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INTRODUCTION

General:

A very wide variety of techniques has been
employed in the study of the physical adsorption of
vapours on solids, Since the work to be described here
concerns attempts to use yet another, practically untried,
technique which must be evaluated in terms of those which
have been more extensively tested, it seems appropriate
to discuss briefly some of the more common experimental
methods, the results obtained, and some of the views

generally held about the significance of the results,

A theory of adsorption must attempt to describe
the state of the adsorbed material on the surface of the
adsorbent, and to discuss the forces involved in the
attachment, It must consider the mechanism of adsorption
processes and any specific effects attributable to the
solid or vapour., Any hope of obtaining explanations of
these phenomena depends on the extent to which they are
reflected in observable quantities. Frequently this
connection is quite remote, and complicated by the simult-
aneous operation of two or more factors, so that it is
necessary to attempt to draw inferences from data which
bear only indirectly on the question. Investigators are

thus lead to the study of the way in which adsorption
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depends on the pressure of the vapor and the temperature
at which adsorption occurs. In fact, the great bulk,
both of data and of theory, comes from the adsorption
isotherm, a curve which gives the relation at any one
temperature, between the amount adsorbed and the equil-
ibrium pressure of the vapor. Another very important
reason for the intensive study of the adsorption isotherm
is & practical one, since the isotherm is a convenient
sumnmary of the properties of an adsorbent-adsorbate

system at any one temperature.

A number of mathematical isotherm equations
have been derived and are in common use, The success
with which these equations represent experimental data
is taken to be a partial confirmation of the assumptions
on which they were based. Further confirmation must come
from comparison of values calculated from these equations
of surface area and the like, with those obtained by
other, and independent methods. When such confirmation
is lacking, little confidence can be felt in the validity
of the assumptions, however well the resulting equation

may express experimental facts,

The study of the adsorption isotherm has lead
to the belief that, in physical adsorption the adsorbed
layer may be unimolecular or multimolecular, depending

on the system, and frequently also on the relative
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Pressure region considered., It is usually possible to
decide whether the adsorbed film is unimolecular, and
if so, over what range of pressure, from the form of
the isotherm equation obeyed. ‘'he physical state of
the adsorbate is usually considered to be that of a
liquid or highly compressed gas., Calorimetric measure-
ments have, iIn special cases, supported the conclusion
that the adsorbed layers at least resemble the liquid
quite elosely. Such studies, again in special cases,
have also pointed to the reality of two-dimensional phase
changes in the adsorbed film. These will be discussed
more fully in connection with the work of Bangham, and of

Harkins and Jura.,

The isotherm equations which have been of
assistance in correlating data of this research are dis-

cussed in the next section.

The dielectric properties of an adsorbate are
determined by its polarizability, and, if it is a polar
substancé, by the ability of the molecules to orient them-
selves in the field. Both of these gquantities might
conceivably be affected by the adsorptive forces holding
the molecules to the solid, so that the dielectric constant
of an adsorbed substance might be different from that of

the free substance in the same physical state. Further,
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any changes which might occur in the adsorptive or coh-
esive forces as adsorption progresses would be expected
to result in a changed dielectric constant of the
adsorbate, Again, a study of the temperature variation
of the dielectric constant may enable one to form an
opinion concerning the mobility of the adsorbed molecules

since these two properties are intimately related,

It was decided to use a bridge method for the
determination of the change in capacity of a condenser
packed with silica gel as ethyl chloride wvapor was

adsorbed, The problem may be stated thus:

l. to obtain a measure of the dielectric constant of
adsorbed ethyl chloride, and thus to determine whether

the dielectric constant varies with the amount adsorbed.

2. by making measurements at different temperatures, to
obtain a measure of the temperature coefficient of the
dielectric constant, and further to determine whether
temperature affects the way in which the dielectriec

constant varies with the amount adsorbed,

%3, to correlate the information obtained in 1. and 2,
with information obtained by analysis of the adsorption

isotherm.
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THEORETTICAL INTRODUCTION

1. Adsorption Theory:

We are concerned here to look for features of
adsorption theory which can be correlated with information
obtained from dielectric constant measurements. It would
be of considerable value to determine for example whether
adsorption is unimolecular over any part, or all of the
isotherm. In reaching a conclusion on this matter, the
Langmuir equation, based as it is on the assumption of
unimolecularity, might be of value, In general, it will
be important to know which of the isotherm equations are
compatible with the experimental adsorption data over a
reasonable pressure range, for then the assumptions
underlying these equations can be regarded tentatively
as applicable in this situation, It is therefore conven-
ient to outline briefly the basic assumptions and the
mathematical forms of equations which have been found use-

ful, with this in view.

a, Langmuir Isotherm Equation:

This equation was derived by Langmuir (23) in
connection with his work on chemisorption., Although the
forces involved in chemisorption are similar to those

involved in chemical reaction, and the phenomenon is

characterized by unimolecular layers, the equation deals

quite successfully with a considerable number of physical



6.

adsorptions, where the forces involved are of the van
der Waals type. The kinetic arguments used in the devel-
opment of the theory have, moreover, provided the basis for
later adsorption isotherm equations which were more concerned
with physical adsorption. In the derivation of the equation,
it is assumed that:
(1) the molecules are adsorbed to definite points of
attachment;
(2) there is only one molecule at each such point;
(3) there is no interaction between adsorbate molecules.
This condition also implies a heat of adsorption

that is uniform over the whole surface.

If v is the volume adsorbed at a pressure p, and
vm.is the volume of adsorbate required to form a monolayer,

the equation takes the form:
vmbp

V = —

1+bp (1)
where b in Langmuir's kinetic derivation is given by the
expression: 9/KT

ko(zzrka)%

In this eguation, X, is the condensation coefficient for the
bare surface,? is the heat of adsorption, k is Boltzmannts
constant, k, is the evaporation coefficient, m is the mass of
the molecule, and T is the absolute temperature, In the
statistical derivation of Fowler, b is of a similar form,

but involves the ratio of the partition functions
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of the adsorbed states and for the rotations and vibrat-
lons of the free gas molecules. In actual systems, this
ratio, as well as the heat of adsorption may vary as

adsorption progresses.

The isotherm equation, (1), is frequently used, for

testing its applicability, in the form:

P = _1 +p (3)
v Tmb Vi

If the equation fits the experimental data, then a plot of

vs. D should give a straight line,

dlic

This equation must be modified for a surface which
is inhomogeneous with regard to adsorptive power, for in
such cases the heat of adsorption will vary from the more to
the less active points of the surface. This is frequently,
if not always, the case in physical adsorption, as direct
calorimetric investigations have shown, The surface area
values calculated from v, in some cases indicate, in comparison
with values obtained by other methods, that only a part of
the surface is active in adsorbing a particular substance.
Langmuir has shown that the case of the inhomogeneous surface

must be treated by an equation which is the sum of a number

of equations (1)

VypiD4P
V= 1+Dbip (4)
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b, 7illiams-Henry Equation:
The kinetic derivation of this equation by
Henry (19) starts from the Langmuir equation (1). On
the assumption, however, that a molecule is held by more
than one point on the surface, the equation assumes the

modified form:

v = v,bp(l -.% )i (5)
m

where n represents the number of points of attachment,
and the other symbols have the same meaning as before.
By taking logarithms of both sides and using a series
expansion of the term 1n(1l -‘1) valid for low values

m
of v , the Williams-Henry equation,

E‘<€

lny = 1lovgb - ny (6)
b Vin

results, The limitations on this equation are the same
as those on the Langmuir equation, and in addition, by the
use of the series expansion approximation, it is limited

to values of v less than 0,3,
v,

m
c, Potential Theory:

Polanyi (26) attacked the problem of adsorption
in a quite different way. He considered the work required
to bring a molecule from the free gas region to the adsorp-
tion region, and considered that the potential function

thus established is independent of temperature, and of the

distribution of other adsorbate molecules. The work is
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calculated from the basic relation

[
éi = J vap (7)

where gi is the density of the adsorbed substance in the
ith potential region. This is evaluated by substituting
for v from an assumed equation of state. Vhen €; is
plotted against ¢; , which may be regarded as the volume
or area of the ibth potential level, the so-called
"characteristic curve" results., This curve is then taken
as a representation of the variation of potential with

the distance from the region of maximum potential, and
should be independent of the temperature. The temperature
dependence of adsorption is then accounted for by the
temperature dependence of the equations of state. The

theory has had considerable success in accounting for the

temperature dependence of adsorption.

It can be seen that the practical results of
this theory depend only on the existence of a potential
function which depends on only the one variable, ¢ ,
which in its applications is the volume of the adsorbed
substance, Originally derived by conslidering thick,
compressed multilayers, its basis has been changed by its
author to bring it more in accord with modern ideas of

the range of surface forces, The surface is covered by
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equipotential lines enclosing areas over which the
potential is between the potentials of the bounding
lines, According to this revised picture, adsorption of
the first small amounts results in the formation of
unimolecular "islands" covering the areas of highest
potential. As the pressure is increased, these islands

grow and finally coalesce,

The equations of state obeyed by the adsorbed
phase show that at low temperatures it behaves like a
liocuid of low compressibility and at temperatures above
the critical temperature it behaves like a highly comp-
ressed gas., It is an interesting feature of this theory
that the edsorbate plays a quite passive part, except as
it is involved in the work of compression, It was found
empirically that the maximum adsorption potential, €. ,
is related to the van der Waels constant, a, of the gas

by the relation ¢= kva .

d, Multimolecular Adsorption Theory:

Brunauer, Emmett and Teller (5) derived this
equation from a kinetic consideration of the rates of
evaporation and condensation from each of a number of
layers in an adsorption system at equilibrium. This theory,

is capable of representing adsorption isotherms of the five

types which occur in practice, over a relative pressure
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range from 0.05 to 0,35, ror adsorption taking place on
a free surface (where there is no limit to the number of

layers which may be formed), without capillary condens-

ation, the equation has the form

T - 1 4c-1 (8)
v(l - T) V,C * ViC £

Here f is the relative pressure p/po where p, is the vapor
pressure of the liquid at this temperature; v, is the
volume of the gas required to form a monolayer; v is the
volume of gas adsorbed at pressure P, and ¢ is a quantity
related to the amount by which the energy of adsorption
in the first layer exceeds the heat of liquefaction of the
vapor in the following way: |

¢ = aby (E; - E)/RT (9)

agbl
Here, a4 and bl are respectively the evaporation and cond-

ensation coefficients in the first layer, and ag and by are
the corresponding quantities for the second layer, The
authors assumed that the term ajbs will be approximately
unity. Recently Cassie (7), iﬁgﬁi deriving the Brunauer-
Emmett-Teller equation by statistical thermodynamic methods
concluded that this ratio was the ratio of the partition
function of molecules in the first layer to that of molecules
in higher layers, and that a value of about 0.02 was to

be expected. Emmett ( 9 ) has shown that this ratio gives

better agreement with experimental calorimetric data.
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“hen the number of layers is limited, for example,
by the sizes of the pores, to n layers, the equation takes

the form:

V ST TF | I+c - 1) - orr (10)

vmef [' - (n+1)f%, nettL
This equation has two limiting forms, when n = 1 and n = oo

The first of these is

m & D
Po

V = (ll)

C
.l.
1+D7,p
which is formally identical with the Langmuir equation with

b replaced by ¢/py,. When n = oo, (10) reduces to (8).

The most general form of the equation, which
includes the other forms as special cases is the one which
includes the possibility of capillary condensation. ‘this
possibility is included by considering the effect of the
lowered vapor pressure on the rate of evaporation. This
is equivalent to the requirement of a larger heat of lique-
faction for the layer which completes the filling of the
capillary. The resulting equation is, when (2n - 1) layers

are required to fill the capillary:
n-1

vyef 1+ (3ng - n)f - (ng - n+1)f%+ %;ngfn+]’
I n+1l

1+(c - 1)f +(%cg - e)f? - legf

(12)
The only new symbol in this equation is g, and this is define

by the equation g = eQ/RT’ where Q is the excess heat



13,

of liquefaction of the last layer over that of the bulk
liquid. If the maximum number of layers that can fit
into the capillary is 2n in place of 2n - 1, a slightly
different form is obtained (4).

e. Harkins-Jura Treatment:

Harkins and Jura have quite recently published
a series of papers in which the essential similarity of
adsorptions on liquid and solid surfaces is stressed., The
relations between area and surface pressure have been worked
out in considerable detail for ligquid substrates in the
work of Adam (1), Harkins (14), and others., The situation
with insoluble films on liquid surfaces is less complicated
than adsorption on solids because one can depend on the
uniformity of the liquid surface and can study monomol-
ecular films uncomplicated by formation of further layers,
and capillary condensation., It is possible to study in
considerable detail the phase changes which take place with
changing surface pressure and temperature., It is clear from
this work that five or six different phases can be recognized,

In the nomenclature of Harkins (14), these are

(1) gaseous (4) liquid condensed
(2) 1liquid expanded (5) 1liquid supercondensed
(3) 1liquid intermediate (6) solid or plastic

Designating the surface pressure by 77 and the

area available to a single molecule by o, the equations
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of state for the various phases are:
l. gaseous films at low compression:
To = KT, (13)
a two-dimensional analogue of the perfect gas law,

2. liquid expanded films:

- a = - J0
K=-+%% = -+ (5%),

This is an empirical equation for the compressibility

(14)

which is found to represent the isothermel behavior
of such films very well. a and b are unknown functions
of temperature only. Integration of this equation gives
the desired relation between m and o at constant temp-
erature, i.e.
1n o (15)
Here, ¢, at a given temperature, is a constant of
integration,
3. liquid intermediate films:
The empirical equation for the compressibility
is ke - (&2+b)--L (32), (16)
On integration this gives:
7= ¢+11ln(bo +a) (17)
where again c ig a constant of integration,
4, condensed films:

These exhibit a m7-06 curve which is linear, and

has a negative slope, so that they are represented by
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of state for the various phases are:
l. gaseous films at low compression:
To = kT, (13)
a two-dimensional analogue of the perfect gas law,

2. ligquid expanded films:

K=—-—% = - L 36‘)
- e+ b 6 _3—77—'7-

This is an empirical equation for the compressibility

(14)

which is found to represent the isothermel behavior
of such films very well. a and b are unknown functions
of temperature only. Integration of this equation gives
the desired relation between m and o at constant temp-
erature, i.e.
1n o (15)
Here, ¢, at a given temperature, is a constant of
integration,
3. liquid intermediate films:
The empirical equation for the compressibility
s koo (F0b) -+ (3F); (16)
On integration this gives:
7= ¢+11ln(bo +a) (17)
where again c ig a constant of integration.
4, condensed films:
These exhibit a 7/7-0 curve which is linear, and

has a negative slope, so that they are represented by
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an equation of the form

MT= b -aoc (18)

For the purpose of testing these relations in
the adsorption of vapors by solids, two approaches are
possible; first, one might calculate mand ¢ from the
adsorption isotherm as indicated below; second, one might
derive p - v relationships corresponding to the m- o
relationships given above. Both of these methods are

used by Harkins and Jura.

