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I.GENERAL INTRODUCTION.,
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One of the outstanding problems

of physical chemistr&,which(ié}é ,a8 yet, received no
satisfactory solution,is that of solubility. The
work of #endt Joff contributed largely to the advan-
cement of our knowledge of the subject,but,although

we have a fairly accurate knowledge of how a2 substance
will act in solution,we are as yet unable to arrive at
any satisfactory 3stimate of the solubility of one
substance in another.

S01id solutions are in a still
less advanced state. The most convenient kind of
solid solution for purposes of investigation is one
in hich the solute is 2 gas. The existing data on
the absorption of gases by solids are very vague and
conflicting. An allied vhenomenon,thst of diffusion
of gases through solids,is also in an unsatisfactory
state as far as accurate knowledge is concerned.

Accordingly it was decided to
investigate thoroughly the absorption and diffusion for
one particular gas in some one metal. Oxygen and
sllver were chosen as 1t was known that oxygen would
‘dissolve in gilver and would diffuse through it.
Silver has the advantage of beln inexpensive compared
to platinum and metals of that groun and is easily pur-

ified,while oxyrsen 1s easily obtainable in a fair degree



of purity.

The diffusion of oxygen through
silver has already been investigated st McGill Univ-
ersity by Johnson and Larose 1,

This thesis is concerned with
the absorption of the same gas by silver. An attempt
wi}l be made in 2 later section to correlate the phen-
omena of diffusion and absorption.

+4+ ettt
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IJI. HISTORICAL INTRODUCTTIOZX.
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In 1863,Deville and Troost?®showed
that hydrogen gas can diffuse through red hot platinum
or iron,but that the cold metals are quite impervious
to the gas. They suggested that the permeability
was caused‘by a kind of‘porosity. They saild that
this new porosity was entirely due to the expansive
agency of heat opening up intermolecular spaces in
the metal.

In 1866,the experiments of Deville
and Troost were brought to the attention of Graham®.
Graham could not detect any signs of the passage of
oxygen,nitrogen,chlorine, steam,or several other gases
through a piece of platinum at a full red heat. He
found,however,that vhen certain metals are heated in
hydrogen,more or less of the gas 1s absorbed and re-
tained as the metal cools,forming a xind of solid sol=-
ution of the gas in the metal. His experimental
procedure and results were as follows<

A small piece of the metal under
investigation was heated 1n a porcelain tube,glezed
Inside and out. The tube was heated to redness
and exhausted. riydrogen was then allowed to pass
over the heated metal and the metal was allowed to
cool in the same gas. The tube was then evacuated.

It was then slowly heated and evacuated,and the gas
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evolved was collected over mercury and measured. He
found

PlatinumMesoeoevevunnn.. 4.7 volumes

PalladiuM..eeeeees.es.495.5 >

COPPE e ceescsscscacesealed 2
1o e ..0.5 >

)

Bllvereeececeeecssersale9
IrONececssoecscascsnesattel ??

Palladium,therefore,of all the
metals,;appears to possess the power of absorbing hy-
drogen in the highest degree. = The volume of gas
absorbed by the metsl was found to depend on its con-
dition. The gas absorbed by the metal is retained
very tenaciously and 1t can be recovered only by heat-
ing the metal to redness in vacuuo. Hence,Gra-
ham added,

It appears necessary to recognize in pall-

adium a new property,a power to absorb hydrogen at a
red heat,and to retain gas at 2 temperature under
redness for an indefinite time. It may be allow-
able to speak of this 2s a power to occlude (shut up)
hydrogen,and the result as the occlusion of hydrogen by
nalladium.

Graham’s results led to a consid-
erable interest being taken in this new property. At

first the majority of the investigators confined their

attention to hydrogen.



The fixation of the gas was found
to be more energetic if the metal under investigation
were used as a negative electrode during_electrolysis,
and- hydrogen thus liberated at its surface in the nas-
cent state. ~ Thus Thomas® showed that if palladium
be employed as negative electrode during the electrol-
ysis of acidulated water,the metal may become super-
saturated with the gas and dissolve over 935 times its
volume‘bf gas,the amount actually dissolved varying
with the strength of the current. The excess is
quickly evolved when the current ceases.
| On account of the very large volume
of gas which it absorbs,palladium has been much more
thoroughly investigated than any oﬁher metal.
Neumann and Streintz® found that the
physical state of the palladium had a large effect. Thus
wkpaght palladium dissolved 376-643 volumes
Wire . veeeeereesees coenneeeasI30 ’?
SPONEC cesevsscossccccscss e+ «680-852 2
fuSEAeeceseseesssasecacnese 682200 >3
‘Favre® found that the heat of occlus-
ion of hydrogen by palladium was the same for the same
amount of hydrogen at all stages of the absorption,and
hence he assumes that the hydrogen forms an alloy with
the palladium. This 1dea of an alloy was first sug-
gested by Graham’ He supposed that the gas during

the process of absorption condensed to a solid metal,



wvhich then alloyed with the palladium. He gave the
name hydrogenium’’® to-the hypothetical metal in order
to emphasize its metallic character. It was argued
that the metalllc character of the occluded hydrogen
is shown by the fact that if a plate of palladium be
charged electrolytically. with hydrogen,and subsequent-
ly immersed in a solution of copper sulphate,the metal
is soon covered with a film of metallic covper.

CuSO, + 2 H = HgS04 + Cu

S0l1id hydrogen,however,was founi
by Dewar to have rather the properties of 2 non-metzal
than = metal — its specific ~ravity for example is |
0.076,vnich ig only:1/8 thet calculsated for the absor-
bed hydro~en in nelladiun,

Graham’ also suggested from the
change in density of palladium when it occludes hydro-
gen,that the commound PdH 1is formei. Troost and
Hautefeuillee'conclude thet the commound PJgH 1s
- formed.

Hoitsema® ,tasing his opinion on
the experiments of Zoozeboom and himself,concludes
that no compound is formed (on 2ccount of the slopinc
character of the absorption isotherns)the susgests
that a mixture of two different solid solutions awels
formed.

Holt,Edgar/ond Firth?® conclude
from thelr own investigations that hydrogen is occluded

by palladium in two ways, (1) in an adsorbed laver of



high vapour pressure which can be ecsily removed by
evacuation,and (2). 28 zn atsorbed rcaos which is non-
uniformly distributed in t:e body“of the metal. As
the temperature rises the pressure of the absorbed
gas increases,whilst the adsorbed layer diminiches,
Sieverts!?! has extended measure-
ments up to the melting »oint of vnalladium and Tfinds
that on licuefaction the occlusion falls off to about
one half,
H01lf1® measured the electrical
conauctivity ol palladium and decided as follows+
(a) .The conductivity diminishes proportionally to
the occluded quantitr of hydrogen as long as the
hydrogen is beings merely dicsolved.
(b).It diminishes asymototically as lonc &8s the chem-
ical compound PAgH 1is beins formed (i.e. between 40
and 600 volumes of gas per volume of palladium).
(c) .After this,further hydrosen dissolves in the
PdgH and the conductivity diminishes acain proportion-
ally to the additional quantity of hydrogen occluded.
Holt*2® concludes that the rate
of solution of hydrogen by palladium is not a simnle
function of the concentration of the gas. The rate
curves consgsist of two portions which are interpreted
as referring to solution in two different forms of

the metal.
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In spite of the extensive inves-
tigation of the occlusion of hydrogen by palladium,
the problem of the state of the occluded gas is,as
vet by no means solved. | The palladium-hydrogen
system,however,does not appear to be a typical one,
Most of the metals which absorb geses absofb only a
relatively small amount.

In addition to the pure metal,
several investigations have been made on palladium
alloys. Graham® ,and Berry®* nhave méasured the
solubility of hvdrogen in palladium-gold a’loys.

Berry found that the decrease in the amount of occlud-
ed hydrogen is a simple functioh of the proportion .
of gold in the alloy,but that the oceccluding power

of the alloy venishes when the proportion of pallad-
ium falls below 25%.

Sieverts and Jurisch!® have exten-
ded these observations over 2 greater temperature
range,viz.138-820°C. They have also employed pall-'
adium-silver and palladium-platinum alloys. All
proportions of platinum were found to diminish the
solubility of hydrogen in the alloy. Hydrogén is
corparatively insoluble in silver,but the addition of
silver to palladium razises the solubility until a max-
imum is reached at about 40% silver. At 130° this
alloy dissolves about four times as much hydrogen as

pure palladium.. The solublility diminishes with

incressing proportions of silver above t-is limit and
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becomes zero with alloys containing over 70% of silver.

Absorption of Hydrogen by Other Metals.

Platinum has been shown‘by various
observers to absorb hydrogen. The results are,how-
ever,far from consistent. Graham® obtained an
absorption of 3 to 4 volumes depending on the phys-
ical state of the metal. Neumenn and Streintz’
found 0.8 to 1.5 volumes for platinum foil,and from
1.5 to 49 volumes for platimum sponge. Similar
results were obtained by Annelli?® ., Berliner®”
found large values for the absorption of hydrogen by
platinum,reaching as much as 271 volumes,his Workgtf
however,was inaccurate and his results have been dis-
credited. Berthelot*® showed that platinum black
absorbed large quanﬁities of hydrogen,but that most
of 1t was due to the presence of oxygen in the black.

Mond ,Ramsay,and Shields?® found
that platihum foill did not take up any hydrogen or
oxygen at‘a vhite heat. Platinum sponge absor-
bed 2.1 volumes of oxygen and 3.0 volumes of hyvdrogen.
Platinum black gave up oxygen on heating to 300-%00°
it also gave some CO,. It absorbed 309 volumes
of hydrogen,of which about 120 were truly absorbed,
while the rest combined with the oxygen present to
form water. In vacuwo platinum blaék stlill held

about 35 volumes of hydrogen.



Sieverts®® found a very small absorption of hydrogen
by platinum foil. Gutbier and Maisch®?® obtained
similar values to those of Mond,Ramsay,=nd Shields.

Varied results have been obtained
for the other metals of the platinum group. Caill-
etet and Collardeau®® say that iridium and ruthenium
can take up hydrogen during electrolysis. Rother®3,
and Finkener and Fisher®?® state that while ordinary
iridium does not occlude much hydrogen,under a pro-
longed cathode bombardment it can teke up as much as
800 volumes. Gutbier,Ottenstein,and Weise®®,
however,found that finely divided iridium absorbs a
consliderable amount of hydrogcen at low temperatures,
113 volumes at -30°,this falls off rapidly as the
temperature is raised and at 49° the absorption is
only 38 volumes.

Wilm®é and Erlen®” state that
rhodium absorbs more hydrogen than does palladium.
Quenessen“e,however,finds no absorption. Sieverts,

Jurisch;and Metz®® find a very small absorption..

Other Metals.

The majority of the other metals
have been investigated,some of them by several work-
ers. The most noteworthy feature of the results
obtained 1s their general lack of certainty and the
enormous digcrepancies between the results of diff-

erent investigators,working under apparently the same



13.

conditions.

According to Sieverts and his co-
workers,hydrogen is not dissolved by thallium,aluminium,
zinc,lead,bismuth,antimony,cadmium, tungsten,silver,or
gold,while copper,nickel,and iron do dissolve the gas.

Skinner,however,3° finds that alum-
inium absorbs hydrogen in vacuum tubes. This,however, 1is
hardly comparable with the usual 2bsorption process.
Heumann and Streintz® obtained an absorption of 1.1 to
2.7 volumes with sheet aluminium under the usual condit-
ions., Hodgson®?* confirms Skinner’s result,and also
findg that zinc and lead absorb hydrogen under the same
conditions. Neumann and Streintz find 0.11 to 0.15
volumes for lead,and a trace of absorption for zinc.
Streintz leter found that reduced lead occludes a con-
siderable amount of hydrogen®®. Cantor®2® confirmed
this. Shields®* found that hydrogen diffuses
through an iron nlate used a2s a negative electrode in
e cell. He then substituted a lead plate and ot no
depression of the mercury in hils manometer. This,
however,is not an a2bsolutely definite proof trat lead
does not absorb hydrogen. Boettger®® obtained the
samé result.

Caron®® confirmed Sieverts result
and got no absorption of hydrogen by tin even in the
molten condition. Boettger,hovever,found that tin
wvhen used as the catnode in an electrolytic cell absorbs
a small amount of tl.e gas.

Caron found that molten antimony
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absorbs hydrogen and spits on solidifying. Neumann
and Streintz,on the other hand,found no trace of absorp-
tion.

Heald®” ,contrary to Sieverts,
obtained a condiderable absorption of hydrogen with a
thin film of cadmium.

Neumann and Streintz found a
fairly large absorption of hydrogen by gold,although
Sleverts was unable to detect any. They obtailned
le4 volumes with gold leaf and 37 to 46 volumes with
precipitated gold. The latter result,however,seems
very doubtful.

Carveth and Curry®® revort the
occlusion of 250 volumes of hydrogen by electrolytic-
ally deposited chromium.

Troost and Hautefeuille® obtain-
ed evidence of the occlusion of hydrogen by manganese,’
and also found that the presence of manganese increased
the solublility of hydrosen in iron. On the other
nand Wedekind and Veit®® obtained practically no occ-
lusion of hydrocsen by manganese.

Winkler*® says that bervllium,
manganese,yttrium/and zlrconium take up hydrogen when
their oxides,intimately mixed with magnesium,are~h¢ated;g
but that magnesium alone does not absorb the rog,

The experimental conditions are obviously such that

this statement 1s practically worthless as far as
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furnishing reliable evidence of the absorption of hyd-
rogen by these metals 1s concerned.

Van der Berghe* finds that
molybdenum does not absorb hydrogen.

Sieverts®® reports that cobalt
absorbs from 0.1 to 0.5 volumes of hydrogeniand Boett-
ger fonds that a cobalt cathode absorbs hydrogen during
electrolysis.

Roscoe*® states that vanadium

orepared by reduction)sometimes contains as much as 1.3

of hydrogen by welight. Similar results were obtain-
ed by ifuthmann,Weiss and Riedelbauch*3.

Bolton** found that tantalum, pre-
vared by reduction containeé hydrogen. He also found
that niobium absorbed hydrogen. Piriani*® confirmed
this for tantalum and found 0.3 volumes of hydrogen at
a red heat and more at higher temperatures. luthmann®®
obtained 2 similar result. Sieverts and Bergner®*7
found that the solubility decrecsed as the temperature
increased. They obtained an alsorption of 420 mg.
per 100 grams of metal at 20°C. This fell to 40 mg.
at T700°C. The amount absorbed varied as the square
root of the pressure,vointing to an absorntion as hyd-
rogen atoms rather than as:aolecular hydrogen.

Numefous investigatidls have found

no evidence of any absorption of hydrogen by mercury.
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Winkler®*® considers it.unlikely
that titanium absorbs hydrogen.

Sieverts and Bergner*’ obtained a
small occlusion of hydrogen by uranium. Their sample,
however,was very impure and the result therefore is by no
means conclusive evidence that uranium absorbs hydrogen.

The rare earth metals have been
investigated by Winkler*® ,Matignon*®,Muthmann®*®,and
Zhukoff*®, All of them have found that cerium and
lanthanum absorb large quantities of hydrogen. Wink-
ler and Matignon found evidence of the absorption of
hydrogen by thorium,and llatignon by samarium,neodym-
lum,and praseodymium. Nothing definite is known
of t:e behaviour of the otlier rare earth metals,

Troost and Hautefeuille® found
that.ootassium and sodium 2bsorb hydrogen. 1101 s8an®®
found that 126 volumes of the gas were absorbed between
200 and 400° by potassium and 237 volumes by sodiun
between 300 and 421°. In addition,lley®® found that
sodium and potassium absorb hrdrocen vhen used as cath-
odes in a discharge tube. Chrisler®® found that
gsodium and potassium and alloys of the one rith the
other,absorb higdrogen when used asg anodes in a glow
current. Newman®?® found that a sodium-potass-
ium alléy absorbel hydrogen when used ag either the

anode or the cathode in a discharge tube.
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Mfatignon found that 1lithium absorbed no hydrogend®
Soddy discovered that calcium absorbed large quantities
of gases and he patented. its use as an absorbent in
the production of high vacuuat®

The earlier results obtained
with nickel are very conflicting. According to
Troost and Hautefeullle®® 0.2 volumes of hydrogen are
occluded by finely divided nickel, Neumann and
Streintz® ,however,find =2 much larcer absorption,
namely 16.9 to 1l7.6 volumes. Hempel and Thiele®®
find no absorption whatsoever., Baxter®” obtained
an absorption of from 2 to 10 volumes of hydrogen.
Meyer and Altmeyer®® in 1908 obtained at 360°C an
absorption varying from 5.5 volumes a2t 1/15 of an
atmosvhere to 50 volumes at 4/5 atmos, Sieverts®®
found 0.18 volumes at 200°C incre=czing gradually to
0.98 2t 1023°C. Sieverts was worlin- with nickel
foil insgtead of finely divided niclel and his results
are probably fairly close to the true values for the
solubility.

