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1.
SORPTICN OF GASES BY SOIIDS.

1. Historieal Survey.

_V Sorption was first mentioned by C. W. Seheele in 1773,
describing gases exposed to charcogl. 1In 1777, the Abbe P.
Fontaena deseribed the experiment in which glowing charcocal is
plunged under mercury and is allowed to rise into an inverted
tube containing gas, which results in the disappearance of
all or the greater part of the gas.

Sorption was slso investigated by Priestly, de Morvesu,
Morozzo and Paraday. Faraday believed that it was & surface
phenomenon due to the attractive forces exerted by the substances
used, especially the solids. This conception of the superficial
astion of matter was replaced by the hypothesis of sapillary
condensation whiech explained adsorption in terms of liguid
condensed in pores of the solid due to the lowering of the
Vapour pressure caused by surface tension effects. If this
conception is true, then it would be impossible to obtain
adsorption at plane surfases suech as are afforded by miea, nor
would gases be adsorbed at temperatures higher than the eritical
temperatures. In spite of the meny arguments againat the
hypothesis of poresity, it still persiste in certain quarters.

De Saussure and Joulin believed that adsorption took plsce
in thick, compressed layers due to long range attractive forces
which extended from the surface of the solid with progressively
falling potqntialo This hypothesis is known to-day as the

Polanyi or compressed film hypothesis. De Saussure ang Joulin
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noticed, also, that they were dealing with true equilibri& in
the adsorption of gases by solids. Thermodynamic points of
view eould, therefore, be applied, since we have purely reversible
changes of pressure in a two-phase systen.

In 1915, langmuir proposed the hypothesis of the uni-
molecular adsorption layer, which will be described in debail
later. Both the compressed film hypothesis and the unimoleculay
layer hypothesis still have their adherents, although the kinetics
provided by Langmuir and based on his hypothesis may be said to

have gsained ﬁniversal aceceptance.

2. The Classical Sorption Isotherm.

The Classical sorption isotheym is generally known, although
erroneéusly sol, as the Preundlieh exponential isotherm. It was
the first attempt to obtéin 8 proportionality between the pressure
of the gas or the consentration of the solution and the '
coneentration of the solid. Thus if x grams of a substance are
sorbed by m grams of a sclid,:the proportionality would be
represented by‘x/m = kp or ke, where p represents the pressure
of the gas and ¢ represents the concentration of the solution.

If assocciation had to be taken into ascount, p and ¢ eould be
raised to some integral power.

It was féund, however, that the experimental facts
corresponded to & modified formula which may be written as
follows,

x/m = kp%

or, xX/m = ke#
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where 1/n, instead of being an integer, is an irrational
fraction verying with eirecumstances from 1 %o 1/10.
This isotherm gives a good deseription of the approximate

quantitative behaviour of sorpticn.

&+ The Langmuir Formula.

| ?he classical equation may be applied over a limited
range of pressure for whiech a value of n may be found which
adequately expresses the experimental observations. Over a large
bressure range no such value of n ean be obtained, end the
equation derived by Langmuir for & uniform surface on the basis
of his concept of unimolecular adsorption may be substituted.
This equation is expressed as follows,

/
X . _kbp
m°~ 1+bp

where Xk and b are constants, and the other symbols have the
significance given above. The Langmuir eguation is s mush
more exact formulation of the sérption of gases by solids

than the elassisal isothern.

4. Reversible Bquilibrium.

In every ecase of sorption investigated, the results
observed represent true reversible equilibrium. This may be
inferred from the fact that only a few seconds are required
for the greater part of any gas to be taken up. The best way
of proving this point, however, is to approach the equilibrium
from both sides, that of supersaturation end of undersaturation.

Jdoulin found that in both cases the same condition is attained.

5, ?ime»
. Although an initial equilibeiug is attained in the firgt
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few séeonés9 it is found that further amounts of gas are taken

up over long periods of time. MoBain has carried out experiments
with carbon and solutions of iodine whisch lasted for as long

ag eleven years, during which time the amount of sorption was
doubled without any evidence of chemisal resction having taken
rlece. This slow process is probabdbly due to diffusion, absorption
or solid solution. In certain cases, it may also be attributed to

aetivated adsorptioa'as will be shown later.

6. Temperature.

B Temperature may change the type of adsorption 6bserved.
E@Warzkfbund that oxygen adsorbed by charcoal at ~s185°9 may be
ia?gely removed from the charcoal by evacuation. Galvert found
that between 0° and 150°, the oxygen sorbed on sharcosl is not
réaﬁily recovered. At higher temperatures, very little oxygen
is recovered as suech on evasustion. The gas whieh is removed
is found to be largely a mixture of eérbon monoxide and earbeh

dioxide,

II. Types of Sorption and Related Phenomens.
1. Iﬁtredueticn.
. MeBaind was the first to show that gases may be taken up

by solids in meny ways other than by causing them to adhere to

the outer surface. In order to inelude all the processes by whieh

8 gas may be held by a 801id, he introdueced the general term

"gsorption®. It is now generslly conceded that there sre three
types of sorpfion9 viz., physieal adsorption, activated adsorption

or chemisorption, and diffusion or solution.

2. Physieal Adsorption.

Physieal adsorption is usually attributed to the van dep
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Wagls® forcése It takes plaece at low temperstures asnd is
aeeom@anied by small heats of adsorption. Benton found that
hydrogen was physically adsorbed by iron, which was prepared
by redustion of fused ferro-ferric oxide with hydrogen at
425-450°, at §l95 and ~183°; and the heat of sdsorption was
caleulated to be about 1600 eals.? Physical adsorption of
earbon monoxide by iron prepared by the same method was found
to take place at =183° 5. For the permanent gases adsorbed on
miea between -180 and -809C., the heats of adsorption range
between 500 and 2000 eslories per mol. Benton and.Whit66 showed
that physical adsorption took plasce belo& ;BOOQG.,when hydrogen
iwas adsor;ed by niskel. Above this temperature physical
and activated adsorption took place simultaneously.

The gases which are held by the van der Waals' forces
. are nst strongly bound by the s0lid, and may usually be
recovered by evacuation without heating.5 Dewar® recovered
mést of the oxygen adsorbed by scharcoal at -185° by means
,pf evacuation. Lowery and Hulett' showed that only 50% of the
begenradsorbed By chaseoalAat room temperature could be
recovered as oxygen by evaeuation; This seems to indicate that
at least two types of sorption had tékeﬁ Place at that
temperature. ‘

| In 1928, LennardeJones and Dent showed that the attraction

of a erystél of potassiunm ehléride on an argon atom outside it
| due to the van der Waals® forces was sufficient to give a heat
of adsorption of the order of 2000 calories per gram atom.
;Experimental determinations of thé heat of adsorption of an

inert gas sueh as argon on a erystal of the potassium ehloride
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type can only be made with great diffieculty, because of the

small surface area presented by such a cerystal per unit mass.

Lennar&wJenesa

, therefore, caleulated the heats of adsorption
for sysﬁéms which could be experimentally determined. The
caloulations for nitrogen on copper gave a result of sbout
2600 calories per gram mol, and that for hydrogen on copper
a result of 1300 calories per gram mol. These calculated results
agreeld very closely with the experimentai results obtained by
Benton who found that the heat of adserptioﬁ of nitrogen on
éepper, prepared by the reduetion of the oxide with hydrogen,
mainly at 116° snd finally at 140°, was in the neighbourhood
of 4@@6?200@ calories, and that the heat of adsorption eof
hydrogen on copper prepared in the same manmner was about
1000 calories at =195 to ~183°, |

The temperature range over which physical adsorption
@ccurs'alone varies for different systems of metal and gas.
Benton® showed that in the case of nitrogen on iron, physieal
&dserptien is the only process involved from §19195° to 0°C.
In the case of carbon monoxide on iren, physical adsorption
was found te take place from -183° to ~78.5°C. At -78.5° a
rapid adsorption took place followed by a slow process. Although
the raﬁid process is undoubtedly physical adsorption, Benton does
not explain the nature of the slow process that follows.
The writer is of the opinion that the slow process is one of
‘activated adsorption. This view is adopted after a survey of
the following facts. The process of activated adserption is

relatively slow, Indeed, the slowness with which equilibrium
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is reached has led Ward® to believe that activated adsorption
is nom-existant and is being mistaken for diffusion. Moreover,
-@ertain types of astivated adsorption are known to take place
at relatively low temperatures, and are associsted with
comparatively low-binding energies. Maxted and Hassiat have
shown that in the case of adsorption of hydrogen by nickel,
only primary adsorption takes place from -190 to -79%C. At -79°,
3010 cees of hydrogen are adsorbed by 7 grams of nickel due
to physical adsorption, and 0.24 c.c. is adsorbed by means of
a secondary adsorption. The curve obteined by Mexted and Hassid
is shown in Pig. 1. This amount is too great to be due to
solution. EXtrapolatiﬁg the data of Sieverts for the solution
of hydrogen in nickel, it is found that about 0.1 c.c. of
hydrogen is dissolved in 100 grams of nickel at -79%. and
760 mm. The amount of hydrogen adsorbed by 100 grams of niekel
due to the secondary praaesé obgerved by Maxted and Hassid is
about Z.4 ce0o

Another case of overlapping of physical and activated
adsorption at low temperatures was observed in the adsorption

5

of hydrogen by iron. Benton* found that yhysieal adsorption

and chemisorption took place simulteneously at -78.5°¢.

