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P R E F A C E

T H E term "rare elements" is conveniently applied to those
members of the Periodic Table* whose chemistry in lit fie known.
Home of these* elements are so scarce that their study has of
necessity been difficult; others are abundant in nature*, but
their development has been retarded by lack of sufficient interest;
still others have only recently been discovered, and sufficient
time has not yet elapsed for them to lose the interest inherent
in newness. The "rare elements1* then should be understood
to include? those elements which are little known either because
of scarcity, neglect, or ignorance. The chemistry of norm* of
these elements is developing rapidly, since* we are junt beginning
to appreciate something; of their interest and usefulness. Rapid
advancement, has followed such an awakening,, and the names
of Home Htich substances have become household word*. In
other cases interest has been less keen and advancement has
been slow.

The purpose of this work is to call attention both to the ad-
vances which have recently been made in our knowledge* of the
so-called " r a r e " elements and also to the need of further re-
search in the development of many of the lens familiar elements.
This book is the* outgrowth of it lecture course given for many
years at the University of Illinois, first by I>r, Clarence W,
Balke, and biter by the author. This course* has been enmi-
tially a stuely e>f the Periodic Table with special referemw to
the dements which are treated very briefly or entirely ignored
in most textbooks on Inorganic Chemistry. f*or the present
course a working knowledge of the roittfrion element** IM under-
stood, and they are mentioned briefly for the pur|K>Hi* of show-
ing the relationship between the rare elements ami their more*
familiar neighbors.

The ehemiistry of many of the nire* element** in still in a
decidedly chaotic! ntate. The literature contain* conflicting
Btatenient«r misleaeling di#eu.NMio!}H, ami downright errors In
such caaea the author hau attempted U) mUn*t those



IV PREFACE

which seem to bear the greater weight of authority. Where
differences of opinion exist for the settling of which more in-
formation is needed, an at tempt has been made to present an
impartial summary. Care has been exercised to eliminate as
far as possible inaccurate, misleading, and untrue statements.
It is too much, however, to expect that a book of this sort can
be made free from errors either direct or implied. The author
will be glad to have his attention called to any undetected
errors, for which he alone must be held responsible. Sugges-
tions will also be gladly received.

In a course which has been developed by. a process of this sort
many of the original sources of information have been lost.
The writer would be glad to acknowledge his indebtedness to
every author from whom information has been received, but
this is manifestly impossible, since the material has been col-
lected from a very wide range of sources and over a period of
several years. Much material has been gleaned from such
standard works a s : Abegg, Handbuch der anorganischen Chemie;
Browning, Introduction to the Rarer Elements; Friend, Text-
book of Inorganic Chemistry; Gmelin-Kraut, Handbuch der
anorganischen Chemie; Johnstone, Rare Earth Industry; Levy,
Rare Earths; Mellor, Modern Inorganic Chemistry; Roscoe and
Schlorlemmer, Treatise on Chemistry; Schoeller and Powell,
Analysis of Minerals and Ores of the Rarer Elements; Spencer,
Metals of the Rare Earths; Stewart, Recent Advances in Inorganic
and Physical Chemistry; Venable, Zirconium; and many others.
Constant use has also been made of the current scientific jour-
nals. An attempt has been made to give sufficient references
to the literature to permit the student who is interested in any
particular phase of the discussion to pursue his investigation
farther. These references also serve the double purpose of
giving the authority upon which certain statements are made
and of acknowledging the author's indebtedness for the infor-
mation given.

The author is especially indebted to the following persons
who have read portions of the manuscript and offered many
helpful suggestions for its improvement, or have contributed in
various ways in the compilation of the material: C. W. Balke,
H. G. Deming, Saul Dushman, E. A. Engle, W. D . Engle, W. D.
Harkins, Maude C- Hopkins, H . C. Kremers, Victor Lenher,
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R B. Moore, W. A. Noyos, Rosalie M. Parr, (}. W. Bears,
Frederick Boddy, Marion 10. Sparks, Kdward Wichera, L. F.
Ynterna. The* students who have been enrolled in the eourHe,
enfMHtially during the* two yearn that the manu.seript, han been
iwcul in mimeograph form, have* contributed materially through
their interest in the subject matter and the inspiration whieh
they have furnished. To all of these, as well an to the* writern
whose works has been consulted, the? author wishes to express
his profound gratitude.

If this book serves to create grantor interest in those elements
whieh ares usually slighted in the study of Inorganic ChonuHtry,
the author will feel amply repaid for the* work whieh lias been
necessary in the assembling and editing of the material herewith
presented.

B. H. IIOPKIN8
URBAN A, IM,IN*(H8,

AugUHt I, iU2:f.
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C H E M I S T R Y O F T H E R A R E R

E L E M E N T S

CHAPTER I

THE PERIODIC SYSTEM

Historical. — Between 1S02 and 1808 occurred the
controversy between Proust, and Bcrthollet1 concerning th<»
Law of Fixed Ration. This discussion ended wfifh Proust con-
vincing chemists that chemical eomjHMindn jwssrHS a definite
comjKwition. In 1808 John Dal ton published- a connected
account of his Atomic Theory, u[>on which mo<lern chemistry
is ba.sed. In tins way the1 theory of elements came to he* ac-
cepted among scientific! men, and very quickly effortH were
made to find n fundamental relationship IK1! ween varioun eli»~
mental forms of matter.

In 1815 Prout called at tent ion 3 to the* fact that when the
atomic weights of the elements were* expressed ujxtn the* hydro-
gen basis, the values of the other elements were very e!«we to
whole numbers, arid expressed the* opinion that hydrogen wtw
the primary element from condensations of which resulted nil
of the* other so-called elements. Pront/s HyfRifheniH wim rtv
ceived cntliUHiaHfically by some and ridiculed by others. The
discUHHion concerning thin theory htm occupied the minds of
scientific men of all nations for it large part of the nineteenth
century and in a modified form lum continued down to the
present time.

ThcmuiH Thomson, in Knglaml, wits an witlumifiMtic follower
of Prout who tried to «how c*xpcrinif*tttnlly4 that the*
was true. Hh results were qucKtioruHl espi^cifiHy by
in Swcrlcm» whose* revinctd table of atomic; weights, publkhed in

1 Bw»! Mim FrtMind. Th*< Stwly »f ChtmirtU tfampmitum* f tamtflhklgo tliti-
v#r»ity Fritsw, HK>4, <'h»f»t*+r vf find HnriMg, Nalur^ 80 Htt CSHil4>.

*4 Nm» Hti*iem t»f ChrmmU f'hitwnphy. 2 vnU,< \H)7 |l>.
* Ann, PhU. 11 32! CiHjf,), mttl It III MSHlj,
*An Attempt UP Mt&atdvth lh* FkM I'rineipU* uf Cfmmktry by

b\ 182ft.



2 THE PERIODIC SYSTEM

1825, contained values which differed widely from Tl omson's.
Gmelin, in Germany, was inclined to accept the Hypothesis,
and Dumas, in France, was outspoken in its support, especially
after his work x upon the atomic weight of carbon showed that
the ratio between carbon and hydrogen was almost exactly
12 to 1. The accurate determination of the atomic weight of
chlorine 2 by Marignac, in France, showed its value to be almost
exactly 35.5. This led Marignac in 1844 to propose that the
Prout unit be half the atomic weight of hydrogen. Dumas
welcomed this suggestion, but his own work3 later led him to
suggest the adoption of -J- the hydrogen atom as the ultimate
unit. In 1860 the classic atomic weight work of Marignac
and Stas gave values showing variations altogether too large to
be accounted for by experimental error and made further sub-
divisions of the " u n i t " necessary. So the Hypothesis lost
standing owing to the necessity of frequent revision of the ulti-
mate unit.

In ,1880 interest in the idea was revived by Mallet4 whose
work upon the atomic weight of aluminium showed that it
belonged to the long list of elements whose equivalents are
approximately whole numbers. Mallet called attention to
the fact that 10 of the 18 elements whose atomic weights were
best known had atomic weights differing from whole numbers
by less than -fa of a unit. He suggested that possibly certain
constant errors might have influenced the accepted values of
certain elements. A more recent revival of interest in Prout's
Hypothesis was produced by Strutt, who called attention6 to
the fact that of the elements whose atomic weights are most
accurately known, 12 have values which are almost exactly
whole numbers. This is a far larger number than can be
accounted for by the law of probability, so that " we have
stronger reasons for believing in the truth of Prout's Law than
in that of many historical events which are universally accepted
as unquestionable." Along the same line Harkins has pointed
out6 that the atomic weights of 17 of the first 21 elements show
an average deviation from whole numbers of 0.05 and argues
that such a situation cannot be explained on the basis of chance.

1 Dumas and Stas, Ann. chim. phys. 3 (III) 5 (1841).2 Compt. rend. 14 570 (1842). 4 Am. Chem. Jour. 3 95 (1880).8 Ann. chim. phys. 3 55, 129 (1859). « Phil. Mag. 6 (i) 311 (1901).
6 Jour. Am. Chem. Soc. 37 1370 (1915).
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The thifory that f he elements are in reality a Herien of con-
densation products of some primal element which must, re-
semble the protyle of the ancient philosophers has heen n
fascinating theory from the beginning. It has been repeatedly
denounced as an illusion, but nevertheless it lias confirmed to
claim periodic attention among scientists. In the light of
modern theories of atomic structure, it is not strange that the
Hypothesis of Prout should reappear in modified form. IIurkiriH
and Wilson have shown l that at least the lighter elements may
be considered as composed of a certain number of atoms of
hydrogen and helium. This theory finds striking confirmation
in the study of the radioactive* elements and from the experi-
ments of Rutherford, who has found evidence2 for the con-
clusion that nitrogen atoms may be disrupted by bombardment
with alpha particles, with the liberation of hydrogen.

That the elements possessed relationships of a different sort
was shown soon after the establishment of Dalton's Atomic
Theory. AH early as 1817, Doebereiner called attention to the
fact that strontium had an atomic weight which was very clone
to the mean of the values for calcium and barium, while these*
three elements showed close similarity in both physical and
chemical properties. Later he also showed that there are-
other triads in which the name general relationship oxists, such
fl.8 *

WKICJKTH

Calcium 40.07
Strontium HIM HS.72
Barium , . . . , . UJ7.37

Chlorine 35.40
Bromine* 70.92 HI.10
Iodine 120.02

Sulfur 32.00
Bdcmium 70.2 79.78
Tellurium 127,5

The Triads of Doefoereiner apparently mwfwl very lit!It*
interest, for it wa« not until 1850 that PHU»nkof(»r took Urn
next step when he expressed the belief that t\u* dillvvvtm*H

1 Jour. Am. Chan. Hoc, 87 VMM, V4KA (HHfi).
*E. K. Ruthirftml, Phil, Man, %1 UH\ (IUW),
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between the atomic weights of the members of a " natural
group " were multiples of a constant number, thus :

ATOMIC DIFFBR- ATOMIC DIFPKK-
WEIOHTS BNCBB WKIOHTH KNCKH

Lithium . . 7 Oxygen . . U>
16 ir>

Sodium . . 23 Sulfur . . 32
1G

Potassium . 39 Selenium . 80

Tellurium . 127.5

In 1853 Gladstone arranged l the clements in the* order of
increasing atomic weights, but so many of the values accepted
at that time were faulty that no broad generalization wan
possible.

In the following year J. P. Cooke discussed 2 u the numerical
relations between the atomic; weights with some thoughts on
the classification of the chemical elements." He pointed out
that Doeberciner's Triads actually broke up natural groups of
elements, as, for example, the* halogen group which contains
four closely related elements. He proponed a cluHHification
by which the elements were divided into series, similar to the
homologues of Organic Chemistry. He took into consideration
the general chemical analogies of the elements, the tyjw*B and
relations of their compound**, and the* eryHtallographie relations
as well as the physical and chemieal properties. Cooked
classification is generally regarded an the first effort to arrange
the elements in groups by means of a comparative* study of all
the available chemical facts.

In 1857 Oclling arranged * the elements in accordance? with the
" totality of their characters " and found 13 triads mnnv of
which were double and some* incomplete. In each etxm the
intermediate term " is possessed of intermediate, properties
and has an exactly intermediate atomic; weight/ '

Two years later Dumaa wrote4 $m follows: " W h e n one
arranges in the same series the equivalent* (atomic weighte) of
the radicals of the same family whether in mineral or organic

1 PhU. Mag. 5 (iv) 313 (1853).
*8illiman'8 Am. Jmtr. HH, IT (it) M7 (IHM).

' » PhU. Mag. IS (ii) 423, and 4M) (IH57).
* Ann. Mm. phy*- W (ill) 20U (l&W).



HISTORICAL •>

chemistry, the first term determines the* chemical character of
all the bodies which belong to the nerieH. The type of fluorine
reappears in chlorine, bromine, and iodine; that of oxygen in
sulfur, .selenium and tellurium ; that of nitrogen in phonphorun,
arsenic and antimony; that of titanium in tin ; that of molyb-
denum in tungsten, etc."

These early attempts to classify the elements are interesting,
but no attempt was made to include all the then known element8
because of the lack of a consistent system of atomic weights.
This essential was supplied in 185K by the splendid work of
Oannizzaro who was the first to utilize Avogadro'n Hypothesis
as the basis for atomic weight determinations. AH a result of
these revised atomic weights, order began to displace chaos
and in 1862-63 appeared the first real attempt, to include, all
the elements in a single classification. This work wan done by
A. E. B. de ('hnncourtoin l who is generally given credit for
first suggesting the relationships which may fairly be considered
the forerunner of the periodic system. He arranged the
elements spirally in the order of increasing atomic weights and
divided the cylindrical helix into Iff vertical sections. Elements
falling in the same vertical section had similar physical and
chemical properties. Thin arrangement became known an the
Telluric Screw and is recognized as embodying the fundamental
idea of the periodic system, although the conception in htwy,
the expression obscure,, and the accompanying speculations
misleading.

The next step was taken when John A. R* Newlands published
a scries of articles 2 in which attention wan directed to the* fact
that when the elements arc? arranged in the order of atomic
weight, the eighth element resembles the first, On account of
the resemblance to the musical scale* thin generalisation
known an the Law of Octaves. An examination of
table shows some meonsiHtcmcieH, due at least in part to hin failure
to leave spaces for undiscovered elements. There is much to
admire in Ncwlancin* contribution, in spite of hin inability to
provide satisfactorily for the elements of higher atomic weight*

1 C<mpt. rend, 54 757, 840, 007 (1802) ; W <HK» (iHfJil); 66 203, •*?«» (iHIWj;
63 24 (IHm). fkxt u\m V. J. Hnrtag'K itriMf? cm M A *V»r***fttult.»wirtft'*»f tin*
Periodic Lttw,M Nature, 41 IHfJ (IHm*).

Ulhmn. Afa0f,7 7O(i8fl3); 10 11, 60, IK (IHM) j It 83, 94 (1H06); t$ IVh
130(1806).
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Thus, it is seen that the* idea of a fundamental relationship
between the elements had been growing gradually for a half
century from the isolated Triads of Doebercinor to the Octaves
of Newlands and the Table of de ChuncourtoLs. It in no wonder
that, with these preliminary stops, two men should announce
a periodic arrangement almost Himultancounly and doubtless
quite independently.

TABLB I

Newlandx7 Law of Oclavvx

H
Li
Gl
1*
C
N
0

F
Na
Mg
Ai
Si
P
S

Cl
K
Ca
Or
Ti
Mn
Fc

Co, Ni
Cu
Zn
Y
In
As
So

Br
Kb
Sr

CV, hi
Zv

I)i, Mo
Ho, K«

I'd
AK
Ctl
t;
Sit
Kb
'IV

I
CH

Ha, V
Ta
\Vr

Nb
An

Pt, Ir
TI
Pb
T h
»K
Hi

OH

Lothar Meyer published Die Modern*' ThvorieM rftr Chcmie
in 1864, in which appeared a table* containing num\ of thi» then
known elements and leaving Hpa(HkH for tandiHrrivereil rk^inenlH.
Those elements which appear in the mtnv column have Himilar
properties, bu t the system was not complete, and wan little mow
than tha t of Newlands.

In 1869 71 Mendeltfcff published l an arrangemeiif of the*
elements in the order of increasing a tomic weight in which it
was shown clearly t h a t thorn in n f>eriodie recurrence of proper-
ties. In 1870 Meyer published a pajH»r * giving a table a lmos t
identical with Mendeleeffn and s ta t ing thnt " the propert ies
of the elements are, for the most jrnrf, jM*riodic functions of
their a tomic weights / ' La te r he modified bin table slightly
and suggested a spiral a r rangement , which him the a d v a n t a g e
of showing both the continuous na ture of the scheme f a n d t h e
periodic recurrence of certain propert ies.

While both Meyer and MendeMcff deserve great credi t for
the par t each played in the clearing tip of t he periodic relat ion-
ship, it is quite clear t ha t nei ther one deserve** all the credi t for
this useful generalization. T h e verdict of the* chemical world

i J. HUSH. Chem. Sac. 1 60 (1S09); 2 14 (1B70) ; 4 25, UH (IS71).
* AnncUm SuppL 7 354 (1870),
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THE PERIODIC SYSTEM

TABLE III

Comparison of Eka-silicon with Germanium

Atomic weight
Specific gravity
Atomic volume
Color
Calcination pro-

Effect ofIL/)

Effect of acids

Effect of alkalies

Production of the
clement

Properties of the
oxide

Properties of the
chloride

Properties of the
fluoride

Org&no-metallie
compound

EKA-SILICON (PREDICTED, 1871)

72
5.5

13.
Dirty gray
EHO2, white powder

Will decompose Hteam with
difficulty

Slight effect

No pronounced action

EflOa and EsK2F6 reduced
by sodium

Refractory; specific grav-
ity 4.7; less basic than
TiOj or SnOa; more
basic than BiO2

EBCU will be a liquid with
boiling point under 100°
and specific gravity 1.9
atO°

E8F4 will not be gaseous

ER(C»HS)4 boils at 160°
and has specific gravity
0.06

GERMANIUM (DISCOVERED, 1886)

72.3
5.47

13.2
Grayish-white
Ge(>2, white powder

Does not decompose water

Not attacked by HC1 but
soluble in aqua regia,
oxidized by HNO3

Solution of KOH has no
effect; oxidized by fused
KOH

GeO2 reduced by C and
GeK2Ffl by Na

Refractory; specific grav-
ity 4.703; feebly basic

GeCU boils at 86° and hag
specific gravity 1.887 at
18°

GeF4 is a solid

Ge(C*H5)4 boils at 160c

and has specific gravity
a little less than 1

gives greatest credit to Mendel^eff in spite of the fact that
Meyer has some very ardent supporters. Oswald in his Klassi-
ker der exakten Wimemchaften, No. 68, sets forth strong claims
for the priority of Meyer's %ork, but one of the main reasons
why Mendel6eff is given greater credit is because he ventured
to predict the properties of certain unknown elements. He
foretold the properties of the elements eka-boron (scandium),
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eka-s i l icon (germanium), and eka-aluminium (gallium). That
. l i e had a wonderfully clear conception of the meaning of his
p e r i o d i c table is shown by a comparison of the properties
p r e d i c t e d for eka-silicon in 1871 with the properties of the
e l e m e n t germanium discovered in 1886. (See Table III.) The
p r e d i c t i o n s of the properties of eka-aluminium and eka-boron
etre equally striking. This remarkable achievement centered
a t t e n t i o n * upon the Mendeteeff table and by some is considered
SLXX absolute proof of the truth of the theory. C. Winkler said :
c* I t would be impossible to imagine a more striking proof of
• t l i e doctrine of periodicity of the elements than that afforded by
• t h i s embodiment of the hitherto hypothetical eka-silicon."

O n the other hand, G. Wyruboff as late as 1896 considered
t h e periodic system as " a very interesting and highly ingenious
t a / b l e of the analogies and dissimilarities of the . . . elements "
a / n d proposed to reject the whole generalization because of its
d e f e c t s , reasoning that " since the laws of nature admit of no
e x c e p t i o n , the periodic law must be considered as a law of nature
d e f i n i t e l y established which must be accepted or rejected as a
w h o l e . " In spite of the bitter attacks made upon the system
b y those who claim that it has done more harm than good, the
fsbct remains that it is a convenient basis for the classification
o f a n endless array of facts. In addition it has been a vast
J b e n e f i t to the science of chemistry by reason of its-stimulation
b o research.

Usefulness . — Mendelfeff pointed out four definite methods
of u s i n g the periodic law :

1. As a means of classification it serves to systematize the detail** of
ilxministry and permits the student to group together a large number of
' a c t s , which would otherwise be in a disconnected and chaotic state. Not
>n.ly are the chemical properties of the elements periodic functions of thci
t/fcomic weight but there is also a periodic relationship in valence, specific
prstvity, atomic volume, melting point, boiling point, hardness, malleability,
Ltxctility, compressibility, coefficient of expansion, thermal conductivity,
a/fcent heat of fusion, heat of chemical combination, refractive index, color,
Lls"tribution in nature, electrical conductivity, and magnetic susceptibility.
?lxe analogous compounds of the elements frequently show periodicity in
LLOII properties as molecular volumes, melting points, boiling point*.
fccubility, and color. The specific heats of the elements furnish an exception
3 -fch.e rule since they are not periodic.

S . I t offers a method of determining atomic weights of element** whom)
qixrvalents or combining weights are known. In this way beryllium,
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indium, uranium, and certain nf the rare earth* wen* located in the po-i-
tioftH which they now occupy.

3. Tim prediction of the properties of un»li*erivered elementH wa I
poHnilih' front a nfudy of the properties of the adjacent known eleiu*-nt-r*.
In addition to predicting the discovery of w.'indium, ^allnini, and ger-
manium, MendchVfT predicted the discovery of ckn-caoiufu, dwi«r;M MUIII,
<*ku-niohium, ekn-tantahnn, ilwi-frllurium, eku-niaimaneHe, and dwi-
iimtt}j;ancHc. The prediction of 11n* Zero (Iroup wan ubviuii lv uiipo* i!»le
before the discovery of any member «»f thin family. Hu* after the dis-
covery und placing of helium and argon, the rxiMrncr nf other inert K,H,H**H
wan to he expeeted, and undoubtedly the discovery of neon, krypton, und
xenon vvâ  materiallv ha..••fen«*d by the fact fhnt fh«* pi*riodi*' «v.̂ fi*m in-
c!tnitr*d that nurh âneH 4i*»uld *'\v-A,

4. The eorrecti'in of fatilt̂  atMinir* weight H \n **nuw«t*'i\ wh«rjiv* r nu
element falln out of p}a«T ar produci'H a " unfit " m i}w *v*icoi. *riiu.:-*, m
1H7CI, thi* ln*t triad tu 'Jroup VIII brought pfnfinnm under irnn und ruthe-
nium and placed oHmiuut un«I«T ni«'kel mi*\ pii))n<}ium. Th«'-*e r*\:itton^hipn
nre oi»vi<»u iy ^framed, nud «orre*'t]«*!i uf t)i*' !tf<«»nif<* weights ni phitmuio,
jriciiuni, and oHttuuiu ha* rrtunwtl thtu difcrepiuiry, The ntoiuir weij»hfn

In 1H70 l!tfi.7 i<«'»,7 Wsfi
In I'J22 i«.»5.2 ItWJ 1VMU*

Defactl. "*•• The1 tafili*s *»f M«*iitIrl̂ r»fF ami M«§yrr i'<m\nitmi
tMhvmitl wt»uk xjHitH, nmnv <*f wbirh buvi* tint y«*f l«*f*ri w*f i**fiuft«»-
rily Htrntî tlif*iH**I, T!I«»H*» ilî forfH may 1M* briefly wuirurTjitciI
iw folltiwn:

1. The* position of hyrlrogcti in n \m??,h\ It. in tinivi»l*knt- nntl ••Iwtn*
|}OKit-ivt\ KO it in gs*ft**r7*Uy |»ljM***«t in Ctmnp t with th** idk îli r»i«49<ilH. Htii
it in rfrininly nut H mrtni, f«inr«« i«vrn in the w»li»l Umn if i« tyjur?illy nun-
iw>fiiiltt*; it in **i$i«ily tliitplnn^l frutti orgHiii'* r<r»!tt|Kitin<i>< by th#* hu.lot(**n(i
nntl Umnn inHulltr hydrides which i*n* in no wny wirnibtr to tb«* n?H HJIM:

rt*««r»n for fitni'ing i* in (*nmp VII tiejir th** giMM<«»iiJi rtMtt'ttK'ltt̂ *. Hut H
Hfudy t»f th<* chi'mimd }w*bu%fiof of !iytlrog«*ti nhow* thul, hk»* tfj** nn-fid?*,
it foritw itn mont «f »bli» romiMiitntlH witli tb#* noti"im*tHllir «4**iii**i#t«, CVm»
m*fjui*ntly tlw* n*lfition?*hip of hydron«*n to thi1* f»tb»*r ••l̂ m f̂il** m Mffit vî ry
much of nti wiiftftm.