More recently,on account of the
Iinterest taken in nickel as a catalyst in hydrogen-
ation processes,the adsorption of hydrogen by nickel
has been studied by Gauger and Taylor®® and by Tavlor
and Burns®?, They have worked with very finely
divided nickel\reduced at a low tempmerature, The

surface in this case 1s very lar-ce and the values
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obtained,which are considerably higher than those of
Slevefts,are probably mainly due to adsorption rather
than true solution. It is also possgsible thet the
nickel they used,which was prepared by reduction from
the oxlde,was not completely reduced and hence chem-
1cal action took place,the oxide being reduced by the
hydrogen.

The absorption of hydrogen by
copper has been investigated by Sieverts®® who found
that from O to 4.8 volumes were absorbed,the absorp-
tion increasing with increasing temperature. There
is a sharp break at the melting point,molten co-per
absorbing slightly more hydrogen thon the solid metal.
Sieverts and Krumbhaar®® also showed that the solubil-
ity of hydrogen in covnver is not affected by alloying
the copper with moderate amounts of silver. Gold,
tin,and aluminium,however,diminish the absorption,
while nickel and platinum increase it. Taylor
and Burns®? and Pease®® have investigated the adsorp-
tion of hydrogen by cosver,

Sileverts has also investigated
the solubility of hydrogen in ironS* The amount
absorbed 1s small but increases regularly to O.4mg
per 100 grams of iron at 900°C, On the change
from alpha to beta iron there is no noticeable change
in the curve.' Above 900° the beta changes to the

gamna form and a sharp break occurs. After tiis



19,

the absorption increases faster than before and is
1.08 mg per 100 grams at the melting point. On
melting there 1s an abrupt change and 2.5 mg. are
abgsorbed by the liquid iron at the melting point.

The solubility of hydrogen in the molten iron again
increaseg ag the temperature is raised, The
previous history of the iron has no appreciable effect.
The hydrogen absorbed is not all recovered by heating
in vacuuo. It seems as 1f there were a chemical
reaction going on as well as simple absorption. The
amount of gas absorbed varies ags the square root of
the pressure. Neumann®® used Sieverts method
and obtained practically the same results. Ryder®®
finds practically no absorpiion of hydrogen by steel.
His work,nowever,is not very accurate.

A considerable absorption of
hydrogen by thim metal films has been reported by
Heald®”. This,however,is probably due more to
adsorption than to absorption since there is a vefy
large area of surface. Bakerss,ggwevgr,finds no
absorption of hydrogen by a film of iron under iden.
tical conditions.

Hughes®® found t.at iron wire
in the presence of atomic hydrogen became brittle.

On heating it recovered its flexibility. This is

apparently due to the occluded gag.
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The results in the literature
on the absorption of hydrogen by silver are very con-
flicting, Graham’® found that silver heated
and cooled in an atmosphere of hydrogeh occluded
0.2 volumesg of the gas. Silver reduced fromrthe
oxlde occluded 0.9 volumes, Neumann and Streintz’?
were unable to detect any absorption of hydrogen by
silver. Le Chatelier”® gstated that silver absorb-
eé hydrogen at 600° and that the melting point of
the metal is lowered 30° in an atmosphere of hydro-
SeNe This lowering of the melting point seems
to be rather excessive,

Baxter®’ found an absorption of
0.5 to 2.8 volumes of the gas.

Richards and Wells’® investig-
ated the solubility of hydrogen in silver in order to

determine if it introduced any appreciable error into

atomic weight work. They found no measurable ab-
sorption. Baxter and Parsons’® investigated the
problem from the same point of view. They found

that the total weight of the occluded gases was 0.00063%
of the weight of the silver. Of this a considepf-
able amount was hydrogen.

Sieverts®® obtained a small ab-
sorption,but his results are far from conclusive and

do not show very good agreement with one another.
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Heald®? found a small absorp-
tion of hydrogen by silver films on glass. Bak-
er®® finds none at all. Soddy and Mackenzie”®
observed an absorption of hydrogen by silver when
used as an electrode in a discharge tube.
Chabrier”® found that silver would readily absorb
a considerable amount of hydrogen which had been
made active in an apparatus somewhat resembling an
ozonizer, The absorbed gas was readily given up
when the action was stopped.

D.P.Smith”’” has clagsified the
occlusion of hydrogen by metals from the point of
view of the Periodic Law. Thus if we consider
Table I we see that there are three distinct types
of metal-hydrogen combination
(1) StH,; for example. This is a non-metallic
volatile compound. In it the hydrogen atoms
are probably positlive and the antimony nesative.
(2) KH. This is & non-metallic crystalline,volat-
1le compound. Here the hydrogen 1s negative and
the potacssium positive,

(3) The palladium-hydrogen type. This is metallic
in nature. The composition is variable and it is

probably a solid solution rather than a compound.
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TABLE I.

ABSORPTION OF HYDROGEN BY THE ELEMENTS.

H
Li , Be] B ¢C N O F XNe
Nal Mg AL]SI P S Cl Ar
O 0 X X X X X X X o)
K CajSe Ti Vd Cr Mn Pe Co Ni Cu Zn GaljGe As Se Br Kr
X o) X 0
Rb Sl Yt Zr Cb Mo Ru Rh Pd Ag Cd In SnjsSb Te I Xe
: X 0 X
Cs Ba Ta W Os Ir Pt Au Hg T1 Pb Bi
Ra,
CLASS CLASS
II I1T CLASS
L
1 o

X = definite absorption found
0 = no definite absorption found

= not investigated,or very con-
flicting results.

+4+++t bbb+
In.addition to the elements

shown above,some of the rare earth metals have been shown
to absorb hrirozen as previously mentioned. Smith
uses this periodic classification to connect the power
of the metal to absorb hydrogen with its magnetic suscept-
ibility. This is not very conclusive ag it would =r-ree
equally well with any other periodic nroperty. There
seems to be no doubt,however,from the preceding table
that the absorption of hydrozen by metals is a property

of a somewhat neriodic nature,
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Absorption of Gases other than Hydrosgen and OXygene.

Various other gases are also
absorbed by metals. o systematic study of their ab-
sorption has been madeybut a considerable mass of obser-

0
vations exists in the literature.

Iron has been more largely in-
vegtigated in this connection than any other matalxon
account of the importance of occluded gases in the steel

VB%in a paper in the

industry. Sir Henry Begsemer
Journal of the Iron and Steel Institute in 188%%?efers

to his original observation in 1856,that large quantities
of carbon monoxide are given off when iron is heated in
VacuWo. Alleman and Darlington’® also found that
large quantities of carbon monoxide and nitrogen were
absorbed by iron alloys. Graham®® found that meteor-
ic iron contained about 0.3 volumes of nitro~en.
leumann®?! reported a considerable absorption of nitrocen
by iron,amounting to as much as 21,03 mng. ner>l00 crens
of iron at 981°C. After this the solubility decreases
again as the temperature is raised. This 1s presum-
2bly a c-se of chemical action rather than one of true
solution. Fatcke®?® found t1at carbon monoxide is
abgsorbed by iron at 500 to 600°C. Ryder®® stated
that nitrogen was not absorbed =t hich temperatures.

Je found that carbon dioxide was absorbed. Carbon mon-
orxide is absorbed but decomposes above 900°C,

Mond ,Ramsay and Shields®®

1liscovered that platinum blaclk gave up oxvrmen and carbon
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dioxide on heating. The carbon dioxide,however,may
have been due.merely to the oxidation of organic matter
present in the platinum black.

Sieverts and Krumbhaar®® found
that carbon monoxide and carbon -dioxide were absorbed by
copper and that carbon.mdnoxide was absorbed by nickel.
Nitrogen was not absorbed by Eopper,nickel,ironx?r gilver,
Caron®= reported that molten copper absorbed carbon mon-
oxide and spitted on solidification. Siéverts and
Bergner®® observed the solution of sulphur dioxide in
copper and in alloys of copper with gold,silver,of plat-
inum. They said that it seemed to form CuéS and Cug@
Soret®® found that electfolytic cooner contaeined a small
amount of cérbon dioxide and carbon_mdnoxide,with a cbn-
sidefable‘amdunt of hydrogen.

Berthelot®” stated that nitrosgen
wes absorbed by the rare earth metals, This is a case
of chemical action,kemewewr, the nitride of the rare earth
netal being formed.

| Bolton®® found that niobium
absorbs nitrogen and oxygenﬁbut this is also a case of
chenical combination.

A large number of observers have
found that the rare geses,helium,neon,etc.,are not absor-
bed by metals. Nitrogen also is not a2bsorbed,except
in cagses where a well defined compound is formed,

In the case of metals used as



electrodes in discharce tubes{however)the mejority of cos-
es,including nitrogen and helium,are absorbed. Thus
Chrisler®® found that in vacuun tubes the folldwing metels
absorbed gases +
Silver.........Hg
Mercur*y;.......Hs ,He
SOAiUMe s seanssd ,He ,X
- a

PotaSSim. 2 6 e e OHB ,1\‘""2

Soddy_and‘Mackenzie75 found under the same conditions
that aluminium,silver and sodium absorbed hydrogen,helium,
carbon monoxideyand nitrogen. lley®? reported that
sodium and potessiurm absorb nitfogen ahd hvdrogen when
used as cathodes. Vegard®® found that 0, ,HCI,
Brh*and H8 were absorbed by cat:odes of varbous mater-
ials. Skinner3® observed the absorption of hydro.
zen and nitrogen,but not heliumy@y alunminium and magnes-
ium anodes. Bolton*#* found that a tantalum cathode
2 bsorbed hydrogen,oxygenxand nitrogen. Hodgson3*
fbund that vaerious gases were absorbéd in Glessler tubes+
OXygen.eeseeseseeby Al,Cu,Zn,Be
Hydrogen.e.e....by Zn,A1l,Cu,Pb
Nitrogen........by Al,Cu,PD
Helium...eeeeeeeby Cu,Al.
The conditions in ceses of ab-
gorption such as this are;howevergentirely'dkfferent from
the ordinary cases,and tihe results are not comparable.

The absorption in‘these cases has been explained in a
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variety of ways. Vegard claimg that the gas is
absorbed by the disintegrated particles of the cathode.,

Hodgson,and Soddy and Mackenzie explain it onbmuch the

same basigi=  Riecke®? claims it is due to the occ-
Iusion of the gas in the cathode itself. "ev savs
that the gas’attacks the cathode chemically. Skin-

ner?® Hodgson,and Chrisler claim that the phenomenon

is due to the chemical ar mechanical action of the

gas on the anode. Willows®® suggests.that the gas
acts chemically on the gless. He found that the ab-
sorption was greatest with soda glass,less with lead
glags and least with Jena glass. Swinton®#* sug-
gests the occlusion of the gas by the glass. Hi11°9%
explains it by the chemical action produced by the for-

mation of active nitrogen due to the discherge.

The Absorption of Oxygen.

In addition to hydrogen and the
other gases previously mentioned,the absorption of
oxygen by metals has aroused considerable interest.
Graham® found that the following metals absorbed ox-
ygens

Platinum Wire..........20 vols.at red heat

Platinum spong€.eecees.l.48 7?
Wrought platinum.......5.§-3.8 vols.
Gold.....some Oezéiven off on heating

Silver vilr€eceececeeees .0.75 vols.

Reduced silver.........0.54 *?



27.

Other silver samples varied,one giving as much
as 8,0 volumes of O

Neumann®® found the following

absorptions+
Silverececeeceess...24.1-5,4 volumes
G'Oldoooooo-od ooooo .3?.8-4205 s 9

Platinum...........63;0-77.0 -

The platinum group of metals
have been investigated in some detail by Mond,Ramsay
'and Shields®”. They found no absorption of oxy-
gen by platinnm foil at 2 white heat. Platinum sponge
gave up 2.1 volumes of oxygen on heating. Platinum
blabk“gave up oxygen and carbon dioxide,the carbon di-
oxide apparently being derived from organic.matter.
Most of the oxygen came off between 300 and %00°C.
The sbesorption of oxygen incressed with increasing
temperature and pressure. They also determined
the heat of occlusion of oxygen by nlatinum, With
palladium they found an absorption of 969 volumes.
This did not come out in vacufo at a red heat,so that
it is no doubt due to oxidation,probably the oxidation
of dissolved hydrogen.

Engler and Wohler®® state that
platinum probably forms a true compound with oxygeny_

similar to palladium,or else a mixture of compounds,

PtO and PtOz.

Lucas®? attributes the absorp-
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tion of oxygen by platinum to the presence or iridiun.
FEe says that pure platinum absorbs no oxycen. Veg-
nusi°® however,claims that platinum,palladium and
iridium all absorb oxygen.

Goldstein?®? gays that the nlat-
inum electrode of a Geissler’s tube rapidly absorbs
cxygeh when at a red heat,

Kern®?® found that a small anm-
ount of oxygeni0.025 to 0.05 volumessis absorbed by
steel. This is given up on heating in vacu¥yo.

Graham®

obtained 2.8 volumes of gas containing about
4% oxygen,by heating a sample of meteoric iron in
vacufo.

Recnault?©? states that mercury
dissolves a small azmount of oxrgen. Amacat 0%,
however,found no evidence of this between O and 100°
even =2t a pressure of 420 atmOSpheres. Matthiessen

and Vogt©®

say that as silver when molten absorbs
oxygen and spits on solidifying,and mercury does not
spit on solidifyinc,therefore mercury does not ab-
sorb oxygen. This evidence is obviously not of
much value.

Leblanc®®® says that molten
litharge absorbs oxygen and gives it up on solidify-
ing.

The results with oxygen and

silver are conflicting.
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Molten silver has been known
for a long time to absorb oxygen from the air and to
’’apit’’ it out again on solidifying.  This fact
was first mentioned by Suetonius in the lst Century.
Lucas in 1819 showed that it was due to oxygen.

One year later Chevillot*®” found that 8 grams of
silver gave up 7.8 c.c. of oxygen on solidifying.
Later Gay Lussac found that 22 volumes were given
out. Levoll®® discovered that if 1/3 its
welght of gold were added to the silver when molten,
the oxygen was given up and the silver did not spit
on solidification. Chevillot found that 155 of
copper would also prevent the spitting. Haute-
feuille and Perrey?®® found that the metal also spits
in an atmosphere of phosphorus vapour.

SievePts and Hagenacker**©
investigated the solubility of oxygen in molten sil-
ver quantitatively. They found that about 20 vol-
umes were absorbed. The absorption decreases as
the temperature increases,being greatest at the melt-
ing »oint. The amount of cas absorbed was found
to vary as the square root of the pressure,pointing
to the solution taking place as atomlc oxygen or as
Agso. Donnan and Shawl!?® verified the results
of Sieverts and Hagenacker,

® was the first to show

Dumag®?
that a portion of the oxygen 1s retained by the metal

on solidification. He obtained 57 c.c. of oxy-
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gen from 1 kilogram of silver in six hours at 500 to
600° . No more came out at higher temperatures
even on prolonged heating.

Brauner®*® showed that the sil-
ver prepared by Stas’ method contains very little
oxygen, (0.04 volumes),and that it had no influence
on the atomic weight determinations of Stas.

Richards and Wells®*%® however,
showed that the silver contained about the amount
which had been found by Dumas,i.e. from 0.6 to 1.8
volumes of oxygen.

Plattner from experiments on the
action of oxygen on silver made in 1856 concludes that
at ordinary temperatures solid silver has very little
affinity for oxyegen,but at moderately high temperat-
ures gilver igs oxidised by gaseous oxygen*?nd the
silver oxide vwhich is formed at that temperature is
volatile%ﬁhile at lower temperatures the oxide is
regblved intO'silver and oxygen. He adds
that spitting is more likely to be due to the sol-
ution of Ageo in the silver than to 02 itself,

There are three possible cases as pointed out by

1

Donnan and Shaw'?
(1), If the gas is dissolved as O2 and if Henrv’s
Law of Absorption be va%id,the concentration of the
dissolved oxygen will be proportional to the nartial
pressure of this gas,provided the molecules have the

came complexity in the gaseous and liquid states,i.e.
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diatomic molecules, In that case the partlial

pressure of the free oxygenﬁgnd‘the concentration CO

2

of the gas in the solution will be in equilibrium

wnen p =K C ,where K 1is a constant.
1 Og 1

Hence
p = K
C.
Ca
i.e. the absorption varies as the pressure. This is
not true. Hence the oxysen 1s not dissolved as Oe,

(2). Suppose the dissolved gas is in the atomic
condition. We have the equilibrium 0,520
Then by the law of lMass Action,
C = K C°
O2 2 O
but Henry’s Law is valid for the dissolved diatomis-
molecules of oxygen. Hence
_ _ 2
p = cho8 or p = KCO
where K is a constant eoual to Kle .
This 1s in agreement with the results of Sieverts and
Hagenacker and of Donnan and Shav.
(3). If the oxy~en 1s present as Ageo ,We have
Ageo = 2Ag + 0
and
~ 0 = 2 0 .
2
So that as before the absorption varles as the scuare
root of the preccure. Hence vwe cannot distin-

~ulsh between combination to form Ageo and solution

of oxycen in the atomic stote.