3. Activated &dsorption.
 Benton and White® found that hydrogen was strongly
adsorbéd by nickel at very low temperstures of the order of
;2000%. On raising the temperature, the adsorption diminished to
& minimum at about -180°C., then it rose to & maximum at ;10009,;
and after that, it fell off steadily with further rise in

temperature. The same results were obtained by Taylor
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and Willismson? and Taylor and MeKinneyl?, ©The heats of
adsorption at the higher temperatures were considerably greater
than those observed at the extremely low temperatures.

The seecond type of adsorption, the exact nature of
whieh is not yet imown, was salled activated adsorption by
BEe Se,ﬁaylorla and chemisorption by Benton and Whiteé. They
éuggest that the nickel surface at the higher temperaures is
eovered by astivated hydrogen, which is probably in the atomie
state, and is held by chemisal Fforces.

The binding energies involved in activated adsorption are
about ten times as large as those involved in physieal adsorption.
Beebe and @aylorlé found that the heat of adsorption of hydrogen
on niekel at high temperatures was 20,000 calories. G. B. Taylor,
Kistiaskowsky and Eerryl5 found that the heat of sorption
of hydrogen on platinum black was between 21,000 and 55, 000
ealcrieg, depending on the type of platinum blsek used; and the
heat of sorption of oxygen on platindm black was between
60,000 and 83, 000 calories. The heat of adsorption of hydrogen
on manganous oxide due to the‘van der Waal's forees was
eomputed to be 1.9 Xg. Gsls. by H. S. Paylor snd A. Shermanl®,
‘From 0%. upward, the energy of activation for the same system
was found to be 19 Kgo. Cals. They also found that the setivation
energy of hydrogen on alumins @as 25,000 eals.

The amounts of gas sdsorbed by mesns of setivated

adsorption are greater than those sdsorbed in physical sdsorption.
Benton® foung that about 4.0 c.6. of earbon dioxide were

adsorbed by eopper at 200°K., and 300 mm. due to physical
adsorption and that about 15 e.c. of the gas were adsorbeq

by copper at the same temparaturs and pressure due to sectivated
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édsorptibn. He also found that in the case of hydrogen on
gopper, about 0.4 e,é. of hydrogen was sdsorbed at 190%K. amd
500 mm. due to physical adsorption, and about 8.7 c.c.

were adsorbed by means of chemisorption at the same temperature
and pressure. The maximum guantity of hydrogen adsorbed by
copper due to physieal adsorption was & ¢.6., and this amount
was adsorbed at 60°K. and 500 mm. The maximum guantity of
hydrogen adsorbed due to activated édsorptien was 8,7 8e.Co

at about 190°K. and 500 mm.

4. Solution. ‘
It has already been mentioned that Ward and others do
not believe in the existence of activated adsorption, and they
are convineced that it is being mistaken for solution of the
gas intoc the solid. That a gas may be soluble in & metal was

17, who also observed that the rate of

shown by Sieverts
solution inereases with a rise in temperature. Assording to
Wardls, therefore, it could be expected that diffusion

of the gas into the solid would be a disturbing factor in
adsorption experiments. At low temperatures, where the rate of
diffusion is negligible, instantaneous adsorption only would
'be observed; and, with increase in temperature, slow solution
would take place simultaneously with the adsorption, and
equilibrium would be approached very slowly. ét»suffieiently
high temperatures adsorption would have decreased snd the

rate of diffusion would become suffieiently fast to make

solution the chief factor.
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19 lends support to Ward's hypothesis. He shows

Steacie
that in most cases gquoted by Taylor iﬁ support of the astivated
adsorption theory, the exPerimenﬁal date can be explained by
the known solubilities of the gases and solids considered.
That this is not the esse in the adsorption of hydrogen by
nickél’haa already been shown by the writer by means of a
somparison of the data obtained by Maxted and Hassid with
that of Sieverts.

A gas may diffuse into & solid in two ways,
{a) through the lattiee of the solid,
{b) along grain boundaries.
In the first case, the atoms of the solid must be sufficiently
far apart to allow the atoms or molecules of the gas to
pass between. As the temperature is inore&séd, the amplitude
of the vibration of the atoms of the so0lid becomes greater.
A point will be reached eventually when these atoms are
displaced from eash other to an extent great enough to permit
the gas to pass through. This type of solution may be expected
to become measurable at some critisal temperature, and to
inerease in veloecity on further heating.

The distanee between the atoms is greater at the Smekal
craaks; and plane%'of‘we&kness, Por this reasdn, spatial son-
siderations alone are not so impoétant in the ease of diffusion
along grain boundaries, Sueh diffusion should, therefore,
beeaome apparent at lower témperatures, and energy of activation

will be necessary for the lateral diffusion along the surface.
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In the cases where gas diffuses along the internal

surface of fissures in the metal, the gas atoms or molecules
are, strietly speaking, on the surface. A distinetion between
the two types of surfaces must be drawn. Rirstly, there is the
type of surface mentioned above; and seeonély, the surface whigh
is exposed to the bombardment of the gas phase. The term
"gdsorption™ is limited to the second type of surface.

W Warals, in a guantitative study of solution, has Ehown
that (1) for a given tempersture and pressure, the amount
-of gas absorbed is proportional to the square root of the time,
(2) for a given tempe:aturé; the amount absorbed divided by the
square root of the time is proportional to the consentration

on the outer surface, and (3) the process of adsorption depends
on temperature aecording to an exponential factor e’E/kE, where

E is a constant, viz., an activation energy.

5. Mobility of 4Ldsorbed Moleeunles.

20 21lowed mercury at -10°C. to

Volmer and Estermann
vaporize aeross an evasuated gpace to a glass surface which was
kept at -63°. They found that minute crystals of mercury formed
on the glass surface. These erystals were flat and their
thickness was not over 1/10,000 part of their width. The flat
portion of the erystal d4id not grow as fast as it received
the mereury atoms. The sides, however, were found to grow
a thousand times fasﬁer than the number of mercury atoms
reaching them directly from the vapour would warrant.

Henee, Volmer and Estermann eoncluded that the mercury

atoms which arrived at the flat surface travelled along that

surfage and fed the rapidly growing sides. Thus it may be seen
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that atoms or moleeules striking s erystal of the same materisl

may move about on the surface until they evaporate again or are
built into the space lattice.

In another experiment by Volmer and &dhikarizz‘9 it was shown
that erystals of benzophenone arising in a drop of the liquid
eould grow through the surfase to én extent of about 0.1 mm.
%he material for the growth of that part of crystal above the
liqaid is supplied by the movement of the adsorbed molecules
of benzophenone along the surface of the erystal. Volmerc?d
sﬁggests the following as an explanation of the mechanism of
the spreading of adsorbed molesules over a s0lid surface.

The adsorbed molecules, at low temperatures, are mostly

rigidly fixed to atoms of the solid, and are not mobile. They
ogeillate only around theilr equilibrium positions. On raising
the temperature, however, the amplitude of the oscillations

is increased; and more and more often an adsorbed molecule,
because of an oeecasicnal elongation will jump into the
unogsupied field of an adjacent atom. The prosess requires a
definite energy of activation, and its velecity will‘increase as
the temperature rises in aceordance with an exponential law.

The energy of activation for this process has been
calculated by E. K. Rideal®® for the oxidation of copper.

The value obtained was 12,400'ealories per gram mol.

6. Diseontinuities in Adsorption Proeesses.

v 41llmand and Qhapiing4 first notised disecontinuities in
the isosteres of all carbon tetrachloride - charcocal systems
determined over temperature ranges between O and 9003.,

whenever the carbon tetrashloride pressure exceeded 0.1 mm.,
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the heat of adsorption, constant up to that pressure, underwent

g sudden deerease. In 1931, Allmand and Burrageg5 obtained
discontinuous isotherms for the adsorption of the vapours
of carbon tetrachloride, benzene, water, earbon bisulphide,
and carbon diazide on various types of eharsoal. In two
cases, the broken isothermals for earbon tetrachloride were
found to be reversible.

Benton and White? observed that the adsorption of hydrogen
by nickel at low temperatures increased with pressure in a
disecontinuous manner. They also obtained disecontinuities for
the adsorption of hydrogen by copper at ~183 and =195°8.,
hydrogen by iron at these same temperatures, and nitrogen
by iron at ~78.5%. Isotherms for Hydrogen on Iron are given in
Pige. 2 | |

 These diseontinuities can only be ascribed to a large

number’of particles taking up a small quantity of gas abruptly
and nearly simultaneously. The possibility that fhe steps
represent the suecessive formation of complete layers over the
 surface of the sorbing material ean be eliminated sinse Benton
and White show that nearly a dozen steps occur without eovering
the sorbing surface with a unimoleeulsar layér.

To explain the discontinuities, Benton® proposed the
hypothesis of concentric rows. He believes that the surface
of metallic adsorbents are compeSea of plane crystal faces, and
that all the faces of given indices are alike in properties,
but may be different in size. For a given fasce, a step in the
isotherm represents the nearly simultaneous completion on all

such faces, of a row of adsorbed molecules parallel to the

edge. The first row is believed t0 be at the edges themselves;
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thereafter, additional rows form inside and adjaeent to one
another, until at last the rows reassh the centre and the face
besomes completely covered.