The surface pressure, 77 , is calculated from the
adsorption isotherm by the integration of the Gibbs adsorp-

tion isotherm as suggested by Bangham (3). The equation is

f
Tr:%_%ﬁz\%/o\vd/nf (19)

where ), is the surface free energy of the bare surface,?éf
is the surface free energy of the surface covered by the
film, Vy; is the molar volume of the gas, 2. is the specific
surface of the adsorbent and must be known, T is the absolute
temperature, R the gas constant, v the volume adsorbed, and
f the fugacity of the vapor, usually taken to be equal to
the pressure. This integral can be evaluated by plotting
v/p vs. p and determining the area under the curve at various
p values, This usually involves considerable uncertainty
due to the shape of the curve and it 1s necessary to obtain
numerous exact data at very low pressures in order to obtain

the desired accuracy (see Harkins (15) ), Sometimes a plot
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of v vs log p/v is preferable for the evaluation of this

integral,

The value of o can be obtained from a knowledge
of the amount adsorbed and the specific surface of the
adsorbent. When multimolecular layers are formed, however,
it is necessary to remember that, for the purposes of this
calculation the desired quantity is 2/N where N is the
number of molecules actually in contact with the surface

of the solid.

The second method for investigating the phase
relations of surface films on solids is to calculate the
three dimensional p - v relations corresponding to the two
dimensional equations of state between 7 and o ., This
is accomplished by Harkins and Jura (16), starting with
the identity

éﬁ.ff) =(ii'1_ff) (_g’JL) (20)
dv Ir omr /r\Ivi/r
The two terms on the left are then ewvaluated in terms of v

as follows:

m=) -V, by definition (21)
According to the Gibbs adsorption equation:
_ [ 3,
[ = RT(y,;f rs (22)
- _V
where [ Vﬁf

= moles adsorbed per unit area
(23)
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if o is in square cm, per molecule

- Yl (24)
where N, is Avogadro's number,
37‘ o
r) )T 9—3:)7' (25)
B \éii (J /T)T using (24) (26)

from (21), (22), (23).

Vs chT)
VMZ RT c9/nf 7. (27)
.
oint __V
dIT )TZ ) R”T% (28)
substituting (27), (28) in (20),
3 In ) (VW Z)* (.Q_/I) (29)
ov /r  RTAN,v? \oao /T

Since, in general, 77 1is a function, say ¢
of 0, the form of which is known for the various phases,

we can write in place of (29),

9/%.{) (xéqéj) ?‘{/ ) (30)

R T No v?
where ¢’ 1is the derivative of ¢ with respect to o ,

and the quantity VyZ has been substituted for o in the
vNg
functional relation,

Using the equations of state relating 7~ and o
for the various types of films in (30), the p-v relations

result, as follows:
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(1) gaseous films
P = Kv (31)
(2) 1liquid expanded films

lnp=X+ C + b (32)
2aDVR aDv

(3) 1liquid intermediate films

l ., _a nbC+av

1 = -
np K DV = DEDC v (33)

(4) condensed films

ZRTNGV= (34)

M2 (35)

The equation for condensed films given above has
been applied successfully in a number of cases, especially
by Harkins and Jura, and is the basis of a new method (17)
for determining surface areas without the necessity for any
assumptions concerning the cross-sectional area of the

adsorbed molecules,

Harkins and his co-workers have calculated force-
area curves for a number of gas-solid adsorption systems (16),
and have obtained curves which reproduce the behavior of
insoluble films on water very closely., The effect of temp-
erature here is also similar to its effect on films on a

liquid, and to the corresponding phenomena associated with
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the critical temperature region in three-dimensional
systems. Evidence for the reality of phase changes in

certain adsorption systems has also been presented.

Most of the possible phase transitions in two-
dimensional systems are different from those of three-
dimensional systems in that they do not have heats of
transition. Such phase changes are said to be of second or

higher order,

Harkins and Boyd (18) have discussed the criteria
for phase changes in films on liquids, Harkins and Jura
have carried over these criteria to films on solids, In
order to demonstrate a phase change it is necessary to show

that a discontinuity exists in the compressibility XK, where

K = VX oV
ﬁ%?g (EY5)T (36)

This amounts to the demonstration of a discontinuity in the

op oPp

so-called "first order" phase change, ITf 0@2) shows a
ap
T

finite discontinuity, the phase change is of the second order,

derivative QV. If (a_v_) becomes infinite the change is a
T

such as that occurring between liquid expanded and liquid

condensed films.

It is pointed out, that, in order to detect phase
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changes, more accurate and detailed data are needed than
are available in most adsorption studies, and in particular,

numerous data are required for the low pressure region,

It is felt that the Harkins-Jura concept is of
considerable importance in work of the type discussed here,
for it is not unreasonable to expect that such phase
changes would be accompanied by changes in the dielectriec

constant of the adsorbed substance.

2. Dielectric Constant Theory:

The dielectric constant, e, of a substance is
defined as the ratio of the capacity (C) of a condenser
filled with the substance to the capacity of the same cond-
enser when empty (C,), i. e.,

e = (37)

¢
Co
In the electrostatic system of units, the dimensions of C
are those of length, and the unit in this system is known
as the centimeter or statfarad, In the m.k.s. system, unit
capacity is 1 coulomb/volt and is given the name 1 farad,
Since this is an extremely large unit, the microfarad, 107°
farad, and the micro microfarad, 10712 farad, are more

commonly used. These are commonly abbreviated.Ff and pr

respectively,

The dielectric constant of a substance is related
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to the structure of the molecules in a way that is now

quite well understood. The ability of a substance to

reduce the intensity of the electric field between the plates
is due to two factors,the induced dipole of the molecules,

and the permanent dipole possessed by certain molecules.

The induced dipole results from the separation of the centres
of positive and negative electricity in the molecule, and

is proportional to the strength of the internal field, F.

The proportionality constant, «,, 1s called the polarizability

of the molecule,

For the intensity of the internal field, Clausius
and Mosotti used the expression:

F = E+4 T 1 (38)
3

where E is the electric intensity, and I is the electric

moment per unit volume. On this assumption, they derived
the expression relating the dielectric constant of a non-
polar substance to its polarizability., This expression is

1., M = 4T N g, P (39)

e -
e +2 d 3

where M is the molecular weight, 4 is the density, wn 1is the
Avogadro number and P is called the molar polarization. The

dimensions of P and o, are those of volume,

The effect of a permanent dipole, P in the
molecule is to introduce a temperature dependent term into

this equation as first shown by Debye (8). The equation
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which includes this effect is

2
P = e"loM - 4ITN
T+2 3 B (°(°+'5P‘1«:‘T)(4o)

where k is Boltzmann's constant. The inverse dependence
on temperature results from the effect of thermal agitation

in opposing the tendency of the dipoles to orient in the

field,

Representing the molar polarization due to the

induced dipole by (PA—k PE), and that due to the permanent

dipole by EM’ equation (40) ean be written:

The induced polarization is made up of polarization resulting

(41)

from displacement of electrons (PE) and that resulting from
displacement of atoms (PA) within the molecule from their
equilibrium positions, This last type of polarization occurs
only when the applied electromagnetic field has a frequency
comparable to, or lower than, the natural vibrational
frequencies of the atoms., The electronic polarization, on
the other hand, occurs even for very high light frequencies,
and is, in fact, responsible for the refraction of light.,
Maxwell's well-known relationship equating the dielectric
constant and the square of the refractive index (e = nz)
is valid when only electronic polarization is involved,
Indeed, this equation makes 1t possible to evaluate Pp from

refractive index measurements, and thus to obtain independent

checks on the values of PE obtained from equation (40) for
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polar molecules,

In order to obtain Py, it is necessary to determine
P at a number of different temperatures and to plot the
values so obtained vs, 1/T., The slope of the curve then
gives BM,and the intercept gives (Pgp + Pg). 3& is commonly
small, so that the value of (P + P ) should check the value
of Pp determined from refractive index measurements quite

closely,

The polarization due to the orientation of perm-
anent dipoles in the electromagnetic field might be expected
to decrease and approach zero as the frequency is increased
to a high value, This is related to the faet that a finite
time, the "relaxation time", must elapse before oriented
molecules can revert to a random orientatl on after the
removal of the field, This decrease of the dielectric
constant with increasing frequency is called "anomalous
dispersion", and occurs quite generally with polar substances,

usually in the radio fregquency range for gases and liquids,

The Debye equation (40) is valid for polar molec-
ules in the gas phase and in dilute solutions in non-polar
solvents., Yor the treatment of liquids, it was suggested
by Onsager (25) that the assumption of the Lorentz inner
field must be abandoned, and he proposed that the field

acting on a molecule should be considered as the resultant
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of two fields, the reaction field R, and the cavity field
G, where the lines over the letters indicate their vector
nature. The reaction field arises from polarization of the
surrounding medium by the field of the dipole. It acts in
a direction parallel to the instantaneous dipole moment m,
and exists even in the absence of an applied field. He

derived the expression:

_ 2(e = 1)
R = 2e + 1

(42)

sl

where a is the radius of the molecule., The field G is
caused by, and acts parallel to the applied field:

TSy E (43)

The essential difference between this and the field assumed
in the Clausius-Mosotti derivation is that in the latter, the
polarization of the molecule was assumed to have its average
value, whereas in the Onsager derivation, its instantaneous
value is considered, A treatment similar in the main to that

used by Debye then yields the equation:

2

M(e-ng)(Ze-:-nZ) - 4 TN %J
d e(n%2)° 5 95

This is the Onsager equation and it has been used with

(44)

considerable success in the study of the dielectric constants
of liguids.

A molecule adsorbed on the surface of a solid is
situated at a discontinuity or singularity in the electrical

field, It is therefore not valid to apply equations derived
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for a homogeneous dielectric to this situation. While
the mathematical treatment of such a situation would be
very complicated, it seems reasonable that a reaction
field should exist due to the presence of the highly
polarizable silica. It will, however, differ in some

respects from that existing in a pure liquiad.

In the first place, the field of the dipole will
be distorted because of the presence, on one side, of the
silica. The reaction field will also be distorted, because
on the other side is the less polarizable gas phase, In
any event, there should be a reaction field which will,

in turn, polarize the adsorbed molecule.

If the molecule is stationary, the reaction field
will alternately aid and oppose the alternating applied
field, but if the molecule is free to orient with the field,
the reaction field will aid the applied field, and increase
the polarization of the molecule., Thus, if the rotational
mobility of the molecule were not affected by adsorption, it
might be expected on this basis that the effective dielectric
constant of the adsorbed ethyl chloride would be higher than
that of the bulk liquid, This effect would decrease when
further adsorption occurs on those molecules already adsorbed,

and as saturation is approached the "differential”™ dielectric

constant should approach that of the bulk liquid,
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If increasing temperature has the same effect on
the adsorbed molecules as it has on the molecules of a gas or
liquid, then the dielectric constant should fall as the
temperature increases for a given amount adsorbed., It
appears possible however, that this effect will be comp-
licated by others, TFor example, a molecule might be freed
sufficiently from the restrictive forces of the adsorbent
or of its neighbors to acquire an orientability which it
lacked at a lower temperature. It is required only that the
number of molecules thus acquiring orientability should be
proportional to temperature in order to reduce the temper-

ature coefficient to a value which might escape detection.,

In the present problem it is necessary to consider
the possibility of obtaining the true dielectric constant of
silica from that of silica gel which may be considered as a
mixture of silica and a gas phase or vacuum. We have further
to consider the possibility of calculating the dielectric
constant of adsorbed ethyl chloride from the experimental

value for the dielectric constant of the silica gel with the

ethyl chloride adsorbed on it.