2. T'h^ ritfv imrth group fiirfiwliî n mififhcr cliflftulty, Hin̂ tt h**n* w*» hi*v«*
i fiumtn*r of tdf̂ uritt.* vliuWtttg from out* iinoth«*r in nUmtfc

. hut $Ht$im*mitt% vt*ty fiimilitf jirofH*rf-tw» Hftvi*r»I tw%thwb% of di»»
of thf* rari* **iifthi« hiiv«.' lnw»ti proprwi<»if but lbt*y urif not wholly

.̂ CH»*** t»hn.pf**r tin Itftf»* lyirthn.)
3. If thu onir*r of nrrnn^-tn^ntM follow* tbn Akimb wt*ighf4

•mcntii fall out, of j»liti!i?, l*htm the fto«iitftmj) «f irgon nnci;
1 Di C*. Uiurdjwttll,, Jitttf, 4 m. Chcm* Mm, 4ft !
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t, of cobalt and nickel, and of tellurium and iodine would be reversed,
their properties require the positions usually given them. This

cLif5ie\ilty has disappeared since the iatrodaction of atomic numbers as the
of classification in place of the atomic weights used by MendeleefL
The symmetry of the system is destroyed by Group "VIII, which con-
triads in alternate series. These triads show a disturbing variation

ixx "Valence. They show a certain transition of properties between the last
rjaeualDers of the odd series and the first members of the following even
s e r i e s . Yet their presence is more puzzling than helpful.

-5- The most serious defect in the system, especially in its usefulness in
laboratory, is that similar elements are sometimes in remote positions,

il dissimilar elements are brought close together. These difficulties
a r e most pronounced in qualitative analysis, in which the solubilities of
s^tl^s are of prime importance. As illustrations of this defect it may be
o b s e r v e d that copper and mercury, silver and thallium, barium and lead,
h.£ive many similar properties which are not suggested by their positions
i r i trxe table. On the other hand we might expect gold and caesium,
rtat>idLium and silver, and manganese and chlorine to resemble each other
nOLixcli more closely than they do. It is obvious, however, that no table
eoizlcL possibly show all the resemblances and contrasts of each element, and
EL detailed study of each of these elements justifies in a measure its usual
p o s i t i o n in the table.

Arrangements of the Periodic Table. — The recog-
r x i z e d advantages and weaknesses in Mendelfeffs table have
p r o d u c e d a vast amount of discussion. The system has been
b i t t e r l y attacked and earnestly defended, with apologies for
L-fcs imperfections and suggestions for its improvement. As
a, r e s u l t of this discussion, progress has been made, but the prob-
l o m i s a complex one and much remains yet to be accomplished.
Zt, i s evident that we cannot understand clearly the relationship

exists between the elements until we have a pretty clear
of what an element is and know something of the

s t r u c t u r e of atoms. Recently great advances have been made
n "fch.ese directions, and any modern arrangement of the periodic
}afole must be in strict harmony with our best information con-
c e r n i n g atomic structure, must conform with the revelations of
?C-ra ,y analysis, and must agree with the conclusions of studies
rx xa,dioactivity. Accordingly in the recently suggested plans
Jb.e elements are arranged in the order of atomic numbers, which

the misfits found at the positions of argon and potas-
cobalt and nickel, and tellurium and iodine. Most of

m o d e r n arrangements also provide for the suitable placing
) f t h t e isotopes, especially of the radioactive elements. The
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MODERN ARRANGEMENTS OF PERIODIC? TABLK 13

greatest difficulties still remaining in preparing a. thoroughly
satisfactory table are two in number: first, in showing the
relationship of hydrogen to the other elements of the* table*; and,
second, in making adequate provision for the ran* earth group.

Modern arrangements of the table may be considered in two
classes, those using a flat surface and those* using three dimen-
sions. Only the more important suggestions in eaeh class can
be considered here.

In order to provide apace for the rare earth group, Werner
has proposed1 an arrangement shown in Table IV. This
plan makes provision for all the elements, but it is cumber-
some and lacks the simplicity and regularity of the MendeleefT
table, since as the sequence moves to the right across the page
a uniform change of properties does not follow. The arrange-
ment of Doming, Table V, brings out nicely the peculiar relation-
ship which hydrogen bears to the rest of the element** and
provides space for all the elements, the rare* earth group taking
a place in which we should expect to find only one or two single
elements. This plan brings out Home interesting relationnhipH,
but is complicated and does not show the isotopes of the* radio-
active elements. The table suggested by Dushnmn,3 Table VI,
has the advantage of simplicity and completeness. It shown
the body of the ran* earth group as an enlargement of the
position which wo. would expect to be occupied by a single*
clement in Group III and provides space for the inotofWH of
the radioactive elements.

Of the helical arrangements those by Hoclcly and HarkiriN
are notable. In the former3 the dements ar<; arranged in the*
order of increasing atomic? nurnhcrH around two helical
one of which has a Hharjx>ned end to nignify the abrupt
which take place when we* pans through the* Zero Group, while
the other has a flattened end upon which in arranged the triutin
of Group VIII. The rare earth group in arranged in order
along the surface of the helix in lite position occupied by Oroup
III . A flat surface drawing of Noddy f« arrangement m shown
in Fig. 1, but a small model in three* dimennioriH brings out the
relationships much more clearly. Harking 4 xxntm two cylindttn*,

* W«rner, Ber. 38 914 (1005).
* Saul Diuhman, Om. Khzd, Hev. 18 614 (1015). and 20 IUH (1017). tim in»

ttido front cover.
* Soddy, Chemutry of Hadvmtiim KtamrjtU,
*Bjurldiw and HaU, JW. Am. Chenu 8m. $8 1011 (ltfltt).



TABLE V

2
He
100
10
Ne
20.2

INERT
GASES

18
A

39.9
86
Kr

64
Xe

130.2

Nt
222.4

3
Li
$.94
11
Ka

23.00

4
Gl
9.1
12
lig

24.32

19
K

39.10
37
Rb

85.45
65
Cs

132.81

87

Ca
40.07

Sr
87.63

66
Ba

137.37

Ra
226.0

6
B

10.9

13
Al

27.0

Arrows indicate directions of increasing: basic properties.
Sloping tines indicate the degree of relationship between
Extreme Groups (A) and Intermediate Groups (B): greatest
for Group IV, decreasing: in both directions, and nearly
disappearing- with Groups I and VII.

6
C

12.005

14
Si

28.1

7
N

14.008

15
P

31.04

8
o

16.000

16
S

32.06

ft
F

19.0

17
Cl

35.46

21
Sc

45.1

39
Yt

22
Ti

48.1

40
Zr

90.6

90
Th

232.15

Valence Details:
• 5-

V
51.0

41
Cb

93.1

73
Ta

181.6

91
P a

234.2

24
Cr

52.0

42
Mo

96.0

74
W

184.0

25
Mn

54.93

?
99±
75
?

188 £

26 27 28
Pe Co Ni

55.84 58.97 58.68

44 45 46
Ru Rh Pd

10L7 102.9 106.7

76 77 78
Os I r P t

190.9 193.1 195.2

29
Cu

63.57

47
Ag

107.88

79
Au

197.2

30
Zn

65.37

48
Cd

112.40

HfiT
200.6

31
Ga
70.1

49
In

114.8

81
Tl

204.0

32
Ge
72.5

50
Sn

118.7

P b
207.20

As
74.96

51
Sb

120.2

Bi

34
Se

79.2

52
Te

127.5

84
Po
210

35
Br

79.92

53
I

126.92

?
219±

The rare earth elements are : I —»* <
67 58 69 60 61 62 63 64 65 66 67 68 69 70 71
La Ce P r Nd ? Sa Eu Gd Tb Dy Ho E r Tm Yb Lu

72
Ct
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Arrangement of H. G. Deming
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HOW MANY ELEMENTS ARE THERE ? 15

one within the other, and the sequence of elements changes from
the larger cylinder to the smaller as we pass from a long series
to a short one. In this way the elements in the B division of a
group fall behind the ones in the A division. The rare earth
elements and the isotopes of the radioactive elements are
arranged vertically along the surface of the helix parallel with
its axis. A flat surface representation of this arrangement is
shown in Kg. 2, but a model is needed to show the completeness
of the system.

How Many Elements Are There ? — In ancient times all forms
of matter were supposed to be derived from the four " elements/7

— earth, air, fire, and water. Since this theory was overthrown
there has never been a time when man could agree on the prob-
able number of elements. At no time has the answer to this
question been more nearly within reach than at the present.
A study of the atomic numbers of the elements has led to the
conclusion that from helium to uranium inclusive there are 91
elements, making with hydrogen a total of 92 possible elements
within the limits of our present knowledge. Nearly all of the
recent periodic arrangements also indicate the existence of 92
elements within these limits. It is a startling fact that in
Mendel6efFs table, he placed the 63 elements known in 1871
and left enough blanks to make almost exactly a total of 92
elements. At first thought this appears to be a wonderfully
accurate prediction, but upon close inspection it is found to be
merely a strange coincidence. Only three of Mendel6efFs
blanks have actually been filled. Some others may be filled by
elements yet undiscovered, but most of his blank spaces never
will be filled. He knew nothing of the Zero Group and the rare
earth group was quite incomplete. So it is more probable that
the number of elements for which his table provided was deter-
mined more by convenience than by any deep-seated conviction.

If the region between helium and uranium contains 91
elements then five are as yet undiscovered. These have been
predicted and named: (1) eka-manganese with an atomic
number 43 and an atomic weight approximately 100; (2) dwi-
manganese, atomic number 75 falling between tungsten and
osmium; (3) eka-iodine, atomic number 85; (4) eka-neodym-
ium, a rare earth element of atomic number 6 1 ; and (5) eka-
caesium of atomic number 87. Of these, greatest interest has
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HOW MANY ELEMENTS ARE THERE ? 17

attached to the last named on account of the unsuccessful effort
to locate the element. (See Caesium.) Some interest is also
being shown in eka-manganese on account of the fact that its
discovery was announced x by Ogawa, a Japanese chemist, who
claimed that the element which he called nipponium, named
from Nippon, a name for Japan, confirmed all the prophecies
of Mendel6eff regarding this element. He has been accused of
" faking " the whole report, since separate investigations by Sir
William Ramsey and R. B. Moore have failed to verify his results.

In addition to the 92 elements already provided for, there are
three regions.of doubt: (1) before hydrogen, (2) following ura-
nium and (3) between hydrogen and helium. Studies in
radioactivity have suggested the possibility of atoms heavier
than uranium, but the existence of such elements has never been
demonstrated, and if they have ever existed on the earth they
are doubtless unstable under conditions now extant. Hence,
these are usually referred to as " extinct " elements (Bayley).

Spectrum analysis has given evidence of the existence of
several unrecognized elements, some heavier than hydrogen and
some lighter. The existence of a gas asterium,2 unknown upon
earth, is suspected in the hottest stars. Nicholson likewise
suggests the existence of a series of simple elements, including
arconium with an atomic weight 2.9 as calculated from the
width of the spectral lines and by the differences between the
calculated and observed wave lengths. Protofluorine with an
atomic weight 2.1 is probably identical with coronium 3 first
observed in the corona of the sun and later reported from the
volcanic gases of Mt. Vesuvius. Nebulium 4 with a calculated
atomic weight of 1.31 was reported present in the spectrum of
certain nebulae, and is probably identical with aurorium re-
ported in 1874 by Huggins 6 from a study of the spectrum of the
aurora borealis. Protohydrogen has also been reported with an
atomic weight of 0.082. Etherion was reported6 by Brush at
the Boston meeting of the American Association for the Ad-
vancement of Science in 1898. It was described as a gas which
may be expelled from powdered glass and other substances
under high temperatures and pressures less than loofrooo' of an

1 Jour. Chem. Soc. (Lond.) 94 952. * Chem. News, 78 43 (1898).2 See Chem. News, 79 145 (1899). * Chem. News, 59 161.8 See Proceedings Roy. Soc. 1899.
• Trans. Am. Assoc. Sci. Bostoti meeting; also, Chem. News, 78 197.
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atmosphere. Its atomic weight was calculated as about
that of hydrogen, and it was described as possessing enormous
heat-conducting power, but lacking in chemical affinity. From
the manner of obtaining this gas and its general behavior
Crookes suggests that the peculiar properties noted are due to
the presence of water vapor, which would quite certainly be
present under the conditions described and behave as the new
" gas " did.

Efforts to prove the existence of such elements as these have
made little progress because of the well-known variations in
spectral lines produced by different conditions. Keeler1

points out that entirely different spectra may be produced from
an element by varying conditions. Thus, if the spectrum of an
element is produced from various mixtures, new lines may be
produced and others may disappear because of overlapping.
Pressure influences the spectrum, usually producing a broaden-
ing of the lines.2 Temperature produces so marked an effect3

that it has been said that " a rise of 5° in temperature is sufficient
to transfer Di to the position of D2." Variations in the mag-
netic conditions produce enormous changes in the spectrum
of an element.4 On account of these facts chemists have been
conservative in accepting the discovery of an element when our
knowledge of its existence is based on spectroscopic evidence alone.

Discoveries of a very large number of new elements have been
claimed in recent times. Charles Baskerville, in the presiden-
tial address delivered before the chemists of the American
Association for the Advancement of Science, St. Louis, 1903,
gives a list5 of more than 180 such announcements since 1777.
Of these only about 36 may be considered as actual discoveries
of new elements, while over 130 have failed of confirmation or
have been definitely rejected because the observations were made
upon impure materials or upon elements already known. Of
the remainder some may still be considered as having an unde-
termined status and others are what we now call isotopes.

1 Sci. Am. Suppl. 88 977 (1894).
2 Schuster, Brit. Assoc. Report, 275 (1880).
» See Lieb. Ann. 238 57; Chem. News, 56 51.4 Foote and Mohler, Origin of Spectra, American. Chemical Society Mono-

graph, chapter v, especially figures 23, 24.6 " The Elements, Verified and Unverified," Chem. News, 89 109 et aeq. (1904).
See also Harkins, Jour. Am. Chem. Soc. 42 1985 (1920).



CHAPTER II

THE ZERO GROUP

IN many respects Group Zero is unique among the families of
the periodic table. It is the only group whose elements are all
gaseous at ordinary temperatures; all of these elements appear
to be totally inactive chemically ; this group and the Eighth are
the only ones in which there are not represented rather definite
odd and even sub-groups. This group is transitional between
the extremely electro-negative halogens and the strongly electro-
positive alkali metals. These elements are known as the " inert
gases" on account of their chemical indifference; " noble
gases " on account of their analogy to platinum and gold ; or
" rare gases " because, with the exception of argon, they are
found in the atmosphere in extremely minute amounts. None
of these gases so far as we know have color, odor, or taste7 and
their other physical properties furnish striking resemblances
with a gradation similar to that found in other families. (See
Table VII.) It is to be noted that the ratio between the specific
heats at constant pressure and constant volume is quite uni-
form and the value 1.6 is generally interpreted as indicating
that these gases are monatomic. The reasoning is, however,
not conclusive and Mellor objects to the unqualified acceptance
of this view.1

HELIUM 2

Historical. — On August 18,1868, a solar eclipse occurred, during which
the sun's photosphere was for the first time studied with the aid of a spec-
troscope, P. J. C, Janssen 8 called attention to the fact that a certain
line in the yellow supposed to be caused by sodium did not coincide with
either Dx or T>% and proposed to call it D84 Frankland and Lockyer4
concluded that this line was due to an element unknown upon the earth,
and suggested the name helium, the sun element. Later the same yellow
line was detected in the spectrum of certain stars and it was reported in

1 Mellor, Modern Inorganic Chemistry, pp. 564 and 836»
* See " Helium, Its History, Properties, and Commercial Development,*'

by R. B. Moore, Jour. Frank. Inst. 191 145 (1921); for a bibliography of
Helium, see Circular 81, Bureau of Standards (1919).

*Compt. rmd. 67 838 (1868).4Proc. Boy. Soc. 17 91 (1868).
20



TABLE VII

Physical Properties of the Xohle Gases

HE KB NT

Parts per thousand in Atmosphere—by volume
Cp

Ratio of Specific Heate:--

Wt. of a liter X. T. P. in gram*
Mol. wt. (at. wt.: D - Q* - 32)
Critical Tenip.f Abs
Critical Pm^. ie Atmo<. . . .
Boiling Point, Ahs.
Mehinis: Point, Ab?.
D«i5ity oi* a Liquid at B. P, .

y in wetters

i CW/, i t 03 . . .
Ab£>rpu*>n Ctvf- a! A^ . .

TberadCooductiritv A'XIO* .

0.0014

1.652

0.1786
4.00

5M9
2.26

0.015

0.9002
20.20
44^.74
26. $6

20s<?i
0.154 j —

0.0114

9.37

1.65

1.7SIS
39.90

47.000

0.0257

0.00005

1.6S9

3.70S
S2.92

210°.5
54.3

122*

2.155

0.1105
0.03*3

0.000006

1.666

5.S51
130.2
2sO\6

5^.2

3.06

0.242
0.073

I

9 . 9 7

2 2 2 . 4

3 7 7 3 . 5

6 2 . 5

2 1 1 °

2 0 2

A b o u t o

0 . 5 1 0

0 . 1 0 0
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1881 by Palmieri1 in the spectrum of the gases fromMt. Vesuvius, although
some question has been raised about the possibility of the latter observa-
tion.2

In 1889, Hillebrand published Bulletin, U. S. Geological Survey, No. 78,
in which he described some experiments upon a gas which had been expelled
from the mineral cleveite. This gas he supposed to be nitrogen, since it
yielded nitrogen compounds. He noticed, however, that its behavior
differed somewhat from nitrogen, but he failed to detect the presence of
the new element helium.

In 1894, Sir William Ramsay was studying the gas obtained by heating
powdered cleveite and found about 12 per cent of nitrogen, some hydrogen,
and some argon; there was also a brilliant yellow line of the same wave
length as D8 of the solar spectrum. Kayser announced 3 the detection of
helium in the atmosphere in 1895. The confirmation of the discovery of
terrestrial helium was quickly made, but at first there was some doubt
concerning its homogeneity and position in the periodic table. The color
of the glow from a Pliicker tube containing pure helium is yellow under a
pressure of 7 millimeters and green at a pressure of 1-2 millimeters. This
led to the belief 4 that helium was a mixture of two elements, but efforts
to separate them went to prove 5 that the gas is homogeneous. So helium
took its place in the periodic table as an element without chemical affinity.

In 1903, Ramsay and Soddy 6 announced the discovery of the fact that
helium was a product of the atomic disintegration of radium, one gram of
which produces about 0.45 cubic millimeter of helium per day. Later
it was found that other radioactive substances also yield helium and that
the charged helium atom is the alpha particle.

Occurrence.7 — Helium is widely distributed in nature,
though usually in small amounts. I t makes up a considerable
portion of the sun's atmosphere and is probably the principal
constituent of the hottest stars. I t is present in the earth's
atmosphere in a proportion estimated as about 1 part in 185,000
by volume.8 I t has been detected in the gases evolved from
certain mineral springs. King's Well at Bath, England, is
estimated to yield 1000 liters of helium annually. I t has been
detected in at least one meteorite, which fell in Augusta County,
Virginia. I t has also been obtained from a large number

x Rendiconti R. Accad. di Napoli, 20 233 (1881).2 Nasini and Anderlini, Atti R. Accad. Lincei, 13 (v) i. 368 (1904).
«Kayser, Chem. News, 72 89 (1895).4 Runge and Paschen, Phil. Mag. 40 (v) 297 (1895) ; Brauner, Chem. News,

74 223 (1896) ; also Nature, 52 520 (1895).
« Proc. Roy. Soc. 60 206, 449 (1897); 62 316 (1898); also Nature, 56 380

(1897).6 Proc. Roy. Soc. 72 204; 73 346 (1903).
7 See " Helium Bearing Natural Gas," by G. S. Rogers, U. S. Geol. Survey,

Professional Paper, No. 121 (1921).8 Watson, Trans. Chem. Soc. 97 310 (1910),
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minerals, principally those containing radioactive and rare
t h elements such as pitchblende, thorianite, monazite,

usonite, samarskite, and euxenite; also, in carnallite, ru-
beryl, columbite, and native bismuth.

T h e most important source of helium from a commercial
J p O i n t of view resulted from the investigation of Cady and
i N C w h o found that the natural gas of Kansas nearly

contained helium, in some samples the amount present
from 1.5 to 1.84 per cent. I t is from such sources that

helium is being developed.
* Specu la t ions 2 concerning the quantity of helium in the upper
l i y e r s of the earth's atmosphere have led to the conclusion that
fet 5 O miles above the surface there is twice as much helium as
%&yg;en; at 100 miles the atmosphere is mainly helium and
tydx-ogen, and at 500 miles these two gases are the only ones to
jNI f o u n d . On the basis of this theory, it is estimated that the

mass of helium surrounding the earth would equal 11,000,-
tons. On the other hand, mathematical calculations 8

indicated that a gas as light as helium would not remain
i t r m a n e n t l y a part of the earth's atmosphere, but would be
kfrw-ly radiated into space. If this conclusion is correct then
i t I u r n must be present in interstellar space, and the constant
jfjaount in our own atmosphere must be the result of a balance
i f c w e e n the loss of helium into space and the emission from
i T o s t r i a l sources.
f Jepa ra t ion . — Up to quite recently the cheapest method of
t^a,iziing helium was by heating a mineral, especially cleveite
r j rnonaz i t e , either alone or with dilute sulfuric acid, or with
pja,ssium acid sulfate. When heated alone the finely ground

is placed in an iron or porcelain tube which is connected
system for absorbing moisture and carbon dioxide. The

oxxx is evacuated and the tube heated to 1000°-1200° C. When
with dilute acid the mineral is placed in a strong flask

l t ightly with a condenser and funnel tube. Through the
1 : 8 sulfuric acid is added and the former is connected
pump by which the evolved gas is removed. Usually

t t > e r yield of helium is obtained by heating the mineral with

f \*u.<r. Am. Chem. Soc. 29 1523 (1907).
3ET- Jeans, Dynamic Theory of Gases, chapter XV.

f iton^y* Chem. News, 71 67 (1895); see also Chapman and Milne, Jour.
t JMT&teorolog. Soc. 46 357 (1920).
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sulfuric acid. Approximately a liter of gas may be obtained
from 200 grams of cleveite at an estimated cost of about $5.
After long and patient effort, Onnes obtained about 2 cubic
meters of helium by heating monazite sand. The cost has1

been estimated at approximately $1600 per cubic foot.
When the method of liquefying air was developed sufficiently

to permit the use of liquid air in considerable quantities, helium
mixed with neon was obtained from the first fractions in the
commercial distillation of liquid air. Obviously no very large
amount of helium can be obtained in this manner unless the pro-
duction of liquid air becomes a considerable industry. This is by
no means an impossible source of helium, since it is now seriously
proposed to use liquid air in the operation of the blast furnace.

During the recent war a sudden and insistent demand for
helium arose because of the desire to equip observation balloons
with a light non-inflammable gas. This suggestion was what
would normally be called a purely " academic " dream, since
the largest amount of helium ever collected was probably that
obtained by Onnes. The cost would be prohibitive. But the
U. S. Bureau of Mines recalled the presence of helium in the
so-called " wind gas " of Kansas as reported by Cady and
McFarland. The need was urgent, and without time for suitable
preliminary experiments the government erected plants for the
recovery of helium from the natural gas of Texas and vicinity.
The effort was successful, and at the signing of the armistice
150,000 cubic feet of helium, enough for three or four ob-
servation balloons, were ready to be shipped abroad.