Donnen and Shaw sugrest that
gsilver melted in air ig a dilute solution of Aggo
and 1g stable in splite of. the high dissocistioh press-
ure of the oxidej;on account of its small concentration.
As the metal solidifies,the silver oxide virtually in-
soluble in the solid silver,is rejected from solution
and dissociates explosively,causing the mass to sput-
ter.

Some support is lent to trhis
view by the comparison between copper,silvenﬁ?nd gold.,
As Donnan and Shaw remark, ’’It is interesting to
compare the solubilities of oxyzen in copper,silveryend
gold. In the case of conper the solid oxide CuQO'
can separate from the solution,since the dissociation
pressure of Cuao at the melting point is quite low. In
the case of silver,tle solid nhase Agso cannot sep-
arate owing to its very great oxygen dissociation
pressure,although Agzo can probably exist in dilute
solution in molten silver, Finally in the case of
gold,the affinity between thlis metal and oxygen has
become so low that even a very dilute solution of
gold oxide in the molten gold would correspond to
an oxygen nressure many times greéter than that of
the atmosphere. This comparison may perhaps lend
more support td the view that the oxygen present in
molten silver exists as dissolved silver monoxide, ’’

The ability of solid silver to
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take up oxygen at a red heat wags first cited by Gra-
ham® in his classical investigation. The quan-

tity .of oxygen occluded varied with the form of the

silver,silver wire occluded 0.75 volumes,silver red-
uced from the chloride 0.9 volumesgand heavy rolled

silver 1.4 volumes. Silver reduced from the ox-

ide took up as much as 6 to 8 volumes of oxvgen.

For a similer preparation,lleu-
mann® found 4.1 to 5.4 volumes.

In their investigations on th-e
specific gravity of the metal Kahlbaun and Sturm?i®
found that a silver wire glowing in alir showed an
increase in weicht due to the absorpti;h of oxycen,
but they note that on additional heating in vacufo
the weight d4id not change any further.

A small absorption of oxygen by
silver was finally established by Berthelot®?®. He
"heated silver foil from 200 to 500° in a sezled tube
with oxygen.

7 and Baxter

Guye and Germain®?
and his co-workers'?® have measured the occlusion of
gases by silver from the point of view of their effect
on atomic welght determinations. Baxter found that
the gases totalled 0.00063% of the silver by weight.

The work of Lewis'® ghows that
1f the absorption of oxygen is due to the formation
of,Agzo,the silver oxide must be rendered stable by

solution as it is existing under pressures far less

than its dlssociation pressure.



Sieverts®® obtained an absorp-
tlion of about 0.3 volumes of oxyzen br silver. The
ses came out again on heating in vacuXNo. His
results,however,are not in agreement with on~ anotrer
and are far from coenclusive. He says It
seems as if the silver wire used took up both o77-
gen and hydrogen,in either case only 2 fraction éf

he volume.’’

The Absorption of Gases by Charcoal.

In addition to metals&it has been
shown that charcoal can 2bsorb larce quantities of
gases, The amount absorbed increases verr large-
1y ag the temperature is lowered. - It is’probable
that adsorption here plays the principal part. The
conditions here are however so @ifferent from those
existing when a gas 1is absorbed by a metal,that we

will not deal further with the subject.

The Diffusion of Gases throuch lletals.

Side by side with absorption
and undoubtedly fundamentelly connected with it is
the phenomenon of the diffusion of gases throuch
metals.

The first instance of the diff-
usion of gases through metals mentioned in the 1lit-
erature is that of hydrogen through platinum which
weg investigated by Deville and Troost®© in 1863,
They found that hydrogen diffused throﬁgh a platinum

tube 1 mm. thick at high temperatures.
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They also found that the same gas would diffuse read-
1ly through iron®2, Deville,to explain this
phenomenon assumed that heat caused dilatation of

the intermolecular spaces in the metal,resulting in

@ porositve.

Cailletet*®® noticed that iron
‘plates dipped into sulphuric acid became covered with
bligsters. These blisters were found to contain
pure hydrogen. This is probably due to the
fact that nascent or atomic higdrogen can diffuse at
ordinary temperature%*ﬁhile the molecular form will
only diffuse at higher temperatures. The effect
was not observéable with zinc.

Winkelmann®®® usged an iron tube
as & cathode in an electrolytic cell and got a very
great diffusion of hydrogen into the tube.

Ryder®® has investigated the
diffusion of gases through iron fairly accurately.
Carbon monoxide showed a chemical reaction above
950°C. Argon would not diffuse at temperatures
up to 1100°, Hydrogen diffused appreciably at 200°,
carbon monoxide 2t 400°,and nitrogen at 600°, The
rate of diffusion of hydrogen was much greater than
in the case of the other gases. The log. of the
rate of diffusion plotted against the log. of the

absolute temperature gave a straight line.



In the mezntime the investlz=at-
ion of diffusion hed been extended to other metals.
Granam found that carbon dioxide,cir,chlorine,
hydrocen chlorideiand water vavour would not dbffuse
through platinum. - Ammonia and hydrogen sulphide
would not diffuse,but they were decomnosed and the
hydrogen nassed throughe. H¥drogen was found to
diffuse extremely rapidly through vall-3ium,

Graham condidered that diffusion wos preceded 7
liquefaction of the gas in the metal.

Ramsey1®F in 1894,also investic-
cted hydrogen and palladium,. He discovered that
the hydrogen as 1t lesves the metal is in an aétiye
state.

Richardson?®® examined the results
of other investigators theoretically and deduced =
formula connegting thickness,pressure,temperaturﬁﬂ
and rate of d1ffusion. Together with XNicol
and Parnelljhe investiceted the diffusion of hydro-
gen through pallcdium and obtained results in good
agreement with his formula®®” The rate of
diffusion was found to be proportional to the square
rbot of the pressure.

G An extensiye investication on
the diffusion of h&drogen,ﬂhrough palladiun was made
by Holt,Edgazﬁgnd Firth1®e, The experiments were
carried out over a wide range of pressures. They

were uneble to find any relation between the press-

ure and the rate of ‘diffusion. Drying the
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hydrogen had no effect, The diffusion veloclity
varied with the physical state of tﬁe metal. Thev
conclude that adsorption takes place prior to diff-
usion.

The diffusion of oxygen through
silver was first mentioned by Troost®®, Troost @
work was not,however,very accurate.

Spencer*®® nhas recently mec:zured
the diffusion His results afe feirly accurate
and are in good agreement with those of Johnson and
Larose’ which are discussed later,

Sieverts®® .measured the rate of
diffusion of a number of cases through metals. e
detected the diffusion of hydrogen ﬂhrough copper
and nickelyand of oxygen through silver. He
was unable*to detect any diffusion of nitrogen .

His apparatus was by no means sensitivewand-his results
can only be taken as qualitative evidence of diffus-
lon.

Lombard®? and Deeming and Hen-
drics®®® nave investigated h¥drogen and nickel fair-
lj accurately.

The only really accurate and
trustworthy investigatlon of the diffusion of gases
through metals 1s that of Johnson and Larose?,

They investigated the diffusion of oxygen through
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silver of various thicknesses,from 378%%¥to 650°C,
and pressures of 15 to 76 cms. They found that
the rate of diffusion was inversely proportional to
the thicknesg,proportional to the square root of the
pressureland -varied with temperature according to an
equation of the form
1 -b
D = ATE e T
where A is a ‘constant
b 1is a constant
T is the absolute femperatmre
D is the rate of aiffusion.
From their work they conclude that diffusion is pre-

éeded by dissociation of the gas. Their results

will be discusgssed in detail later.
SRR R A R R AR RE RS Y SR RE G REAES

From the foregoing it is evid-
ent that the existing data on the absorption of gases
by metals are highly inconclusive and contradictory.
The only métals which have been investigated thorough-
ly are those of the platinum group. These,hovw-
ever,absorb such a large quantity df gas and behave
go differently from other metals that the results
obtained are not comparable. As the phenomena
of abeorption and diffusion are apparently‘related to
one another,it was considered of interest to investig-

ate some metal of wvhich the rate of diffusion had
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beernl accurately measured. In view of.Johnsdn and

Laroge on silver,this metal was chosen for the absorp-
tion measurements. Accordingly a sultable appar-
atus has been devised and the absorption of oxygen by
siiver has been measured under varying conditions or

temperature and pressure.

L R S R
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III, DESCRIPTION OF APPARATUS 41D SXPERIITELNTAL PROCEUU-L.

In principle the epparatus is
extremely simple, A known volume of gas is intro-
duced into a bulb of known volume which contains sil-
ver foil and which is connected to a manometer,

At any temperature the pressure of the gas in-the bulkt
can be calculated from the gas lawus. If any ab-
sorption takes place,the observed pressure will be
less than the calculated value.,and the difference
between the two pressures will be a measure of the
absorption.

The avpparatus as finelly used is
ghown ingFigure®I.

Three bulbsyhA,Byand Djare con
tained in an electric furnacelFuwhich is described
fully later, The bulb A leads to a thermal reg-
ulatoryD is part of a constant-volume gas thermometer.
Both of these are described later. The third bulb:R
contains silver foil. All three bulbs are of Pyrex
glass and are connected to-the remainder of the appar-
atugywhich is made of ordinary soft glass,by means of
de Khotinsky cement. The bulb containing the sil-
ver is conneéted through the tap E with a manometer
IJ. A pointer M. is sealed into the top of the
tube,d’y By means of the tapsjyH and K,either

the silver bulb or the gas thermometer may be connec-
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ted to the manometer, The volumes of the tube J
from the noirterilisto the tamEvthe tube from the teo
to the furnace and the bulb containing the silver are
all knowr.

The tube {J,is connected to one
arm of a two-way tapiO. The other arm of the tap
leads through a phosphorus pentoxide tube to the gas
reservoir R, The tube,S,leads to another two-
way tap,U. One arm of U leads to a mercury contain-
er W,and the other leads through three phosphorus
pentoxide tubes to the gas supplyyZyand the pumping
systemfgl' The bulbfV4@s inserted to catch any
mercury which may inadvertently be let through the
tapfU.

In carrying out an experiment,
the bulb containing the silver is connected to the
punping system by means of the taps E?O,U*and Y,
and the whole system is evacuated thorouéhly. The
tapstE’andO'are then closed, The tap,?/is turned
so as to connect 5 with the mercury reservoiryWyand
mercury rises in S and completely fi1ls 1it. The
uap$p*;s then turned so as to connect S to the gas
reservoirﬂ ’the mercury reservolr Tk lowered and gas
;g drawn into S, . S 1s then connected to the man-
ometer tube J -by means of the tap O and the mercury
regservoir is raised. forcing the gas into J. The
mercury is allowed to run up the tube after the gas

t111 it takes up the position shown in the figure,
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The tapdOgis then closed,X is openedyand the tubejd
is thus connected to the manometer. The
mercury is brought up to the lower bointeﬁigxand
the pressure is read in.I, The volume of the tube
from N to E is known (7.175 CeCe),the temperature of
the room 1s read,and the volume of the gas in J can
be calculated and corrected to Standard Conditions.
- The tapdEJis opened and the gas
is admitted to the bulb B, The mercury level
is brought up to.§§¢ pointeryMyjyand the pressure read.
The temperature of the furnace is determined by means
of the gas thermometer., The pressure in the bulb
falls until equilibrium is reached and then remains
constant. The absorption is then calculated as
described 1ater.under’sample calculathon

The temperature is then altered
and the equilibgium pressure again determined. In
this way a series of observations can be made at

different temperatures without changing the gas in
the bulb.

Measurement of Temperature,

The temperatures were mea sured
by means of the ordinary type of constant-volume gas
thermometer. The bulb,D,of-knowh volume,was
filled with'nitrqgen. The volume of the dead
space ffom the pointeriGyto the furnace was deter-

mined. In order to make a reading the tap Hy



is opened and the thermometer connecter to the man-

ometer. The mercury level ig then brought up

to the pointer and the pressure read; The temp-

erature of the room is élso read.

Then if V, is the volume of the dead space (from the
pointer to the furnace),

V. is the volume of the bulb,D,and the tub-
ing iﬁ the furnece,

T. 1s the temperature of the dead space,i.e.
room temperature,

T. is the temperature of the bulb,

we have

+ Vd ;
| TE-)

~3
éﬁh;d
1|
=

In the experiments made at lower temmeratures,the
bulb?p#yas of Pyrex glass,

Vb was 13,001 c.c.

Vg was 1.520 c.c.

The pressure#P\at 292°K was 30.45 cms,

wvhence X = 1.514 ,
( 13,001 + 1,520 )

so that P ( T.b Td ) = 1,514
(- )

Hence 1f the pressure and the temperature of the room
are known,the temperature of the bulb can be calcul-
ated,

The thermometer was checked at
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0°C by means of melting ice,and at the boiling vpoint
of water, It agreed to within 0.2° at 0° and to
0.15° at 100°,

In the later experiments at high-

er temperatures the bulb of Pyrex glass was replaced

by one of quartz. For this thermometer the equa-
tion was
( 9.891 , 1.197 ) ang

Thisrwas checked as follows,
0°C......5ce-water........... e....errOr = 0,0°
100°C....boiling wWatere.eeeeeeeeee ,, = +0,1°
444 ,71°C..boiling point of sulphur ,, = -0.1° .
Hence the temperatures are certailnly accurate to
within 1°,

In calibrating the thermometer
at the boiling point of sulphur K the bulb was shielded

J
by an asbestos cylinder and the procedure recommended

3

by Meissner®® was followed. . Unless such precau-

tions are taken the observed value for the boiling

)
point of sulphur may be two or three degrees out.

Biectric Furnace.

The ordinary type of electric
furnace consisting of a platinum winding on a por-
celain tube was not found to be satisfactory. The
space in such a furnace 1s usually very limited,the

temperature varies considerably along the furnace,
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and also varies from the centre to the wall. The
Turnace shown in figure 2 was therefore constructed.
A 15 inch length of 2 1/2 inch
iron pipeiﬁiwith a screw cap on the lower end, served
as the interior tube. This allowed ample space
for the three bulbs*and the high heat conductivity
of the iron ensured an even'temperature throughout.
The iron tube was covered with
a layer of asbestos paper,on which was wound 18 gauge
wire the turns being about 1/4 inch apart. This was
covered with another layer of asbestos vapenr:J, The
tube was placed in a galvanized iron containe@ of
about 8 inches diameter and packed in with loose as-
bestos,H. A sheet of 1/4 inch asbestos board was
used as a cover(E). After.the =lags or quartz tubes
used in the experiments had been placed in position,
the top of the furnace was completely covered with a
layer of’asbestos cement’. This made a practically
air-tight cover and besides cutting down the heat los
prevented oxidation of the iron pipe. After two
years of use the furnace was still in nerfect con-
dition. The furnace would maintain a temp-

erature of 1000°C with a current of 6 amperes at 110

volts,.

Temperature Regulation.

The thermal regulator used is
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shown in FigurelIIl. The bulb;B.filled with air,
is connected by capillary tubing to a small U-tube
into which are sealed two platinum electrodes -E and Gy
The U-tube is filled with mercury. When the
furnace becomes too warm,the mé¥cury is driven up and
makes contact with the upper electrode. This
short circuits the two electrodes and current passes
through the relay,Jd. This pulls-up the contact,
K,and the resistancegl,which had been short circuited
by the contactyKsthrough the mercury cupsyLylis placed
in the furnace circuit,cutting dowvn the current to
the furnace. When the furnace cools down too far,
the contact at E is broken. Current ceases to
flow through the relay,the contact$§{§rops down,
and the extra resistance N 1s short circuited,thus
increasing the current in the- furnace. The
extra regsistance was adjusted so as to cut out about
10% of the total current being suppnlied to the fur-
nace,

The resistanca$gwof about 8 dhms,
was placed across the terminals of the relay in order
to eud down sparking. Current flows through this.
continuously. When the relay is in operation,most
of the current goes through the relay and only a
little flows through the resistance,Il.due to the
low resistance of the relay (2 ohms). When the

relay is cut out the entire current goes through the
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resistance, The result is,that a spark is not
formed at E,until the resistance of the spark gap
is less than I,i.e. 8 ohms. Hence sparking is
almost entirely eliminated.

In practice,the tapyHylis left open
and the furnace is brought to the requireé& temperat-
ure. Thé tap is then closed and the regulator
comes into operation. By means of this regulator
the temperature could be. kept constant to within 1

to 2 degrees Bentigrade.

Pumping System.

