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SUMMARY

This work is concerned with the interaction of krypton atoms
with graphitized carbon black (Sterling FT(2700°)) in the temperature
range from about 6T°K to 79°K. Both submonolayer and multilayer
work is reported, and the phenomenon of two-dimensional condensation
is observed.

The apparatus used in this study is a conventional high vacuum
type which measures temperatures, pressures, and volumes. The pressure
measuring system consists of a U-tube manometer, z Mcleod gauge, and a
Granville-Phillips capacitance manometer. The U-tube manometer and
McIleod gauge are used to calibrate all volumes and to measure the gas
doses. 7The Mcleod gauge is also used to calibrate the capacitance
manometer, which in turn 1= used to measure the equilibrium krypton gas
pressures above the graphite sample.

A theory of multilayer adsorption based on the significant
structures theory of liquids is developed. Theoretical isotherms and
heats of adsorption for the krypton-Sterling FT(2700°) system are
obtained from this theory. The theory shows steps in the isotherms
with condensation predicted for the first, second, and third adscrbed
layers. Molecular adsorption parameters are obtained by a theoretical
fit of the experimental data. A two-dimensional critical temperature
of about 69.6°K is predicted by this model for the krypton-Sterling
¥PT(2700°) system. This is quite close to our experimentally observed

value.



CHAPTER I

INTRODUCTION

The Adsorption Isctherm

When a gas comes in contaclt with a solid material, a process
czlled adscrption can occur. Two types of adsorption processes are
possible: chemiscrption and physical adsorption. Chemisorption is a
chemical reaction occurring between the solid surface and the gas.
Examples of this process are common and numercus, notable examples
being oxidation of a metallic surface and the reaction of carbon
moncxide with a metal surface. The heats of chemisorption are of the
order of those found in normal chemical reactions. Chemisorption will
not be ¢onsidered further in this work. Physical adsorption is
characterized by a heat change of the same order of magnitude as that
evolved whenh a gas ligquifies, rarely being above 5000 calories per mole.
As the name implies, the foreces involved in this process are "physical”
or "van der Waals" type forces. This work is concerned with the
physical adsorption of rare gaseg on inert solids.

The phase rule for two-dimensional physical adsorption is

formilated by de Boer and Broekhoff (1) as

V=C-P+2-2(nj-—l) (1)
J



vhere V 1is the variance of the system, C is the number of
chemical components, P 1is the number of distinguishable three
dimensional phases, and n!j is the number of two-dimensional phases
present at the same surface. This equatlion is wvalid for any number

of independent, two-dimensicnal phases stacked on top of each other
and adsorbed on & solid substrate. Assume that we have a solid
adsorbent with only one type of face, and adsorbed on this solid is
one two-dimensional phase. From equation (1) the variance for this
system is two; thus, if any two of the thermodynamic variables are
fixed, the state of the system is fixed. The usual procedure in
surface chemistry is to fix the temperature and the gas phase pressure
above the =0l1id adsorbent, thus determining the total state of the
system. Tt 1s then common to report the results as the amount of gas
adsorbed as a function of gas pressure at a given temperature; this is

called an adsorption isotherm.

Characteristics of the Two-Dimensicnal State

Surface chemists usually separate physical adsorption into two
classes: submonolayer and multilayer adsorption. Adsorption limited
to cone molecular layer or less is known as submonolayer adsorption,
while multilayer adsorption is the adsorption of more than one
molecular layer.

A schematic multilayer isotherm for krypton adsorbed on graph-

itized carbon black 1s shown in Figure 1. Here 6 is defined as

v (2)
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Figure 1.

Pressure

A Schematic Multilayer Adsorption Isotherm for
Krypton on Graphite.



where Vads ig the volume of the gas adsorbed at S5TP, and Vm is
the volume of the adsorbate at STP wnich is necessary to form a
complete surface layer.

Steps are clearly visible in the isotherm in Figure 1. It can he
seen that the steps, taken as being successive adsorbed layers, begin
and end at near integral values of 6. The height of each step is
about equal, and represents the amount of gas needed to complete that
particular layer.

We have already seen that the phase rule applies to the adsorbed
state., In fact, a whole class of classical thermodynamics for physical
adsorption has been developed by several workers, and adsorption phenom-
ena are often interpreted in this manner. Other thermodynamic behavior
usually cnly thought of as applying to ordinary three-dimensional sys-
tems has been seen or predicted for adsorbed two-dimensional systems.
Such behavior includes phase changes on the surface, two-dimensional
critical temperatures in the adsorbed layers, and two-dimensional
triple peints. Davis and Pierce (2), who studied adsorption of poly-
atomic mclecules on Sterling MT, a graphitized carteon black, summarized
the behavior of the stepwise isotherm as follows:

1l. The height of the vertical region in a step decreases with
temperature.

2. The pressure at which the vertical region occurs in a step
increases with temperature.

3. Above a critical temperature, the vertical region in a
step disappears.

Other workers (3) have made similar observations. The occurrence of



phase transitions and triple points have also heen seen in conmputer

generated two-dimensional fluids (4).