The work continued for a time, since the importance of
helium in aeronautics is fully recognized. Dr. Manning, for-
merly director of the Bureau of Mines, estimates1 that it is
possible to obtain 6,000,000 cubic feet of helium per week
from American natural gas, provided the process of separation
is perfected to the degree that gas containing 0.35 per cent
helium can be utilized. I t is also pointed out that the supply
of helium is evidently decreasing rapidly and in 20 years the
present available supply of helium may be exhausted. It haa
been suggested2 that the best helium-producing gas fields
should be sealed to conserve the supply.

iJcur. tnd. and Bug. Chem. 12 821 (1020).2 Dr. Joseph S. Ames, chairman of the National Advisory Committee on
Aeronautics.
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Three methods * of removing helium from natural gas have been used,
all dependent on freezing out all the other gases. A plant using the Linde
process was built at a cost of $300,000 and began operations March 6, 1918.
By September of the same year it was producing 5000 cubic feet of 70 per
cent helium per day. For carrying out the Claude process a plant costing
about $150,000 began operations some weeks later than the Linde plant
and gradually improved both the yield and purity of helium. The largest
plant was built at Petrolia, Texas, at a cost of $150,000, and with an original
capacity of 30,000 cubic feet of helium per day. Here the Jeffries-Norton
process2 is used under the direction of the Bureau of Mines. In December,
1922, the Fort Worth plant was producing 15,000 cubic feet per day, with
a prospect of doubling that output shortly. The question of storage for
such a quantity of gas becomes a serious problem. The cost is said to be
less than 10 cents per cubic foot, with the prospect of a decrease to 5 or
even 2 cents per cubic foot. Recent tests at the cryogenic laboratory in
Washington indicate that it is possible to produce reasonably pure helium
from natural gas by a single operation, thus materially reducing the cost.

Canadian supplies 3 were tested by experimental plants at Hamilton,
Ontario, and Calgary, Alberta. The Ontario natural gas contains 0.34
per cent helium, while the Alberta supply contains about 0.33 per cent. A
plant with a capacity of 56,000 cubic feet of natural gas per hour has
been designed. A modification "of the Claude oxygen-producing column
is used. The helium produced has a purity of 85-90 per cent or better.
The cost in the Alberta field is estimated at £10 per 1000 cubic feet,
exclusive of containers.

Purification. — Helium is separated from the other inert
gases by taking advantage of the fact that its boiling point is
the lowest of all the gases of this family. Nitrogen and hydro-
gen may be removed with hot lime and magnesium or calcium;
argon (and nitrogen) may be liquefied by liquid air; and neon
and all other gases may be condensed with liquid hydrogen.

Purification may be made in other ways. (1) If helium which
contains not more than 20 per cent of air, oxygen, or nitrogen
is passed over cocoanut charcoal at the temperature of liquid
air, practically all the other gases are absorbed and helium
remains.4 (2) Helium may also be purified 5 by taking advan-
tage of the fact that it is absorbed by finely divided platinum,
while nitrogen and neon are not. (3) Fused quartz at a tem-

1 See address of. Dr. F*flt. Cottrell as Perkin medalist, Jour. Ind. and Eng.
Chem. 11 148 (1919) ; also R. B. Moore, Jour. Frank. Inst. 191 145 (1921).2 For the principles involved in the three processes for liquefaction of gases
see Washburn, Principles of Physical Chemistry, 2d edition, pp. 309-313.

s Jour. Chem. Soc. 39 252 R (1920). Inst. 191 145 (1921).
* Dewar, Proc. Roy. Soc. 74 122, 127 (1904); Claude, Compt. rend. 158 861

(1914) ; Jour. Chem. Soc. 39 252 R (1920).
* Compt. rend. 121 394; Proc. Roy. Soc. 60 449 (1897).
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perature of 1100° is permeable to helium and hydrogen but not
to other gases. This method is slow but gives a very pure
product.

Properties. — The constants for the principal physical prop-
erties of helium are given in the table on page 21. The prop-
erties which make helium most interesting are its lightness,
its close approach to a perfect gas, its close relationship to the
radioactivity and the composition of atoms, and its absolute
chemical inactivity.

The density of gaseous helium has been determined by many
investigators, the two best results being those of Watson l

and Heuse.2 The weight of a liter under normal conditions
is given as 0.1782 g. and 0.17856 g. respectively. Thus,
helium should have about 93 per cent as much lifting power as
hydrogen. Experiment has shown3 that 1000 cubic feet of helium
will lift 69.58 pounds, while the same amount of hydrogen will
lift 75.14 pounds.

As would be expected with so light a gas, helium diffuses
rapidly, but not so rapidly as would be expected from Graham's
Law of Diffusion. Hydrogen and helium are the only gases
which diffuse more slowly than would be expected from the
kinetic theory. The penetrability of these two gases through
balloon fabrics-has been determined 4 as between 5 and 10
liters of gas per hour per square meter of fabric. Helium dif-
fuses 0.71 as fast as hydrogen.5 Hydrogen and helium diffuse
readily through heated quartz at high temperatures and through
silica glass at temperatures above 300°. Jena glass is not per-
meable to hydrogen but is to helium.6

The coefficient of compressibility is zero7 between pressures
of 147 mm. and 838 mm. of mercury at 0°; that is, the product
of pressure times volume is a constant within this range. Onnes 8

has determined the isothermals for pv over a wide range of
temperature and pressure.

The boiling point of helium is the lowest of all known sub-
1 Tram. Chem. Soc. 97 810 (1910).
* Ber. deutsch. phyrikal. Ges. 15 518 (1913).
* Min. and Sci. Press. 119 306 (1919).
< Phil. Mag. 40 672.
«Jour. Ind. and Eng. Chem. 12 821 (1920).6 Williams and Ferguson, Jour. Am. Chem. Soc. 44 2160 (1922).7 Burt, Trans. Faraday Soc. 6 19 (1910).8 Proc. K. Akad. Wetmsch. Amsterdam 10 445, 741 (1907).
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stances. I t was the last of the so-called permanent gases to
yield to the efforts to produce a liquid. The classical work
of Kammerlingh Onnes l used 300 liters of helium gas, which
was cooled first by liquid air, then by liquid hydrogen boiling
under diminished pressure, and finally by passing through a
special Hampson liquefier. Helium must be cooled to 15° A.
before the Joule-Thomson effect will produce liquefaction. But
at the temperature of solid hydrogen the expansion of helium
from high pressure produces a sufficient lowering of the tem-
perature to cause liquefaction. In this way Onnes produced
60 cc. of liquid helium.

Liquid helium is, next to hydrogen, the lightest liquid known.
Its density2 at4°.33A. is 0.1208 and at 2°.4A. it is 0.1459.
The temperature of maximum density is 2°.2 A-, the critical tem-
perature is 5°.25 A.j and the critical pressure 2.26 atmospheres.
Liquid helium is colorless, very mobile with very small surface
tension.- When evaporated under diminished pressure a tem-
perature as low as 2°.5 A. was obtained,3 but no solid helium
resulted. Onnes failed to obtain solid helium at a temperature
of 0.82° A.

Positive ray analysis4 indicates that helium is a simple
element without isotopic modifications. On the other hand a
study of the atomic structure has led to the conclusion5 that
helium contains two types of atoms, which are designated as
helium and parhelium. A sftudy6 of the probable constitution
of the atoms of oxygen, nitrogen, and carbon suggests the value
3.0011 as the atomic weight of the isotope called isohelium
(Rutherford's X3). Helium atoms when subjected to certain
voltages are ionized and remain in this metastable condition
for about 0.0024 second.7

The dielectric cohesion8 of Jielium at 17° is represented by
18.3 as compared with argon = 38, air = 419, hydrogen = 205.

1 Proc. K. Akad. Wetensch. Amsterdam, 11 168 (1908) ; also Compt. rend.
147 421 (1908).2 Onnes, Comm. Phya. Lab. Leyden, No. 119.3 Onnes, Proc. K. Akad. Wetensch. Amsterdam, 12 175 (1909).4 F. W. Aston, Phil. Mag. 39 611 (1920).5 J. Franck and F. fteiche, Z. Physik, 1 154 (1920).6 M. C. Neuburger, Physik Z. 23 145 (1922).7 Kannenstine, Astrophysical J. 55 345 (1922).8 The dielectric cohesion may be explained as a constant which expresses the
relative electrostatic field of force which is needed to render the gas a conductor
of electricity.
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An uniiBually long spark gap is therefore* popsilih* in helium,
in which n spark of 2.r>(}-!J(K) mm. has l«*rn obtained l under
the same* conditions as produced a spark of 2'J mm. in oxygon,
IM mm. in air, «il) mm. in hydrogen, and l.r>..r» mm. in argon.

Helium serins to have the ability to form nolid solutions with
finely divided platinum, with magnesium, and probably also
with a considerable number of minerals, but there is no evidence
of any chemical reaction involving helium, lit a most thorough
investigation," Ramsay circulated helium at reel heat over a
long lint of materials and was able to detect no change* in either
count it went. KiTorts to make hrlium enter into rumbiiuttion
under the influence of the silent electric discharge have been
unsuccessful. It is therefore* evident that helium is unable to
enter into chemical reactions of the usual type.

Uses. -The most sj>eetaeular UNO of helium is for filling
balloons in time of war. The cost in still considerably but the
advantages an* numerous. Its total non-combustibility makes
it poHHihlc* to build a dirigible balloon more compactly hee^use
fear of sparks from the motor is remove*I. It has \**vn NUggeHted
that it would lm possible to mount a machine gun on the top
of the ga# bug. In order to decrease the vtmlf it has been pro-
poned to put helium into the compartment* which an4 <*xponed
and hydrogen into other compnrtmentH. Another plan in to
mix hydrogen with helium, ninre it lt»>» \nrni demojiMrated that
m much m 20 {H»r cent hydrogen in needed In produce an explo-
sive mixture.' In n tml flight early in Deci*iiil«*r, 15)21, thi»
U. 8. nnviil airnhip O 7 demormtratiHl the pnicticability fif
helium-filled dirigible«. In the flight from Iliimpton lUimh to
Wiinhington and return it was unn«*n*«Hury to low any heiitmi
by valving, and the men in charge report that greater «pr*f*d waif
developctd and the ship rmtncuveml \u*iU>r than when filled
with hydrogen. The fact that helium is* n. jKHr̂ rer conductor
of haat than hydrogim dimina<i>cl much of the difficulty ari?citig
from variatiorm in the lifting priwer of dtflferant partioiw of thft
gas Img, so tha air«hip responded mort* deftnitely to if n t*fmtrpl*,*

Thera are certain pniblnimi to \H* ovorcomft befow* helium
can b© callefl an ideal gtm for um in bnllmmn. I.t» neareity

« Collto ami RsnuMiy, /Vwr. Hon. Sec. U 28t
* Rmmiay IUKI CoHfo, Prm, Hoy. $m, §0 m
'Jmtr. Chmm, Sm, 39 nt It iWm)*
*Bm uout Owm. ami Mm. Mm- 25 il II (trill,
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makes the cost extremely high and prevents the* valving of the
gas when it is desired to descend or to deflate the gnn hup;.
The relatively inexpensive hydrogen is allowed to escape info
the air, but helium must be compressed into cylinder*, repuri-
ficjcl, and used over again. Since the* lifting power of helium in
less than hydrogen, a balloon which is to use the former gun uiuwt
have a gas bag approximately one-tenth larger than would be
required in a hydrogen balloon. If an altitude of 10,000 feet i«
to be reached, as is necessary in crossing the* Rocky Mountains
a helium gas bag ran only bo filled to 70 j>er rent, of its rapacity
to provide for the expansion of the gas at these altitudes. De-
vices are being planned for compressing the gas, but thene mean
increased weight, decreased fuel capacity, and a corresponding
limitation in cruising range*.

The most important scientific use of helium in probably in
connection with studies in radioactivity ami extremely low
temperature work. A study of helium will undoubtedly throw
light on the nature of radiation, atomic structure, nnd other
related problems. At the temperature of liquid helium, tin,
lead, and mercury lose their electrical resistance; for mamplo,
a thread of mercury, which lias a resistance of neve nil hundred
ohms at room temperature, when cooled to 2*VI5 A. ha* leHH than
two ten-bill ion ths of its zero resistance. Other interest ing nnd
valuable results may l>e expected from the use of liquid helium
in the cryogenic laboratory at Washington.

As an inert gas helium in useful for filling tungsten Inmpn
which are to be used for signaling, hewiti.se of the rapid dimming
which results. Helium are lights give? un interne rtnl umi yellow
light which has certain advantages over the mercury vitpor
lamp. In Geissler tulxw helium furrikheH a good nUttubmt
light in Bpectrophotoniotry.

A number of other application** have \mm miggenled, mvh HH
its use in mixture with oxygen for <{eep-Hea d iver t the purjwiw*
of which in to pfftfong the* jK»riod of submergence by m%mn% the
more rapid exhalation of carbon dioxide; to replnee oil for
surrounding switches and circuit breaker* for liiu;h-tefiHioft
electric transmission lines; for filling thermUmii! »iti|iiifyiitK
valves of the ionization tyjm.

Detection. — ffolium m dmtMuUtd by ltn *i*mtrum, Un* tnmi p
Unm Iwjiiig the D* Hm which ittd to thtj dmmvuty ut th« vktinrtit
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prominent green lineX TAWW. Th*«re :>re umi»y njin-r lin«H in the- npwtrmn,
whose intensify varies with f !»«• j»n: nr«-,

If the sample under examination contain-* other gû M fhun helium, these
nuiy IM» effectively rernovrtl l»y rorojuiuf «'h;iPf»»;i,l rooli*i| with htjiini air.

Estimation, The purity «>f n Mr*';»in of hfiimn may )•»* n>ntinu*itr*-ly
recorded by nil nutomniir di'vuv dcvelopr-il ;it thf I*, S Hure;ui of Sf:tn<|-
urdtf. Its operation drpptifN upon ?!*•- thi-ruci! «*»ti«lu« fail v of tht* #?I.M.
When only two K.MM-* ar«« pr<vn) *h«- r»jtp;ir;ifir» «»vi-- ;*r*Mjr.:i?i. result.̂ ;
consrcpiently it î  Hfrvirf'a!*!** in *\rnhn% \\\\U h*l?4ii» «•( :\ puntv al»i»ve 70
per cent, wn«#i* nitrogen î  fh«'*m!v uttpuntv HI si*h in:i!«'n:»l.

A rn\nt\ methoti of tU>ivrmniinu 0i«* f̂utoiiif of h^hnn* i?i n iiiixture in
haned upon the r;ipi<iitv with >vhi»-h t}»»* |ii I!»AVI f!*rMiî h :» tuitmf<* hull- in
a pieec «>f platinum foil. '!'!»«• urtrnifnfi! r» «-idihr :*!»*il i^nn ? pun* nitro-
gen ami u ileteriuifKitioH r«quirr * J ."$ iiuniit*^. An ao-nnM-v ««f I 'J prr
cent in pnsMJhlr in a win couf aunii^ «H jn-r e**n! »'»r niori* nf lirhuui »»*«! only
ont? other ga.s.

Historical. •••• AH nmin a,'i if Irt'ruHii- rvi*i»*nf thrtf hcliuui rm*l Mrgon were
rnembern of u aero Mfoup of rinjji-nt-^ ;*»';»rrh W;M IUU«I«'1 for «n eJf»t**nt.

eight wmiM plnvv it UHwr«-n !i»'hi»ii :»n*l jtryton JMI*I juxt
Fur thi« j*urj»««**** !H lii**r•• **!* urgon n=̂  urri- j*rrpnrrti fruni

liquid air and i*'»ntli'(iw*i to a !j«|«ji»i, Ilv »a-v»'r;»l ̂ iî tiJ!-**I**H-J *.»f thin li*|uifI
the element won f̂roirj tti*8 f'lrnrU w r̂d iu«';ttnim " n«'̂ >J<» *v;i.'-« iHol;jf#'*I
from tin* niori* volatile j*orlio», Th»* &%* w,m UMI n«;nfi ohtntfirtl m pure
form until HMO; nirwijtieufly, it>< *!*-%**-!**|*tn«*f11 hi^ !«**•« v*-ry >4r»w,

Occurreiace, Xi*o» i«'rur^ in Ut«* at!iir»Hiilirn* in prtiporticm
of c»ni* vohiitit* to about 5.VKX) vnliun«*»< of ;»»r. It him nhu \n*vti
dtitvvAtnl in Himu* HiunplvH of mttunil giw nwl in thv WWH vvtAvwl
by c&rtttin hot HjiringH,

Separation. ••-•• Xi*oti in thf* itirwi difficult of ihv mrv %umm to
obtain in jnm» fonn, not only I^T.HIIW* it in prr#*i$f. in lit** uir in
very «mall imtoutttit, but nlm* turwuiw if rr»lb*c!t« in tlm midcllt*
fm^tions which an* tht* inont tiiilirult t.«i purify.

Several modifkiitioriH of litttnmy*n iiif*fhoo! «»f fmctionatiott
have been dctvimul nnd u**w»tl to Ki*piiruti* nwn, TIK* inont
Kuccasffful methfKi for working with i* lurfti* amount of material
mm a mmlififittion of C.iiiijf}t*fn »ppuniltmt in whir*h fmctiona*
tion is accomplti»ht«d by a fnustionntiiig vnUmm. By ih'm ttwtmn
all the hydmgisn, hrlium, and nmm of tht* air art^ H*»|*aratwlf
with mtm mtrogan, mi tin? light gaw, From ttik, nitrogen m
removed by hot mttgnrnium or fold chnrciiaL

A simple mathod of nfpumting tmm from thfc oth«r (QUM*I» i»

* Bammy atid Trnvtm, #Voc. toy. *̂ BC. i t »I«I (IttlM);
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to use the selective absorption of charcoal cooled in liquid air,
devised by Dewar. Charcoal cooled to - 100° < \ absorbs ur^on,
krypton, and xenon completely, but scarcely absorbs helium and
neon at all. At a temperature of - 1X0° to - 100" < *., won in
absorbed and helium left in gaseous state*. From the charcoal
the occluded gases are easily obtained by raising the* temperature.
If nitrogen is present it also may be removed by cooled clmmml,
since it is more? readily absorbed than either neon or helium.

Properties. — Noon resembles helium closely, but shows n
greater variation from the expected values than any other
member of the family. (See Table VII, page 21.)

Watson * has determined that a liter of neon weighs 0.0002
grams under normal conditions. This corresponds closely to
the accepted molecular weight, 20.2.

The dielectric cohesion of pure neon at 17° is f>.0, much below
that of helium and the lowest for any gas. Thin value in
materially raised by the presence of impurities; consequently,
the purity of any sample of neon may be judged by tlit* deter-
mination of this constant.

Neon diffuses through quartz at RKKf'C, but lens readily than
helium.

When neon is shaken with mercury or heuteci unequally a
marked red glow appears. The explanation ottered for thin
curious behavior is that there is developed a difference of
potential which is sufficient to produce* n glow in the neon on
account of its high conductivity.

Neon may be liquefied at atmospheric, pressure by Nurmuml-
ing it with boiling liquid hydrogen; it may afno be Hotitiifn*tl
by allowing the hydrogen to boil under diminished \m*miw\

Using his positive my analysis, J. J. Thomson fmn shown
that atmospheric neon contains two Lsoto|H#H, one with an ntotrtic
weight 20 and the other 22. This wwrliiHion UUH IH*V.U confirmed
by Aston, 3 who obtained evidence of two i*<oto|**tf of atomic
weights 20 and 22 in proportion 9 to I. Thiw urwotiritH for th<*
accepted value of 20.2. Then* in aim some evidence of n third
isotope of value 21, comprising about 1 jwr cent of tin* whole.
If this conclusion is confirmed this would furnish mi in
triad somewhat similar to those* found in Group VIII.

1 Tmnn. Chmn. Hnr. 07 HW\ (JttiOj.
8 Nature 92 308 (1013); Phil. Mag. $# III)
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Uses.— Several types of neon lamps have been designed,1

the advantage being that the penetrating red rays are va luable
for signaling. The light is produced by the glow discharge :* f
the cathode and the intensity is dependent upon the area of 111*1
cathode surface and the pressure of the gas. With a voltu^*?
of 220 the glow begins instantly, and when used for stroboscopl * *
work the working flash has a maximum duration of one tw< *-
millionth of a second. Such a lamp has great value in measurin j *
the velocity of revolution and in many other engineering pro! »~
lems. The economy of the neon lamp is shown by the stat < *~

'ubr friled h//tb Mean
FIG. 3. — SPARK PLUG TESTER

ment that a Moore tube filled with neon containing a littl**
helium consumed 0.26 watts per Hefner candle, while a simila r
tube filled with argon consumed 45 watts. Lamps containing
as much as 25 per cent helium are as efficient as those contaiii«~
ing pure neon. Various electrodes are used, iron and aluminiui 11
being the most common; an alloy made up of 82 per c e n t
thallium and 18 per cent cadmium is especially successful an
the cathode. The lamps burn for 2000-3000 hours. It hat**
been found2 that a neon lamp produces one hundred times a «
much luminosity for the same current consumption as can Yms
obtained with argon.

A neon lamp 8 has recently appeared on the market which £ n.
recommended for use in halls, hospitals, and other places wher#*
subdued light is desired. I t is rated at about 5 watts and i#*
supplied for both direct and alternating currents. The e c o n -
omy in its use conqtes both from its long life and the saving o f
electrical energy when compared with the present m e t h o d s
of producing reduced electrical illumination.

The ease with which an electric spark will pass througl i
neon has been utilized in devising a spark plug tester for usct

1 Elektrochem. 24 131, 132 (1918); Elektrochem. Z. 40 186 (1919); F. W* .
Aston, Proc. Cambridge Phil. Soc. 19 300 (1919).2 D. McF. Moore, Jour. Am. Inst. Elect. Eng. 39 732 (1920).8 Phillips lamp; see Electrician, 87 25 (1921); another type is the Pint*?!*
lamp, described in Elektrochem. Z. 42 121 (1921).
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with internal combustion engines. These little inslrurrmnfn *
are serviceable not only for locating ignition troubles in tin
automobile, but also are suggested for use in a factory where
the development of frietional electricity by the moving mn~
chinery might cause a dust explosion.

The neon spectrum lines are sharp and furnish a good stand-
ard light source, especially between H'MM A. and .'Jf*2O A.

Detection. — Neon is identified by its brilliant Hpeetrum linen, especially
prominent in the orange and red regions.

AltOONT
Historical. ~ In 17»S5, Cavendish published3 an article describing an

experiment in which lie passed an electric spark through a volume of air
mixed with an excess of oxygen and absorbed the* products in aft alkaline
medium. After removing all the nitrogen the residual oxygen wan absorbed,
when there remained a gas which wan neither oxygen nor nitrogen C 'avert *
dish estimated the amount of thin gas to be not more than r | a of the tutu!
nitrogen. Thin experiment was forgotten for over a century,

In the years I8(KM)f>, Lord Uayleigh wax studying f he weights of variotiH
gases from different Hourcrs. A liter of nitrogen from the air weighed
1.2572 g. while nitrogen prepared chemically weighed I.2.W g, pvr liter.
The difference was much larger than the experimental error, aitti ati exami-
nation of the " chemical M nitrogen failed to show the presence of any light
impurity. Bo the conelunion was necessary that tit** " nfmonpherif* "
nitrogen muni contain some constituent heavier than nitrrwri it wit, With
the coftjwration of Hir William KamHay, and the suggestion furnished by
Cavendish'** experience, it was discovered that when alt tht> known «»»»n«
stituentK of the air wer«; removed there idways remained a residue which
was proportional to the, volume of air umu\, Thw rentdue wnn ?thowa *
to differ from nitrogen both H[H«ctroHcopically ami chemjeiiflv nn well n« m
dennity. Then nt*w gim wa« named argon, meHmrtg •• inert/* \wnitm* t$i if»
chemical inactivity. Thin discovery him been spoken of tm tht* M *f*rittfti|»h
of the Fourth I^cimal," Imcatmfof the experiences leitding to tfw nitftMimt1***
ment*

The year 1804 »aw the tlimwv&ty of both argon nntl h**liufn, but the former
wan ddinitely isolated mum* months l»*fore the lutter, Unnwfonlvly thm*
txram a question an to the position of argon in the iwrimlir tt%UU\ TUin
problem became all the inori! pulling biseaiiHi* of tfie fact thiit wrgun Um n.
higher atomic; weight than \wUvtminm which it pn»r'e«feH. lln* i*|Hftioit Inni
argon should \m ploc*ittl in Group Zero before poiamitmt rvwmnl mnimtw*
tion fn>m the dkeavery of helium, but the Ntattt* of \mth t*\vttwtttH wm not
fully GMtablifthed until aftur tint diwovery of the other eleii***iif#of Hit?* git tup.

iChem. and Mat. tiny. %& 70U (tl)22K Jwir, hvL nud Htm, t.*hrm H iful
(1922).