A similar hypothesis wes formulated by Allmand, Burrage,
and Chaplin®® They thought that the adsorption on charcoel
started out from active centres, from which "islands® of

gsorbate spread out. 4n "island" consists of a series of

congsentrie rings. The eémpletién of & ring and the start of a

new oue is marked by a break in the eurve. The spatial
arrangement of the rings in relation to the astive gentres
vis varigble. The rings are eloser in at high temperatures
’ana with low;beiling sorbates than at low temperatures or

with high-boiling sorbates.

7. Heats of Sorption.
i, Comparison of Heats of Sorption with Latent Heats of
Vayoriaation. | ‘ |
 Some mention has already been made to heats of sorption
in the discussion of physical and setivated adsorption. It
may be of interest to extend the data alrea&y given in order
t0 include a comparison of the heats of sorption with heats
of vaporization. MeBaiﬁy%ives table 1, the values recorded
being obtained by Dewar for the heat of sorption by charcosl

at -185%.
| Table 1.
Comparison of Heaf& of Soéption, 4, of Gases by
Chareoal and their Latent Heats of Vaporization, p.
Gas thaals.} 4 p (eals.)

Helium ©ee0cpo 0000000 000 5,000 eveeoceve s 24
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Gas. q (cals.) p (eals,)
HydPogen cecececsessss 1,600 cevscecsaceone 238
Witrogen cceececcccses 3,684 c6cc0c0ssccc0e 1,372
Oxygen ecescscccscce O, 744 6coccec00c0000 1,664
Argon ecccocssoscse 3,030 c060c000s 00000 1,500
Carbon monoxidecececeoo 3,418 ec00ccs0s00000 1,400
Electrolytis gas eoo.o 2,414 0000 00ss0c000o -
Carbon monoxide and oxygen 3,960 cceecocccccccs -
Carbon dioxide at -78° 6,100 ceeececesceens 3, 000

It is seen from the above that in each case the heat of

- sorption is considerably greater than the heat of vaporization.
It is of interest to note, also, that the values for nitrogen,
oxygen and argon bear no essential differense. This is of some
~ 8ignificanee when we sonsider that oxygen at low temperatures,
nitrogen snd argon are adsorbed by sharcosl in approximately

&8 It elearly shows a relationship between the

egqual amounts.
heagts of adserptioh and the amounts adsorbed.

| Lamb and Goolidgeag obtained the results given in table 2.
They used a steam activated coconut charcoal at 0°. with the
vapours of organic liquids. @ and p have the same significance

given above.

Table 2.
Vapour Q {cals.) p (cals.)
Ethyl chloride seeee. 12,000 cesoccasseces 6,820
Carbon bisulphide ... 12,500 c0cccsccanccso 6, 830
Methyl 8180h0l cec.oes 13, 100 ¢e0cesesecscs 9, 330
Ethyl bromide cceeeos 13,900 cececscscsses 6,850

Ethyl i0dide ceecsose 3.4,000 e920000000000 7,810
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Vapour g (cals.) p (eals.)
CR1OPOFOrM oecevecosss 14,500 coceccessess 8,000
Bthyl formate ccoooees 14,500 cc00cscecsnse 8, 380
BONZENE oeoevcensecnes 14,700 ceeeciensees 7,810
Ethyl 8160h0L eeceoos. 15,000 cocesesssces 10,660
Carbon tetrachloride . 15,300 coscseocescce 8, 000
Bthyl ether cecocescsses 15,500 cc000coccocs 6, 900

Lamb and Coolidge call the excess of heat of sorption
over the latent heat of vaporization divided by the molecular
volume of the eorresponding free liguid at 003. the net
heat of sorption per c.c. of liquid sorbed. They find that
it is identical for the eleven liquids studied. They write,
"Ihis is a very illuminating fact. It indicates that the heat
éf adgorption is indeed due to attractive forces of the
charcoal upon the liguid, and that for a given volume of
liguid, that is, for a given volume of filled capillary spaes,
the heat liberated is identical or nearly so for all the iiquida
studied.”™

ii. Experimental Methods of Studying Heats of Sorption.

Dewar®® used a liquid sir calorimeter at -185%., the
heat evolved on the introdustion of the gas to the shareosl
being measured by the amount of liguid air evaporated from an
insulated container surrounding the charecoal.

Lamb and Goolidgez%sed an iee ealorimeter in their
‘work cﬁ the adsorption of vapours of organic liguids by eharcosl,

31

Garner®" used 8 thermocouple which he placed in the middle

of the eharcoal and caleulated the heats of sorption by the
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rise in temperature of the sorbing material.

iii. BEquations Used to Calculate the Heate of Sorption.
The formula used by Taylor and Williamsonll is as

- follows:- ,
B A JCAEE)
where t; and t, are the times taken for the same volume of
gas to be adsorbed at‘temperaturea ?1 and T, respectively.

Q is the heat of sorption, and R is the gas constant.

E. Hu@kelz nges a formule whieh is as follows:-

q = r1® ( ala )

¢ is the differential heat of adsorption measured at a constant

volume, &nd ( >10 is the temperature eoefficient of the
’ _X'fs"E )a

logarithm of the equilibrium pressure under isosteriec conditions.

&4

In 1934, H. 3: Taylor and G. Ogden” wused the following

formula:-
log p, _logp, _ _ A 1 __;_J
4,68 \T T
, 1
A is the heat of adsorption. 1 and P, are the equilibrium

pressures for a given adsorption at Tl and Tz.

8. The ?hlekness of Adsorbed Films.

There are three points of view with regard to the
thigskness of the adsorbed layer. OChiefly through the influence
of Lengmuir, it is widely held that all sorbed molesules are
in contast with the molecules or atoms of the solid. Lengmuir
himself maintainsg that under highly favourable sonditions
such as an environment of nearly saturated vapour, & second

layer may be captured by the first and a third by the sescnd
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and so on with progressively weakening forece. Susgh bnilt;ap
bolymolecular layers differ in prineiple from the thirad goneeption,
that of the older physiss, that all the moleecules coming within
& certsin range of the solid are direstly attracted, thus
éenstitating a region of direct sorption whose thickness is
very many times greater than a moleeular dismeter and whieh is
not necessarily close packed with sorbed materisl.

Much experimental work has been done to distinguish
‘between the third or classieal hypothesis and the first op
monomolecular soneeption. In this type of work it is necessary,
first, to meessure the aetual amount of sorption, next to ascertain
the real ares of the surface involved, and finally to distinguish
e thick, directly attraected film from a built-up structure of -
many layers.

Although it is found that sorption by glass usually
eorrespends at most to a2 monomoleeculsar layer, Rinse® obtained
-8 film about éé? molecules thisck op 1;400 E in his experiment on
the sorption of mercuric iocdide on high melting Jens combustion
glass blown through a tube eontaining phosphorus pentoxide
and heated in a stream of dry oxygen till the glass softened.
Lengmuir®s experiments with miea®® gave less than enough for one
éemplete‘mcnemoleeular layer, using gases at very low pressures
and vapours at somewhat higher relstive pressures. His experiments
with prlatinum and his study of electroniec emigsion from thoristed
tungstén also indicate that the films sre mopomolecular or less,9?

It is evident that unless the area of the solid is
accurately known, the thickness of the adsorbed film cannot be
eorreetly determined. It is doubtful that miefeseepia &ethads

are sufficiently exaet since they do not take into agecount the

network of sracks that erystals spontaneously develop OWing to
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conetraction due to unbalanced foreces at the surfsce. These

cracks, spaced about 100 atoms apart, will appreciably increase
the area available for the sorption of small molecules.

Two methods for determining the true surface ares of
g0lids are deseribed by MeBain®®., 1In experiments with finely
divided lead sulphate, thorium B was employed as a “radioastive
indicator.™ During adsorption the isotope replaces some of the
lead atoms on the surface of the lead sulphate, these lead atoms
entering the solution until the ratio of the quantity on the
surface to that in the solution is the same for the lead stoms
and for its isotope. Reversible equilibrium establishes itself
80 quiekly that it is safe to assume that the rearrsngement
is limited to the exposed atoms on the surface of the erystal,
although it would include crascks and crevises. The distribution
of the isotope is found by means of an electroscope, and the
quantity of lead in solution is determined analytically. Hence
the exposed surface of the lead sulphate becomes known. PRor
lead sulphate it was found to be twice that estimated from
microsecopiec observation.

The second method which may be employed in the determination
of ares is known as the method of electrolytie polarization.

4 metal is made the cathode in a dilute acid snd the
quantity of elestrisity, #Q, which must pass across the interface
to cause a given change in the electrode potential is
measured. This gquantity is found to be independent of the
chemical nature of the metal employed; and, therefore, appears
to measure the accessible ares of the metal.

Table 3 gives the ratio between the true surface and the

apparent surface as found by the method of electrolytic polar-

igation. The true surfese is here defined as the surface
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available to hydrogen atoms. If a mueh jarger or much sm&llar
object than the hydrogen atom was used, the value for the ares

would change.
Table 3.