The theoretical basis for determining the dielectric
constants of pure solids from those of powders was reviewed
and extended by Bruggemen (6). Wiener had previously

derived equations which took account of the strong dependence
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on crystal form and arrangement. He first derived two
limiting relationships for the dependence of the dielectric
constant of a mixture on the dielectric constants and volume
fractions of the two constituents. For crystals of a
lamellar shape arranged parallel to the plates of the cond-
enser he derived the relation:

E - fle

D + foes (45)

1

where Ep is the dielectric constant of the mixture, ey and
e, the dielectric constants of the individual components,

fl and f_ their respective volume fractions. This represents

2
a straight line joining ey and e, when Ep is plotted against
the ratio fl/fz' For lamellar crystals arranged perpendic-

ularly to the plates, he derived the relation:

By = 1 = €182
£ L5 fieg+ 150, (46)
el 92

This relation corresponds to an effective dielectric constant
which 1s always below the one obtained from the previous
relation, except, of course, at the end points. He then
showed that these relations were the upper and lower limits
between which actual dielectric constants of mixtures of

different crystal forms and arrangements must lie,

Wiener later proposed a more general formula,
incorporating a "form number", u, which was dependent on

the crystal form., This formula is:
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E = Epu + elez

Epl + u (47)
where
1
E = fT.e, + f_e - eqe
P 172 271 = 1°2
3 (48)

Bruggeman, starting from four assumptions which
are quite generally valid about the particles and their
arrangements, derived limiting equations which consider-
ably narrow the gap between the Ep and Es values of Wiener,
The assumptions which he made were such as to ensure a
quasi-homogeneous mixture and, in consequence, a quasi-

homogeneous field,

For mixtures of solid substances designated as
1l and 2, and so distributed that (f1+-f2) approaches unity,
he derived two equations, the first for disordered aggregates

of lamellar crystals:

By = % [-Es+ﬁs(8Ep + ES)} (49)
the second for aggregates of spheres:
1l 1,2
i
(50)

These curves intersect near the middle of their
range., The Wiener form number is evaluated at this point
and has the value u, = 4/ eje,. The general Wiener formula
with this form number then has a course that lies at all

points between E; and Eg, and can be used as a quite
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good approximation for actual mixtures. It has the form:

2E +/Ve e
E, lf-—"‘ P 12

Ef + 26163 (51)

Bruggeman then deals with mixtures which he
calls "porphyritie", implying that small particles are
embedded in a homogeneous, isotropic matrix. These are
therefore akin to powders in an otherwise evacuated space,

Hor lamellar crystals imbedded in the metrix he obtains:
e

Eel = €3 __%:__Z_E.p

1

2e1+-Ep

and for spheres, the value Eek may be obtained from the

(52)

relation:

e - E )
1-7y = _1 ek l/ es

A value of the Wiener form number Ugy is then obtained which

makes the general Wiener curve lie between these two ext-
remes, He shows that the resulting Wiener equation gives
values quite close to those obtained by the use of (51) when
the ratio 61/32 is not too large, so that the use of
equation (51) is frequently justified when dealing with
powders, Formula (51) was tested on data for KCl powders

obtained by Sanger, Stocker and Errera and very good agree-

ment wags obtained.

The system with which we are dealing, consisting

of adsorbent, adsorbate and vapour phase, is considerably
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more complicated than those considered in the Bruggeman
theory. Still, it seems likely that the effective dielectric
constant of such a system would, for a given volume ratio

of the phases, lie below the line connecting the dielectric
constants of adsorbent and adsorbate. If the behaviour

were similar to that considered by Bruggeman, the apparent
dielectric constant of the adsorbate would tend to decrease
as its volume fraction increased. Any such effect would

be small, and continuous with respect to the volume ratio.

In the preceding discussion we have encountered a
number of effects which could cause real or apparent changes
in the dielectric constant of an adsorbate as the amount

adsorbed increases, These may be summarized as follows:

l. Restricted rotation -

This would cause the dielectric constant to be
lower than the bulk value. It could arise if the molecule
were held rigidly by the adsorbent or, if the surface film
were a condensed phase, by the close proximity of other
adsorbed molecules, Only if the molecules were entirely
prevented from orienting would the dielectric constant
of the adsorbate be independent of temperature, and it
would seem most improbable that this condition would
obtain for the higher relative pressures.,

2. Phase changes -
If, as adsorption progressed, the surface films

were to undergo a change to a denser phase, it is
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probable that the adsorbed material would exhibit a
change in dielectric constant., It is difficult, on
account of the complexity of such a change, to
predict the magnitude, or even the sign of the change.
Surfece inhomogeneity -

It seems likely, since both orientability and
polarizability may be affected by adsorptive forces,
that any variation in these forces over the surface
will result in a varistion of apparent dielectric
constant as adsorption proceeds,

Changes in the nature of the adsorption -

In most physical adsorption systems involving a
highly porous adsorbent, formation of second and higher
adsorption layers begins when, or even before, the
first adsorption layer is complete., It is generally
agreed that the adsorption forces in the first layer
are considerably stronger than in the highef layers.,

On this view, then, a change in apparent dielectric
constant toward that of the bulk liquid should occur at
the stage when higher layers begin to form. It has
been pointed out that at this stage, the polarizability
of the environment of the molecule will be changed from

that of silica to that of adsorbed ethyl chloride., This

would result in a changed reaction field,
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5., In a sense, the specific inductive capacity of the silica
gel itself will be increased because of the increased

reaction field resulting from the presence, on one side,

of the adsorbate,
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PREVIOUS WORK

Argue and Maass (2) studied the dielectric
constant of water adsorbed on cellulose. They found that
the "differential" dielectric constant of the adsorbed water
increased from the low value of 15.8 to a value only slightly
below that of the bulk liquid., The dielectric constant of
the adsorbed water was calculated from the experimental
data by means of the formula:

E = f.e,+ f_e. + fBe

171 2°2 3

which is an extension of equation (45) given previously.
The symbols have the same significance as in the previous
equation, the additional term corresponding to the contrib-

ution of the adsorbate,

A report on a study of the dielectric constants

of various vapours adsorbed on silica gel has been made by
Zhilenkov, Perskii and Fedotova (32). It has not been poss-
ible to obtain a copy of this paper, so that only the limited
information given by the abstract is available, The state-
ment is made, however, that the dielectric constants of the
adsorbed vapors were the same as those of the corresponding
liquids, The frequencies used in this work are not given

in the abstract, The vapors used were those of water, acetong

chloroform and benzene, The density of the silica gel is
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reported to be 2,095 and the dielectric constant 6.47.
These are of some interest in connection with values

reported in the present work,

A very interesting report has been published by
Higuti (20) on the dielectric constant of n-propyl alcohol
adsorbed on titania gel., The temperature range from -60° ¢.
to 60o C. 1s covered in temperature intervals of 200. Four
wave lengths all in the radio frequency range, were used,
namely; 100, 200, 345 and 804 meters, The heterodyne beat

method was employed in the measurements,

The method used was to permit the adsorption of

a certain amount of vapor on the adsorbent between the plates
of a condenser, The "dead space", containing free vapor, was
kept small in order to obviate the necessity for considering
the small amount of vapor desorbed as the temperature of the
closed cell was raised, Measurements were then made at seven
temperatures ranging from -6000. to 6000. This was repeated
after each increment of vapor. Additions of vepor were made
in this way until the saturated vapor pressure was reached,

so that free liquid was present in some of the tests.,

Pressure measurements are not reported, so that
it is not possible to study the data thoroughly in the

light of adsorption theory. However, it is quite clear

from several isotherm plots given in the paper that capillary
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condensation occurs in the upper region of the isotherm.

From the dielectric properties of the adsorbate,
Higuti distinguishes four regions on each adsorption isotherm,
The first and second adsorption regions do not involve
capillary condensation. The other two regions he identifies
as the capillary condensation region and the free liquid
region. In the first adsorption region the plot of capacity
change vs. amount adsorbed is linear at the lower temperatures
but curves upward at higher temperatures. The temperature
coefficient in this region is positive. A peculiar "ageing"
effect was noticed on the third addition (65 mg. per gm. of
adsorbent). The capacity, after rising, fell slowly to an

equilibrium wvalue.

In the second region, the author states that the
plot is linear for all values of temperature and pressure,
A few of his data were replotted on a larger scale graph and
it was found that the linearity was only approximate. The
deviations however, appeared to be quite random and are
probably due to inaccuracies in the measurements. This
observation does not reflect in any way on the general
conclusions reached by the author, for the changes in slope

on which these are based are, in most cases, quite definite,

The first major change in slope occurs at the

beginning of the capillary condensation region., Here, the

dielectric constant of the adsorbate is considerably higher,
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and, like the pure liquid, has a negative temperature

coefficient, The temperature coefficient is somewhat

lower than for the pure liquid.

After the appearance of the free liquid, the
dielectric constant calculated for each increment of liquid
1s quite close to that for the pure liquid. ‘“his is a
quite good indication that the method used for calculating
the dielectric constant of the adsorbate is not greatly in
error. This method is essentially that used by Argue and

Maass, mentioned previously.

The author concludes that the orientation polar-
ization is very small in the first and second adsorption
regions, and that the positive temperature coefficient is
a conseqguence of an increased mobility as the temperature
rises., In capillary condensation, the dipoles have a much

greater mobility. In this region, also, there was evidence

of anomalous dispersion.,
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APPARATUS

Electrical Apparatus

The so-called "Schering Bridge" was used through-
out for measurement of capacity and power factor, though in
a modified form for later work. For purposes of reference,
the general form of the bridge together with its balance

conditions will be given here,

In Fig. I is shown the usual form of the Schering
bridge. Cl represents the condenser whose capacity and
associated series resistance are to be determined. It will
be assumed for the moment that C,, & high quality standard
condenser, presents a purely capacitive reactance to the
e.m.,f., in other words, its associated series res¥tance,

Ty is negligibly small.

Of the two decade resistance boxes Rz and Ry,
one (RS) is normally left fixed at a convenient value while
R4 and 04 are changed to balance the bridge.

Balance Conditions:

The bridge is balanced when:

C; = Eﬁ C, (a)
Rz
Cyq
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It 1s seen that these conditions are independent
of the frequency of the alternating current supplied by
the generator., To quite a good approximation this is true,
but when C, is not a perfect condenser, so that roX 0,
the following conditions must obtain for balance:

R,C5(1+ @ r;CyR,Cy)

= R501(1+cu2r202R404) (c)

RyCo(T90) + RyCg) = Ry0,(ry0p+ R,C,) (d)

In these expressions, «w is the frequency in radians per
second, C5 refers to the capacity of a condenser in parallel
with RB’ and takes account of the fact that there will be
earth capacitances across RB‘ These are compensated by the

condenser Cy in the opposite arm.

Balance conditions (c¢c) and (d) are evidently
slightly frequency-dependent. Conditions (a) and (b) derive
from (c) and (d) respectively if Cz and r, are taken equal

to zero in (¢) and (d4).

Generator:

Alternating potential was supplied to the bridge
by a phase-shift oscillator-amplifier run by a power pack,
These pieces of apparatus were constructed, and are
deseribed by N. R. S. Hollies (21). The power pack consists
of a transformer operating a full-wave rectifier. The
output of the rectifier tube is put through a two-section

smoothing filter and finally two voltage regulating tubes.
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The output of the oscillator is put through two stages of
voltage amplification, and a push-pull power amplification
stage. The frequency range was from 455 to 5580 cycles

per second. In most of the work under discussion, frequencies
of 3530 and 3350 c.p.s. were used, The output wave, examined

on the oscilloscope, had a good sine wave form,

sridge:

It was originally planned to use a Schering bridge
constructed by N, R. S. Hollies (21), and used by him in
measurement of the dielectric constant of certain vapors.
The various components of the terminal board were reassembled
incorporating several minor mechanical improvements., it the
same time, it was decided to employ a standard device for
the elimination of the effect of earth admittances. This
device is variously known as the "Butterworth Earthing
Mechanism" (13) or the method is referred to as the "Double
Balance liethod", The device was employed in the form of a

rheostat connecting the detector points and having an inter-

mediate tap connected to a grounded point,

The connections were all enclosed in a metal chassis
while the small sockets or "jacks™ protruded, and were con-
veniently available for connecting the various circuit
elements. Some such method of making the connections is
necessary in order to ensure that the leads occupy the same

positions for different determinations. “henever possible
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the leads were made very short in order to reduce the

capacity between the two wires,

The standard condenser C, was a 1000 Ppf General
Radio Company standard, type 505 which pPlugged in to the
two jacks on the surface of the chassis. The condenser
C4 was constructed from five mica condensers and an air
condenser having a maximum capacity of about 600 ppt.
By the use of a two-gang, 10-position switeh, the capacity
could be varied from zero to 10,000 FPf in steps of 1,000
PPf’ A mica condenser of 500 pr capacity which could
be placed in parallel with the air condenser served, with
the air condenser, to give continuous variation of capacity
between successive 1,000 pr steps., All these condensers
were mounted in a metal chassis and the leads terminated
in plugs so spaced as to fit into the jacks on the terminal
board, This variable condenser was later calibrated by
plugging it into the Cl position and determining the capacity
for various settings, The terminal board carried a switch
by means of which the condenser designated as C, could be

placed in parallel either with R4 or Rz as required,

Originally, all leads consisted of two strands
of wire insulated with rubber, both surrounded by a flexible

metal sheath to serve as a shield. No small part of the
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difficulty encountered with the bridge in this form is
believed to be due to the use of this type of lead, since
the capacity between the leads, and between the leads and
shield is very high, and there are good indications that the
loss factor is also high, In the early work the flexible
shield was grounded on all the leads, introducing small

systematic errors, as will be seen in the section on shielding.