* PhU. Tram. 75 372 (1785).1 K&ykigh utttci llmnmy, Phil, Trnm, 186 IS7
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Occurrence. — Argon is a very constant constituent of the
air)<fof which it comprises 0.94 per cent by volume, which is
equivalent to 1.18 per cent by volume of atmospheric nitrogen.
The per cent of argon varies only slightly in samples taken from
various localities on land, but over the sea the per cent of argon
is slightly more,1 up to 0.949 per cent. Altitudes as great as
3£ miles have failed to show 2 any material change in the quan-
tity of argon present. The fact that argon is more soluble in
water than is nitrogen accounts for the fact that the proportion
of argon in dissolved gas is greater than in air; it also probably
accounts for the fact that argon is found in plants and in the
blood of animals.

Argon is likewise a constituent of volcanic gases and gases
from mineral springs, where it sometimes runs as high as 4.5
per cent. I t is found in certain samples of natural gas, and a
few minerals, mainly zirconium ores, yield argon when heated.
The atmosphere is supposed to be the original source of argon
in nearly all cases.

Separation. — Argon is always prepared from the atmosphere,
the methods used being more or less simple modifications of
the methods used by Rayleigh and Ramsay.8 From atmos-
pheric " nitrogen " the nitrogen may be removed by hot
magnesium, lithium, calcium, a mixture of 5 parts lime and 3
parts magnesium powder (Maquenne's mixture), or a mixture
of 90 parts calcium carbide and 10 parts calcium chloride.
Argon for electric lamps is purified4 by passing the gas under
increased pressure through electrically heated furnaces con-
taining copper and copper oxide. Commercial oxygen generally
contains5 about 3 per cent argon, and this may be recovered by
distillation and removing the last of the oxygen with hot iron
or copper, and the nitrogen by calcium turnings.

Prepared in this way the argon always contains about 0.25
per cent of the other inert gases, chiefly neon. These are best
removed either by fractional distillation of the liquid or by the
fractional absorption in cold charcoal.

Properties. — The constants for the chief physical properties
of argon are given in Table VII, page 21.

1 Moissan, Compt. rend. 137 600 (1903). 8 frana. Chem. Soc. 71 184 (1897).
* Sohloesing, Compt. rend. 123 696 (1896). * Chem. and Met. Eng. 25 74 (1921).6 Bodenstein and Wachenkeim, Ber. 51 265 (1918).
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A liter of argon weighs 1.782 grams, corresponding to the
molecular weight of 39.9.

Argon is about 2£ times as soluble in water as is nitrogen.
At ordinary temperatures 100 volumes of water will dissolve
about 4 volumes of argon.

Argon diffuses through a fine opening about 3^ times as fast
as would be expected by comparison with oxygen.

Argon has the highest viscosity of all the principal gases —
about 1.2 times that of air.

The dielectric cohesion of argon is 38, ranking next to helium
and neon. The sparking distance in argon is about 40 per
cent greater than in air. A phosphorescence similar to that
obtained in neon has been observed.

When a continuous current at 2000 volts is passed through
argon under diminished pressure, a red glow results; but an
oscillating current produces a blue color. Two spectra are
therefore recognized, the red and the blue. Both contain a
large number of lines.

Argon is easily liquefied by the use of liquid air. Liquid
argon is colorless, with a density 1.4. Solid argon, obtained by
cooling the liquid, is a white crystalline substance whose melt-
ing point is less than 3° below the boiling point.

The chemical inertness of argon has been demonstrated by
even more tests than were used in the case of helium. The
results are all clearly negative with the possible exception of
the effect of the silent electric discharge upon a mixture of argon
with volatile aromatic compounds.1 Argon was absorbed under
these conditions, but there is no evidence of the formation of
any compounds.

Under pressures of 150 atmospheres pure argon is said to
condense with ice water, forming a solid crystalline hydrate.

Argon has been shown2 to have two isotopic forms, one with
an atomic weight of 40 making up 97 per cent, and the other
with an atomic weight of 36.

Uses. — Argon is the most efficient of the available gases for
filling incandescent light bulbs, because of its low thermal con-
ductivity, its inertness, and its density which holds in check

iBerthelot, Compt. rend. 120 5S1, 1316, 1386 (1895); 124 113 (1897) ; 129
71, 133, 378 (1899).2 Aston, Phil. Mag. 39 620 (1920).
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the vaporization of I ho tungsten filament and prolongs its life*.
(Vmnnquonlly, they are especially serviceable in lamps which
arc to !>o used with an electric current of high density. (Jan-
filled lamps am rapidly replacing the vacuum lamps on account
of the appreciable economy in their use. Roughly, half the* lamps
sold in 1019 were gas filled, and of these* argon lamps were most
efficient for currents of high density. In December, 1922, it was
estimated that.-75,000 cubic feet of argon were consumed in the
United States each month in the manufacture of incandes-
cent lamps. The " tungar " rectifier, a charging device* using
a tungsten filament in an argon bulb, in also rapidly Incoming
popular.

Detection. —~ Argon in drtrHetl Hprdrmcopic'iily, hut the complpto
removal of nitrogen i* <wu*ntMil, mw its priwrin* olwuri'M tin* chimiftcr-
lHtic argon Iiru'H. AM much IIH '17 prr cent argon in nitrwn ran with
difficulty \w tlvtwivtl \>y t\w spcrtrosropr*. Tht* purity <if urp;on may \u*
itu\imU><\ by the <if*tr»murmttn!! of it,s diflfcfrir colH îon, mnv.v. 1 per v.t*tit
of any diatomic ga» innrtniMim thin ri»tislant 250 jn*r vtmt.

Historical. — When Itmnwiy ntui Trnvcrn wr«r<» working upon thi« wpa-
rnt-ton of urgon, th<»y frm»fi«mnl«*d f .'10 liti*r?» of liquid air, and from thi* IC*MK
volntili? portiann th«*y wjmrnti*d it im-M uhi«"h r«*Hf*itil»t<4fl ItHtuiu, nnni, imd
aritoit in R<*norul clmmrteriHtirH, Tim u,^H- hnd n dfitwitv 22 5 on th«» l»»j*iM
of II » 1, and &nvp nn entirely n«'W Hp(*ctritifi. Thin g;i* vviw r)aifH*fl
kr>fpton, thfi hidden rlrrnent. JifKh'fibî rg HH«1 Krilgi*!3 **vjtjM:*nit4tl H50
tttiiin of liquid air nmi obtuitKni Hit* wimi* ri»«t»lt,4.

Occurrence. - Krypton in found in the atmosphere in tho
proporticm of about 1 part in 2C)f<KKMH'H>. It in present in
iilightly larger amountH in the %mvn evolved from certain min-
eral springs*.

Separation. — Krypton hm never \mm ohtamccl f*xci»i>i from
the atmoaphere. A eonvc*nierit methoci of Httpnniticiit emmnln
in pausing a t̂ low utromn of dry oxygon, which hm \mm imt-
terially enrk*hetl l>y fnictioniitiori in n liqtticl air pliuit, through a
tube cooled with ltc|itid itir. In thin way krypton urn! xenon
together with a little argon tiomlerutc a» n liquid or nolid.

Pun* krypton may be prepared l>y slowly warming the* Holicl
mixture? and pumping away the* ga« fimt liberated; charcoal
cooled to —120° dissolve** all the krypton and xenon with only

* JW. K»y, Hntn. #S 4011 (S80*).
K, i*rmm«. Akmt. {]1>UO;, mw< 727.
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a little argon. The latter w removed by exposure to fresh
charcoal cooled in liquid air, and krypton is then expelled by
allowing its bulb to warm up to -SO0 (). Repeated fnu-tioim-
tion is essential for obtaining pure krypton.

Properties. — For the principal physical constants see Table
VII, page 21. The density of krypton wan determined ! from
the purest material obtained by the fraetionation of 120 Ions
of liquid air. From the data obtained a liter of krypton weighs
3.708 grams. The molecular weight is therefore calculated to
have the value 82.92.

The spectrum of krypton shows marked peculiarities. When
the direct discharge is used the lines arc* few in number and
chiefly in the yellow, blue, and green. By tin* use of it l<eydf»n
jar and spark gap a large* number of blue lines are visible*. The
most persistent line is k 5570 which may be seen at pres-
sures as low as allhs* atmospheres. It was formerly suppose*I
that the weird beauty of the aurora borealis wan in purt. due to
krypton, since the lines of this element were thought to have
been identified in the spectrum of the aurora. Recent investi-
gation Bcemn to cast doubt upon this conclusion.

Since krypton has a boiling point of ~l/»r\7(\ it is easily
liquefied at the temperature of liquid niv.

Krypton probably has six isotojies, whose atomic weights uto
given 2 as 78, 80, 82, S3, 84, and H«.

Identification. -- Krypton in icicttttficf! by it* ehnriiflU*ri«hV »p*<rtrMfn
linen. Tin? quantity of krypton in any K*W may In* d<<t<*rffiifu»d * I»y ?*|*t-*Rtrr»«
photometry.

XENON
Historical. • The diarrovrry of x<*nr>ii w*w mwU* nt tfi«* nntw f mm anil

in th« Hnrni* ir»v<»Hf '\%nthm thut revvnUM fh«» pnmvtm* of krvptoft. X**fi**ti«
which in houvicr than any of the prmetliug nohlr gwM, WUH tAttniuwi
from t\m hmnt volatile! portioriH of !ic|titt! nir. Thi* tmnu* ntnum M^tnlhm it
stranger.

Occurrence. -— Xenon m tho nirmt of tin* inert gtt£tf»«t \mn%
found in thn ntmoHphorc! to the* (*xU*nt of approximately 1 vtAtmw
in I70,(XK),0G0 volumitH of nir. It« notability in wnU*r in %rmlvr
than any of the other mt*in\M*rn of thi» grou|> <»x(.;i!pt niton, which

1 Moons TmriM, ('htm, Sue, 93 21M (ifKIN),
* Anton. Phil, Mnp. S$ l\*Jli (Urji)h1 Mounni mud bmmpv, t'vmtd. rend. t74 f3H)H
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explains itn presence in the #ascs of many mineral springs.1

It is isolated only from the atmosphere.
Separation. In npitc of its scarcity, xenon is quite easily

prepared in a pun* state because it is concentrated in the least
volatile* fractions. The separation may be* accomplished by
the fractional distillation of considerable quantities of liquid
air as suggested under krypton. The most convenient way of
getting xenon is by passing liquid air residues through a tube*
filled with glass wool and cooled by liquid air. By carefully
regulating the temperature and pressure it is possible to obtain
solid xenon with only small percentages of other gases occluded.
The vapor pressure* of solid xenon is only 0.17 mm. at the fi»m-
perature of liquid air, so it is fairly easy to pump off all more
volatile gases. The small fraction of krypton which is en-
trapped may 1M* almost entirely removed by melting the solid,
then r e l a t i n g the process.

Properties. (*See Table VII, page21.) The density of xenon
wan determined by Ramsay and Travers i? working with only
3 cc. of the gas. But the value obtained by Moore, using the
purest product from his 120 tons of liquid air, is far more
accurate*. Hin work gives the weight of a liter at standard
conditions an 5.851 g. This correspondH to a molecular weight
of 130.22.

Like* helium and krypton, xenon han two spectra, depending on
the method of production. An urirmidennr'd dmeharge through
xenon given a light blue color, while a condensed discharge pro-
duces a green. The linen in the latter are es{>eeial!y mmierouH.

The critical temj>emttm* of xenon in ltt*\($ above the* melting
point of ice. Consequently in a eool room the* gun may lw»
condensed without artificial cooling, n prelim* of 58.2 atmoB-
phere** being necetwary.

Liquid xenon is eolorkw with a density of .1.00 at it« boiling
point, — 109M C'. The density varies widely with tem$M*raturc%
being 2.604 at -S9*.3, 1.987 at If, and 1.408 at 10°.

Solid xenon i« easily prewired by eoolifig the liquid.
Work with a t̂ niitll amount of impure xenon han led * to this

conclusion that the element in known in five faotopie form*.

* Mmtntu and Leimpi*. C.ompt. rtmd, 140 H7i
•PhU. frntm, 107 47 < 1001).
* Antmi, Phil Mug, %% 623 {tWM))t
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Identification. — The detection of xenon ia accomplinh^d by iin vhnr-
acteristic spectrum lines. The quantitative (totoxmiiiafion may hî  donn
by spectrophotometry.1

N I T O N 3

Historical. — In study ins tho phenomena of radioartiviiy the Curii'M
observed that nearly any mikstanco when brought near to radium acquired
an induced radioactivity. The intensity of thin induced radioactivity wm
found to be proportional to the time of expo.sure, up to a rrrtum limit,
and decreased rapidly after the radium was removed. Hut hcrford ntttdicd
this behavior and found that the phenomenon wan due to the continuotH
evolution of a colorlenn Hub.stanee which wan itself highly radioactive,
This substance behaved like a KJIH, hut Rutherford proponed to cull it an
"emanation" since at first it wan not certain that it WHH to be properly
designated as a gas. Careful Htudy has, however, revealed couviurm^
evidence that it Ls a radioactive. gun, nwmblintf the inert wwt'H find properly
placed in the Zero Group. Tho name niton htxs now pretty generally
replaced the former name radium emanation. Inotopie with niton are the
gases actinium emanation and thorium emanation.

Occurrence. — Niton in probably present in nil nulioaetive
minerals, but always in infinitesimal amounts. Sinn* it din-
integrates rather rapidly, it is always a transition produet,
in equilibrium with the radium present. Since thin element in
itself present in very small amounts, the quantity of niton in
any mineral must be exceedingly small.

The presence of a radioactive gas in tho atmonptu're* linn b<»c»n
demonstrated 3 by the* simple exposure of a nc^utively e l m w d
wire. There was collected upon the wire a deposit HnHf
radioactive, soluble in amrmmin, or removable* by rubbing*
Study of this deposit has shown that it is a mixture of notici*
including radium A, radium B, radium (', etc., and thorium A,
thorium B, thorium C, etc. Th<»se sulwtaru-eH are obtained
from the emanations of radium and thorium, The pmfwirtionn
of the two vary considerably in various localities, but in general
the proportion of niton is greater at higher alfiturieN ami the
amount of thorium emanation increases at lower levels. Tin*
amount of niton present in a cubic meter of [air is eMiimaterf to
be that which would lw in equilibrium with I.0X 10 IO Krmrttt of
radium.

1 Mourcu ami Lepape, CmnpL raui. 174 iH\H (1022).
8 Tho newly or^nnimd UiUmittihnml (UnnmitUm mt Clmttlml tCtfttt̂ nM rwv

ommonds the mime radon, with nytnUd Hn, (or tht* vhmmtt fnruu*t\\- ritIM
niton. Chem,. N&u>a, 126 145 (1923) mid Jmtr^n, Ch*m. Stte. 46 W>7 r IMX'M

9 Rutherford aud AlUj^f Fkil. M<tti> 4 f vi) l^fW^t) ; A\Un\, titvL t
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Separation. — Niton is normally given off slowly but con-
tinuously from radium and its salts. If the radium material
is heated to about 800° C. the gas is expelled almost wholly
Since the maximum amount of niton which can be in equilibrium,
with a gram of radium is 0.585 cubic millimeters, the amount of
niton obtainable at any time is exceedingly small. It is cus-
tomary to wash the niton out of the tube with some other gas
such as oxygen.

When an aqueous solution of radium salt is kept in a closed
flask, there is a continuous evolution of niton, hydrogen, and
oxygen. The last two are produced by the decomposition of
water by the radium. The proportion of hydrogen is from 5-10
per cent more than would be expected from the amount of
oxygen present. This is explained by the action of the pene-
trating radium rays in converting water into hydrogen peroxide
and hydrogen. Niton obtained from solution is purified by
first exploding the hydrogen and oxygen, then cooling the
residual gas. In this way niton is condensed, forming micro-
scopic globules of a liquid. I t is possible then to pump off the
remaining hydrogen together with the helium which forms
from the disintegration of niton.

A small amount of niton has been prepared l from the atmos-
phere by a similar method.

Properties. — Niton is pretty certainly a gas, for it has a
characteristic spectrum which is somewhat like that of xenon;
it obeys Boyle's Law; it can be liquefied and solidified and has
definite melting and boiling points. I t is colorless by trans-
mitted light. I t is chemically inert and so is placed in the
Zero Group.

The density of niton has been determined2 by direct weighing
on the microbalance, using about xAir milligram of the gas.
The effusion method has also been used3 and the value 222.4
selected for its atomic weight. This agrees with the theory of
niton formation, for if an atom of radium with atomic weight
226 is transformed into an atom of niton by the loss of an alpha
particle, which is a charged helium atom, then the atomic
weight of niton should be four units less than that of radium.

1 Ashman, Am. Jour. Sri. 26 (iv) 119 (1908).
2 Gray and Ramsay, Proc. Roy. Soc. 84 A, 536 (1911).
8T)ebiernef CompL r&nd. 150 1740 (1910) and Perkins, Amer. Jour. SU. 25

(iv) 461 (1908).
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Niton is more readily soluble in water than any other of the
noble gases. I t is also soluble in organic solvents, such as
ethyl alcohol, toluene, and amyl alcohol.

The spectrum of niton is the same, whether the discharge is
condensed or uncondensed. It resembles the spectra of the
other inert gases, each of which contains certain lines whose
positions seem to be related to the atomic weight.1

Niton is absorbed by cocoanut charcoal at ordinary tempera-
tures, a behavior which is useful both in separation and purifi-
cation of the element.

Niton emits a characteristic phosphorescence which is so
intense in the solid that it is impossible to determine the color
in this state. The luminosity is less in the liquid and least in
the gas. This phenomenon is supposed to be due to the con-
tinuous emission of energy, which is indicated by the evolution
of heat as well as the decomposition of water, carbon dioxide,
carbon monoxide, ammonia, and hydrochloric acid. Ramsay
reports2 that when niton acts upon solutions of salts of silicon,
titanium, zirconium, thorium, and lead, in every case carbon
dioxide results. This indicates a breaking down of the larger
atoms giving rise to carbon, the simplest atom of the family.
The reported change of copper to lithium and water to neon 3

is not regarded as having been definitely demonstrated.4

When first separated, niton gas slowly contracts for a day or
so, until it occupies about -| its volume. Then it expands
slowly to nearly 3 | times its original volume. At the end of
three or four days the spectrum of niton can no longer be
detected, but the lines of helium are present. This and other
facts of a similar nature have led to the conclusion that niton
disintegrates yielding helium.6 In 3.75 days half the niton has
disappeared.

Uses. — Niton is now being used for medical treatments in
place of radium. Its use permits a material saving of radium
and it is especially useful in small hospitals which are not able
to keep on hand a sufficient supply of radium for medicinal use.

1 Paul W. Merrill, Bur. of Standards, 15 251 (1919); Science Paper, No. 345.
2 Ramsay and Usher, B&r. 42 2930 (1909).
8 Ramsay and Cameron, Trans. Chem. Soc. 91 1604 (1907); 93 992 (1908).
* Rutherford and Royds, Phil. Mag. 16 (vi) 812 (1908); also Curie and

Gleditsch, Compt. rend. 147 345 (1908).6 Ramsay and Soddy, Proc. Roy. Soc. 72 204 (1903); Himstedt and Meyer,
Ann. Physik, 15 (iv) 184 (1914); Martin, Chem. News, 85 205 (1902).
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Is Zero Group Complete? Although the* periodic table
seems to justify the conclusion that all the noble gases have*
been discovered, yet it seems possible that certain strange lines,
particularly OIK* at 557, in the* spectrum of the aurora may be
duo to an unknown atmospheric gas. Attempts to separate
such a constituent by diffusion through heated quartz and by
fractionation of a liquid air residue failed to reveal the presence
of any new gas.1

1 Borel ami Jaqucrod, Arch. nci. phyn. nal. % 2G5 (lUliO).
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GROUP I —LITHIUM, RUBIDIUM, CAESIUM

LIKE nearly all the other groups in the periodic fahl<% (Sroup
I contains two distinct sub-groupn culled for convenience the A
and B divisions. If the. relationship between the metals of
this group was typical, wo would have* one so- j j
called typical element, in this cane lithium, fol-
lowed by potassium, rubidium, and caesium in
the A division and sodium, copper, silver, and
gold in the B division. Obviously sodium be-
longs with the alkali metals both chemically arid
physically. On account, of the fact that lithium
and sodium do not resemble potassium, rubid-
ium, and caesium so closely an these elements
resemble each other, it is sometimes considered
best to put both lithium and sodium us " typical "
elements, introductory to both division**. It in
a very common procedure also to put hydrogen
in Group I although it does not harmonize with
the other (dements. Thus there may be three,
" typical " elements of thin group, although not
one of the three is really typical of both divisions.
Fig. 4 shows the relationship of the members of t his group,

The typical A division metals, potassium, rubidium, uitd
caesium, resemble each other remarkably. In Division H,
copper, silver, and gold are alike in many reMpeet« although
there are marked differences also. When members of the A
division are compared with the metals of the B division, vt*ry
few resemblances can \H% found, but the contrasts nre HO striking
that some have preferred to omit copper, silver, and gold front
Group I. Mendeleefi" wan evidently in doubt upon thin point,
for he put these three elements in both Groups I and VII!.
It is doubtful whether the placing of eopfn*r, silver, and gold
in the same family an the alkali metals in any Ivm logical than
putting manganese in the halogen family. A coiutmrtHon of

Au

1
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the A and B divisions of the various groups reveals the fact
that very close resemblances an* to be observed in groups near
the center of the Periodic Table, but as we leave the center in
either direction the resemblances grow less marked and con-
trasts become more noticeable*.

The differences between the two divisions of Group I may be
summarized as follows: (1) The important, possibly the only,
valence in the A division is I, while the most common valence
of copper is 2 and in the most, stable compounds of gold the metal
has a valence of 3. (2) The alkali metals are the most active
metals that we* have, standing at the head of the ICleetromotive
Series and displacing all other metals from their combinations.
They are easily and quickly oxidized in the air. On the other
hand the members of Division B are among the least active of
our metals, silver and gold remaining untarnished in the air,
while copper oxidizes slowly; these metals are at the foot of
tho Electromotive* Series, being displaced from solutions by
nearly all other metals. (3) The alkali metals are never found
in anions and they yield no complex cat ions, while* tho Division
B metals are frequently found in unions such as the* important
compounds KAu(CN), ( K f + A u ( O N ) 3 ) , KAg(ON)2 (K++

A K ( C N ) I - ) , K A U O * ( K + + A I I O T ) , KAu(CN) a (K*+Au(CN)r) .
They also apjn»ar in complex cations such us Ag(NHj»)s(.l
(Ag(NH»),+ + Cl ), OuCNHMNO,), (Cu(NII»)4

+ * + N<>r).
(4) The alkali metals are the strongest base forming elements, as
is shown by the facts that their hydroxides are strongly ionized
and their haliden are not hydrolyzed. The oxide*** and hydrox-
ides of copper and gold are feebly basic, the latter even at
times weakly acidic. The hnlides erf these? metals are hydro-
lyzed, so basic salts are* numerous. Silver forms a rather strong
oxide, AgsOf and tin haiides are not hydrolyzed extensively.
(5) The oxides, sulfides, and chloride** of the alkali metals are
soluble* in water, while tho corrcflponding Halts of copper, silver,
and gold are insoluble, with the exception of AuOU and CuCl*
(6) The alkali metal* occur in nature in combination, the com-
pounds being exceedingly stable. Copper, silver, and gold are
found abundantly in the free state. (7) The alkali metals have
been discovered within recent times and their uses are k r g d y
for scientific purposes. Copper, silver, and gold wara among
the first metals to be used by primitive man and thay hava
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been used since time immemorial as ornaments. They nre
almost universal and exclusive? coin metals.

There are some similarities between Divisions A and B, but
they are less striking and not so numerous as the eontmsfs.
The crystal forms of some salts of the? two divisions are im~
morphous, showing a deep-seated relationship. For example
Ag2SO4 and Na2SO4 display isomorphism, while NHC1, C U C I ,
and AgCl are also isomorphous. Another relationship bet wren
the two divisions is suggested by the fact that the most stable
compounds of gold are trivalent and that potassium, rubidium,
and caesium probably all form trivalent salts, especially iodides.