The Ratic between True Sﬁxfa@e and the Apparent Surface as found
by the Method of Blestrolytic Polarization. ’
Surface , Ratio

Platinum, bright foil ®ossccseccobossenccccos o0 o2
Platinum, bright foil, cleaned in acid ana

heated in & FlaMe cvvevococooosssscosssess 363
Platinum, platinized .ocoeeccrecscccocccancses 1,830
Nickel, POLiSNEA, HOW oeevossnsonncnnsnnsnnnnn.. 76
Wickel, polished, 018 coccsccoocooosooceccccosss 9.7
Nickel, activated by alternate oxidation and

reduction, NeW .ccecesccccoocsssoscncssces 46

Niskel, activated by alternate oxidation and

raductioﬂ—§ old O‘OOOvODGGQGOQC'006.0006&0& 29
Silver, freshly etched with dilute nitric aeid.. 51

Silver, eteched with dilute nitrie acid, after

TWenty HOULS  coceococccoconscoccoccscosee 37
Silver, finely SanaAPapered o.ccccececcccocososses 16

HElaborate apparatus was required to obtain the results
listed in table 3F, since the quantities of electrieity and the
time involved in measurement are both eXceedingly emsll. It
eonsisted essentially of an Binthoven string galvonometer with
a'mcving film camere to photograph its indications. The total
guanﬁity of electricity required to change tha hydrogen
eleatrode potential on platinnm‘to an OxXygen potential is equal
to that necessary to remove one hydrogen atom from eaeh stom

of vlatinum on the asccessible surface and replace it by an
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oxygen atom.

III. Sorption of Gases by Metals.

In order to have a basis of comparison, the writer believes
it advisable to include a short survey of the work which has
been done on the well-known sorbing agents, platinum and
palladium; and, also, a review of the results obtained in the

adsorption of nitrogen by metsls.

1. Sorption of Gases by Platinum.
Langmuirag ugsed platinum surfaces which were made
catalytically aetive by eontaet with a mixture of oxygen and
hydrogen ét 500%. and then evacuated at 350°G. He then admitted
small amounts of oxygen, and found that the 0xXygen disappeared
almost instently until the quantity adsorbed eorresponded to s
monomolecular film. No further quantity of oxygen was then
adsorbed, even when the pressure was greatly increased. The
0Xygen was very rigidly held as is evidenced by the fact that
evacuating at 360°C. produced no trace of oxygen, and treatment
with hydrogen or shlorine was needed to remove the sorbed gss.

Platinum black differs from platinum in having an
exceedingly large surfaese. Mond, Ramsay and Shields%C earried
out experiments with this substance. ‘They found thet at room
temperature approximately equal volumes of hydrogen, oxygen,
carbon monoxide and sulphur dioxide were sorbed by the platinum
black,.

Benton41 found that platinum blaeck sorbed equal volumes
of hydrogen and carbon monoside at 25°C, The amount of oxygen

sorbed by the platinum black was more than half as great as
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the amount of hydrogen sorbed. He could not remove the oxygen
by evacuation and heating to 110%. One volume of the plstinum
black was found to sorb 36.7 volumes of hydrogen and 3%7.8
volumes of sarbon monoxide at 25%. and 760 mm.

D. 0. Shiels®® found that one volume of platinum black
serbed'SQ volumes of sulphur dioxide at 25%. Only 80 volumes
of the gas was removed by heating for eight and & half hours

at £509C.

& Sorption of Gases by Palladium.

Holt, Edgar and Firth*® worked with a fresh pisse of
palladium £oil. They found that the £0il did not sorb any
hydrogen until itrwaa agctivated by heating in air followed by
reduetion or by hesting in a vseuum or in an atmogphere of
hydrogen when it took up 712 to 969 volumes of the gas.

In the form of black, palladivm was found to take up 778 to 81%
volumes of hydmgen.44 Paal ana Qerum45 found that pallsdium
in colloid solution took up 926 to 2,952 volumes of hydrogen.

The isotherms for the sorption of hydrogen by palladium
at 0% 30° 80° 160° and 180°. show three well-defined portions.
The first portion shows a rapid inerease in pressure with s ,
:elatively Small volume of hydrogen sorbed. The second part shows
a large volume of gas sorbed with no apparent‘ehange in pressure.

The third portion has a slope very mueh similasr to the firgti®

S0 Sorption of Witrogen by Metals.

BentSns found that about 8 s.c. of nitrogen were adsorbed
by 54.6 grams of iron at ;185°G.ana 200 mm. The sample of iron
‘used was prepared by the reduction of fused ferro-ferrie oxide

Wwith hydrogen at 426 to 460 Co A «78,6°C. and 200 mm., about
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, 6.8 éoe, of the gas was adsorbed. Benton also found that

51.51 grams of copper, prepared by'the reduection of the

oxide with hydrogen at 115 tb 14066., adsorbed sbout 28 c.c.

at _185°e. and 200 mme The isotherms obtained by him for the
adsorption of nitrogen by gopper and iren are reproduced in
figures 3 and»é. Curve la in figure 4 is a plot on a reduced
seale of the complete isotherm at -183°, the first part of whieh
'is given by Curve 3. 1In these figures points designated by ord-
inary eircles were ebtéined by proceeding from lower to higher
pressures; black cirgles indicate the reverse order of procedure.

47 found that nitrogen is not sorbed by silver,

Sieverts
cadmium, thellium, lead, bismuth, tin, antimony, gold, szine,
rhodium or nickel. Taylor and Ru3331148 found that nitrogen was
not measurably sorbed by nickel.

G. Valenski®? studied the astion of nitrogen on manganese
and ehromium. The metals were prepared by a variety of methods,
and his results showed that the amount of absorption depends
to a large extent on the origin of the metal. He used manganese
and ehromium samples prepared by the thermite process, the
Moissan method, snd pyrophorie mangenese and ehromium. Working
at temperatures of about 300° to 1500660, he found that the
manganese Samples started to absord nitrbgen at 460°, while
the thermite‘@hromium started to absorb at 5800 and the
Moissan chromium at 710°%

He obtained nitrides of the metals. The amount of nitrogen

absorbed by the manganese agrees best with the formula anﬂz

while for‘the chromium the formation of the compound CrN is the
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most probable. Valenski found that at 59093,, 15.4 grams of
nitrogen attached itself to 100 grams of manganese. This
amount decreases with rise in temperature; and, at 1050° only
6 grams of nitrogen are held by the same weight of the metal.

| In the case of chromium, the guantity of nitrogen absorbed
between 500° and 870%, is fixed at 29% of the weight of the
metal. Between 930 and 970° it decreases slowly to 27% which

exasctly corresponds to the formuls Gr¥. Between 1030 and 12000,

it decreases very rapidly to 12.6%.

Valenski's results are given by the eurves in;figurea 5,

6, 7, 8, 9 and 10.

IV, Hypotheaes and Thecry of Serptlan.
1. Gaplllary ﬁondensat10n49

S;noe porous bodies generally sorb great amounts of gases
and vaﬁdurs, an attempt was made to relate sorption to the
behaviour in capillary tubes. This was done by Zsigmondy in
1911 for siliciec acid jellies. ‘He showed that such jellies
ceonsisgt of ultramicreaaepie‘partielea in loose contact with

a great number of irregular spaces between. Zsigmondy consigdered

that each partisle was covered with an adsorbed layer of water
molecules, but that under suitable conditions the water molecules
eould condense in the pores as liguid water. It is Seen, there-
fore, that he differentiated between adsorbed and capillary cone
densed liquids. W.A.Patrick, on the other hand, believed that all
the material sozbea‘by @ porous body is in the form of a ligquid.

' The quantitative relation between capillarity and vapouy
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pressure was given by W. Thomson. Figure 11 shows a 1liquid which

1

/A

Pig. 11.
hasg risen in an open capillary tubs. The coneave meniscus at the
top of the capillary tube is in equilibrium with the vapour of
appreciably lower pressure than that in egquilibrium with the
plane surfage of the ligquid in bulk.
The relation between surface tension and the two vapour
pressures is given by the formula:-

Inp = 0%
Pg pRT

where p is the pressure at the‘coneava surfaece, Py is the
pressure of the saturated vapour of the liquid in bulk et
that temperature, ¢-is the volume of 1 gram mol of condensed
liguid, ¢ is the radius of the sapillary, R the gas eonstant in
ergs, T the gbsolute temperature, and 1ln represents the natural
logarithm to the base e. The radius, ¥, may be caleculated from

the formuls

L = zﬁ‘dg e Inp
P dy s

where dy,represents the density of the vapour and dy represents
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the density of the ligquid.

Por liquids with the surface tension of water, if
P/P8 = 0.5, the largest radius of the pores holding water is
15 4 or 15 x 10"86m. If p/pg = 0.1, the radius of the largest
pore in whisch water may condense would be about 4.6 &. This
deduction is meaningless sinee this radius is down to moleecular
dimensions. |

A corollary to the capillary condensation hypothesis is
that the game specimens should sorb the same volume of various
ligquids independent of their chemical nature. This requirement
was satisfied for the originsl silieic acid jellies used by |

50 found that this was not

Zsigmondy. MecBain, Lucas and Chapman
‘the case for toluene and mcetic acid with charcoal.
Although the capillary condensation hypothesis breaks
down in some instances, it cannot be entirely rejected.
According to MeBain, such sondensation does take place when
sapillaries of suitable dimensions are exposed to nearly

saturated vapours of liquids which wet them.