The Butterworth earthing mechanism consisted here
of a 1 megohm rheostat of the radio volume-control type.
In operation, Rz and R4 were first disconnected and a balance
was obtained using the rheostat in their stead, Then R
and R, were connected again and R, and C, were adjusted to
restore balance, The theory of this mechanism (13) shows
that when balance is first obtained with small admittances
(the two sections of the rheostat) in the ratio arms, and a
second balance obtained by placing much larger admittances

(R, and R4) across these arms, then Ry and R, give the true

3
values of the resistive ratio, i.e. the error due to earth
admittances has been eliminated. If C, and C; are the first
and second values of the capacity shunting R4, then the true
value is Ci - 04. This mechanism is generally used in

preference to the Wagner earth in a Schering bridge of the

type shown,

The bridge in the form described above was tested
very thoroughly and many minor changes were made to improve

the constancy of the capacity readings. ‘/hen, however, the
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last of these minor improvements had been made, the
reliability of the bridge was stil] something less than
was desired. Since it was necessary to measure capacity
changes resulting from a convenient inerement of adsorbed
ethyl chloride vapor, & change amounting to only 1 - Slppf
in some cases, it was clearly desirable and in all probab-
i11ity, necessary, to be able to measure 0.01 or 0,02 PPf
reliably. Now, although with this bridge it was possible
to set the bridge with this degree of precision, the value
changed with time by perhaps 0.5 ppf in the course of a
few hours. This was, for a long time, accepted as an

inevitable limitation on the method,

In time, it was established that fluctuations in
the temperature of the bridge itself, or at any rate, some
part of it, were responsible for these drifts in apparent

capacity values,

Modified Schering Bridge:

It was at first thought that this difficulty
might be overcome without the necessity of thermostatting
the entire apparatus, by using a bridge having a greater
degree of symmetry. The Hartsharm modification (29) of
the Schering bridge satisfied this requirement very well

and it was decided to construct a bridge of this type. The
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advantages of this type of bridge from the point of view

of the present study may be summarized as follows:

1. Symmetry: in the original Hartshorn modification,
the opposite arms are identical and the effect of
temperature might well be minimized,

2. As an equal arm bridge it satisfies the conditions
for optimum sensitivity.

3. Since it is essentially a substitution method, errors
due to earth admittances and other stray effects are
eliminated or minimized directly.

4, Since only changes in capacity are being measured, it
is not necessary to disconnect the leads to the cell

for the purpose of measuring their capacity.

One rather important disadvantage of this bridge
is that its range is very small, and when constructed to
measure 0,01 pr, it will probably not be capable of measuring
a change of more than 15 pr in the arm containing the
condenser under investigation, For this reason, it cannot
be used to obtain the total capacity of the condenser,
This, however, can be accomplished to a sufficient degree

of accuracy by an expedient described in connection with the

form of bridge finally adopted.

The perfect symmetry of the Hartshorn modification

is destroyed here by the necessity of placing the relatively
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large test condenser across the C, arm (Fig. 2). This

was matched in the CZ arm by a variable air condenser of
about 500 ppf maximum capacity. The condenser corresponding
to Cll was eliminated because it was thought that the
dissymmetry introduced with Cy and 022 removed the justif-

ication for the retention of this element of synmetry.

The resistors RS and R4 were 1000 ohm elements
from a good quality decade resistance box. The condenser
Cll was a General Radio Precision Model of 1500 pr capacity.
025 was the General Radio standard 1000 pr condenser prev-
iously mentioned. ClZ was a 1000 PPf mica. condenser while
C and C

12 21
shields and plugged into the top of the chassis,

were 10,000 FPf mica condensers enclosed in

Regarding the whole C, arm as a single condenser
01, and the Cz arm as a single condenser (5, balance

condition (d) becomes:

R,CoRzC3 = RSCl(rzcz’*'R404) (e)
assuming ry = O (i.e. that Cl is a perfect condenser).
If now the capacity of the condenser Cy is increased and
this increase is considered as a small condenser C with an
associated series resistance r placed in parallel with C,,
then C. itself will have to be reduced by an amount C, so

1
that the totel capacity of this arm will remain unaltered,

1
and Cy, will have to be altered to, say, C, in order to
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maintain balance. For this second balance, from (4):

RyCp(rCy + Rz0z) = RyCy(r,Co+ R,Cyp) (T)
Subtracting (e) from (f)

rC; = Rg(Cy - C,)

= Ry(cy - C,) since R, = R, (g)

The power factor rCw of the small added condenser =
Ré(ci - C4Xgl, Detailed derivations of these balance
conditions may be obtained from standard books on the
subject (29). Thus the change in the capacity of the cell
is equal, but opposite in sign, to the change which must be

made in the Cl arm to restore balance, and the power factor

is given by the above expression.

The arrangement of condensers in the C, arm is
the "magnifying" arrangement due to Hartshorn, and its
effect in the arrangement of fig, 2 is to make necessary
a change of about 1500 pr in Cll in order to change the
effective capacity of the C; arm by 15 puf. That is, the
50,00 scale divisions on the precision condenser Cll are
made by this arrangement to correspond to 15 ppt instead
of 1500 ppf (which is ‘the actual capacity of this condenser)

Thus readings can be made much more accurately; in fact, to

about 0.01 (15) = 0,003 ppf.
50

The actual arrangement of the bridge components

is shown in Ffig., 3. The chassis is a metal box 24 in. x



49,

18 in. x 4 in., Porcelain insulators are used throughout

to support the wiring, the condensers and the high tension
shield surrounding the two resistors. Porcelain insulated
jacks as shown are used for transformer plugs, the plug-in
condensers 012 and CBl and some of the leads, and a
porcelain jack-bar is used for other leads. The design is
symmetrical as far as possible, and the wiring is rigid and

such as to minimize dielectric loss.

In order to measure the total capacity of the
first condenser used, a 100 ppf variable air condenser,
014, was mounted in a metal box and provided with a dial
marked off in 100 divisions. ''hen this is placed across
the Cl arm, the bridge can be balanced when the test cell
is connected, and again with the test cell disconnected, by
changing 014. The difference between the dial readings of
014 then gives a measure of the capacity of the test cell,
The capacity of the second condenser was measured by
disconnecting the 1500 ppf precision condenser, connecting
it across the whole Cl arm and repeating the procedure just
described, The use of the large precision condenser was

made possible by the relatively large capacity of the second

test condenser.

Electrostatic shielding of this bridge was done,

as far as possible, in strict conformity to the principles
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of shielding as given, for example, by Fergusson (11). The
shields are shown by broken lines in Fig. 2. The high
tension shield surrounding the two resistances consisted
of a metal box 8 in, x 4 in. x 2 in, mounted on porcelain
insulators inside the large chassis, All external leads
which were not either at the high potential or at ground
potential were shielded by insertion in a metal tube from
which it was insulated by Pyrex glass, or paper, This
shield was then given the proper potential as indicated by
the shield connections in Fig. 2. The transformer was of
the type having a shield between the primary and secondary,
and this shield was inseparably connected to the external
shield surrounding the transformer, This does not conform
exactly to best shielding practice, but is a considerable

improvement over an uncshielded transformer,

Tt will be observed that, in contrast to the
original Schering bridge, the condenser side of the bridge

is grounded, thus making it possible to use a grounded shield

on the precision condenser Cjq and on the test condenser C,.

This arrangement which would be inadvisable if headphones
were being used as the detector, is made possible by the use
of an oscilloscope as the detector. The lead to the test
condenser is necessarily quite long, about three feet, so
that it is necessary to ensure low dielectric loss., more-

over its position must remain absolutely unchanged since
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even small changes of position can produce changes in the
balance point considerably greater than those under
investigation. In order to satisfy these requirements,
the heavy copper wire which served as the lead to the
higher potential plate was enclosed in a Pyrex glass tube.
This was then enclosed in BX cable which could be c¢lamped

securely in position.

Detector:

A Sylvania oscilloscope, type 112, was used as a
balance detector., The altefnating potential from the
detector points was put through an isolating transformer,
through a wave trap designed to remove such higher harmonics
as were present, through another transformer chosen to
improve the match between the bridge impedance and the
oscilloscope impedance, and was applied through an amplifier
to the "Y Signal Input" of the oscilloscope. 'The amplifier
referred to was actually the Y signal amplifier of another
Sylvania oscilloscope. This voltage causes a rapid vertical

oscillation of the spot at which the electron beam impinges

on the end of the cathode ray tube.

The horizontal deflection of the spot was produced
by the application of the oscillator potential to the "X -

Signel Input" of the oscilloscope. When the bridge is

unbalanced, therefore, there will be simultaneous horizontal

and vertical deflections of the spot, producing a figure
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on the screen, in general an ellipse, the shape and
inelination of which will depend on the relative magnitudes
and phase of the X and Y signals. When the bridge is
balanced, that is, when the two detector points have the same
instantaneous potential, there will be no Y signal and the

pattern degenerates into a horizontal straight line,

The task of balancing the bridge is considerably
simplified if, of the two components Cyq and 05, which are
variable, one affects only the inclination of the major axis
of the ellipse, the other only the size of the minor axis,
This can be achieved by the use of a phase shifting network
in the X signal input. Following the suggestion of Lamson
(22) in this connection the bridge type of phase shifter due

to Turner and McNamara (28) was used, followed by an isol-

ating transformer, This is indicated in Fig. 1.

Cell:

The design of a suitable condenser and its incorp-
oration in a glass vacuum apparatus has presented consider-
able difficulty. The requirements on such a cell are listed

below:

1. The condenser must have a capacity large enough so that

the changes in dielectric constant produced by adsorption
of ethyl chloride will give changes in capacity which

the apparatus is capable of measuring with a sufficient

degree of accuracy.
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2. Since 1t is desirable to obtain a measure of the
capacity of the condenser when empty, and when filled
with silica gel, the cell should be constructed in
such a way that the process of filling the cell will
not involve indeterminate changes in lead capacities
and so on,

3. It must be possible to heat the cell in order to free
the silica gel of adsorbed material,

4, The design must be such as to minimize stray electrical

effects.

The first satisfactory condenser is shown in
Fig., 4. It was made of Duralumin in the form of two
concentric cylinders with the following dimensions:

Outer Cylinder Inner Cylinder

Length (cm.) 13 12,3
Inside radius (cm,) 0.94 0.48
Outside radius (cm.) 1.27 0.69

Volume - 15,3 cc. between plates.

The condenser is fitted, at its base, with plugs
which Tit into a standard receptable at the bottom of the
glass envelope. The condenser can be removed without altering
the positions of the leads in any way, SO that the capacity

of the condenser can be obtained by difference without

any error due to the 1ead wires except for the very small
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capacity between the two plugs. The higher potential
lead (Fig. 4) is shielded by a metal tube, so that the

capacity between this lead and the condenser is negligible.

The second condenser (Fig, 5) was designed
by R. L. McIntosh and L. A. McLeod and made by the National
Research Council, It is made of "Invar" in the form of
three concentric cylinders of which the innermost and
outer are at ground potential., It has two important advant-
ages over the first condenser., It has a larger electrical
capacity (three or four times as great), and the three
cylinders are retained at the proper relative positions
by a very effective set of Pyrex glass spacers, accurately
ground to fit. These ensure that the necessary handling
of the condenser will not alter its capacity appreciably,
and thus makes possible an accurate estimation of the
dielectric constant of the material between the plates.
The leads to this condenser enter from the top of the cell

and are held in fixed positions by gleeves of narrow Pyrex

tubing joined by a glass cross-arm.

Originally a sample of silica gel which had been

quite finely ground was used. Considerable difficulty was

encountered in freeing this silica gel of adsorbed material

because the evolved gases would accumulate within the

silica gel until the excess pressure was sufficient to blow
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the obstrueting gel out of the condenser, This diff-
iculty was avoided in later work by using coarser silica

gel which had been carefully sieved to remove undersize.

Another difficulty was the melting of the grease
on the ground glass joint on the envelope during the
initial desorption heating of the silica., At one time,
the ground glass joint was dispensed with for this reason
even though it made the condenser completely inaccessible
once in position, In later work, the ground glass joint was
again used, and overheating was prevented by playing a stream
of air over the joint from a U-shaped glass tube perforated

on the sides facing the ground glass joint,

The leads from the bridge to the cell were plugged
into two standard jacks mounted in a Lucite platform which
was clamped onto the body of the cell, This receptable must
be situated several inches above the level of the water in

the water bath in order that the capacity readings should

not be affected by the level of the water. Ffurther, in

order to protect any unshielded portion of the higher pot-
ential lead such as that in the glass arm of the first cell

from the effect of the bath water, the whole cell was wrapped

with tin foil to a point an inch or two above water level,

and this tin foil was grounded. This was found to be

unnecessary with the second condenser because the leads do

not come close to the water,
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Temgerature Control:

Trial of the Hartshorn-type bridge described in
detail above soon disclosed that it would be necessary to
control the temperature of the bridge components.
Consequently, several air baths were constructed and tried

out., Only the one at present in use will be described.

The air bath consists of a double walled box of
masonite construction on a frame of 1%" x 13" lumber.,
A table top forms the bottom of the box, and the top of
the box is removable. The outside dimensions of the box
are 40 in, x 30 in, and it is 16 in. in depth., All of the
bridge components with the exception of the cell and part
of its lead are contained in this bath. The top of the
box has three hand-holes with closely fitted covers. After
trying simple stirring of the air in conjunction with a
thermostatically controlled heater, it was decided that a
closed circulation system would have to be adopted in ordgr
to eliminate the effect of variations in room temperature.
This necessitates the use of both a cooling and a heating

system, The latter is thermostatically operated. s an

example of the unsatisfactory operation of earlier air baths,

it may be mentioned that in one rather inefficient bath, in

. 4
which the temperature varied periodically over about 0.8 C.,

the capacity readings parallelled the temperature changes
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very closely, the variations being about 0,02 ppf.

At another time, when a satisfactory air bath
was in operation, the temperature coefficient of the
capacity readings was evaluated roughly and found to be
about 0.3 ppf per degree, This is extraordinarily large,
and is now thought to be attributable to the 500 ppt
variable air condenser in which the plates are quite close
together and no attempt made in the design to minimize the

effect of temperature on plate separation,

The present air bath has a high speed fan with
a four inch blade driving air out of the bath into a 3% inch
pipe of thin sheet iron which leads the air outside of the
bath back to the opposite side. In one section of this

pipe is a copper coil through which cold water circulates so

that the air is cooled somewhat, A thermostatically controlled

200-watt heater is placed directly in front of the fan., By
this arrangement a continuous flow of air takes place across

the bath., The thermoregulator was especially designed to

meet the requirements of an air bath, It consists of a

hollow, thin walled cylinder, oben at both ends to allow

Pree access of air, It was made by blowing out the walls

of two Pyrex tubes in order to reduce the wall thickness

by about one half, It has the desirable characteristic
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of a large surface-to-mercury volume ratio,

''he temperature of the cell is maintained by
an ordinary water bath containing a heater and, when

necessary, & copper cooling coil.

