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PREFACE

The aim of this investigation was
(1) To ascertain the surface tension of mercury.

(2) To study the adsorption of the normal hydro-
carbons on mercury, and hence deduce the
effect of chain length on the heat of adsorption
and on the orientation at the surface.

(3) To compare the adsorption of the normal hydfo—
©  carbons on mercury and water.

(4) To investigate the validity of the approximate
form of the Gibbs adsorption equation as
applied to the normal hydrocarbons and to
other vapours and gases.

(5) To clarify the work on the adsorption of water
cn mercury.

(6) To review critically previous work on the
adsorption of vapours on mercury.

Except for the glass measuring vessel, most ¢f the
components of the glass vacuum system were constructed
and all of them were installed by the author.



ABSTRACT

The surface tension of mercury is within 0.2% of
485.4 dynes cm'1 at 25°C.
and ‘

487.3 dynes cum”! at 16.5°C.
These values are inkégreement with the most reliable
wvork to date (Kemba11(3)).‘ It is not necessary , as
all vorkers have insisted, to "clean" the glass vessel
in vhich the surface tension is measured.

The normal saﬁurated aliphatic hydrocarbons give
almost the same lowering of the surface tension at the
sane relative pressures of vapour, i.e. the decreasé in
vapour pressure on ascending the hydrocarbon series is
approximately balanced by an increase in the intensity
of adsorption. The results are analysed on the basis
of two surface equations of state, the Volmer equation
(a two dimensional analogue of Van der Waalls equation
with the repulsive term predominating), and the Virial
equation in twovdimensions with the correction term
related to the forces between the molecules. From
these two vicwpoints the hydrocarbon molecules appear
to be relatively curled up on the surface with their

electron envelopes highly distorted.



A comparison is made with the adsorption of the
same hydrocarbons on a water sﬁrface. The initisal
thickness of the surface layer on water is almost the
same as that on mercury although the much lower hest
and entropy of adsorption on water indicates that the
molecules are much less firmly held. The fact that '
Traube's Rule is not obeyed on mercury indicates that
the shape of the molecules on this surface is probably
.rather complicated.

| The sdsorption of water on mercury is also studied.
Unfortunately the anomalous results of other workers re-
main wresolved, however the reasons recently advanced

(24)

for these discrepancies by Bering and Ioileva are
shown to be untenable.

The approximate form of the Gibbs adsorption iso-
therm is shown to be valid under medium temperatures
and pressures.

The literature on the adsorption of vapour on

percury is reviewed.
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"REVIEW OF LITERATURE ON_ADSORPTION OF
VAPQURS ON MERCURY."

Many workers have studied the adsorption of
insoluble vapours on liquid surfaces. Adsorption on a
liquid surface is a simpler phenomenon than that occurr-
ing at the surface of a solid adsorbent. Solid adsorb-
ents usually have irregular surfaces and often the
presznce of fine pores favourélcapillary condensation
at pressures of tho vapour approaching saturation. Even
a perfect crystal will adsorb differently on faces of differ-
ent indices becausec of the different arrangement of atoms
corresponding to differing surface energies(zt).

Direct determination of the amount of vapour adsorbed
is usually of low accuracy. Most investigators have de-
termined this quantity from the lowering of the surface

tension of the liquid followed by calculation from the

Gibbs adsorption isothern

= A (92
{' -~ RT dlna)T eee (1)

vhere [1

excess surface concentration of vapour,

® = Jlowering of surface tension,
a = activity of vapour,
T = temperature of surface.
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The assumptions which have been made in using
this equation are that the vapour behaves as an ideal
gas and the excess surface concentration is equal to
surface concentration. Both assumptions appear reason-
Jable at low vapour pressures; whether they are tenable
at pressures approaching saturation will be considered
later.

Mercury, because of its high surface energy, is
an ideal surface for following the adsorption of vapours.
Surface pressures are high, and accurate determinations
of amountd adsorbed are possible. This high surface
energy, however, makes it very difficult to obtain a
clean surface.

The objection levelled at most work on the adsorption
of vapours on mercury is that the mercury surface may

have been contaminated. Iredale(ls)

y» using the drop
weight and sessile drop method to measure the tension,
carried out a series of investigations on the adsorption
of vapoiu-"s on mercury. The bulk of the measurements
vere made using the sessile drop method. Calculation

of the surface tension by this method depends on an

equation due to WOrthington(g)
_1 2 __1.641R
V=2zP8" T6R + 1 oo (2)

for R ) 2 cms.
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where . ¥ surface tension,

fD = difference in density between liquid
and surroundings,

= acceleration due to gravity,

h = distance from plane of maximum dia-
meter of liquid pool to its vertex,
R = mnmaximum radius of liquid pool.

However, the drop used by Iredale was too small

(R 22 0.75 cms.) to justify the use of this equation

and he found the simple equation proposed by Quineke(e)
Y = % f?gha eee (3)

gave a surface tension close to that obtained by drop
weight method. He did not rcalise the reason for this
at the time, but it has since been shown(21;2}1)at when

R 0.75 cns. the simple formula gives very nearly the
correct surface tension. The surface tension was also

low, 472 dynes cm'!

at approximately 20°C. and therefore
his results have only a qualitative significance. Never-
the less, he established that in general only a mono-
molecular layer is formed, and that the area occupied by
the molecule is in agreement with data from other sources.
He found that for the vapours he studied - benzene,
ethyl alcohol, propyl chloride and ethyl bromide -the

Surface tension of the mercury could be restored to close

to its original value by immersing the vapour source in
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liquid air, i.e. the vapours were physically adsorbed,

! forces.

the nolecules being held by Van der Waals
| Methyl iodide was the only vapour t¢ show irreversible
behaviour and it is lmown that mercury forms a2 definite
chemical compound with this substance. In all instances
the isotherms of surface pressure (a) against vapour

pressure (p) were convex to the surface pressure axis.

It is possible to show thaz such curves represent a
departurc from an ideal 2 dimensional gas due to a
preponderance of repulsive forces betwoen the adsorbed
moleculeSQ?Q@Q),

Micheu(u), applying the drop weight method,
studied the adsorption of pentane, hexane, heptanc and
octene. Curves of surface pressure against vapour
pres$ure were convex. The surface tension, lhowever,
wvas low (471 dynos cm“t), and ncasurcrents were made
at only high pressurcs of vapour. His results will be
considered alons with those obtained in this investigation.

Cassel(le) and Cassel and Salditt(lg) were the
first vorkers to carry out an cxtensive systomatic study
of the adsorption of vapours on mercury. They used the

polar compounds water, isoamyl alcohol, methyl alcohol,

1
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ethyl alcohol, n-butyl alcohol, n-propyl alcohol, allyl
alcohol and nitromethane and non-polar compounds n-hexane,
cyclohexane and benzene. For the lower alcohols, the
initial part of the adsorption isotherm was concave to

the surface pressure axis, i.e.

™
3
indicating a prepondsrance of attractive forces in the
adsorbed 1ayer(1). From their results they concluded

that the polarizability of the molecule was more import-
ant for adsorption than the permanent dipole moment.
Unfortunately, the initial surface tension was only

459 dynes cm'{ at 50°C., and Kemball(23) ceriticized
their findings because of this.

Bosworth(go)

adsorbed the lower_fatty acids on

mercury following the adsorption by surface tension

lovering, and also by dropping mercury through a vapour

of known pressure and collecting the acid liberated

when the drops coalesced under water. Unfortunately,

the association of the fatty acid molecules in the vapour

phase was neglected in the subsequent calculations.
Kemball(zs), it seens, was the first investigator

to use mercury whose surface tension was correct. How-

1

ever, the value he found - 484.0 dynes cm°‘ at 25°C. - was
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in error by 1.1 dynes cm‘T due to approximations made
in the derivation of the Worthington equation 3. This
should be taken into account as he claimed an accuracy of
Hhs dynes cmft. As the result of careful measurcments,
he found that for both the polar (water, acetone and the
normal alcohols from methyl to hexyl) and non-polar
compounds (benzene, n-heptane and toluenec), convex
adsorption isotherms were obtained, indicating in all
cases a predominance of repulsive forces in the adsorbed
layer. The layers were found to be gaseous and obeyed
the Volmer equation )

w(A - b) = KT o ees (4)

where surface pressure,

it

= area per molecule,

= Boltzman s constant,

S
A
b = co-area,
k
T = absolute temperature.

By defining a standard state for the surface phase’
the free energy, total energy, and entropy of adsorption
vere calculated. The monolayers formed by the non-polar
compounds were found to be stable up to pressures approach-
ing saturation. No conclusive evidence of two-dimensional
condensation or for the formation of a second.adsorbed
layer was produced for the non-polar compounds. In the

case of the polar compounds, all buf water produced

gaseous films at low surface pressures. Hethyl and ethyl
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alcohols showed the adsorption of a second layer at
higher pressures. Acetone produced a double layer and
finally a triple layer. Multilayer formation was con-
sidered on the basis of these results to be the property
of small polar molecules. n-Butyl, n-amyl and n~hexyl
alecohols showed two=-dimensional condensation to liquid
films. Ko connection between dipole moment or polariz-
ability and adsorption was found.

In all cases the surface tension of the mercury was
restored to its original value by withdrawal of the vapour
by the applicatiocn of liquid air to the vapour source, indic-
ating that the molccules were held by only Van der Waals'
forces. Herein lies the strength of tho sessile drop method
~ which Kemball employed. Other methods following adsorption,
6.8. the drop weight and ﬁaximum pressure in a drop methods,
are not suitable for detecting irreversibility.

B.P.Bering and K.A.Ioileva(6’2’4)are the nmost recent
to study the adsorption of vapours on mercury. They re-
peated the determinations of Kemball for n-heptane,
acetone, water aad methyl alcohol, and also included some
results obtainecd éroviously (1940) by one of them for
ethyl alcohol and n-butyl alcohol. Diethyl ether was
also studied. Bnploying the moethod of the maxiaum
pressure in a drop, the surfade tension was found to be

484.5 and 485.8 dynes cm™' at 25°C. for two different
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copillories, both recults in close agréeaent with
Kemball's volue. Adocorption i@othorms for ne-heptanc aﬁd
acotone vore in ogrcemont with Kenball. Tlowever, those
for water, rothyl alecohol, ethyl elcchol and n-butyl
alecohol werc gonecaye to the surface pressure axis in
agreonont with Cascel and Salditt. They concluded
that only their rocults for wator and the lower alechols
roforred to physical adserption and that the nuch hichor
surfoce pressures found by Kenball woere the recult of
githeor inpurities being dicplaced from the glass vessol
or "activated” ndsorption which would become evident in
the secsile drop method where the drop is in contact with
the veopours for the whole serics of readings.

In support of their claim they quote the work of
(4)

Rarpartchev, Smirnov and Vorlchenkove on the ad-
sorption of water vopour on mercury. Since these
workors usod tho sesesile draﬁ meéhmé and,.with an initial
surfoce tension close to that of Bemball, obtained a con-
voex isotherm far from coincident with his, they claio
that neither of these curves hos any relation to the
physical adsorption of water vapour on mercury. low=-
over, tho sessile drop method used by those workers was
not eoployed oc a ctatic method as it was by Keoboll.

After onch adsorption mecguroxcont liquid airy wos oopplied
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to the vapour source; the mercury was distilled and

a fresh surface was provided for the next measurement.
- Therefore, unless individual measurements took longer
then a few ninutes, the sessile drop method as used

by these wérkers was dynamic in the same sense as the
gaxinun pressure mcethod. Consequently, although the
adsorption isotherm obtained by Karpartchev et al. is

not coincident with Kemball'

s, it does not support the
vicws of Bering and:Ioileva unless individual measure-
ments occupied a long time. Figure 1 shows the iso-
therns obtained by Kemballéf‘), Bering and Ioilevaizb,
and Karparichev, Smirnov énd VorlchenkovaézyL Some

veight is lent to their argument by the work of Stage'!).

Stage(7) employing the pendant drop method, where a
fresh surface is provided for each measurement, studied
the adsorption of the vapours of ethyl alcohol and n-
heptane and the mixed vapour of the two compounds. She
found that the adsorption of n-heptane was in agreenent
with that found by Kemball, but that the adsorption of
ethyl alcohol was very much less, the adsorption iso-

therm was nevertheless convex. Kemball's criticism of

's results on the basis of a low value

Cassel and Salditt
for the surface tension (459 dynes cm"i at 50°C.) is also
applicable here as the surface tension was only 461 dynes

en~! at 30°¢.

~ '
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Bering and Ioileva found water and the lower alcohols
underwent two-dimensional condensation, althouzh in
their first communication two years earlier this

phenomenon went undetected.

Summary .

Summarising the literature on the adsorption of
vapours on mercury, it is clear that only in the work
of Kemball and Bering and Ioileva was the surface
tension probably correect. All other workers reported
much lower values. |

Two broad types of isotherms have been observed,
the initial part of~the isotherm being eithexr convex or
concave t0 the surface pressure axis. This behaviour
can be shown. to corresﬁond to eifher repulsion or
attraction between the adébrbed molecules(l’zs).