2. The Hypothesis of the Thick Compressed Pilm.%?

The hypothesis of the compressed film was proposed by
de Saussure in 1814. It assumes long range attractive foreés,
and postulates the attrastion between unlike molecules. By
virtue of this attraction towards the solid surface, the gas
or vapour is assumed to be under enormous pressure. Mitscherlish
ealeculated this pressure to be at least B4.4 atmospheres.
Chappiug obtained a value of 6, 160 atmospheres. Bunsen found
the pressure to be 100 atmospheres., Polanyi found it to be
5;000 atmospheres. Harkins and Ewing deduced a value of 12,000

etmospheres. The pressure on the gas falls off with increasing



distance from the solid. Thus, there is a sorption region
extending from the surface of the so0lid to an outer limit
where the attrasction between the so0lid and the vapour or gas
is inappreciable. ‘ |

Polanyi®l 1ists the assumptions in this theory of
adsorption as follows: |

1. The adsorption islinaependent of temperature.

2, éhe potential at every point is independent of whether
or not the neighbouring space is empty or oecupied by a moleeculs.

é. The molecules ﬁhi&h are in the adsorbed state exert
&pproximafely the aémé fbrce on one another as they do when they
are free. In other words, the ven der Wasl's forces, or forses
of sohesion, are unaffected by the gorption‘so that the'erdinary
equation of state will apply even within the sorbed layer.

MeBain points out that the assumptions of Polanyi neglect
the molesular ebnstitution of matter, which neceasitates |
logaligzed forces on the surfase, centering around the individual

molecules of the surfasge whish cannot be regarded as ceontinuous.

3. The Monomolesular Adsorption Qheory;

The monomolesular adsorption thedry was developéd by
H. Kayser in 188l. He started from the faoct that the solids
hcld together, proving thereby the existence of cohesive farces.
A molecule in the interior of the solid is asted upon by these
forces from all sides. Molesules on the surfasce, however, have
one free side, and this side is eapabie of holding molesules
of a liquid or gas, and thus form a monomolesular layer. This
layer may hold anothar layer less firmly or completely, and so

on. Sorption of this nature is favoured by pressure, but the



£8,
foreces operative are opposed by thermal vibrations; and,

therefore, the sorption will diminish with rising ﬁemperatureégw
Langmuir further developed this line of thought. He suggests
that tha time whieh elapses between the condensation of & molecule
and its subsequent evaporation depends upon the intensity of
the surface forees; and that adsorption is the direct result
of this time lag. If the surface forces are relatively intense,
the rate of evaperatien of the molecules is negligible, and
the surface will become completely covered with a layer of
molecules. In the case of true adsorption, this layer will not
be more than”one moleaule deep, because as soon as the surfece
is covered by a single layer, the surface forces are chemisally
saturated. On the other hand, where the forces are weak, the
evaporation may oceur so soon affer condensation that only a
small frasction of the surface becomes covered by & single layer
of adsorbed molecules. In agreement with the chemical nature
of these forses, their rénge has beén found to be very small, of
the order of 10® cm. That is, the effective range of the Surféee
foreces is usually mueh less than the dismeter of the molecules.
The molecules thus usually orient themselves in éefinite ways
in the surface layer since they are held to the surface by
forees acting between the surfase and the particular atoms or
groups of atoms in the adsorbed molecule,°®
Molecules striking a surface which is already covered
may also econdense, but they usually evaporate mueh more
readily than from the first layer. Therefqre, exeept when a
vapour is nearly saturated, the amount of material adsorbed
on 2 plane surface rarely execeeds that contained in g layer

one atom or molecule thigk.dd L&ngmuirﬁg developed the

qQuantitative formulation of the theory of nonomoleculay
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adsorption which follows.
The rate at which molesules from a2 gas some into contaet
with an exposed surface is given by the equation for the rate

of effusion of gases through small openings

m:pl M
V2T RT

where m is the number of gi'ams striking the surfase per s¢. em.

per second, M is the molecular weight, T the absolute temperaturs,
p the pressure in bars, and R the gss eéns‘tant in ergs. If we let
# represent the number of gram molecules of gas striking each

Sq. om. per second then . = m/m whence

/s‘B\J’vT = ‘
. =6 .

= 43,75 x 10 D

MT

Nearly all these molecules will strike inelastically. The rate at
‘which gas condenses on & bare surfasce will thus bexw , where«is
elose to unity. If 0is the fraction of the surface which is’bare,
the rate of eondensation besomes~d«, because molecules striking
an already oscupied elementary space will be reflected elastically
or will evaporate so quiekly that the effeect will be the same.
Similarly, the rate of evaporation may be set equal to , for g
eompletely covered surfase andv, 6, for the fraection of the surface
already covered. PFor the equilibrium, the rate of evagporation
must equal the rate of sondensation, X & = 6

Furthermore, 6+6, =/

whenee, - 4= 5’;{’_&7&

If we set °<O, =G, this becomes

I
[+ oA
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fo7 be the number of gram molecules of gas adsorbed per unit
erea of surface, then 4 is given by /Wy 7=6 = G .~

/ + G 4
where W, is the number of elementary spaces per square centimetre

- 2

of surface and ¥ is the Avogadre number, 6,06 x 10 5 molecules
in & gram molecule. Sinee/a‘is proportional to the pressure

P, the above equation is equivalent to the expression

z kb oy
n = 1+b p

where k and b are ccnstgnts.A K is proportional to N, /¥, the

ratio of the number of molecules adsorbed per square centimetre

when the surface is saturated to the Avogadro number. b is
proportional to W/W, and to WU/JEF5777;} where T is the average
life of all the molesules which strike the surfaeea<mjﬂiz or

¥,6 /N. This is distinguished from the quantityc, which represents
the average life of all the molescules which condense upon the
surface W/F V) .

We get, 7= T%—;Zc,

At sufficiently low pressures, where the denominator approaches

unity,/7==7jﬂ or x/m = kbp. At high pressures, where G
besomes large in ecomparison to unity, the amount adsorbed 7

approaches a saturation value

=l’_: N
7”0 g, No

where every elementary space is ocoupied by one adsorbed

molecule.

Langnmuir's view that the eollision of s gaseous molecule
with a8 surfaee'is inelastie, and that adsorption arises from
the time lag between eondensation and evaporation presupposes
that aetivation is not nesessary for this primary adsorption.

This, however, does not oppose the viewpoint adopted by H. S.
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Taylor, since the sdsorbed moleeule or atoem may aet in
8 variety of ways. It may evaporate, or it may diffuse into
the so0lid, or combine with adjecent adsorbed atoms, or it
may combine with other moleecules or atoms striking the surface.
Some of these prosesses will have a high temperature coefficient

and may, therefore, be interpreted as requiring aetivation.
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APPARATUS AND MATERIALS .

The apparatus used in this experiment eensiste@ of
three flasks, a gold-leafl mercury vapour trap, a MeLeod
Gauge, an open aﬁa closed manometer, a mercury vapour diffusion
pump backed by a “"Highvaec® pump, a purifying train and an
electric bell. w %

The flesks were made of soft glass, as was the resﬁ
of the‘sygtem proper. The diffusion pump was of hard glass.
Flask A (figure 12) had a volume of 54.45 c¢.c. This volume was
determined by weighing the flask, first empty and then £illed
with water, and making suitable corrections for the temperature
of the water. Flask B had a volume of 65.17 GeCe This volume
was found by the aame‘method used above. Flask C had a volume
of 128.77 6eco The writer, will hereafter refer to these Fflasks
as the manganese flask (flask A), the blank (flask B), and the
reservoir (flask C). | | -

The blank snd the menganese flasks constituted what
may be termed the inner system. These flasks were separated
from the rest of the system, or outer gystem, by mesns of
stepéeeekso The volume of the tubes leading from the stop-ceccks
to the blenk and mangsnese flasks was found by filling the
glase tubing with mercury and then weighing the meroury and
making the appropriate corrections. The volume of all narrew
gless tubing employed in this apparatus was determined by this
method. The volume of the manganese flask to the stop-cock
was found to be 57:10 c.¢. The volume of the blank to the
step«eegk was determined to be 65.36 c.c.

The velume of the outer system, the McLeod Gauge, E,
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excluded, was found to be 197.8 c.c. The velume of the
McLeod Gauge to the cut-eff was found f@ be 12l.5 esCo.
Thérefcreg the volume of the outer system with the mercury

in the MeLeod Gauge at the cut-off was 319.3 c.c.

Gold-Leaf Trap.

The gold-leaf trap, D, was employed to protect the
manganése from the mercury vapour present in the system.
The trap was constructed in two parts, in order that the
volume might first be determined and the gold leaf then
introduced. Moreover, building the trap in two parts made the
gold leaf easily accessible should it become necessary to
replace the old, conteminated leaf by new. The two parts
of the trap were joined together by meens of a ground glass
joint. On the ground surfaces picien cement was spread, and
the two portiomns of the trap were sealed in this manner. This
joint was then covered with frietion tape, and a layer of picien
was applied over the tape. The gold leaves, three in number,

were wrapped arocund@ the tube extending into the outer jacket.

The Meleod Gauge. ,
The McLeod Gauge, E, was of the usual moveable reservoir
type. It was capable of measuring to 10°® mm. The volume of

the Meleod to the cuteoff has already been mentidned,

The Manometers.