At the conclusion of an exper-
iment, the tapxﬁﬂwas shut and E opened(Fir.I}The two-
way tap,0,was then turned so as to connect the tubes
J and Signd the tapwuxfo as to connect S to the mer-
cury reservoirKW. The reservolr was lowered and
the mercury in J and S allowed to run out. Both
two-way taps and the tag¢Y$yere then turned.so as to
connect the buldb containing the silver to the pump-
ing system,Figure IV,

The numping system consisted
of a first and a second stage Langmuir Mercury
Vapour Condensation Pump*Bygnd Dxpacked up either
by a Hyvac Pump#pr}}f it was desired to collect
the gasgs pumped out,by a Toepler Pump,H. A
'’ Leod Gauge was used to indicate the pressure(ll).

If the tap F was onened and J
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‘shut,the Hyvae punp served as- the forepump. If the
reverse was the case the Toepler Pump wasg used. By.
opnening or shuting K or L ,the M Leod Gauge could be
connected eilther to the line on the far side of the
Lengmuir Pumps and thus register the pressure in the
apparatusyor to the Toepler Pump.

The M’Leod Gaure was sometimes.
used to measure the gas pumped out. To accon-
plish this the tap U (Fig.I.) was left closedy
and the system from there over wess evacuated with
the Langmuir and Ervac Pumps. The tapyF,wos then
turned, cuttins out the Hyvac Pump. The 11?Leod
Gauge was connected to the:Toepler Pump and the
pressure read. The tap U (Fig. I ) was then
opened and the Lancrmuir Pumps were allowed to pump
the gas in the bulb over into the Toepler Pumn ond
Gauge. Then,knowin~ the volume of the Toepler
Pump and Gauge,the volure of gas pumped out could
be calculated. Usgually,however,the quan-
tity of gas to be meesured was too large to be indic-
ated on the M?’Lead Gaure. In this caose the appar-
atus described in the next section was used.

If it was desgired to collect
the gas pumped outythe Hyvac Pump could not be used.
In this case the whole system was first evacuated.,

It was then connected to the apparatus and the gas

punped into the Toepler by means of the Langmuilr
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A small glass tube,T (Fig.IVZxﬁilled
with mercury,was then inverted over tiie open end of
the discharge fﬁbe of the Toppler Pump. The pump
was operatéd‘and the gas pumpned out was collected in
the tube bv displacement of mercury.

By meansg of the Langmulr Pumns
a pressure as low as 0.000001 m.m. of mercury could
be obtained. (This does not include mercury vap-
our as 1t would not be indicated on the lI’Leod

Gauge ¢

Gas Measuring Avparatus,

In those cases where the vélume
of gas to be measured wasg too large to be indicated
on the M?’leod Gauge,the gas was pumped out and coll-
ected as described in the preceding section. It
was then measured in the apparatus shown in Figure V.

The apparatus consisted of a
manometer tube,E,connected through the tap,F,to the
tube,C,which contained a gealed in glass pointerfB.
The lower end of thls tube was connected through~the
tap,H,to a mercury reservoir,I, To the upper
end of the tube,C,was sealed a capillary tube,bent
ags shown in the figure,and containing the tap,B.

The volume from the pointer to the tap,B,was known,
( 3.382 coeCd)o The open end of the capillary

tube dipped under the surface of mercury contained

in the reservoir,A,
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In order to transfer the ~as pumn-
ed out to this apparatus,the open end of the small
clags tube (Fig.IV) was immersed in a crucible filled
with mercury. The tube and crucible were then
placed under the surface of the mercury in Ayand the
crucible was withdrawn. The tube was then
placed overuphe_open end of the capillary. The
tubeﬁcﬁand the caP?llary tube werpe at this stage entirely
filled wiﬁh‘mercur§, -' ~The_tap§,Bland Hjwere opened and
F closed and the regervolr I was iowered. The
glass tube was pushed down t1ll the top touched the
point of the capillary tube, the gas was thus suck-
ed over into C. Wnen all the gas was in %xthe
tapyBywas closed and F opened. The mercury sur-
face was then brought to the pointer and the pressure
wes read in E, Then knowing the volume,pressure
and room temperature,the volume of the gas under
standard conditions could be calculated,

At the conclusion of each exper-
iment the volume of gas pumped out was measured and
compared with the volume of gas originally admitted
to the bulb. In this way any leak could be detec-
tedyand 1t could be ensured that all the gas absorbed
by the metal had been removed. If,in any exper-
imentwthe initial and final volumes did not agree,the

results were discarded.,
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Sllver,

The silver used wag in the form
of foil,ef—a thickness of about O0e15 m,m, Samples
1l and 2 were commercially pure silver. Analysis
5howedvthem to contain 0.02 % copper

0.001 % iron
0.005 % lead.
The presence of tin.bismuthyand antimony could not be

detected in a 5 gram sample,

For samples 3 and 4 the above
silver was further purified as follows3%* ¢

The metal wes dissolved in nitric
acid and the solution was diluted with water and all-
owed to settle so that gold,tin(and antimony oxides,
basic bismuth nitrate,silver sulphide,etc.,would coag-
ulate and permit the solution to be filtered. Sil-
ver chloride was precipitated from the filtered sol-
ution by the addition of hydrochloric acid. The
silver chloride was boiled with hydrochloric acid and
washed with hot distilled water until free from acid.
It was then reduced to the metal by bolling it with
a solﬁtion of invert sugar and sodium hydroxide.
The precipitate was thoroughly washed with hot distil-
led water and fused to a button in a crucible under
borax. The buttbn was cleaned by scrubbing it
with sand and was then rolled into sheets 0,15 m.m,

thick. The purified silver gave on analeis--
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0.004 % copper
0.001 % lead

with a trace of iron.

Nitrogen.

The nitrogen used was the ordin-
ary commercial variety supplied in cylinders. The
gas was bubbled twice through alkaline pyrogallate to
free it from oxygen, then twice through concentrated
sulphuric acid. It was finally stored in the gas

reservoir over phosphorus pentoxide.

OXygen.

The oxygen was also the commer-
cial variety. It was teeated in the same manner
as the nitrogen except that the pyrogallate wash bottles

were omitted.,

Calibration.

The variaus parts of the appar-
atus,except the bulb containing the silver,were cal-
ibrated by wéighing when filled with mervury. The
silver bulb was weighed when filled with distilled

water.
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Experimental Procedure.

Prior to making an experiment,
the furnace was raised to a temperature of about 550°
C in the case of Pyrex glass apparatus,or 750° with
quartz. The temperature was kept constant and
the bulb was evacuated continuously for 6 to 8 hours.
The tap between the bulb and the remainder of the app-
aratus was then closed and the silver zllowed to rem-
ain in vacuyo over night. The next morning the
bulb was again pumped out for about an hour.. The
tap was then closed and gas from the reservolir was
admitted to the tube and measured as previously des-
cribed. The gas was then admitted to the bulb and
after equilibrium was attained,the temperature and
pressure were read. At high temperatures equil-
ibrium was reached rapidly. At temperatures of
200° or less several days were required for equil-
ibrium.. After equlilibrium had been reached
the temperature was altered,the bulb was allowed to
stand till equilibrium had agaiﬁ been reached,and
another reading was made,

At the higher temperatures,in
some cases,the temperature was kept constant;and
efter each reading more gas was admitted. In
this way a series of observations at different press-
uresgs and the same temperature wvere madé,

At the conclusion of an exper-
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iment,the gas was pumped out of the bulb and measur-
-ed;and the amount compared with the amount originally
let in.

The long continued pumping out
1s absolutely essential in order to obtain consistent
results. The last traces of the gas are only rqﬁe

epove® very slowly from the silver. This point has,
however,been overlooked by the majority of investig-

ators.

R SRS B
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IV, PRELIKNINARY RESULTS.

S e g Gear S e D SEar GRes  wees g " e G Gres  eEme SR e s

The form of the apparatus des-
cribed above is the final form in vhich i1t was used,
and with which the results given here were obtained.
Preliminary results were obtained with a simplified
form of apparatus but they were not in good agree-
ment with one another. This necesgsitated wvarious
changes.

(1). Originally,a quartz,nitrogen filled,mercury
thermometer was used. This,however,had a differ-
ent lag from that of the gas in the bulb and thus
introduced an error. A still more serious error
was due to the fact that}gs the bulb of the thermom-
eter was small,it reglstered the temperature at one
particular part of the furnace only. As the Dbulb
containing the silver was much larger,if there were
any uneveness in the temperature of the furnace,a
fairly large error would be introduced. This
error was serious because an accurate knowledge of
the temperature is needed in order to calculate what
the pressure would be 1f there were no absorption.
The mercury thermometer was accordingly replaced by
a gas thermometer. The bulb of the gas thermometer
wes made of thevsame gize and shape as the bulb con-
taining thne silver}and was placed next to it in the

furnace. The result was that if there were any
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tempefature variation in the furnace,the cas ther-
mometer would indicate the mean temperature of the
gilver bulb?ﬁhidh ig what is required for purposes
of calculation. The use of the gas thermometer,
therefore,automatically compensated for any irreg-

ularity in the temperature of the furnace,

(2). At first only the Toepler Pump was used in evac-
uating the bulb. The Langmuir Condensation Pumps,
however,by giving a much higher vacuum,materially
decreased theviime necessary to pump all the gas out

of the silver.

(3). Originally the tap between the silver bulb and
the short arm of the manometer was:-left open during
an experiment. It was found,however,that there was
a very slow ,steady drop in pressure amounting to about
1l m.m. per déy. The only possible cause eppear-
ed to be oxidation of the mercury. This idea was
supported by the fact that there was a small reddish
brown deposit on the walls of the capillary tube just
outside the furnaca.

A blank experiment was tried
with an empty bulb and it was found that about 0.1
cec. Of gas disappeared in 10 days,but no oxidation
was detectable if the bulb was kept at room temper-
ature. This is presumably due to the oxidation

of mercury vapour in the bulb, The oxide then

distills out and condenses in the colder part of the
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apparatus,more mercury vapour diffuses in,and the pro-
cess goes on continuously. By keeving the tap
between the bulb and the nercury surface closed,the

difficulty was overcome and no further drop in press-

ure was noticed.

(4). A further difficulty was met with in connection
with the use of tap grease on the tap mentioned above.
Blank experiments showed a slow but appreciable absorp-
tion of oxygen by the ordinary type of grease,consis-
ting of rubber,paraffin,and vaseline. Vageline
alone showed no appreciable absorption,but it is not
sufficiently viscous. A mixture of paraffin and

vageline was used and gave satisfactory results.

e N e
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Ve SAYPLE CALCULATION,

In order to illustrate how the
calculations are carried outyone of the tables from

the next section is given below.

TABLE XIX.

Lower Pointer.......34.40 cms,

Volume at Room Temp. 3.240 c.c.

Volume at SeT.Pes....2.985 c.co.

ROOM TemDeceeeeoaeesa24,0°C

Pressure (calculated) at room temp...47.30 cms.
Keveoeosseoavsasosoaasnsa0e830

Pumped OUbeceecceceeeae2.981 c.cCo

TTQC Ther. Press T°C T°K Press Press c.c. Vols,
cms., Cms . cale., diff, abs. abs.

24,0 66,87 T6.56 473 746 81.81 5.25 0.190 0.098
24,0 60.35 T2.27 381 654 76,60 4,33 0.167 0.086
24,5 54,90 67.99 307 580 72.00 4,01 0.177 0.092
24,0 46,75 59.45 204 47T 64.40 4,95 0.232 0.120

Ags shown above,the gas let in
at the beginning of the experiment was sufficient to
exert a pressure of 34.40 cms,in the tube from the me\
lower pointer to the tap. The volume of this : \

was T.1l75 ce.cCo Hence the volume of gas at room W\A

temperature is 34.40 x 7.175 = 3.240 c.c., URNM
I

Whence the volume under standard conditions is 2.985

m—_

CeCo



Now the total volume of the
bulb and the dead svace (from the upper vointer
to the furnace ) ig 5.222 c.c.,hence at room temp-
erature the above volume of gas would exert a opress-

ure of 34 240

We have here a volume of gas
the different parts of which are at different temp-
eratures,but whisgh is all at the same pressure.

Now,from the Gas Laws,

P V = Plvl = K
T :E:'T |
kR

Or,denoting the volume of the bulb by Vb’

the volume of the dead space by Va

the temperature of the bulb(°K) -by Tb

the temperature of the dead space (room temp.) by Td
the pressure of the bulb and dead space by P,

we have, ( )
\' Vv

P( _D <)

(T % T,)
b a

1
N
[}

Or,inserting the actual values of Vb and Vd in this

case,

3,668 1,554 )
T Ko
b

(
P ( + T )
( a )
This equation wlill hold for any mass of gas in this

apparatus.

Now in this case at room temp-

erature,i.e. when the whole apparatus,bulb and dead
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space,is at 24,0°C,the pressure would be 47.30 cms.

Hence we can evaluate K for this particular amount

of gas
’ ( 3.668  1.554 )
47.30 ( + ) = K
( 257 297 )
XK = 0.830.

Hence for this experiment we have the equation,

( 3.668 1.554 )
P ( + ) = 0.830
( T, Ty )

In the first line of the table
we see that when the room temperature was 24,0°C and
the gas thermometer reading was 66.87 cms,the press-
ure in the silver bulb was 76.56 cms. The gas
thermometer reading is equivalent to a temperature
of 473°@ (see description of gas thermometer).

Hence we have,expressing temperatures in °K,

( 3.668 1.554 )
P ( ‘ + ) = 09830 ’
( 746 297 )

whence the pressure which would be observed if there

were no absorption is 81.81 cms.

The actual pressure observed is
76.56 cms.,that is 5.25 cms.lower. So that an
‘amount of gas sufficient to exert a pressure of 5.25
cms.in the apparatus (when the temperature of the bulb
i1s 473°C and room temperature is 24°C) has disappear-

ed., Bringing this to S.T.P.,we have,
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(1). For the bulb (at T46°XK),

5.25 ¥ 3,668 x 273 0.091 c.c.

T6 x 746

I

(2). For the dead space (at 297°K),

¢

¢ 5.25 x  1.554 x 273 0.099 c.c.

76 x 297

Totsl volume of gas absorbed at S.T.P.= 0.190 c.c.

| The weight of silver contained
in the bulb was 20.315 grams. - Taking the density
of silver to be 10.5,this is equivalent to 1.93 c.c.
of silver. Hence the number of c.c. of gas absor-
bed by 1 c.c. of silver under the conditions of the

experiment is 0,190 = 0,098. That is 0.098
1.93

volumes of gas are absorbed by 1 volume of silver
at T46°K and a pressure of 75.93 cms of mercury.

The calculations may be carried
out in the same manner for the other temveratures
showvn in the table.

At the conclusion of the exper-
iment,the gas was pumped out and measured as prev-
iously described. The volume of gas pumped out
(at S.T.P.) was 2.981 c.c. The volume let in
at the beginning of the experiment was 2,985 c.c.
These agree within the 1limit of the experimental
error, so that.no 1éak occurred during the experim-
ent{gnd 2ll the absorbed gas was removed from the
silver,

A o o = S N Y
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Vi. EXPERIMEDNTATL RESULTS)

e e e ges Mmae mes e wmes Semes e TOEE e AP omees et s Samm et guae

The first sample used was of
commercially pure silver. It was used in a2 bulb
constructed of Pyrex glass.

The second sample was also of
commercially pure silver, The bulb used with it
was of quartz. The results obtained 4did not ag-
ree with those obtained with the other three samples.
The values obtained were very much higher and the

absorption was practically independent of temperature

or pressure. Apparently some oxidisable impurity
was present. The results for nitrogen agreed with

those obtained with the other samples and are given
here., The results obtained withr oxygen have been
omitted.

Samples 3 and 4 were of specially
purified silver and were used in quartz apparatus.

In Table II are given the volumes

of the bulb and of the dead space for the various

samples.
TABIE 1II.
Sample Vb Vd Apparatus
I 3.668 1.554 Pyrex glass.
II T+ 335 1.855 Quartz
III T.750 1.655 -

IV 8.301 1.574 .
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At the conclusion of the exver-
iments with sample 1 in Pyrex avparatus,taie tulb con-
taining the silver was found to be coloured a dark
brown. This was presunably due to the presence
of colloidal silver in the glags. The silver lost
1.5 milligrams in weight during a2 period of alternate
heating and cooling of about 4 months.

The quartz bulbs used with samp-
les 2,3,and 4 all had 2 milky appearance. In add~
ition to the milkiness there was a deposit of crystal-
line silver on ‘the walls of the bulb. The silver
after being in use for from 3 to 4 weeks lost from
O.1 to 0.2 grams.

No apparent change occurred in
the silver except the development of a somewhat
crystalline appearance on the surface due to the
evaporation. The samples which were used at the
higher temperatures sintered together to 2 consider-
able extent.

Except with sample 2 Wﬁidh benav-
ed entirely abnormally,it 1s interesting to note that
identical results were obtained with nighly pure sil-
ver and with silver which contained considerably more
impurity.

The observations are given in the

following tables and are discussed in the next section.



(A). RESULTS WITH NITROGEN.

TABLE IITI,
Sample No.l
Lower pointer readinge.ceeccececccsces 16.62 cms.
Room temperature...... Ceeeteecee e 21,6°C

Volume of gas at room temperature.....l.995 c.c.