Most workers have treated the adsorbed layer as a
real two dimensional gas and applied equations of state
analagous to those for three dimensional gases.

Komball extended this treatment by defining the thickness
of the surface layer and calculated the thermodynamic
quantities standard free energy, entropy and total snergy
for the =adsorption. Bering and Ioileva have adopted a
refreshingly new approach by considering an equation of

state based on the molecules behaving as nonlocalized,



A-ll .

identically oriented dipoles. This was applied to those
substances whose isotherms indicated initially a pre-
dominance of repulsive forces in the adsorbed layer.

One puzzling feature of the equation is that it fits
the convex isctherm reported by Kemball for methyl alcohol
which Bering and Ioileva criticized. In fact B.P.

Bering and V.V.Serpinsky(gs) in an earlier paper employed
Kemball's results fof methyl alcohol in support of this

eguation of state.



SECTION I. SURFACE TENSION OF MERCURY.

INTRODUCTION.

The aim of this investigation was to study the
effect of increasing the chain length of the
saturated hydrocarbon molecule on the heat of adsorption
and orientation of the mo;ecule at a liquid mercury
surface. |

Surface tension measurements were used to follow
the course of adsorption by calculation from the Gibbs
adsorption isotherm. Naturally the first consideration
was to ascertain thé surface tension of pure mercury.
Adam(f), Burdon(a), and more recently, Kemball(s) have
sqgmarised the large list of surface tensions obtained by
different workers for mercury. Some values refer to the
surface tension obtained in vééuo, others to the surféce
tension in air. In meny cases the purity of the mercury
is suspeot, and often the method used to evaluate the
tension was improperly understood. Adam(?) from the large
nass of data suggested & value of 45 ¥ 5 dynes emfl at
- 20%. Burdon(a) placed'the surface tension between 480

1

and 500 dynes cm ' at ordinary temperatures. Kemball(g)

in his excellent work obtained a value of 484.0 dynes om™'

o~

at 25°C. with & claimed accuracy of 1/4 %. For the
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temperature coefficient of the surface tension he obtained
a value of 0.20 dynes cm'{deg't. He chose the "sessile
drop"method to measure the surface tension.

Since 1946 several determinations of the surface
tension of mercury have been reported, half of them agree-

ing with Kemball's value. S.V.Karpartchev, M.V.Smirov

and Z.C.Vorlchenhova‘, using the sessile drop method, ob-

1

tained 477.4 dynes cmfﬁ at 30°C. and the temperature

coefficient averaged~ 0.4 dynes cmf!deg"{. M.Ziesing5

reported 483.6 dynes cmfi, temperature coefficient 0.20
dynes cm-ldeg'i. This value is that calculated from the
Worthington equation for “"sessile drops" (used by Kemball).
However, as noted by the author independently of Ziesing,
the error involved in the approximations made in deriving
the equation is of the same order as the error in measure-
ment. Ziesing calculated the former error and gave a
corrected value of 484.9 dynes cm'! at 25°C. B.P.Bering
and K.A.Ioilevas, using the method of the maximum pressure.
in drops, obtained 484.4 dynes cm'l and 485.8 dynes cmfl
for different capillaries. The temperature coefficient
was 0.20 dynes cm'zdeg'l. Doris Stage! applying the
pendant drop method, reported a value of only 461 dynes
em™! at 30°C. No temperature coefficient is reported as

-

measurements were made at only one temperature.
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It seems likely therefore that, allowing for the

error in the Worthington equation, the surface tension
1

~

coefficient 0.20 dynes cm'ideg'1. However, it is

of mercury is close to 485 dynes cm ' and the temperature
difficult to understand the lower values obtained by
Karpartchev et al. and Stage. Stage clearied the mercury
by methods similar to Kemball and adopted the method
introduced by Burdon of carrying out a cyclic distillation
of the mercury in the apparatus before measurement. Like~
wise Karpartchev et al. followed this procedure; however
no mention is made of their methods of purification.
Kemball and Ziesing also used the method of cyclic dis-
tiilation.' B.P.Bering and K.A.Ioileva, however, made

no mention of doing so and yet still obtained a value
identical with Kemball and Ziesing.

From these considerations it appears that it is
necessaty to clean the mercury thoroughly before admitting
it to the measuring apparatus, and it seems preferable to
design the apparatus to allow the mercury to be distilled
under high vacuum to remove any last traces df grease,
moisture and oxide scum.

The method to be employed to measure the surface

tension is fairly open. Both the sessile drop and the
| maximum pressure in drops method have yielded the same

value. For the present investigation the "sessile drop"
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method was chosen because it has a sounder theoretical
basis and alsb avoids a contact angle, which appears
desirable.

B.P.Bering and K.A.Ioileva, however, object to the
sessile drop method because although it gives the correct
surface tension, it has the disadvantage that the "big
drop" is in contact with the vapours to be adsorbed for
a long period - for the whole series of measurements -
whereas the method of the maximum'pressure in drops
provides a fresh suriace for each measurement and is in
contact with the vapours for only 2-3 minutes.

Their objection is limited to the lower alcohols
and water, which give convex adsorption isotherms by
the sessile drop method and concave isotherms by the
maximum pressure in drops method. Both n-heptane and
acetone give simiiar results by both methods. It is,
therefore, reasonable to assume that the other saturated.
hydrocarbons will also give similar results by both
methods.

However, further work is necessary to substantiate
their claim that only their results for water and the
lower alcohols represént physical adsorption and that
the much higher surface pressures found by Kemball are
the resﬁlt of the mercury being left in contact with the

vapour for the whole series of measurements resulting in
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either "activated” adsorption or impurities being
displaced from the glass measuring vessel by the vapour.
Karpartchev and his co-workers studied the adsorption of
water by the sessile drop method and provided a fresh
surface for each measurement. An adsorption isotherm
similar (although not coincident) with Kemball's was
obtained, i.e. convex. Therefore, unless individual
measurements.occﬁpied more than a feQ minutes, the sessile
drop as used by them was "dynamic" in the same sense as

's argument is

. the maximum pressure in drops and Bering
unsound; | |

Kemball also pointed 6ut that the mercury during
distillation acquires a high potential. Ziesihg made
 some measure of the effect on the surface tension and

found it could be lowered by over 10 dynes bmfi. Perhaps

Stage's low value may be partly due to this. No provision

was made to earth. the mercury in her apparatus.

ls value of 484 dynes cm~ ', when corrected for

Burdon
the wedge angle of the window, suggests the surface tension
‘was apparently unaffected by the fact that no provision was
made for earthing the mercury. The only explanation is
that he distilled the mercury slowly and it did not ac-
quire an appreciable potential. The last important
source of error is the wedge angle of the window through

which the mercury drop is measured. For example, an
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angle of 0.38 degrees between the faces of a pyrex window
can cause an apparent error on thé high side, of 28 dynes
cmfz in the sessile drop method, when the diameter of the
drop is 2.5 cms.
In summary it may be said that to obtain pure mercury
which will give a correct measured surface tension, it is
necessary
(a) To clean the mercury thoroughly before admifting it to
the measuring apparatus. -

(b) To carry out cyclic distillation of the mercury before

" measurement. |

(¢) To make provision for earthing the mercury.

(d) To allow for the wedge angle of the window through‘which
the drop is measured, if the sessile drop method is used.

Further, as pointed out by Kemball, all grease taps and
joints must be isolated from the measuring vessel by a liquid
air trap. He showed that even high vacuum greases with very

low vapour pressures lowered the surface tension.

THEORY OF SESSILE DROP METHOD

The sessile drop method for determining surface

tension involves the measurement of the distance from the

equator of a liquid pool to its vertex. Quincke(a)
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originally proposed the formula
Y =1/ thZ cee (1)
the surface tension being regarded as balancing the hydro-
static pressure of the liquid on the rectangular area of
unit breadth and depth, h, (Figures 2 and 2§)
where Y = surface tensicn,

f) = difference in>density between liquid and

surroundings,
g€ = acceleration due to gravity,
h = distance from equator to vertex.

9 pointed out that two important corrections

!

Worthington
are cmitted in Quincke's formula. In the first instance
the curvature at vertex of the pocl can not be ignored.
If b is the radius of curvature at the vertex, the
pressure due to this curvature is g%h and, because

the surface tension has to balance this as well as the
hydrostatic pressure due to the weight of the liquid,

the value of h will be less than that caleculated from
the simple formula.

Secondly, the curvature of the liquid pool in the
horizontal plane means an added pressure inside the
surface. | This effect makes h larger than that
calculated from the simple formula. Considering a
vertical slab of liquid 1 cm. wide (FiguresZ and 240,

the surface tension exerted along each edge AE and DET

P —




FiG.2a.
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produces a pressure 1VR‘ on each unit area of the surface.
Since the surface is one of revolution R' is length of
the normal interrupted by the axis and writing § for in-
clination of the normal to the axis measured on the side
of the vertex, l/R' = §i§_ﬂ.. vhere x = horizontal
radius of section. The pressure on the horizontal strip
of the rectangular end of aepth dz is 14§i§—g4g5 .
Therefore the total pressure of these forces on the area

ABCD is h Y_sin Q . dz.

X

o

Hence the corrected equation becomes

h

(o]

The value of the integral of the last term to a

first approximation is shown by Laplacel? or Mathieutt
to be g
1 - cos?
i@«_ o 2
3 X L) (3)

where. a = "iﬁg

Worthington obtained an approximate value of a

using Quincke's simple formula (Equation (1)) and he
h

put a = Jﬁ?"
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When x = maximum radius R, § = 90° the term
reduces to
i& (1 - .._].:_..
Y 3R 2,2
= ——2Yh __ eeo (4)
T 3.,2817R
The corrected equation is then
1 2 1 1
Y = gzfPen +2vh (5 - 355TR .er (5)

's time the term 2Yh /b has been

Since VWorthington
neglected for drops whose radii are greater than 2 cms,

and the resulting equation~

Y =7

1
1.641R + h ces (6)

has become known as the "Worthington equation," although
he gave his final equation as (5). |

This equation (6) has been used by a large

(12) [ oted that the

number of workers. ©Porter
equation was reliable but estimated it was in error
by 0.5% for drops over 4 cws. in diameter. However he
did not make any accurate calculation of the error.

(5)

Ziesing calculated the error accurately, and his
argument is along the following lines.

Equation (6) is in error by approximately 0.2% because
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of two approximations made in its derivation. The
correct equation is equation (2) or in an equivalent
form,

Y = Pgh + 2va/p - v. 38‘ (1- —T—) oo (7)

where a = ,/ F—“g—

The first approximation was made by putting
h .

a:——-—-

/2

in the final term, and the second approximation was
made by ignoring the term 2vh/b where R > 2cms.
Both these introduce ari error. For example, consider

the results of Kemba11(3); he obtained Y = 484.0 dynes

en™1. at 25°C. for mercury, using the "Worthington"

-

equation. If Y is determined from equation (7)

by putting a =\/_Pzé, where ¥ is the value given

by the Worthington equation and b is calculated

(10)

according to Laplace or Mathieu(ll) from

z(J/z::i)( ﬁ;:) tan g/4 exp. (-3 - 4 sin”@/)

which, wvhen x = R and § = 900, reduces to
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L - (Jexr/e?) 014142 exp ( - £+ 0.5858)

a value of 485.1 dynes en™!

-

is obtained.

For a drop 5 cms. in diameter, which was used for

the determination % = 0.0002, the surface tension

calculated from Equation (7) is
= 485.1 dynes cm”'.

Therefore, using the "Worthington Equation" an

absolute error of 1.1 dynes cm'{

is introduced,
which is of the same magnitude as the accuracy
claimed for the determination, 1.5 dynes cm"?.
The'exact correction for the size of the drop
used in this investigation will‘be considered with

the experimental results.
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APPARATUS .
1.(3)

The apparatus was similar to Kemball's modific-
.ation of Burdon's(13) apparatus. Figures 3, 4 and 5
shov the general layout. Figures 6 end 7 shov a close-up
of the measuring vescel and mercury still, betveen which
cyclic distillétion was ;arried out.

A mercury diffusion pump (an 0il diffusion pump was
avoided because of the risk of contaminating the mercury)
backed by an Edwards Speedivac 2520 rotary vacuum pump

Smm.Hg. (McLeod gauge). A Pirani

provided a vacuum of 10~
vacuun guage vas also incorporated in the system to in-
dicate the presence of any condensable vapours. Exhaust
fumes from the pump were passed cutside the room.

None of the "pyrex" glass used in constructing the
apperatus vas "cleaned.” The attitude was taken that
"eleaning" methods could introduce impurities tc the
surface of the glass which in turn céuld contaminate the
mercury . Mercury has such & high éurface.energy that
it can easily be affected by impurities adsorbed on the
glass surface. The central sections of the glass tubes (as
they cane from the factory were used and the rcmainder dis-
carded. It seems the main impurity which is present is
water wvapour.

