based on the
difference in solubility of their sulphates has been
found to be impossible, owing to isomorphism. The
sulphate precipitated from a solution of both sub-
stances consists of mixed crystals of the two bodies
in the ratio they are present in the solution.

The action of the radiations emitted by radium
must not be forgotten when preparing its salts. The
bromide, when exposed to air, gives off bromine and
is ultimately changed to carbonate. The water in a
moist preparation is decomposed gradually into its
elements, and if such a preparation be sealed up, an
accident may result. The safest preparation to deal
with is the sulphate, since it is stable, anhydrous, and
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can be kept dry. If a radium-solution is required
to be made from the sulphate, the latter is best
decomposed by fusion with alkaline carbonates,
and the well-washed radium carbonate which results
dissolved in hydrochloric acid free from sulphuric
acid.

Another method has been suggested, namely to
reduce RaSO, to RaS by fusion with sugar charcoal,
and to dissolve the sulphide in pure hydrochloric
acid. The writer has found the carbonate method
much the better. It is, of course, the usual laboratory
method for converting barium sulphate into the
chloride.

The arc spectrum of radium is very characteristic,
and is that to be expected from the highest member
of the alkaline earth series of elements.

Salts of radium colour the bunsen flame carmine.

Honigschmid’s determination of the atomic weight
it considered the most accurate. He made a careful
determination of the ratio of RaCl, to RaBr,. The
value he found was 225-97,

(f) Estimation of radium.—Radium is usually esti-
mated by comparing it with a standard radium pre-
paration of 1009, (or of known) purity in one of two
ways.

(1) By the y-ray method.—This is suitable for com-
paring quantities of radium from 10~ gram up to
several grams.

(2) By the emanation method.—This is suitable for
measuring quantities of radium from 10— to 10—
gram,
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THE y-RAY METHOD

This method of measurement depends on the fact
that the radium in a radium salt one month after its
preparation is in equilibrium with its products, and
emits penetrating y-rays whose intensity is propor-
tional to the amount of radium present. The intensity
of the r-radiation from the radium to be tested is
compared, in an electroscope, with that due to a
preparation whose content of radium is accurately
kifown. The electroscope should have its walls and
base made of lead at least 3 millimetres thick, so that
only y-rays are able to enter and produce ionisation.
A standard radium preparation of known content in a
thin glass tube is placed at a convenient distance
from the electroscope, and the rate of discharge of
the gold-leaf measured. The preparation to be com-
pared is sealed in a similar tube, placed at exactly
the same distance from the electroscope, and the rate
of discharge measured. It is obvious that the most
accurate results will be obtained when the rates of
discharge are not widely different. In a laboratory
there is often a series of standards in the ratio,
approximately, of 1, 10 and 100, so that, after a pre-
liminary measurement, the unknown may be compared
accurately with the standard nearest in strength to it.

THE EMANATION METHOD
The principles on which the emanation method
depend are these :
(1) If a radium solution be freed from emanation by
boiling, and be then sealed up in a vessel, the emana-
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tion present reaches its equilibrium value in one
month ; or it reaches a known fraction of this equi-
librium value in any time less than a month. This

fraction f =g—-— 1 — e~ * where @, is the quantity
®

at any time ¢, and @ is the maximum (the equilibrium)
quantity, and A = 075 per hour, the time being
expressed in hours.

(2) The equilibrium amount of emanation is propor-
tional to, and therefore a measure of, the quantity of
radium,

(8) The emanation can be completely expelled from
the solution into an electroscope with an air-tight
chamber at atmospheric pressure.

(4) About four hours after the emanation has been
introduced into the electroscope, its products, RaA,
RaB, and Ra(C 4 C’ 4 C”), reach their maximum
value, and the ionisation due to the emanation and
its products, measured by the rate of fall of the gold-
leaf, remains sufficiently constant for accurate measure-
ments to be made. The ionisation at this time is
taken as a mecasure of the emanation present, and
therefore of the radium.

(5) The operations described above are carried out
first with a radium solution of known strength, and
later with the unknown radium solution, and the
strength of the latter is calculated in terms of the
former from the electroscopic readings.

For this work a standard radium solution may be
prepared in two ways:

* This function has been eovaluasted for different hours and
days. The tahle of values is given in Rutherford, p. 6635,
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(@) A quantity of radium salt is accurately deter-
mined by the ¢-ray method in terms of the radium
standard. Suppose the radium salt contains 1 milli-
gram of radium. This radium salt is dissolved in
water and some hydrochloric acid added to ensure
complete solution. The solution is then diluted to
a known volume, say 1 litre. A definite fraction of
this solution, say 1 c.c., is accurately removed and
again diluted to a litre. One cubic centimetre of the
last solution contains 10~° milligram of radium. This
serves as & convenient standard radium solution, for
it gives a suitable rate of discharge of the gold-leaf in
the emanation-electroscope.

(b) A homogeneous quantity of pitchblende is care-
fully analysed for uranium. Assuming that the radium
in the mineral is present in equilibrium amount, and
that the ratio of the quantity of uranium to that of
radium is known, it is possible to calculate the amount
of radium present in a given weight of the mineral
from its uranium content. As the first of these assump-
tions is justifiable in the case of pitchblende, and as
the ratio of uranium to radium is accurately known, a
quantity of pitchblende makes a convenient and
cheap standard of radium. It need not be put into
solution until the day on which the standardisation is
being carried out. This prevents any precipitation of
the radium, and hence occlusion of a part of the
emanation, which is apt to occur in solutions which
are kept for some time. The mineral is obtained in
solution when required by dissolving it with concen-
trated sulphuric acid in presence of a few crystals of

KNO; or a few drops of HNO,.
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In practice an experiment is carried out as follows:
Thirty milligrams of pitchblende are weighed out
accurately into a vessel of the shape shown in Fig. 9.
Add a few drops of HNO, and then 15 c.c. of concen-
trated H,SO, through funnel. Close tap A. Heat B
gently with flame for ten minutes ; acid fumes come off

(I

F10. 9.

copiously. Open A a little so that a gentle stream of
air bubbles through the solution. The expelled emana-
tion, the acid fumes, and the air are collected in a gas-
holder over a strong solution of CaCl, (in which
the emanation is almost insoluble) attached to the
apparatus below c. This is rejected, and the taps a
and ¢ closed.
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Three or four days later (the exact number of days
and hours must be noted) the solution in the vessel is
again completely boiled out as before into the gas-
holder. When the gas in the gas-holder has cooled,
and the acid fumes dissolved in the solution, it is
transferred to an evacuated electroscope of the type
shown in Fig. 10, through a tube of calcium chloride

~

F1G. 10.—Emanation Electroscope.

to dry the gas. The volume of the electroscope must,
of course, be greater than that in the gas-holder. The
gas in the electroscope should contain the whole of
the emanation produced by the radium in the pitch-
blende in the few days that it has been sealed up.
The gas is brought to atmospheric pressure and the
taps of the electroscope closed. The central rod of
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the electroscope is now charged to — 200 volts so that
the RaA, RaB, and Ra(C + C’ + C”) produced by the
emanation will definitely settle upon it instead of dis-
tributing themselves throughout the volume of the
gas, After four hours the ionisation is a maximum,
and the rate of discharge of the gold-leaf electro-
scope is carefully noted. Finally the electroscope is
exhausted, and replenished with air several times to
remove the emanation completely.

The unknown solution is then treated in the same
way, and the emanation introduced into the same
electroscope and the ionisation determined after four
hours,

Example.—A radium solution of unknown strength
was freed from emanation, sealed up for four
days eight hours, its emanation then removed, and
the ionisation measured in the manner given above.
The rate of discharge of the gold-leaf was 35 scale
divisions per minute.

A few days later 30 milligrams of pitchblende,
containing 709% UzO, was freed from emanation,
sealed up for three days nine hours, the emanation
then removed, and the ionisation measured in the
same electroscope. The rate of discharge of the
gold-leaf was found to be 20 scale divisions per
minute., The pitchblende contained 30 X -7 X -848
X 34 X 10~ milligrams of radium because ‘848 is
the factor to reduce UgOg to U, and 34 x 10—7
to reduce a unit of uranium to the same unit of
radium, The quantity of emanation that was
produced by this quantity in three days nine hours
is only ‘466 of the equilibrium amount. Therefore
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455 X 30 X -7 X -848 X 3-4 X 10~ 7 milligrams of
radium in equilibrium, 7.e. after a month’s sealing up,
would give the same ionisation effect, 7.e. 20 scale
divisions per minute. One scale division therefore
corresponds to 1-377 X 10 —7 milligrams of radium.
Now in the unknown solution only -542 of the
equilibrium amount had accumulated in four days
eight hours, Let it contain x milligrams of radium,
then -542x corresponds to 35 scale divisions, ..
35 X 1-:377 X 1077 milligrams of radium. Hence =z.

86 Rapium EmanatioN RaEm (222): Group 0

(a) Discovery.—Early workers in radio-activity
found that all bodies in the neighbourhood of a pre-
paration of radium, or of thorium, or of actinium,
became themselves radio-active. Several theories of
this “‘ excited activity ”’ (as it was called) were put
forward. It was shown by Dorn in 1900 that the
‘“ excited activity ’ was due to disintegration products
from a radio-active gas which was generated con-
tinuously by radium, for if the radium preparation
were sealed up so that the gas could not escape, bodies
in the neighbourhood were no longer excited into
activity. The same theory was found to hold for the
emanations from thorium and actinium.

Rutherford and Soddy in 1903 showed that the
radium emanation resisted all attempts to enter into
chemical combination, and was indeed the missing
homologue of the group of inert gases.

The emanation, being & member of this group, has
no chemical properties. Its physical properties apart
from its radio-activity are those to be expected from

8
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its position in the periodic classification. As it has
the longest half-value period of the three emanations,
it has been most studied. It has a density of 111;
it boils at —656°; its critical temperature is 104-5°;
its absorption-coefficient in water is 0-30; its co-
efficient of diffusion (in cm.* sec. 1) into air at N.T.P,
is 0-1, It has a characteristic spectrum.

The amount of emanation in equilibrium with 1 gram
of radium (element) has been both determined experi-
mentally and calculated by Rutherford and found to
be 0:59 c.mm. A volume of emanation of this order
has been both weighed and its density determined by
Ramsay and Gray with a microbalance.

The corresponding values of the volumes of thorium
and actinium emanations in equilibrium, with their
parents, may be calculated from the half-value periods.
They are extremely small.

In a mineral or a (solid) preparation of radium the
emanation is occluded and very little of it escapes.
By heating the mineral or preparation strongly, varying
fractions of the total may be obtained, but the greater
part of the gas may be driven out by heating to
about 800°. The radium emanation may be pumped
out directly, but it is usually necessary to wash it out
with another gas, e.g. oxygen, as the amount is very
small.

When an aqueous solution of a radium salt is kept
in a closed flask, the emanation is evolved, together
with oxygen and hydrogen produced by the decom-
position of the water. The hydrogen produced is
about 5% to 109 in excess of that equivalent to the
oxygen present, due, possibly, to the action of the
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radiations on the water resulting in the production
of hydrogen and hydrogen peroxide. To obtain the
emanation from this the gas is carefully pumped off
and then exploded. All the oxygen and most of the
hydrogen are converted into water. The residual gas
is then led into a glass U-tube or a spiral cooled in
liquid air. The emanation condenses at low pressures
at about —150°, so that it is at once condensed in the
U-tube or spiral, and the residual hydrogen pumped
off. The emanation usually contains at this stage
some carbon dioxide produced by the oxidation of
organic matter ; this is removed by leaving the gases
in contact with solid KOH in a tube of the apparatus.

In the laboratory the gases over a radium salt are
initially kept at a very low pressure so that subsequent
purification may be rendered ecasier. As the half-
value period of the emanation is 3-85 days, a solution
of radium initially freed from its emanation will reform
half its equilibrium amount in 3-85 days, three-quarters
in 7-70 days, seven-eighths in 11-55 days, and so on.
If the accumulated emanation be pumped off once a
week, nearly three-quarters of the maximum amount
of emanation available can be removed, purified,
sealed up, and used for experimental work. This is
a common procedure in laboratories. The valuable
radium preparation is not itself handled for experi-
ments. It merely generates under conditions of safety
the emanation which, with its successive disintegra-
tion products, is as valuable for most experimental
work as the radium preparation itself. If the tube of
emanation be broken or lost there is a loss of time (in
waiting for more to accumulate in the radium solution)
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but not of money. On the other hand, the emanation
decays to half-value in 3-85 days, so that the tubes
lack permanence. In many cases, however, this is
not found to matter.

In estimating radium by the ionisation due to the
emanation, a simpler procedure suffices. The radium
solution is heated, and the gases driven into a gas-
holder by bubbling air slowly through the solution.
In this way the emanation may be completely expelled.
(See also p. 95.)