Considering the members of Division A, it is easily seen that
lithium and sodium differ in many respeets from potassium,
rubidium, and caesium. Lithium in not a particularly ntrortg
alkaline element, while the metallic properties of sodium,
potassium, rubidium, and caesium increase gradually an the
atomic weight increases. Potassium, rubidium, un<l caesium
form difficultly soluble tartrates and chlorplutimtf.es, and by
means of these salts these three elements may be separated from
sodium and lithium. The alums of potassium, rubidium, ntul
caesium are also difficultly soluble, while the fluorides of these
metals are more readily soluble than those" of lithium ami so-
dium. The carbonates of potassium, rubidium, and csiesium
are deliquescent, while those of lithium and sodium are not.
The valence of, lithium and sodium is apparently always one,
while potassium, rubidium, and caesium form rnmtxHtmls in
which the valences may be, three or more. The bent known of
these substances are the iodides, such as the one formed by the
solution of iodine in KL Whether I2 CHHMOIWH in KI forming
KI3 or KI • la is a question which cannot bo answered finally nt
present. But the corresponding compound formed by witling
iodine to caesium iodine in a stable compound, und cuiwitmt
di-chloriodide is one of the most stable and monf irnportuiit
salts of this metal. The great variety of double twits of mwium
would seem to indicate that thin element a t least sometimes him $%
higher valence than one.

In comparing the members of the* B division with each other,
we find them showing resemblances in hardtuwt, occurrence in
nature, general activity, and chemical Iwhavior. The mlor
of copper and gold is quite unique among the motei*. The in-



46 GROUP I ~ LITHIUM, RUBIDIUM, CAESIUM

soluble chlorides OuCl, and A#(! are white, and AuOl is nearly
so. These metals form similar double salts, such as the cyanides.

I t is pointed out forcibly that copper, silver, and gold form
transition elements between nickel, palladium, and platinum on
the one hand and zinc, cadmium, and mercury on the other
hand. I t is to be observed from Table* VIII that copper, sil-
ver, and gold take an intermediate position with respect to fusi-
bility, volatility, coefficient of expansion, and atomic volumes.

Nickel . .
Copper . .
Zinc . .

Palladium .
Silver . .
Cadmium .

Platinum .
Gold . .
Mercury

MKXiTtNd
POINT

1452.
10S3.
410.4

1542.
9B0.5
320.0

1755.
1003.
-38.9

TAULB VIII

BOX M NO
POINT

2340 (30 mm.)
2310
020

2300
2100
778

2530
357.3

KXI'ANMIIIN

!()ll 74
. 0 3 1 8

.0,12S0

.041054
.0*247

.0400221

.041451
f.0;}lK2 Cubical
\.0i(K) Approx.

7 A
0.1

0.1

!()!5

13.0
10.2
14.7

LITHIUM

Historical — While working in BeraeliuH1 hitmratnry in 1817, Aug.
Arfvedson dmeovered in the* mineral* petnlite iiiwl Hpodttmenn n ww nlknli
dement. It differed from the known alkalis in the insolubility of itn
carbonate, the hygroneopie natun* of itn ehfaritlv un<! thi» low malting iwinta
of the chloride and milfaUt. lifcaUHi* of the fart that thin nlknli wm found
in mineraln it wa« given the minm lithium, nienning Mt.ony, in *'ontrjint to
sodium and f>ota«Hiuin,which are MO widely diMtribuU'ii in the plitnt artd
animal kingdoms, The work of Hunw*n arid Ktrehoff witli the HfM»etr<wô
showed' that lithium wrm al«o very generally dintributed among Iwith
plants and animain, although UHimllv in nmall

Occurrence. — Lithium in found in a connictarable number of
mineralB which are widely distributed over the earth'** surfaca.
The thrc>e moHt important HourcoH of lithium in the United States
are: (1) Lapidolite, called lithia mica from itn tipi^aranee, a
basic silicate of the theoretical formula KLt(Al(OH)P)s • AI

* FhU. Mag. 20 Civ) 97
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TABLE IX

Properties of the Alkali Metals
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Atomic Weight
Specific Gravity
Atomic Volume
Melting Point
Boiling Point
Specific Heat
Color of Flame

LITHIUM

6.94
0.534

13.1
186°

1400°
0.941

Crimson

SODIUM

23.0
0.9712

23.7
97°

877.°5
0.293

Yellow

POTASSIUM

39.1
0.8621

45.4
62.°5

700.°
0.166

Violet

RUBIDIUM

85.45
1.532

55.8
38.°5

696.°
0.0792

Red

CAESIUM

132.81
1.87

71.0
26.°5

670.°
0.0482

Blue

(SiO3)3, containing up to 6 per cent Li2O, is mined in San
Diego County, California. (2) Amblygonite, A1PO4 • LiF,
containing 8-10 per cent Li2O, found in Maine, Connecticut, and
especially South Dakota. (3) Spodumene, LiAl(SiO3)2, con-
taining 4-6 per cent Li2O, is mined principally in the Black
Hills of South Dakota, where it frequently occurs in crystals
30 feet long. In addition lithium is found in varying amounts
in a large number of other minerals, in meteorites, spring
waters, soils, certain plants such as sugar beet, tobacco, cereals,
coffee, and seaweed. It can be detected in milk, blood, muscular
tissue, and lungs. Its function in the body is not known.

Mining of lithium minerals in the United States has recently
developed rapidly. In 1919 a total of 6287 short tons were
produced valued at $115,000. This was more than 10 times
as much as was produced in any year preceding 1916. In 1920
the production totaled 11,696 short tons, valued at $173,000.
Lepidolite from Pala, California, and spodumene from Keystone,
South Dakota, were the chief ores.

Extraction. — From a silicate mineral, lithium compounds
may be extracted by long treatment with concentrated HC1.
After filtering, Na2CO3 is added to precipitate other metals,
and the nitrate evaporated to small bulk. Addition of more
Na2CO3 precipitates Li2CO3.

From a phosphate mineral, lithium may be extracted by HC1,
with the addition of some HN03; the phosphoric acid should
be removed by the addition of FeCl3. Evaporate the filtrate
to dryness, extract with hot water, add barium sulfide to remove
iron, then H2SO4 to remove barium. To the filtrate add oxalic
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acid, evaporate and ignite; the alkali carbonates are formed,
of which LioC()3 is the least soluble.1

A third method of extraction -is described as follows: Finely
pulverize the mineral, mix with NH4OI and CaCOa, and
ignite; extract with water, add HOI and evaporate to dry-
ness, then extract LiCl from the4, residue with amyl alcohol or
pyridine.

Separation.—Lithium may be separated from the other
members of the alkali family by the solubility of the chloride
in amyl alcohol, pyridine, primary isobutyl alcohol or abso-
lute ethyl alcohol; by the* insolubility of the carbonate or of
the phosphate in the presence of ammonia and ethylulcohol; by
the* solubility of the* fluosilioate. Lithium may be separated 2

from sodium by precipitation of N a d from a solution of the
perchlorates in anhydrous n-butyl alcohol by addition of an
alcoholic solution of HCL

Metallurgy. ~ Arfvedson, Gmelin, and Davy each tried to
obtain metallic lithium by electrolysis, and probably each ol>-
tained a small amount of the element. But the amounts wore
so small that little wan learned about its prof>ertieK. So the
credit for first studying the metal should go to Bunmm and
Matthiessen, who in 1855 used a more fmwerful current and
obtained considerable quantities of the element. They used a
bath of fiiHed chloride, hut more recently it htm been found ad-
visable to add KC1 to lower the fusion point of the electrolyte.
Kahlenbcrg hats shown 3 that if a current is parsed through a
solution of LiCl in pyridine the metal is deposited. If LiCI
and calcium chips are mixed together arid heated in an atmos-
phere of hydrogen, metallic lithium is obtained.

Properties.—Lithium m a silvery white metal, which tar-
nishes in the air, though more slowly than any of the other
alkali metals. I t is a little harder than sodium but softer than
lead and is noticeably friable. It can \m pressed into wire or
welded at room temperature. I t m the lightest of all metals,
floating upon both water and kerosene.

It reacts with water at ordinary temperature, but the heat
of reaction does not melt the metal and b not enough to ignite

* Hiw> M&lkr, Anmlm, 85 251 (1H53).
* Wiikrd <fc Smith, JW. Am, Chtm. 8m. U 2S10 (1022).
9 JW. Am. Ch$m. Hoc. 34 401; Jtmr. l*%#k. Chmn, » 60S (1B09).
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the hydrogen even if the water is boiling. When heutcd in fh<*
air, lithium burns quietly with a bright whifr litfht, yielding
Li2O, and at red heat it unites readily with hydrogen, forming
LiH, which is quite stable. I t unites also with ni tn^cn, fann-
ing LigN, and burns when heated in chlorine, bromine, imlim%
sulfur vapor, or dry carbon dioxide. Dilute nulfuric and hy-
drochloric acids dissolve the metal readily, but ronmifmird
sulfuric acts more slowly. Nitric acid attacks lithium HO vio-
lently that the metal usually melts and often ignites.

The metal is rather rare and is usually quoted in one* #nim loin
at a price around $1.50 per gram. It has no commercial \m*.

In its compounds lithium resembles sodium in that ifschlom-
platinate is relatively soluble, but the* difficult, solubility of
LiOp, Li2CO3, and Li,,P()4 • 2 H2O w in wlmrp contrast with f h«*
behavior of the corresponding salts of the other alkali MIHJIIH
and suggests a close resemblance to magnesium. Li/'O.* in
decomposed at high temperature, in this respect resembling
MgCOa more closely than the carbonates of the alkali mehdn,

The lithium atom has been shown l to contain two inotupeN
of atomic weights 6 and 7.

Uses. — Lithium compounds are uned in increasing utnounfs
in the manufacture of glass. The; chief uses of lithium sal fa
for some years has been in medicine and pyrotechnics.

Compounds. -—The compound** of lithium I war a grrtcml rvM<m\t\nt%t'v
to the corresponding compounds of Nodiimi. Nearly *tli Hm roMtjmumh
of lithium are readily soluble in watar, tin? most ifttftortniit «*xc««|)ti(iim tn̂ itiM
the carlx>nate, phosphates, and fluoride*. Tin? following nre im|mri)trtt
compounds:

Lithium chloride, LiCl, formn fwlorlfvw rryNf.nI.si nitrl in (ttw #>f tin* numt
deliquescent HHUH known. It hm a nUttrp mditu*. UIHU* ; in nt>ln\pU* m wnirr,
ethyl alcohol, arnyl alcohol, ether, chloroform, stnd pyridinf*. (.%*< TnUh*
X.) When an aqucoun woluiion of LiCl in ttvafximted tn drv««'>«» mntill
amounts of HCl and Li/) am forniml in a mnniwr ntronnly mt%wMivt* #if
the behavior of MgCl*. It m UMCK! in the rnariufiiettint of lahm wt%U*t* JIIHI
in pyrotechnics.

Lithium hydride, LiH, in formed by diriwt mmlrinutfan «>f tfa* e\vun*ntH>
Its properties indicate that it in a nnlt. On HUwtrttlymH in a vm'ttturi,
hydrogen is lilxsratcd from tho anmio arid ltthiitm at. HIM vtillmin. Tim
is the only instances yet mprtrtccl in wliitth hycln»K«n iif»[M«?ir« i#» him* IHIII
properties and to yield a nogutivoly <?)iar̂ .td ion.*

1 Aston, ^^wr«, 106 H27 ( m i ) ; I)t>rnp*ter, /M#«. ife». 18 416
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TABLE X

Solubilities of Alkali Chloride in 100 g. xolvcnl at 2n° C.

LiCl .
NaCl .
KC1 .
RbCl .

Lithium phosphate in u white crystalline powder which in .soluble in
acids hut difficultly soluble in water.

Lithium carbonate i.s a white powder, crystalline*, whose solubility in
water decreases with rise of temperature: at 0", KM) g. of water dissolve
i.539g. Li2O()3; at 20", 1.329 g.; at HXr, 0.72K «. It in uned in medicine
for rheumatism, gout, etc., its value depending on the theory thitt lithium
urate, beingmore soluble than the sodium Halt, should make the elimination
of uric acid more complete. Doubt ha# been rained tin to its efficiency for
this purpose.

Lithium citrate has a faint alkaline tnntv and because of it-» mild tunta
and non-irritating effect in the most popular lithium mh in medicine.
The tKinsoate, bromide, Kalieylate, and other naif H are n\m uwed in medidm*
for gout, rheumatmm, concretions, epilepsy, nephritis, etc.

Lithium hydroxide (or carlwmate) is added to the Edison storage
battery to increase its capacity. The electrolyte in 21 pvr cent KOH, and if
50 g. LiOII |>er liter of electrolyte is added there in produced 12 per eent
higher capacity and 21 per cent inrreH.se in the electrolyte rertmtnnee.

Lithium Halts or minerals are ^oinetmien adrift! to the melt in tlie irmnu-
facture of giant* on account of the increased fluidity which th« lithium
produces.

Detection. -— Lithium compounds are bent detected by the Hj>eetro~
scope. Two lines are prominent, a faint yellow line X (HOI and a bright red
line at X07OH. An little as a million tit of a milligram nrny IMJ detected

Rvmmvu
Historical. — In 1801 r Bunm̂ n am! Kirehhoff nttidied1 tin* alkaline con-

stituents extracted from «omo wimple* of Jepidolite which hml Imwt «>lv
tainetl from »Maxony. They fourtci tfiut the preripititted potiuwium vhUpro
platiniiti* contftiriiscl a mlt sornewhitt Irm mUihh* than itwlf, whose »p*»ctmm
contained new lines in the violet, blue, green, yeilowt and n»d. Etirw*cmlly
prominent wore two red lintm lying twyottd Fniunhnfer's linrf in the outer-
most |K>rtion of the red solar «peeimm. Hunmt the nnrnc* nihidtum,
dark md, wau miggcdtiKi for the new dbmerit. It wtm \mmmt in mt*h tmnll

1 PhU. Mag, Ht (41 38
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amount in the mineral with which Hntwvn and KirchofF wi«n» working thnl
they used 150 kilograms of the ore in order to get enough of the new element
to study itn properties.

Occurrence. — Rubidium occurs widely distributed In nature,
always associated with the other alkali elements and usually
in very small amounts. Among the minerals, lepidulitc eon-
tains the largest amount. The mineral from which Bunneu
and Kirchoff discovered the element eont;[lined 0.2-1 per cent
Rb2O, though .some samples of lepidolite contain an much an 'A
per cent of ruhidia. Leueite, earnallite, and rnont lithium oren
contain small amounts of rubidium, as do most iron ores, Home
aluminium ores, and meteorites. Traces are also found in noils,
mineral springs, seawatcr, and seaweed; in Inlets, tobacco
(especially from Havana and Kentucky), coffee, tea, oak, arid
beech trees. The presence of rubidium in plants seems to be
accidental, since neither this element nor lithium can in general
replace potassium an a plant food.

Extraction. — Rubidium may be extracted from lepidolite
by decomposing the finely ground mineral with calcium fluoride
and sulfuric acid; heat, then extract with water, evaporate,
and allow the caesiurn-rubidium alums to crystalline.

Another method may be UHIHI to recover rubidium ntul cae-
sium from any silicate ore. Tfeat the finely ground mineral
with CaCl2 and Ni l / 1 ! , cool, and extract with water. Kvnp~
orate, add H2KO4, filter off CaHO4, and add (NH 4 ) 3 C(^ Mi-
ter and precipitate caesium-rubidium ehloroplat mates.

Metallurgy. — Metallic* rubidium may he prepared in a variety
of ways: (I) electrolysis of the fused chloride, (2) healing
RbOH with aluminium or magnesium, Ci) heating KI>iC'O,
with carbon or magnesium, (4) heating HUC\ with calcium,
(5) heating the tart rate to white* Imit.

Properties. — Rubidium is a silvery white ntctat; soft ami
waxlike even as low as — Kf.O; meltn at >WJ>n

t and botlnat OflfP
giving a bluish vapor. I t has greater affinity for oxygen tttitn
does potassium, since it takes fire spontaneously in the nirf

giving an oxide, probably a mixture of lif^O and HbO». I t
reacts vigorously with water, yielding UbOII. The atom Inw
two isotopes of atomic weight 85 and 87 which are found irt
proportion 3 : L

Compounds of rubidium resemble thonn of fmtumimn, with
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which they are isomorphous. As a rule rubidium salts arc
more soluble than the corresponding potassium salts. Rubid-
ium shows a characteristic tendency to form complex salts
with the halogens, such as RhIBr:t, and RblC'I*.

The radioactivity of rubidium salts has been studied/ hut-
no difference in the intensity of the radioactivity is observable
in its salts of various ages. The penetration of the rays from
rubidium is found to be intermediate between the Beta rays
from XJXi and radium, the* intensity of the rubidium rays being
15 times greater than those from VX\. The half life period of
rubidium is calculated to be 10n years, which is between one-
third and one-seventh that of potassium.

Then1 are no commercial uses for rubidium. Its compounds
find important use as reagents in mierochemistry, where their
ready ability to form crystalline compounds makes them of
great value in this important and rapidly developing field. It
is difficult to buy rubidium material on account of its Hcarcity.
The older catalogues (HM1 \'A) quoted rubidium metal at
$1.50 $1.75 per quarter gram and RbCl at 15 cents per gram.

Separation and Detection. Rubidium uml eaeHium nre bent xcpurntpcl
from the other meminw of the jilkuli Rroup by the ^renter insolubility of
their ulumH,eh1oroMt.unn!iieH (NfjSrif I*),<»rehtoropi;tfinfit<»M. (HITTable XL)

TAMM* XI

: of Rtmir Alkali Sulla in ff)O g, of WnUr at /7°

i-12 lT3()
KAl(HO4)i
RbAl(BO4)s • 12

•a- 12 fl,0 0.ISR.

Rubidium nnd esu îuni m»y I**' wpnntinl frnm i»;irli «*th**r by tht*
in iho Hoiuliilit-i(*M nf tiwir nhmm or vhhmiphiitnnU*n; by tlirt forination of
tho mom niahl» and k*m mAubU* rul>t«iiutn nrki tifcrtmt*?; by thi* Molubility
«f C%CDi in aliHoiuto altfoliol; by tint forttmtion of fhit dtlfirultly soluble
0»CM • C%Pb(\, or C»aHW"It.

The quantitative miimafmn of rubirlitim nrmy lie wwrnpliihud by
weighing tt« Hulfat**, ac*id imlftitf*, f!iloroplitiimil t̂ **hlr»ritli% or fmrehlomtii.1

(hminmmm of th« inUtmily of t hi? niH*vlmm Umm with thmm Innn Htiindurd
solutions gives a rupki &ntl miti»fac*tory dnUtrurimtim of rubidium.1

* Phytik. ZdL 20 UH (1010).
•Ooonh and Hlnkt*. .4w. */«Mf. ̂ ri Nov. !«I7t p. 3H1.
»Ooorh niid I*htHmy, 44 (III) 3**2 (lHt>2); ulna Jmn I ml, and Em* Chrnn.
50(1018)
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Historical. — In 1840 C. F. Plattrmr analyzed1 th« mineral \m\\nx or
pollucite from the Isle of Klha and was my.sfitivxl by thu faK that I he tutnl
constituents showed 92.75 per cent. Careful warch failed to rcvi-nl any
error in analysis or any constituents vvhinh had l«*en overlooked, and
the matter remained a mystery until after the discovery «»f wu'sium. In
1864, Pisani repented2 the nnaly.siH of the same, mineral and found that the
alkali which Plattner had called potassium was in reality eaenium. When
corrections are made for the differences in atomic? weights Plait n«*r*« renultn
are found to be quite accurate. This Ls a remarkable tribute to Vhitltwfn
skill and reliability.

In 186*0, Bunsen used the newly devised spectroscope in the examination
of the mineral constituents of certain spring waters and dincovered two blue
lines of unknown origin. lie became convinced that they were ehnrneter-
istic of a new alkali metal and he proposed the name minium, sky blue.
This was the first metal discovered by means of the HpeHroHcope, which
later revealed the presence of rubidium, thallium, indium, gallium, wveml
of the rare earth group, and all of tin? noble gases. The <! two very of both
caesium and rubidium was impossible without Mm aid of the* HpectroHeopi*
because they are found in such small quantities and their retfemblanre
to potassium is so striking that the* ordinary method* of nnuly«iH *ire not
effective. The sensitiveness of Hunsen's spectroscope in riltowti by the
fact that the water from which the caesium lines were ftrHt, obtnmed did
not contain more than 2 or 3 grams per ton, and he WJIK compelled to evapo-
rate 40 tons of the water in order to obtain enough eaenium for .study.

Occurrence. — Caesium in widely diHtribufed in nature utmoxt
always with the other alkalies and UHimlly in wry small niwmntH.
The mineral pollux or pollucite, essentially IIa<) • 2 (Vt3O • 2 Ala<V
9 SiO2, occurs sparingly on the I«Ie of Kllm and in Maim*. If
contains about H4 per cent CH-/). (*aesiurn in nlno found in
small amounts in other minerals nueh an lepidolife and l.x*ryl;
in mineral waters, where it in almost always uHKor.iat.eci with
large amounts of the other alkalien. It is also found in ITHMH
in many soils, but only a few plants, «ueh an UAHWW*, ithHorb it.

In the absence of potassium, 'uiej-mmi in t% ptmtm for tmmt,
forms of plant life.

Extraction; Separation; Detection. — See Rubidium.
Metallurgy. — Metallic caesium was first prepared in 18H1

by Setterberg, who used the electrolysis of a mixture of (!HC.!N
and Ba(CN)2- The metal may also \m prr^mred l>y reducing
C80H with aluminium or magnesium; by henting C*m/*C)S
with magnesium or CsCl with calcium.

1 Fogg. Ann, 69 443 U8M). * ttomjrf, rm*L 60 714
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Properties. — Caesium is a silvery white metal when pure,
but it is frequently golden yellow due to the presence of a small
amount of oxide or nitride. I t is one of the softest of the
metals, its melting point being about 26.°5. I t is the most
electro-positive of all the metals. On exposure to air it gradu-
ally melts owing to the lowering of its melting point by the im-
purities formed in contact with the air. I t finally bursts into
flame, producing the oxide. When thrown upon water it floats
in spite of its high specific gravity (1.87) and burns with red-
dish-violet flame.

Caesium and its compounds are more rare than rubidium.
Salts of caesium are used as reagents in microchemistry. The
metal was quoted (1911-13) at $1.75 to $2.25 per quarter gram
and the chloride at 30 cents per gram, but the material is diffi-
cult to obtain at almost any price.

Does Eka-caesium exist? — Several considerations point to
the possibility of the existence of an undiscovered alkali element,
with atomic number 87 and an atomic weight of approximately
224. Diligent search in caesium materials has been made1

for this missing element by fractionation of the nitrate, di-
chloriodide, chloride, perchlorate, sulfate, and alums. In every
case careful examination of the extreme portions of the mate-
rial failed to reveal any indication of a new element. If such
an element exists, it must belong very definitely to the radio-
active series and it may have such a short life period that its
detection becomes very difficult.

Harkins2 points out that of the known elements bismuth has
the highest odd atomic number (83) except the radioactive de-
scendants of uranium or thorium, whose half life periods, so
far as they are known, are very short. The even atomic num-
bers from 82 to 92 are represented fully and many of these ele-
ments are very stable. I t seems reasonable, therefore, to con-
clude that the electron systems required for the atomic numbers
85 and 87 are unstable and may not be able to exist at all.

Compounds of Group I. — There is a general resemblance between the
compounds of the elements of the alkali group. The chief distinctive
features of the compounds of lithium, rubidium, and caesium have already

1 See Richards and Archibald, Proc. Am. Acad. 38 449 (1903); Gregory P.
Baxter, Jour. Am. Chem. Soc. 37 286 (1915) and Dennis and Wyckoff. ibid. 42
985 (1920).2 Jour. Am. Chem. Soc. 42 1985 (1920).
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been pointed out. The principal compounds of the group may be briefly
summarized as follows: —

All members of the group form several oxides and a surprising amount
of uncertainty exists concerning thorn. They probably all form the nimple
oxide M2O by direct union of the elements, but them w .some doubt in
the case of rubidium. These oxides react with water forming the charur-
teristic bases MOfF, whoso strength increases with increase in atomic
weight.

Peroxides of the formula M/)3 aro important in the cane of each clement
of the family except potassium, and K2(>2 may not even exist.

Oxides of the formula MaOj arc reported in the cane of all the elements
of the family except lithium and potassium.

M2O4 or MOs are important oxides of potassium, rubidium, and eaeniuin,
but an oxide of this composition has not boon recognized in the eane of
lithium and sodium.