The measuring vessel was isolated from all grease

taps and joints by a liguid anitrogen trap. Beiwezn the
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liquid nitrogen trap and the measuring vessel mercury cut-

offs replaced the usual grease taps.

Mgasuring Vessel.

Figures 6 and 7 show how the mercury was dis-
tilled from the still B up the lagged volumn C via
the U~tube D to the cup A, which held the sessile drop.
Mercury after spilling from the cup A returned to the
still. To locate the vertex of the sessile drop, a.
tungsten pointer, embedded in a glass envelope containing
a plece of soft iron and supported from the top of tube
E by a.tungsten spring, was operated by a solenoid F.
Coineideqce of the pointer and its image located the
vertex. It was found necessary to darken the room and
to throw a beam of light on to a white background behind
and above the drop in order to obtain a clear image.

The equator was located by placing a small galvan-
ometer light 1.7 metres from the equator of the drop
and on the same level. By astigmatic reflection two
images due to the different radii of curvature at the
equator can be observed. The horizontal line image in
front of the vertical line image gives the plane of the

equator.
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firm stand attached to a concrete block pillar cemented
to the concrete floor. A level surface along which to
move the cathetometer was provided by a 15"x 15"x %"

glass plate of requisite flatness. Three l%px %" bolts

were cemented:tb the top of the pillar and allowed to

set overnight. The nuts were then placed on the bolts
and adjusted to level the glass plate. A slov setting
plaster was then smeared around the bolts, nuts and

glass plate. With the cathetometer on top the plate
Awas.levelled over a period of 1 hour and then the plaster
was allowed to set. A Watts 8" Precision square block
level was used to check the plate level. The level could
be read to within g&pu" in 10", i.e. there was an un-

certainty of 0.0004 cm. in 15 cm.

glgss Window.

The main difficulty in constructicn of the "pyrex"
aﬁéér;tus wess the attaching of the glass window to the
vessel iﬁ ﬁhich the seésile drop was formed. An attempt
was méde to afiix the window by means of a rubber ring seal.
Several glass plates with circular groovesof rectangular
cress-sechion were prepared by a local optical firm.
"Bdwards® "O" section rubber cord was the sealing ring.
Seals of this type are meant to allow the surfaces to mee€
and the rubber ring under compression then provides a

vacuun seal. After many itrials it was found impossible
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to obtain a high vacuum. A closer look at the literature
revealed that rectangular groeyesdo not allow sufficient
compression of the "O" section ring where the surfaces
are nmating. Trapezium section groevd¢es are usuglly re-
commended for high vacuum work. Unfortunately, a tool
capable of cutting such a groogeto the required gslerance
was not avaifable and this approach had to be abandoned.

Some workers have used waxes to seal on the window.
There is, however, always the danger of contamination from
such substances. Silver chloride was tried because there
appears little chance of contamination with an inorganic
substance. Wnile these tests were going on a "pyrex"
window was successfully fused on to the apparatus. Yo
pyrex plate was available and the window was cut from a
commercial "Pyrex" baking dish. It was found to be free
from strain. The faceé wvere ground optically flat with
an angle between them of less than 10 secs. The window
was 30 mm. in diameter and 6.5 mm. thick. After the
wvindow was fused on the faces were found to be optically
flat over the central 9 mm. and the wedge angle was 15 secs.
as measured with a Hilger-Watts Auto-Collimator.

A tube packed with calcium chloride, soda-lime and.
cotton wool was connected to the air inlet tap near the
rotary vacuum pump. This insured that reasonably pure

air was admitted to the apparatus. A special mercury
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cut-off capable of withstanding a pressure difference
of an atmosphere between the two sides_and designed by
Kemball® was piaced between the measuring vessel and the
remainder of the system in order that no éir would be ad-
mitted to the mercury once it had been purified by cyclic
distillation. | |

In the possible event of a serious variation in the
water pressure, a safely switch was incorporated which
turned off both the mercury d&iffusion pump and the mercury
still at very low water pressures. It was necessary to
turn the mercury still off because any increase in oxygen
pressure above approximately 10"4mm. favours the formation

of oxide on boiling mercuryzs.
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PURIFICATION OF MERCURY,

The mercury was freed from readily oxidisable metals
and other impurities by sucking air through it in the
presence of concentrated sulphuric acid and ferrous
sulphate. After several hours of this treatment, it
was washed with watér, dried, and then filtered %o remo&e
any oxide scum. Two R.B. "Pyrex" flasks were fused via
an air condenser to each other and then to the mercury

still. With the mercury in the end flask and the system

evacuated to 102

mm., distillation was begun. Host of
the mercury was distilled into the middle flask and then
in turn to the mercury still. When the vessels were cool
the mercury was sealed off in the latter vessel.

Continuous cyclic distillation for several weeks
removed the last traces of grease and oxide. The poss-
ibility of oxide forming on the mercury surface needs
attention. On the assumption that the buik phase and
surface phase of mercury behave in an identical manner,
it is possible from the data of Taylor and Hulett(zs) to
calculate the critical pressure of oxygen at various tempera-
tures required for the formation of mercuric oxide.

These workers studied the equilibrium between mer-
cury, oxygen and nmercuric oxide at high temperatures and

determined the heat of reaction

2Hg + 0, S 2HgO
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From this quantity they calculated the dissociation
pressure of mercuric oxide abother temperatures. The
table below shows their calculations for the range of
temperature encountered under the present experimental
conditions. From their results and the vapour pressure
of mercury the critical pressure of oxygen was determined

from the relation

2 _

Tenp . °C. Dissociatvion Vapour Critical pressure
pressure of pressure of oxygen for
mercuric of mer- oxide formation
oxide Kp(mm) cury (mm) | (mm)

25 1.9 x 1078 4.14 x 1073 1.11 x 1073
200 0.1 17.3 3.34 x 10”4
400 - 23 1574 9.34 x 1072

Since the mercury in the still boiléd at approximate-
1y 200°C., a partial pressure of oxygen of less than
10"%m. would favour the decomposition of any oxide.

Also it can be seen that at 25°C. a partial pressure
of oxygen less than 107 is necessary to prevent any oxide
formation; of course the rate of formation at room tempera-
ture is very much less than that at the boiling point.

The vacuum attained in the system was of the order
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The vacuum attained in the system was of the order
of 10”2 mm. Therefore, providing the surface behaves
as the bulk, all oxide would be decomposed at the tempera-
ture of boiling mercury. VWhen the sfill was not operat-
ing the special mercury cut-off was raised with & vacuum
of 10'5 m. in the measuring vessel and the air admitted
to the remainder of the glass apparatus. BEven if sub-
sequently the partial pressure of oxygen increased above
1077 mm., the rate of formation of oxide would be very
slow at the lower temperature. No surface scum was ever
observed on the mercury once it had been purified by cyclic
distillation. |

To prevent condensation of mercury on the glass window,
a heater was placed under it while distillation was carried
out. A tungsten wire was sealed under the apparatus to
earth the mercury. In earlier experiments no earthing
was provided. Lovwver surface tensions were observed when
the mercury was not earthed.

The lovering of the surface tension was found to de~
pend on the rate at which the mercury was distilled.
Brilliant flashes of green light were observed in the dark
while the mercury was being distilled which indicated that
the mercury attained a high potential on diétillation,
sufficient to ionise the mercury vapour. A "Pye"

cathetometer was the measuring instrument with divisions to
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0,0005 cms, It was checked over a small range of 0.8 mm.
by comparison with a "John Bull" 4" diecl sauze with div-
isions of 0.0002 umm. Dial gouges are voxry accurate over
a small range, but connot be used over the distance of
approximately 3 mm. necessery in this investigation. The
cathetometer was found to be reliable to 0.0002 mm. over
C.8 mm. Over larger distanccs the dial gauge read up to
0.0008 mm. too low, 8.g. with the screw reading 0.28C0 cms.
the dial gauge showed 0.2792 cms., Since the screw was in
perfect order, readings cculd most probably be relied upon
to 0.0002 mm. over the length of the screw.

The telescope accompanying the cathetometer had a
working distance of 4 cas. This presented soricus work-
ing difficulties with the necessity of sealing the thick
glass windov directly on to the measuring vessel.
Fortunately it was possible to obtain another eyepiece lens
which gove the tclescope a working distence of 14 cms.,
allowving the window to be fused on to a glass tube and

then on to the vessel.
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EXPERIMENTAL RESULTS.
Size of Drop.

To ascertain the surface tension it is necessary to
know the diameter of the mercury pool and the distance
from the equator to the vertex. Since the surface
tension depends only slightly on the diameter, it is not
necessary to know it very accurately. The diameter of the
mercury formed by the cup, 4.49 ¥ 0.0l cms., was measured
before the cup was sealed into the apparatus.

Correction for Viedgze Angle of Window.

The angle between'the faces of the window was 15 secs.,
and this angle produced a slight increase in the quantity,
h, the distance from vertex to equation when viewed
through the window. Kemball(3) vas the first to con-
sider this source of error. It must be remembered that
the vertex and equator do not lie in a plane parallel to
the windov. The distance between them is the radius of
the pool. For two points lying in a plane approximately
parallel to the window there is negligible change in the
distance between them when viewed through a window of small
wedge angle. However, the distance between two points not
in the same plane appears appreciably greater. '

In Figure 8 the displacement of the point O when
viewed through the wedge of smsll angle © rsdians is

considered. Let the refréctive index of the glass be/u.
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For refraction at a plane surface, the equation
YA Y = 0 eee (1)

relates the distances of the object, u, with the distance
of the image, v, and the refractive indices of the two
media},u1 and Ao e The image will lie on the line
through”the object perpendicular to the surface of the
refracting medium.

In Figure 8 1let OA = d.
After refraction at the first surface of the wedge, O
will form an image at D ‘where DOB is perpendicular to

the front surface of the wedge.

Now B0A = 2
2
| 1
and M/DB = ==
. oD _ A-1 _ G
'+ 0B T T1 % 0A
.*.  DC = 0Ctan § = (x-1).%

Similarly after refraction at the second surface D
14

]

will zive an image at E on the line DEF perpendicular

to the second surface.

Let thickness of wedge at ¥ Dbe t1 cns .,
= M - 8
then EG = (A4-1)(@+t) 3

and total vertical displacement = CD + EG = s(p-1)(d + t,/2)

-
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Similarly the vertical displacement of an object
at a distance d + S will be
o~
8{y - 1)(a + S + tz/é)
vhere %, is the thickness of the wedge at the appropriate
point.

.'. the apparent vertical distance between the

two images is _ ~ b= T,
o= 1) 2 )

For the wedge angle and size of drop encountered here,

L
t, - t14£ S

.*« error in h is (M-1) 6R
where K is the radius of the drop.

This height wust be subtracted from the observed
height to give true height. The theory of this cor-
rection was checked by Kemball and found to be sound.

In the present instance the distance moved by the
cathetometer was not exactly the radius of the drop
The .distance betweon readings which is S in the abo&e
argument was 2.55 cms. (vhich meant the pointer was 3 mm.
off-centre) the therefore the quantity to be subirasted

from the observed height is

efu - 1) s

0.2 R
%357%%§5% (1.473 - 1) 2.55

0.0001 ems.

"

where © is expressed in radians.



23.

Level of Glass Plate.

It was mentioned previously that the level of the
glass plate could be determined to within 0.0004 cms.
over 15 cms. After the plaster had set it was found that
the glass plate was slightly off level from front to back
but lével from side to side. This meant a correction had
to be made to the observed height, h. The front of the
plate was higher than the rearj; the error in its level
being 0.0011 cms. over 15 cms., which meant that when the
cathetometer was shifted between readings 2.55 cms. it
moved a wvertical distance of 0.0002 cms. This quantity

must, therefore, be added to the observed reading of h.

Position of Pointer.

Since the diameter of the mercury pool was
- 4.49 ¥ 0.0t cms. and the distance between the readings
i.e. from the equator to the position of the pointer, was
2.55 cms., the pointer was 3 mm. off centre. However, it
can be shown that there is no significant difference in
height between the vertex and a point 3 mm. from it.
Along with Kemball® the difference in height has been
considered as due to the sum of the two quantities

(a) the curvature of the drop at its vertex,

(b) the changing curvature of the drop from a minimum

at the vertex to a2 maximum at the equator.

The effect of (a) and (b) is to lower a point 3 mm. from-
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5cms. Since it was not

the vertex by less than 10~
possible to measure less than 10™4 cms. with the cathetometer

screw, the correction may be ignored.