Radium emanation was called Niton (““the shining
one ”’) by Ramsay, so that this name would harmonise
with those of the other inert gases. Niton has &lso
been proposed as a common name for the three
emanations. The new name has found its way into
textbooks of chemistry, but it is doubtful if any
improvement on such a descriptive name as emanation
is necessary. .

84 PoroNium OR Rapitm F Po (210): Group VIA

(a) Discovery.—-Polonium was discovered by M. and
Mme Curie in pitchblende, from which it was separated
with the bismuth of the mineral. The name was given
in honour of the country in which Mme Curie was
born. .

(b) Occurrence.—Polonium may be separated from
any uranium mineral or its residues, or from & prepara-
tion of radio-lead (radium D). In the laboratory,
preparations of polonium may be’obtained either from
an old radium preparation (i.e. one which has been
sealed up for years so that the emanation has not
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escaped, and consequently the long-lived product of
the emanation, radium D, and its successive products,
have formed to an appreciable extent), or from the
inside of a tube in which large quantities of emanation
have been allowed to decay for some time. In both
these sources the polonium has been generated as the
penultimate disintegration product of radium or its
emanation.

Polonium does not exist in weighable amount owing
to its short half-value period of 136 days as compared
with that of uranium, 5 X 10° years. Thus if 50,000
kilograms of a mineral containing 609, of uranium
calculated as element were worked up, the maximum
amount of polonium obtainable would be only

50,000 X 1,000 X 0-6 X 136

5% 10" X 365 , t.e. 00022 gram,

or approximately, to 3 tons of uranium there
corresponds 1 gram radium and 1:9 X 10™¢ gram
polonium. Experimental determination of its chemical
properties in detail, its spectrum, and its atomic
weight, is therefore possible only after its separation
from very large quantities of carnotite or pitchblende.

(c) Chemical properties.—From its position in the
periodic  classification, Mendeleef predicted that
polonium should be a homologue of tellurium and an
easily-fusible, crystalline, non-volatile metal, grey in
colour, and with a density of 9:3. Its atomic weight
should be 212. It should form an oxide PoO, possess-
ing both feeble acid and feeble basic properties. When
further oxidised this oxide should become PoO; with
properties similar to those of PbO, and Bi,O;. The
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metal should readily form alloys with the other
metals.

It has not been possible, however, to test these
predictions experimentally because of the extremely
small amount of polonium that has yet been separated.
The following results which have been obtained refer
to polonium at a small concentration.

It resembles its homologue tellurium most closely
in chemical properties. It behaves also like bismuth.
When minerals are worked up for polonium, it is
usual to separate it by precipitation with sulphuretted
hydrogen in acid solution. It may be separated from
bismuth by fractional precipitation of the basic nitrate
with water, by fractional precipitation with sul-
phuretted hydrogen from solutions made very acidic
with hydrochloric acid, and by sublimation in a
vacuum,

Marckwald concentrated polonium from impurities
in the following way. Stannous chloride was added
to a solution in hydrochloric acid of polonium and
impurities. Polonium and tellurium were precipitated.
These bodies were next dissolved to form not too acid
a solution, and the tellurium precipitated from it by
the addition of hydrazine hydrate. The polonium
remaining in solution can then be precipitated by
stannous chloride.

It is usual, however, to separate polonium electro-
chemically by immersing a silver, a copper, a nickel,
or a bismuth plate in a solution containing it. As
much as 959, of the whole can be deposited on the
plate. It is easy to choose conditions so that radium D
and radium E, which are associated with polonium
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(because they are its predecessors in the disintegration
series, and because they too are precipitated from acid
solution by sulphuretted hydrogen), are deposited in
negligible amount only. In any case polonium can be
freed from these bodies owing to the ease with which
it is volatilised in air or hydrogen. (See also p. 157.)



CHAPTER IX

THE ANALYTICAL CHEMISTRY OF URANIUM

Minerals.—The principal minerals containing ura-
nium are carnotite, pitchblende, autunite, broggerite,
cleveite, thorianite, and thorite. They have been
briefly described in Chapter I.

Salts.—Uranium forms two classes of salts with
acids, uranyl salts corresponding to the oxide UOs,
and uranous corresponding to the oxide UQ, The,
former are the stabler and the better known. In
uranyl salts only one of the atoms of oxygen in UO,
is replaced by acid radicles, the divalent radicle UO,
taking the place of a divalent metal.

Examples: UO,Cl,; UO,NO,), . 6H,0 ;
U0,(C,H;0,), . 2H,0.

Uranyl salts are generally yellow in solution ;
uranous are green. Uranyl salts may be changed to
uranous, and uranous to uranyl, by the methods used
for converting ferric to ferrous salts and ferrous to
ferric.

Uranium also forms two classes of salts with the
strong bases, the uranates and diuranates correspond-
ing to the chromates and dichromates. The formule
of these are R,UO, and R,U,0, respectively, R repre-
senting a monovalent metal.

108
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The principal salts of uranium met with in radio-
activity and in analytical work are the oxides, the
nitrate, the acetate, the ferrocyanide, and the diuran-
ates. These will now be briefly described.

Uranous oxide, UO,.—A brown powder formed by
heating U;04 in hydrogen.

Uranic oxide, U0, —A chamois-yellow powder
obtained by heating uranyl nitrate to 250° in .a glass
tube so long as acid fumes are given off. It is oxidised
when strongly heated in air to UgOq; it is reduced by
hydrogen to UO,.

Urano-uranic oxide, UsOq.—The principal oxide. It
is a dark green, almost black, powder obtained by
igniting in air any oxide, uranyl nitrate, the carbonate
orammonium diuranate. It is soluble in concentrated
nitric acid and in concentrated sulphuric acid. It is
the form in which uranium is usually weighed when
cstimated gravimetrically. A thin film of it is used in
radio-activity as a standard for a-particle measure-
ments.

Uranyl nitrate, UOyNO,), . 6H,0.—This is formed
as lemon-yellow rhombic crystals showing fluorescence,
when an oxide is dissolved in nitric acid. It is very
soluble in water, and soluble in alcohol, ether, and other
organic solvents. It forms double salts readily with
alkali nitrates. It is the commonest salt of uranium.

Uranyl acetate, UO,(C,H;30,), . 2H,0.—This crystal-
lises in yellow, monoclinic needles. It is used in
photography and in the volumetric estimation of phos-
phates. It is a good salt to use in estimating uranium
electrolytically.

Uranyl ferrocyanide, (UO,)3Kq(FeCyNg)y.—Formed
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when a solution of potassium ferrocyanide is added to
a solution of a uranyl salt. It usually forms in the
colloidal state (particles are negatively charged). It is
converted into the diuranate by digestion with caustic
alkalies or ammonia.

Ammonium diuranate, (NH,),U,0;.—A yellow pre-
cipitate formed by adding ammonia to a solution of a
uranyl salt (sometimes in the colloidal form). It is
soluble in ammonium carbonate and in mineral acids ;
insoluble in ammonia and caustic alkalies. Ignition
in air converts it quantitatively into U,Os.

Potassium diuranate, K,U,0,, and sodium diuranate,
Na,U,0,.—Yellow to orange precipitates formed when
caustic potash or soda solution is added to the solu-
tion of a wuranyl salt. They are soluble in mineral
acids.

Peruranates.—Very unstable peruranates, obtained
by the interaction of hydrogen peroxide and uranyl
salts, are yellow in alkaline solution, and are occasionally
utilised for the detection and colorimetric estimation
of uranium.

Principal reactions.—Uranyl compounds in solu-
tion are not precipitated by hydrochloric acid, or by
sulphuretted hydrogen in acid solution. Uranium is
precipitated quantitatively by excess of ammonia in
presence of ammonium chloride as ammonium di-
uranate, by caustic potash solution as potassium
diuranate, and by caustic soda solution as sodium
diuranate. These precipitates are all insoluble in
excess of the precipitants. It is precipitated by
ammonium sulphide in excess as uranyl sulphide,
UO,S. Sodium carbonate, potassium carbonate, and
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ammonium carbonate precipitate uranium from
uranyl salts, but in all three cases the precipitates are
soluble in excess of the reagent, forming soluble double
carbonates. The addition of caustic soda or caustic
potash solution to these solutions causes precipitation.
Neither ammonia nor ammonium sulphide, however,
in like circumstances causes any precipitation. Uranium
is precipitated quantitatively as uranyl ferrocyanide by
a soluticn of potassium ferrocyanide, and as uranyl
phosphate by a solution of ammonium dihydrogen
phosphate.

It is not precipitated by excess of ammonia and
ammonium carbonate solution (as mentioned above) ;
nor by oxalic acid from mineral acid solutions ; nor by
aqueous hydrofluoric acid from neutral or acid solu-
tions. These are the principal reactions used in
detecting uranium, in separating it from other metals,
and in estiriating it gravimetrically.

Separations.—From the metals of the first and
second groups by saturating a solution of the metals
containing not more than 1 c.c. of concentrated
hydrochloric acid per 50 c.c. of solution with excess of
sulphuretted hydrogen in the cold.

From the metals which are precipitated by ammonia
in presence of ammonium chloride the separation
depends upon the solubility of ammonium diuranate
in an excess of a strong solution of an alkali carbonate
in the cold.

Iron is the commonest of these, and it may be separ-
ated from uranium by two other methods: (1) By
adding ammonia, ammonium carbonate, and ammonium
sulphide, which precipitates the iron completely and
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retains the uranium in solution; or (2) by the ether
method, which, although not so quick, is more complete,
and is usually preferred. The ether method is carried
out as follows: the mass containing the uranium and
the iron is converted into chlorides by evaporating it
to dryness twice with 10 c.c. of HCl (density 1-20).
The dry mass is then taken up with 10 c.c. dilute HCl
(1-10), and heated till the salts are dissolved, but not
long enough to lose any of the acid by volatilisation.
The cool solution and rinsings are made up to 25 c.c.
and poured into a 250 c.c. separation funnel. 75 c.c.
of ether free from alcohol and previously shaken up
with HCl (1-10) are added, and the whole shaken for
ten minutes, the pressure being relieved occasionally.

After shaking, the two solutions are allowed to
separate, and the lower aqueous HCI solution of uranyl
chloride with some iron drawn off into another separa-
tion funnel. The ether solution of ferric chloride is
twice washed with 10 c.c. dilute HCl (1-10), and the
washings, after separation from the iron solution, are
run into the funnel containing the uranium.

To this 50 c.c. ether are added, and the whole process
repeated, and again with 30 c.c. ether, so that altogether
three extractions are made. The final aqueous solu-
tion of uranyl chloride is free from iron, and none of
the uranium goes with the iron into the ether. It
is important that the solution of HCI have a density
of 1'10. Any ether in the aqueous solution is allowed
to evaporate spontaneously by exposure before the
uranium is estimated by any of the standard methods.

To separate uranium from all other metals, the fol-
lowing procedure works satisfactorily. Remove the
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H,S group in the usual way. Remove thorium and the
rare earths, if present, by precipitating them with
aqueous hydrofluoric acid from mineral acid solution ;
filter and expel the hydrofluoric acid by boiling. Next
precipitate with ammonia, filter, dissolve the precipitate
in acid; repeat this procedure twice. The solution
obtained is completely free from those metals which
are not precipitated by ammonia and ammonium
chloride. To this solution, if ammonia and excess of a
strong solution of an alkali carbonate in the cold be
added, uranium alone remains in solution.

Uranium may be separated easily from the alkali
and alkaline carth metals and zine, but not from iron,
cobalt, and nickel by electrolysis.

The conditions are for 0-1 gram UgOg:

(a) Dilution of solution, 125 c.c.

(b) Temperature, 70° C. Time, 6 hours.

(c) Solution to contain 0-1 c.c. of 309, free acetic
acid.

(d) Current of 0-04 ampéres for 100 sq. cm. of cathode
surface.

Uranium alone is precipitated as UzOg. 3H,O, which
on ignition becomes U,0,.

From minerals containing phosphates (autunite,
for example), uranium is separated from the filtrate from
the sulphuretted hydrogen group by precipitation with
potassium ferrocyanide. The colloidal solution be-
comes coagulated by adding a strong solution of salt
or of aluminium chloride. The precipitate of uranium
ferrocyanide is filtered off, and decomposed by caustic
potash solution into potassium diuranate, which is
dissolved in acid, and ammonium diuranate precipi-
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tated from the solution by ammonia, and ignited to
form U,0s.

Atomic weight of uranium.—Ho6unigschmid made
recently an accurate determination of the ratio
UBr, : AgBr, and found a mean value of 238-15.

Estimation of uranium.