VOl'lee Of gaS a-t S‘TV.PQOQ-00000000000010847 Cocro
P (calculated) at room temperature....28.,70 cms.

K....O....O..O...

Volume of gas pumped out (SeTePe)e....1.856 c.c,

T, Ther Fress 10 WK Pregs it Vol

21,6 30.70 28.75 22.5 295.,5 28.70 +0.,05 -0.001
22,6 49,42 40,94 236 509 40,80 40,14 =0.,004
23.2 56.97 44.84 334 607 45,00 =0,16 +0.004
23,2 63,36 47.83 422 695 48,20 -0.37 +0,008
23.2 T72.95 53.07 561 834 5270 +0.30 =0,006




Sample 1.

5.

TABIE IV,

Lower pointer reading...

Room temperature..ccceecee

......

Volume of gas at room temperature,,,....0.923 c.c.
Volume of gas at S;T.P........,.........0.855 CeCoe

Pressure(calculated)at room temperature.l3.37 cms.

K...._.. ........................

Volume of gas pumped oub (SeTePe)eesss

ceseses0.236

«o0.855 c.cC.

T e The TOOTE TS IEE e
21l.3 65.13 22,65 447 720 22,80 =0,15 0,003
21.5 56.50 20.65 328 601 20,82 -0.17 0,003
22,0 48,84 18.75 229 502 18.83 -0.08 0,002
17.5 30.23 13,17 17.5 290.5 13.28 <=0.11 | 0.003
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TABLE V ,

Sample 1.

Lower pointer reading...
Room temperature....... Cetereeeenees .21.0°C
Volume of gas at room temperature.....0.771 c.c.
Volume of 228 8t SeTePoececescoasoacss 0.716 c.c.
Pressure(calculated) at room temp.....1l7.10 cms.
Keeeoeosoono cesscescssreesscanee ceesees0.3036

Volume of gas pumped out{S.T.PeP......0.703 c.c.

o mmer Tross TO TR fress TP v

21.0 30.64 17.13 22.0 295 17.10 +0.03 -0.000
22,0 46,92 23,43 206 479 23.45 -0.02 +0.000
23,0 60.63 27.80 384 657 27.99 -0.19 +0.004
22,0 066,37 29.47 465 738 29.62 -0.15 +0.003




Sample 2.

Lower pointer reading.....
Room temperature.
Volume of gas at room tempnerature...
Volume of gas at SeTePeeceeee

Pressure(calculated) at room temp.....1l8.96

K‘......‘O.

Volume of gas pumped out (SeTePe)eoeess2s116

® & @ & & 0 6 ¢ & v o 0
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TABLE VI,

¢ ¢ & 8 & 80

......

..2.284
.0.0.....20118

o omer Ties TCOTE . fress I T

21.6 22,52 19.01 =21.5 294.5 18.96 +0.05 -0.003
21,7 39.14 30.76 290 563 30.76 0,00 0.000
22.4 44,55 34,20 388 661 34,16 +0.04 -0.002
23,3 49.98 3T7.31 493 766 37.41 -0.10 0.005
24,0 54,20 40,10 581 854 40,15 =-0.05 0.002
24,0 59,50 43,02 701 974 43,00 +0.,02 -0.001
24,1 65.85 46,29 850 1123 46,35 +0.,06 -0.,002
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TABLE VII.
Sample 2.
Lower pointer readingeceecceccecesess cesses 14,77 cms.
Room temperaturCe . eeeeeeeeeecess Ceeeeees 21.,0°C
Volume of gas at room temperature....... «1.394 c.c.
Volume of gas at S.T.P....:ii ........ ceeele295 c.c.
Pressure (calculated) at room temp.......1ll.52 cms.
Keveeovoosososesooesnans ceesecsscascenssele’60
Volume of gas pumped oubt (SeTePe)eceeeeeela300 CocCo
T Ther. Press. T°C T°K Press. Press. Vols.

r cms. cms. ~ calc., Ad4sff. abs.
21.0 22,50 11.54 21 294 11.52 +0,02 -0.001
22,0 35,49 17.16 227 500 17.18 =0.02 0.001
22,0 45,48 21.06 406 679 20,98 +0.08 -0.,004
23,1 53,91 23,99 575 848 24,05 -0.06 0,003
24,5 61,70 26,62 752 1025 26.72 =0.10 0.004
21l.2 22,52 11,53 21 294 11,52 +0.,01 0,000



Sample 3.
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TABLE VII,

Lower pointer reading...

Room temperaturCeeccecececes.
Volume of gas at room temMPDecessccsss

Volume of gas at S.T.P....

¢ & o 0 090

.« 24,0°C

ceeesl(.90 cms.

tesesleB90 C.Ce
o0 0001‘0552 C.C.

Pressure (calculated) at room termDec.e....l3.65 cms,.

K."......0..'....0.000‘.....0...00..00

00014355

Volume of gas pumped out (SeTePo)eeceseseele543 Cuca

T T Pres T I frce. g Tole.

24,0 47,60 26.72 446 719 26,62 +0,10 -0,002
24,2 41,41 23.63 330 603 23,60 +0,03 -0,001
23.0 35,00 206.42 219 492 20,43 <0.01 0.000
20.4 22,40 13,53 20.5 293.5 13,50 +0.03 -0.001




Sample 3.

Lower pointer reading.

Room tempefature.....

70,

TABLE IX.

00000000000000

OOOOOOOOOOOOOOO

Volume of gas at room temperature.....2.666 CeCo

Volume of gas at S.TePe..

Pressure(calculated)at room temp.

Kl.'..‘..l.

® o o0& ¢ ¢ &6 0 ¢ 0 o8

® ¢ & 0 0 o 0

.0..'00.....02.460 CGCO

21.53 cms.

.0.685

Volume of gas pumped out (SeTePe)ee...2.468 c.cCo,

T Thee. Press., T°C T°K Press. Press. Vols,
r cms, CmS. cale., diff. abs.
23,0 22,50 21.39 23.0 296 21,54 =0.,15 0.002
23,1 34,90 31.81 217 490 32,00 =0.19 0,002
23,0 43,02 38.21 359 6%2 38.38 -0.,17 0.001
22,5 49,40 43,21 481 754 43,15 +0.06 0,000




Tis

TABLE X,
Sample 4.
Béwer pointer readingeececesceveccecscss eeee18.20 cmg,
Room temperaturCeceeceseceeeecocscsscacesss ;24;006
Volume of gas at room temperaturee........ el.720 c.cC.
Volume of gas at SeTePeceeeecereeeennn ve+se1,581 c.c.

Pressure (calculated). at room tempe..cs....13.22 cms.
K"g.,.h.t.i‘. P 0 0 8 $-0-0-0'0 06 ¢ 5 ¢ G000 0 G O @

Volume of gas pumped oUt(SeTePo)eceescees.ele570 C.C,

MmO TE mume m i
24,0 58,95 31.58 683 961 31,55 40.03 0.000
2k, 4 51,60 28.13 528 801 28.-10 ~0.03 0.000
21.2 44,25 24.53 382 655 2440 +0.13 -0.001
21,0° 37.90 21.38 268 541 21,28 +0,10 -0.001
20.0 22,37 13,35 _ 20 _293. 13.22 +0.13 -0,001




(B). RESULTS WITH OXYGEN.

T2

Sample lo

Lower pointer readinfececeees
Room temperatufe.

Volume of cas at room temverature.

TABLE XI,

OOOOOOOOOOOOOOOOO

teseeesDe20 CcmS,

.Di......zg.ooc

..O..'..Ol.ooo CQC.

Volume Of £88 28t SeTePoeceercrncreeneensaas0s924 coco

Pressure (calculated)sat room temDeceeeeessslds53 cmis,

K.‘....'.....‘.

0‘0..0.0.0'.0.'.000..00'...'...,.0.254

Volume of 725 pumned oUt(SeTePe)eeeeeeeseas0.9%0 c.Co

T.. Ther. Press. T°C T°K Press. Press. C.c. ole,
: cme. CNSe cele., 4diff. abps. 2L S
22,0 65.65 22,37 455 728 24.63 2,26  0.082 0.C47
21,0 £9.25 20.90 365 638 23.07 2,13 0,085 0.0k
20,0 49.36 17.68 236 509 20.30 2,62 C.118 0.061
22,0 71.17 22.75 £35 808 25.92 3,17 0.113 0.0%59




TABILE XII.
Samnle 1.
- Lower pointer readingeseceeceeceaes ceeeaDeI2 CTIS, mian.
Room temperatur€..eee..... S < 3 PR

Volume of gas at room temperature......1.003 c.cs

-~

VOlume Of gaS at SQT.P'ocoaa-tnooonaqq.OQggb CeCoe

Pressure (calculsted) a2t room temp.....14.60 cms.

K A O ipInge
¢ @S 5 € 06 8 8 4 0 C S Q08 C S s 20 00 e ‘8 8 ® 0 0 0 0680 0 a0 [ WA

Volume of gas pumped out(SeTePe)seesss0.927 c.cC,

T. Ther. Press, T°C T°K Press. Press. C.c. Vols.
Cms. CHmS. cale. diff. abs. 2ts.

23,0 67.83 23,24 486 759 25.62 2,38 0.096 0.050
21.0 53.14 19.68 283 556 21,73 2.05 0.093 0,046
20.0 45.81 16.87 192 465 19.57 2.70 0.128 0.066
21,0 60.95 21.61 388 661 23.76 2.15 0.C86 0.045




Sample 1.

Lower pointer readingecececee.

The

TABIE XIII,

* & ¢ 0 0

. .0015072 CIiS,

RoOm temperaturCe cceesccescescscsscasssonsees 22.3°C
Volume of gas at room temperaturececcscecc...1.889 c.c,
Volume Of Z88 81 SeToePececceccoscsccsssacseele 748 cocCa
Pressure(calculated) at room temperature....27.50 cms,
Keeoesosoossoosasos feceesececseenensaenes 0.486
Volume of gas pumped out (SeTuePe)eseeceessesle 75T CoCu
T Ther. Press. T°C T°K Press. Press. C.c. Abs.
r cms.,  CmS, calec., diff, abs. Vols.
22,3 T71l.65 44,85 542 815 49,75 4.90 0.172 0,089
22,1 62,00 42,28 402 675 45.40 3,12 0.119 0,062
22,1 55.70 38.83 317 590 42,25 3.82 0,141 0,073
22,0 48,34 34,45 223 496 38,40 3,95 0.180 0.093




TS5

TABLE XIV,

Sample 1.

Upper pointer readingeececcececccesccscscoee3Bed2 COS,
RoOm 1emperatureseceeeeeeeersocsesccnsssssa26,0°C
Volume of gas at room temperaturCeceecesc..0.475 CoCo
Volume 0f 288 81 SeTePeveecsooccrorconnses 0,475 g.c,
Pressure (calculated) at room temMPecesoeseeHeI2 cms,

K.........Q.OO........QO...O.O..O.0..‘000.'00121

Volume of gas pumped oUub (SeTePe)eseocseseeslei28 coc.

T, Ther. Press, T°C T°K Press. Press. C.c. Vols.
cms, cms. cale, diff. abs. abs.
2501 62005 10064 403 676 ll‘o 32 O. 68 00026 0.0ll"'
28.0 T0.26 10.93 522 795 12,35 1l.42 0.051 0.026
220 55433 9.33 312 585 10.48 1,15 0.049 0,025
24,5 4T.,45 T.85 212 485 9,45 1.60 0.073 0.038
NOTE. As the volume of gas used in this experiment

was very small,lt was measured by bringing the
mercury level to the upper pointer instead of the
lower one and readling the pressure, - The
volume of the space from the upper pointer

to the tap was 0,943 c.c.



Sample 1.

Upper pointer readingecececcscess

Room temperature..

764

TABLE XV,

000000

¢ e 9 &2 8§ o

......

Volume of gas at room temperaturteccecececec.«0.290 c.Co

Volume of gas at SeTePecoccoces

0000000000

ee0e266 coC,

Pressure(calculated) at room temperature...4.22 cms.

K.'O......‘.'..O.

Volume of gas pumped out (S.T.P.).

@ & ¢ & & 0 6 ¢ ¢ o0

......

.e0.260 c.cC,

Tt e TOOTE TR MR G e
24,0 65.37 6415 451. 724 T7.20 1.05 0.037 0.019
23.8 68.65 6.25 498 TT1 T.42  1.17 0.042 0.021
24,0 T72.50 6.30 555 828 T.66 1.36 0.049 0.025
24,2 61.55 6.24 397 670 6.91 0.77 0.029 0.015
24,4 5T7.48 5,79 341 614 6.61 0.82 0.033 0,017
25.0 52,68 5.29 278 551 6,23 0.94 0.040 0.021




e

TABLE XVI.

Sample ]

Lower pointer readingiecececescsesceccecccs «.20,48 cms.
Room temperaturC....cceeeeeeses cecssceacs ...24,0°C
Volume of gas at room temperatur.ececcee.. «e1s935 c.cCo
Volume o0f £88 8t SeTePecescesccscecscscocs eelsT780 c.c.
Pressure(calculated) at room temperature....28.19 cms.
K teneeannennenn e, e, 0.495
Volume of gas pumped out (SeTePe)ecccscscss 1.790 c.cC.

T Ther. Press. T°C T°K Press. Press., C.c. Vols.
r cms.  cms. calc. diff. abs. abs,
24,0 65.33 44,82 450 723 48,00 3.18 0,118 0,061
23,8 61,17 42.84 391 664 46,00 3,16 0.121 0.063
24,0 54,83 39.63 306 579 42,80 3.17 0.133 0.070
22,1 48.62 35.49 227 500 29.22 3.73 0.174 0,090
22,0 68.79 45.52 Bee 773 49.40 3.88 0.139 0,072
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TABLE XVII.
Sample 1.
LOWGI" pOinteP Peadingo ¢ 0 ¢ 0 06 8 060 v 683 0 00 N EE XX 045070
Room temperature....c..... Cieeceneannns «.ees26,5°C

Volume of gas at room temperatur€...ec.eee.et.310
Volume of gas 8t SeTePeeeereccccsssccscocse ¢ 5930
Pressure(calculated) at room tempPe..ceeeseeedTe25

K'l'ooooooooocoooooo ooooooooooooooooo 00000.00.10101

Volume of gas pumped OUt (SeTePe)ectrecseeea’ I3 ¢

T Ther. Press. T°C T°K Press. Press. C.c.
cms., cms. cale., diff. abs.

CnlSe

CeCe
CeCe

CIlS e

Vols.
abs,

26.5 68.45 104,00 497 770 110.40 6.40 0.231
24,0 61,40 97.63 394 667 102.70 5.07 0.194
24,2 55.08 90,65 309 582 95,50 4.85 0,204
24,1 45,84 77.95 192 465 8%,95 6.00 0,282

0.120
0,101
0,106
0.146



Sample 1.

Lower pointer readingececceccses

Room temperaturCecececsceccecoscccsescs

TABLE XVIII,

19

e @ 9 ...28.000

«.40.20 cms.

Volume of gas at room temperaturt.e.cccce...e3.800 CcecCo,
Volume o0f 225 8t SeTePececsesacscsccnconcns 3443 coce
Pressure(calculated) at ‘room temperature....55.30 cms.
Keeereodooronansasans Ceciececesseaseeeaaaas .0.960

Volume of gas pumped oUb (SeTePe)ececeeeseosddd5 cac.

T Ther. Press. T°C T°K Press. Press. C.c. Vols.
r cms,  cms. calec. diff. abs. abs.
26,5 68.30 89.70 493 T66 96.35 6.65 0.237 0.123
25.0  60.55 84,05 384 657 89.00 4.95 0,186 0.093
23,0 53.60 T5.70 284 557 81,00 4.95 0.208 0.108
21,1 47,65 69.49 214 487 T4.75 5.26 0.247 0,128




Sample 1.

Lower pointer readingeeece..

Room temperature..ceececes.

80.

TABLE XIX.

..............

0000000

Volume of gas at room: temperature...

Volume of gas at SeTePee...

........

C.Ce

C.Co

Pressure(calculated) at room temperature....47.30 cms,
Kaoooooooooooooo'o ooooooooo ® e 0060000080000 00830
Volume of gas pumped oUt (SeTePe)esecocecesee2.981 c.cC.
T.. Ther, Press, T°C T°K Press., Press. C.c. Vols.
cms, ClmS, cale, diff. abs. cbs.
24,0 66,87 T6.56 473 T46 81.81 5.25 0.190 0,098
24,1 60e35 T72.27 381 654 76,60 4.33 0,167 0.086
24,5 54,90 67.99 307 580 72,00 4,01 O.177 0.092
24,00 46,75 59.45 204 47T 64.40 4.95 0,232 0.120
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TABLE XX.