Tomperature Control.
The design of the apparatus made it difficult to

build a constant temperature oven around it. TFortunately
the position of the room in the basement of the building
made it relatively easy to maintain the room temperature
within 0.2°C. of 25.0°C. during the summer tvsing the
existing heaters in the room, and when necessary a fan
with a heating coil in front of it. At the lover tempera-
ture 16.5°C. measurements were made at night in the winter
using the fan and heating coil. Again temperature control
of the room was excellent, variations never exceeding 0.2%.
Maintaining the room at temperature made it unnecess-
ary to warm the remasinder of the epparatus wvhen meking
adsorption measurements at temperatures above day temperature.
Other workers have wound the glass apparatus not in the con—
stant temperature oven with a heating wire in order to pre-
vent condensation of wvapour near the saturation point.
Earlier viewsS’5 that mercury acquires on distillation
a. considerable potential, which lowers the surface tension,
were confirmed. For example, with the rate of distillation

used throughout the investigation, the effect was:



25.

Temperature h h Surface tension (from
250C. (uncorrected) (corrected) Worthington Equation)

Unearthed drop 0.2786 0.2787 478.9

Earthed drop 0.2800 0.2801 483.8

Readings of the height, h, are the average of upward

of four measurements.

Surface Tension of Mercury.

In Tables 1 and 2 the measurements of the surface
teﬁsion of mercury at 25°C. and 16.5°C. are given. The
observed height, h, is subject to two corrections, the
wedge angle of window (-0.0001 cms.) and the error in the
level of the glass plate (+0.0002 cms.); a total pos-
itive correction of +0.0001 cms. The uncorrected sur-
face tension is that calculated from the Worthington
equation, the corrected surface tension allows for the
error in this equation. TFor the density of mercury at
25%¢. the value given by Kemball(B) has been used, at
(4)

The value

of the gravitational constant, z, 980.45 cms. sec=? is

16.5°C. that given by Karpartchev et al

that determined for Hobart by the Geology Department of
this University. Each value of h is the mean of at

least four readings.
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Temperature 25 ¥ 0.2%. R = 2.25 ¥0.01 cms.
g = 980.45 cms.sec:2 /9== 13.534 g.cms>
Date (uncorgected) (cor?ectéd) ¥y (Worthington Equation
oms . oIS . dynes cm.—1
1958
, 24th Sept. 0.2800 0.2801 483.8
21st Oct. 0.2800 0.2801 483 .8
22nd " 0.2798 0.2799 | 483.1
28th " 0.2802 10.2803 484.5
29th " 0.2800 | 0.2801 483.8
Tth Nov. 0.2802 0.2803 484.5
18th Nov. 0.2803 0.2804 484.8
- 2Tth Nov. 0.2802 0.2803 484.5
28th " 0.2798 0.2799 483.1
4th Dec. 0.2799 0.2800 483.5
10th " 0.2802 | 0.2803 484.5
1959.
17th Feb. 0.2800 0.2801 483 .8
24th " 0.2800 - 0.2801 483%.8
' 6th Mar. 0.2799 0.2800 483 .5
13th " 0.2798 0.2799 483.1
14th April 0.2800 0.2801 483.8
22nd " 0.2799 0.2800 483.5
29th " 0.2800 0.2801 483.8
19th June 0.2799 0.2800 483.5
' Y (Worthington Equation) = 483.8 ¥ 0.4 (mean deviation) dynes cm™ ' .
y (corrected) = 485.4 0.4 dynes cm™'. )

-
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Temperature 16.5 % 0.2°C. R = 2.25% 0.01cn.
g = 980.45 cms. .seT‘__ F = 13.560 gus.cm>2
Date h ’ m}:-m—-~ Y Worthington
| (uncorrected) (corrected) Cquation
1959 cms . cus.
S5th Hay 0 .2804 0.2805 485.8
12th Hay G .2804 0.2805 485 .8
26th May 0.2803 0.2£04  485.5
29th May 0.2802 0.2803% | 485.2
5th June 0.2803 0.2804 485.5

y_(Vorthinston Bouation) = 485.6 % 0.2 dynes cem”'.(mean deviation)
X icorrécteg_l = 487.3 % 0.2 gynes cm"_'.
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The correctcd surface tensions were determined as
follows:

The value of % is 0.00050 and the value of a = cgg

is 0.19100 at 25°C. and 0.19112 at 16.5°C.

Substituting these figures in the correct equation
h
Yy = %—th2+2%——%é(l-'2'311‘)
at 25°C.

Y = 529.7 + 0.1 - 35.4
485.4 dynes em~'.

-

And at 16.5°C.,
Y = 522.7 + 0.1 = 35.5

= 487.3 dynes cm" .

Both the surface tension values are also subject to
uncertainties in the radius of the drop $0.01 cm., in the
reading of the level of the glass plate 0.0004 cm. over 15 cms.
and the setting of the lamp used to define the equator of the

drop. These are summarised in the following Table.



Uncertainty in: [Magnitude Error in h | Brror in ¥y
cns. dynes cm=1!

Setting lamp to

define equation }(0.25 cm. 0.0001 0.3

Reading level 0{](0.0004 cm. 0.0001 0.3

glass plate in 15 cms.

Measuring radius

of drop 0.01 cms. 0.2

Reading h,
(mean deviation)

0.4 (25°C.)
0.2 (16.5°C.)

Total error

1.2 dynes cm“1§2§°C.)
1.0 dynes cm"1§16.§°c.)

Therefore the corrected surface tensions are

- at_25°C. x

at 16.5°C. 3y

i+

¥i,0 dynes cm'f.
0 d

1.0 dynes cm_ .

The temperature coefficient is 0.22 ¥ 0.05 dynes

cn~tdeg™!,

because of the small range of temperature;

This value is of somewhat limited accuracy

hovever, it

is in agreement with the generally accepted value of 0.20

dynes cmf‘deg".

In the following table'the surface

tension determinations of Kemball(3), Ziesing(s) and

Bering and Iloileva

are given for conmparison. The

results of Kembzll have been corrected for the error in the

Worthington equation.
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Method for Nature of Y at 259C,
determining Y. apparatus. dynes em~1.
Kemba11(3) Sessile drop Borosilicate  485.1 % 1.5
‘ glass '
Ziesing(s) Sessile drop Silica 484.9 ¥ 1.8
Bering %n§ Maximum pressure Glass, type 484 .4 ; 0.8
Ioileva‘é in drops not stated 485.8 = 0.8
Roberts Sessile drop Borosilicate 485.4 ¥ 1.2
glass

The sihilarity of results in borosilicate glass and

silica suggest that Burdon's(13) fear that alkali from

the former might contaminate the mercury was unfoundédt
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SECTION IIX. THE ADSORPTION OF SOME HYDROCARBONS
Ol MERCURY .

THEORY .

Both the approach of Bering and IoileVa(24) and
Kemball(23) will be used to analyse the results of this
investigation.

Kemball(23) defined a standard state on the surface
by considering the surface phase-at such a concentration
fhaﬁ the molecules could be assumed an ideal two di-
mensional gas. The surface layer was assumed to have
& thickness of 6.0 A and the two dimensional surface
pressure was then converted to a three dimensional
pressure and the standard state taken as one atmospherex
The standard free energy change on adsorption is then
given by

AF = =RT 1n-~’?-§-

vhere p refers to bulk phase and is the pressure of
vapour molecules in equilibrium with surface molecules in

standard state, and po refers to the surface molecules

X Harter Ryder and Williamson(27) have proposed another
definition for the standard state on the surface.
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with an equivalent three dimensional pressure of 1
atmosphere.

This relationship when corbined with the Gibbs

eguation
- A [f.dx_
- RT(dlnp)T -ee (2)
where =% = surface pressure,
[’ = excess surface concentration,

leads to

v enn f Q%) 2

&F = =RTln 14,500(—-) eee (3)

dp T

with p mneasured in mm. of mercury, the surface thickness
a5 64 and [ in the appropriate units.
This equation holds when adsorbed molecules vehave

as an ideal gas and thercfore the initial value of

( gg) is required.
dp/ ¢

The method of introducing an arbitrary surface thick-
ness is equivalent to defining the standard state on the
surface as a given aréa per molecule dependent only on
the temperature. This is similar in definition to the
standard state of an ideal gas, 1 atmosphere, where all
molecules are assumed to occupy the same volume dependent
only on the temperature, e.g. at 0°%. 1 g. molecule

occupies 22.4 litres, or for an idesl gas at T°K the
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the volume occupied by a molecule is

v = 135.2 TAS.

For an ideal gas in two dimensions with a thickness
of 6A the area per molecule is

A = 22.53 TA.
At such concentrations the ideal relation

A = kT eoo (4)
helds, and therefore the standard surface pressure is

% = 0.06084 dyne cm™ .
This means of defining the standard state is independent
of temperature in the same manner as the standard pres-
sure of 1 atmosphere is independent of temperature.
Since the isotherms are not linear even at the lowest
surface pressures and because at these low pressures
the relative error in measuring =« is greatest, a
graphical method of estimating initial slope would be oniy
approximate. A method based on estimating dn/dp from
the curve as a whole is possible by combining the Gibbs
equation (2) with én equation of state f&? the adsorbed
molecules. |

The total energy of adsorption can be determined

from the Gibbs Helmholtz equation

AF' = N'I"‘T(%%El se e (5)
b
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and the entropy change on adsorption from the relation
&F = oH - TsS ..o (6)

It should be emphasised that the free energy and entropy

of adsorption depend on the value assumed for thickness

of the surface layer, since Equation (3) is of the form

B 7dx\
oF = «RT ln?S'(dP>T eee (7)

where 6’ is the thickness of the surface layer,
and B is a constant,
whereas the total energy of adsorption is independent

of.g because from Equations (7) and (9)

7 d 1n(ax /ap) N~
s = RTZ( - d:/ p)T> cee (8)
/ P

Kemball found that the Volmer equation expressed the
behaviour of the surface molecules over a wide range of
sﬁrface pressures.
x(A - b) = kT e (9)
where A 1is the area per molecule,

b is a co-area (assumed to be the actual
area of a molecule, not twice the area as
predicted by the simple theory).

This equation is analagous to that for a real gas
where repulsive force between the molecules is far more

important than the force of attraction.
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Combination of Equation (I}) with the Gibbs Equation (2)

gives

Inp = lnx+2F+ec ... (10)

"where b and ¢ are constants.

Writing (12) in the form
‘ i e(m/kT) + ¢

p = =
dp\ _ bx (b /XT) + ¢
(dﬂ)T" (kT+]>‘e .
therefore |
db c
‘”‘)T °
%> 0
or
dn -C ' /
— = o0 0 l
(;3) . e | (11)
>0

The constant ¢ is some measure of the free energy of
adsorption.

\ Equation (10) may beltested by plotting log p/x
against = and should give a straight line of slope
b/2.303 XT and an intercept ¢.

Bquation (3) may now be rewritten

dn
~RT 1n 12500/ ==
n 5 (fdp:)T

2.303 RT log 12500 x 10~°
2.303 RT(4.0969 - ¢) cee (12)

&oF

]
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Also Bquation (8) may be transformed

d 1n(dx/dp)
RT? I
aT
P

2.303 RT® <-‘39-)
P

&H

dt

ees (13)

The entropy change may be determined from the relation

(6).
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The equation of state used by Bering and Ioileva(24)

wvas derived by Bering and Serpinsky(26).

It vas applied
t0 isotherms wvhose initial part vas convex, indicating that
repulsion was the important force between the molecules.
In this approach the adsorbed molecules arec consid-
ered to behave as similarly oriented dipoles and the
virial equation of state is applied to a network of such

dipoles. For a twvo-dimensional adsorbed layer, the

virial equation for a non-localised layer is
% = kT +0.575Sr £(r) eoo (14)

wvhere £(r) is the interaction force between two mole-
cules found at a distance r from one another and the
sumnmation is carried out for all pairs of molecules.

In the case of isotherms which indicate a repulsion
between the molecules, it is reasonable to consider the
repulsion as due to the molecules behaving as sinilarly
oriented dipoles. Forces of this type decrease with
distance significantly more slowly than other molecular
forces, and moreover, when the surface is only partially
covered it is possible as a first approximation to limit

i

one s consideration to such forces.

Therefore the function f£(r) may be written
 op 26
f(r) = 2ug/r

where/Aae is the effective dipole moment of a molecule
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oriented nornmally to the adsorbed surface and is the
sum of the permenent and induced dipole monments in
the direction of the field. Toppinéiggs calculzted
the virial term 0.5 [Sr £(r) for a network of
dipoles in various modes of packing, and shown that

in each case it is equal to

and therefore the equation of state assumes the form

& = ng? + 4.%};2115/9 ees (15)

e

Combination of this equation and the Gibbs Equation (2)
leads to the following equation for the adsorption iso-
therm

I/ = 1n 0 - L2237 oo (26)
where H 1is the integration constant.

The equation for the surface-pressure isotherm
corresponding to Equation (15) cannot be obtained
analytically in an explicit form. (Compare the combin-
ation of the Volmer equation and the Gibbs equation in
Kemball's approach to give the equation for the adsorption
isotherm as
Inp = Inx + %% +cC

where b and ¢ are constants which may be tested by

plotting log p/x against =x.)
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If Equation (15) is written
log B = log (x = XT/?) = log 4,5/42 + 2 logf?

where B represents the departure from the equation for an
ideal two dimensional gas, then by plotting log B against
log/” a straight line should be obtained with a slope of
g and the intercept on the log /7 axis should give the
value'o;ﬁ@e.