In addition to the oxides already enumerated the following irregular
oxides are mentioned: Na3O, K4O, KgO6, K«O4, K4O3. Their existence ia
quite uncertain.

All form carbonates MaOO3 and bicarbonateH MHC'()3.
All form the hydride l MI I by direct union of the element at mmm*

what elevated temperatures; tho hydrides with witter give IVfOff } H3;
the rubidium and caesium hydrides are unstable at ordinary tempera*unm,

The alkali metals are capable of forming nitrides of the formula M4M
as well as azoimidea of the formula MNn. The latter are bent ermnidered
as salts of hydrflzoie (triazoie) aeid, Nail. All rnefalM of thin group form
ammo compounds such as MNIIaj metal ammoniums like MNIU am
also characteristic.

Each member of the family forms the simple salt with eneh of t)w halo-
gens. Potassium, rubidium, caesium, also form polyhalidcm like KU,
KICI4, in which the valence of the metals appears to be •'{ or ft. Abegg
mentions Csl9, and Wells and Wheeler3 describe a lithium wnnpniuul
of the formula L1IOI4 • 4 IV). Caesium Umm complex chlorides with
gold, silver, zinc, copper and mercury nueh m <*HAti(*l4> <V4Ag3Aug<*l»if
Cs4ZnAu2Cl12, etc.

Chlorates, perchlorates, }>romatcjs, and iodaten are important ^omfKiitntU.
Carbides, M2C2, have been prepared for the Br«t three member** of Ihit

family. The carbides react with water, giving C Îl-j m\d Moil,
Sulfur, phosphorus, and silicon form many emn|)ound« of i\m familimr

types.
1 MoiMMfin, dmijd. rmd. 136 f»K7 (l
2 Zvit. anorg. Cham. % 255 (IHMt).



CHAPTER IV

GROUP n —RADIUM, RADIOACTIVITY,
MESOTHORIUM

T H E elements which are found in Group I I of the periodic
table are easily divided into the A division including calcium,
strontium, barium, and radium and the B division including

zinc, cadmium, and mercury. This leaves
both beryllium and magnesium as introduc-
tory or " typical " elements. The relation-
ship is shown in Fig. 5. All the members
of this group are characteristically bivalent;
jn fact two is almost the only valence shown.
The most important exception to this state-
ment is in the case of the mercurous com-
pounds, but it has been suggested that this
exception is more apparent than real, since
in the mercurous compounds we have reason
to believe that the mercury atoms are in
groups of two whose valence is two. Hence,
Hg2Cl2 not HgCL The alkaline earth
metals form monovalent compounds with
the halogens, but these are obscure and
somewhat doubtful.

All the members of this group form oxides of the type MO and
basic compounds M(OH)2. The latter are soluble in the case
of A division metals and difficultly soluble in B division metals.

The only elements of this group which may fairly be con-
sidered rare are beryllium, radium, and mesothorium. The
first named belongs distinctively to the B division and is dis-
cussed in Chapter V. The present chapter is devoted to radium."
and mesotHorium, with a brief discussion of the phenomena of
radioactivity.

The metals of Division A are designated as alkaline earths
because they are intermediate between the alkali metals of
Group I and the " earths " of Group I I I . These metals oxi-
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dize readily in the air and decompose water at ordinary tem-
peratures, liberating hydrogen. The oxides are ma rkrdly
basic, with very high fusion points and su<»h great stability that
they were regarded as elements until 1807, when Davy shown I
them to be compounds of a metal and oxygen. They pos.sean
striking affinity for water, with which they combine to form
hydroxides, the solubilities of which increase with increasing
atomic weight of the metal. They also form peroxides, MOM,
hydrides, and nitrides. The carbonates, chromates, phosphates,
sulfates, and salts of many organic acids are difficultly soluble
in water.

Radium is classed with the* alkaline earth metals with which
it properly belongs, although it shown some decided peculiari-
ties. I t is to be observed that in nearly vvi^vy ease that, mem-
ber of a family which falls in the last series of the periodic table
has certain marked peculiarities. The? physical properties of
the members of this family are shown in Table XII .

TAIIMC XII

ProperttCH of the Alhilirw Earth Mtfnln

Atomic Weight .
Specific; Gravity .
Atomic; Volume . . . .
Specific Heat
Melting Point
Heat of Formation of MO

inCal
Absolute Electric Potential

C-AUi'WSt

40.07
1.52

2i\A
0.152

780°

131.3
2.4

SritovriifM

HIM
2.r>r>

3H.7

SCKf

I30.1W
2M

HAIIHM

137.37
3.7/i

turns
mr

130.38
2A\

About

About

RADIUM AND RADIOACTIVITY *

Historical. — The phenomenon of radioactivity wan. <lin-
covered by Henri Bncc|uc*rcl in 189CJr who oiiMfrviul lliut tht*
salts of uranium emit nuliationn which an* eujnthle of ntt!ut*itj$c
the silver salts of a photographic plate wen whtm it i& mvimAy
wrapped in black par>er. Thin pn.>pc*rty wm found to \m clmr-

1Soe R. A, MHIikftri, C?uri<* mhlrtmn on ° T\w .SiietiiHritrirM **f !(tt«litim*M »Mri
July 1, 1921, paw 10, tfi«* nthiffm tMWrml nt tht* \*twulniitm ul itw Wtlfort!
GihlMi Medal U> Mine. Curw; Ch-m. and MtL /vV/. f4 XMU IWM); Unm*4i,
The Ch&mUtry of the HatlumcluH- tiuhxUthrxn, Mm'tmUmt t IWJ2),
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acteristic of uranium whether it was in the form of the element
or of any of its compounds. Becquerel also found that uranium
had the power to discharge an electroscope and that the ra te
of discharge is an accurate measure of the amount of radio-
active substance present.

In studying the radioactivity of certain uranium minerals,
P. and S. Curie found that the pitchblende residues from S t .
Joachimsthal, Bohemia, were more than three times as radio-
active as uranium itself. This fact suggested the presence of
a powerfully radioactive substance, and led to a thorough ex-
amination of the residues.

Pitchblende is one of the most fertile sources of radioactive material.
Its composition varies widely, but it always contains an oxide of uranium,
associated with oxides of other metals, especially copper, silver, and bis-
muth; the Austrian mineral contains cobalt and nickel; the American
samples contain no cobalt or nickel but are largely associated with iron
pyrites and arsenic; zinc, manganese, and the rare earths are frequently
present, while occasionally calcium, barium, aluminium, zirconium, tho-
rium, columbium, and tantalum are reported. Dissolved gases, especially
nitrogen and helium, are present in small proportions.

From this mineral it was formerly customary to extract the uranium
and discard the residue. The chemical study of such a complex mixture
is an exceedingly difficult task, but by patient effort M. and Mme. Curie
succeededx in 1898 in separating two new radioactive substances to which,
the names radium and polonium were applied. The latter is now com-
monly called radium F. Later Debieme discovered 2 a third radioactive
constituent of pitchblende residues and named the new substance actinium.

The method of treatment consisted in effecting a concentration of some
of the constituents of the residues and observing the radioactivity of the
various portions into which the material was divided. It was observed
that if barium was concentrated the radioactivity of that portion in-
creased rapidly. From a ton of residues there may be prepared 10-2O
kilogra'ms of crude sulfate whose activity is about 60 times that of uranium.
The Curies then converted the sulfates to chlorides and subjected the
material to the process of fractional crystallization. After a number of
crystallizations there was obtained in the most insoluble portion a fraction
of a gram of radium chloride which was a million times as active as uranium.
One ton of pitchblende is said to contain 0.37 gram of radium, 0.00004
gram of polonium,8 and a small amount of actinium.

In 1902, Geoffrey Martin suggested4 that radioactive elements were
gradually undergoing decomposition. This theory was greeted with ridi-

1 See Chem. News, 1903, for translation of thesis.
2 Compt. rend. 129 593 (1899) ; 130 906 (1900) ; 136 446, 767 (1903).
* Marchwald obtained 3 milligrams of polonium from 15 tons of pitchblende.
* Chem. News, 85 205 (1902).
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cule at first, hut within a year Rutherford and Soddy adopted thin view
and soon established it firmly through their epodwnakin& investigations
Radium emanation was first recognized asagan in 1002 by Rutherford nnd
Soddy. The revolutionril fact that helium results from the dittintc-grut son
of radium atoms was first demonstrated by Ramsay and Hoddy in lUOtt,
The position of the radioactive elements in the periodic table WHH estab-
lished by the combined work of Kajuns, Runnel!, Fleek, and StwWy in t\w
years 1913-15, through the development, of the eoneeption of isotofwH.

Occurrence. — Radium is widely distributed in natur<\ nt*wr
in veiy concentrated form and usually in exceedingly minute
quantities. The princ:ij>nl source of radium until recently wtm
the Bohemian pitchblendes from which radium wan first ex-
tracted. This in still the most important source of radium in
Europe, but the carnotite ores of Colorado now produce a con-
siderable proportion of the world's radium supply.

All uranium ores contain radium and consequently may nerve
as a source of radium. Torbernite, a hydnited coppw uranium
phosphate, and autunite, a hydrated calcium uranium phos-
phate, are found in Portugal and Australia, from which con-
siderable radium has been extracted. Then* are apparently
extensive deposits of low grade torbernite and autunite in
New Mexico.

In addition to its distribution in minute* amounts in many
rocks and minerals, radium is found in many mineral springs l

and in seawater.
Mining and Concentration of Carnotite.3 Since eurnot ite m

the world's most important source of radium, much intercut
attaches to its production. The main deposits now known
are in the southwestern part of (Colorado and extending over
into Utah. The deposits are scattering, varying grently in
thickness, extent, and purity of the ore. The mrnnf ite in usu-
ally deposited in sandstone, upon which it form* amorphous
incrustations replacing the original cement. The color of the
high-grade carnotite is a rich canary yellow, the lower gmde«
having various shades of yellow, orange, hrown, green, or blnek.
The ore frequently crops out along the cliiTs or tmnymt walk,
and even if the outcrop is low-grade ore it may lend to it pocket
of rich ore.

1 Skinner and Halo, M Radioactivity of Water," Jmr. Ind. ami ttnti, Chtm*
14 949 (1922).

51 Bee Bureau of Mitm Bultdin, W4 (HH7).
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In some localities open mining is used; in the gulleys small
tunnels are commonly used and occasionally shallow shafts
are sunk. The ore is loosened by blasting, and sorted into
waste, low grade or milling ore, and high grade shipping ore.
The sorting is a difficult matter and requires long experience
and keen judgment. Doubtful specimens are tested with an
electroscope for their uranium content. The high grade ore
is placed in small canvas sacks, in order to save the fine por-
tions, which are frequently very rich material.

The low grade ore, which contains about 0.8 per cent U3O8,
is sent to the concentrating mills, where it is concentrated to
about 3 per cent U3O8. The concentration of the carnotite
involves the separation of the binder from the grains of sand.
This is done by coarse grinding (80-100 mesh) and separation
of the fine particles by either the dry or wet process. In the
dry method the ground ore is run through a special attrition
apparatus whose function is to rub off the carnotite adhering
to the grains of sand. Then the fine particles are removed
by suction. In the wet method of concentration, the ground
ore is elutriated to remove as much adhering carnotite as possi-
ble. Then the material is thoroughly agitated with water and
allowed to settle. Finally the slimes are drawn off and the pro-
cess repeated as long as necessary.

Extraction.1 — Many methods have been proposed for treat-
ing carnotite ores; they are of three general types — those using
(1) an acid leach, (2) an alkaline leach, or (3) fusion methods.
Of the acid methods the following are used: (a) Hot strong
sulfuric acid dissolves from the ore uranium, vanadium, copper,
barium, and radium; when the extract is diluted to 10 per cent
free acid the impure radium-barium sulfate precipitates. The
precipitate may be boiled with Na2CO3 and the radium-barium
leached out with HC1. This method requires much labor and
the cost is high. (6) Hydrochloric acid leaches out the radium
and barium, which are precipitated by partially neutralizing
the acid and adding a sulfate.2 The acid used should be prac-

1 See "Extraction and Recovery of Radium, Uranium, and Vanadium from
Carnotite," Bulletin 104, Bureau of Mines; also H. D. d'Aguiar, " Radium Pro-
duction in America," Chem. and Met. Eng. 25 825, 877 (1921) and the comments
on the latter by S. C. Lind, ibid. 26 1012 (1922).

2 See F. E. E. Germann, " Adsorption of Radium by BaSO*," Jour. Am.
Chem. 80c. 43 615 (1921).
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tieally free from sulfurie mud. This mot-hod will give an KCMK)
per cent extraction if the ore is five from Hulfates ; hut nince
gypsum is frequently found in earnotitc ores tin* extruction in
some ores is as low as 40 50 per cent, (r.) The Bureau of
Mines recommends the use of nitric acid, which dissolves prac-
tically all valuable constituents of the ore. The excels acid is
neutralized by NaOII and then R:in« arid II-tSO4 uiv added.
The sulfates are redueted with carbon, dissolved in IK'l, mid
the radium-barium chlorides subjected to fractional ervsfnlli/.fi-
tion. This method extracts 90 per cent of the radium, nearly
all the uranium, but leaves considerable* varmdium in the resi-
due. The cost of the acid would be prohibitive, except for the
fact that NaN0 3 is crystallized from the final liquors. la this
way the actual consumption of nitric acid is snmll. The grent
advantage claimed for the nitric acid method is the efficiency
in the recovery of radium.

In the methods using an alkaline leach the ore is boiled either
with sodium carbonate which extracts a considerable portion
of both vanadium and uranium, or with sodium hydroxide
which removes vanadium only. Radium may then be ex-
tracted with HOI, after which the remaining; ummum ami
vanadium may be reclaimed. This method extracts the valu-
able constituents of the ore*, but much difficulty is c»x|wMrirnri*rl
in filtering the IIC1 solution because the liberated nilicic acid
clogs the filtering medium.

Two general fusion methods are used : (a) Fusion with Hcwlium
sulfate, used by the Austrian Government in treating pitch-
blende ores, but cannot r>e used with American rurnntiie.
(b) Fusion with Na2CO3 brings the umnium, vnrtutiitiin, nml
silica into, solubles form. From the insoluble ivnuhw I N I
extracts the radium and barium in the* form of chloride.

AH the richer ores become* more and more* difficult to obtain
greater attention is naturally directed to extraction method*
which am efficient in dealing with low grncfo own, A me!hinl l

which is said to give 83 per cent extraction from rarnotiti! or
autunito containing no more than 5.0 X 10 7 \n*r etmt of ntflitittt,
consists in sintering the ore with NaCI or d i d * with ihi* uildi-
tion of CaCOj. After cooling, the mixture is grotirtii imiim*ly
and leached with HC1; then USO* and IJaCl* are mhhtl Tlw

Vm Uhyu, Z> urtyew. Chun, 34 477 (W2t),
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radium-barium sulfate is obtained as a milky suspension free,
from quartz, thereby reducing the bulk of the material to 7 per
cent of the original on*.

The recovery of radium from luminous paints is possible1

by dissolving the radium salts and precipitating radium-barium
sulfate in the* usual way. The loss (luring recovery is about
1 per cent.

Purification. - The* extraction methods yield a mixture of
radium and barium chlorides or sulfates. If sulfatcs are OIK
taincd, they are reduced to the suliides by mixing with charcoal
and heating to about- 800°; or changed to carbonates by boil-
ing with Na2(

 1( );$.
The sulfides or carbonates are ground dissolved in HOI and

the chlorides subjected to fractional crystallization. Radium
chloride* is less soluble than barium chloride and consequently
the former collects in the less soluble portion of fIK* series.
Other impurities, such as iron, aluminium, and vanadium, also
collect at the soluble end and consequently give no trouble in
radium concentration. I^ead if present is particularly trouble-
some. Some lead in removed as chloride, and some as sulfide,
but the* solubility of the.se* salts and of the Milfoehlorieie,
(PbS)* • PbCla, iti field prevents its complete removal from
strongly acid solution. It is completely removed by making
the fractioiiH alkaline* with ammonia :mrl saturating with H3H.
The Io88 erf radium during thin oj*f»ration ha« be»en shown to be,
not ove»r 0.2 pe»r cent.

After fractionating for a time* an chloride*, it is found advan-
tageous to continue the process tm bromide*, which produce**
a more rapid concentration e>f radium.2 The eoNvernion to
brornidcH iHaccompliHhcd by precipitating the radium and barium
with ammonium carbonate and dissolving the precipitate in
hydrobromic acid. CryHtaHi&it-ioii of the* bromides in beat
carried out in silica ware. After 10-12 crystallization** nn bre>-
mide tho lcaHt sohible fraction, which Hlmtild contain 1 4 {M»r
cent radium bromide, w thoroughly drit^l and Healed in a glum*
tube. The radium content may Im eleterminiHl hy the* gamma.
ray rncammtment.

After obtaining a number of tuk»« in thin manner, their
1 A. O, Fninri*, J. .%r. Chtm. huL 411*4 (WM),31 ('. E. Hcrholl, Juur, Am. ('hem. Hut,, it hhti
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contents are put together and the* higher fmrt ionat ion carried
out in the wane manner. By a n*pe*titiem of this prortw, ra-
dium material of a high ele»gre»e*. of purity may be* obtained.

Various modifications of these methods have \HH*U made,
such as the fractionation of the hydroxides l und of the iodides,8

Supply of Radium. — It is estimated (hut the total amount
of extracted radium in the world is about, 5 ounces. To this
supply there is being added, during normal times, roughly nbout
an ounce each year. But since* the production of this amount
of radium requires the mining of about 0(XH) tons of ore, seri-
ous concern has boon foil for the* future supply of this element.
The deposits of Europe* are already showing signs of exhaus-
tion, and the Bureau of Mines estimate's that, the (?olorudo on*
now in sight will not produce* more than ISO grams of radium.
Others are more optimistic and place the total yield of the
Colorado deposits as high as 900 grams of the element.. It in
worthy of note also that now deposits are being discovered and
it is quite possible that new supplies of ore and more efficient
methods of extraction will cause* the output to increase rather
than decrease. Careful economy in the use* of radium in nec-
essary in spite of the most optimistic reports, however.

During the war the inem*ase»d demand for radium stimulated
production enormewsly. With the* signing of the armistice
there came a greatly docreuHoei demand, consequently radium
production sloweel up exmsidorably, until the* stock on hand wan
used up. Toward the* close*, of 1910 the radium industry re-
vived appreciably unel during 1920 the* total production of ra-
dium amounted to approximately #5 grains of the element.9

This is the largest output e>f uny year and in only slightly h*m
than the total pre>ducod up to elate* from Kurojw*an oivs.

New ekposits of uranium-radium ores are reported from
Lusk, Wyoming, in Grant (bounty, Nc*w Mexico, and mmr
Georgian Bay, Ont.4 The* former is lx*ing tleveioped, yielding
an ore containing up to 1.5 per m i t H-jO*. A new deposit of
rich radium-uranium ore is re*porte*d at Jachymor, Bohemia,
which is said to contain suffieuent en*e* for 20 yearn. A large

i McCoy, U. H. Pat. lv103,r»(X), July H, VMi.
'HopkiriN and Kuhfc, ttch. Sci. and Math. 22 7/W (\W22) ; [*rm- tit St*tt*

AcatL of Sci. 1921.
3 R. B. Moor<f, Kng. and Mm. Jtmr. I l l If»l (Wi\),
4 Ann. He-port Ont. Bar. Mirnm, 28 !M.
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and particularly rich deposit of pitchblende has recently been
discovered at Katanga, Belgian Congo.1

The price of carnotite ore is considerably higher than two or
three years ago, not only on account of increased demand for
radium, but also because of the steadily growing demand for
vanadium in the steel trade. The steel industry is also showing
increasing interest in uranium.

The price of radium has shown considerable fluctuation within
the past few years. During the war radium salts of high grade,
with a purity of 50 per cent or better, sold as high as $125 per
milligram of the element. During the early spring of 1920
one sale of over 2 grams was made at $89,000 per gram of ele-
ment. Later in the year the price rose to $110-$120 per milli-
gram, with a slowly rising market. In December, 1922, the
price had fallen to $70.00 per milligram owing to the rich de-
posits in the Belgian Congo.

Metallurgy. — Metallic radium was prepared by Mme. Curie
and Debierne2 by the electrolysis of radium chloride, using a
platinum-iridium anode and a mercury cathode. The radium
was collected as an amalgam which was heated in an atmosphere
of hydrogen until the mercury was distilled off. Its properties
have not all been determined. It is to be expected that the
metallurgy of radium would present particular difficulties, not
only on account of the scarcity of the material and difficulties
in preparing its pure salts, but also on account of the fact that
the difficulties in reduction of the alkaline earth metals increase
with atomic weight. Metallic calcium is expensive, metallic
strontium is rare, and pure metallic barium has never been pre-
pared. Consequently, the production of any metallic radium
is a distinct triumph.

Properties. — Radium is a white metal, with a melting point
of about 700°. I t blackens rapidly in the air due to the forma-
tion of the nitride. I t chars paper, and reacts readily with
water, forming the hydroxide. I t dissolves easily in HCL The
element displays all the phenomena of radioactivity which are
characteristic of its salts. On this account it is customary to
speak of the amount of radium element present in a compound

1 One ton of ore is said to contain 120 mg. of radium; Bull. soc. chim. bdg.
30 219 (1921).

2 Compt. rend. 151 523 (1910).



RADIUM AND RADIOACTIVITY <>5

and disregard the presence of the elements with which if. in in
combination.

In addition to the properties which relate radium to (he
alkaline earth metals, it is distinguished from them strikingly
by possessing the properties of a radioactive substance. Thin
means that both the element and its compounds continuously
emit the penetrating rays which Becquerel observed first in
substances containing uranium. The omission of these myn
is a permanent and abiding property of radioactive atoms and
the radiation is independent of light, temperature*, pressure, and
all other physical conditions. No indication of change in flic*
rate of radiation has been detected, although the4 phenomena
have been observed between temperatures of 2(K)0ri and U.W < \
Since all purely chemical phenomena are influenced by phy.sir;il
conditions, it in necessary to conclude that radioactivity itf not
an ordinary chemical phenomenon, but is due* to change within
the atom itself. These intra-atomic changes are possible be-
cause of the very complex nature* of the radioactive atoniH anil
are caused by the fact that within a given interval of time u
definite proportion of the atoms breaks up or disintegrate,
with the expulsion of radioactive* influences. It in now iwo#-
nized that the seat of the explosion which result H in tliHinif^ra-
tion of the atom is in the nucleus, hut the eatine is unknown.
In a given interval of time a definite proportion of f ho nit nun of
a radioactive element explodes, expelling part, of the* original
atom and leaving behind an atom with new properties.

In addition to the influence on the photographic: plate* nwl
the discharge of the electroscope, radioactive nubst/mee* hav*»
certain vary striking effects. They render diamonds, rtibitw,
fluorspar, and zinc sulfido brilliantly phosphorescent, They pro-
duce severe burns on the flesh and kill lowernnitrm!,H ; they tumnu»
late proteid; transform oxygon into ozone; form hytlriig<*u
peroxide, and decompose water nlowly but eontimiounty ; they
change yellow phosphorus into rod; reduce mercuric; Hull* to
mercurouH, and ferric to ferrous; they decompose tmlrtffwn,
potassium bromide, hydrogen nulftde, carbon dioxide, uriil ofhrr
compounds.

Three distinct type* of mdiatinnn ant mxwmwt]. Tlu*
Alpha particles are poHitively chnrg(»d, am projf*c*ti*ti nt
velocities from different atoms, !>ut of thi* order of
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velocity of light. They have" low penetrating power, HO never
travel far from their source, I>uf. they arc the main cause of phon-
phoresccnee. They have a mass of four and are known to he
helium atoms each carrying two positive? charges of Heefrieity.
They comprise about 90 per cent of the radiation from radium.
They are distinguished by the following characteristics: They
are absorbed by 10 cm. of air or O.I mm. of metallic aluminium ;
they show a positive deflection in a magnetic field; they pro-
duce ionization of a gas, and affect a bare photographic, plate
quite strongly, though their low penefrating power dues not
enable them to affect a plate which is wrapjx'd in p;tper\ The
livia particles are negatively charged and are shot off at ve-
locities varying from 20 to 99 per cent of the velocity of light.
Thoy correspond to the cathode rays which are prudtirod by a
vacuum tube discharge, and an* considered streams <<f li'^atively
charged electrons. Their smaller size and higher velocity give
them greater penelrating power than the alpha particles. They
are able to penetrate as much as three millimeters of aluminium.
They comprise about rune |>er cent of the radium radiations.
They are distinguished from the other forms of ratlin!inn by the
fact that they are absorbed in a thick sheet of aluminium,
that thoy show a jnarked negative? deflection in the magnetic:
field, that they arc highly effective in producing ionixalion, fluo-
rescence, and photographic? effects. T\\v($nmma radiationsiliffVr
from the alpha ami beta in that they are not influenced by a
powerful magnetic field. Thoy have* fremendmw
power, as thoy have* boon known to pawn through 20
of load* Sinew a solid has the power of absorbing gniimm mys
in direct proportion to its density, a sheet of aluminium miwt IKJ
five, times as thick nn loud in order to product11he* mine !ibse>r]>~
tion. The gamma rays ?tre not material Muhntjinco at all, but
pulsations Himilar to ftdntgon ray**, Thoy are vil»nitiotw of
very short wave length.