0-848 U = U,0,
U = 1'179 U308’

Gravimetric.—Uranium is precipitated as ammonium
diuranate by NH,OH in presence of NH,Cl, and the
precipitate ignited in air or oxygen to U,0z. The
conversion of the precipitate into UO, by igniting in
hydrogen gives slightly inaccurate results, and is less
convenient. The precipitation of uranium as phosphate
and estimation as pyrophosphate (UQ,), P,0,, which
is often given in textbooks, is tedious and inaccurate,
and is not recommended. Electrolytically it is
separated as hydrated U,Og from warm solutions of
uranium acetate, uranyl nitrate, or uranyl sulphate,
and converted by ignition into U0 The following
particulars regarding this operation are given by
Smith (Electro-Analysis, 6th ed., p. 158):

U0 Dilu- .
Salt taken. iﬁrg{zﬁ: ] tci?cr:, Current. Volus. |, m;e_ :;:'r? /o?ﬁ.?i“e:.
-
Acetate |0:0986 | 126 | N.D.1j07==3 A, 1221 70* | 5 [0-0989
s 0-2298 | 125 |N.D.17 =07 A. | 4-25 | 70° 5% |0-2299
Nitrate |0-1222 | 1256 | N.D.107=:035 A.| 4-6 70° 54 |0-1225
Sulphate | 0-1320 | 1256 |N.D.aor=-02 A. |2 | 75° | 6} |0-1320
»» 0:1393 | 1256 | N.D.joy=-04 A, {225 | 756° |6 |0-1395

To the uranium acetate solutions was added 0-2 c.c. of 299
acetic acid,
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For the rapid precipitation with the use of a rotating
node (600 revolutions per minute) the following
yarticulars are given by Smith :

i
i
|
|
|
1
i

|

i | w9 | esElz 8. |38 % -
ss - :§ S5 k<] o3 £ o3a
Salt taken. | X3E | So | SSR| ESS| 3 |E%| F3 ! 58s
| PEg v'é E;_E dTE| R |82 E- ! PR2
Uranyl sul- | !
phate ‘1527 | 0-2 2} 3 14 | 18 I room ; 0-1513
2 ; 2613 | 0-25 5% 7 15 8 60° 10~2611
- |-2613 | 0-25 | 4} 4 |12]30] 50° 02611
) i I

The dilution in all cases was 125 c.c.

Volumetric.—In absence of, or after separation from,
iron, uranium may be accurately and conveniently
estimated volumetrically. It is reduced in sulphuric
acid solution from the uranyl to the uranous state by
excess of zinc, magnesium, or aluminium, or by amal-
gams of zinc or cadmium, and the filtered solution

quickly oxidised by % KMnO, solution.

U0,80, + Zn + 2H,80, = ZnS0, + U(SO,), + 2H,0;
5 U(SO,), + 2KMnO, + 2H,80, -+ 2H,0
= 5(U0,)S0, + 2MnSO, + 2KHSO, +3H,80,.
(Compare 10FeSO, + 2KMnO, -+ 8H,SO,
= 5Fe,(S0,); + 2MnS0, + K,80, 4 8H,0.)
It is seen that 5U(SO,), is equivalent to 10FeSO,
t.e. 1U = 2Fe,

1 c.c. of the %KMnO‘ solution is consequently equi-

valent to 0:01191 gram U.
The solution of uranyl sulpbate containing from
2%, to 5% by volume of H,SO, is poured into a flask
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containing 50 grams of pure amalgamated zine 20 to 30
mesh, and the mixture is heated till a dark brown colour
is developed. The flask is then cooled very rapidly
under the tap, and the solution filtered from the zinc
by pouring it through a small pulp filter. The zinc
is washed with cold water by decantation, and air
is aspirated through the filtrate and washings for a min-
ute, and the clear green solution is then titrated with
N N
10 °F 20
minute’s shaking with a liquid amalgam of cadmium
or zinc is sufficient to reduce the solution quantita-
tively to the uranous condition.

To ascertain the state of oxidation of the uranium
in the mineral, the method usually used is that of Hille-
brand. Two grams of the finely powdered mineral are
introduced into a stout glass tube together with 20
to 30 c.c. dilute H,SO, (1 part of acid to 5 of water).
The air is then displaced with CO,, and the tube sealed
off and heated at 180° for several hours till decomposi-
tion is complete. The solution obtained is diluted
with recently boiled water, and the uranous sulphate

KMnO,. Recently it has been found that one

titrated Wlth N KMnO4 solution as in the experiment

described above.

Special tests.—(1) To a solution of a uranyl salt
add hydrogen peroxide or sodium peroxide and
potassium or sodium carbonate. A cherry-red colour
is produced, which in dilute solution becomes intensely
yellow. A tenth of a milligram can be detected in
this way. Iron should not be present.

(2) The precipitate resulting from the action of
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potassium ferrocyanide upon uranyl salts varies in
colour from blood-red to the colour of cocoa. It
resembles that formed with cupric salts, but may be
distinguished by its decomposition on treatment with
" caustic potash, with the formation of yellow insoluble
potassium uranate.

Estimation of uranium in carnotite.—About 10
grams of the finely powdered mineral is heated with
concentrated HCl till nothing further dissolves, and
the whole filtered. The filtrate is diluted and H,S
passed through it till precipitation is complete, and
then filtered. The filtrate is then evaporated to dry-
ness, and a little HNO; added to oxidise the vanadium
to vanadic acid, and NaOH added in excess. The fil-
trate contains sodium vanadate and sodium hydroxide,
and the precipitate the uranium. The precipitate
is treated with a hot saturated solution of ammonium
carbonate, boiled thoroughly, and filtered. The filtrate
is acidified with HCI and boiled till all CO, has been
expelled. NH,OH is added in excess and the preci-
pitate treated as described on p. 119, the uranium
being weighed as U,0s.

Uranium in carnotite by Frichte’s method.—Half
a gram of finely powdered ore is heated for half an hour
with 20 c.c. nitric acid in & 200 c.c. flask; 10 c.c. of
water are then added, the solution neutralised with a
saturated solution of sodium carbonate, a further
quantity of 5 c.c. of sodium carbonate solution and 20c¢.c.
of a 209, sodium hydroxide solution added, and the
solution boiled for half an hour. In presence of sodium
hydroxide, sodium carbonate precipitates the uranium,
vanadium, and iron, but the vanadium pentoxide

9
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dissolves again in the sodium hydroxide solution. The
precipitate is filtered off and washed with dilute sodium
hydroxide solution until the filtrate gives no vanadium
reaction. The residue is dissolved in 20 c.c. dilute
nitric acid (1 : 1), diluted with 40 c.c. water, neutralised
with ammonia, 40 c.c. saturated ammonium carbonate
solution added, and the solution heated, but not boiled.
Ferric hydroxide is precipitated, and the uranium
remains in solution. The precipitate is filtered off,
washed thoroughly with 29, ammonium carbonate
solution, and an excess of dilute sulphuric acid added .
to the filtrate, which is then evaporated until sulphuric
acid fumes begin to evolve. It is then reduced with
zine, and re-oxidised with permanganate as described
in volumetric analysis.

Determination of uranium in pitchblende.—
About 1-5 grams of well-ground ore are decomposed
in a beaker covered by a clock glass by 10 c.c. HNO,
(1-42) and 5 c.c. water, the whole heated on a water-
bath, and evaporated to dryness. After cooling the
mass is treated with 50 c.c. water and 3 c.c. nitric
acid, and the solution boiled. Silica is filtered off,
washed with boiling water, dried, and weighed if
necessary. As lead is usually the only * Group Two ”
body present, it may be removed by evaporating the
solution with sulphuric acid till fumes of SO; are given
off, diluting, and filtering off the lead sulphate. If it
is not, the filtrate from the silica is diluted to 200 c.c.
and H,S passed through the cold solution for an hour.
The precipitate is filtered and washed with H,S.
The filtrate and washings from the sulphides are at
first slowly heated and finally boiled in order to expel
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H,S gas. A few drops of nitric acid are then added
to oxidise the iron. If thorium and rare earths are
present in the mineral, transfer solution to a platinum
dish, add excess of aqueous HF, filter off thorium and
the rare earths which are precipitated quantitatively
(it is necessary to use platinum vessels and filter-
funnel or glass apparatus coated with paraffin wax),
and boil off excess of HF. To this solution ammonia
in excess and 150 c.c. of a saturated solution of
ammonium carbonate are added and the whole
thoroughly boiled. The precipitate of ferric hydroxide
is filtered off and washed first by decantation, and
later on the filter with hot water. The filtrate and
washings containing the uranium are evaporated to
half-volume, slowly neutralised with HCI (1-20), and
about 3 c.c. of excess added. The whole is then boiled
for half an hour till all the carbon dioxide is expelled.
A solution of ammonia (0-90), free from carbonate, is
then added in excess, and the whole boiled for fifteen
minutes. The voluminous amorphous precipitate of
yellow ammonium uranate is thus converted into a
more crystalline form, darker in colour, which is easily
washed. The precipitate is washed three times by
decantation, and twice on the filter, with a hot dilute
solution of ammonium nitrate. This prevents the
precipitate from becoming colloidal and running
through the filter, as it tends to do when washed with
hot water only. The precipitate may be dried or not,
and then placed in a platinum crucible, heated first
cautiously and gently, then ignited in the blowpipe
flame for ten minutes, the crucible being kept in a
slanting position to allow air to circulate freely in the
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crucible. A stream of oxygen is not necessary. The
crucible is finally cooled in a decreasing bunsen-flame,
then in the desiccator, and weighed.

Estimation of uranium in autunite by the
method of Fresenius and Hintz.—About 0-5 to 1 gram
of the mineral is dissolved in hydrochloric or nitrie
acid, and the silica separated from the solution by
filtration in the usual way. Excess of a solution of
potassium ferrocyanide is added to the solution, and
the colloidal uranium ferrocyanide resulting coagulated
by saturating the solution with sodium chloride.
When the precipitate has settled, in an hour or two, it
is first washed by decantation, and then on the filter-
paper with water containing sodium chloride. The
precipitate is then treated on the filter with dilute
potassium hydroxide solution in the cold, by closing
up the end, and leaving the solution in contact with
it for ten minutes. This operation converts the
uranium ferrocyanide into potassium diuranate.
When this is completed, as shown by the change of
colour from chocolate to yellow, the precipitate is
washed uninterruptedly with water containing
ammonium chloride and ammonia until the filtrate,
on acidifying, shows no traces of potassium ferro-
cyanide.

The potassium diuranate is then carefully dissolved
off the filter with hot dilute hydrochloric acid;
ammonia is added to the solution, and the ammonium
diuranate filtered off in the usual manner, ignited, and
weighed as UgOg.



CHAPTER X
THE ANALYTICAL CHEMISTRY OF THORIUM

Minerals.—The principal thorium minerals have
already been described in Chapter I. They are
monazite sand, thorite, orangite, and thorianite.

Salts.—Thorium is not a powerful metal, but its
base-producing properties are much more evident
than its acid-producing. In its compounds it is always
quadrivalent. The principal salts met with in radio-
activity and in analytical work are the oxide, the
hydroxide, the nitrate, the sulphate, the fluoride, and
the oxalate. These will now be briefly described.

Thorium oxide, thoria, ThO,—A dense white powder
insoluble in acids, the more so the more strongly it
has been ignited. It may be obtained by ignition of
the hydroxide, the nitratec, the carbonate, the hydrated
fluoride, the oxalate, and certain organic salts of
thorium. It is most easily obtained in solution by
fusing it with four times its volume of potassium
bisulphate, dissolving the mass in water, precipitating
the hydroxide by ammonia, and dissolving this in an
acid.

Pure thoria does not glow brightly when heated,
nor does it phosphoresce appreciably under the
influence of cathode rays. It glows very brightly

121
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when it contains small quantities of impurities, e.g.
with 19, or 29, of cerium oxide as in the incandescent
gas-mantle.

Thorium hydroxide, Th(OH),.—A heavy precipitate,
readily soluble in mineral acids and alkaline carbonates,
insoluble in alkali hydroxides, obtained by adding
solutions of ammonia or of caustic alkalies to a thorium
solution. Barium carbonate solution in the cold, and
sodium thiosulphate when boiling, also precipitate the
hydroxide.

Thorium nitrate, Th(NO,),.—Exists hydrated with 12,
6, and 5 molecules of water according to the conditions
of crystallisation. The most usual compound of
thorium is the purified commercial thorium nitrate,
which is not a definite hydrate, but approximates in
composition to Th(NO,), . 4H,0, contains 19, or 29, of
thorium sulphate, and on ignition gives 489 to 509,
of thoria. It is very soluble in water.