There is similarity of form in the two equations of

state for if the Volmer equation used by Kemball,
x (A - D) kT

where A = [lq' ,

is presented in the fdrm
, n? )
® = kI +ka<i—:-GF~
and compared with the virial equation of Bering and

Serpinsky,

% = XT/7 + 4.5 2/"5/2,

it is seen that whenever the former equation is obeyed,

the latter must also be obeyed.
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APPARATUS AND MATERIAILS.

The reservoir for the various hydrocarbons was
connected to the apparatus by a ground glass joint
sealed by mercury. In order to take a series of ad-
sorption measurements, the special mercury cut off was
raised to isolate the mercury in the measuring vessel
with a pressure of 10" ?mm. in the system; air was then
admitted via the calcium chloride-soda lime tube to the
remainder of thé'apparatus after removing the liquid
nitrogen trap. The ligquid hydrocerbon was placed in
the reservoir and the apparatus evacuated while immers-
ing the reservoir in liquid nitrogen. Under vacuum
the hydrocarbon was allowed to melt and dissolved air
came out of solution; the process of freezing and melt-
ing was repeated until no more air bubbles were visible.
Appreciable quantities of air appeared to be soluble in
the hydrocarbons.
ature of the reservoir was controlled by
a large vacuum flask (dimensions 9 x 21 cms.)
containing commercial butanol. Liqﬁid nitrogen was
added to the alcohol until a temperature of approximate-
1y -75°C. was reached. (M.P. pure butanol = =79.9°C.)

The reservoir was then immersed in the bath, a thermo-
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couple was placed close to the end of the reservecir
and a2 glass tube connected to a source of compressed
air was placed well down in the liquid. Cotton wool
was packed around the opening of the flask. To ob-
tain higher temperatures, small quantities of warm
butanol were added and the mixture thoroughly stirred
by bubbling a vigorous stream of compressed air through
the bath liquid. The temperature control was good at
all temperatures., At thé very low temperatures the
temperature was constant within 0.2 - 0.3°C. for the
time necessary to make a measurement, i.e. 10-15 minutes),
af higher temperatures to within 0.1%. Avove 0°C. the
bath liquid was changed to water, as the higher vapour
pressures of butanol made the lesboratory air wvery un-
pleasant.

Bach reading took about 2 minutes and each surface
tension measurement was the result of at least four

readings.

Calibration of Therrocouple.
The thermocouple was chromel-alumel and the points

used to calibrate it were

Melting Point Water | o °c.

Melting Point Mercury(Bl) -38.5 .

Boiling Point Nitrous Oxide -88.5°C.
(760 mm.)

Melting Point Nitrous Oxide -90.8°C.
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Above 0°%. a mercury thermometer calibrated to 0.1%.
was used for calibration. The mercury was purified

in the same manner as described previously. Nitrous
oxide was a Commonvwealth Industrial Gases'-produet

"For Medical Use," and was used without further purific-
‘ation. The calibration of the thermocouple was checked

after six months with identical results.

Indicator Junction - E.MJF.(av) - Atmos .Pressure
(oc.) ' am. He .

Water Bath at 2530.05 |0.995

(Mercury thermometer
graduated in 0.1°C.)

H,0 (solid/liquid) 0° [€0.002
Hg (solid/liquid) -38.9 {1.441 (16.10.58)
1.443 ( 8. 4.59)

N,0 (liguid vapour)-88.7|3.087 (16.10.58) 752.0
~-£8.513.070 (8 . 4.59) 761.0

N,0 (solid/ligquid) -90.8{3.165 (16.10.58)
3.162 (8. 4.59)
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On looking up the melting and boiling points for

nitrous oxide in Kaye eand Laby(zg)

, conflicting values
for the boiling point were noticed (page 117, M.P. -102.4°C.,
B.P. ~89.5%°C., and page 131, B.P. -88.79C.). This led to a
closer look at the literature on the subject. _It appears
Blue and Gianque(30) are the most recent to study nitrous
oxide. Their values are

Melting point ¥,0 -90.84°C.

Boiling point N,0 (760 mn.) -88.51°¢C.

Latent heat of vaporisation 3958 cals mole't

Figure 9 shows calibration graph. Allowance has been

made for the effect of the difference between standard
.atmospherio pressure and the nressure at time of measure-
ment on the boiling point. All readings were remarkably

steady, within 0.001 mv.

Materials.
The hydrocarbons selected tc test the effect of
chain length on the heat of adsorption and orientation

= d e o mm maseme= ~sonf
ay a mercury i

n-octane: a3
vranched chain hydrocarboﬁ, iso-octane (2.2.4 trimethyl
pentane), was e2lso included in the study. The choice
was limited to these hydrocarbons firstly because n-
pentane is the first liquid member of the saturated

series and the apparatus was designed to hancdle only






B-14.

liquids (n-butane is also a possibility, B.P. =0.5°C.),
and secondly the hydrocarbons higher than octane are very
difficult to purify or extremely expensive to buy in a
state of high purity. The n~hexane, n-~heptane and iso-
octane vere donated by Mr. I. Brown of C.S.I.R.0.,
Industrial Chemistry Division, Victoria; their purity was
approximately 99.8 mole per cent. Dr. M.F.Mulcahy, Coal
Research Section, C.S.I1.R.0,, New South Wales, supplied
the n-pentane, a Phiilips product of 99 mole per cent
purity. Synthetic n-octane (B.D.H.) was purified accord-
ing to the methodlof Jones and Ottewill(Bg), the refractive

20 20

index indicating a pure product, ny = 1.3974 (n; Nation-

al Bureau of Standards = 1.39743).
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EXPERIMENTAL RESULTS.

The following tables show the surface pressure,
vapour pressure relationships for the various hydro—
carbons at 25.0°C. and 16.5°C. Most of the isotherms
were repeated on different days. Each value of h is
the mean of at least four readings. All isotherms were
completely reversible, the surface tension of mercury
was restored to its original value by immersing the
vapour source in liquid nitrogen. The measured initial
surface tension varied slightly at the same temperature on
different days (see pages 26, 27 ) and all surface pres-
sures are referred to the mean corrected value for vy at

16.5°C. or 2500.: which was
y at 25°C. = 485.4 dynes a ™ ',

-

Y at 16.5°C. = 487.3 dynes cm"l.

Surface pressures are considered reliable to vi thin
less than a dyne.

Vapour pressure measurezﬁents reported for the satur-
ated hydrocarbons at low temperatures are rather neagre.
The International Critical Tables give a selection for
n-pentane to n-octane; the vapour pressures are determ-

ined by the equation

log,o, = ~0:02222 4 + B
ng
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where
A B Normal B.?.
n~pentane(33)
-20 to +50°%¢. 27691 7.558 36.1
n-hexane\34135136,33)
-83 to -50°C. 36702 8.782 68.95
-50 to -10°C. 35162 8.399
-10 to +90°C. 31679 7.724
n_heutane(34.33)
-63 to -4o°c. 37358" 8.2585 | 98.42
p(mm.Hg.)
and at o%¢. 11.45
- 10%. 20.5
20°¢. 35.5
30°C. 58.35
n—octane(34’36’33) p(mm.Hg.)
-35°C. 0.17
~30 0.28
-20 0.64
-10 1.39
0 2,94
+10 5.62
20 10.45
30 18.40
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All vapour pressures vere calculated from these values
by plotting log p against 1/T and reading off the re-
quired value by intervolation or extrapolation. For n-pentane
and n-octane there is a long extrapolation to calculate the
vapour pressures at the very low temperatures. Plotting
the results for n~heptane obtained by Young(33) and Mﬂnde1(34)
as log p against 1/T gave two lines parallel to each other,
a line intermediate between the two was used %0 calculate
the vapour pressures. It is worth noting here that the nor-
mal boiling point recorded by Mindel was +97.5°C. as |
against the accepted value of 98.4.. The results of Stu11(37)
were used to calculate the vapour pressure of iso-octane from
the temperature.

~ Recently Sondak and Thodos(3a) fitted the Frost and

9)
Kalkwarf equation

logp = £ +B/T+ClogT+D (p/T%)

to the data on the vapour pressﬁres of many hydrocarbons
from the triple point to the critical point. Ilowvever, it
was found that vapour pressures calculated from this equation
for low temperatures were not in agreement with the directly
determined values reported in the International Critical
Tables. The absolute zero of temperature was teken as -273.1°%.

The graphs of surface pressure against relative pressure,
p'/b, where p = saturation pressure, are shown in Figures 10-
14. Since the 16.5°C. and 25.0%C. isotherms are sc close to-

gether, only that for 16.5°C. is shown.
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n-FPLEHTANDE

Temperature 25 + 6.2°C. v° = 485.4 ¥ 1.2 dymes 'cm"t .
p = 508.2 mm.Hg.
temporature of | plmpg. | (o'/e) x 20° =(10-1)
cn-1.
159.0 1.95 0.383 9.4
210.3 4 .80 0.944 15.8
220.5 9.98 1.96 21.1
230.7 19.4 3.82 28.2
234,.2 24.0 4.72 28.8
240.9 35.8 7.04 33.4
248.6 53.5 10.5 37.7
250.4 60.5 11.9 38.2
254 .3 74.3 14.6 41.5
260.9 103.3 20.3 42.9
261.8 107.9 21.2 44.2
269.0 152.4 30.0 48.8
273.1 182.8 - 35.0 53.0
278.6 232.8 45.8 57.7
281.6 264.2 52 .0 60.5
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n=ENTANE
Temperature 16.5 £ O.2°Cv'. v© = 487.3 1.0 dynes cm't.
p = 366.4 mm.Hg.

Temperature of % (y%= y)_

pentane °K. o! mm.He. (p!/p) x 102 dynes cm i

203.2 2.76 0.753 14.1

215.3 6.90 1.88 21.6
225.0 13.5 '3.68 28.5

230.8 1.4 5.29 31.7

238.5 30.9 8.43 36.3

244 .2 42.7 11.6 38.5

251.8 64.6 17.6 43.0

258.8 92 .7 25.3 48.1

266.7 134.3 36.7 52 .0

272.7 177 .4 48.4 58.3

{




701

o
®)
|

)
8
O

m

(Dy n%s.c

o
r

FIG.10

n-PENTANE

165°C

20

T, 40 50
Pp *10




B-20.

n-HEXANE . i

Temperature 16.5 £ 0.2°C. v° = 487.3 £ 1.0 aynes cé'l;
p = 102.6 um.Hg. }

romperstuge of | plumas. | (') x10° | atren
199.8 0.161 0.157 12.1
217.0 0.861 0.839 23.6
223.5 | 1.50 1.46 29.5
236.5 4.22 4.11 37.5
245.5 g.13 7.92 45.0
255.6 15.9 15.5 50.7
264.1 27.0 26.3 56.0
276.5 55.0 53 .6 66.4
282.8 74.8 72.9 73.0
289.6 102.6 | 100.0 80.9
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Temperature 25 % 0.2%. Y = 48-7--3-:—1-76-dynes cm"'".

p = 149.3 mm.Hg.

hommne ok° 7| ¢ ms. | () x107| x(r°- 1),
212.8 0.594 0.398 16.6
221.9 A 1.39 0.931 22.5%
231.1 2.84 1.90 29.0
238.8 5.11 3,42 33.9
241.6 | 6.28 4.21 37.0
245.4 8.22 5.51 38.3
254.1 14.9 9.98 45.0
262.5 25.3 16.9 48.5
268.9 37.2 24.9 53.0
273.1 46.2 30.9 55.8
274.8 50.5 33.8 56.5
279.1 62.5 41.9 60.2
286.1 87.3 58.5 67.0
287.4 92.7 62.1 69.5
291.3 110.7 74.1 72.5
296.9 141.6 94.8 77.9
298.1 149.3 100.0 79.4
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Q-HE?TAHE.
©¢g7.-3*t.0

V2 = 485+¢210 dynes cm”».
P = 31.05 Lmoﬂ,go

Temperature 16.5 ¥ 0.2%.