Sample 1.
Lower pointer readinge.cecesececesssccecas e0+59.90 cmg.
ROOM temMDeraturCeseseereescoonoenennens e e e e22,4°C
Volume of gas at room temperaturteececcesecsede 60 CoCo
Volume OFf 28 21 SeTePe.vsrrscrcscscccccseassded80 coc,
Pressure(calculated) at room temperature....54.80 cms,
Keeerooooosseeenassscscossacanonosa cesesesee0,971
Volume of gas pumped oUL (SeTePe)ecceceesseceed35 Ccuce
T. Ther. Press., T°C T°K Press, Press, C.c. Vols.

cms. cms. calc, diff. abs. abs.
2,5 68,23 90.90 492 T65 96,90 6.00 0.214 0,112
24,5 59,90 84.41 374 647 89.20 4.79 0.188 0.098
24,0 53.95 T7.83 294 567 82.90 5.07 0,212 0.110
22,5 46,30 69.65 198 471 T4.,50 4.85 0.228 0.118
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TABLE TXI,

Sample 1,

Upper pointer readinge.ceceesceess sevessessess2l e85 cCmS,
ROOM BEMPEeratUrCessceescsnsseersasssssnosssss23,2°C
Volume of gas at room temperaturCecesece.ees..0.345 cocCa
Volume Of 288 81 SeTePecessveccsvssssccscsses0313 CaCo
Pressure(caleculated) at room temperature.....5.03 cms,
Keooeooavoassaososessssasosconscsas ceeerennans ..0.0855

Volunme of gas pumoed oub (SeTePe)ecesesceeseale3l7 CoCo

T Ther. Press. T°C T°K Press, Press. C.c. Vols.
CImS. cmsS. cale., diff. abs. abs.

21.0 67.65 7.33 484 757 8.76 1.43 0,050 0.026
22,0 60.16 6.91 377 650 8.14 1,23 0,046 0,024
23,5 53.77 6.59 292 565 7.54 0.95 0.041 0,021
24,0 48.45 5,90 225 498 7.03 1.13 0,052 0.027
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TABLE XXTITI,

Sample 3.

Lower pointer readinge..scececscccesssess0,50 cms,
ROOM 1EMDET At U C s eeveossessonssanessanseesldaB°C
Volume of gas at room temperaturee.eee....0.615 c.c.
Volume Of €8S 2t SeTePuverecccccnsernesnss0s564 coce

Pressure (calculated) at room temperatuee.4,95 cms.

K.....O.’OO.;.C.OOOOOOOO....O..... ooooo 000001565
T, Ther. Press. T°C- T°K Press. Press. C.c. Vols,

ClMS, CHS, calc.r diff., abs. 2.bs.
24,0 55,78 8.63 615 888 10.94 2.31 0.119 0.043

More gas added.

Volume added(Tglecceeceerrsneeess.0.745 coc,
Volume 8dded SeTePeseecccccsessess0.687 CoCe
New Volume Tr..................:..1.360 CeCo
New volume SeToPurveveeenenensans.sl.251 cuc.
NeW KeeoosossesoososssscascanseesalDe340

T, Ther. Press. T°C T°K Press. Press. Ce.c. Vols.
cems. CmS. cale, d4diff., abs. abs.

24,8 56,08 20.53 621 894 24,27 3.74 0.192 0.0069

More gas added.

Volume added T ee.cecesccssscecsnoeledTD CoeCe
r

Volume 233e43 SeTePecesccscccaceeseale7O4 coCo
New volume Tr.....................3.235 CeCo
New volume SeTePececccocsocscsocsee 2.955 c.c.

NeVIK.......0.0.'..........00.0l..O.822
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TABILE XXII (continued)

Tr Ther., Press. T°C T°K Press. Press. C.cC. Vols.
. CILS o CIS . . ~ cale, diff. =2=bs. abs.

22,0 56,60 51.33 633 910 58.00 6.67 0.344 0.124

More gas added.

VOlume addedT .......O...........‘.....00785 C.c.
r

Volume 2dded SeTePecececcsesccecareceeasOTOL CuCe
New volume Tr.....;.....................&.020 CeCoa
New volume SeTePeiecersccosssscnssocscoseslnlld CaCoe
NeW Keveeecoooorooasosoosoecaasosscsssessele020

T Ther. Press. T°C T°K Pregs. Press. C.c. Vols.
ClMS. cms. cglec, a&iff, abs, aDS.

22,0 56,10 64.24 621 894 T1.50 T.26 0.374 0.135

VOlume Of gas pmped OU.t (SoTOPO).ooo.ooooooB.?OO CQCO
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TABLE XXIII.

Sample 3.

Lower pointer readinge.csecccccsccesscssasleD2 CmS,
ROOM tempPEeratuUlCeesecsesescsccecescoeass2le5°C
Volume of gas at room temperatur€e......0.710 C.Ca
Volume of 228 8t SeTePeeccccrencssereses0.058 coce

Pressure (calculated) at room temDe.....5.73 cms.

K“...'.O..........O.....00..0..'.0.....0.183

T Ther. Press. T°C T°K Press. Press. C.c. Vols,
ClmsS. cns, calc., diff. abs. abs.

21.8 59.60 9.63 T03 976 13.48 3.85 0.188 0.068

More gas added.

Volume added Theecececeeereenens ceecenn 0.908 c.c.

Volume 2dded SuTePeeereeseeeenennennss .0.851 c.c.

New volume T eeeececereennaneccnacannnn 1,618 c.c.

New volume SeTePecscescescscanscss ceeeelsb09 c.cCo

NeW Keveoooesosoosoonosse ceteeceencaane 0.416 .

T. Ther, Press. TC T°K Press. Press. C.c. Vols.
cms. cmS. calc. diff, abs. abS,e

21.6 59.60 24,51 703 976 30.62 6.11 0,298 0.108

More gas added.

Volume added Tr........................1.482 CeCoe
Volume added SeTePeccecsccecsccccoces .e1.372 c.cCo,
New volume Toneecececeeccscseennceseesss? 100 cac,
New volume SeTePecesecscccscens crieens «+2,881 c.c.

NeV’ K..O....O...QOO.....0......0..0....0.800
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TABLE XXIII (cantinued).

T. Ther. Press, T°C T°K Press, Press., C.c. Vols,
cms, __cms, calc, diff. abs, abs.

22,0 59.20 50.37 694 967 59.00 8.63 0.415 0.150

More gas added,.

Volume added Tpeeeeeossennn tesearcocsreane 1.336 c.cC.

Volume added SeTePeceeccecccesncecccenns .1.238 c.c.

New volume Theeeeersrenrennedveennannnns Aed36 Coce

New volume SeTePececesesscessocsscnnanss 4,119 c.c.

NEeW Kovererrenrnnonsonenns e cee. lll42 -

T. Ther. Press. T°C T°K Press. Press. C.c. Vols,
ClSe CmS. calc, diff, abs. abs.

22,0 59.58 73.64 T03 976 84.10 10.46 0.504 0.182

Volume of gas pumped out (SeTePe)eceecececesbal39 coc.
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TABLE XXIV,

Sample 3,

Lower pointer readingececeeccesscccscecsoseeedell ClmSe
ROOM 1emperatulr@e.eeeeeececececeooccacenaes ...24,0°C
Volume of gas at room temperaturee.sece.....0.501 ce.c.
Volume of 225 81 SeTePecescccceccseeseecsss 0461l CcoC.

Pressure(calculated) at room temMDeceecse....t05 cms,

K‘.“...........O....O.....O...O...O. 00000 00‘128
T, Ther. Press. T°C T°K Press. Press. C.c. Vols.
cms. CMS . cale, diff, abs. 208

24,0 63.80 4,83 800 1073 10.03 5.20 0.238 0.086

More gas added.

Volume added Tr............................0.694 C.Coe
Volume 2dded SeTePeseeerereeronccacocanans .0.635 cd.cC.
New volume Tpeeeoocecsaeeacnans ceeseecasseesleld5 coce
New VOlume SeTePeceecssseraceassccsscnsessals096 CoC,
NEW KeeeveoseoooceoosseaossassocssasassosseceesOe300

Ty Ther. Press. T°C T°K Press. Press., C.c. VOlS.
cms. cms., cale, diff, abs. abs.

o4,1 63.81 14.93 800 1073 23%.98 9.05 0.415 0.150

More gas added.,

Volume added Tr““""“""""""""“1’175 CeCos
Volume added SeTePesecsccsessessescssosaseasle080 coucCo
New volume Tr"""“"""‘"""""""‘2'370 CeCos
Hew VOlume SeTePecceereesescsesocosascneaesslelTb CuCo

NewK.Q....‘..0..00‘...‘0.000..‘.00'0 000000 0.606
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TABILE XXIV (continued).

T. Ther. Press. T°C T°K Press., Press. C.c. Vols.
CmS. CMS, calc. diff. akbs. 208

24,1 63.95 33,74 804 1077 47.60 13.96 0.640 0.231

More gas added,

r e e e

Volume 2dded TrheeeesscearosecssansasansasaladtO0 Cuco
Volume added SeTePecsscccccecosscecncns e.ele341 c.c.
New volume Theseceocecrsccucnsesacnesesees3s830 Cuc.
New vOlume SeTePececvsscccsecssesscscecseasrnbll CaCo
NeW Keeveooooooooaoeonoescosnscasnasnaaasas0.980

Tr . Ther. Press. T°C T°K Press. Press. CeCe Vols.
CI1S, Cms., cale., diff. abs. alts.

24,0 62.77 59.93 776 1049 T7T5.60 15.67 0.720 0.259

Volume of gas pumped out (SeTePe)eecccacese3.512 CoCo
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TABLE XXV.

Sample 3.

Lower polnter reading.cccscesrsecccccesscscnsssselDe (2 COS,

Room temperature.ﬂ....‘O..'I...... oooooo 9'-0:..0023.800

BERE SR

Volume of gas at room temperature..c.es........2.428 c.c.

VOlumeOf gas a‘t SCT‘P...O0.0000.000000000000002.233 C‘C.

Pressure(calculated) at room temperature.......19.60 cms,

K...QO..Q‘O...'...’.. ....... ® 6 8 & & 5 & 0 9 ....QODODOQ621

Volume of gas pumped oUb (SeTePe)ececsrerosrscel246 CouCo

T Ther. Press. T°C T°K Press. Press. C.c. Vols.
r CMS. CmS. cale., diff. abs, abg.
23.0 50,20 36.61 497 770 39.72 3.11 0.175 0.063
20.9 43.42 32.57 366 639 35.00 2.43 0.155 0.056
21.0 35.88 26.82 234 507 29.70 2.88 0.216 0,078




Sample 3.

90,

TABILE XXVI,

Lower pointer readiNGececesccecsscesesssesssd8.90 cms,

Room temperaturc.....

s & 9 8 0 0

'.00.0.0..'00.-24‘OOC

Volume of gas at room temperature........... 4,610 c.c.
Volume Of 288 81 SeTePevecosvscosarossrnans 4,248 c.c.
Pressure(calculated) at room tempPececcesesees 3725 cCms.
Keeossoanossocsososcssncssnecssosnsssaes . . 1.180

Volume of gas pumped OUbeeeeescereescoconns 4,259 c.c.

T Ther. Press. T°C T°K Press. Press. C.c. Vols.
r cms.  cms. cale. diff. abs. abs.
24,1 47.60 68.24 446 719 72,15 3.91 0,231 0,082
24.0 5345 T3.44 566 839 T79.54 6,10 0.323 0.116
23.3 43,20 62.88 362 635 66.45 3.57 0.228 0.082
24,0, 35.11 51.50 220 493 55,50 4.00 0.%04 0.112
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TABLE XXVII,

Sample 4.

Lower-pointer readingeccesecsccecesccssnsssssdlebdbl Ccmsg,
Room temperaturCeeesceceseeseeneceos cheeeese22.5°C
Volume of gas atvroom temperatur€eeccece....2.982 c.c,
Volume of 288 a8t SeTePovecererecersceoconons 2,760 c.c.
P?essure(calculated) at room temPeceesecooes 22,98 cms,
S o B 71 ¢

Volume of gas pumped OUb.eieesvsecsccccescees2.760 C.C,

CIlS., cms., calc, diff. abs. abs.

Ther. Press. T°C T°K Press. Press. C.c. VoOls.

23.0 58.60 46,45 680 953 54.60 8.15 0.411 0.139

23,0 60.80 45,53 732 1005 656.55 11.02 0.539 0.1833

20.0 50.91 44,15 513 786 48.15 4.00 0.229 0.078
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TABLE XXVIIT.

TemPEratUrC e covesenensens 310°C

Calculated Pressure......7.55 cms,

Time Volumes Log S/8-X K
(minuteg) absorbed

1/4 0.002 0.040  —------
3/ % 0.0035 0,074  emmee-
1 1/2 0.0045 0,096 = eeemee-
2 0.0055 0.1l22 0.011
5 0.0065 0.149 0.016
4 0.0075 - 0.176 0.019

5 0.008 0.190 0.018

7 0.0095 0.238 0,020
9 0.0105 0.272 0.019
12 0.012 0.331 0.019
15 0.0135 0.397 0.020
18 0.0145 O.449 0.019
21 0.0155 0.506 0.019
25 0.017 0.612 0.020
30 0.018 0.700 0.020
35 0.019 0.809 0.020
Final 0.0225 = «me-a

Mean = 0,0195
C = 0,10 /P = 140

K
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TABLE XXIX,
TempPeraturCeeeeeeeeeserns ... 310°C
Calculated Pressur€ee.s... e.13.94 cms.
Time Volumes Log 8/5 -X K
(mins) absorbed
1/4 0.003 0.039  eee---
1 0.006 0,080 = ceeea
11/2 0.008 0,114 = ee-e-
2 3/4 0.011 0.162 0.022
3 3/4 0,013 0.205 0.028
5 0.014 0.235 0,027
7 0.017 0.266 0.024
9 0.019 0. 360 0.027
12 0.022 0.450 0.029
15 0.024 0.535 0.029
18 0,026 0.640 0.030
21 0.027 0.681 0.028
24 0.028 0.779 0.028
27 0.0295 - 0.870 0.028
30 0.,0305 0,985 0.029
35 0.031 1.080 0.028
Final 0.03% e
Mean = 0.028
¢ =0.,10 Y P = 133

K
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TABLE XXX.

TempPerature.seeeeeceeeneeses . ++310°C

Calculated PressurCesc... eeees39.55 cms,.
Time Volumes Log S/8 -X K
(mins) absorbed

1/4 0.007 0.042  —ea-
3/ 4 0.015 0.096  acm--
1 1/2 0.021 0.l42 = aeea-
2 0.026 0.185 0.043
3 0.0%2 0.240 0.047
4 0.038 0.306 0.051
5 0.042 0.356 0.051
6 0.044 0.384 0.047
8 0.051 0.494 0.049
10 0,055 0.5T4 0.047
12 0,059 0.670 0.047
15 0.062 0,760 0.044
18 0.065 0.875 0.043
26 0.071 1.273 0.045
Final 0,075 -

Me an = O ° 047

/E = 13
- K

C - O.lO




TABLE XXXI

9.

Temperaturee s e eeeereessonsnn ...310°

Calculated Pressure

000000000000

0057;52 CiiSe.

Time Volumes Log 8/8 - X K
(mins) absorbed |
1/4 0.015 0.082 —-e--
1 0.025 0.147  —emen
11/2 0.033 0.206 0.071
2 3/4 0.040 0.266 0.060
3 1/2 0.045 0.316 0.062
4 3/4 0.049 0.360 0.055
5 3/4 0.054 0.420 0.056
7 0.060 0.508 0.058
9 0.065 0.597 0.055
11 0.071 0.735 0.058
16 0.079 1.036 0.058
25 0.084 1.461 0.055
30 0.086 1.939 0.061
Final 0.087  —e---
Mean = 0,058
¢ = 0.10

Y P = 131
X



TABLE XXXTI,
TP At UL e e e oo eeeeesossnceconess 310°C
Calculated PresSsulCecesccccccsess .31;34cms.
Time Volumes log 8 /8 - X K
(mins) abgorbed
3/4 0.008 0,065  meeee
1 1/4 0.014 c.119 @ eeee-
2 0.018 0.160 = eeee-
3 0.024 0.232 0,044
4 0.028 0.286 0.046
5 0.031 0.331 0.046
6 0.035 0.400 0.050
8 0.038 O.462 0.045.
10 0.040 0.508 0.041
12 0.0425 0.572 0.040
15 0.0465 0.703 0.040
18 0.050 0.860 0.042
21 0.052 0.985 0.042
2b 0.0535 1.110 0.041
30 0.056 1.461 0.045
Final 0.058  ——e--

Mean = 0,042

/P = 133
= 0.10 —K_



97

TABLE XXXIII.