Thorium sulphate, Th(SO,),.—Is obtained anhydrous
by treating thoria with concentrated sulphuric acid,
and heating till excess of acid has been evaporated,
or by heating the octahydrate to 400°. It is soluble
in four times its weight of ice-cold water ; the solution
being supersaturated at all temperatures from 0° to
100°., Between 0° and 43° the octahydrate is deposited,
above 43° the tetrahydrate. Compounds with 2, 6,
and 9 molecules of water also exist. The octahydrate
is the most important, since it is this salt which is
used to purify thorium preparations by fractional
crystallisation technically.

Thorium fluoride, ThF, . 4H,0.—Is a gelatinous pre-
cipitate, obtained on adding hydrofluoric acid to
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thorium salts, which changes on standing to a white
powder. It is insoluble in excess of the precipitant.
This serves to separate thorium from zirconium.
Ignition converts the fluoride into the oxide.

Thorium oxalate, Th(C,0,), . 6H,0.—X precipitated
completely by adding oxalic acid to a thorium salt in
excess, even in the presence of a considerable quantity
of a mineral acid. It is soluble in ammonium oxalate.
It is crystalline or amorphous according to conditions.
A characteristic property is its power of forming
complex salts with alkali oxalates. It is obtained in
solution most easily either by ignition, followed by
fusion with KHSO,, precipitation of the thorium by
ammonia from a solution of the melt, and finally dis-
solving the hydroxide in mineral acid ; or, by boiling
the oxalate with stick caustic potash, thereby convert-
ing it into hydroxide, and dissolving the hydroxide
after filtration in mineral acid.

Principal reactions.—Thorium compounds in
solution are not precipitated by hydrochloric acid, or
by sulphuretted hydrogen in acid solution. Thorium
is precipitated quantitatively by :

(a) Ammonia and ammonium chloride as hydroxide.

(b) Caustic alkalies in solution as hydroxide.

(¢) Oxalic acid from mineral acid solution as oxalate.

(d) Aqueous hydrofluoric acid from mineral acid
solution as hydrated fluoride.

(e) Hydrogen peroxide from neutral or slightly acid
solution as peroxide.

(f) Sodium thiosulphate from neutral or slightly
aoid solution of chlorides as hydroxide.

(9) m-nitrobenzoic acid from neutral solution as the



124 ANALYTICAL CHEMISTRY OF THORIUM

m-nitrobenzoate, and by many weak organic acids and
bases.

It is precipitated as oxalate also by ammonium
oxalate, but in excess of this reagent the oxalate is
soluble.

Potassium, sodium, or ammonium carbonate precipi-
tates thorium as carbonate, which, however, is soluble
in excess of the reagent.

Thorium compounds resemble those of cerium in
the ceric condition. Thorium resembles the rare earths
in being precipitated by hydrofluoric acid and by
oxalic acid. Like cerium, its double sulphate with
potassium is insoluble in excess of potassium sulphate.

Thorium salts are colourless except when the colour
is due to the acid with which it is combined.

These reactions are the principal ones used in
detecting thorium, in separating it from other metals
and in estimating it.

Separations.—From the metals of the first and
second groups as with uranium.

From uranium and the common metals of the
ammonia and ammonium chloride analytical group by
precipitating thorium with excess of aqueous hydro-
fluoric acid as fluoride.

From cerium and the rare earths (which are precipi-
tated along with thorium by the above reagent) by
converting the fluorides by ignition into oxides, bring-
ing the oxides into solution by fusion with bisulphate,
etc., and precipitating the thorium from a neutral
solution of the nitrates by m-nitrobenzoic acid. The
thorium thus precipitated as nitrobenzoate may
contain traces of cerium, etc. It is obtained in solution
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and a second precipitation made with m-nitrobenzoic
acid from a neutral solution of the nitrates. The
ignited precipitate is pure thorium oxide.

Thorium may also be separated from various
bodies in the following way :

From zirconium by the fact that the oxalate of
zirconium is soluble in excess of oxalic acid; from
cerium and yttrium by the fact that, while ammonium
oxalate precipitates all three as oxalates, that of
thorium alone is soluble in cxcess, and is not precipi-
tated by diluting the solution. From cerium, lan-
thanum, the didymiums, and yttrium by precipitation
of thorium by sodium thiosulphate.

The best reactions, and, with valuable material such
as isotopes of thorium like ionium, the safest reactions
are the precipitation of thorium or its isotopes as
hydroxide (with ammonia), as oxalate, as hydrated
fluoride, and as nitrobenzoate.

Atomic weight.—The atomic weight of thorium is
23215, based on a series of analyses of thorium bro-
mide. Two values were obtained, namely, 232-152
from the silver ratio, and 232:150 from the Ag: Br
ratio, when Br= 79-916 (Honigschmid and Horo-
vitz).

Estimation of thorium.—Thorium is always esti-
mated gravimetrically as ThO, obtained by the igni-
tion of the hydroxide, the peroxide, the oxalate, the
fluoride, or the nitrobenzoate.

Estimation of thorium in thorianite, according
/to the method of Dunstan and Blake.—Two grams
of the finely powdered mineral were dissolved in 15 c.c.
HNO, (density 14), and after decomposition was
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complete the solution was diluted and filtered. The
insoluble residues contain silica, zirconia, etc. The
Zr0, is extracted by fusion with KHSO,, and the residue
is then treated with HF to estimate silicon in the usual
way. The filtrate from the insoluble residue was
diluted to 300 c.c. and 5 c.c. HCI added. H,S was
passed into the liquid to precipitate the lead, which
was later converted into sulphate and weighed. The
filtrate was boiled to remove H,S, and the last traces
of this substance were oxidised by bromine water.
To the hot acid solution, amounting to about 350 c.c.,
ammonium oxalate was added in excess, but not till
alkaline, and the precipitate of the oxalates of thorium,
cerium, etc., was allowed to settle overnight and then
it was filtered. The filtrate was evaporated to dry-
ness, treated with HNO; to destroy oxalic acid, and
diluted with water. From this solution calcium and
magnesium were separated from the other metals
by precipitating the latter with NH,OH and NH,CI.
This precipitate was dissolved in HCI, the excess of
acid neutralised, and the solution diluted to 500 c.c.
A few drops of HNO,; were added to oxidise the iron.
The liquid was neutralised with a few drops of ammonia,
and excess of ammonium carbonate solution added,
and then ammonium sulphide. In these circumstances
the iron is precipitated as sulphide, and the uranium
remains in solution. The filtrate from the iron was
acidified with HCI, boiled to remove all the carbon
dioxide, and the uranium in solution was precipitated
with ammonis and weighed finally as UgOs,.

The precipitate of thorium, cerium, and other oxalates
is dried, and the oxalate decomposed by nitric acid,
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The solution is evaporated to dryness till all free nitric
acid has been removed, and thorium separated from
cerium and other bodies by two precipitations with
meta-nitrobenzoic acid as described in the analysis of
monazite sand above. Or thorium may be separated by
three precipitations with sodium thiosulphate solution.
The solution of nitrates is diluted to 250 c.c., made
slightly acid, and boiled. Sodium thiosulphate is
added till no further precipitate of thorium is obtained.
The liquid is boiled for a short time, the precipitate
is filtered off and dissolved in hydrochloric acid, and the
operation twice repeated to separate the cerium com-
pletely. In both cases the thorium is ignited and
weighed as ThO,.

Estimation of thorium in monazite sand by
Neish’s method.—Two grams of the sand were
ground to a fine powder and weighed out into a
porcelain crucible, about 10 to 15 c.c. of concen-
trated sulphuric acid added and stirred with a small
glass rod, which is left in the crucible throughout
the digestion. The crucible was left on a hot
plate, heated gradually and stirred cautiously to
allow the escape of bubbles of gas, which are only
formed at first, and cause loss if the heating is not done
carefully. The heat was increased until a constant
cloud of sulphur trioxide was given off. When the
excess of acid had evaporated, more acid was added,
the crucible cooled, the contents were stirred with the
glass rod, and the digestion continued. Digestion
should be for three hours, or more if time is available,
but three hours is sufficient. At the end of the diges-
tion the phosphates present in the monazite sand were
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all changed to sulphates. The crucible now contained
about 10 c.c.. This was well stirred, and after cooling
the crucible in ice water the mass was allowed to drop
from the rod, a drop at a time, with constant stirring,
into a beaker containing 600 c.c. of water cooled
to 0°C.

After all the liquid was added the crucible itself
was placed in the beaker, and the whole allowed to
stand, best overnight. If it is a refined sand and free
from quartz, the residue on the bottom of the beaker
should be small, but if there is a flocculent precipitate,
it is apt to be hydrated sulphate of thorium. In
this case the best thing to do is to start afresh, using
greater care in adding the mass to the ice water, and
to have enough free acid present to make the mass
liquid enough, so that when a drop of it is added to
the beaker it soon dissolves, leaving a fine white powder
instead of sinking to the bottom as a hard lump, which
it will do if too little acid is present.

The solution” was filtered into a larger beaker and
heated to boiling. A boiling solution of oxalic acid
saturated in the cold was added gradually to the solu-
tion, with constant stirring, a large excess being used
in order to make the precipitation complete in presence
of so much sulphuric acid, and also to take any zir-
conium into solution which would otherwise be pre-
cipitated later by the sodium thiosulphate. ~An excess
has no solvent effect on the thorium whatever. The
solution was allowed to stand, and when cool the white
crystalline precipitate of oxalates of thorium, cerium,
lanthanum, and didymium was filtered and washed
with a dilute solution of oxalic acid. The precipitate
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should stand many hours, better, if possible, overnight.
The precipitate and paper were transferred to the
precipitation beaker, 10 to 15 grams of stick caustic
added, 25 to 50 c.c. of water, and the whole heated to
boiling, washing down any oxalates that were attached
to the sides of the beaker. The oxalates were changed
to hydroxides having a silky appearance and yellow
owing to the oxidation of cerium. The solution was
diluted to about 300 c.c., filtered, and washed with
water till free from alkali. The hydroxides were
dissolved into the precipitation beaker with hot dilute
nitric acid (1 to 5). This solution of the nitrates was
evaporated to dryness on the water-bath, moistened
with water, and evaporated till every trace of free
nitric acid was driven off.

The nitrates were dissolved in 500 c.c. of water, and
150 to 250 c.c. of meta-nitrobenzoic acid solution slowly
added, with constant stirring. The whole was heated
on the water-bath at 60° to 80° till the precipitate had
all collected and settled to the bottom. It was then
filtered, washed by decantation, using a 5%, solution
of the precipitant, then placed on the filter and washed
with the same filter solution. The precipitate was
dissolved by hot dilute nitric acid (1 in 6) into the
precipitation beaker, the paper well washed, and
diluted to 600 c.c. The thorium was then precipitated
by KOH. This causes at first a reprecipitation of the
flocculent meta-nitrobenzoate, but a slight excess
changes it to hydroxide. The solution was then diluted
and filtered through the same paper, the precipitate
washed and dissolved by hot dilute nitric acid (1 to 6)
into the same beaker, the solution evaporated to dryness,
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as before, the mass dissolved in 600 c.c. of water, and
the solution precipitated with meta-nitrobenzoic
acid. The moist precipitate is finally ignited, and the
resulting thorium oxide weighed. It should be snow-
white.

The estimation of thorium in thorite and orangite
are obvious from the composition of these minerals,
and need not be given here.



CHAPTER XI
THE SEPARATION OF THE RADIO- ELEMENTS INDIVIDUALLY

Tus following are the principal primary and secondary
sources of the radio-elements :

TAaBLE 12

(1) Uranium minerals.

(2) Uranium residues.

(3) Salts of uranium.

(4) Salts of ionium.

(5) Salts of radium.

(6) Radium emanation.

(7) Active deposit of radium.
(8) Emanation tubes.

(9) Salts of radio-lead (RaD).

(10) Salts of protactinium.

(11) Salts of actinium.

(12) Salts of radio-actinium.,
(13) Salts of actinium X,

(14) Actinium emanation.

(156) Active deposit of actinium,

(16) Thorium minerals.
(17) Thorium residues.
131
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(18) Salts of thorium.
(19) Salts of mesothorium.

(20) Salts of radiothorium.

(21) Salts of thorium X.

(22) Thorium emanation.

(23) Active deposit of thorium.

General.—The discovery of isotopes has led, as we
have seen, to a great and interesting simplification
of the chemistry of the radio-element, namely its
reduction to the study of ten different elements only.
In all chemical scparation work with radio-elements
the hypothesis of isotopes is accepted as true, i.e. it
is assumed that :

(1) Isotopes have identical chemical properties.

(2) If the chemical properties of an element be
known, the chemical properties of all its isotopes are
known.

(3) If two isotopes are found together in nature,
or in a preparation, or if they be mixed, it is not possible
to separate them at all, or to effect a concentration
of one of them in the mixture in the least degree.