Temperature of

heptane ©K. p' om.Hg. (o' /o) = 10° g;;:; ;(n)a“‘
194.7 0.0162 0.0522 7.5
208.6 0.0738 0.238 17.0
210.6 0.0831 0.287 17.7
285 0.197 0.63¢ 24.6
228.5 | 0.452 1.46 31.1
255.9 0.906 2.92 36.6
238.7 1.03 3,32 37.9
245.0 1.84 5.93 43.7
253.3 3.31 10.7 47.8
253 .8 3.35 10.8 49.7
261.6 5.90 19.0 . 54,2
264.0 | 1 6.89 | 22 .2 56.3
270.8 110.54 33.9 61.7
280.5 18.66 §0.1 66.9
269.6 31.05 100.0 81.2
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n-HEPTANE .
Temperature 25 ¥ 0.2%. v° = 485.4 ti1.2 dynes cm-l.
P = 47.8 mm.Hg.
S p! m.Hg. (p' /o) x 102 ’53‘,;':;’3,,;-1
209.5 0.0826 0.173 13.3
215.6 0.152 0.317 17.1
216.2 . 0.158 0.331 18.3
223.1 0.316 0.661 22.4
225.2 0.361 0.755 23.1
250.3 0.584 1.22 27.5
253 .9 0.708 1.48 29.3
239.8 1.22 2.55 32.8
243.1 1.58 3.31 35.4
246.0 2.04 4.27 39.2
251 .9 - 2.80 5.86 41.8
257.1 4.37 9.14 43 .4
263 .4 6.61 13.8 51.0
263.7 6.76 14.1 49.8
272.9 12.2 25.5 55 .2
273.1 12.2 25.5 57 .4
273.5 12.3 25.7 56.1
276.2 14.4 30.1 57 .9
277.4 15.7 %2.8 58.0
279.9 18.0 37.6 60.5
283 .4 22.1 46.2 63.0
287.5 27.7 57.9 66.7
291.8 34.7 72.6 69.2
295.8 42.8 89.5 75.7

298.1 47.8 100.0 7.2
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n=-OCTANE.

Temperature 16.5 ¥ o0.2%. Y°¢ = 487.3 a0 dynes cm'j_

p = 8.43 mm.Hg.
ﬁﬁﬁﬂiiiiurgx°f p! mn.Hg. | (»'p) x 102 ﬁég;; Z%‘{
195.6 0.00176 0.0209 4.9
205.5 0.00525 0.0622 9.5
214.7 0.0157 0.186 15.0
226.4 0.0558 0.662 23.9
232.9 0.107 1.27 29.1
242.8 0.265 3.14 35.9
250.4 0.513 6.09 43 .0
258.7 1.00 11.9 47.2
269.5 2.23 26.5 55.4
281.7 5.09 60.4 66.1
287.9 7.59 90.0 72.9
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Tenperature 25 ¥ 0.2%. v° = 485.4 % 1.0 dynes cm71
p = 14.0 mn.Hg.
Temperature of i ' 2 o
n-octane ©K. p om.Hg. (p'/p) x 10 n(y ;m12 dymnes
196.1 0.00151 0.0108 2.5
. 203.6 0.00409 0.0289 5.5
208.3 0.00745 - 0.053%2 8.1
212.0 0.0117 0.083%6 9.7
216.1 0.0185 0.132 , 13.7
216.4 0.0190 0.136 13 .4
230.0 0.079% 0.567 23.1
233.3 0.110 0.785 26.2
235.8 0.141 1.01 27.0"
244 .2 0.302 2.16 33.8
251.2 0.550 3.93 - 38.0
258.5 0.984 7.03 43.3
265 .4 1.66 11.9 49.8
273.1 2.86 20.4 52 .0
275.9 3.51 25.1 55.2
282.2 5.26 37.6 61.2
289.6 8.43 - 60.2 67.7
292.8 10.0 71.4 70.2
296.8 13.1 93.5 76.1
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iso-OCTANE.

16.5 &

p

0.2%.

v° = 487.3 ¥

32.5 mm.Hg.

l.o

dynes cn” !

-~

Temperature of

iso-octane p! mm.Hg. (p' /o) x 20° 2;1?— Y) dynes
197.6 0.0202 0.0621 ) 9.3
206.1 0.0565 0.174 14.1
213.6 0.123 0.378 20.1
. 225.5 0.381 1.17 36.1
231.6 0.653 2.01 33.8
233.3 0.759 2.34 35.2
244 .9 1.91 5.88 42 .8
252.1 3.21 9.87 48.2
258.8 5.13 15.8 52.3
266.6 8.61 26.5 58.8
275.7 - 15.0 46.2 63.8
273.1 12.8 35.3 61.7
278.5 17.6 54.2 67.9
280.9 20.1 61.8 68.5
284.4 24.6 - 75 .7 74 .8
289.6 32.5 100.0 80.1
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{80—OCTANE
Temperature 25 & 0.2%. Y = 485.4 2 1.2 dynes cn't
p = 48.8 mm.Hg. | '
Tamperetire O | o' mmfg. | (o'/b) x 20° | x(1°-7) dynes ea”™
203.6 1 0.0427 0.0875 9.5
214.6 0.136 0.279 16.7
. 225.3 0.380 0.779 23.1
234.,2 0.813 1.67 - 29.6
246.4 2.14 4.39 38.9
254.7 %.89 7.97 43.5
262.6 6.61 13.5 49.2
272.6 12.5 25.6 55.2
273 .4 13.2 27.0 55.2
276.9 16.1 33.0 58.9
281.9 21.6 44.3 63.3
286.5 - 27.9 57.2 66.8
292.2 37.8 77.% 72.6
2¢3.9 39.8 81.6 5.4
297.0 43.6 9.5 77.3
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The curves of surface pressure against relative
pressure for the n-hexane, n~heptane, n-octane and
iso-octane are almost identical. n-Pentane shows
significantly lover surface pressures at low relative
pressures but at higher relative pressures the surface
pressures rapidly approach those observed with the other
hydrocarbons, and at saturation all hydrocarbons give
approximately the same surface tension lowering.
Micheli(17) observed the same phenomenon in the range
of vapour pressures approaching saturation.

This phenomenon is basically the result of two
processes (i) the rapid decrease in vapour pressure
from n-pentane to n-octane at the same'temperature, and
(ii) the rapid increase in the surface tension lowering
from n-pentane to n-octane at the same pressure. The
first factor represents to a good approximation the
nunber of collisions of the molecules on the surface, and
the second, the life of the molecule on the surface. In
the case of mercury it appears the increase in the life
of the molecule on the surface almost exactly balances
the decrease in the number of collisions on ascending the
saturated hydrocarbon series.

Cutting and Jones(40) and Jones and Ottewill(Bz)
have studied the adsorption of the same hydrocarbons on

vater and found that as the series is ascended at the



B=29.

same pressure of vapour the adsorption increases marked-
ly; However, the decrease in vapour pressure on ascend-
ing the series is not matched by an equivalent increase in
the life of the molecule on the surface, and consequently
the order of adsorption at saturation pressure of vapour
is n-pentane:> n—hexane:> n-heptane:> n-octane. It
seems that mercury, because of its much higher surface
energy (Yggoc = 485.4 dynes cm-I, 1§:8° = 72.0 dynes cm‘{),
increases the life of the hydrocarbon molecule on its sur-
face as the inverse of the vapour pressure.

The isotherm for n-heptane may be compared with that
obtained by Kemball(ZB). Surface pressures are almost

1

exactly 4 dynes cm™ ' higher than those recorded by Kemball

at all pressures of the vapour. 1In this connection it is
vorth noting that his n-heptane was not perfectly pure as

the refraction index was ) 29 = 1.3882 (h 30 N.B.S. = 1.3876).
On the ether hand, Bering and Ioileva report an isotherm
identical with Kemball's employing the method of the max-
imum pressure in a drop to measure the surface tension.

As against this, of the two values for surface tension

of mercury reported in the preliminary publication two

(6) 1

years earlier'"’, differing by 1.5 dynes cm'_, the lower

value 484.4 dynes cm'{ was chosen as the correct value

to place it in agreement with Kemballls 484.5 dynes cm't,
but as mentioned earlier, Kemball's value should be in-

1

creased to 485.6 dynes cm ' due to the error in the
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Worthington eguation. Consequently all surface pressures
reported by Bering and Ioileva should be increased by 1.5
dynes cm'i. Since the isotherm found in the present in-
stance fits in with the isotherms of the other hydrocarbons
better than ecither that roported by Kemball or the corrected
isotherm of Bering and loileva, it is considered to be more

likely correct.

Adsorbed layer as a real two dimensional gas.

All isotherms are convex to the surface pressure axis
indicating a predominance of repulsive forces between the
adsorbed molecules. The Volmer equation .

x(A - b) = kT
for a real two dimensional gas can be fitted to all the
isotherms. The co-area, b, has been assumed equal to the
actual area occupied by the molecule on the surface, not
twice the area as predicted by the simple kinetic theory.
If P were twice the area occupied by the molecule, infinite
surface pressure would be needed to satisfy the Volmer equation
when the surface was half covered. In all caSes.the equation
is obeyed up to higher surface coverages.

The standard free energies, entropies and total energies
of adsorption, and co-areas were caslculated, as outlired pre-
viously, by plotting log p/x against %, Figures 15-19. 1In all
instances reascnably good straight lines arec¢ obtained for the
first portion of the graph, at high surface pressures the
gradient changes. For the time being, only the first portion

will be considered.
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The following table summarises the results of the

calculations.
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Zhe stondard froe onergien of adsorptien ore
relioble $0 vithin 10 eale.code™, the co-arens to
within 0.2 Engstron untts?, tho total cmergtes to
within 0.9 kflocals mle"z, and the cntropies to
within 1.5 calorges mole™' depree™ .

If the standard free energies of adsorption are
plotted against the number of carbon atoms in the mole-
cule a linear relationship is observed, except for n-
pentane which has a lower free energy of adsorption
than predicted from such a graph. However, a straight
line is obtained if the co-areas, which are assumed to be
the actual areas of the molecules on the surface, are
plotted against the number of carbon atoms in the chain,
indicating that the standard free energy change depends
on the area covered by the molecule and not on the number
of carbon atoms, Pigure 20. The variation of aF with

I 41,

the number of carbon atoms is known as Traube s Rule X

and is obeyed by hydrocarbons on a water surface??’ 40,

's Rule as meaning that when

I.,angmui.r‘3 interpreted Traube
members of arhomologous series are adsorbed on a surface,
initially each CH2 group occupies a similar position on

the surface, or in other words, the hydrocarbon molecule

is lying stretched out on the surface.
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Ward(42) has pointed out that Langmuir's’interpretation
is incorrect because it involves the implicit assumption
that the molecules are stretched out in the bulk phase,
.which is unlikely for the following reason. The shape
of the hydrocarbon molecule is determined by consider-~
ations of both entropy and surface energy. When surface
energies are.without'influence, as for é hydrocarbon mole-
cule surrounded by like molecules, the shape is determined
solely by configurational probability. Treloar(44) has
, calculated distiibution curves for hydrocarbon molecules
from this point of view and found that the "most probable”
state is approximately a spheroid, intermediate between
the extreme shapes of a cylinder (stretched out) and a
sphere (rolled up with a minimum surface area).

Adsorbed on a water surfacé the "moét probable" shape
for the hydrocarbon molecule is a spheroid; Ward(42) has
calculated the energies of the hydrocarbon molecule on a
water surface and hence deduced that a spheroid (almost a
sphere) has the lovest poténtial.energy. The observation
then that the free energy of adsorption varies linearly with
the number of carbon atoms is due to the fortuitous manner
in which the molecular volumes vary from pentane to octane,
making the areas of the corresponding sphercids (almost

Spheres) vary in arithmetical progression. In other
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words, since the hydrocarbon molecules are in the form of
spheres in the bulk phase and in the surface phase, equal
increments in area and hence free energy on adsorption
are obtained from pentane to octane.

The co-areas of the hydrocarbon molecules on mercury
suggest that they are partially curled up on the surfacé.
The following table shows the co-areas compared with the
corresponding areas occupied by the stretched out forms.
Kemball(23) gives the area occupied by a CH2 group as
_approximately 7 gngstramz;

o o2 Area of stretched,out
25 Co-area A~ form on surface A2
n-pentane - 29.1 35
n-hexane 32.2 : 42
n-heptane 34.2 49
n-octane 56.3 56

An approximate value for the initial thickness of
the surface layer may be obtained by dividing the molecular
volume 42 by the area of the molecule on the surface (co~-
area). This value may be compared with that for water
which has been deduced by Ward on the basis of the most
probable length of the hydrocarbon molecule.
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20%¢ oleccular Thickness of sur- ;Jihickness of
g%ume ace layeg on surface layer
(A2) jarcury ( on water
n=-pentane 193 6.7 7.0
n-hexane 219 6.9 7.4
n-heptane 246 7.3 7:6
‘n-octane 268 7.4 7.7

The agreement is remarkably good.

A further comparison may be made with the thickness

assumed for the surface layer, 68, in the derivation of

the equaticn for the standard free energy change on ad-

sorption.

¥rom the accompanying table it is clear that

.if the thiclmess of the surface layer (é;) is as given

above and the standard free energy change on adsorption

is calculated from these values, the difference from the

values already determined is not significant.

The con-

version is reaéily made if it is remcmbered that

BEquation (7), page B-4, where

&F

Brsds
RTlné(dp -

B is a constant.