Thus it is seen that a radioactive Mttlmtnncw in v-ontinntn&\y
emitting a tremendous amount of energy, Qnn gram i*f radium
evolves energy oejuivjtlont to WH ralorie« per hour — morti
than enough to mim* its own weight of wafer front if* to HXf.
During thes half life jmriod fhiK ropn^*nt^ 2/if)9OfX) timm m
much energy as is obtainable by burning an aqua! wttight of
coal



RADIUM AND RADIOACTIVITY 67

At the present time there are recognized about 35 distinctly
different elements which emit radiations. At first it was diffi-
cult to locate so many elements in the periodic system, but the
difficulty was solved when it was recognized that atomic num-
bers, not atomic weights, are the fundamental characteristics of
the elements. So the theory of isotopes explains how several
elements may occupy the same position in the periodic table.

These radioactive elements differ among themselves both in
the rate at which they emit radiations and in the type of radia-
tion. Some elements emit alpha rays only, others emit beta
rays, while a few elements appear to emit both. Since both
the alpha and beta rays are made up of electrons, it is evident
that when an atom loses either an alpha or a beta particle the
residue is different from the mother atom. If an alpha particle
is lost, the atomic weight is decreased by 4 and the residue must
take a position in the periodic table two spaces to the left. If
a beta particle is lost the atomic weight is not appreciably
changed, but the loss of an electron changes the chemical na-
ture of the residue, which moves one space to the right but re-
tains its former atomic weight. Thus the disintegration of
the parent element produces a radioactive element which
becomes in turn the parent of another product. So a whole
series of elements arises from a single primary radioactive
body. Three such series are recognized, usually called the
uranium, thorium, and actinium series. There is reason for
believing that the actinium series is in some way related to
uranium, probably through a branch chain from uranium II .
(See Table X I I I B.) Both uranium and thorium are con-
sidered primary radio elements, since neither is the product of
the disintegration of any known element.

The relationship between the members of these series may be
better understood by studying a few members of one of the
series. Uranium, the parent substance of its series, has an
atomic weight 238, but its atoms are not permanently stable.
In any second of time one atom out of each 1018 explodes and
emits an alpha particle which is a charged helium atom.
The residue accordingly has an atomic weight 234, and its
properties show that it is a different element. This substance
is called uranium Xi, and its chemical properties are identical
with those of thorium, from which it differs in mass alone.
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A — Tht Uranium Scries

4.67x10? years
Primary body

•ft**
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RaCf{214)
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Pofenrum

24,6 days
Thorium
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3.85 days

1.15 minuter
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2X10® year?
Uranium
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Thorium
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C — The Thorium Series

L31X10* years
Ionium

Ta(220) _ J
54 seconds
Radon

TbO'(208)
Stable
Lead

6.7 years
Radium

ThA{216)
0.14 s?eeond
Polonium

MsTh2(22S)
6-2 hours
Actinium

ThB(212) .
10,6 hours
Lead

*y

RdTIi(22S)
2.02 years
Thorium

ThC(212)
60 minutes
Bismuth

ThX(224)
o.tU days
Radium

10~n <
Polonium

>

D— The Branch

Uranium Series

r̂ Q ' 2101
T h C

1.4 minutes
Thal l ium

ThC'(212)

T h C (20S) -
3.1 minute:
Thall ium

>

<

•ThQ'V20S)
Stable
Lead
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The atoms of uranium Xi arc likewise unstable, and during
each second one atom in every 107 disintegrates, expelling a
beta particle. This forms other new atoms which have the
same mass as those of uranium X1; but differ from them in
chemical behavior. These new atoms comprise the element
uranium X2. But the atoms of this element represent a very
unstable form and one atom per hundred explodes each second,
liberating another beta particle and forming atoms of the ele-
ment uranium II, an isobar of uranium Xi, and uranium X2,
and an isotope of the parent, uranium. Uranium II loses an
alpha particle, producing ionium, of atomic weight 230, isotope
of uranium Xi. This process continues until a stable atomic
structure is reached, when the series ends.

If the atoms of the radioactive elements continue to " shoot
themselves to pieces " by throwing out radiations and forming
new elements, it is evident that in time any given sample of
an element will disappear. Since the rate of radiation differs
in different elements it is evident also that some elements will
disappear more quickly than others. The rate of disintegration
for the various elements has been studied and is usually expressed
in the time required for any sample of an element to disinte-
grate to half value. This is called the half life period. Table
XIII shows the three disintegration series, the atomic weight of
each element,1 the radiation which it emits, the half life period
and the most common substance which is isotopic with the
product. The atomic weights shown in heavy type have been
determined experimentally.

Table XIV shows the position in the periodic table of the prin-
cipal members of the three series. By starting with the parent
element of each series and following the dotted arrows it is
possible to trace the series through to the end. Atomic weights
are shown under each symbol and the atomic number of each
group of isotopes is given in parenthesis.

In several places in these series an unstable arrangement
seems to give two disintegration products, due to the fact that
some atoms expel an alpha particle while at the same time other
atoms give off a beta particle. This gives rise to the branch
series, the more important of which are shown in Table XIIIZ).

1In the actinium series atomic numbers are given because the atomic
weights are uncertain.



RADIUM AND RADIOACTIVITY 71

a >

o
nc

l

?3

>

Gr
ou

p

£5

c

1
O

c.

£
o

?>

ro
u

G

.....

a
so

6

in
 d

o

o.

2
a

c

2
o

o
a

2
a

S3
flu*"*

£.«

O
s(

76
)I

19
0.9

to

T

CO

»c

[R
ar

eE

1? I -

^ •

\

6

s \

T

*•*

/~<
CO

3m>

; s

— \

Hi'

CM
" "^ *,

»r it
i \ !'»
i i t '

""•̂  • ' i v

•
y.

T l

r 5...
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It is to be noted I hat ihe branch series usually represents only
a very small proportion of tin* atoms and (hat these quickly
revert to stable atoms. In the cast* of V it is possible that
the branch scries may give rise to the* actinium series, but
this is not yet definitely established.

The final product of each scries is art isotope of lead. But
according to the theory lead from radioactive .sources should be
exactly like ordinary lead except that it should differ from it in
mass. A remarkable confirmation of the theory comes from
the fact that load from radioactive minerals has been found l

to have a different ajomie weight from that shown by ordinary
lead. The values check remarkably well with those required
by the theories.

Another confirmation of the* theories of radioactivity comes
from the discovery '•* of the element protoactinium. Actinium
wan fora time considered the primary nidiiwlemenf of its series,
but it wan recognized that it mijj;ht 1M* the decomposition prod-
uct of an unknown parent. If such a parent substance rxintM
it must produce actinium by the Ions of either a I»etn particle*
or an alpha particle. If the former takes place, then the par-
ent would have an atomic unrulier 8K, atomic weight 220, and
mtiBt full in Group II and l*e an inofojw of radium. Such a
substance would lm irtdiHtin^umhnblr from radium itself. If,
on the* other hand, actinium if* formed from its pnrent by the
loan of an alpha particle, then flu* mother Hubxhtnre should
have an atomic num!**r 01 and should benr the name relation-
ship to tantalum that radium I win* to barium, 1 fence tan-
talum B&lt» might he nmnl to c^oncentrafe the element. When
soluble tantalum Halts %vere ftmt milled to pit chblendi* re>iidtii^f

then extrncted and purified, it \vm found thai they hud become
radioactive and thai the radioactive element pxirmHetl in thin
way yielded actinium cm disintegration. The new element him
beirn named protoactinium (ar profitctiriium), Pa, atomic? weight
230 and atomic number 9 i . It, in turn, may be* the disintegra-
tion product of uranium. (Bm Tables XIII imd XIV.)

As soon m ih^ fact was eni&blinhed that radium
1 Bmidy ami tlymtm, Pm. Ck*m> &W. SO 134 CIIIH); T\ W» M**h®nh mml

WM <*f>-work<*ni, Jmtr. Am, Ckm, to*. S# l.13tt (MII4) j U Ml, 10AM, SKI!3 C HI 10);
89 mi (W17); 40 1403 (MH); 41 lAfiO (1920); HtimfiMfy, Hmtih#mi** Mepmt,
l9lUt p. 205.

* Eahn and Mtitmt, Phyrik Z«U. 19 'JOS (1918) ftttil 20 127 <!!*HI).
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yielding niton and helium, the question arose: " Shall radium
be considered as an element or as a compound of niton and
helium?" The general belief now is that radium is to be con-
sidered an element and that its disintegration is a phenomenon
entirely different from chemical decomposition. The reasons
for this belief are as follows: —

(1) Radium has a spectrum which resembles that of an ele-
ment rather than that of a compound.

(2) While the radium atoms are intact they obey the same
laws as other atoms, such as the laws of definite and multiple
proportion.

(3) The rate of disintegration is independent of all physical
conditions. (See pages 65-67.)

(4) The disintegration of radium is accompanied by the
emission of particles, a fact which is not duplicated in a single
purely chemical reaction.

(5) The evolution of heat during the disintegration of radium
is vastly greater than during any known chemical change.

(6) The disintegration of the radium atom is independent of
the chemical combination in which it is placed, and proceeds
at the same rate whether the atom is in the metallic state or in
combination as a halide, carbonate, sulfate, etc.

Consequently, the decay of radioactive atoms is considered a
phenomenon which is produced by forces within the atom itself,
and is quite a different type of behavior from the? disruption of
a molecule of a compound.

If the theory of the degradation of radioactive elements is
correct, then radium is a product of the disintegration of ura-
nium, and the former should always be present in oren of the
latter. This is found.to be the case. Moreover since uranium
yields radium and radium in turn disintegrates giving other
radioactive elements, a balance l must be established and there
should be a definite ratio between the amounts of uranium and
radium in their ores. The ratio between the two elements in
various samples of pitchblende has been shown to be constant,2

but for a considerable time it was supposed that the ratio in
1 It must be observed that this is not an equilibrium in the usual sense, ninco

the reactions involved are not reversible.
2 See Boltwood, Am. Jour. Sci. 18 (iv) 97 (1904) ; Glediteeh, Le Radium,

8 256 (1911); Pirret and Soddy, Phil. Mag. 21 (vi) 652 (1911); Marckwald aad
Russell, Ber. 44 777 (1911).
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carnotite was not the same as that in pitchblende. But a
careful study l of the radium-uranium ratio in carnotite ores
has shown that the ratio is 3.33 X 10~7, which is identical
with that found in pitchblende. This is a splendid confirma-
tion of the truth of the theory.

A study of Tables XII I and XIV makes clear the signifi-
cance of the terms isotope (meaning the same place) and iso-
bar (meaning the same weight). Isotopes are elements occu-
pying the same position in the periodic table with the same
chemical and physical properties except mass as, for example,
Thorium -(232) and Ionium (230), both with atomic number
90. Isobars are elements occupying different positions in the
periodic table, having different valences and different chemical
properties, but the same atomic weights, e.g. Thorium B (212)
in Group IV, resembling lead, and Thorium C (212) in Group
V, isotope of bismuth. I t is evident that the change of an ele-
ment into its isotope involves a change in atomic weight, whereas
the transmutation of an element into its isobar involves a change
in properties. The latter is produced by the loss of a beta
particle, a negative electron, from each atom. Is this trans-
formation unique among radioactive elements or do we have
analogies among the common elements?

To answer this question consider2 the relationship between
ferrous and ferric iron. These two forms of iron have the
same atomic weight and they differ in valence, chemical prop-
erties (one resembling magnesium and the other aluminium),
and in absorption spectra. We may change a ferrous salt to a
ferric by the removal of a negative charge or electron. So
ferrous and ferric iron appear to be isobars. But there is one
very essential difference to be kept in mind. The change of
ferrous to ferric is easily reversible and wholly within laboratory
control, while the change of a radioactive element into its iso-
bar is spontaneous and so far as we know now quite irrever-
sible. I t seems quite reasonable to assume that in one case
the radiated electron comes from the outer ring of the atomic
structure, and in the other case it comes from the nucleus of
the atom.

1 Lind and Whittemore, Bur. of Mines Technic. Paper 88 (1915).
2 See Stewart, Recent Advances in Inorganic Chemistry,
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FIG. 6. — SPIN-
THARISCOPE

RADIUM

Uses. — Radium compounds find a limited use in such in-
struments as the spinthariscope, Fig. 6, and Strutt's radium
clock. The latter is an electroscope so arranged that the leaves
are alternately charged by radium and discharged
by grounding. I t is a curious contrivance which
transforms the radiating energy of radium into
motion which approaches perpetual. (See Fig. 7.)

The two most important commercial uses for
radium compounds at present are in medicine
and in the manufacture of luminous paint.

The use of radium in medicine depends upon
its ability to check the growth of animal cells.
I t has been found to be efficient in the cure of
surface cancer, warts, lupus, and ulcers. The
penetrating gamma rays check the progress of such undesirable

growths. Radium has recently been used for
the bloodless " removal" of tonsils. I t is
also claimed that the emanation of radium
(niton) relieves gout, rheumatism, and di-
abetes, because it increases the excretion of
uric acid. It is administered either by in-
halation or by drinking its solution.

Many conflicting statements are made by
medical men concerning the efficiency and
safety of radium treatment for cancer. I t is
probable that many of the failures have re-
sulted from the use of too little radium or
from lack of skill in its use. I t seems certain
that radium treatment has been wonderfully
successful in curing certain types of cancer.
Its use for this purpose is increasing rapidly.
On account of the high cost of the material
other sources of gamma radiation have been
used, such as mesothorium, radiothorium, and
radium emanation. Since the latter is the
most concentrated, it is the most effective.

Although the emanation deteriorates rapidly, on account of the
intensity of its action and relative low cost it is being used

FIG. 7.—
CLOCK
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with increasing frequency. So important do medical men
consider this use of radium material that they have de-
manded legislation forbidding (he use of radium for luminous
paints.

The use of radium in self-luminous paints defends on flic*
fact that when the alpha particles with their appreciable mo-
mentum strike* some* specially prepared zinc sulfidc crystals a
glow is produced. The material is prepared by mixing a ra-
dium salt-, usually the neutral chloride or bromide solution, with
the phosphorescent, zinc sulfide and drying in the dark. Then
n paste* is made with varnish and some solvent like amyl alcohol,
care being taken not to destroy the crystalline structure of Ihe
zinc sulfide. The mixture is applied with a brush, after which
it. is dried and a protective coating of while shellac added, The
latter lengthens the life of tlie* paint but lower* its luminosity,
probably by interfering with the alpha radiation. The amount
of radium used in exceedingly small. The British Admiralty
specified for it« war-time use (). t milligram of KaJir^ jier gram of
ZnS. In the United States a smaller proportion of radium U
used, generally from 0,1 to 0.2a milligram of the element per
gram of ZnS. Where low luminosity urn! long life are desired,
as little an 0.01 milligram of radium k used for a gram of ZnS.
The statement in made that a luminouM watch dial eontuitiH
from 10 to 20 eenf«f worth of radium.

The degree of bright Men,-* of .such lumiriouH mirfare* him been
determined m of the order of 10 mieroramik^ f#»r square crnti-
rneter. This may In* compared roughly to the brilliancy of a
piece of white paper illuminated by the light of the full moon.
When the {mint in first prepared, ita bri^htm*** increa^m rather
rapidly for 10 20 day*, then it dimitUHht** gradually for a much
longer period, after which the hmiimmity nmutim nhntmi txm-
Ktant for several years. Tin* final exhaustion of the paint may
lx» caused either by the failure* of the radioactive prineiplo
or of the zinc sulfide. The radium mmm to \H* nblis to prt>-
duco luminosity for a long f^rim] of year*, #* f lir* mw nnlihh
(;ry»tate are cxhatmti*c] firnt arid Ijecorne irtritpnlik* of rt^fMirid-
irig to the alpha bombardment. Thin exhtimtitm oceurn mom
rapidly when the* per cc*nt of mdiiirii w large1?, Thti» the* lu-
minous paint prepared under the specification* of the British
Admiralty loneu iialf ita brilliancy in a yemr, while the American
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paints, which are less luminous at first, do not deterioriate to
half value in less than 4 or 5 years.

The luminous paint industry received a tremendous stimula-
tion during the war. Not only was the luminous watch dial a
great convenience, but instruments which could be quickly and
accurately read at night became an absolute necessity in the
navy, in the air service, and wherever an ordinary light could
not be used. I t is said that a single airplane, equipped for
night flying, required nine different instruments with luminous
dials. One American firm claims to have sensitized over a half
million dials for the United States Government. The consump-
tion of radium for this purpose was at one time as much as 500
milligrams per month.

After the war-time demand had ceased, other applications of
the paiint were made and quickly became popular. Now, in
addition to watch and clock dials, luminous paint is used to
mark street signs, door plates, push buttons, or almost anything
that may need to be located in the dark. The amount of
radium used in this manner has been enough to cause serious
concern in regard to the future supply, but the largest use of
radium at present is in treating cancer.

Attempts are being made to improve the color of precious
stones by radium treatment; in some cases the treatment has
been successful, but in other cases injury has resulted.

Compounds. — Not many of the compounds of radium have been
studied carefully, owing to the scarcity of the material. They resemble
quite closely the analogous barium compounds. Their peculiar nature is
shown by the fact that they are always somewhat warmer than their sur-
roundings, due to the considerable heat which they are continually radiating.
Radium salts produce a carmine color in the flame. The principal salts
are as follows: —

Radium chloride, RaCl2 or RaCl2 • 2H2O, forms colorless crystals when
pure; but when barium is present the color is yellow or pink. It is some-
what less soluble in water and hydrochloric acid than is BaCl2, with which
it is isomorphous.

Radium bromide, RaBr2 or RaBr2 • 2H2O, is the salt most commonly
used in purifying radium material. It gives off bromine in the air, forming
the hydroxide.

Radium hydroxide, Ra(OH)2, is also used in purifying radium. It is
strongly basic, absorbing carbon dioxide from the air.

Radium carbonate, RaCO8, is insoluble like the alkaline earth carbonates
and is precipitated by adding (NH4)2CO3 to the solution of a radium salt.
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Radium sulfate, RaSO4, is less soluble than BaSC>4, the two being com-
monly precipitated together.

Radium nitrate, Ra(NOa)2, is soluble and is formed by dissolving the
carbonate in HNO3.

Detection and Estimation. — The detection of radium may
be made by its effect upon the photographic plate. In testing

ores the length of exposure necessary to obtain
f8^ a given result may be used in a roughly quanti-

J ^ J I tative fashion. The discharge of the spectro-
A \ scope is a sensitive test for radium and may be

used quantitatively by observing the time and dis-
tance at which discharge is produced.' The radio-
scope, Fig. 8, is an instrument arranged to detect
radium emanation by its effect upon phosphores-
cent zinc sulfide. The emanation is released by

FIG. 8.— previously shaking the finely ground ore with
RADIOSCOPE water.

The quantitative determination of radium may be made in a number of
ways,1 the method selected being determined by the nature of the material
to be analyzed and the degree of accuracy required.

The alpha-ray method consists in comparing the surface radiation of
the sample with that of an equal surface of a standard. The method is
simple, rapid, and suitable to low-grade material, but is not capable of
great accuracy.

The gamma-ray method compares the rate of discharge of the electro-
scope as shown by the sample and a standard salt. This method is simple
and capable of an accuracy of 0.3 per cent. It is best adapted to the
analysis of solids comparatively rich in radium, but may be used for material
which contains 10"10 grams of radium per gram of material.

The emanation method involves the separation of the emanation from
the parent radium and measuring the quantity in a special standardized
electroscope. The emanation may be removed from solution by boiling
or aspiration; the most accurate method of testing a solid is to inclose it
in a container for a month or more and test the emanation which is in
equilibrium with the radium present.

Radium may also be determined by precipitation as the sulfate.
In speaking of the strength of any radioactive body it is customary to

speak of the grams or milligrams of radium which are equivalent. Thus

1 See S. C. Lind, Jour. Ind. and Eng. Chem. 7 406, 1024 (1915); 13 409
(1920); V. F. Hess, Proc. Am. Elecbrochem. Soc. Baltimore meeting (1922);
Hess and Damon, Phys. Rev. 20 59 (1922); Owen and Page, Proc. Roy.
Soc. 34 27 (1921); B. Szilard, CompL rend. 174 1695 (1922); N. E. Doisey,
Jour. Opt. Soc, Am. 6 633 (1922).
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Iho expression "one milligram of mesothorium " cloon not rnisun a inilli-
gram of weight of the clement rnoHothorium but such a quantity nf IIIIM
element as would give a garnrna ray activity equal to thai of a milligram
of radium in sonic compound nuch JUS radium rhloridis

A unit sometimes used is the curie. It is the amount of radium emana-
tion in equilibrium with a gram of radium metal. So a curie exprln the
same number of alpha particle* per .second as a gram of radium.

Likewise the, intensity of every product of the uranitmi-mdium WITH**
should be expressed in terms of the radium equivalent. Thus " ten
milligrams of polonium " signifies an amount of polonium which would !«•
in equilibrium with ten milligrams of radium element or ten inillieurieN
of emanation.

MKKOTHOUHTM l

The heavy demand for radium and its .scarcity have great\y
stimulated search for a suitable substitute, fonium would
bo ideal if it could be obtained {jure, but (lie most successful
substitute for radium is mesothorium.

This element wan first identified and described by Of ic> Halm
in 1905. It in the first deeom[x>sition product of thorium
(sec Tables XIII and XIV) arid in reality in camfKiaed of m<wn
thorium 1, an isotope* of radium, and mesothorium 2t nn isotope
of actinium and analogous to lanthanum in properties. Halm
regarded the former an rayless, with a half-life period of 5.5
years, and the latter an emitting both beta and gummn radia-
tions with a half period of 6.2 hours. The decay of menotho-
rium 2 produces rudiothorium, an isotof>e of thorium, with n
half period of two years, yielding alpha radiation*. (Urnm*-
quently, after mesothorium has stood for a time it consistM of
an equilibrium mixture of rnosothorium i, meMothorium 2, and
radiothoriurn, from which alpha, hc»ta, and gamma nuimfirmN
are expelled. It in to lw noted that rudiofhorituu, which is
always present in thorium minerals, cannot IH> Hf»fmruf<*<t from
thorium by any known method. T\w. only *tnum* of mdiiH
thorium is mosothorium.

Mesothorium is mom active, than radium. From n study of
the half-life ratio between im»sofhorium and mftiimt (tt: 1H(K)I,
Hahn concluded that a milligram of rncHothorium by weight
should be m active as :*(K) millignuns of radium, Th«» U. H,

1Sf̂  Otto Hahn, Zeit. anttrg, Ctwm. 24 1110; Cham. Xty, %$ M5
Bur. of Mines Technical Paper No, ii(), tutd î iHwiiUly Bur. nf Mim
meal Pajwr No. 205 (1922).
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Bureau of Mines says that mesothorium is three times as active
as radium, weight for weight.

Mesothorium is found in all thorium minerals. The ratio be-
tween the two elements as determined by McCoy l is 0.52X 10~7.
The reciprocal of this ratio 19.X106 is the weight in grams of
thorium in equilibrium with a quantity of mesothorium which
has a gamma ray activity equivalent to one gram of radium.
Hence, a metric ton of monazite sand containing 5 per cent
ThO2, which is subjected to 90 per cent extraction, would yield
2.5 milligrams of mesothorium. The importation of monazite
into the United States in 1914 was 385 metric tons, from which a
little less than a gram of mesothorium could be extracted. The
world's consumption of monazite at present is estimated as
about 3000 tons annually. On the same basis this would yield
between 6.5 and 7.0 grams of mesothorium. This would be
almost a forlorn hope as a source of material to be used as ra-
dium substitute, were it not for the fact that the mesothorium
is a by-product and that very large quantities of monazite resi-
dues have been stored up. Previous to the entry of the United
States into the war there had been no mesothorium extracted
in this country. But because of the enormous war demand for
luminous paints, methods were devised for extracting this ma-
terial. The principle involved in the separation is based upon
the fact that mesothorium is like radium chemically. Con-
sequently, the separation of mesothorium-barium precipitates
is similar to the separation of radium-barium which has already
been outlined. Mesothorium is said to be extracted from
monazite now used in the United States.