Voltage Stabilization:

The line voltage supplying the power pack and
two oscilloscopes was stabilized by a 250-watt Sola constant

voltage transformer,

Vacuum Apparatus:

The vacuum apparatus in its present form is shown
in Fig. 6 which is largely self-explanatory. Provision is
made for admitting and storing ethyl chloride and for pur-

ifying it by distillation from a dry ice-acetone bath to a
liquid air bath, The amount of vapor is measured by admitting

the vapor to the calibrated gas burette, through which circ-

ulates water from the constant temperature water bath. The

pressure is measured on +the constant volume menometer which

is read with the aid of a cathetometer to 0,01 cm., of

mercury.

Helium, for volume determinations, was first pur-

ified by passing it through a charcoal trap (Fig. 6) at

liguid air temperature.
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Materials:

The silica gel used was a commercial product
made by the Davison Chemical Corporation, Baltimore, Md,
It carried the number 6956-160, A sample of this silieca
gel was ground and the fraction passing a 40-mesh screen
but retained by a 60-mesh screen was used in the first two
runs. In the last two runs, 45-80 mesh silica gel was
used. The manufacturers have kindly supplied the following
information on this product:
l. Surfece area about 700 square meters per gram measured
by nitrogen adsorption,
2. Dehydration under vacuum at 200°C, gives a product with
about 5 per cent water., This water cannot be removed
without partial collapse of the gel structure,

3. The analysis is:

SiO2 - 99,6 per cent minimum on dry basis
Na as Nag0 - 0,03 per cent average
Fe as Fes0z - 0.03 per cent average

Al as Al50z - 0,10 per cent average

The ethyl chloride was a product of the Ohio Chemiceal and

Manufacturing Company., The cylinder was attached to the

vacuum apparatus by a short length of pressure tubing and

when required, a small volume of the liquid was collected

in a trap immersed in dry-ice acetone. Some of this liquid

was then permitted to distil into an adjacent trap cooled
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in liquid air. The sample thus obtained was isolated and
stored until needed at the temperature of a dry ice-acetone
mixture., Before use, the ethyl chloride was frozen by
immersing the trap in liquid air. The space above the
ethyl chloride was then thoroughly evacuated, and the ethyl
chloride was allowed to melt, This was repeated several

times in order to free the ethyl chloride of entrapped

gases,
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EXPERIMENTAL RESULTS

The duralumin condenser was used in the first two
series of experiments at 20°C. and lOOC. Because of the
smaller electrical capacity of this condenser, the accuracy
of the electrical measurements was less than when the
Invar condenser was used. Nevertheless, the essential features
of the later work are apparent in the results of the first

two runs.

It was necessary to determine the volume of the
cell before and after packing the condenser with silica gel
in order to determine the volume of the silica., This was
accomplished by expanding helium from a known volume into
the cell, The known volume was that of the gas burette
(Fig. 6) which was calibrated by weighing the mercury del-
ivered between successive calibration marks, The volume
of the constant volume manometer and tubing connected to
the gas burette was determined by expanding helium from the
burette into this part of the apparatus, The volume of the
cell was then determined by expanding helium from the

burette and connecting tubing into the cell,

The results of the volume determinations are

given in Table I. In the interests of conciseness, the

necessary volume data for all runs are included here, those

for the 40°C. and 25°C. runs being identical, The volume
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of the manometer and line section was changed from its

value in the first two runs by the introduction of a section

making possible the removal of the cell in the last two

runs,

Table I

Determinations of volumes of cell and other sections of

vacuun apparatus as desceribed in the text.

Section

Volume, cc.

1. gas burette

4:00 and 250(}_

top bulb 4,07
middle bulbdb 16.80
lowest bulb 50,83
Total 71,70
0. o
20 C, 10 C.
2. manometer 38,61
and line 38,64
38,61
mean 38,62 same
3, cell (condenser
enpty) 262,2
262 .7
mean 262,.,5
4, cell (condenser
filled) 258,7
258.4 258,5
mean 258.4 258,6
5, volume of silica
gel (difference) 4.1 L
6, weight of silica
gel (em.) 9,89 9,70
7. density 2,41 .

66.21
66.16
66.18

210,83
210,85
210,84

208,52
208,33
208,42

2,42

5,713
2436
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of the manometer and line section was changed from its

value in the first two runs by the introduction of a section

making possible the removal of the cell in the last two

runs.

Table I

Determinations of volumes of cell and other sections of

vacuum apparatus as described in the text,

Section

1,

Se

4,

O

6.

7

Volume, cc.

gas burette

20° and 25°¢

top bulb 4,07
middle bulb 16.80
lowest bulb 50,83
Total 71,70
20°¢, 10%¢
manometer 38,61
and line 38,64
38,61
mean 38,62 same
cell (condenser
enpty) 262,2
262.,7
mean 262,5
cell (condenser
filled) 258,7
258,.4 258,5
mean 258.4 258,6
volume of silica
gel (difference) 4.1
weight of silica
gelg(gm.) 9,89 9.70
density 2,41

66.21
66.16
66.18

210,83
210,85
210.84

208,52
208,33
208,42

2,42

5.713
2456
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In all experiments involving the first condenser,
the weight of the silica was obtained from the difference
in weight of a weighing bulb containing the silica, before
and after filling the condenser., The silica in the weigh-
ing bulb was freed from adsorbed substances before and after
removal of the silica, by attaching it to the vacuum app-
aratus and heating at about 200°C, for several hours under
the fullest vacuum obtainable with the diffusion pump
about 10™% mn, After cooling in air for half an hour, the
bulb was weighed to the nearest 0,01 gm, The silica in
the condenser was then subjected to a repetition of the
heating under vacuum for a period of six houfs, the cell

was closed off, ready for admission of ethyl chloride.

The second cell could be detached from the vacuum
system and weighed before and after filling it with silica
gel. This cell was not heated above 120° because of the
danger of cracking the glass spacers. The cell was heated
under full vacuum for three days, after which another day
was required for the cell to come to equilibrium, as
evidenced by constancy of the capacity readings. In order
to assure that the contents of the cell actually underwent
the same temperature chenges as the exterior, the cell was

£11led with helium during the heating and cooling processes,

A calibration of the bridge was carried out in

order to relate the change in the reading of Cll
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directly to the change in capacity of the cell, This
was done by placing the precision air condenser having a
range of 1500 puf across the cell and determining by how
much its capacity must be altered to compensate a full
scale change (988 ppf) on another variable condenser con-
nected in the Cll position., A number of trials showing
good agreement gave a value of 10.8 ppf for the change in
the precision condenser. The magnification of the arrange-
ment is therefore 988/10.8 = 91.5, in quite good agree-
ment with the calculated value of 100 (considering the
allowable variations in the mica condensers used and the

effect of shield capacities).

When the precision condenser is put back in the

Cll position, the megnification is unchanged, and a change

of 1 division (30 ppf) on Cll will correspond to a change

of 30/91.5 ppf = 0.328 ppf in the cell. The total range

of 50 divisions on Cll will then correspond to a change of
16,4 puf in the cell, When accurate values for the capac-
ities of C and C are available, an accurate value for

12 13
the effective capacity change, A K, can be calculated from

the equation: 5
- (c13)? .A(C11)

AK = 3
- +
(Cy5+ Cq5) (057 C13 Cyq)
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It can be seen that when ACy4 1s negligible by compar-
ison with C,, (10,000 ppf), the factor, by which ACqy
should be multiplied to give AKX, is a constant. Since,
with the arrangement described above, this factor changes
by more than ten percent, the effective capacities of the
C, arm were calculated for different settings of Cll’
assuming the nominal values of the condensers to be correct.
The changes in capacity for changes of 6.67 (200 ppf) in
the dial reading of Cll were computed by subtraction. The
ratio of the changes was calculated, assigning a value of
unity to the dial change from 46.67 to 40.00, The value
of unity was then assigned to the dial reading 43,33
(average value) and the corresponding numbers to other
positions of the dial. These were then plotted, and the
value obtained in each run was multiplied by the factor cor-
responding to the region of the Cq4 dial actually used. This
procedure eliminates most of the error which would result
from assuming AK to be linear in AC;;, and 1s satisfactory
for our purpose., If absolute values were required with the

same degree of accuracy as that of the relative values used

here, the equation given above w uld be used with exact

values of Cyo and 015’

In the 20°C. series, 9.89 gm. of silica gel were

used in packing the condenser. Using the figure 4.1 cc.
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for the volume of this silica gel from Table I, the density
is 2.41 gms. per cc. This value, within the limits of its
aceuracy, gives the "true" density, assuming that all the

pores and interstices are penetrated by the helium,

The electrical capacity of the condenser was
determined during the 10°C, series. Since, for reasons
already mentioned, the values obtained with the Invar cond-
enser are more reliasble and are the only ones used in
subsequent calculations, the values given below are only

of interest for comparison.

The dial readings on the 100 ppf condenser are
given below:

cell leads out 89.1
cell leads in 75.7

capacity of leads 13.4 pr

empty condenser out 75.7
empty condenser in 36 63

capacity of empty
condenser 39.4 pr

packed condenser out 89.1
packed condenser in 12,2

capacity of packed
condenser 76.9 ppf

dielectric constant of silica gel = ge.i
9.
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Before starting a determination, the temperature
of the water bath was adjusted to the desired value, In
order to ensure that the condenser was in temperature
equilibrium with the bath, helium was introduced to a
pressure just below one atmosphere and the cell was then
left in the bath for several hours. The helium was then

removed and the cell stopcock closed,

Ethyl chloride vapor was admitted to the burette
system and the pressure was measured, It was found that
when initial pressures of about 50 em, of mercury and
higher were used, the pressure fell very slowly, probably
due to solution of the ethyl chloride in the stopcock grease,
Except in the higher pressure region of the adsorption,
therefore, initial pressures below 50 cm.were used., ¥hen
it was necessary to employ initial pressures of aboup 70 cm,
the practice was adopted of reading the pressure as quickly
as possible and opening the stopcock to the cell and thus

reducing the pressure before appreciable solution of ethyl

chloride could occur.,

The cell stopcock was then opened slightly and
the pressure quickly fell to within a millimeter of the

equilibrium value, The capacity of the precision condenser

C11 was then reduced to restore the bridge balance., Readings
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of pressure and Cl1 were taken at intervals of fifteen
minutes or so until no further change could be detected,
All readings, together with room temperature and the

temperatures of the air and water baths were recorded.

In the first series, at 2000., a period of from
six hours to a day or more was allowed for attainment of
adsorption equilibrium, Certain difficulties, due princ-
ipally to inadequate temperature control of the air bath and
improperly shielded leads were encountered during the early
runs, A number of improvements were made during the course
of this series, and the apparatus was checked frequently
for constancy of the equilibrium readings. By the seventeenth
addition of ethyl chloride, the air bath had been modified
to substantially its present form, end no further trouble

was encountered with the bridge itself,

It had been planned to continue additions of ethyl
chloride up to an equilibrium pressure of 50 or 60 cm, of Hg,
and then to follow the desorption process, After the 26th
addition of ethyl chloride, however, the pressure and capacity
readings failed to reach equilibrium values within a day.
After another day, the bridge was found to be very far off
balance, The most striking change was in the resistive
component of the cell impedance &S measured on the condenser

Cgz. It weas impossible to balance this component, indicating
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the presence of some conducting material between the plates
of the condenser., At this point it was noticed that the
silica gel, formerly white in color, had acquired a brownish
tinge. This series was abandoned, and desorption of the
adsorbed material was begun, At low pressures, the Cg
balance values began to return to normal, A brown material
collected in the grease of the stopcocks. The cell was
heated in order to complete the removal of adsorbed products
but this resulted in the evolution of larger amounts of the
brown material and was discontinued, The cell was removed
from the vacuum system and opened, The odor of HCl was
noticed in the cell, and the condenser itself, and the wall

of the cell, were coated with a brown tarry material,

The various possible explanations which were con-
sidered for the appearance of the brown substance will not be
detailed here., It was finally decided that it was due to a
chemical reaction between the Bakelite insulators and the
ethyl chloride. The Invar condenser was ordered, and while
awaiting delivery, it was decided to replace the Bakelite by

inorgenic material., The Bakelite mountings for the small

plugs and receptables were replaced by Insa-lute cement

mountings, The Bakelite ring on which the inmner cylinder of

the condenser rested was replaced by a short section of Pyrex

tubing. This condenser was used for the series at 10°¢,
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without encountering any of the difficulties whiceh had

terminated the previous series,

Calculations of the volume of vapor adsorbed,

expressed in terms of cc. at O°C., 760 mm, were made accord-

ing to the formula:
V= |(p, -2, - (p-p,)V ]| 273
[1 ™ 2| g

where
is the initial pressure in the burette system

before opening the cell;

P is the equilibfium pressure after adsorption
is complete;

P, is the pressure of ethyl chloride in the cell
before the addition, i.e., the equilibrium
pressure of the preceding addition;

v is the volume of the burette system used,

T is the temperature of the burette system., This
must take into account the fact that the manometer
and connecting tubing is at room temperature while
the burette is at the temperature of the water bath.

Vv is the volume of the cell. At higher pressures
this must be decreased by the volume occupied by
the adsorbate, assuming normal liquid density;

T is the temperature of the cell, This must take
account of the fact that the part of the cell

above water is at room temperature,



74,

No correction has been made for deviations from

the ideal gas laws,

Sample calculation:
Addition number 20 at 2000.

Room temperature 2600.

(o)
T, = 296K Py = 47.04 em.
T, = 2970K P = 14,24 cm,
Vo = 116,3 cc. P, = 12.28 cm.
V. = 258.4 - 2.3 = 256.1 cec,
V = 110.3 256.1/273 ., 1
m [;)&80 296 = 199 297] 76 5.89

= 3.87 ce, per gm,

The capacity change was calculated from the formula:
AC = (change in dial reading)(0.328)(f)

Here £ is the factor referred to on page 68 taking account
of the non-linearity of capacity change with respect to dial
reading. |
Sample calculation:

Addition number 20 at 20°C.