T eMPErat UL e eeconneeensas eeeaaee . 310°¢C

Calculated PressurlCesess

000000000

55.18 CrsS,

Los 8/8 - X

(mins) ebaorped ;
1/4 0.014 0,082  ceeee
1 0,024 0.153 0.053
2 0.035 0.246 0.073
3 0.039 0.285 0.062
4 0.045 0.352 0.063
5 0,047 0.376 0.055
’ 0.055 0.494 0.056
9 0,061 0.608 0.056
12 0,069 0.830 0.060
15 0.072 0.954 0.057
18 0.075 1.130 0.057
21 0.076 1.211 0.053
28 0.079 1.606 0.054
Final 0.081 e

Mean = 0.057

C =0.10 /P ='i30




Temperatureo}uco ooooooooo s 000

98.

TABLE XXXIV,

Calculated Pressure..

......

0000000000000

Time Volumes Log /8 - X K
(mins) absorbed
1/4 0.008 0.054  eeee-
1 0.011 0.077  ==e--
2 0.017 O.124 -
3 0.020 0.150 0.017
4 0.021 0.160 0.015
5 0.027 0.219 0.024
6 0.031 0.264 0.027
8 0,034 0.301 0.025
10 0.040 0.385 0.028
14 0.043 0.434 0.024
18 0.050 0.576 0.026
25 0.052 0.628 0.021
30 0.059 0.879 0.026
35 0.062 1.054 0.027
40 0.063 1.133 0.026
45 0.064 1.230 0.025
60 0.065 14355 0.021
Final 0.068 aoeeo
Mean = 0,025
/P = 232
C = 0.10 X




Temperaturteeee..

Calculoted PrecsUlCecceesseess2ls43 cms.

TABLE XXXV,

99.

00000000000000

Time Volumes Log 8/8 - X K
(mins) absorbed
1/2 0.012 0,122  —eee-
1 0.016 0.172 0.072
2 0,022 0.259 0,078
3 0.026 0.328 0.076
4 0.028 0. 368 0.067
5 0,031 0.435 | 0.067
6 0,033 0.486 0.064
8 0.038 0.648 0,068
17 0.046 1.214 0.066
20 0.047 1,389 0.064
25 0.048 1,690 0.064
Final 0.049  —-ee-

Mean = 0.066

C = 0.10 = 70.2

4



TABLE

100.

XXXVI,

Temperaltureeceeesees

Calculated PressSUrC..secescceesesee30.69 cms.

00000000

.....

N
=l

Time Volumes Log 8/8 - X K
(mins) absorbed
1/4 0.007 0.069  —mee-
1 0.017 0.190 0.090
2 0.022 0.265 0.083%
3 0.028 0,380 0.093
4 0.031 0.451 0.088
6 0.037 0.640 0.090
8 0,041 0.835 0.092
10 0.044 1.080 0.098
12 0.045 1,205 0.092
15 0.046 1.380 0.085
Final 0.048  aceeo

| llean 0.090

C = 0.10 61.7
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TABIE ¥XXVII.

MDA UL e 0 0 v o eevosoeooscnansanses 390°¢C
Calculated PreSEUreasseanssens '.....29.75 Crms.
Time Volumes Log 8/8 - X X
(mins) absorbed |
1/4 0.009 0,086  —mme-
1 0.020 0.222  emee-
2 0.026 0.319 0.108
3 0.029 0.376 0.092
4 0.033 0.468 0.092
5 0,037 0.585 0.097
6 0.040 0.699 0.099
8 0.043 0.855 0.094
10 0,046 1.096 0.100
12 0.047 1,222 0.094
Final VO.OBO _____
Mean = 0.095
¢ =0.10 = 5T7.4

o)
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Caleulated Pressure...
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Table

XXVIII.

* e @

ooooooooooo

.OOO..“.QL‘LOGOC

Time Volumes Log /8 - X I
(mins) abgorbed
1/4 0.007 0.065  cmeee
1 0.017 0.180 = eeee-
2 0.020 0.221 0.030
3 0,022 0.252 0.030
4 0.026 0.319 0.039
5 0.029 0.377 0.047
6 0.030 0.398 0.040
8 0.035 0.522 0.045
10 0.037 0.585 0.043
12 0.040 0.698 0.045
15 0.042 0.796 0.042
18 0. 044 0.920 0.042
21 0.046 1.096 0.040
25 O.047 l.221 0.043
Final 0.050 = aea-o
Mean = 0,042
C = 0.16 /B =175




Temperature
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TABLE XXXIX.

Calculated Pressure.

.......

...... 30%
«ee 30,09 cms,.

ol

Time Volumes Log S/ - X K
(mins) absorbed ,
/4 0.018 0.203  eemem
1 0.026 0.339  —==e-
2 0.031% O.464 0.037
3 0.033 0.504 0.038
4 0,075 0.566 0,044
5 0.036 0.602 0.042
6 0.037 0.640 0.042
8 0.039 0.728 0.042
10 0.040 0.778 0.039
12 0.042 0.903 0.043
15 0.043 0.982 0.039
18 0.044 1.079 0.038
21 0.046 1.379 0.049
Final 0.048  aoao

l'ean = 0,040

C = 0,39 = 139



Temperaturee.e..

Calculated Pressurteee..

TABLE -XL,
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oooooooooooooooooooooo

.............

Time Volumes Log 8/58 - X
(mins) absgorbed
1/4 0.016 0.176  —meee
0.029 0.403  -----
0.033 0.505 0.027
2 0.034 0.535 0.028
4 0.0355 0.584 0.033
5 0.037 0.640 0.038
6 0.038 0.682 0.038
8 0.039 0.728 0.035
10 0.040 0.778 0.033
12 0.042 0.903 0.0%8
15 0.043 0.982 0.035
18 0.044 1.080 0.035
21 0,045 1.205 0.036
25 0.046 1.380 0.037
Final 06,048 0 ameea
llean = 0,036
C = 0.45 /P = 150



TABLE ¥LI.
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.......................

Time Volumes Loz 8/8 - X ¥
(mins) absorbed
1/4 0.024 0.301  eeee-
1 0.0%3 0.505  —eee-
2 0.035 0.566 0.045
3 0.036 0.602 0.040
4 0.037 0.640 0.040
6 0.038 0.680 0.0%34
8 0.040 0.778 0.037
10 0.042 0.90% 0.042
12 0.043 10,982 0.042
15 0.044 1.079 0.040
18 0.045 1.20% 0.040
25 0,046 1,380 0,036
Final 0.048 -
Mean = 0.039
C = 0.48 = 139

ol
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ol

TABILE XILIT.
T DO U C e e e v vosonesooacosnasese 465°¢C
Calculated PressSUlCecececeiceccas e 31l cms,
Time Volumes Log S/S - X X
(mins) absorbed s
1/4 0.027 0.%01  emee-
1 - 0.036 0486  aeea-
2 0.041 0,618 0.059
3 0.042 0.652 C.050
4 0.043 0.691 0.048
5 0.044 0.732 0.047
6 0.045 0.778 0.046
8 0.048 0.954. 0.05
10 0,048 0.954 0.045
12 0.050 1,130 0.052
15 0,051 1,255 0,050
18 0.052 1.431 0.052
21 0.052 1.4%1 0.044
25 0.053 1.732 0,049
Final 0.054 e
lean = 0.049
C = 0.50 = 114
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TAEIE XLIII.

P EMDE T2 U e s v v e e evoneoosonnnene 508°@
Caleulated Pressure......... cees29.,78 cms,
Tire Volumes Loz 8/5 - X K
(mins) absorbed
1/ 4 0,029 0.3%4 -
1 0.038 0.528  mmee-
2 0.042 0.652  eeee-
3 0.045 0.778 0.066
4 0.046 0.829 0.062
: 0.047 0.886 0.061
6 0.048 0.954 0.062
8 0.049 1.033 0.057
10 0.050 1.1%0 0.05
12 0.052 1.430 0.071
15 0.052 1.470 0.057
18 0.053 l.731 0.064
Final 0.054  eemee-

ean = 0,001

= 89.5

C = 0.58




TABLE
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XLIV,

P MDA UL C e e e e e eeencooeconnnssen .508°¢C

Calculated Pressure

0000000000000

. .05.85 ems,

Time Volumes log 8/8 - X ¥
(mins) absorbed ‘
1/4 0.045 0.352  =-e--
1 0.063 0.654 oeo_-
2 0.067 0.761 0.090
3 0,070 0.866 0.095
4 0.072 0.954 0.093
5 0.074 1,062 0.096
6 0.075 1.131 0.092
8 0.077 1.306 0.091
10 0.078 1.432 0.085
12 0.079 1.608 0.086
15 0,080 1.909 0.089
Final 0.081  —eeen
llean = 0.091
C = 0.58 = 89.3

™



Temperature.

Calculated Pressure..

TABLE XLV,

109.

000000

Time Volumes Iog 8/8 = X K
(mins) absorbed
1/4 0.045 O.447  emee-
1 0.055 0.669  aeeee
2 0.058 0.766 0.058
3 0.061 0.890 0.086
4 0.062 0.942 0,078
5 0.063 1,000 0.074
6 0.065 1.145 0.086
8 0.066 1.243 0.077
10 0.068 1.544 0.091
12 0.068 1.544 0.076
15 0.069 1.845 0.080
Final 0.070  aeeea
= 0.080
C = 0.63 = 70,0



TABLE XIVI,

TemperatulCeseseesss. Cececenesens 605°C

Calculated PressurCeceseceeeesss .30.85 cms.

Time Volumes ILog /8 - X K
(mins) absorbed

1/4 0.063 0.828 ———-
1 0.066, 0.966 0.096
2 0.068 1.092 0,111
3 0.069 1.171 0.100
4 0.070 1,267 0.099
5 0.071 1.392 0.104
7 0.072 1.568 0,100
10 0.073 1.869 0.100
Final 0.074  —eeea

| K




Temperature.

dalculated Pressure..

111,

TABIE XILVII.

00000000000031038 CliS e

Time Volumes Log 8/8 - X K
(mins) absorbed
1/4 0.102 1.256 0 e
1 0.104 1.431 C.141
2 0.105 1.556 0.133
3 0,106 1.751 O.137
5 0.107 2,033 0.149
Final 0,108 = —aca-

Mean = 0.140

C = 1l.29 Y P = 41.6

K
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VII. DISCUSSION C©OF RESULTS.

(A)., SOLUBILITY OF OXYGEN IN SILVER.

The results obtained for the solubil-
1ty of oxygen in silver are given in Tables XI to XXVII,
and are plotted in Figures 6, 7, and 8.

Within the limits of experimental
error the results were completely feproducible. There
was no hysteresis effect, the solublility at any temper-
ature being independent of the thefmal history of the

metal.

Variation of Solubility with Pressure.

The solubllity at various temperatures
is plotted against the pressure and against the square
root of the pressure in Figures 6,and 7. The values
are also given in Tables XLVIII LIV, The values
given in these figures and tables were obtained by plotting
the results of each experiment and intervolating, so as
to be able to compare the results at the same temperat-
fires. It is evident from the results that the solubil-
ity is proportional to the square root of the pressure.
The value of VP (where P is the pressure andfQ the
absorption) ié gractically congstant at any temperature.

There is, however, a drift at the lower pressures, the

amount absorbed being smaller than that given Rem by
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the above relationship. This deviation, however, 1is

not noticeable at the hicher temperatures.

TABLE XILVIII.

T emPEeratiur€e .. . ..q0200°C.

Pressure Volumes Y P
(ems) absorbed 9
TeT 0.040 69

16.9 0.063 65

33T 0.100 58

34,1 0.101 58

59.4 0.121 63

68.0 0.132 62

69.6 0.118 69

79.0 0.143 63

TABLE XLIX.
Temperature.......300°C

esae Srito <
67 0.021 123
19.3 0,048 92
19.8 0,048 93
38,0 0.071 87
67.1 0.093 88

89.6 0.108 88

G G W SN G G G GG S A R Sur v e W S
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TABLE 1L,

Temperature......400°C

Presoure Jolunes %
6.2 - 0.015 164
20.5 0,041 111
21.8 0.045 104
42,3 0.062 104
43,0 0.062 106
T2.6 0.085 101
85.6 0.094 59
8662 0.096 o8
98.1 0.100 99
TABILE LI,
Temperaturl€eee.....500°C

Pressure Yolmes /T
6e3 0.021 119

[ e5 0.030 92
22,6 0.050 96
23,4 0.053% 92
3666 0.063 96
43,6 0.074 89
45,5 0.072 o4
104 .4 0.121 85
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TABLE LII.

Temperature......620°C

Pressure Volumes /P
(cmse ) absorbed Q.
8.6 0.043 68
20.5 0.069 66
45,3 0.111 58
5l.3 0.124 60
64.2 0.13%5 60
TABLE LIII.
Temperaturee..... 700°C
Teaes’ fDaures '
3.8 0.068 46
24,5 0.108 46
48,0 0.153 46
5044 0.150 47
73.6 0.182 47
TABLE LIV.
Temperature......300°C
Mo opmces '3
4.8 0.086 2545
14.9 0.150 25.7
337 0.231 25,1
59.9 0. 304 05 43

G GRS P S ED G Gep WP s Gmp ot G W WP GO W
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As has been previously pointed out,
the fact that the absorption is proportional to the =zquare
root of the pressure means that the oxygen molecule when
diggolved in the silver ig broken up inté two parts.

No other inference as to the actual condition of the
oxyzen can be drawn from this fact. The oxygen may
simply dissociate intb atpms, it may dissociate into
ions, or it may reactAwith the silver to form Az0O, or
some other oxide of silver containing one atom of oxr-
gen in the molecule.

- The variation of the absorption of
s gas by a metal with the square root of the pressure
seems to be a phenomenon af a fairly general nature.

The relation has been shown to hold for the absorption

110
17,

of hydrogen by ETantalum*”?, @opper®?®, Ir?nsﬁﬁgnd nicke
and for the absorption of Sulphur dioxig; by copper®®,
liond ,Ramsay,and Shields, however,have found that this
relationship does not hold for the absorntion of hvdro-

sen by nalladium and platinum®”’

Variation of Solubility with Temperature.

The variation of the solubllity
with temperature is shown in Figure 8 for oxygen press-
ures of 10, 20, 40, and 80 cms. The solubility curve
shows a minimum in the neishbourhood of 400°C. The
solubility increases as the temperature is lowered from
400°C to 200°C. On account of the extreme slowness

of the nrocess of solution at low temperatures,it was
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not aracticable to make any measurements below 200°.

It appears, however, from the form of the curve that the
solubility should be‘bonsiderably greater at room temp-
erature than it is at 200°C.

The presence of the minimum in the
solubility-temperature curve makes it virtually imposs—
ible to obtain any general relation expressing the var-
lation of solubility with temperature over the entire
range from 200 to 800°C. Above %#00°, however, it
was found thet the equation 1/Q =X ( 930 - t ),
where Q is the absorption,K is a constant depending on
the pressure,and t is the temperature in degrees Cent-
igrade, fitted the experimental regults fairly accurate-
lv. The reciprocal of the solubility is thus propor-
tional to the number of degrees the temperature is below
930°C. The melting point of silver is 960°C, but the
melting point is.lowerediby the dissolved oxygen. Le
Chatelier’® states that the absorption of hydrogen by
silver causes a drop in the melting point of 30°. If
the drop 1s as great in the case of oxygen, it seems
justifiable to assume that the reciprocal of the solubil-
ity is proportional to the distance below the melting
point. The constancy of K in the above equation is

illustrated in Tables LV to LVIII,



Temperature
Absorption
K

Temperature
Absorption
K

Temperature.
Absorption
K

Temperature
Absorption

K

118.

TABLE 1V,

Pressure...... 20
400° 500°  620°
041 L0499 L069
21.8 21l.1 21.4

Ol Gy GER WIS A TP TR TEP caf VED WER vl S ShD P WD b

TABLE LVT.

PressulCes . cee3d
400° 500°  620°
056  .062 .098
29.7 26,7 30.4

TABLE IVII,

Pregssureec..,.50
400°  500°  620°
067 .080 121
3545 344 375

TABLE LVIII,

Pressure.....:76
400°  500°  620°
0872 104 147
46,1 44,8 45,5

CllSe.
T00°
097
22.73

800°

« 175
22.8

800°
«235
30.5

800°
. 342
IVINN
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Effect of Thickness or Surface on Solubilitvr.

The samples of silver used were of
various thicknesses. Samples 1 and 4 were 0.15 n.n.
thick, Samples 2 and 3 were 0,30 mm. The thickness
of sample 4 was somevhat irregular.

No difference in the solubility due
tc the difference in.thickness or surface was observed.
Hence adsorptlion has no measurable effect at the temo-

eratures used.

Effect of Traces of Impurities.

It has been already pointed out that
the presence of small amounts of iron and copper in the

gsllver had no effect on the solubility of oxygen in it.

(B). SOLUBILITY OF NITROGEN IN SILVER.

Ags may be seen from Tables III to
X there is no measurable absorption of nitrogen by sil-
Ver. This 1s to be expected as 1t has been found by
a large number of observers that nitrogen is not'absor-
bed by metals except in cases where a well defined

nitride is formed.
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(C). RATE OF SOLUTION OF OXYGEN IN SILVER,

The rate of solution was also inves-
tigated and the results are given in Tables XXVIII to
XLVII. Some sample absorption-time curves are shown

in Figure IX.