‘Two manometers were employed in this experiment. One
of theée was an open manometer of the type commonly known as
the constantelevel manometer, F. The other was an ordinary

closed manometer, G.
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The constant-level manometer consisted of a U;tabeg the
arms of which were longer than 760 mm.; and g @;tube coming
out of the bend of the U;tubee 4 reservoir was connected
to the T;tube by means of pressure tubing. By raising or
lowering the mercury reserveir, it was possible to maintain
the level of the mercury column at a fixed point in the
menometer tube leading into the system. The volume of the
menometer was determined from this point. Changes in the
volume of the systém due to the changes in the height of
the mercury column were avoided by this means.

_ The other srm of the constant%leval manometer was
Joined to the closed manometer. A side arm, bearing the
stop-cock, e, was attached between the two manometers., By
punping out the closed manometer system, i.e., the elosed
menometer, the outer limb of the constant-level manometer
and the connecting tubing, the constant-level menometer could
be converted into a closed mancmeter. This arrangement was
adopted in order to gain greater aecuraéy over the relatively
wide range of pressures employed in this experiment. When
high pressures were measured, the constent-level manometer
Was used as an open manometer by opening the stop-eock, e,
to the atmosphere. In order to messure pressures of the
order of 1-20 mm.,, the constant-level manometer was used as
a closed menometer. By this means, the difference in the

heights of the two mercury columms was kept small while
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measuring relatively small pressures; and, moreover, the
bressure measurements were now independent of the atmos-
pherié pressure.

The closed manometer was employed to indicate the
degree of vacoum in the closed manometer system. I the two
mercury eclumns in the eclosed manometer were at the same
height, it would indisate that the manometer system was
bPuped down beyond the renge of the cathetometer, and the
difference in the heights of the mercury columns in the
constant-level manometer would directly give the pressure
in the system. On the other hand, if the colums in fhe
closed manometer were not at the same level, the difference
in their heights would have to be added to the difference
in the heights of the two columns in the constant-level

manometer in aéder to determine the pressure in the system.

Cathetometers.

Two cathetometers were used to measure the differences
in the heights of the mereury solums. One of these had a
range of 1000 mm. The other’had a range of 30 mm. and .
was equipped with a»mierometer serew. The cathetometer

baving the larger range did not have a micrometer serew.,

Stop-Cocks.

Six stop-cocks were employed in the apparatus at first,
Later, a seventh stop-coek was incorporated. Fig. 12 shows
the first system of stop-eocks employed. The stop-sosks

8 b, 6 and 4, may be said to be in the system proper; and,
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therefore, it was necessary that they should be highly
efficient. A leak in any one of these would entirely
vitiate the results. The tap, e, was employed to control
the pressure in the manometer system. The stop-eoek, £,
was used a8 an outlet for nitrogen while flushing out the
purifying train.

The first set of stop-cocks employed were of the
ordinary, horizontal bore variety. They were carefully
reground, using a mixture of very fine carborundum and
water. They were greased with a speecial vacuum grease
obtained from the Central Scientifie Co. They were found
egpable of holding a vaeuum for vakying ‘perieds of time,
after whish they developed leaks. This necessitsted re-
grinding and frequent applications of greage, A three-
way stop-coek was then incorporated into the apparatus, and
the stop-cosks, ¢ and 4, were used to baek thé three-way
tap.

The changes in the volume of the outer system due to
the altaration of the stop-cock system will be indicated in
the data., The volume of the ocuter system already stated
was the volume obtained when the system contained the first

set of stop-coeks.

Sonneeting Tubing.
Since the conneecting tubes, that is, the tubes leading
from the flasks to the various instruments, were exposed

to the atmosphere throughout the experiment, it was necessary



&7 .

to use nérrow glass tubing. The tubing employed had an

internal dismeter of 4 mm.

Purifying Train.

The purpose of the purifying train was to remove any
moisture and oxygen which might be present in the nitrogen.
The nitrogen was passed through two traps sontaining eoncen-
trated sulphurie ascid. The oxygen was removed by passing the
gas over a hot copper gasuze, contained in a combustion tube.
The copper was heated by means of an eleectrie furnace whigh
comsisted of two layers of nichrome wire wrapped around the
c ambustion tube. The wire was insulated by means of asbestos
raper. The niﬁrogen was then passed through a U-tube containing
caleium chloride, and, finally, through a tube containing

phosphorous pentoxide.

Vasuum Pumps.

The pumps employed in this experiment were a Toepler,
e diffusion pump, and a “Highvse" pump. The Toepler was a
hand-operated pump, and pumping by means of it was found to be
glow. It was replseed by s mercury vapour diffusion pump, |
backed by the "Highvae™ pump. This combination of pumps was
capable of pumping down to at least 1 x 10~P mm, The "Highvae"

alone was capable of pumping down to about 20 x 10~°mm,

Method of Agitation.

An elesctric bell was used to agitate the manganese., 4
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brass strip was wired to the mangsnese flask, and the hammer
of the bell was so placed as to strike the brass. The flask

was rapidly shsken by this means and the manganese agitated.

The Mangsnese Sample.

‘ The menganese employed in this experiment was purchased
from the Johnson Matthey Co. It was in the form of e fine
powder. Analysis of the sample showed it to contain 96.84%
mangenese, 1.74% iron, 0.61% silicon, and 0.12% carbon. This
analysis was cheekeémby detérmining the total mefallic content
of the sample. The two determinations gave the following
results: (1) Qsoé?% and (2) 9879%.

The surface area of the mangaﬁese was {etermined
microscopically. The dimensions of the largest manganese
particle ébtainablé were measured. The length was found to be
Gﬂ®018 mn. and the width 0,00112 mma' Half these dimensions
may be considered fto be those of an avérage particle.
Therefere, the dimensioﬁs of the average particle, which is
ﬁaken to be eylindrieal, are as follows:-

length = L0018 5 0,0009 mm.,
<0228

dismeter <= L,0011l2 = 0,0006 mm.
-8

The volume of the particle =7 r>l = 3,14 x (0.0003)% x 0.0009
? 264 x 16“12 c. mm. Since 1 gfam of manganese occupies

1000 134.8 ¢. mm., the number of mean particles per
7.42 <
12 11

gram of manganese = 1356 x 10 = b.32 x 10
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L3

The area of the mean particles = area of the curved surface
+ the asrea of the two ends.

Ares of the curved surface 27 rl x 3.14 x 0003 x ,0009 =
lgééé x 10-10 Sq. mme

Area of the two ends < 27r2 2 2 x 3.14 x (90003)2 S 5,65 x

10~ Sq. mme

Therefore, area of mean particle = 16,96 x ;@“9-+ 5.65 x 10~°

= 2926 X l@al@ 80 MMe
The area per gram of manganese = 2.26 x 10-10 x 5,32 x 1011

12109 Sg. Mmm,

Nitrogen. 7

The nitrogen employed in this experiment was ordinary
”t&nk“initr@gen obtained from the Cansdian Liquid Air Co.
@he method of purifying it has already been mentioned.
| The area of the cross section of a nitrogen molecule
was ealoulated as follows:-

‘Diameter of a nitrogen molecule = 3.15 x 1078 em.
Arvea of the cross section =7 r® 2 7,72 x 10-16 Sg. €M

or 772 x 1016 sq. mm.

-
]
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METHOD AYD HESULTS.

Preliminary Treatment of the Manganese.

, Into the menganese flask, 54.8776 grams of manganese
were introduced through the nesk of the flask. The opening
was then sealed.

Before the adsorption measurements could be made, it
was necesgsary to rid the menganese surface of the gases whieh
it already held. Two methods of outgassing were tried. In
the first method, the system was Pumped down; and hydrogen,
obtained by the eleetrolysis of a concentrated sodium hydroxide
golution, was introduced into the system to atmospheriec
pressure. The system was then pumped down to 0.%06 mm.
Hydrogen was again admitted, and the system pumped down to
0.376 mn. The hydrogen was then allowed to stream through
the system for 26 hours. Samples of the hydrogen leaving the
apparatus were collected over water, and were found to burn
quietly. The manganese flask was placed in an eleetric furnace,
and heated at 320 - $50%. for 75 hours. At the end of this
time, the system was pumped dowm to 21 x 10-% mm., and the
heating was econtinued for 20 hours. The pressure was found to
have risen to0 15,1 mm. during this time. The system was then
pumped down to 93 x 10~° mm. and left to stand for 20 hours.
A% this time, the pressure was found 10 be 1.0 mm.

The process of pumping out the system and letting it

stand for 20 hours was repeated four more times. The initial
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pressures and the final pressures after 20 hours of standing

are given in table 4.

Table 4.
Initial Pressure Pressure after 20 Hours.
{mm, ) {mm. )
21 x 10-9 1601
95 x 10™9 1.0
8l.6 % 10~3 155 x 10=9
26 x 10~9 26 x 109
11 x 107% 15 x 10~%
10 x 10~4 16 x 1074

Since the increase in pressure on standing is due
to the desorption of the gas from the metal, it ig seen
from the preceding ﬁabie that a large smount of hydrogen is
gorbed by the manganese at the temperature of the outgassing,

viz., 320 - 350°¢,

An unfortunate aseident, in which it was believed that
mersury entered the manganese flask, oceurred at this point.
It was necessary to take down the apparatus, clean the
econnecting tubes of wmersury, introduce a new sample of
manganese, and again agssemble the apparatus. &tvthis point,
the gold-leaf trap was added to the system. The fresh

sample of mangenese, weighing 44.4007 grams, was outgassed,

the hydrogen treatment being employed again.. .
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was pumped down to 10 x 10™9 mm., and hydrogen was

allowed to stream through the apparatus for six hours at

room temperature. At this time, the hydrogen was sufficiently

free of oxygen to allow the heating of the flasks. The three

flasks were heated at 300°¢. The streaminé of the hyﬁrégeﬁ
was sontinued for 10 hours., The hydrogen ganerator'was

then stopped, and the system was left to stsnd for 55 hours.