Vhence putting ( %g-) = e °

Bquation (11), pago B-5,

T
a->0

where ¢ is the intercept of the plot of log n/x

against x,




P o= o B dr
&F = «RT 1n 5 dp T
= 2,303 RT(log %- c)
25.0%C. 6 Angstr8m AF cals.mole'1
6 6909
n-pentane 6.7 6844
6 8314
n-hexane 6.9 8232
6 9255
n-heptane 7.3 9139
6 10087
n-octane 7.4 9963
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Significance of the Co-area, b, in the Volmer Eguation.

The adsorption of iso-octane confirms the fact that
the molecules are curled up on the surface. nfﬂeptane
gnd iso~octane have the same free energy of adsorption,
suggesting that both molecules cover the same area of
surface. It is possible to show with models that in
the most stretched form iso-octane (2.2.4 trimethyl pentane),
because of the position of the methyl groups, can not have
more than 5-6 carbon atoms in contabt vith a surface at
any-one time. Since the co-area of iso-octane 35 Xz
indicates that the aquivélent of 5 CH2 groups are in
contact with the surface, it is most likely that the
co~areas represent the actual areas occupied by the .
molecules on the surface.

A rigid proof that the co~area is the actual area
occupied by the molecule on the surface could be‘obtéined
by studying the adsorption of the incompressibie hydro-
carbon isomer neo-pentane (2.2-dimethyl propane). Un-
fortunately, attempts to procure this hydrocarbon in
Australia were unsuccessful. Another incompressible
- moleculs is acetone. However, some assumption has to be
made regarding its orientation on the surface (no such
assumption is necessary with neo~pentane since it is a

(24)

spherical molecule). Bering and Ioileva conclude that

‘the acetone molecule makes contact on a mercury surface
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with the three carbon atoms and the oxygen atom. It is,
therefore, possible to ascertain the area occupied by
the acetone molecule.

The most raecent measurements of Romers and Creutzberg(54)

onn the structure of acetone are summarised below:

Bond length (4) | Bond angle (deg.)
C-C 1.52 c-C-C 109.5
C=0 1.24 C-C=0 118.5
C~-H 1.09

The bond angles indicate acetone has a planar structure.
Taking half the C~C bond length as the covalent radius
of the carbon atom, the covalent radii of the other

atons becomg

v Go'valgnﬁ gadiggé)
Carbon 0.76

Hydrogen 0.33
o-4%

Oxygen 66




B-38b.

From these data Figure 20(a) has been constructed.
The area occupied by the acetone molecule on the sur-
face (taken as the area enclosed by the straight lines;
is 16A° which, compared with the co-area of 18.8%° 23
at 25%. provides strong evidence that the co-area b in
the Volmer equation is the actual area occupied by an

adsorbed molecule on a mercury surface.

It should be remembered that Traube's Rule implicit-
ly assumes that the entropy of the molecules on adsorption
is unchanged. Strictly} the total energy of adsorption
‘should be considered with reference to area occupied
by the molecules on the surface. However, in the
present instance aS (within the limits of experiment-
al error) is constant for all the hydrocarbons, and
because

oF = aH - Ta&S
increments in the total energy change are equivalent
to increments in the froe energy change.

The entropy change on adsorption is also consistent

with the picture of the molecules curled up on the surface.



F1G.20M).
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It can be shown that the entropy change may be considered
as due to the molecules losing one degree of translational
freedom and being converted from réndomly linked gaseous
molecules (intermediate between cylindrical and spherical
form) to spherical molecules on the surface. Ward, it
will be remembered, predicted spherical molecules on the
surface from energy consideratiéns.

The translational entropy in three dimensions for an

ideal gas is given by the Sackur-Tetrode equation

- w2 /305 /2
Strags = 2+303 log(H 75/2) - 2.30

where M 1is the molecule weight and the entropy is given
in cals.deg"lmole't for a pressure of 1 atmosphere. For
an ideal two dimensional gas in the standard state (surface
pressure 0.06084 dyne cm'z, page B-3), Kemball®? has

given the translational entropy as

2Strans = 2.303 log M Ta + 65.80A

where a is the area per molecule, defined in the standard
(-4
state as equal to 22.53 TA2 (page B-3). In the following

table the experimental entropy change, 45 ,is compared

exp
with entropy change due to a loss of one translational

degree of freedom, 3-2°strans'
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"0
'20.0. 3Strans estrans 3-2Astrans ASexp. ASexp.h"')'-zastrans
~ n-hexane 39.1 30.2 8.9 12.7 3.8
" n-heptane 39.6 30.5 9.1 12.6 3.5
f"’octane 4000 30 08 9-2 12 ~8 356

1

e

Huggins46 has calculated the entropy of hydrocarbon
molecules randomly linked (most probable shape in gas
phase, Treloar44) and in the spherical form (most probable
shape in surface phase from enérgy considerations, Ward42).

His equations are:-

Molecules randomly linked (gas phase)

S =54 - Bkir +91Inn + (1.8 + kir)n

Molecules rolled into a sphere (surface phase)

§=252=-3k, +81lnn+ (1.8 + kir)n

vhere k.  is a constant giving the entropy of internal

ir
rotation per carbon atom and n is the number of carbon
atoms in the chain. L
Althousgh the above equations are derived for large
molecules, Huggins showed that smaller molecules obey

them approximately. The difference between the two

equations. is 2 +1ln n and hence the decrease in entropy
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associated with a molecule going from the gas to surface
phase, R—éSAS’ above that due to a loss of a translation-

al degree of freedom is

R—5%S ASexp'3-2astrans
n-pentane 5.6 2.7
n-hexane 3.8 5.8
n-heptane 3.9 3.5
n-octane 4.1 3.6

The close agreement'between the theoretical and
experimental entropy change indicates that the picture
of the hydrocarbon molecules relatively stretched out
in the gas phase and rolled up into a spherical mass
on the surface with a loss of one translational degree
of freedom is a plausible one. This is in agreement with

the work of Aston, Isserow, Szasz and Kennedy47 who
deduced from the calculation of the potential energy of
the ethyl groups in n-butane that the relatively stretched
out form of the hydrocarbon was fevoured in the gas phase
&nd vho concluded that most of the short chain normal

paraffins would be likewise.

In the accompanying table the entropy change calculated
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by making allowance for the thickness of the surface layer,
is compared with the theoretical entropy change. It is
clear that the thickness of the surface layer has little
effect on the values calculated on the basis of a standard
surface thickness of 62. However, -it appears that

previously there has been no justification in assuming a

PO
surface thickness of 6A on mercury.

R-+525 (Asexp)corr.’ 3-2%trans.
n-pentane 3.6 5.1
n-hexane 5.8 4.3
n-heptane 3.9 4.0
n-octane 4.1 4.1

The question of why n-pentane has such a low free
energy change of adsorption remains to be answered. It
was noted earlier that the standard free energy change on
adsorption was almost a linear function of the co-area
and not of the number of carbon atoms. Therefore it
seems that n-pentane is relatively more curled up than
the other hydrocarbons, as the increase in co-area along

the series is:~
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o . 02
25°C. Increase in co-area A
n-pentane - n-hexane 3.1
n-hexane =« n-heptane 2.0
n-heptane - n-octane 2.1

This phenomenon may be due to the fact that, because
of the valency angle of carbon (109028'), n-pentane ean
be curled up into a relatively smaller area than the
other hydrocarbons. On the other hand, the observation
may be due to the n-pentane not being of sufficient purity.
It was 99 mole % as against 99.8 mole ¥ for the other

hydrocarbons .
The relatively louw free energy of adsorption of

n-pentane may be viewed from a slightly different angle. -
If the initial slopes of the surface-pressure (%) -

vapour pressure (p) curves, (dx/dp)q are tabulated, it
%x+0

is clear that the initial slope of the n-pentane isothern

is relatively less than those for the other hydrocarbons.

It was shown (page B-5) that

(d'x:/dp)T = ¢°¢

7.0

where ¢ is some measure of the free energy of
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adsorption and is the intercept obtained by plotting

log p/x against =x.

25°C. (dﬁ/ﬁp)T‘ ' Ratio per CH, group
w30
’ n-pentane 2.64
2,80
n-hexane 739
1.99
n-heptane 14.72
. ' 1.84
n-octane 27.10

Cassel and Saldittzg' obtained an isothern at 50°C.
for n-hexane with an initial slope less than that cal-
culated on the basis of the present investigation. The
calculation is performed by assuming the same value of

aH and calculating ¢ from the equation (page B-6)

]

- - ai = 2.303R72 (98

end hence e- = (dn/dp)g -
— %20

This predicted value of (dx/dp); may be compared
| x-+0
with that derived from a plot of log p/x vs £ of Cassel
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and Salditt 's data to obtain the intercept ¢ and hence

(ax/dplq
x O
5000. n=-hexane (d#/ﬂp)r
x>0
Cassel and Salditt 2.83
Roberts %.92

The lower value for the initial slope found by
Cassel and Salditt can be readily expldined, as the
initial surface tension of the mercury was only 459 dynes
cm“t at 50°¢C. (assﬁming e temperature-coefficient of
0.2 dynes cmfldeg '1, Yggoc' = 480.4 dynes cm'I‘)
and hence the surface impurity in all probability pre-
vented normal adsorption of n-hexane at low vapour
pressures.

Howaver, in the present instance the surface tension
was correct and thersfore the small amount of impurity in
the n-pentane (~1 mole %#)could only increase the initial
glope if it were more strongly adsorbed or not affect it
if it were not as strongly adcorbed as the n-pentane.

The only mechenism by which imnurity could lower the
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initial slope would be to lower the vapour pressure

(Raoult's law) and possibly lower dp/dT, and hence

possibly give an apparently'lower,value of (dﬁ/&%g$o
wvhere p 1is calculated from the temperature

(method used here) and not measured directly. Even so,
1 mole % would hardly cause such a drastic change. Con-
sequently, the relatively low free energy of adsorption

of n-pentane nmust arise from it being relatively mors

curled on the surface than the other hydrocarbons.,

Comparison_of the adsorption of hydrocarbons on mercury

and water.

The adsorption isotherms on mercury are coanvex, on

water concave(32’4°).
Mercury Water
x ®
P ' , P

Convex isotherms represent a predominance of repulsive
forces, concave isotherms a predominance of attractive
forces between the adsorbed molecules. Consequently

it is better to use the term "surface osmotic pressure”

in place of 'surface pressure” in order to emphasise the
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effect of the surface in determining the forces between
the adsorbed moleculeé. ;
The two-dimensional analogue of the Van der Waal's
equation,
(x+f—2-)(A-b) = KT
vhere =2 and b are constants depending on the
nature of the surface and the adsorbed molecules,
has been applied to adsorption on mercury.and vater.
The Volmer equation
%(A - b) = kT eee (1)
has been shown to fit the results for adsorption on mercury.
This equation is simply the analogue of Van der Vaalls

equation with the repulsive forces predominating.

On water, the squation

(% +.f;2—)A= kT eee (2)

fits the data; here the attractive forces are the only
important ones.
Both these equations in the form
%A = kT + bx for a mercury surface,
and ®"A = kT = b'x for a watér surface,

R
where b = BT

(since from (2) =A= XT - %- and A can be put equal to

kT/x in the correction term), can be combined with the

approximate form of the Gibbs equation to yield
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Inp/h = %% + C.

For mercury, the plot of logp/s vs « has a
positive gradient, for water & negative gradient. On
the assumption of a standard surface thickness, the
standard thermodynamic quantities may be deternined.

It is worth noting here thet with a mercury surface
the surface pressures are high, and are consequently easy
to measure, but of course it is very difficult to obtain
e clean surface. On the other hand, with water it is
easy to obtain the correct surface temsion but difficult
" to measure the very low. surface pressures.

In the accompanying table ere giveh the stondard
thermodynanic quantities aH and &5 for the adsorption
of the hydrocarbons on water and mercury. The heat of

condensation‘si) 1s also included.
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Surface | 2H kilo-cal.| aS cal.mole™! | ayifilo-cal -mole™’
mole-1 deg™! - condensation °
n;pentane Hg 10.3 - 11.4
5,0 5.1 8.7 - 46
-n=hexane Heg 12.1 12.7
H,0 6.0 10.2 1-89
ne;-hep tane Hg 13.0 12.6
H,0 6.6 11.0 - 90
n-octane Hg 13.9 12.8
H,0 7.3 9.5 0ot
iso=-0ctane Hg 13.0 12.5
HO | 6.2 8.7 52

If the heat of condensation is thought of as a heat
of self adsorption, it appears thet the hydrocarbon
molecules are more firmly held in the liquid hydrocarbon
than on the surface of weater and less firmly held than
on the surface of mercury. In other words, the hydrocarbon-
hydrocarbon attraction is greater than the hydrocarbon-—
water ettraction resulting in a concave isothern, whereas
the hydrocarbon-hydérocerbon attraction is less than the

hydrocarbon-mercury attraction producing a convex isothierm.
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The mutual repulsion of the adsorbed molecules on
mercury will be dealt with quantitatively as the effect
of molecules behaving as dipoles because 0f their
electron envelopes being distorted in the field of force of

the mercury surface.