AC = (27,54 - 24,.83)(0,328)(1.106)

0.98 uuf

= 0,98 = 0,254

35.87

o

The results of the 20°C. series are summarized in
Table ITa., Results derived from these are given in Table IIb

of a later section. The symbol A V/m used in this table
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and in other sections means the amount of ethyl chloride

adsorbed, expressed as ce. of the vapour at 000. and 76 cm,

pressure per gram of silica gel,

Table ITa

Effect of adsorbed ethyl chloride on capacity of a condenser

with silica gel dielectric., Temperature 20°¢, Duralumin
condenser,
Addition AV/m Total AC Total AC
Number plem.) ce./gm.  AV/m PNEs AC upf  Av/a
1 0.01 1.71 1.71 1.12 1,12 0.65
2 0.04 2.81 4,52 0.63 1.75 0,337
3 0.09 2,42 6.94 0.94 2,69 0.385
4 0.18 3.93 10.87 1.30 3.99 0,330
5 0.45 3.70 14,57 1.22 5.21 0.325
6 0.71 4,53 19.10 1.54 6.75 0.330
7 1.06 4,77 23,87 1.61 8.36 0,337
8 1.41 4,16 28,03 1.37 9,73 0.328
9 1.90 4,35 32.38 1.45 11.18 0.330
10 2.48 4,41 36,79 1.44 12.62 0.325
11 3.19 4,09 40,88 1,27 13,89 0.309
12 3.97 4,04 44,92 1.31 15.20 0.317
13 4,70 3.19 48,11 1,04 16,24 0,325
14 5.46 2,24 51.35 0.96 17.20 0.292
15 6.49 3.10 54,45 0.94 18.14 0.300
16 7.78 3.63 58,08 1,23 19,37 0.340
17 9.16 3,57 61,65 0.99 20,36 0.272
18 10.53 3,38 65,03 0.90 21.26 0.264
19 12.28 3.85 68.88 1,03 22.29 0.266
20 14,24 3.87 72,75 0.98 23,27 0.254
21 18,00 6.80 79,55 1.83 25,10 0.267
22 22.24 6.56 86,11 1.68 26,78 0.257
23 26,25 6.00 92,11 1.53 28,31 0.256
24 30,37 5.55 97,66 1.51 29,82 0.270
25 34,04 4,78 102.44 1.17 30,99 0.246
26 37.61 4,04 106,48 1.04 32,03 0,256

The 20°¢., series was in progress for a total of two

months, There was by this time abundant evidence that no

appreciable error would be caused by assuming equilibrium after
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about two hours, at least for the earlier additions.

‘Two false starts were made on the lOOC. series,
the first due to a short circuit in the cell, the second due
to a leak, The silica gel, which had been subjected to a
thorough heating and evacuation before the run was started,
was evacuated for one day at room temperature before making
the third start. The work went well until the eighth addition
when the pattern on the oscilloscope became unstable., Since
this behaviour was faintly reminiscent of the trouble exper-

ienced in the 20°C. series, it was decided to desorb some

of the adsorbed material,

The distortion of the oscilloscope pattern was
finally traced to a loose contact in the phase-shifting net-
work. A number of additions and some desorptions were carried

out after this had been remedied., Subsequent calculations

showed, however, that these later points did not fit the

{sotherm as established by the first eight additions, and they

have been omitted, This run was completed in five days. The

results of the first eight additions are given 1n Table IlTa,

The results of the second run confirm those of the

first run quite well. In Fig. 7, the data of Tables IIa and

IIIa are plotted., This plot of AC Vs, V/m (the total amount

adsorbed) has several interesting features. In the first place,
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each curve appears to consist of three linear sections,
Moreover; the slopes in all three sections are very nearly,
if not exactly, identical for the two different temperatures,
The position of the first break is the same, within the limits
of experimental error, at the two temperatures, It ocecurs
at about 30 cc, per gm. adsorbed, The positions of the
second breaks differ by about 5 cc, in terms of amount adsorbed.
These breaks occur at about 52,5 and 57.5 cc. adsorbed.
Later, more accurate results indicate that the second of
these is in error.

Table IITa
Effect of adsorbed ethyl chloride on capacity of condenser
contalning silica gel as dielectric, Temperature 1000.
Duralumin condenser.

Addition AV/m Total AC Total AC
Number plem.) ecc. ver gm. AV/m _upf AC ppf AV/m

1 0.12 8.4 8.4 3.05 3,05 0.363
2 0.32 8.4 16.8 2.97 6.02 0.354
3 1.24 16.2 33.0 5,30 11.32 0.327
4 3.23 15,6 48.6 4,82 16.14 0.309
5 6.44 14.3 62.9 3,90 20,04 0.275
6 13.27 19.2 82.1 4,86 24,90 0.253
7 20,98 17.0 99.1 4,44 29,34 0.261
8 29.75 14.3 113.4 3.82 33,16 0.267
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The capacity changes in the first run ranged from
0.63 to 1.68 puf. In view of the smellness of these changes
it is felt that the results show good consisteney. The
results will be discussed more fully after the results of

the last two runs are presented,

The Invar condenser was placed in the modified

cell and the cell was evacuated, With the precision cond-
enser Cll in parallel with the cell, readings of Cll were
teken, with the cell in and out of the circuit, The capacity
difference is the capacity of the empty cell plus that of

the leads. When, at a later time, the condenser was removed
from the cell to be filled with silica gel, the capacity of
the leads was determined in a similar manner, The condenser
was then replaced, and the silica gel was subjected to a
temperature of 120°C, under full vacuum for three days. The
cell was then filled with helium and allowed to come to the
temperature of the water bath (4000.). When the capacity of
the cell had reached a constant value, the capacity of the

filled condenser and leads was determined by the substitution

method as above., The temperature of the bath was then changed

to 25°¢, and, after the condenser had reached temperature

equilibrium, the determination was repeated., It was found

in the above determinations that by standardizing the positions

of the lead which had to be disconnected, results could be

of these
duplicated to about * 0.05 ppf. The results
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measurements are given in Table IV. The dial readings are
converted to capacity values by multiplying them by 30,
Subtracting the capacity of the cell leads, we obtain the
capacities of the filled condenser at 2500. and 4000. as
232,2 and 230.4 PPt respectively. The corresponding diel-

ectric constants are, for 25°, 1.957 and for 400, 1,942,

Table IV

Determination of dielectric constant of silica gel.

Temp, °C, Element Dial Reading Dial Reading Capacity

' Element in Element out (ppf)

Cell with
empty condenser 5.936 10,059 123,7

40 Cell with
filled condenser 7.131 14,972 235,23

25 Cell with
filled condenser 7.079 14,981 237,06
Cell leads 14.816 14.978 4,86

Temperature coefficient = 255.231g 237,06

= =0.,122 pr per degree,

The weight of the silica was obtained by weighing

the thoroughly evacuated cell before and after filling the

condenser with silica gel. The value so obtained was

5.713 * 0,003 gm,
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81.

The volume of the silica obtained as previously

This gives a density of 2.36

gn. per cc. The calculated volume of the condenser up to

the top of the intermediate electrode is 8.56 cc.

The

"apparent™ density of the silica gel is thus 5.71 = 0.667

&m.

per cc.

in Table Va.

Table Va

8.56

Tpe results of the 40°C. series are summarized

Effect of adsorbed ethyl chloride on capacity of condenser

containing silica gel as dielectric. A €' = Total AC/118.8

Temperature 40°C.

Invar condenser,

silica gel before adsorption = 1,942,

Dielectric constant of

No, cm., AV/m Total &»oC Total AC , D €

ol ) cc./per gm, AV/m };pf AC }17111‘ AV/m D E 1,942
1 0.08 .0 1,05 2.%39 2.39 2.28 0,020 0,0103
2 0,24 i.oi 5,06 6.10 8,49 1.52 0,071 0.0366
3 0,30 0.74 5,80 1.10 9.59 1.49 0,080 0.0412
4 0,52 3,04 8.84 4,45 14,04 1.46 0.118 0,0609
5 1,15 5.77 14,61 8.59 22.63 1,49 0,190 0.0981
6 2,03 5.39 20,00 7.77 30,40 1,44 0.255 0.132
7 3.69 6.98 26.98 10,05 40.45 1.44 0,340 0.135
8 5,20 4,87 31.85 6,79 47.24 1.39 0,397 o.gzg
9 6.76 4,13 25.908 5.60 52,84 1.36 0.444 8‘2 4
10 9,87 6.60 42,58 9.24 62,08 1.40 0.522 0.534
11 14.84 8,06 50,64 10,20 %72.28 1.26 0,608 0.554
12 20.80 7,34 57,98 9.28 81,56 1,26 0.686 0.403
13 30.28 9,47 67.45 11.30 92.86 1.19 0,781 00461
14 45,0 11.8%7 n9.32 13.44 106.30 1.13 0.894 O,
Desorptions
1 29.92 =12,13 67.19 =13,77 92.22 i.;i

- P 4: "‘25.10 670 [

% 1?,;3?, -zglgg %g.gl _11.03 56,40 1.28
4 4.68 bt 8.44 29.57 -11052 45.08 1054
5 2.29 - 8,66 20,71 -12.50 32,58 1l.44
6 0.89 - S -lg.gg lg.gg --
7 0.1% T T _lvfsa -0.66 --

-~ A~
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The maximum cumulative capacity change in this
run was 106.3 ppf compared to 32 PRt in the 20°C. run. Since
the maximum range of the precision condenser is about 16
pr and the working range was about 12 pr, this involved
a change corresponding to about 9 times the capacity change
of the working range of the dial. In order to make poss-
ible the measurement of a total change of this magnitude,
the 100 ppf condenser Cqgs set to maximum capacity was
connected across the cell. As ethyl chloride was added,
the capacity of the precision condenser Cqq had to be
decreased from an initial high value to a value near the
lower limit of the working range. After equilibrium had
been established and no further change in capacity could be
observed, the capacity of Cj; was increased to a value near
the top of the working range. Balance was then restored by

decreasing Cp, sufficlently to compensate exactly for the

increase in C,,. The bridge was then in condition to

i denser.,
measure another change of, say, 12 PPf in the test conde

When it is considered that the bridge has been required to
measure capacity changes from 1 pr to several hundred pr
aching 0.01 PPf in all cases, it is

s type of bridge in this

with a precision appro

clear that the versatility of thi

respect is one of its great assets.

The desorption was carried out by closing the cell

stopcock, evacuating the burette system, and then opening
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the cell stopcock. This causes a decrease in the capacity
of the cell and must be compensated by an inerease in the
condenser Cll‘ The equilibrium readings of the manometer and
Cqy Were noted, and the volume desorbed and the corresponding
capacity decrease were caleculated. The results are given
in Table Va. When the pressure in the desorption process
reached a low value, it became impracticable to measure the
amount of vapor removed, In this region therefore, the
vapor was pumped off slowly but continuously until a desired
capacity change had resulted, Pumping was then interrupted
and the adsorption system was allowed to come to equilibrium,

The pressure and the final reading on Cy; were then read,

C,, was adjusted to a low value, compensating for this change

11
by increasing Cy,. The desorption was then continued., In

this way it was possible to determine the total capacity

decrease on desorption, The amounts desorbed in this low

range might have been estimated by interpolating the equil-

ibrium pressures on the adsorption isotherm. The amounts

thus estimated will, however, be rather inaccurate and they

are omitted from Table Va, It may be noticed that the total

y during desorption exceeds the total

This is only

decrease in capacit

inerease during adsorption by about 0.6 PFf'

0.6 per cent of the total change, but it is possible that

the net decrease is real.

¢ water
After the completion of the 40 C. run, the
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bath was cooled to 25°C,  After the cell had reached temp-

erature equilibrium and the initial value of Cyj had become
steady, additions of ethyl chloride were made as before.

The results of this series are summarized in Table Via,

Table Via

Effect of adsorbed ethyl chloride on capacity of condenser
containing silica gel as dielectric. Temperature 2500.

Invar condenser. Initial dielectric constant of silica

gel = 1.957.
Ho. plem.) AV/m ce. Total oC TotaldC _AC_ Total Totala”
per gm, AV/m _ ppf ppf AV/m A€’ 1,957

1 0,02 1.14 1.14 1.91 1.91 1.68 0.016 0.0082
2 0,09 3,94 5,08 6,08 7.99 1,54 0,067 0,0342
3 0.19 3,31 8.39 5,10 13,09 1.54 0,110 0.0563
4 0,50 6.93 15,32 10,40 23.49 1.50. 0,197 0.101
5 1,07 7.20 22,52 10,69 34.18 1.49 0,287 0,147
6 1l.91 6.90 29,42 9.99 44.17 1,45 0.372 0.191
7 3,05 6.82 56.24 9.54 53,71 1,40 0.452 0.232
8 4,71 7.00 43,24 9.64 63.35 1.38 0,533 0,273
9 6.98 7,27 50,51 9.53 72.88 1,31 0.613 0,314
10 10.88 9.18 59,60 11,07 83.95 1,21 0,706 0.362
11 15.79 8.89 68.58 10,59 94.54 1.19 0,796 0.408
12 21.80 9,04 m7.62 10,53 105.07 1,17 0.883 0.452
13 28,31 8.35 85.97 9.84 114.91 1.18 0,967 0.495
14 37.26 10,57 96.54 12,53 127.44 1.19 1.072 0.543
15 47,23 9.75 106,29 12,00 1%9 .44 1.2 1,173 8’2@4
16 55.31 6.47 112.76 7.84 147.28 1.21 1.239 O.
Desorptions

1 45,04 g.64 105,6 10,13 137,15 1,17

2 37,73 7.79 97.8 8,94 128.21 %.ig)

3 31,74 (6.5) (91.3) (7.35)120.86 (1.11

4 27,29 6.0 (85.3) 6.68 114,18 1.1

5 17.74 13.6 (71.,7) 15.06 99,12 k-1

6 6.44 1l2.2 (59.5) 14.45 84,67 1-19

7 4,54 11.8 (47.7) 14.53 70,14 .