At the end of this time, the system was pumped to 146 x 10*%mm.

After 20 hours, the pressure was found to be 2.0 mm. The

pumping was resumed, while the healting was discontinued.

When the manganese sooled to room temperature, nitrogen was

admitted into the system, and was left to stand for about

15 hours at atmospheric pressure. A4 rapid stream of

nitrogen was then passed through the system for an hour.

The system was pumped down to 17 x 10~% mn., and left to

sﬁana for about 20 hours at 200%., The pressure rose to

=3

232 x 10 © mm. The pressure was brought down to 14 x 10™% mt.,

and the system was left for four days. The pressure rose to
241 x 10™° ma, in this time. The system was pumped down to
38 x 10°® mm., The manganese flask was shut off, and the
pumping was disceontinued for 15 hours. During this time,

the pressure in the outer system and in the blank rose to

6 x 10“4 mm. This increasSe in pressure was probably due to
moigture on the walls of the flasks and the eonneeting tubes.
On opening the manganese flask, there was a further increase

ig pressure, the reading for the total system being 25 x 10~9 MM
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The heating was discontinued, and the system was pumped
%0 3 x 10°% mm. After 15 hours, this pressure was found

to be unchanged.

Adsorption of Nitrogen by Menganese at 0°C.

The manganese was now considered sufficiently outgassed
to permit the accurate measurement of the adsorption of
nitrogen by the metal. The manganese flask, the'reserveir,
the blank and the goldéleaf trap were placed in an ice and
water mixture., The system was pumped down %o 1x 10-8 mme,;
and the manganesé flask was shut off. Nitrogen wgs then
introduced into the outer system and into the blank. The
pressure in this part of the system was 41 x 10~% mm,

The manganese flask was opened, and the time noted. Pressure
feadings for the total system were now taken, and the time
of each reading was observed.

The volume of nitrogen adsorbed was calculated by

a method which will be deseribed later. The results

obtained appear in table 5.
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Table 5.
Time Pressure of Total Volume of Witrogen
{minutes System, Adsorbed by 44.4
: { mm, ) Grams of Menganese,
{cede at SToPo)
2 33 x 10~% 3,61 x 10-%
4 28 x 10~% 6,92 x 10-%
5.5 26 x 10~% 7.46 x 10-4
9.5 25 x 10~ 8,06 x 10-4
12 | 25 x 1074 8.06 x 10~4
14 . 25 x 10°% 8,06 x 10~%
17 26 x 1074 8,06 x 10-4
24 25 x 10™4 8,06 x 10-4
30 25 x 1074 8.06 x 10-4
35 26 x 1074 8.06 x 10~%
60 26 x 10°% 8.06 x 104

Pige 1% shows the curve obtained by plotting the
volume of nitrogen adsérbed against the time. It is s smooth
curve whieh becomes asymptotic to the time axis at about
95 minutes., After this time, the equilibrium pressure is
attained, and no further adsorption takes plsce.

It was intended to inerease the pressure in the outer
system progressively to atmospheriec Pressure while retaining
the equilibrium pressures in the manganese flask. At eagh
bressure interval, the volume of nitrogen adsorbed by the

metal was to be determined. By adding the volumes adsorbed
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from 1 x 10~° mn. to atmospheric pressure, the total
amount of gas adsorbed by the manganese could be caleulated.
Unfortunately, a leak developed in the apparatus, theredy
invalidating any further measurements.

The leak was traeced to a stop-cosk. By regrinding and
regreasing it, 'the system was again found to hold pressures
of the order 1 x 10~° mm, Sinece some air had entered the
apparatus, it was decided to repeat the hydrogen treatment
of the manganess. Hydrogen was streamed through the
apparatus for seven houvrs. After this time, the streaming was

diseontinued, and the manganése flask was heated at 300°G,

for 75 hours. The system was then pumped down to 22 x 10~% mm. ,

and left for 20 hours. The pressure rose to about 1 mm.
during this time. The system was evacuated to 74 x 10~% mm. ,
and was again left to stand for 20 hours. The pressure
inereased to 172 x 1075 mm. While the evacuation of the
system was being repeaied, the "Highvae™ pump broke down.
Oxygen entered the system; and,“since at this time the
mangsnese was being heated at 300%,. the menganese was
oxidized forming manganese dioxide. The oxidigzed manganese
was replaced by a fresh sample of manganese of the same
weight, viz., 44,4007 grams.

In the preliminary outgassing of the new sample, it
was declded to eliminate the hydrogen treatment, because of
the lengthy time required to remove the hydrogen sorbed by the
manganese. The displacement of the gases held on the surfsce

of the metal was effected by treating the manganese with
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nitrogen inatead of hydrogen.

The system was pumped down to 15 x 104 mm. and left
to stand for 48 hours., During this time, the pressure rose
to 88 x 109 pp, The syatem was again evacuated, the final
pressure being 3 x 10°° mm. The pumping was discontinued, and
the system was left for 15 hours. The pressure increased %o
20 x 107 g, during this time. The evacuation was resumed
till the pressure fell to 32 x 105 mme. This pressure was
but slightly changed after %0 minutes. The relative constaney
of the pressure indicated that the gases sorbed by the
manganese had been removed to a large extent by the evacuation.
& steady stream of nitrogen was now passed through the apparatus
for 15 houwrs. The system was pumped down to 30 x 10~ mm. ,
and nitrogen was again introduced to atmospherie pressure,
The pressure was then lowered to 26 x 10-3 mm., and nitrogen
Was again admitted into the system.

' The manganese was not heated during this process of

outgassing; since, from the data of T. H. Martin, working in
this laboratory, it was learned that the formation of a

nitride of manganese started at about 125%,

Desorption of Witrogen from Manganese at 0°G,

The problem of finding the amounts of nitrogen adsorbed
by the manganese was now studied from the point of view of
supersaturation, i.e., the amounts of nitrogen desorbed from
the manganese were messured. This Procedure was adopted in

order to save time. The completion of the desorption



isothermal necessarily leaves the manganese sample in the
proper condition for the start of a new adsorption isothermal.

The method consisted of keeping the pressure in the
mapggﬁeae flask at a eertain value, and pumping the outer
systemn to about half this value. By opening the st@gécoekg
a, (Fig. 12) en expansion takes pléee,fr@m the manganese
flask to the outer system, gvnew preasure is established
in the tofal system which is necessarily higher than the
initial pressure of the outer system. The difference betwesn
the pressure of the total system and the pressure of the outer
system is due to the expansion of the nitrogen and to the
desorption of the nitrogen from the manganese. By suitable
éaleulations, the amount of nitrogen adsorbed by the manganese
may be determined.

The temperature of the system was maintained at 0°C,
threnghaut this run. This was done by placing the manganese
flask, the blank, the reservoir and the gold-leaf trap in an
ice and water mixture. Unfortunately, a certain portion of
the system could not be placed in a thermostat. This part of
the apparatus included the Meleod Gauge, the conneeting tubes,
and a small portion of the epén manometer. It was necesaary,
therefore, to make a correction for this parﬁ of the spparatus.
It was primarily for this reason that the blank was included
in the system. By making expansions from the blank to the
outer systenm, and from the outer system to the blank, the
effective volumes of the outer system and of the manganese

flask could be debermined. This method, however, was not
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employed. It was believed that s higher degree of ascuracy
would be atteined by determining the volume of the
unthermostated portion by weighing, and corresting this
volume to the working temperature.

The mean room temperature was 2006. The volume of the
outer system exposed to the atmosphere was 147.8 c.c. At

0%. this volume = 147,8 x 273 = 137.3 GoCo
2953

The difference between the true volume and the effective
volume 2t 0%, = 147.8 - 137.5 = 10.5 Gece

The effective volume of the outer system at 0°g,

® 8198 7 10,56 = 308.8 c.c.

Although every possible precaution was taken in the
construction of the purifying train to make it air tight, it
was thought advisable to flush out the train thoroughly
before admitting nitrogen into the system. This was done by
Passing a rapid stream of nitrogen through the tréin for an
hour or more while allowing the gas to escape into the
atmosphere through the open stop-cosk, f, (Pig. 12). The
rate of streaming was then decreased; the stop-cock, £, shut;
stop-cock, d, opened slightly; and the gas slowly admitted
into the evacuated system until e Pressure of 752 mm. was
attained. The manganese flask and the blank were then shut
off, and the ouber system was runped down to %69 mm. Thevre-

upon the manganese flask was opened, and an expansion from

the mangesnese flask to the outer system took plasce. The
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pressure readings of the total system were taken at

suitable intervals of time, till equilibrium was estéblisbede
After egquilibrium was attained, the gas was allowed tc remain
in contaet with the mangsnese for periods varying from 6 to
15 hours., This procedure was found necessary sinse there
was a likelihood of a seecﬁd, slower desorption taking place.
The equilibrium pressure was found to be 421.1 mm. The
manganese flask was then shut off, and the outer system was
pumped down to 210.7 mm. The expeansion was repeated, and
the equilibrium pressure wés again noted. In this manner,
the pressures were progressively lowered until pressures

of 0. 0099 mme. in the manganese flask and 0.0028 mm. in the
outer system were attained.