The second and third assumptions are, of course,
deductions from the first; they render it more
explicit. (3) is a statement of the negative side. It
implies, for example, that mesothorium 1 and radium,
when mixed, cannot be separated, nor can ionium
and thorium, nor can uranium I and uranium II;
lead cannot be separated from RaB, RaD, Pb;, AcB,
AcD, ThB, or ThD.

These rules seem to be final, and with our knowledge
in its present state, it would appear that any time
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spent in attempting to devise a chemical separation of
two isotopes is wasted.

It is usually a matter of difficulty to choose one’s
minerals or preparation so that the radio-element
separated from them is free from isotopes. For example,
uranium I and uranium II can never be separated
since both bodies have long half-value periods; the
possibility of the latter decaying away in time and
leaving the former free from it is therefore excluded.

The preparation of radium free from mesothorium 1,
on the other hand, is a simpler problem, since many
uranium (and therefore radium) minerals contain
thorium (and hence mesothorium 1) in negligible
amount only; but it is not possible to obtain meso-
thorium 1 free from radium from minerals, since all
thorium minerals happen to contain a percentage of
uranium, and therefore of radium. Mesothorium 1 can,
however, be obtained free from radium (but not from
thorium X) by separating it from a purified prepar-
ation of thorium, in which in time it has accumu-
lated. The thorium X, having a quick half-value
period, soon decays away, leaving the mesothorium 1
free from isotopes. Many other examples might be
quoted here, but it would be better to deal with the
separation methods for individuals later.

The positive side of (1), (2), and (3), on the other
hand, leads to the following proposition :

A radio-element can be separated from a preparation
or a mineral by adding a small quantity of the type-
element, and then proceeding as though the type-element
alone were being separated. .

Thus, RaB may be separated from RaC by adding

10
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to a solution of both small amounts of soluble salts
of lead and bismuth ; the lead is then separated from
bismuth in the ordinary way, and carries with it
(quantitatively) the RaB, whilst the bismuth fraction
contains the whole of the RaC. ThB may be separ-
ated from ThC by this method, also AcB from AcD,
RaD from RaE, and RaB from RaE. The separation
of UX, from U by the addition of the former’s type,
thorium, has already been mentioned (p. 18).

Tonium is separated from pitchblende by adding
thorium to a solution of the mineral, separating the
thorium and purifying it. The ionium remains quan-
titatively with the thorium.

When the type-element itself is rare (U, Th, Pb, Bi,
Tl are looked upon as ‘‘ common,” and Pa, Ac, Ra,
and Po as ‘“‘rare”’), the next lower member of the group
is used instead of the type-element to effect the separa-
tion ; Ta for Pa, La for Ac, Ba for Ra, and Te for Po.
These homologues resemble the type-elements suffi-
ciently to allow of their isotopes being separated with
them., Thus protactinium was separated from pitch-
blende residues by adding a soluble salt of tantalum,
. and separating the tantalum from the other elements
by the ordinary methods. Similarly, any of the isotopes
of radium may be separated from minerals or prepara-
tions by first adding a soluble barium salt to the solu-
tion and separating out the barium. Mesothorium 2
(an isotope of actinium) may be separated from meso-
thorium 1 (an isotope of radium) by adding soluble
lanthanum and barium salts to their solution, and
separating the lanthanum from the barium, e.g. by
precipitating the former with pure ammonia gas.
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The subject of chemical separations, however, is
rendered more complex than might appear from (1),
(2), and (3) above for three reasons :

(a) When radio-elements of short half-value period
are being separated, the element of time must be con-
sidered. If it is not, the body may have decayed to
zero before it is prepared for investigation. Special
methods applicable to radio-elements have been devised
to replace ordinary chemical methods of separation for
these elements.

(b) The majority of the radio-elements exist in the
preparations which are usually dealt with in very
minute concentration only. Now a chemical reagent
might precipitate a radio-element, leaving the others
from which it is being separated in solution ; but the
amount of material precipitated may be so minute
that it cannot be filtered. Sometimes, therefore, a
solution of a type-element or even of & common element
is previously added to the solution, so that when it is
precipitated along with the radio-element it acts as
a nucleus for purposes of filtration. The radio-
element, although free from other radio-elements, is
then associated with a relatively large mass of inactive
impurity, which absorbs part of its radiations, and in
general is objectionable. Special methods which in-
clude electrochemical separations have been devised
to effect a clean separation of bodies which exist in
minute concentration only, without rendering them
impure as described above.

(c) Special procedure is often necessary to obtain
a radio-element free from its isotopes. As has been
stated, no chemical method is available once two isotopes
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have come together. Time, however, may effect a
separation, since one of the two isotopes may have a
short half-value period relative to the other, so that
it vanishes in due course by disintegration, leaving the
other free from it. The presence of isotopes may also
be avoided by preparing a suitable radio-active prepara-
tion, free from all the isotopes under consideration, in
which the isotope which alone is wanted is produced
in time by disintegration.

Two special methods of separation will now be
described, that by recoil, and the electrochemical
method.

Separation of radio-elements by the method of
recoil.—It is possible to separate several radio-elements
conveniently, quickly, and in a form free from the
contamination which arises when a minute precipitate
is separated by chemical methods, by the method
of recoil. If a mass m and velocity v is expelled from
an atom of mass M, then it is to be expected, from the
principle of the conservation of momentum, that the
residual atom of mass M — m would recoil with a
velocity V, where (M — m)V = mv. As the momentum
of the a-particle is much greater than that of the 3-
particle, the product of a body expelling an a-particle
recoils with a greater velocity than the product of a
body expelling a B-particle. In both cases, but ob-
viously much more easily in that of the g-particle
change, the recoil atom may escape from the layer of
radio-active substance, and be deposited on a plate
of metal suitably arranged to catch it. It has been
found that the recoil atom carries a single positive
charge, and consequently the best yield of recoil atoms
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is obtained by placing a metal plate negatively charged,
say to 100 or 200 volts, near a plate covered with
active matter. By this method of recoil several radio-
elements were discovered : actinium C” and thorium
C”. The complexity of radium C was also shown by
the recoil method.

The following are the principal bodies which may
be separated by recoil. Radium B from radium A,
radium C from radium B, actinium X from radio-acti-
nium, actinium C” from the active deposit of actinium,
and thorium C” from that of thorium. The method
may be employed generally. The advantages of the
recoil method are that (a) it is quick, an important
factor for bodies of short periods like ACC” and ThC”;
(b) the product is free from contamination by other
radio-elements; and (c¢) the product is obtained in a
convenient form, say on a metal plate or a wire, and frec
from the impurities, associated with a chemical separa-
tion, which absorb part of the radiations. A draw-
back is the poverty of the yield, which is not quanti-
tative as it may be in purely chemical operations,
since only half of the recoil atoms have an opportunity
of being concentrated on the negatively-charged plate
(the other half being absorbed in the plate on which
the active material, producing the recoil atoms, is
deposited).

Separation by electrochemical methods.—Elec-
trochemical methods of separating radio-elements were
used to some extent by the early workers. Thus,
v. Lerch separated radium C from radium B, and tho-
rium C from thorium B, simply by dipping a wire or &
plate of nickel into a solution of both. Polonium was
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geparated from radium D by immersing plates of bis-
muth in & solution. A detailed study of the separation
of the radio-elements, embracing the results of previous
workers, was made by v. Hevesy (1912).

He found that :

() It is not necessary, in carrying out a separation,
to have two electrodes and an externally-applied voltage
as in a separation of the common elements. Immersion
of a single wire or a plate of a metal into a solution
in suitable circumstances ensures the maximum possible
deposition on it of the radio-element to be separated.

(b) Every radio-element is deposited in measurable
quantity on any metal dipped into any solution of it.
The quantity is often exceedingly minute, being un-
detectable by any methods but those of radio-activity.
It varies in amount with the conditions, and is a func-
tion of the potential difference between the metal and
the solution containing the radio-active substance.

(¢) The following groups of radio-elements possess
identical electrochemical properties.

Radium, Actinium X, Thorium X.

Radium B, Actinium B, Thorium B, Radium D.
Radium C, Actinium C, Thorium C, Radium E.
Actinium C”, Thorium C”.

(These are, of course, groups of isotopes, but v.
Hevesy’s observations were made before the hypo-
thesis of isotopes was put forward.)

(d) Electrochemical methods are not practicable for
separating the radio-elements which occur in the three
disintegration series before the emanations except
uranium X; and mesothorium 2. They are most!
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useful in separating (1) radium C from radium B ;
(2) actinium C from actinium B; (8) thorium C from
thorium B; (4) radium E from radium D; and (5)
polonium from radium D and radium E.

» Practical methods of separating radio-elements
electrochemically are based on two things:

(1) Knowledge of the potential difference between
metal and solution which causes the deposition of the
radio-element it is desired to separate.

(2) The fact that the addition of a type-element,
which is inactive, to a solution containing a radio-active
isotope hinders the deposition of that isotope.

(1) V. Hevesy’s work was chiefly done with electro-
chemically definite systems and with the active de-
posits of the three emanations. He found there was
a simple relation between the relative quantities of
the B body and the C body deposited on a metal, and
the difference of potential between the metal and the
solution of one of its salts. The solution was prepared °
as follows : The active deposit was obtained by exposing
a platinum wire to the emanation for a suitable time.
When the A product had decayed and the B and C
products were in equilibrium, they were dissolved off the
wire by acid, the solution just neutralised, and added to
a solution of an inorganic compound and made up to
a known strength, usually normal or tenth-normal.
The metal of the inorganic compound was then dipped
into the solution for a definite period (say one minute),
removed, washed, dried, and its a-particle activity
determined in an electroscope. From measurements
of change of this activity with time the relative
quantities of the B and the C bodies could be caloulated.
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This experiment was repeated with different metals—
in each case the metal was dipped into a neutral
solution of known strength of one of its own salts, "
and the relative amounts of B and C determined. The
percentages of the B body or the C body of the total
B and C deposited on the plate were plotted as ordi-
nates, and, as abscisse, the potential differences of
metal and solution, determined against the standard
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calomel electrode, necessary for producing this deposi-
tion. The curve shown in Fig. 11 was the result.

From the curve it is seen that if a silver plate be
dipped in normal silver nitrate containing B and C in
equilibrium, pure C is deposited on it, because in this
case the potential drop at the surface of the metal
is Eg; = + 049 volts. Silver dipped in decinormal
silver nitrate solution brings out a little B with the C
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because the potential drop at the surface of the metal is
now Egp, = + 043 volts. Cadmium dipped into semi-
normal cadmium sulphate solution brings out 409,
of the equilibrium amount of C and 609, of B, since the
potential drop is Ez, = — 0-71. If a plate of mag-
nesium be dipped into a seminormal magnesium sul-
phate solution, B is deposited in great excess over C
because the potential drop of the electrode is here,
Eg, = — 19 volt.

V. Hevesy further showed that the potential differ-
ence between nickel and a hydrochloric acid solution
of the active deposit is approximately that between
silver and normal silver nitrate, and is different from
the potential difference between nickel and a normal
solution of a nickel salt (g, = — 0°53). Nickel dipped
into the hydrochloric acid solution is rendered passive
and less electro-positive than in the second case, for it
brings out pure C from the solution.

It is seen from the curve that it is not possible to
obtain pure B, about 179, of the C body being deposited
with 839, of B when the potential drop (that between

Mg and;zl\I MgSO,) is Eg, = — 1-9 volt.

(2) These results apply to the radio-elements men-
tioned when they are present in the extremely small
concentrations in which they exist in the active deposits
of the three series. But since lead is an isotope of
RaB, AcB, ThB, and RaE, the concentration of any
of these bodies can be enormously increased by adding
to the solution of an active deposit a small quantity of
lead salt. This leads to an important point in the
separation of these radio-elements from others.
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Suppose that a solution of RaB and RaC about to be
electrolysed contains 2 atoms of the former, and that
a plate when immersed in the solution has deposited
upon it, in addition to the RaC, y atoms of RaB; if now a
a small quantity of a lead salt containing, say, 10%
atoms of lead be added to the solution and the experi-
ment repeated, lead will behave exactly like RaB,
and the number of mixed lead and RaB atoms deposited
will be about the same as before, i.e. y atoms; but as
the ratio of inactive lead to active RaB is 108 to 1, the
deposit on the plate will be almost free from RaB and
80 contain nearly pure RaC only. This is an illustration
of the general principle mentioned in (2) on p. 139.

The addition of lead hinders the deposition of RaB,
AcB, ThB, or RaD. Similarly, the addition of bismuth
hinders that of RaC, AcC, ThC, or RaE; and the
addition of thallium that of RaC”, AcC”, and ThC".
It will be realised, therefore, how important in electro-
chemical work is the presence of inactive type-elements
as impurities in solutions to be electrolysed.