The validity of the approximate form of the Gibbs eguation.
Since the graph of 1log p/x against x 1is a test of

the Gibbs equation in its approximate form

{4 I dn
-~ RI\dlnp/q

and the surface equation of state

%(A - b) = XxT (see page B-5),

the departure from the initial linear portion of the graph
at high relative pressures may be due either to the break-
down of the approximate form of the Gibbs equation or to
the failure of the Volmer equation to express the state

of the adsorbed molecules. All workers have accepted the
tvo assumptions

(1) vapour pressure = fugacity (activity) of vapour,

(ii) surface excess concentration = surface concentration,
when using the Gibbs equation. As yet no-one has advanced
evidence to justify the first assumption; the second
assumption seems justifiable as the vapour phase would
certainly have & very much lower concentration of molecules

than the surface phase.
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Figure2] Fugacities of Hydrocarbons P’lotted on a Reduced Basis
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Newton(5?) has shown that the ratio of the fugacity
to the pressure, the "activity coefficient,” is a function
of the reduced temperature (ratio of the absolute tempera-
ture to the absolute critical temperature) and reduced
pressure (ratio of the pressure to the critical pressure)
only, for a large number of gases and fapours. It is
clear from his graphs that the "activity coefficient” is
almost unity over the range of temperature and pressure
To give

recorded for adsorption measurements on mercury.

a more quantitative expression fpr the hydrocarbons, the

following table gives the "activity coefficient" at satur-

ation pressure at 25%, estimatéd from either Newton's

standard graphs or from the graph originally obtained by
Kaye(‘g) and reproduced by Miller and Barley(‘a) for the

normal saturated hydrocarbons, Figure 21.
' P P P, T T f/p
o sat c r c r sat
25°C. (atmos) | (atmos) (°K)
n-pentane | 0.67 33.3 0.02 469.8 | 0.63 |0.96
n-hexane 0.20 29.9 0.006 1 507.9 ] 0.9 }0.98
| n=heptane | 0.06 27.0 0.002 540 .2 0.55 0.99
where Psat = saturation pressure

Pe critical pressure
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Pp = reduced pressure
T = critical temperature
T. = reduced temperature
f = fugacity.
The critical constants are those selected by Kobe and Lynn(?a).
The error in assuming an activity coefficient of unity
is not great, althoﬁgh n-pentane is beginning to show a
significant departure from ideality and at higher tempera-
tures the error is greater still, e.g. at 50°C.
p = 1l.59 atmos., P, = 0.05, Tr = 0.68 and hence the
activity coefficient is 0.93.
The breaks in the log p/x vs % graphs must there-

fore be the result of the breakdown of the surface

equation of state.
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Changes of slope in graphs of _log p[x vS_X.

The surface pressures, at which departure from the .
initial linear portion of the graphs of log p/x vs x
occurs, are shown in the accompanying table togetﬁer
with the corresponding areas per molecule, calculated

from the Volmer equation, and the approPriéte co-areas.

16.5°C. x(dynes cn™')| Area peg molecule| Cogarea
) (A2) (42)
n;pentane 51 36.6 28.8
n-hexahe 60 38.4 31.7
n;heptane 61 4@.2 , 33.7
n;octane 62 42.5 36.0
iso-octane 61 41.1 54.6

An inspection of the graphs of = vs p'/b. Figures 10-
14, shows that dx/dp increases rapidly at first and
then much more slowly, and finally a further increase
occurs; At surface pressures slightly greater than.
those quoted above dx/dp is a minimum, indicating in all

probability that a relatively stable monolayer is complete

= &(%),

and therefore the number of molecules in the surface layer

" because
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is relatively steady, a state of affairs expected when

a monclayer is formed. This observation lends further
weight to the assumption that the co-areas repfesent the
actual areas occupied by the hydrocarbon molecules on the
surface.

At vapour pressures approdaching saturation 2 rough
calculation from the Gibbs equation shows that the area
per molecule is approximately 20 Kz. In addition, the
lowering of the surface tension is very nearly the same
for all the hydrocarbons at saturation. The simplesﬁ
explanation of these two facts is that the hydroearhon
molecules are unrolled and adsorbed end on to the sur-
face, the area occupied by the molecule being the cross
sectional area for the hydrocarbon chain. Such a close-
ly packed monolayer would be more stable than the less
closely packed monolayer produced at lower relative

pressures.
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The adsorbed molecules as similarly oriented dipoles.
Bering and Se:pinsky(zé) starting from the virial

equation of state derived the following equation of state
(for the adsorbed molecules),

M= %I/ + 4.5/4%/"5/2

‘where’/‘é is the dipole moment of the molecule

oriented normal to the surface.
They reasoned that the repulsive foreces could be consider-
ed as due to the mutual repulsion of induced dipoles. This
equation may be tested by taking logarithms

log(x ~ kT ) = log B = % log/'+ log 4.5/15

(wvhere B 1is departure of the actual isotherm of
state from the ideal isotherm which would be given
by an ideal two dimensioﬁal gas),
and plotting log f against lbgfi A straight line should
be obtained with a slope of %, end the intercept on the
log I" axis should enable/v; to be determined.

It is more convenient to calculate " from the Volmer
equation then from the Gibbs equation. Also calculation
from the Volmer equation will show the range of surface
pressures over which the two equations express the state
of the adsorbed molecules. The table below shows the
values of r calculated for arbitrarily seolected surface

pressures over which the Volmer equation is valid; also
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included are the calculated values of @, the departure
from ideality, and the values of///b. Figure 22 shows
the plot of log B vs log /7 Straight lines of the
correct slope g are obtained up to surface pressures

of 10-15 dynes om ' . This indicates that although the
virial equation of state is similar in form to the Volmer

equation (page B-9), its range of applicability is more
-16

P

limited. The value of k was taken as 1.381 x 10
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Tx 1014

25°. :;r' o moleculés B e
' - cm-2 (Debye units)
5 0.901 1.3
. 10 1.42 4.2
n=-pentane . 15 1.77 T.77 1.9
20 2.01 11.7
25 2.19 16.0
5 0.874 l.4
10 1.36 4.4
n~hexane 15 1.68 8. 2.1
20 1.89 12.2
25 ~ 2.06 16.5
5 0.859 1.5
10 1.33 4.5
n-heptane 15 1.62 8.3 2.2
20 1.82 12.5
25 1.98 16.9
5 0.843 1.5
10 1.29 &.7
n-octane 15 1.57 8.6 2.3
20 1.76 12.8
25 1.90 17.2
5 0.853 1.5
10 . 1.31 4.6
iso-octane 15 1.60 8.4 2.2
20 1.80 12.6
25 1.94 17.0




25°¢

.2 L « n-pentane
» Nh-hexane
« n-heptane
a Nh-octane
0.8
Q.
o
°
0.4
O | ] | 1
-Q.l 0.2 0.3

0.l
log r;lo’_'“
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It is clear that the electron envelopes of the
adsorbed molecules are greatly deformed in the field
of the mercury surface and that the induced dipole
moments are of the same order as the permanent dipole
momqnts of polar molecules. These findings are in agreé-

ment with Mignolet's surface potential measurements of

CH4, C2H2, 02H4 and Cal-l6 on a mercury surface; tbese
hydrocarbons showed surface potentials of +0.16 -

0.27 vqlﬁs. " Mignolet concluded that the molecules are
strongly polarised in the field of the mercury.surface.
Bering and Ioileva have shown that for toluene, diethyl |
ether and acetone the induced dipole moments are proportion-
al to the mean polarizability of the molecule. Using these
data, it is possible to attempt an estimation of the mag-
nitude of the electric field intensity at a mercury surface
and hence deduce the freedom of movement of the molecules

on the surface. The induced diboie moment (44 ) is pro-
portional to the electric field intensity (F) where the
proportionality constant is the pblarizability (a)

So = &

1)

24 (Debye @.10°% F.10%°(e.s.u.cn”

e units) (c.g.s.units) N
Toluene 2.2 123 1.8
Diethyl ether 1.8 88 2.0

Acetone 1.5 64 2.3



B-59.

1

-

the nmean electric field intensity is 6 x 107 volts em™

Since 1 e.s.u. of potential cm~ ' is 300 volts em™

1
1.
The maximum energy of a dipole/bb (e.s.u.) in a field of
strength Fle.s.u.cn ') is/p‘F ergs. Hence the energy
associated with an induced dipole of the order of

2 x 10'1a(e.s.u.) is

SME = 2 10718 x 2 x 10% = 4 x 1073 ergs
molecule't.

The mean energy of thermal agitation for ideal gas in
twvo dimensions is kT per molecule. As a first approxim-
ation the thermal energy of the adsorbed moleculcs may be
taken as kT ergs molecule’i or 4.1 x 10"14 ergs molecule'z
at 25°C. Since the energy of the dipole is approximately
10 times the energy of thermal agitation, the molecules

must be rather firmly attached to the mercury surface.
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Summary .

The results have been analysed on the basis of
the Volmer and Virial equations of state. The co-
area in the Volmer equation has been identified with
the area occupied by the adsorbed moleculs. It
appears that, although the co-areas and entropy of
adsorption are consistent with the picture of the
hydrocarbon molecule stretched out in the gas phase
end rolled up in the surface phase, the relatively
high heat of adsorption and the extreme distortion of
the electron envelope of the adsorbed molecule indicates

that the shape on the surface is rather-complicated.



SECTION IIX.

The anomalous results obtained for the adsorption
of water vapour on wpercury have been mentioned under
the "Roview of DLiterature on Adsorption of Vapours on
Mercury." Kembalz(ZS)(1946), Rarportchev, Snmirnov
and Varlchenkova(é)(IQBB) and Boring and Ieilewa(ﬁ)
(1953) ebtained diffcrent adsorption isothorms, ol-
though the moycury used in cach instance was of the
correct surfoco tomsion (within tho 1init of experimente
al error). - The "sossile.ﬁrayﬁ nethed was used by Eenball
end Rarpartchev ot al., the "moxicun pressure in & darop®
nethod by Dering end Yolleva. The lotter group ¢f workers
claimed thet oaly thelir results correspoamded to tho physic-
a8l adoorption of water vapour er merecury and that the much
higher surfaco precsurcs obtained with thoe sessile drop
method were due to eithor

{a) displacenent of impurities from the glass measur-
inz vessel by the wator vapour, or |
(b) "activated type® adsorption,

both, they cloimed, were likely to occur vith the sessile
drop method in which o single largoe drop is in contact with
the vopour for the whole sories of meocasurenents.

In order to test these ezplancations the following

procedure was odopted to reonder the "sessile drop™ nmothod
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dynamic in the same sense as the "meximum pressure in a
drop" method, in that a fresh surface is provided for
each measurement and the measurement is completed within
3 minutes of being in contact with the water vapour. The
vapour source was held at a temperature to give a pressure
of water vapour which could come to equilibrium quickly
throughout the system on lowering the large mercury cut-—
off separating the mercury surface from the vapour source.
It was found that a vapour pressure of several millimetxes
of mercury could reach equilibrium almost immediately on
lovwering the large mercury cut-off. The rate of attain-
ment of equiltbriuﬁ was judged by the pressurc differ-
ence recorded between the arms of the cut-off which
isoiated the grease taps from the grease~free part of

‘the apparatus. It was possible to complete & measurerment
of the surface tension before 3 minutes had elapsed from
the time of lovering the large mercury cut-off.

In preliminary experiments it was observed that the
surface tension continued to fall on allowing the mercury
to remain in contact with the water vapour. However,
repeating the process of admission of water vapour,
wvithdrawal of vapour by application of liquid nitrogen
followed by evacuation and distillation of the mercury,
the surface tension vwhich was recorded in the first 3
minutes remained steady (an hour was the longest period

tested). The most likely explanation of this phenomenon
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is that water vapour slowly displaces impurities from
the glass surface of the measuring vessel which are
then adsorbed on the mercury surface.

Figure 23 shows the adsorption isotherm for water
obtained by Karpartchev et al. and the results of the
present investigation. The agreement is good. All
readings were obtained by the method outlined. It will
be remembered that the procedure adopted by Kerpartchev
et al. was similar to that hsed herej; however, no
- mention was made in their work of how soon after the
admission of the water vapour the surface tension was
neasured.

The good agresnment with Karpartchev' s work does

not clarify the anomalous result obtained by Kemball

end Bering and Ioileva. Nevertheless it is clear

that Bering and loileva's explanations are untenable.



c"4 .

WATER
Temperature 16.5 ¥ 0.2%. . v°= 487.3 1.0 ayres cm'l
Teﬁg:gﬁtng of ! v (um.Hg)® x (dynes cm-i)
- 2‘5 3v7 4000
0 4.6‘ 39.6
+ 6.1 7.1 43 .7
+13.0 11.3 56.2

® Vapour pressures are taken from the

"Handbook of Physics and Chemistry (1943-4).
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