The method of caleulating the amount of nitrogen
adsorbed by the manganese can best be shown by a determination
using actusl experimentsl data. In one instance, the
pressure in the manganese flask was 420.5 mm. (second
expansion, table 6). The volume of this flask, after a
sorrestion had been made for the space occupied by 44.4 grams
of manganese, was found to be 50.94 c¢.c. The volume of ;

nitrogen in this flask at 0%. and 760 mm.

S 420.5 X H0e94 = 28,17 BoBo
760

The effective volume of the outer system at 0% = 308.8 c.c.

The volume of nitrogen in the outer system at 0%, ang

760 me, <= 210.7 X 808.8 = 85,61 8eGo
760
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The total volume of nitrogen in the system before the

efp&'lSim :
= 88,17+ 85.61 = 11378 ceBs at Se To P

After the expsnsion, the pressure in the total system was
found to be 242.,9 mm. The volume of the total system, the
blank excluded, = the volume of the manganese flask, + the
volume of the outer system

E 50,94 1+308.8 = 359,74 cog.
The volume of nitrogen in the totsl system after the
 expansienv
= 248,9 X 359,74 = 114.9 c.c. at N.T.P.

760

The increase in the volume of nitrogen in the system after
~the expansion is due to the gas being given off by the
'manganese. Therefore, the volume of nitrogen desorbed

= 1149 = 113,78 3 1,12 c.0. at S.T.P,

The seame method of ealeculation was employed in the
first aetermination of adsorption. In the case of adsorptiocn,
however, the volume of gas in the total system will be less
after the expansion takes plaece than before. The difference
between the two volumes is & measure of the gas adsorbed.

The number of layers of nitrogen leaving the manganese
may be determined in the following manner, Using the same
data employed in the preceding calculation, it is found that

the weight of nitrogen desorbed from 1.0 gram of manganese

s 1.12 x 28 5015 X 10%® gpama.
28,400 x 44.2 = sHas
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The number of molecules Of nitrogen in 3.36 X 10=® gramg of
the gas

- 18
2107 806 2108 441 x 1007,

By methods already deseribed, the ares of the cross sesction
0of a nitrogen molecule was calculated to be 772 x 10”6sq, mme ,
and the surfece area per gran of manganess was determined

to be 12199vsq. mn. Therefors, the area of the cross seetion

17 molecuie& of nitrogen

of 6,81 x 10
= 6,81 x 1017 x 772 x 1016 = 52 500 sq. mm.
The number of layers of nitrogen leaving the manganese

S 431.6

The total number of layers of nitrogen leaving the
manganese was ealeulated to be 652, and the total volume of
nitrogen desorbed was found to be 1.6973 c.c., The results
for the desorptim are given in table 6. Pigure 14 shows
the curve obbained by the logarithms of the equilibrium
pressures +3 against the logarithms of the volumes of nitrogen
desorbed (c.c. at S.T.P. )—f4. Pigure 15 shows the 1sotherma1

at O G. obtained at the low pressures.

Adsorption of Witrogen by Manganese at 0%.

The desorption experiment left the manganese in s
E suitable condition for the study of adsorption from the point
of view of undersaturation. Before the amounts adsorbed i
were measured, however, certain changes in the apparatus were -

{ made .
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A thfeauway stop-cock which was specially ground
féz high vacuum work was inserted in the position ocecupied
by stop-cocks, ¢ and 4, (Fig. 12). These stop-cocks were
then joined to two of the arms of the three;Way cock., The
stépweock9 f, which was used in flushing out the purifying
train was also retained.

Since the three-way cock was made of hard glass, glass
to glass joints could not be made, the remainder of the
apparatus being of soft glass. Two arms of the threaéway
stop-cock were connected to the stop;cocks, ¢ and 4, by means
of pressure tubing over which picien cement was spread. The
third arm of the three-way tap was connected to the system
by a method frequently employed in vacuum work.

A piece of soft glass tubing of the same external
diameter as the arm of the three~way stop-cock Wasleoated
with a thin layer of picien cement, and was slipped half way
into a snugly fitting brass tube. The arm of the three;way
stop~cock was then similarly coated with picien;’and pushed
into the brass tube from the opposite end until it touched
the soft glass tube. After the cement had hardened, the
Joint was covered with friction tape and a layer of picien
was spread over the tape. The soft glass tube attached to
the three-way stop-cock was then joined to the system by
fusion.,

The volume of the ouber system was slightly altered by
the addition of the new stop~cock. The volume of the outer

system was now found to be 318.5 c.8., or 0.8 G.c. less than
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the former volume. The volume of the unthermostated portion,
thersfore, becams 147 c.c. _

Since the volume of nitrogen adsorbed by the
menganese was found to be much smaller than was first
anticipated, it was necessary to refine the corrections made
for the unthermostated portion of the outer system. This
was done by wrapping the exposed tubing with cotton wool,
and the bulb of the Meleod Gauge with cotton wool and felt.
By this means, rapid cﬁanges in the temperature of the
ﬁnthermaatatea portion were eliminated., A thermometer, having
a range of 50° and graduated in 0@10s was placed against
the bulb of the MecLeod, since this bulb constituted aboutb
70% of the axp@sed;part of the system containing gas. At
ﬁhe‘time of each reading of the initial pressure in the outer
system and the equilibrium pressure, the temperature was
noted and the effective volume of the outer system was
caleulated.

The method employed to measure the volume of nitrogen
adsorbed by the manganese was the reverse of the process
used to measure the desorption. In this instanée, the
pressure in the manganese flask was 1owezé9 before the
expansion, than the pressure in the outer system. On
opening the stop-cock, a, an expansion took place from the
outer system to the manganese flask; and a new pressure for
the total system was set up. This pressure was less than
the initial pressure in the outer system. The decrease was
due to the expansion and to the adsorption éf nitrogen by

the metal.
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By observing the initial pressures in the manganese
flask and in the éuter system, and, finally, the equilibrium
pressure, the volume of gas adsorbed may be caleulated by
the method already described.

The results for the adsorption of nitrogen by
manganése are given in table 7. The isothermals obtained are

shown in figures 14 and 15.
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DISCUSSION OF RESULTS.

The volume of nitrogen adsorbed by the 44.4 grams of
manganese at 0%, was found to be 1e6973 Geco at S.TeP. by the
desorption experiment. This amount is necessarily toc small
gince gt the final pmes&ﬁre of the desorption, 5E x 10’4 M.,
there will still be some residual nitrogen held by the
manganese surface. The volume of the residual gas, however,
will be ver§ small; and, therefore, it will not change the
total volume to,&ﬁy,agpreei&ble extent. This will also be true
of the volume of nitrogen measured by direct adsorption.

FProm Figures 14 and 15, it is seen that the surves Ffor
the adsorption and desorption do not coincide. This is probably
due to experimental error. It has already been mentioned that
no special precaution was taken in correcting for the unthere
mostated portion of the system containing gas during the
desorption run. This may account for the deviation of the
two eurves.

Manganese, chromium and iron have many similar properties.
It would be of interest, therefors, to compare the amounts of
nitrcgen adsorbed by these metals. Benton5 found that about
Oc4 cooo of nitrogen was adsorbed by 54.6 grams of iron at 09C.
(Pig. 3). Thus, 44.4 grams of iron would adsorb 0,38 0.c. of
nitrogahg éhis volume is of the same order as that obtained
with manganese. No data are available on adsorption of nitrogen
by chromium at O@G.

The total number of layers of nitrogen adsorbed by the

manganese was found to be 658, This number is too large if the
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monomolecular adsorption theory of ILangmulr is accepted.
The result, however, can be explained by acecepting Polanyifs
theory of thiek compressed films, or, by assuming that the
area of the mangsnese surface as determined by the misroseopis
method is too small. The latter is the most probable
explanation, since the mierossopic method does not take into
asesount the network of cracks whish develop in the metal.
These eracks will greatly increase the surface available to
the gas molecules.

The aceeptability of either the Langmuir theory or the
Polanyi theory sannot be digcussed at this time. The
adsorption of nitrogen by mangenese will have to be determined
at other temperatures first. If it is found that the
adsorption is independent of temperature, then it will appear
that Polanyi's theory is the more acceptable one. ILangmuir's
theory indicates that adsorption is dependent on the |
temperature. If by further work this is found to be the case,
it may be supposed that only a monomolecular layer is formed.

- In this case the value obtained for the surfase area of the
manganese will appear to be about 650 times too small.

In the meantime, the work is being continued. The
adserptiOn of nitrogen by manganese will be investigaﬁed at
other temperatures, and the heat of adsorption ealeculated. This
additional date will lead to a clearer understanding of the
vaerious types of adsorption whigh may take place in the system,

nitrogen on manganese,
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SUMMARY .

Two methods of outgassing of the manganese were employed.
@he velocity of adsorption at a relatively low pressure
was determined.

The desorption of nitrogen from mengenesse was studied

at 0°¢C.

The adsorption of nitrogen by menganese was studied at 0°C.
The number of layers of nitrogen adsorbed by the

manganese was determined.

The writer wishes to acknowledge his indebtedness to
Dr. L. Slotin for the building of the Toepler pump,
fhe ﬁereury diffusion pump, and his aaéistanee in

asgembling the apparatus.
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