Equation for Solution Velocity.

Consider a block of silver placed
in an atmosphere of oxygen. Agssume that the outer
layer of the silver is immediately saturated with the
gas in the dlssociated condition. The process of sol-
ution will consist of the diffusion of gas from this
saturated layer into the body of the metal. Ag the
gas diffuses inwards from the surface layer,more gas
will dissolve in it so as to keep it saturated. Let
S be the saturation concentration,and X be the average
concentration of gas in the body of the silver.

Then, according to Fick’s Diffusion
Law, the rate of diffusion inwards from the saturated
surface layer will be proportional to the concentration
gradient, that is proportional to (S - X). Hence we

have

d

On integration this gives

S-Xth+I(

vhere I is a constant of integration.
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When t =0, X =0 ,s0 that I = log 1/S .

Hence

or
t S - X

That is the rate of solution is proportional to the ratio
of the saturation concentration to the amount of gas still
to be digsolved.

Ag may be seen from Figures 10,11,
and 12, log __ S  plotted against t gives a straight
line. The§?§§§£ two points, however, generally'lie
below the line, and the line does not pass through the
origin as the foregoing equation would require. Avpar-
ently the first part of the gas is absorbed much faster
than the equation would indicate. The process evid-
ently proceeds in two stages. If we neglect the first
two or three points on the curve and takg into accoung
the fact that the line does not pass through the orifin,

we obtain a corrected equation of the form

t

' t S - X )
where K i1s a constant depending on the temperature and
pressure, and C varies with the temperature but is inden-
endent of the pressure. This equation has been found

to give good agreement with the experimental results.
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Effect of Pressure on Solution Velocity,

The variation with pressure of the
constant K in the reaction velocity equation is shown
in Tables 28~33 and 43-44, The results of Tables
28-33% are collected in Table 59 and are plotted in Figure
10.

TABILE LIX,

Temperature......310°C.

Pressure K /:E
K c

Te55 0.,0195 140 0.10
13,94 0.028 133 0.10
31,34 0.042 133 0.10
39455 0.047 134 0.10
55,18 0.057 130 0.10
57.52 0.058 131 0.10

—— MR NS MM M G Er VN NS R e W VP M NP Mam ey e SR S me e e S

It will be seen that C is indepen-
dent of the pressure, while X, that is the slope of the
line in Figure 10, veries as the square root of the press-
ure. This is to be expected. The »nrocess of sol-
ution consists merely of diffusion of oxycen into the
silver, and 1t has been shown by Johnson and Larose?
that the rate of diffusion of oxvgen through silver isg

nroportional to ti:e sguare root of tre »nressure.
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Bffect of Temperature on Solution Velocitv.

The effect of temperature on the
velocity of solution is shown in Tebles 33-47. The
results have been plotted in Fisures 11 and 12 accordins
to the equation previously derived.

At temperatures below 390°C,(that
is below the vosition of the minimum in the solubility-
temperature curve), the value of C 1iIn the équation rem-

alns constant at 0.10, while K increages as thg temperat-

-

ure is raised.  Between 390 and 440° , C increases rap-
idly while K dédcreases.  Above this temperature, C con-

tinues to rise as the temperature increases, and K in-
creases slowly and regularly. In order to eliminate
the effect of pressure, the values of ¥ P / K instead

of K are given, together with the wvalues of C, in

Teble LX.
TABLE IX.

G S LG S

280 232 0.10 440 150 0.45
310 134 0.10 450 139 0.48
337 70.2  0.10 465 114 0.50
375 61.7 0.10 508 89.4 0.58
390  57.4  0.10 560 70,0  0.63
40 135 0.16 605  55.6  0.87

430 139 0439 690 - 41,6 1.29

W Gt w D S WO I S S Wu TS WS WP S e G Wb
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The neculiar behaviour of the value of K in the neigh-
btourhood of 400°C mekes it impossible to obtain any sir-
ple expression for the variation o€ the velocity of sol-
utlon with temperature. The temperature coefficient
i1s low, however, as would be expected in a process in

Which diffusion is the predominant factor.

Effect of Thickness or Surface.

Due to lack of time, no investigat-
ion of the effect of thickness on golution velocity has
been made. Ags, however, the thickness has no measur-
able effect on the solubility, and as the rate of'diff-
usion has been shown to be inversely proportional to the
thickness®, it is probable that the same relationship
holds here and that the rate of solution is inversely

proportional to the thickness.
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VIII. GENERAL DISCUSSLOY.

The experimental results have been
summarized in the foregoing section, and the effect of
various factors on the solubility and the rate of sol-
ution has been discussed.

- The explanation of the minimum in
the solubility-temperature curve is difficult. Breaks
in solublility-temperature curves have been found in the
case of other metals, notably the solubility of hydrogen
in iron. These breaks, however, in general merely
affect the slope of the curve, and the solubility usually
increases with increasing temperature both before and
after the breask. (Manyl%ﬁggtances, however, when dis-
solved in water nossegs solubilities similar to that
found in this investigation.

The fact that a sudden change occurs
in the rate of solution at this temperature, seems to
point to a transition of the silver from one allotropic
form to another. There is also the possibility of a
change in tﬁe manner of combination of the oXygen. The
form of the solution velocity curve, as has been pointed
out, shows that the oxygen is apparently taken up in two

stages. At any rate it seems certain that two factors

enter into the reaction, one of which decreases as the



126,

temperature is railsed, while the other increases. The
solubility-temperature curve actually obtained is thus
the sum of these two effects. It 1s interexting to
note in this connection that Holt'®® was obliged to ass-
ume two forms of palladium in order to explain his reg-
ults on the rate of solution of hydrogen in it.

Above 400° the solubility varies
regularly with the temperature and, as already pointed
out, can be expressed simply by the equation
/@ = K (93 - T ).

The‘heat of solution can be calcul-

ated from the rate of change of the solubilitr with temon-

erature. We know from thermodynamic considerations
that
d ln C - U
aT RT®

where C is the concentration of the saturated solution
at a temperature T,
U is the heat of solution,
and R is the gas constant.
If we express the above solubility-temperature relation-
ship 1n absolute temperatures, we have

QR = __ 1
K (1203 -T)

or

Q = k
1203 - T

Hence we have



d 1n % Iz )

1203 - T) = U
aT RT®
- 1 = U
1203 - T RT®
U = — RTf = 1;9822 Calo
T - 1203 T -« 1203

Hence we can calculate the heat of solution at any temp-

erature above 400°C. " Thus, for example, at 600°C
we have
U . '-': 1;098 X 8732
873 - 1203

= - 4580 calories.

At about 400°C the tangent to the
solubility-temperature curve is horizontal and the heat
of solution is zero. Below this temperature the heat
of solution ig pogitive.

From the rapid variation of the heat
of solution with temperature, and the change in sign which
i$® undergoes at 400°, it is apparent that the heat of
solution is not merely the heat reaquired to dissociate
the oxygen molecule into atoms. Lewis**® has calecul-
ated the heat of formation of Agso from measurements of
the dissoclation pressure. The heat of formation
does not change with temperature nearly as rapidly as
the heat of solution calculated here.  Hence, apparent-

ly, the process does not consist merely in the formation

of Agzo.
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The variation of the solubility with
the square root of the pressure shows definitely that a
dlssoclation of the oxygen molecule takes place on sol-
ution. The actual condition of the oxygen after the
digsociation has taken place cannot be definitely es-
tsblished. The two most likely possibilities are
the solution of the oxygen atoms in silver as such, or
the solution;of Ag®0. At the temperatures investig-
ated Agao would be in existence at oxygen pbkessures far
below its dissociation pressure. It is, however,
possible that the fact that the Agao would be in dilute
solution would render it stable, éven under such c&n—
ditions.

There 1s also the possibility that
the oxygen may be presgsent in the form of ions. Thus
Hartley?®® found that if gold were heated in oxygen at
370°C it became positively charged, while in hydrogen
1t became negatively charged. Apparently this charge
was due to the gas Yeaving the metal in the form of ions.

137 noticed the activation

Ramsay
of hydrogen which had diffused through palladium. It
reacted wlth gases such as nitric oxide. This however
might equally well be due to atomic hydrogen, ratier than
to hydrogen iong,

Langmuir?®® found that oxygen de-

creased the electron emission from a heated tungsten

filament, while nitrogen was inactive,



129.

These phenomena, however, might
all be explained on the bagis of adsorption. They
are all surface effects, and there seems to be no necegs-
ity for assuming ionized gas,

Other electrical phenomena give evid-
ence against the idea of ions. Richards and Richards®®?,
from the results of their investigation on the effect of
a magnetic field on iron containing occluded hydrogen,
concluded that the hydrogen was 1in the atomic condition
and was not ionized. Richards and Behr?*°® ceme to the
same conclusion from the investigation of the E}JM.F. of
finely divided iron containing dissolved hydrogen.

The evidence, therefore, does not seem to support the
hypothesis of ionic dissociation.

Che mical affinity plays an import-
ant part in deciding whether a gas will be absorbed by
a metal or not. Thug the rare gases which possess
practically no residual field of force are not absorbed
by any of the metals. Nitrogen, also, being relative-
17 inert as far as chemical combinatlon 1s concerned, ig
not absérbed,except in cases such ags that of iron where

a well defined nitride is formed.

Absorption and Diffusion.

The phenomena of absorption of gases
by metals and of diffusion of gases through metals must

be fundamentally connected. It is virtually impossible
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to conceive of a mechanism for diffusion other than that
of solution on the high pressure side of tﬁe metal and

a. subsequent giving up of the gas on the low pressure
side. Apparently then, solution must precede diffus-
ion and a gas cannot diffuse through a metal in which

it 1s insoluble. That this conclusion is justified

by experimental results is shown in Table 617,

TABLE IXI.

GASES WHICH DIFFUSE THROUGH AND ARE ABSORBED BY

METALS.
Metal Diffusion No Diffusion Absorontion No Absgorption
Iron H , N 'Ar , He H , N Ar , He
2 8 2 2

Platinum H 0 H O

8 8 8 2
Palladium H He H_ He
Silver 0 N 0 N

2 2 2 2
Mickel H N, CO H o, C0

2 £ 2 8
Copner H H

8 2

W B ol N M SN IS e D CHE P WU T TN CEE GMP W R e G il > NS bl VAP WE e w Ay S w OB

Both the rate of diffuslon of oxyken
hrough silver, and the solubility of oxygen in silver,
have been found to be proportional to the square root of
the pressure. Hence both phenomena point to a dissoc-
iation of the oxygen. Ehe rate of solution of oxygen
in silver is also proportional to the square root of the
pressure, This is to be expected as the »nrocess of - \w\
2

solution merely consists in the diffusion of the gag 9 &
el = )

into the metal,



131,

The solubility curve shows ¢ ninim-
un at 400°C. There is also a sudden change in the rate
of solution at this pnoint. It is therefore probable
that the rate of diffusion would schow an abrupt change
at this point. Unfortunately no measurements have
vet been made on the rate of diffusion below 400°C.

The case of hydrogen and iron is somewhat analogous.
Sieverts showed that there was a sharp rise in the abs-
orption at 850°C, the transition point from %ig;}to bete
iron, corresponding to a similar rise in the rate of diff-
usion observe@ by Ryder.

If we asgume that diffusion is due
to solution we can calculate the actual distribution of

oxygen in a silver plate through which the ga= is 4iff-

using.
cone., C z. N
Press.= P 2 Press.= 0O
ax
¢ >

Consider a plate of gilver of 1
square cn. cross-section, and thickness T cms., through
wilch oxygen 1s diffusing from one side on which the pregs-

ure is P cms. to the other side which is kept evacuated.
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Iet the concentration of gas Jiss—

olved in the metal be CO at the high pressure sidé and

any distance x in from this side.

C> at
Zzrgen diff-

<M
A X

The number of c.c. of o

using through per second , Q, is given by
Q@ = KB/ P e (1)
T

The amount of oiygen digsolved in

tie surface layer, CO, will be given by

C = kX v P

o 1
since the solubility varies as the square root of the~

pressure, Substituting for P in equation (1),we

obtain
Q = KZC
(2)

This amount of gas must cross any plane in the metal per

gecond.
The amount of gas diffusing

towards the low pressure side at x is given by a
similar expression to (2),

QX = K Cx

T -« X

But since the total amount of gas

crossing any plane in the metal per second must be the

same, Qx = Q , so that
K C_ K C
T T - x

"
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Or CX :(T-’i‘};) CO nooooo'toaoﬁo(.))

which cives the concentration of oxygen at any point in
the plate,

We can also calculate tie average
velocity forwards of thevoxygen atoms in any part ol the
plate, The amount of oxygen crossing per second any
plane dx, a distance x in from the high pressure sidg,
in a plate of thickness T is equal to the rate of diff-
usion of the gas through 2 nlate of this thickness,say
QT C.Cs PEr sgquare cm. per sec,

The average translational velocity,
V, of the atoms of oxygen is equal to the number of
atoms going through the layer ver second multiolied by
the thickness and divided by the number of atoms in

the layer, that is

V = dx

L 4 S

| 8

C
X
Co

vhere S 1s the number o8 c.c. of oxygen dissolved by 1

cc. of silver at the pressure P. Whence we obtain

V:QTCO

C 8§
X
But from (3), C, = CO(T- x ),
Hence
\'4 = QTCoT = QTT

C (T - x) 5 -X)
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Or, if Z is the rate of diffusion in c.c. per square

cm. per second through a plate 1 cm. thick, we have

QT = Z/T

whence
A y

ST = %)

From this we can obtain the average resultant velocity of

the oxygen atoms through the plate at any point.
Thus, for example, at 500°C and a

pressure of 76 cns. we have,

S = 0.104 c.c. per c.c. of gilver
T = 000205 ClsSe.
Z = 2,51 x10° c.c. DEeY Sg.Cm. pPer sec.

Hence we have<+
(1), Velocity of entering gas (x = 0)

V = 2,51 x 107°
0.104 (0.0205 - 0)

= 1.18 x 107° cms. per sec.
(2). Velocity at centre.(x = T/2)
= 2.36 x 10”% cms. per sec.
This is also the average velocity of the oxygen atoms

through the whole plate,
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IX, CONCLUSIOH.,

Mt S s Bl aew s uer e g aeee

From the foregoing discussion,
certain conclusions may be drawn as to the mechanism
of solution and diffusion in the case of»oxygen and.
silver. The oxygen molecules are dissociated in the
gllver into atoms. These atoms then dissolve in the
gilver or react to form Aggo.

The proéess of diffusion consists
of the solution of gas in the metal, followed by & move-
ment of the gas through the plate, by being dissolved on
the high pressure side and given off on the low pressure
side. This is accomplished either by the diffusion
of the dissolved oxygen atoms, or by the handing on of
the oxygen in.AggO from one silver atom to the next.

The process of solution is similar
to that of diffusion, The outer layer of the silver
is kept saturated and gas diffuses from this laver into
the interbdor according to Fick’s lLaw,

While no definite decision can be
made as to whether the dissolved gas exists in the atomic
state or as AgBO, it appears to be more likely that it
is in the atomic condition. |

The effect of temperature on the
solubility and the ratevof solution points to the trans-
ition of the silver from one allotropic form to another

in the neighbourhood of 400°C.
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The measurement of the rate of diff-
usion is difficult, Whi;e the rate of solution is compar-
atively easily determined. It is hoped that future
work will establish the connection between the two and
enable the rate of diffusion to be calculated from éol-

ution velocity measurements,
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SUMMARY .

— Gmw e st e Gees e

An apparatus hasg been devised, by means of which
accurate measurements of the solubility of gases

in metals may be made,

The solubility of oxygen in silver has beem meas-
ured over a wide range of temperature at various
pressures.

The solublility is proportional to the sguare root
of the pressure.

The solubility-temperature curve shows a minimum

at 400°C. Above this the solubility is express-
ed by l/Q‘ = K(930 - T), where Q is the solubility
and T is the temperature in °C,

The rate of solution of oxygen in silver hags been
measured over a considerable range of temperature
and pressure. The equation K = 1/t (log 8/85-X
- C) has been found to express the experimental
results,where S is the saturation concentration,

X i1s the amount dissolved atvtime t, and K and C
are constants.

The rate of solution is proportional to the square
root of the »nressure, The variation with temp-
erature ig complicated and has not been explained.
By comparlson with diffusion measurements, the con-

centration gradient and the average forward velocity
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of oxygen atoms in diffusion have been calculated.
(8). The mechanism of diffusion and of solution has been

discussed.

(9). Nitrogen has been shown to be insoluble in silver.

This investigation has been carried
out at McGill University under the direction of Dr.F.M.G.
Johnson, to whom the author wishes to express hig indebt-
edness for much helpful advice and critlcism.

Acknowledgment 1s also made of the
receipt of a Studentship from the National Research
Council of Canada, during the tenure of which part of

this work was performed.

MeGill University,
Montreal. Que .

April 30th. 1926,
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