8 3,35 - - 15.10 55.04 -

9 1.59 - - 14,65 40,39 --
10 0.60 - - 14,82 25.57 -
11 0017 - - 11085 13.74 .
12 0,00 - - 14,88 -1l.14
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No correction has been applied to the capacity data
for the capacity increase caused by the ethyl chloride vapor.
The effect of such a correction proves to be quite small, and
may be neglected without serious error. Any error is in a
direction which will accentuate the downward tendency of the
AC Vs, AV/m curves. For example, taking the value for the
dielectric constant of the vapor given by iuchs (lla) of
1.00773 at 2500. and a pressure of 45,47 cm., the change in
the capacity of the condenser caused by an increase in the
pressure of ethyl chloride can be calculated from equation
(45) in the extended form used by Argue and liaass (2). For
a pressure increase of 5 cm., this amounts to about 0.07 ppf.
The error would thus approach one per cent only in the last

few determinations of each series,

The results of the adsorption parts of the 25°¢,
and 40°C. series are presented graphically in Fig. 8. The
data are plotted somewhat differently from those of previous
runs. The "effective" dielectric constant has been calculated
at each stage of the adsorption. The cumulative change, &€/,
caused by addition of ethyl chloride is divided by the initial

dielectric constant, € , of the pure silica gel at the corres-

€‘
The quotient ‘%*’ is plotted vs. V ,
m

the amount adsorbed per gram of silica gel. This procedure

ponding temperature.

corrects for the small displacement which would occur in the

AC vs. V curve due to different initial dielectric constant.

=
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few determinations of each series,

The results of the adsorption parts of the 25°C.
and 40°C. series are presented graphically in Fig, 8. The
date are plotted somewhat differently from those of previous
runs. The "effective" dielectric constant has been calculated
at each stage of the adsorption, The cumulative change, & €,
caused by addition of ethyl chloride is divided by the initial
dielectric constant, € , of the pure silica gel at the corres-
ponding temperature. The quotient ﬁ%é' is plotted vs. %.,
the amount adsorbed per gram of silica gel. This procedure

corrects for the small displacement which would occur in the

AC vs. V curve due to different initial dielectric constant.
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The data are given in Tables Va and VIa.

In the third desorption of the 25°C. series, quite
inadvertently, the Cqy dial was initially set too high so
that the capacity change could not be determined. The
pressure was read after about half an hour, and the next
desorption was begun. In order to obtain values for total
capacity change and total amount adsorbed in subsequent
desorptions, it was necessary to make an estimate of the
amount desorbed in the third removal. This was done by ref-
erence to the adsorption isotherm, The capacity change was
estimated by multiplying this value for the amount desorbed
by a reasonable value of 436/4% . All values after the second
total capacity change and total amount adsorbed are accord-
ingly enclosed in brackets to indicate this. With the
assumed value of 7.35 ppf for the third capacity decrement,
the total capacity decrease in desorption exceeds the total
inerease during adsorption by about 1 ppf. In view of the

assumptions made, no great significance can be attached to

this result.

The four adsorption isotherms are shown graphically

o
in Fig. 9. Desorption points are shown for the 40 C, and

2500. series. A number of the low pressure points are omitted.
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DISCUSSION OF RESULTS

All of the foregoing results indicate that the
relationship between capacity increase and amount adsorbed
is not accurately linear over the whole range., It appears,
rather, that there are three distinct linear regions in the
range covered, each of which corresponds to a quite definite
rate of change with respect to amount adsorbed. In order to
demonstrate that the relationship is not to be represented
by a smooth curve, it is only necessary to study the values
of é&C/é% given in the preceding tables. The mean values
of AXC/é% for each range are given in Table VII. The average
deviation in each range, without regard of course to the sign
of the deviation, is also given. Detailed examination of
the tabulated values of this rate of change quantity affords
quite convineing evidence of the linearity of the relation-
ship in each range. For example, to choose some of the more
favourable cases, additions no. 10 and no. 16 of Table Vla
give the same value ofAC/Q% althoungé% has changed by
about 63 cc. per gm., Between additions no. 3 and no. 4 of
Table IIIa there is a change of 0,018 for 16 cc. adsorbed,
between no. 4 and no. 5 there is a change of 0,034 for 14 cc.

adsorbed, while between no. 5 and no. 8 for about 50 cc.

sdsorbed, there is change of only 0.008,
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Table VII

Calculated average slopes of the curves of aC vs. AV/m

for each of the three linear sections.

First Linear Section

AC/-Q% Average No. of

Mean Deviation Values
10°%.  0.359 0,005 2
20°c.  0.338 0.012 7
25°C.  1.50 0.03 5
40°.  1.47 0.03 6

Second Linear Section

10°%.  0.318 0.009 2
20°c.  0.317 0.011 7
25°¢, 1.36 0.04 3
20°c.  1.35 0.04 4

Third Linear Section

10°¢, 0.264 0.007 4
20°%.  0.261 0.006 10
25°C.,  1.20 0.02 7
20%.  1.19 0.04 3

Unquestionably, in each "linear" range there is a
slight systematic tendency toward curvature, but this is much

Smaller than the breaks occurring at the end of each range,
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It is also quite apparent that the points at which
the changes of slope occur are determined only by the amount
adsorbed. Examination of Fig. 8 shows that the breaks occur
at 29.5 and 53 cc. adsorbed, both at 25°C, and 40 C. Compar-
ison with Fig. 7 shows that here too the lower break occurs
close to 29.5 cc. adsorbed and the upper break for the lOoC.
run occurs close to 53 cc, The upper break for the 20°¢.,
run occurs at 57,5 cc., but in view of the consistency of the
results at 10°C., 2500., and 4000. this can probably be
regarded as an error. An important result of this agreement
between the first two and last two runs is to confirm that

the dimensions and capacity of the condenser are without effect.

Examination of Figs. 7 and 8 shows that the slopes

of the two curves corresponding to the two different temper-

atures are very nearly, when not exactly, the same. This

indicates that the dielectric constant of the adsorbate has a

very small, or zero, temperature coefficient, The lack of

temperature dependence is particularly surprising in view of

the polar nature of the adsorbate. The dielectric constant

of pure ethyl chloride vapor has a negative temperature coef-

ficient in accordance with the ldeas outlined in connection

with dielectric constant theory. The results of Eversheim (10)

indicate that this is also true of the liquid at temperatures

in the range 1709 - 185°c., Nevertheless, ethyl bromide shows
no temperature coefficient in the liquid state (27), due to

association effects in the liquid. As far as is known,
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no data on the dielectric constant of ethyl chloride are
available for the room temperature range. Eversheim points
out that the capacity measurements in this range were made
difficult by the relatively high conductivity of the ethyl
chloride liquid,

The possibility of association occurring between
adsorbed molecules may be considered to be quite remote in
the low pressure region, where the molecules are likely to
be quite widely separated. There is no evidence of a neg-
ative temperature coefficient, excenpt perhaps in the lowest
range studied. Association of this type might be considered
more probable if the film were of the condensed type. For

this reason it is of interest that Harkins - Jura condensed
film plot of log p/p, vs. %2 does not give a straight line

relationship with the adsorption system studied here,

The nature of the relationship encountered in the

present work between capacity and amount adsorbed is different

from any reported by Zhilenkov with silica gel, by Higuti

with titania gel, or by Argue and Maass with cellulose. The

results of these workers have been briefly discussed in an

earlier section. pefore attempting 1o interpret the exper-

imental capacity data presented in the previous section in

terms of nature of the adsorption DProcess, it 1s necessary

to consider what information can pe derived from the adsorp-
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tion data alone. In the following tables are presented
certain data derived from Tables IIa, IIIa, Va, VIa necessary
for plotting the Brunauer-Emmett-Teller and Williams-Henry

isotherm equations,

A plot of p/V vs, p according to the Langmuir
equation gave a smooth curve containing no linear section.
This indicates that the assumptions underlying the deriv-
ation of this equation are not valid in the present instance.
Since, in the low pressure range, the adsorption is probably
unimolecular, it is customary in cases of this kind to
suggest that the invalidity of the Langmuir equation is due

to a varyling heat of adsorption.

The.Williams-Henry isotherm equation is applied

in Fig. 10, where log‘-y-éE is plotted against V/m. The data

from which these curves are plotted are given in Tables IIb,
ITIb, Vb and VIb., The shape of these curves is of interest
in view of the nature of the curve of capacity change vs.

amount adsorbed, for the former curves also consist of three

7
quite distinect sections. At low m values the curves are

straight lines except at the lowest extremities where the

percentage error in the pressure readings is, in any case,

o :
high, The 25°C. and 40 C. curves exhibit another linear section

. v n 29 and 53 cc. per gm. which is precisely
in the = range betwee

v
the range of the middle linear section of the AC VS. = curves.

Beyond this, the curves deviate upward,
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Teble IIb

Data derived from ‘rable ITa for use in Williams-Henry and
Brunauer-Emmett-Teller plots, Temperature 2000. Saturated
vapor pressure P, of ethyl chloride 100 cm. Relative pressure

f = P/Po. In this table, V means the volume of vapor adsorbed

per gm., of silica gel.

Addition Vv V/p log V/p f lozf
Number V(LI - T)
1l 1.71 171 2,23 0,0001 negl,
2 4,52 113 2,05 0,0004 "
3 6,94 77 1.89 00,0009 "
4 10.87 60,3 1,78 0.0018 "
5 14,57 32 .4 1,51 0.0045 "
6 19.10 26.9 1,43 0.0071 n
7 23,87 22,6 1.35 0.0105 "
8 28,03 19.9 1,30 0.0140 "
9 32.38 17.0 1.23 0.0188 "
10 36.79 14.8 1,17 0.0246 n
11 40,88 12.8 1.11 0.0316 0.8
12 44,92 11.3 1,05 0.0393 0.9
13 48,11 10.2 1.01 0.0465 1.0
14 51.35 9.41 0.97 0.0540 1.1
15 04.45 8,40 0.92 0.0642 1.26
16 58.08 7.47 0.87 0,0770 1l.44
17 61.65 6.74 0.83 0.0906 1,61
18 65,03 6.17 0,79 0.104 1.79
19 68.88 5.61 0.75 0.121 2,01
20 72,75 5,10 0.71 0.141 2.26
21 79.955 4,41 0,64 0.178 2,73
22 86,11 3.87 0.59 0.220 3.29
23 92,11 3.50 0.54 0,260 5.83
24 97,66 3.22 0.51 0.300 4,40
25 102.44 3,02 0.48 0.337 4,98
26 106.48 2.83 0.45 0,372 .59
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Table ITTb

Data derived from Table IIIa for use in Williams-Henry and
Brunauer-Emmett-Teller plots. Temperature 10°c. Saturated
vapor pressure P, of ethyl chloride 67.7 ecm. Relative pressure

f = P/P In this table, V refers to the volume of vapor

0.
adsorbed per gm. of silica gel,

W\

Addition \'} V/p log V/p f 10°f

Number V(I -1)
1 8.4 70.0 1.84 0.0018 0.21
2 16.8 52.5 1.72 0,0047 0.28
3 33.0 26.6 1l.42 0.0183 0,56
4 48,6 15,0 1.18 0.0476 1.03
5 62.9 9.78 0.99 0.0950 1.67
6 82.1 6.19 0.79 0.196 2.97
7 99.1 4,71 0.67 0.310 4,54
8 113.4 3 .84 0.58 0.439 6.90

Table Vb

Data derived from Table Va for use in Williams-Henry and
Brunauer-Emmett-Teller plots. Temperature 40°%¢, Saturated

vapor pressure Po of ethyl chloride 194.0 cm. Relative

pressure f = P/Po.