Since monazite contains an appreciable amount of uranium,
radium is always present and the methods of extracting meso-
thorium concentrate the radium also. Consequently, com-
mercial mesothorium contains considerable radium, which is
responsible for 20-25 per cent of the radioactivity produced.
Since, however, the mesothorium is much more active than
radium, it is estimated that commercial mesothorium is com-
posed, weight for weight, of 99 per cent radium chloride and 1
per cent mesothorium chloride.

When first extracted, mesothorium is useless for the manu-
facture of luminous paint, but as the amount of radiothorium

1 McCoy and Henderson, Jour. Am, Chem. Soc. 40 1316 (1918).
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increases the alpha radiation increases, making it more effi-
cient in luminous paints. The maximum alpha radiation is
reached after four or five years. Consequently, it is customary
to allow freshly prepared mesothorium to " r ipen" for a year or
more in order to develop its alpha radiations. After reaching
its maximum, mesothorium decays at a much faster rate than
radium, losing one-half its luminosity every five or six years.

During the ripening process mesothorium is emitting beta
and gamma radiations and is serviceable in medicine for the
same purposes as radium. I t has not become popular with
the medical profession, probably because its relatively short
life makes its final cost high.

Mesothorium is not a common article of commerce, so can
scarcely be said to have established a market price. In 1913,
it sold in England for £5 per milligram equivalent. In the
United States it has sold as high as $75 per milligram equiva-
lent, but the usual price runs from 40 to 60 per cent of that of
radium for an equivalent gamma radiation. In 1921 the price
ranged around $60 for an amount equivalent in activity to one
gram of radium element.

The development of mesothorium in medicine does not look
encouraging as long as the supply of radium is sufficient to
meet the demand. But its use in luminous paint seems to have
been well developed in Europe. I t is particularly well adapted
for this purpose, especially for objects which arc themselves
rather short-lived, and it is to be hoped that its use will increase
in order to conserve the radium supplies for medical purposes.

The separation and estimation of mesothorium are accom-
plished by the same methods that are used for radium.1

1See Bur. of Mines Technical Paper No. 110, pp. 25-27.



CHAPTER V

GROUP H —BERYLLIUM

T H E first four members of Division B show a striking family
resemblance, with gradual changes in properties. Mercury
in many respects resembles copper, as for example in the numer-
ous ammoniacal compounds formed. Zinc, cadmium, and mer-
cury form a typical triad; beryllium and magnesium resemble
each other closely and form a connecting link between the
alkaline earths and the zinc sub-group. The vapors of all
five metals of this division are composed of monatomic mole-
cules. The physical properties are shown in Table XV.

TABLE XV

Constants of the Magnesium Family

Atomic Weight
Specific Gravity
Melting Point
Boiling Point
Atomic Volume

BERYLLIUM

9.1 l

1.64
1280°

5.5

MAGNESIUM

24.32
1.75
633°
1120°
13.8

ZINC

65.37
7.1

419°.4
918°
913

CADMIUM

112.4
8.6

321°
778°
13

MERCURY

200.6
13.6

-38°.7
357°
15.4

The members of Division B differ from the alkaline earth
metals by being more easily reduced to the metallic state; all
the elements are stable in the air at ordinary temperatures,
except beryllium, which is slowly oxidized in moist air; the
ease of reaction with steam decreases with increased atomic
weight.

The compounds of these elements are all bivalent, except in
the mercurous series, and resemble the corresponding com-
pounds of the alkaline earths except that they show a greater
tendency to form basic compounds. Division B sulfates are

1 Honigschmid and Birckenbach, Ber. 55B 4 (1922) obtained the value 9.018
from a study of the ratios beryllium chloride to silver chloride and to silver,

82
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soluble and crystalline, readily forming double sulfates, with
the exception of HgSO4. The hydroxides are nearly insoluble
and are more easily decomposed by heat than the hydroxides
of Division A.

Historical. — In 1797, Haiiy, a mineralogist, found that the minerals
beryl and emerald had the same physical structure, hardness, and specific
gravity. He asked Vauquelin to make a chemical analysis to see if they
were not of the same composition. In the course of the analysis Vauquelin
found that while these two minerals were of the same composition they
both contained an oxide very similar to alumina but differing from it in the
fact that it was precipitated from its KOH solution by boiling. Further
study showed other peculiarities; its salts had a sweet taste; its hydroxide
was soluble in dilute ammonium carbonate; and its sulfate formed irregular
crystals but no alum with K2SO4.

In his published account Vauquelin unfortunately failed to give the new
element a name, but referred to it as " the earth of beryl." The editors of
the Annales de Chimie suggested the name glucina, meaning sweet, be-
cause of the peculiar taste of its salts. This name, however, was not uni-
versally accepted, especially when it was recalled that a sweet taste is not
peculiar to the compounds of this element. The German chemists used
the name " beryl earth," from which the name beryllium was applied to
the element. Whether the element shall be called glucinum or beryllium
seems to depend rather upon personal preference than upon any other
consideration.

The preparation of metallic beryllium has been attended with some
difficulties. Sir Humphry Davy attempted to reduce BeO with potassium
vapor but failed. Later he fused iron filings and BeO, obtaining1 a metallic
mass, somewhat malleable, which was probably an alloy of iron and beryl-
lium. Wohler, in 1827, prepared metallic beryllium for the first time, re-
ducing BeCl2 with potassium and removing the KC1 from the impure
beryllium by the greater solubility of the former.2

Occurrence. — Beryllium occurs in a large number of min-
erals, some of which are quite common and contain a consider-
able amount of the element. Beryl, Be3Al2(Si03)6, contains
roughly 14 per cent BeO; chrysoberyl, BeO • AI2O3, contains
19.8 per cent BeO; phenacite, 2 BeO • SiO2, contains 45 per cent
BeO; and gadolinite,3 Be2Fe(YO)2(SiO4)2, contains about 10
per cent BeO. In addition beryllium is found in many less
familiar minerals, in some of which BeO makes up more than
half the weight of the material.

The best known and most important mineral is beryl, which

1 Phil. Mag. 32 152 (1808).2 Pogg. Ann. der Physik und Chemie, 13 577 (1828).8 Jour. Am. Chem. Soc. 38 875 (1916).
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is known in a variety of forms. In the common opaque form,
beryl is found in large hexagonal prisms sometimes weighing as
much as a ton each. In the transparent forms, which are much
more rare, the color may be green, blue-green (aquamarine),
yellow (golden beryl), blue, or red (rose beryl). Emerald is a
variety of beryl which owes its bright green color to chromium.
The common beryl is widely distributed over the United States,
deposits being reported in nearly all the New England states,
in Virginia, Pennsylvania, Alabama, Colorado, and other states.
Numerous deposits are reported from France, especially in the
Vosges, where an exaggerated saying states that the streets
of Limoges are paved with emeralds. Particularly rich and
extensive deposits are found in Madagascar.

It has been estimated that beryllium comprises between
0.01 and 0.001 per cent1 of the earth's crust, and there is
reason for the common belief that when the commercial uses
for beryllium become considerable enough beryl will be found
to supply any possible demand.2

No reliable information is obtainable in regard to the recent
production of beryl in the United States. It is estimated
that during 1919 the total production did not exceed 25 tons
of ore. The usual product contains 10-12 per cent BeO and
sells at 3-4 cents per pound wholesale at the mines.

Extraction. — A very large number of methods have been
proposed for the decomposition of beryl,3 which is considered
the only commercial source of beryllium.

Gibson's method4 is based on the principle that ammonium
hydrogen fluoride effects the complete decomposition of beryl
at a low temperature, even if the mineral is only coarsely ground.
Much of the silica is volatilized as ammonium fluosilicate and
the beryllium and aluminium converted first to fluorides, then
sulfates. The former is separated by solution in (NH^COa.

Lebeau's method 5 fuses the ground mineral with CaF2,

1 J. H. L. Vogt, Trans. Am. Inst. M. E. 31 128 (1902).2 H. Copaux, Chimie et Industrie, 2 Aug. (1919) and J. S. Negru, Chem. and
Met. Eng. 21 353 (1919).3 See Parsons, Chemistry and Literature of Beryllium, 1908, Chem. Pub.
Co., Easton, Pa.; Copaux, Compt. rend. 168 610 (1919); Negru, Chem. and Met.
Eng. 21 353 (1919); also, James and Perley, Jour. Amer. Chem. 8oc. 38 875
(1916).

* Jour. Chem. Soc. 63 909 (1893).
« Vompt. rend. 121 601 (1895).



and adds H2SO4 to the mel t . Silica in cupelled w 8jF4, while
the aluminium and beryll ium a p p e a r UH Hulfiitcw. i he e x a m
acid is neutralized by K 2 C O , a n d on eviifxtmtion incut, of the
alumina separates as KAl(SO<h- I 2H ,O . Ammonium cur-
bonate is used to separate t h e beryllium.

The method proposed by Po l lok > fuses the beryl with emwtie
soda, dissolves the mass in U<*1 precipitates the hydroxides
with NH4OH, and redissolvoH in 11(1 Then by witimitin«
this solution with HC1 gas , t h e uluminu is precipitated an
A1C13-4H2O. Finally (NII^M'<>;, is used to Hi^parale the
beryllia.

In Parsons' method 2 t h e m i n e r a l is fused with KOII, dis-
solved in H2SO4, and evapo ra t ed to dehydrate the silica. The
soluble salts are taken u p w i t h wa te r and most- of the alumina
removed as alum by concen t r a t i ng t he .solution. The remainder
of the alumina and the iron a r e removed by a eoneerttmteel nota-
tion of NafiCOs, while the beryl l iu is precipitated by diluting
and heating the bicarbonate so lu t ion .

A method proposed by O o p a u x rf diwinleKmteH the ore by
heating with sodium fluosilieate a t HNf. Hiliwi remnirm (in-
attacked while beryllium s o d i u m fluoride in formed. Thin
is readily soluble, while t h e corre«pondin>c aluminium mil
is nearly insoluble. The s m a l l amoun t of impuritieN prenent
are removed by converting t o th<* Hulfaten and eryfttitlli^itig
BeSO4-4 H 2 0 . This m e t h o d han been in eorutneretu! tine in
France since 1915.

A study of the efficiency of those* ittethodH hnn been made1 by
I. E. Cooper4 with the des i re to ivnt their fflteiency.
conclusions are shown in Table* X V I .

These results were obta ined on 50~gmm mmplcx, ntnl
be considered typical r a t h e r t h a n final. They indicate two
very serious problems which m t m t In* nolved lieforr the large*
scale extraction of beryllia c a n hewotne a rotiHitleraiile commer-
cial success: (1) obtaining R e t ) fairly free from imjntritief*,
especially iron and aluminium ; (2) devtHtng it rnethcwj by whirli
better yields can be o b t a i n e d . T h e tirwiwity for efficient'
methods is evident from the liffhtnrai* of btryllitim itmlS* Thtm

1 Trans. Roy. Dublin Hot*, 8 \m IHHH),
2 Chemistry and IMeratUTti nf Hrryltium.3 Chimie et Industrie 2 Anm* (HHV).
* Thesis, University of IlliitoM, Jim«\
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Separat ion . —•• Bery l l ium in prec ip i ta ted from Hn ^oltitionn

b y alkalirn a l o n g wi th ultmiitiitim a n d iron , wi th which it k

c o m m o n l y n w o e i a t e d in nature , B e (Of I)* reKt*mblf*H A!(OH)a

in Iwing Holtible in excr^n ĉ f fixed alknli , Init dilTern l from it

in t h a t B e ( f ) H ) 2 in reprer ip i ta ted o n Imil ing w h i l e A l ( O f I ) j

in not . One* of the mo*t Hiitii^factory inethoflH cif w*pfirafiiiK

a l u m i n i u m from bery l l ium m by bo i l ing II s o l u t i o n t o which

junt enough B N N n O H htm been a d d e d t o di*xolvt* t h e pnunpi-

t a t e which fimt formn. A mstunited d i l u t i o n nf nriclium arid

carbonate d i ^ o l v e n B e ( ( > I { ) 3 but not A! (OH)» or F « ( 0 H ) » .

If a m i x t u r e of A K 1 | a n d Be(*l2 i** Uikvn u p w i t h water a n d

e t h e r , a n d IK'I gun a d d e d , AlC % * \ H 3 0 m pn*eipitn(<*f-|9 whi le tho

bery l l ium remaimt in so lu t ion . B y ridding hot g lac ia l acet ic

a d d t o a mixture* of acetate?*, hawc bery l l ium iteefi|t4»

on coo l ing . F u s i o n w i t h Nsi|CX)3 c o n v e r t s AI?O» i n t o

N a A l O s , whi le B e ( ) renminn tiiHoluble; fus*icm w i t h Na§8iF$

produces ffolubln Nm s BeF4 a n d inso luble Na«AlF§ .

I n each of thane m e t h o d n rondittonH m u n t be v e r y o i rr fu l ly

' Bm H. T. U. Anulyti, 4» m «wl ml IVMl); 47 d0 (1922).
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regulated, since the behavior of beryllium is very markedly
influenced by minor conditions. These relations are not well
understood at present, hence the separation of beryllium
presents unusual difficulties.

Metallurgy. — The fused beryllium halides are almost non-
conductors of the electric current, consequently, the metal
cannot be prepared by the electrolysis of the fused simple
halides. If BeCl2 is mixed with NaCl and NH4C1, or BeF2

with NaF, the electrolysis may be carried out successfully.
The removal of the metal from the electrolyte presents some
difficulties. The melting point of the metal is higher than that
of the bath, consequently the beryllium separates in flakes,
which must be separated from the mixed fluorides. This
separation is laborious because the fluorides are difficultly
soluble in water and if the water becomes either alkaline or
acid the metal itself will dissolve. Secured in this manner the
metal is in the form of small flakes which may be melted and
run into ingots by heating in a vessel of magnesia or beryllia
in a stream of hydrogen. Beryllium oxide dissolves readily
in fused cryolite and the solution on electrolysis yields beryl-
lium or its alloys; electrolysis of a mixture of barium fluoride
and sodium beryllium fluoride is also a promising method of
obtaining the metal and its alloys.1

Beryllium has also been prepared2 by other methods: (1) Be-
ryllium chloride is easily reduced by sodium or potassium,
but the chloride must be in the anhydrous condition and its
preparation is very troublesome. (2) The Goldschmidt pro-
cess yields metallic beryllium containing about 10 per cent
aluminium. The application of external heat is necessary in
order to raise the temperature above the melting point of beryl-
lium. (3) Potassium beryllium fluoride mixed with sodium
and heated strongly gives metallic beryllium.

Metallic beryllium has never been obtained except in small
quantities. The metal is quoted (1913) at $3.75 per quarter
gram, which is about four times the war price for platinum.
This value is entirely artificial, and when beryllium ores are
successfully reduced the metal will be both reasonable in price
and plentiful in amount. I t may never, however, become a

1 See E. A. Eagle's Thesis, University of niinois.
2 See Jour. Am. Chem. Soc. 38 875 (1916).
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common nict.al on account of the small amount obtainable from
its ores.

Properties.- Many conflicting statements an* made in
regard to the properties of beryllium, doubtless beeaust* of the
difficulty of obtaining tin* element in pure form. Sui:tH amounts
of impurities would IK* expected to infiueure its pro[H>rties
greatly.

Beryllium is described ' as silvery while for steel gray) in
color, with a hardness of 0 or 7 on Mob's scale, f! i« malle-
able1, easily forged and cold rolled, takes a high polish, but its
tensile strength and rigidity are not known. Its specific
gravity is 1.04 (older values run as high as J.S); its specific
heat is probably the highest of any of flit* useful metals varying
with temperature n\t to MH) ACHf, where if berotws constant
atO.G2; the latent heat of fusion is very high, in the neighbor-
hood of 3(K) calories ; the latent heat of va|w>ri/utiui} in probably
the highest of all elements exrepf carbon and boron; its elec-
trical conductivity ? is higher than that of t'ctp(M*r, approaching
mlver in this resfwet. Positive my analysis a ttiv^H rio indica-
tion of the iirfsent-e of inolojieH.

The metal is more |M*rmanenf in !h<* air than magnesium,
oxidising slowly and *uj>erfimHy in uunsl nu\ \Vh«*n heated
to rcdnt̂ KH in oxygen it oxidi^en <»n tin* *urfaref I he oxide no
formcnl acting m n protecfivi* coat ing. When I In* powdered
Hi(»tal is heated in the air if burn** brilliantly, funning; the
oxide, The heat of oxidation wa,* determined indirectly by
Copaux and Phillips * and found to hf 151.5 <*ul, Thin plueei
iH^rylltttftt irninedintely affi*r ralrium nw\ just U*fori* lanthanum
in the table of heats of oxidation of th«# f\**im*nt#t Wntt*r or
ftteam in not i]c'roin|iriHt*fl even at rrd lumt. When hented in
the electric arc in an ntmtt«phere of hydrogen it Htiblime#,
forming a gray mirror which nwtnble* nrwriw. If tUwn not
unit4* directly with sulfur vapor hut wnnhihrH with chlorin©
and bromine, producing tin iMmntlvnm*tm\ The renefkm with
icnline in more diflifuilt. At ifo* ti*ntjii*ritliim nf tin* i*lt*€tric

» Bm mpm*fa\\y ehtm. ami Af«*. $w. t l
* 8**f Vh*m. and MH. Kmf II M'4 iUttKti; if,.

tlmi ih»* t*i«*rtri*4At r*m4

*th I*. Timmmtth Mmiurr, SOT m
« Cvmpt. nmi, %U ®m (19SK0.
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furnace it unites with silicon, forming a hard, brittle mass which
takes a high polish. I t unites directly with both carbon and
boron and alloys readily with many metals. HC1 gas attacks
it at slightly elevated temperatures and the solution dissolves
it easily, liberating hydrogen. I t reacts with concentrated
H2SO4, liberating SO2, and with the dilute acid, yielding hydro-
gen. HNO3 has very slight action on it even at the boiling tem-
perature. I t is not attacked by ammonia, but dissolves easily
in KOH solution, liberating hydrogen.

Uses. — The most promising use of metallic beryllium is in
connection with the formation of alloys, many of which have
been studied briefly. Of these the aluminium alloy has at-
tracted particular attention because of the lightness of both
metals and the hardness and strength of the alloy. These
metals alloy in all proportions. The mixture of 90 per cent
aluminium and 10 per cent beryllium l has a specific gravity of
2.5. The addition of beryllium to the alloys of calcium and
aluminium increases the solubility of calcium in aluminium
and makes a tougher and more malleable product. An alloy
of 85 per cent aluminium, 10 per cent beryllium, and 5 per cent
copper has a specific gravity of 2.8 with a tensile strength and
toughness equal to bronze.

An alloy with a specific gravity as low as 1.5 may be made
by using up to 25 per cent lithium with beryllium. This prod-
uct oxidizes superficially, after which it is said to be as resistant
to corrosion as iron. Alloys of beryllium with magnesium are
impossible2 to make by direct methods, because the latter
boils at a temperature below the melting point of the former.

The alloys of beryllium and copper have received much
study. These alloys are of value in making scientific instru-
ments on account of their electrical properties. They also pos-
sess a resonance of excellent quality and are prized for the
making of musical instruments.

Beryllium and silver alloy readily, forming a eutectic at 878°
with 16 atomic per cent of beryllium. These alloys increase
in hardness and diminish in ductility as the per cent of beryllium
increases.

Alloys of iron containing up to 21 per cent beryllium have
been made, a eutectic being formed at 1155° with 38.4 atomic

1 V. S. P. 1, 333, 965, March 16, 1920. *Zeit. anorg. Chem. 97, 6 (1916).
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hydrolyzed; the iodide is difficult to form and reacts readily with organic
compounds. The fluoride and chloride form many double salts. The
anhydrous chloride is best prepared by passing a current of chlorine over a
heated mixture of beryllium oxide and carbon or over the hot carbide.

Be(NO3)2 -3 H2O is extremely hygroscopic and can be crystallized only
with difficulty, best from strong nitric acid. When heated on the steam
bath it gives a basic salt, Be • NO3 • OH • H2O, easily soluble in water.

BeC2 is obtained by heating a mixture of BeO and carbon in an electric
furnace. It is slowly decomposed by water and dilute acids, giving pure
methane. A basic carbonate of varying composition is precipitated as a
fine powder when an alkali carbonate is added to a beryllium solution.
When carbon dioxide is passed into a suspension of this basic carbonate the
normal BeCO3 • 4 H2O is formed and crystallizes with difficulty.

Beryllium sulfate crystallizes with 6, 4, 2, or 1 molecules of water. The
anhydrous sulfate is formed at 220° and at red heat BeO is formed. The
sulfate forms no mixed crystals with the sulfates of copper, nickel, or iron,
as do the other members of the magnesium family.

Beryllium forms double alkali tartrates in which beryllium not only
replaces the acid hydrogen but also to some extent the hydrogen of the
radical. The presence of the beryllium increases the molecular rotation
not only of the tartrates but even more noticeably of the malates.

Basic beryllium acetate is prepared by the action of glacial acetic acid
upon the dry carbonate or hydroxide. It is only slightly soluble in water
but is hydrolyzed, becoming soluble. It melts, boils, and sublimes without
decomposition. It was used by Parsons for his atomic weight determina-
tions.

Detection and Estimation. — Beryllium is detected in qualitative
analysis by the reactions which distinguish it from aluminium, zinc, and
iron. (See Separation.)

Spectroscopic detection of beryllium has been suggested.1 Since be-
ryllium salts of themselves give no absorption spectrum, it is necessary
to form a lake with some organic coloring matter. Best results are obtained
by a dilute alcoholic extract of alcanna root. When the mineral salts are
added to this extract, it is possible to detect 1.6 mg. BeO in the presence
of 2 grams aluminium and 2.0 mg. BeO in the presence of 2 grams of iron.

For the estimation 2 of beryllium, usually the hydroxide is precipitated
by NH4OH and ignited to BeO.

1 H. Brunner, Dissertation, Techn. Hochschule in Zurich.2 See CompL rend. 168 612 (1919); also Parsons' Chemistry and Literature of
Beryllium.
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GROUP III THE RARE EARTHS
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characteristic valence of all the elements is 3, although thallium
forms a well-defined series of univalent salts and several of the
rare earth group form peroxides.

The most striking facts concerning this group are in con-
nection with the abundance of the elements. Aluminium is
the most abundant metal and the third most abundant element
that we know, making up 7.28 per cent l of the world which
we are able to examine. With the exception of boron all the
other elements of this group are scarce, and some of them are
among the least common of all the elements of the periodic
table.

THK RARE EARTHS

The term " rare earths " is used to designate a group of ele-
ments, closely related chemically, which arc? placed in Division
A of Group III . They were called " earths " because their
oxides resemble those of the* alkaline earths, and the* designation
" rare " was originally applied because of their scarcity. Now
many of these elements are known to exist in considerable quan-
tities, but the term " rare " is still strikingly applicable* because
of the unique relationships of the group.

The rare earths may bo defined as a group of trivalent metals,
forming basic oxides, with oxalates insoluble in dilute* mineral
acids. Their fluorides arc also difficultly soluble, herwe they
may be separated, in general, from other elements by adding
oxalic or hydrofluoric acid to their solution, to which some
mineral acid has previously been added. Doubtless the most
striking fact which characterizes the»se elements is the remark-
able similarity in both the; physical and chemical proportion of
their compounds. Their main differences arc* in the solubilities
of their salts and the basicity of their oxides, which varies he»~
tween that of the alkaline earths and that of aluminium.

The term " rare earth group " is a rather indefinite) one
because there are no very sharply drawn boundary \h\m.
Strictly speaking, the term should include only theme element**
between cerium with an atomic numbe>r of 58 and tantalum, 73,
This would include the following ctementa; pmt&exlymium,
neodymiurn, ekaneodyrnium (undiscovered)y samarium, ouren
pium, gadolinium, terbium, holmium, dysprosium, erbium,

1 Estimate of F. W. Clarko; MHS hi* Gmchemwtry.
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