INDIVIDUAL METHODS OF SEPARATION

The general methods of separation described above,
the list of preparations given in Table 13, and the
information given in Tables 6, 7, and 8, provide sufficient
knowledge to suggest suitable methods for obtaining
any radio-element in as pure a state as possible. The
methods employed in separating some of the indivi-
duals will now, however, be given, but the treatment
makes no pretence to be exhaustive.

Uranium.—The separation of salts of uranium
from minerals has been described already (p. 111),
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U, cannot be separated from its isotope Uy Old
preparations of uranium contain as impurities UX,,
UX,, UY, UZ, and traces of Io and Ra. Uranium may
be purified from these by adding to a solution of
it a salt of barium and of a rare earth in solution,
separating out the barium as sulphate (and with it the
whole of the Ra and part of the rare earth, UX,, UX,,
UY, UZ, and Io), and then the rare earth as fluoride
(with it the remainder of the radio-active impurities).
The test for purity is complete absence of B-particles.
In one day after complete separation 2:8%, of the
equilibrium amount of UX, is formed. This may be
removed at any time by adding to the solution a small
quantity of a rare earth solution, and precipitating with
aqueous HF, or a small quantity of erbium in solution
and precipitating with meta-nitrobenzoic acid. In
both cases UX, is quantitatively precipitated, the
uranium remaining in solution.

Uranium salts are the convenient sources of UX,,
UX,, UY,and UZ. A thin layer of the oxide U;Oq 0n a
disc is used as a standard source of a-particle activity
in electroscopic measurements. A thick layer of
U304 in equilibrium, covered with a thin sheet of metal
to keep out moisture and to absorb a-particles, is used
as a standard source of B-particle activity in electro-
scopic measurements. It is prepared by igniting the
nitrate or ammonium diuranate.

Uranium X,;.—UX, is best separated from salts of
uranium in solution by adding a rare earth in solution
and precipitating with aqueous hydrofluoric acid or
with oxalic acid, or by adding a small quantity of
erbium or thorium in solution and precipitating with
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m-nitrobenzoic acid. From large quantities of uranium
nitrate it is usual to concentrate the uranium X,
by fractional crystallisation, the uranium X, concen-
trating in the mother liquor. When sufficiently con-
centrated the uranium X, may be separated by the
usual methods.

A preparation of UX, is a convenient one for demon-
strating the exponential law of disintegration. It is
the source of UX, and of UZ.

Uranium Y.—UY is a supposed product of uranium
IT and is an isotope of UX,. It is therefore separated
from uranium salts along with UX, by the methods de-
scribed for UX,. The half-value period of UY is about
25 hours, so that 25 hours after its complete separation
from the uranium half of the equilibrium amount has
been regenerated by it; in the same time less than
39, of the equilibrium amount of UX,; has grown.
This suggests a way of obtaining a preparation of UY
with the minimum contamination of UX,.

Uranium X,.—UX, is scparated from a concen-
trated solution of UX, by immersing a lead platc for a
minute in it. Much of the UX, dcposits on the lead
plate, which is free from UX,;. Or a soluble tantalum
salt might be added to the solution of UX; and the
Ta separated in the usual manner (see Uranium Z).
With it goes UX, quantitatively. Its short period
(1-15 minutes), however, favours the electrochemical
method.

Uranium Z.—A new body, UZ, believed to be a
branch product of uranium X;, was discovered by Hahn
in 1921, It was isolated in the following manner.
Uranium X, was enriched in the mother liquor from a
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sw fractional crystallisations of uranium nitrate from
ater. Uranium Z was found to be concentrated in the
rother liquor also. To the latter was added ferric
hloride solution, and the iron, carrying with it UX,
nd UZ, was precipitated by the addition of ammonia
nd ammonium carbonate. The iron precipitate is
reated with a solution of tantalum in hydrofluoric
cid, lanthanum nitrate is added, and the mixture is
ligested on the water-bath for some time with dilute
rydrofluoric and sulphuric acids. The lanthanum and
he uranium X, are thereby precipitated as insoluble
luorides, the former acting as a nucleus for the latter.
The filtrate is evaporated, and the residue gently
gnited, whercby the tantalum precipitate becomes
nsoluble in acid while the iron precipitate remains
soluble. The latter is obtained in solution by concen-
trated hydrochloric acid, and the residue is warmed
for some time with aqua regia and filtered after being
diluted. The tantalum remains on the filter in a
perfectly colourless condition. Uranium Z remains
almost completely with the tantalum, only small
quantitics being found with the iron precipitate ;
both, however, retain small amounts of uranium X,
which can be almost completely eliminated by a
second treatment of the iron tantalum solution with
lanthanum nitrate. In this way Hahn found it possible
to obtain specimens of uranium Z which are 99-5%
radio-actively pure.

Ionium.—Io is prepared in quantity by separating
and purifying thorium from large quantities of uranium
minerals or residues. For experimental purposes it
it usually separated from pitchblende, carnotite, or
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autun'ltfa by adding to a 30'1\}1:131011 of the minera] 5 solution
containing about 20 milligfams of thorium apq 20
milligrams of lanthanum, septrating these out and
finally separating the thorium Tom the lanthanyum
by m-nitrobenzoic acid. The Io of be minep,]

e . goes
quantitatively with the Th, and the Ac wy 1, La

To prepared from uranium minerals not cM%imfn
thorium has initially its isotopes UX,, UY, and 1..%
with it. These, having short half-value periods, decay
away in time, and their products may be removed
from the Io by reprecipitating the latter with m-nitro-
benzoic acid. Large preparations of Io contain Th, for
all uranium minerals seem to have traces of the latter,
which, not noticeable in a quantitative analysis, amount
to several milligrams or more when a large quantity
of a source of Io is worked up. The effect of Th and
its products in a large preparation of Io is usually
very small, but, if it is desired, the products except the
isotopes of ionium may be removed by the ordinary
chemical methods.

Preparations of Io are used as standards of a-particle
activity, when a more active standard than U0y is
necessary. In them also the gradual growth of radium,
according to the inverse exponential law, may be experi-
mentally demonstrated.

Radium.—The separation has already been described
(p. 91). Radium salts are used—

(a) As source of radium emanation.

(b) Assource of RaD, RaE, and RaF.

(¢) As standard source of y-ray activity in electro-
scopic measurements.

(d) In medical work.
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Radium may be temporarily freed from all its pro-
ducts in the following way :

(1) Add 10 milligrams of lead chloride to an HCl
solution of the radium ; precipitate the lead completely
with H;S. The RaD, RaE, and RaF are precipitated
quantitatively with the lead.

(2) Evaporate solution in a small evaporating dish
on a water-bath to about 50 c.c., and keep it evaporating
for six hours. Add cold water occasionally to keep the
amount of solution constant. Add a little HCI if
the radium tends to precipitate out. Every twenty
minutes bubble air through the solution to remove
any emanation not otherwise expelled.  Six hours
suffices for all the RaA, RaB, and RaC to decay
to zero, and the expulsion of the emanation as it is
formed by keeping the solution hot prevents their
formation in solution. Finally, evaporate rapidly to
dryness, first on the water-bath and later at 200°
This ensures radium temporarily freed from all its
products.

Protactinium.—The separation of Pa from other
radio-active substances in uranium minerals or resi-
dues has been described on p. 88. It is not yet possible
to separate it from its homologue tantalum.

Actinium.—The separation of Ac along with lan-
thanum and possibly other rare earths from uranium
minerals or residues has been described on p. 89.

Radio-actinium. — A preparation of actinium
(usually with lanthanum or other rare earths) is obtained
in solution by dissolving it in strong HNO; if necessary.
To the solution 10 or 20 milligrams of thorium oxide in
the form of nitrate is added to act later as a nucleus
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The whole is taken to dryness, and the thorium, and with
it the RdAc and AcC, are separated from the actinium
and lanthanum by two successive precipitations with
m-nitrobenzoic acid in the usual way. The filtrates
and washings are evaporated to dryness and ignited
to remove the m-nitrobenzoic acid, and the actinium
and lanthanum recovered as oxides. This is prefer-
able to adding ammonia to the filtrates and washings,
and precipitating the actinium, as the precipitation tends
to be incomplete.

Erbium may be substituted for thorium as a nucleus
for RdAc if the presence of thorium is considered
undesirable, because of its (very slight) activity. The
AcC separated simultaneously quickly decays.

RdAc produces AcX, and so the emanation and active
deposit of actinium. To free a preparation of RdAc
at any time from these products, the following is a
useful procedure. Dissolve the thorium or erbium
- nucleus containing RdAc in HCI (free from H,SO,), add a
little barium chloride solution, precipitate the thorium
and RdAc with excess of ammonia (free from ammonium
carbonate) or ammonia gas. AcX remains in solution
with the barium, since it is an isotope of radium. Re-
dissolve precipitate, add more barium, and repeat the
precipitation with ammonia. Dissolve the precipitate
in HCL, add some lead nitrate solution, and saturate with
H,S in the cold. The lead, and with it AcA, AcB, and
AcC, are quantitatively precipitated. The RdAc and
thorium are then precipitated from the filtrate and
washings as hydroxides by the addition of excess of
ammonia, and converted if desired, by ignition, into the
oxides. It is not necessary to expel the H,S.
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The RdAc so purified is initially free from its products ;
actinium X, and with it the emanation and active
deposit, are produced in time.

Mesothorium 1.—MsThl cannot be separated from
its isotope radium. It is obtained from thorium
minerals and residues by working them up for barium,
with which it separates quantitatively, and then frac-
tionating the MsThl from the barium by any of the
methods used in fractionating radium.

Commercial preparations of MsThl contain, in
addition to its successive products, radium and its
products. The reason for that is this. In all thorium
minerals a little uranium, and therefore a little radium,
is present, consequently the radium and the meso-
thorium 1 become concentrated together. Radium
and its products contribute to the activity of the meso-
thorium according to the amount separated with it,
that is, according to the amount of uranium in the
thorium mineral. On account of the long period of
radium, the actual amount of it is many times greater
than that of the mesothorium 1 separated with it.
It thus happens that a preparation of mesothorium 1
containing, perhaps, in relative activity, only 19, of
radium is composed actually of 999, radium.

Mesothorium 1 may be separated from a preparation
of a thorium salt by dissolving the salt, passing in
pure ammonia gas to precipitate the thorium, filtering
and washing, and evaporating the filtrate to dryness.
This contains the MsThl, and its isotope ThX, but of
course no radium,

Preparations of MsThl are convenient sources of
MsTh2, RdTh, the emanation and the active deposit

11
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of thorium. The y-rays from these preparations are
used in medical work.

Mesothorium 2.—Since MsTh2 is analogous to lan-
thanum in properties, and MsThl to barium, a separa-
tion of one from the other is easily carried out. The
presence of the other disintegration products, however,
must not be overlooked.

A preparation of MsThl freshly made from thorium
(free from radium) contains ThX only as radio-active
impurity. This body has a period of 3-64 days and
MsTh2 of 6-2 hours. The former decays and the latter
grows in the preparation, so that 3-64 days after
preparation there is 509, of the equilibrium amount of
ThX and its products present, and nearly 1009, of
that of MsTh2. Precipitation of a solution of MsThl
containing these products with pure ammonia gas
brings down ThB, ThC, in addition to MsTh2, and as
ThB has a longer period than MsTh2, the latter will
not become free from it in time,

The separation is best carried out as follows: To
the solution of MsThl in HCl add a few milligrams of
LaCl;, and a few milligrams of PbCl,. Pass in H,S
to precipitate the lead (and with it ThB and ThC)
completely. KExpel H,S and saturate solution with
ammonia gas. The lanthanum and MsTh2 are precipi-
tated quantitatively, the former acting as a nucleus
for the latter in filtering; MsThl remains in the
filtrate. The MsTh2 is free from all radio-active
products except the small quantity of RdTh, which
has grown since the preparation of the MsThl. If
it be desired, the RdTh may be separated from the
MsTh2 and lanthanum by treating it as thorium.
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Radiothorium.—RdTh cannot be concentrated from
the thorium of minerals, and therefore cannot be
separated from minerals directly. Its source is an
old preparation of MsThl in which it has accumulated
from the decay of MsTh2. It is separated free from
isotopes from a preparation of mesothorium 1 by
treating it as thorium. An old preparation of meso-
thorium 1 contains the active deposit of thorium, and
usually also the active deposit of radium. To the
solution in HCl add a small quantity of a lead salt
and a small quantity of a thorium or erbium, and of a
lanthanum salt. Remove the lead completely with
H,S (and with it the products of the two active deposits),
and then precipitate the thorium or erbium and lan-
thanum with pure ammonia gas. The thorium or
erbium acts as a nucleus for the precipitated radio-
thorium and the mesothorium 2,

Precipitate the thorium or erbium by meta-nitro-
benzoic acid in the usual way. The RdTh is precipi-
tated quantitatively with the thorium or erbium
nucleus, and the MsTh2 remains in solution with the
lanthanum and the mesothorium 1. It is now free
from other radio-active bodies, and in a convenient
form for any subsequent separation work.