3

Addition v V/p log V/p f 10 ¢
Number V(I - )

1 1.05 17.5 1.24 0.0004 0.4

2 5.06 21.1 1.32 0,0017 0.3

3 5.80 19.3 1.29 0.0021 0.4

4 8.84 17.0 1.23 0.0036 0.4

5 14,61 12.7 1.10 0.0080 0.6

6 20.00 9.86 0,99 0.0141 0.7
7 26,98 7«32 0.86 0,0256 1.00
8 31.85 6.13 0,79 0.0360 1.17
9 35,98 5.32 0,73 0.0470 1.37
10 42,58 4,21 0.63 0.0685 1,72
11 50.64 3.41 0,53 0.103 2.37
12 57.98 2.79 0.45 0.%44 2.80
2 85:33 g.8% 3:38  §8:%%8 2:35
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Table VIb

Data derived from Table VIa for use in Williams-Henry and

Brunauer-Emmett-Teller plots, Temperature 25°C. Saturated
vapor pressure, P,, of ethyl chloride 123.0 em, Relative
pressure f = P/Po.
Addition v V/p log V/p T 105f
Number V(1 - T)
1l 1l.14 57.0 1,75 0.00016 negl,
2 5.08 56.5 1.75 0.00073 "
3 8.39 44,1 1.64 0.0015 "
4 15,32 30.6 1.49 0.0041 "
5 22,52 21,0 l.32 0.0087 "
6 29.42 15.4 1.19 0.0155 0.54
7 36,24 12,1 1.08 0.0248 0.70
8 43,24 9.18 0.96 0.0382 0,92
9 50.351 7.25 0.86 0,0567 1.19
10 59.69 5,49 0,74 0.0885 1.62
11 68.58 4,54 0.64 0.128 2.14
12 77.62 3,56 0.55 0,177 2.77
13 85,97 3,04 0.48 0.230 3.47
14 96.54 2.59 0.41 0.303 4,51
15 106.29 2.25 0.35 0,384 5,86
16 112,76 2.04 0.31 0.450 7.26

The 20° curve is not shown in Fig, 10 for reasons

which will now be discussed., When the 20° qata are plotted

in this form, the fifth point (V/m = 14.57) is considerably

off the curve established by the first four points, and as a

result the remainder of the curve has a somewhat different

slope from the curves shown. A large scale plot of the

p vs. V/m data likewise shows a discontinuity here. Because

none of the other curves exhibits this behaviour, the only

alternative is to assume that it is due to an error in the
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determination of the pressure reading such as might have
been caused by a jar to the cathetometer., An error of 0.15
em, would account for the deviation. This plot is much more

eritical in this respect than any other used in this work,

There are scarcely enough points on the 10° curve
to establish its form in any detail., Purely for the sake
of comparison with the 250 and 400 curves, however, a stralght
line is drawn through the two points in the range between
V/m = 29 and V/m = 53. The slope of the curve over its entire
range then corresponds quite well with those of the other two
curves, The arrow on the upper end of the 10°C. curve

indicates that it is directed toward a point beyond the range

covered in Fig. 10,

An interesting feature of the Williams-Henry plot
is the ocecurrence of the middle linear section in spite of
the fact that the theoretical limit of V/V.m = 0,3 occurs when

V/m is about 20 ce, per gram, This suggests either that the

equation is more fundamental than its derivation, or that

the V, values commonly used are greatly in error. In the

present instance, the presumption of an extended range of

validity is based, not alone on the existence of a linear range

considerably above the theoretical limit, but also on the

supporting evidence gupplied by the capacity measurements.
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There is’good reason to believe that the inter-
pretation of the curves of Fig. 10 would be critical for
the interpretation of the capacity data. However, the
theoretical basis for the equation can scarcely be employed

in a range beyond that imposed in the derivation.

The adsorption data for 20°, 25° and 40°C. are
plotted according to the Brunauer-Emmett-Teller relation in
Fig. 11. The data from which this graph is plotted, are given
in Tebles IIb, IIIb, Vb, and VIb. In the relative pressure
range from 0.05 to 0.24 the data fall on guite good straight
lines, From the slopes and intercepts, values for c and Vj
can be calculated, Using the relatio?;

o = (4)(0.866)(.471‘.2&..& (1)

where o is the area per molecule, p is the density, M the

molecular weight and N is Avogadro's number, values of o

can be obtained, and hence of the surface area of the adsorb-

ent. The values calculated from Fig. ;l are given in Table

VIiII,
The values of S are between 25 and 35 per cent lower

2
than the values quoted by the manufacturer, 700 m. per gm,

In order to give a value close 1o this, a value of about 35 A.

per molecule would have to be assumed for the area per molecule.

In view of the uncertainty which prevails (17) concerning the

proper choice of cross-sectional area, the disagreement is

not too serious.
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Table VITI

Values of Vy, ¢,0 , and specific surface, S, calculated from

) -186
Fig. 11l. The units of o are Angstrom units squared = 10 cm%

@]
20°¢. 25°%¢. 40°G,
Im 74.7 cc. 74,2 cc., 6l.4 cc.
e 33,5 30.0 25.5
2 2 2
o 26.6 A 26.7 A, ov.2 AL
5
S 532 m,/gm. 530 m%/gm. 447 m%/gm.

Fig. 11 perhaps gives an erroneous impression of the
way in which the experimental data fit the Brunauer-Emmett-
Teller equation, It should be noted, for example, that of the
26 experimental points at 2000., only about 6 or 7 fall accur-
ately on the straight line, Only enough of the low pressure

points are plotted to show the nature of the deviation in

this region.

Tt is proposed now to discuss attempts to derive
values for the dielectric constant of the adsorbed ethyl

chloride from the experimental capacity measurements. It is

first necessary, for purposes Of comparison, to calculate the

dielectric constant of ethyl chloride liquid at the temper-

atures used in the experimental work. Two methods are avail-

eble. The empirical relation due to Wyman (31) relating an

njdeal" polarization per cC., D, to the dielectric constant

d. The relation is:
mey be use The p= (e -1)/8,5 (2)
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and has been found to hold quite well for a large number of
liquids., Values of p can be calculated if the refractive
index and dipole moment are known. The only data of which

the author is aware for the refractive index of liquid ethyl
chloride are those of Grosse (12) for low temperatures. At
-20°C. the refractive index is 1.,3913, The molar refractivity

is therefore:

R =l (3)
n® + 2 d

where M is the molecular weight and 4 the density of the
liquid. The density values were obtained either directly,

or by extrapolation, from the International Critical Tables.
The molar refractivity has the value 16.1 ce, Taking the
value for Ry the dipole moment, as 2 Debye units, the polar-
ization que to orientation is ég%gﬂé = 1.16, where N is the
calculated number of molecules per cc. The value of 16.1 cc.
for molar induced polarization gives a value of 0,223 for
the induced polarization per cc, The total polarization, b,

{s therefore 1.38. Using Wyman's relation, the calculated

dielectric constant is 11.8.

For the calculation of e from Onsager's equation,

values of n? were obtained by using the value of 16.1 ce. for

the molar polarization. The results, as well as the data

used, are given below.
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Table IX

Calculation of dielectric constant of ethyl chloride accord-

ing to the Onsager equation,

Temp. °C. n® d N-10~3% e calc,
0 1.90 0.924 8.60 10,35
20 1.86 0.894 8.31 9.70
40 1.83 0.863 8.03 8,78

Attempts to check these figures by extrapolation
of the Eversheim data to a temperature of ZOOC. gave unsat-
isfactory results for a number of reasons. In the first place,
Eversheim's data are not very self-consistent, Further, no
experimental refractive index data are available, Finally,
his data are for the critical temperature region, and extra-
polation from this region is likely to be unsatisfactory.
In any event, the results obtained were about 60 per cent in

error, assuming the values of Table IX to be correct.

The values given in Table IX also fall quite well

in line with the dielectric constants of ethyl iodide and

o)
ethyl bromide, which, for 20 C. have the values 7,82 and 9.41

respectively. For the purposes of the following discussion,

therefore, it will be assumed that these values are correct.

The dielectric constant of silica can be calculated,

‘ eman
from the data for the 2500, series, according to the srugg
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formula (51) given in the introduction. The volume fraction

of the silica gel, Ty, is Z'gg - 0.282. With the symbols

of the earlier section,

1l
E- - 0.282 + 0,718
D °1

E, = _ %1
0.282+0.,718e;

= 1,957 = /&3 0.564e1+ 1.436+4e,
EW 1 0,282 +0.718e; + 215}

el = 6.6
This may be compared with the value of 6.47 obtained by

Zhilenkov and co-workers (32).

The values for the dielectric constant of the ads-
orbed ethyl chloride have been calculated from the relation:
E = flel-l- foeg +fqe3
If we assume provisionally that the dielectric constant of
the silica gel, designated as component 1, remains unchanged,

and consider the effect on E of an increment of adsorbed

ethyl ehloride (component 2), we have the relation:

AE = Afgez +’Af333

where component 3 is the ethyl chloride vapor. The value

of e; proves to be substantially unity. Since the adsorbagte
diminishes the volume available to the vapor, Afy = -Afs.

We may therefore use the relation in the form employed by

Higuti (20): AE < afy(en - 1) (4)
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In order to make use of the calculated average
slopes of the AC vs. AV/m curves (Table VII), both sides
of this equation are divided by AV/m:

5 (5
AV/m  Cg av/m  av/ml2 ~ 1) )

The values of Afz/ f-‘-}:-l can be calculated for each temper-
ature. This amounts to the change in the volume fraction of
the adsorbate for a change of 1 cc. per gm. in the amount of
adsorbate, In order to determine the dielectric constant for
an adsorbate having, at all temperatures, the same number

of molecules per cc., it is necessary to employ the same
density throughout. The density of the bulk liquid at 2500.,
0.886 gm. per cec., will therefore be used. TFor the 25°C.
series, using the Invar condenser, therefore,

X 64.5 X 5.713 = 5,00217 per cc. per gm.

Af m 22, 400 0.886 8.56

In this caleculation, 64.5 is the molecular weight of ethyl

chloride, 5.713 is the weight in gm. of the silica gel, 8.56

is the total volume between the plates, in ec., The capacity

of the empty condenser, C,, is 118.8 uuf. From Table VII,

YA the first linear section is
the average value of AC/ = for

1.50. Therefore, by (5):

1.50 = 0.00217 (eg - 1)

118.8
32 - 6.81

The values calculated in this way are collected in
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Table X. The values from the first two series at 10°C. and
20°C. are also given. The absolute values are much less
accurate than those obtained from the 25°C. ang 4000. series
for reasons given earlier, but the temperature coefficients

should be comparable.

Table X
Dielectric constant of adsorbed ethyl chloride calculated
for a constant density of 0.886 gm, per cc.

Dielectric Constant

Temp. First Second Third
Section Section Section
25°¢, 6.81 6.27 5,61
40%¢c. 6.70 6.25 5.61
(10°. 5.34 4.84 4.19)
(20%c, 5.08 4,83 4,15)

The first linear section shows a slight negative

temperature coefficient, about 1.6 per cent. This would
appear to be somewhat greater than could be accounted for by

experimental error, particularly in view of the agreement of the

second and third linear sections at all four temperatures. The

values of the temperature coefficient obtained from the less

scourate 10°C. and 20°C, series confirm those obtained from

the 25°c. and 40°C, series quite well.
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The temperature coefficient in the first linear
section is lower than that of the bulk liquid as given in
Table IX, even when the latter are calculeted for a constant
density as was done in Table X. When this is done, the
temperature coefficient of the bulk liouid is asbout 3.5 per

cent.

It appears therefore, that, to within experimental
error, the dielectric constant of the adsorbate in the first
linear range has a negative temverature coefficient which is
smaller than that of the bulk liquid, Over the other two

ranges, the temverature coefficient is zero, or very nearly

Z€ero,

The values of the dielectric constant calculated

for all of the three linear sections are lower than the

corresponding values for the bulk licuid calculated according

to the Onsager enuation. Because of the lack of experimental

deta on linruid ethyl chloride, there is perhaps little to be

gained by comparison of absolute values, However it seems

safe to suggest that the ethyl chloride in the adsorbed state

has considersble orientational mobility., This is corroborated

by e comparison of the calculated values for the dielectric

constant with the corresvonding value of n , about 1.9, which

would approximate to the dielectric constant in the absence

of a permenent dipole contribution, Ioreover, the existence

of & nerative temperature coefficient in the first linear

region indicates a contribution by the permsnent moment,
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Association between adsorbate molecules might
concelvably be responsible for one of the two breaks. There
is little justification for attempting to account for both
breaks on this basis. Recent work by wecIntosh (24) on the
dielectric constant of adsorbed butane, carried out with
apparatus very similar to that described in this report, is
of interest in this connection., Association would not be
expected to occur between the non-poler butane molecules.
Moreover, a zero temperature coefficient would be expected
of the dielectric constant of adsorbed butane. It has been
found experimentally that one break does occur in the AC
vs., AV plot, at a value of AV close to that obtained for
the upper of the two breaks with ethyl chloride., A small
temperature coefficient, the same as that found for ethyl
chloride, was also found, and is probably attributable to

the temperature dependence of the dielectric constant of the

silica gel itself.

These results appear to suggest that the upper break,
which occurs with both ethyl chloride and butane, is to be
attributed to some property of the silica gel surface, such

as might be responsible for a change in the nature of the

adsorption.

A brief reference will now be made to another feature

of the AC vs. AV/m relationship not discussed previously.
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The values of ‘AC/Q% Tor the first very small increment

of vapor have been found to be considerably higher than any
of the succeeding values, These values have been omitted in
the calculations of the average slope of the first linear
section, Lacking more detailed information on the magni-
tude and temperature dependence of this initial capacity
change, little can be said of its significance. A consid-
eration of equation (4) from which the dielectric constant
of the adsorbate has been calculated shows that, to within

the limitations of this equation, it must be attributed

either to a high dielectric constant or to a low density.
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SUMMARY, CONCLUSIONS AND CLAIMS TO ORIGINAL WORK

The dielectric constant of ethyl chloride adsorbed
on silica gel has been studied at temperatures of 100, 200,
25° and 40°C, The results obtained differ in essential

weys from any previously reported in the literature for other

adsorption systems,

A bridge method, based on the Schering bridge, has
been developed for the measurement of the very small capacity
changes., The bridge, with proper temperature control of the
bridge components, is capable of measuring capacity changes
of 0.01 miero-microfarad. It has been used to measure cap-
acity changes ranging from one to several hundred micro-

microfarads. A frequency of 3530 cycles per second was used

in all measurements.

It hes been found that the relationship between the

capacity change and the amount adsorbed is not accurately

linear over the whole range., Rather, there are three adsorp-

tion ranges, over each of which the relationship is very

nearly linear, For each of these ranges, 2 value for the

dielectric constant of the adsorbate has been. calculated.

The first adsorption range gives the highest value for the

dielectric constant of the adsorbate. In each of the other

two ranges, the calculated value for the dielectric constant

ig lower than that calculated for the preceding range.
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The results further indicate that the dielectric
constant for the first adsorption range has a small negative
temperature coefficient, while, for the other two ranges,

the dielectric constant appears to be nearly independent

of temperature.

On the basis of these results, the conclusion is
reached that the adsorbed molecules retain a large part of
the rotational mobility possessed by molecules of the bulk
liquid. In an attempt to account for the disappearance of
the temperature coefficient, it is tentatively suggested that

association occurs between the adsorbed molecules, beginning

at the end of the first adsorption range.

An attempt has been made to correlate the inform-
ation obtained from the capacity measurements with that

obtained by the application of adsorption theory to the

adsorption data,
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