Thorium X.—ThX cannot be obtained free from its
isotopes by commencing with thorium minerals or a
preparation of thorium (because of the presence of
MsThl) or from a preparation of mesothorium 1
(obviously; also because of the presence in some of
Ra). A preparation of radiothorium, free from thorium,
obtained by separating it from a preparation of meso-
thorium 1 in which it has accumulated, is the best
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gource. If this be dissolved in HCl and ammonia gas
passed in, all the radio-active bodies present except
ThX are precipitated. The solution is then evaporated
to dryness on the water-bath in a porcelain or silica
evaporating-dish, and the ammonium salts ignited in
small quantities on the surface on which the film of
thorium X is required. If dirt be excluded the film
will be very thin. ThX is a convenient source of the
emanation and of the active deposit of thorium.

Actinium X,—AcX cannot be obtained pure from
minerals because radium, its isotope, is separated with
it. It may be obtained pure from a preparation of
protactinium and actinium ; the latter is the better
source as there is yet little accumulation of actinium
(and, therefore, of actinium X) in preparations of the
former owing to the long half-value period of actinium.

From a preparation of actinium it is separated as
follows: The preparation is dissolved in HCI and
saturated with ammonia gas. This precipitates the
actinium and its rare earth nucleus, and all its products
except actinium X. The filtrate and washings are
evaporated to dryness on the water-bath in an evapo-
rating-dish ; the ammonium salts ignited in small
quantities on the surface on which the film of actinium
X is required.

AcX is a convenient source of the emanation and
active deposit of actinium,

THE ACTIVE DEPOSIT OF RADIUM OF SHORT LIFE.—
The bodies included in this title are RaA, RaB, RaC,
RaC’ and RaC”. Their source is the emanation.

If a wire charged negatively to, say, 200 volts be
exposed to the emanation, these five bodies become
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deposited upon it in time. If the wire be exposed to
the emanation for a few seconds only (short exposure)
and then removed, the product obtained on it is RaA
almost free from the other products ; if for five hours
(long exposure), the products A, B, and C are in
equilibrium. The short exposure is the simplest method
of obtaining RaA momentarily pure (but it changes
rapidly into RaB, and in twenty minutes has nearly
completely disappeared). RaA may also be obtained
pure electrochemically by the method similar to that
given later for separating polonium from RaD and RaE.
Dissolve the active deposit formed by a long exposure
in acid. Work quickly. Add to the solution small
quantities of solutions of lead, bismuth, and thallium
salts. Rotate a plate or button or wire of bismuth
in the solution for half a minute, remove, wash and
dry. The bismuth contains momentarily pure RaA.
The presence of lead, bismuth, and thallium prevent
their radio-active isotopes (respectively RaB, RaC, and
RaC”) from being deposited on the bismuth.

A (purely) chemical separation of RaA from the other
bodies is not practicable owing to the short half-value
period of RaA.

RaB may be obtained pure in three ways :

(1) By recoil from RaA.

(2) Electrochemically by v. Hevesy’s method.

Dissolve the active deposit from & long exposure off
the wire with hot dilute H,SO,, and almost neutralise
the solution. Wait twenty minutes to allow the RaA to

decay almost completely. Add this solution to ag—o
zinc sulphate solution. Add also & very small quantity
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of bismuth and thallium sulphates. Immersea plate of
zinc in this solution. The potential difference between
zinc and solution is about — 1:1 volt. Hence nearly
pure RaB is deposited upon it. The bismuth and the
thallium prevent the deposition of small quantities of
RaC and RaC” respectively.

(3) By any chemical method for separating lead from
bismuth and thallium.

RaC may be obtained pure as follows :

(1) By recoil from RaB.

(2) Electrochemically by v. Lerch’s or v. Hevesy’s
method.

Dissolve the active deposit from a long exposure off
the wire with hot dilute HCI, almost neutralise the
solution, and wait twenty minutes to allow the RaA
to decay almost completely. By v. Lerch’s method
proceed thus: Dip a nickel wire into the solution
for a few minutes, remove, wash and dry. The
nickel wire has pure RaC upon it. By v. Hevesy’s
method proceed thus: Almost neutralise the active
solution, add it to a normal solution of silver nitrate,
and dip a silver wire into this solution for a few minutes,
remove, wash and dry. The silver wire has pure RaC
upon it.

(3) By any chemical method for separating bismuth
from lead and thallium.

RaC” may be obtained pure as follows :

(1) By recoil from RaC.

(2) Electrochemically by dipping a nickel wire into
an HCI solution of RaC and RaC” containing bismuth.
Both RaC and RaC”, when free from bismuth and
thallium respectively, are deposited on the nickel wire
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in these circumstances. The presence of bismuth in
solution, however, prevents the deposition of RaC.

(3) By any chemical method for separating thallium
from lead. Chemical methods are not practicable
because of the short period of RaC”.

Radium D.—-The sources of RaD are :

(1) Uranium minerals and residues.

(2) Old preparations of radium.

(3) Old emanation tubes, and wires and plates which
have been exposed for some time to quantities of
emanation.

The first is the richest source because, except in those
minerals (such as autunite) from which the lead, and
consequently the radium D, has been partly or wholly
removed by percolating water and other natural
agencics, the radium D is present in equilibrium
amount. But the radium D is not pure because it
separates with the RaG or end-product of the radium
series and any ordinary lead which may be an impurity
in the mineral. This mixture, however, is a rich source
of RaE and RaF.

In an old preparation of radium which has been
sealed up some radium D has accumulated, about
4-29, of the equilibrium amount being produced in the
first year and 509, in sixteen years. This may be
scparated from the radium by adding a little lead salt to
the radium solution and scparating the lead from the
radium as sulphide. The lead contains RaB, RaC,
RaC”, which quickly decay away, and RaE and RaF
in addition to the RaD. RaE and RaF may be re-
moved from the RaD either electrochemically or chemi-
cally by adding bismuth and thallium salts in solution
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to the active solution and separating the lead from
bismuth and thallium.

In chemical operations a nucleus for the RaD is
necessary. Lead is the best nucleus as it is an isotope.
If the presence of lead with the RaD is objectionable,
the RaD may be separated from the radium as follows :
To the radium solution in HCl add a few milligrams of
aluminium chloride in solution and saturated with
ammonia gas. Radium remains in the filtrate ; with the
aluminium are precipitated RaD, RaE, and RaF in
addition to RaB, RaC, and RaC”, which quickly decay
away. The RaE and RaF can finally be separated
from the RaD by v. Lerch’s method with nickel, the
purified RaD being recovered with the aluminium
hydroxide by precipitation from the electrolysed
solution with ammonia.

A preparation of radium D is a convenient source,
which decays very slowly, of RaE and RaF.

Radium E.—RaE, if separated from its richest
gource, uranium minerals or residues, is concentrated
with its isotope bismuth. Its radio-active isotopes
are of relatively quick period and soon decay away.
Polonium, however, resembles bismuth chemically, and
is therefore usually separated with the radium E.

RaE may, like RaD, be separated from an old prepara-
tion of radium. In this case it is first separated along
with the lead and the RaD by H,S, and then separated
from RaD by one of the usual methods.

The most convenient source of RaE is a film of RaD,
E, and F in an old emanation tube or on a plate of
metal. Less convenient is a preparation of RaD,
E, and F containing lead, such as is separated from &
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uranium mineral or an old preparation of radium,
because it may include bismuth, and the presence of
bismuth prevents the electro-depositions of its isotope
RaE. Electrochemically RaE is separated from RaD
by v. Lerch’s method with nickel, or v. Hevesy’s
with silver.

Radium F.—From a solution of RaD, E, and F,
RaF is separated by the following ways:

(1) Separate out RaE and RaF by v. Lerch’s method
with nickel, or v. Hevesy’s with silver, or by rotating
a disc of copper in the solution for half an hour.
Remove the RaF by volatilisation at 900° in air,
catching the active material on a metal surface near-by
which is water-cooled.

(2) Add lead and bismuth salts in solution to the
active solution, and rotate a disc of copper or bismuth,
silver or nickel, in it for half an hour. The RaD
and RaE are not deposited on the disc because of the
presence of their inactive isotopes, and pure RaF is
consequently deposited (see also p. 106).

Actinium A, Thorium A,Radium C’,Actinium C’,
Thorium C’.—Owing to the shortness of the periods
of these bodies, they have not been prepared nor have
their chemical properties been investigated. From
their positions in the disintegration series, they are
believed to be isotopes of RaA and Po.

Actinium B, Thorium B.—These bodies are prepared
from preparations containing them by the methods
(2) and (3) given under radium B.

Actinium C, Thorium C.—These bodies are
prepared from preparations containing them by the
methods (2);and (3) given under radium C.
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Actinium C”, Thorium C”.—-AcC” is most easily
obtained by recoil from AcC by surrounding a positively-
charged needle containing upon it the active deposit
of actinium with a negatively-charged cylinder in a
vacuum for about seven minutes. If it is desired
to obtain the AcC” in solution, the surrounding metal
should be a metal like magnesium which is quickly
attacked by acids.

ThC” is obtained in an analogous manner. These
bodies may be prepared also from AcC and ThC
respectively by the three methods described under
radium C”.



CHAPTER XII

RADIO-ELEMENTS AS INDICATORS, AND THE PROPERTIES
OF BODIES AT SMALL CONCENTRATIONS

A LARGE and interesting field of work has been opened
up by using radio-active isotopes of common elements
to indicate what is occurring to the latter in chemical
operations. Different properties of compounds of an
element like lead or thallium, which has radio-active
isotopes, may be investigated at extremely small con-
centrations by using the radio-active properties of the
isotopes for purposes of identification and measure-
ment. The concentration at which a radio-active
body can be quantitatively estimated by the mecthods
of radio-activity iy, of course, many times less than by
the methods of spectroscopy, which are the most refined
ways of detecting and estimating inactive substances.
By assuming that the radio-active body has exactly
the same chemical and Pphysical properties as its
inactive isotope, the properties of the inactive body
may be investigated in concentrations down to the
extreme limit at which the most sensitive radio-
active isotope can be detected. For example, 10—
milligram of ThB can be detected by the methods of
radio-activity ; therefore the properties of lead at this
concentration may be investigated.
159
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The qualities necessary for a good radio-active indi-
cator are:

(1) Its radio-activity should be distinctive and be
capable of easy measurement.

(2) Its half-value period must not be so short that
chemical operations must be unduly hurried to prevent
the almost total decay of the body before the experi-
ment is concluded.

It is not always possible to obtain these qualities
in an indicator, but as there is often a choice of indi-
cators for one substance, they help to fix the moc*
expedient one.

In the table on p. 161 are given the substances whose
properties may be investigated by the help of radio-
active indicators, with some notes on their detection.

The following are some of the properties of these
bodies that have been investigated with radio-active
indicators.

(1) Solubilities of difficultly soluble salts,

(2) The volatility of different compounds at small
concentrations.

(3) The rate of diffusion of an atom (or a molecule) of
a metal in a block of itself, or of a metal ion in a
crystalline compound of the metal.

(4) The existence of new compounds.

The solubilities of salts.—These are determined
directly. An experiment is carried out as follows: A
large quantity of indicator is accurately determined by
electroscopic measurements. It is put into solution
and added to a solution of a compound containing
the metal of the compound whose solubility is under
investigation, and thoroughly stirred. The difficultly
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Substance to be ~P;°~mbli How detected. Notes.
Protactinium | UXy By its own radiations Period in-
conve-
niently
short.
Actinium . |MsTh, |By its own radiations.
Thorium . | UX, By its own radiations and those | UX is the .
of UXp most-con- 3
RdAc By the radiations of itself and | venient,
RdTh products in equilibrium ’
Radium MsThy; |By the amount of MsTh,
formed.
AcX By the radiations of itself and
ThX } products in equilibrium,
Bismuth . |RaC By radiations from RaC, C,C” | ThC and
AcC s . s, AcC,C,C" | RaE are
ThC ’s s ,,» ThC,C%, C” | the most
Rak By its own radiations conveni-
ent be-
cause of
their
periods,
Lead . . |RaB By the amount of the C, C’, C* | RaB is the
AcB } formed from the B body in a| least con-
ThB given time venient,
RaD By amount of RaE formed in
a given time.
Thallium RaC” All the
AcC” By their own radiations periods
ThC” are incon-
veniently
short.
AcC” is the
most con-
venient,

161
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soluble compound is then quantitatively precipitated
with its radio-active isotope from the solution, washed,
dried, and weighed. The salt is next shaken up with
water at a given temperature until the solution is
saturated with it. The same fraction of the indicator
as of the salt goes into solution. The known volume
of water is then filtered from the salt, evaporated to
dryness, and the amount of the indicator determined
accurately by electroscopic measurements. The solu-
bility of the indicator is then calculated in the ordinary
way, and this is the solubility of the difficultly soluble
compound.

This method works excellently for difficultly soluble
salts like PbCrO, and PbS, whose solubilities cannot
be measured properly by the direct method, and which
are usually measured indirectly—for example, by
measurements of electrical conductivity.

Hevesy, Paneth, and Frl. Réna determined the solu-
bility of lead chromate by the method above, using
RaD as indicator, and found its solubility to be 2X1077
mol. per litre.

The method applies to all the compounds of the bodies
tabulated in Table 13, but is limited to these. Need-
less to say, when it is applied to an investigation of the
solubility of easily soluble compounds like PbCl,
which are determined by the usual methods, it gives
an equally accurate result.

Volatility of compounds at small concentrations.
—The volatility of lead, lead oxide, and the halogen and
other salts of lead may be studied when these bodies
are in extremely small concentration by studying
the volatility of radium B in different circumstances.
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Experiments are usually carried out by exposing a
plate of metal to the radium emanation for five hours,
determining its activity when the radium A has decayed
away, placing it in an electric furnace which is kept
uniformly at a given temperature, and carrying out
the volatilisation in the atmospheres of different gases.
In hydrogen, radium B exists probably as the metal,
in oxygen as oxide, in chlorine as chloride, etc. The
volatility of compounds of bismuth may be studied
similarly by working with RaC, ThC, AcC, or RaE.
The method is, obviously, applicable to any body with
a radio-active isotope whose compounds can be con-
veniently estimated by the methods of radio-activity.
Diffusion experiments. — Radio-active isotopes
have been used to determine the velocity of diffusion
of molecules and ions among themselves. The rate of
diffusion is known to be dependent on the molecular
diameter (which is the same for all isotopes of one
element), and not on the mass, so that a radio-active
body diffusing among the molecules of an inactive
isotope affords a means of investigating the velocity
of diffusion of molecules among themselves. V.
Hevesy has done this for lead. At the bottom of a
narrow, vertical tube he placed a layer of lead through-
out which ThB was uniformly distributed, and on top
of this a layer of (inactive) lead three times as thick.
The whole was kept at 343° for two days. The mass
was then allowed to cool, and later cut up into four
equal sections. In each of these the radio-activity
of ThB was determined, and from the results its dis-
tribution throughout the total mass was abtained.
The mean value of the coefficient of diffusion of ThB
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in lead, i.e. of lead in itself, at 343° was found to be
2-2 square centimetres per day.

It is obvious that this method has a wide application
in measuring the rate of diffusion of the molecules of
lead, thallium, bismuth, and other elements with
radio-active isotopes in themselves; also of the ions
of these elements in their compounds.

The existence of new compounds.—The existence
of BiH; and of a hydride of lead has been shown by
the use of indicators. BiHj corresponds to AsHj; and
SbH,, but has only recently been prepared. Paneth
demonstrated its existence as follows: He collected
the active deposit of thorium (ThB + ThC) on thin
magnesium and dissolved the whole in dilute HCI. The
gases evolved were passed through cotton-wool into
an evacuated electroscope. The gas in the electroscope
was found to decay with the period of ThC, showing
that, in addition to hydrogen, a gaseous product of ThC
had been evolved. This is very probably ThC - Hy, and
since ThC is an isotope, the method indicates how BiHy
may be prepared. Paneth found that only one or two
parts per thousand of the ThC on the magnesium com-
bined with hydrogen in this way, which indicates the
difficulty of forming ThC - Hy (and thercfore of BiHy) by
this method. Having thus shown the existence of
BiH, by a radio-active indicator, Paneth succeeded
further in preparing this compound by ordinary means.
In a similar way he has succeeded in preparing a
hydride of lead.

The active deposit and the determination of
potential differences.—In the discussion of electro-
chemical methods of separating the members of an
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active deposit, the interesting relation, discovered by
v. Hevesy, has been pointed out. He connected the
potential difference between a metal and a solution
containing the active deposit in equilibrium into which
it is dipped, and the relative amounts of RaB and RaC
(or AcB and AcC or ThB and ThC) deposited upon it
from solution.

This relation enables single potential differences
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to be determined with fair accuracy, and some of the
results obtained will now be given.

The method of experiment is as follows :

An accurate curve—that shown in Fig. 12, above—
is first obtained by plotting the equilibrium percentages
of AcB and AcC (the most convenient pair of B and C
bodies for this purpose) as ordinates against the
potential differences necessary for their deposition as
abscisse.

12
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Next AcB and AcC in equilibrium are added to the
solution between a metal and which the potential
difference is required. The metal is then immersed
for a definite time, usually one minute, removed,
washed and dried, and the percentages of AcB and AcC
deposited upon it determined by electroscopic measure-
ments. When this result is obtained, the potential
difference between metal and solution is read off from
the curve.

In this way v. Hevesy obtained several new and
interesting results, some of which are tabulated below.

TaBLE 14
Potential difference in volls |  p ial di
No.|  Sustem mudies, | G0ounetthe calomel elec- | G Tt
active method. electrical method.

1 |Ta/Tag04 0-00 0-08
2 |Ta/N.KCl — 0-03 — 0-04
3 | Cufy. Cuso, + 002
4 |Cu/water — 07 cee
5 Cd/l-g ,CdSO, — 071
6 |Ni/N.NiSO, . about — 0-53
7 [ Ni/NiCly about + 0-5 cee
8 |Cu/water for 0-2 sec. — 20 cee
9 | Cujwater for 60 secs. - 07

Results 1 and 2 show the close agreement between
the results obtained by the two methods. Results 3
and 4 show the large difference between a definite system
and an indefinite one. When copper is dipped into a
seminormal solution of its sulphate, about 879, of
AcC and 139, of AcB are deposited. When dipped into
water the percentages are 60 and 40. The difference
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in potential exhibited by a metal when dipped into a
solution containing its own ions, and when dipped into
one which initially does not contain them, is of course
well known. The discordancies obtained by early
workers on the electrochemical separation of the
components of the active deposit were due, however,
to the fact that they had overlooked this difference.
It is seen from results 4 and 5 that the potential between
copper and water is that between cadmium and a
seminormal solution of its sulphate.

Results 6 and 7 point out the effect of the passivity
of nickel. The normal potential of nickel is — 0-53
volt. If nickel be rendered passive, however, as it is
when dipped into a hydrochloric acid solution, its
potential becomes approximately -+ 0-5 volt, because
on it is then deposited nearly pure C. The degree of
passivity of nickel due to certain reagents may be
conveniently and quickly measured by the radio-
active method. On nickel rendered slightly passive
was found to be deposited approximately 759, of the
equilibrium amount of AcC. This corresponds, as
the curve shows, to a potential difference of about
— 0-4 volt ; when rendered more passive it was proved
that 90%, of AcC was deposited on it. This corresponds
to a potential difference of + 0-1 volt. The radio-
active method should have a wide application in study-
ing the passivity of metals. Results 8 and 9 show the
effect of time of immersion of a metal in a given
solution on the potential difference set up. Nernst’s

fundamental formula, E = — RT log, 26-1’ where ¢ is

the concentration of the ions of the metal present in
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the liquid surrounding the electrode, indicates that if a
metal be immersed in water the potential difference
initially must be — oo, since ¢ initially is zero, and must
fall rapidly as metal ions are produced till a constant
result is obtained. The potential difference — oo can-
not be determined, however, in terms of the percent-
ages of B and C, nor is it practicable to immerse a plate
in the active solution for less than 0-2 second. A quanti-
tative comparison of theory and experiment is thus not
possible by the radio-active method, but the results
obtained bear out this consequence of Nernst’s formula
qualitatively. It was found experimentally that the
potential difference between metal and water fell
rapidly in the first few seconds, and attained thereafter
an unchanging value.

The precipitation and adsorption of radio-
active substances. — Fajans and Richter came
to the following conclusion from experiments which
they conducted on the precipitation of radio-elements
by different reagents: there is a direct relation
between the percentage of a radio-element which is
precipitated along with an inactive body from a solution,
and the solubility of the compound of the radio-element
with the acid radicle of the inactive body.

For example, thorium B, an isotope of lead, was
precipitated almost quantitatively when bismuth
sulphide, manganese carbonate, or barium sulphate
were precipitated from a solution containing thorium
B ; it was only partially precipitated when silver iodide
and silver chloride were precipitated from solution,
and practically not at all when nitron nitrate was pre-
cipitated. Now lead sulphide, carbonate, and sulphate
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are extremely insoluble salts ; the iodide and chloride
are much more soluble, and the nitrate is very soluble.
Paneth and Horovitz have put forward a conclusion
with regard to the adsorption of radio-elements some-
what similar to that of Fajans and Richter with
respect to precipitation. They found a relation
between the amount of a radio-element which is
adsorbed by a body and the insolubility in the solution
of the compound formed by the radio-element and the
acid radicle of the adsorbing body.

_The acid radicle which with the radio-element forms
the insoluble compound must be present in the
adsorbing body; it is not sufficient for it to be in
solution. An example may make this clear. Lead
sulphate is a fairly insoluble body in aqueous solution,
hence, according to the rule above, thorium B, an
isotope of lead, should be almost completely removed
from a solution containing it by shaking the solution
with barium sulphate powder. If, however, ammonium
sulphate solution be added to that containing thorium
B, and nitron nitrate powder shaken up in it, there is no
adsorption of the thorium B by nitron nitrate, because
lead nitrate is very soluble, and because the sulphate
radicle is in solution and not in the adsorbing body.

It is clear that the conclusion of Fajans and Richter
may be deduced from that of Paneth and Horovitz, and
that both open up an interesting field of work in
throwing light on the connection between the power
of being adsorbed and the purely chemical properties
of bodies at extremely minute concentrations.
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REIGN OF RELATIVITY

By VISCOUNT HALDANE

Demy 8vo. 2I1s. net.

THE inquiry which these chapters embody is directed to the
principle of Relativity in its philosophical aspect, and not merely
as interpreted in mathematical physics. It extends into regions
with which practical as well as theoretical life is concerned. The
investigation is carried into the domains of biology, psychology, the
state, and religion. The principle applied is that of levels or degrees
as determining the character of both Knowledge and Reality, The
outcome is that explanation is possible only if directed from above
downwards, and not vzce versa, and the conclusion is that all know-
ledge belongs to a single entirety, within which its varying forms
are the outcome of abstractions made from definite standpoints,
which depend on conceptions that are not only determinative but
foundational of what we call the Real. Such conceptions correspond
to the systems of reference which give rise to the varying shapes
and measurements of space and time that are the subjects of
Einstein’s Doctrine of Relativity in Physics.

Einstein’s doctrine has brought the principle of Relativity into
prominence under tests of observation and experiment, and the
investigation is pursued in this volume into other domains of know-
ledge. These are held to have their places in an entirety, the
various aspects of which are thus determined by the conceptions
and resulting standpoints which are required to explain the facts.
Both observation and what is observed are relative in character,
and in their reality to these standpoints. The main question is,
therefore, one of standpoints and their places in the entirety of
knowledge. Between science and religion properly interpreted
there is thus no conflict, for the truth in each case is truth within
its own order, and not within some other order, to which it is not
appropriate. In the book the various kinds of knowledge are
compared in the light of this principle, of which the Einstein
doctrine is only a particular application. The principle itself in
this wider form is in reality no new one, for it was enunciated in
Greek philosophy, and has come down to modern times with
variations which have not affected its acceptance through the
history of reflective thought, despite variations in form which have
at periods presented sharp contrasts, but only temporarily.

The illustrations of the principle of Relativity in this wider
application are drawn from literature, art, and religion, as well as
from recent physical and natural science.

JOHN MURRAY, Albemarle Street, LONDON, W.1
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tions in a form which ‘‘might prove useful to students of science in
general” and “also appeal to those who, with little definite scientific
training, are interested in the more important conclusions of scientific
thought.”” The continuous demand for his book, now in its fourth edition,
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THIS book should overcome the difficulty of getting
beginners to supplement class work by private reading.

Within a small compass it contains the foundations
of the science of chemistry. Recent advances, such as
radio-active change, atomic numbers, the structure of the
atom, etc., have been introduced to make the student
aware of these extremely interesting problems and to
tempt him to go more deeply into the subject. The
applications of chemistry in industry are constantly
used by way of illustration.

This book is not written to cover any particular
examination schedule, but assuming that it is used to
supplement an ordinary elementary course (with practical
work), it will be found suitable for any examination up
to Matriculation standard.
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