Models of the Two-Dimensional State

Historically, physical adsorption has been divided into the
submonolayer and multilayer regions for theoretical and experimental
study. Iet us begin this section with some models of submonolayer
adsorption.

Submonolayer Adsorption

This region of adsorption has received a great deal of theoret-
ical attention and consedquently is much better understood than milti-
layer adsorption. In attempting to explain the adsorption process,
some workers (5,6) in the past have devised kinetic mechanisms of
adsorption and arrived at isotherm equations. Another method of
arriving at an isotherm equation is to transform a three-dimensional
equation of state into two-dimensionzl form by using the "Gibbs
adsorption isotherm" derived from classical thermodynamics. Table 1
shows some of these isotherm equaticns. These kinetic and thermo-
dynamic models are useful in that they are simple and give some
insight into the adsorption process. With the exception of the van der
Wasls equation, however, these models give no infermation of the
adsorption process on a molecular level.

To obtain a detailed molecular interpretation of adsorption
one must apply the methods of statistical mechanics. A very good
theory of submonolayer physical adsorptlon based on statistical

mechanics is a theory devised by McAlpin and Pierotti (7,8) called the



Table 1. Models of Physical Adsorption

Model

Isotherm Equation

Mobile f£ilm with no lateral
interaction in the adsorbed layer
(Volmer Equation)

Two-dimensional van der Weals
equation

Iocalized £ilm with no lateral
interactions (Iangmir Equation)

Iocalized £ilm with interaction

k (1 : 9) exp (

k (1—%) exp (’1’-_5

x (725) o

=
l1-6

8

owan
),

200
b kTB)




significant structures theory of adsorption. The isotherm equation

for this model can be written (9)

0 . -
e tE oo (@)1 o)) e gy - W@ 2 @)

This theory will be discussed in much greater detzil in Chapter II.
For now, it will suffice to say that equation (3) predicts two-
dimensional condensation, critical temperatures, and isotherm temper-
ature dependence, all in terms of intermolecular potential.

Multilayer Adsorpiion

0f the very few theories of multilayer adsorption existing at
the present time, the BET theory (10) is the most discussed, and
accounts of it are given in almost any book dealing with adsorption.
The BET theory has no doubt stimulated a great deal of research and
thought in surface chemistry. Despite this, the model is extremely
crude, being based on the Langmuir model, and it gives no information
on a molecular level.

Pace (11) has developed a statistical model of rmltilayer
adsorption based on the lattice vacancy theory, and this work has
been further exfended by Pierotti (12). The heats of adsorption
predicted by the model are in good agreement with experiment for
argon-like molecules adsorbed on graphitized carbon., The theoretical
isotherms which the model predicts are not as realistic, however.

Pierotti and Thomas (12) have outlined some other approaches



to the multilayer problem.

Statement of the Problem

The purpose of this work is to investigate the physical
adsorption of krypton on graphitized carbon black over a fairly wide
temperature range around the two-dimensionsal critical temperature.
Sterling FT (2700°) is the type of carbon black used and both sub-
monolayer and mltilayer regions are investigated., This Kr-Sterling
FT system has been studied very little previously, and there is some
doubt in our mind as to the validity of some of the work which has
been done on this system. Of particular interest to us are two-
dimensional condensation, critical temperatures, and the dependence
of the isotherms on temperature.

The apparatus which was used to make these measurements is a
modification of a volumetric apparatus previously used by Pierotti (13)
and Ievy (1h4).

A theory to treat adsorption in all ranges, both submonolayer
- and mltilayer, is developed. This theory is a statistical thermo-
dynamic theory based on the significant structures theory of liquids.
The resulting isctherm equation is tested with the data obtained for
the krypton ~ Sterling FT system and molecular parameters are obtained
for the system.

This work will now be presented in the following pages,

beginning with the development of the theoretical model in Chapter II.



CHAPTER IT

DEVELCPMENT OF THE SIGNIFICANT STRUCTURES

THECRY OF MUITTITAYER ADSORPTION

Introduction

The direct evaluation of the classical configurational integral
for a real liguid is not possible. Cell theories of the liquid state
are merely a way cf dividing the configurational integral intc N
solvable integrals, where N is the oumber of cells in the system.
The partition function is then a product of the N identical con-
figurational integrals for each cell.

In the cell theory, each molecule is assumed to be confined to
a certain region of space in the entire volume, V, of the liquid.
These regions of space, or cells, are formed by the nearest neighbors
of the molecule. If there are N such cells, then each cell has a
volume v = V/N. If we assume there are no intermolecular forces between

molecules, then the configurational integral, Z, is (15)

Zy =V (1)

If however, there is an intermolecular potential between the molecules
in the cells, as & function of position in the cell, then the total

volume of the cell is no longer available to the central molecule.
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There is instead a "free" volume through which the molecule can move.

The configurational integral is now

Zo. =V (5)

where v, is the "effective" or "free" volume. By assuming some sort of
intermolecular potential, ZN can thus be found.

The most successful of the cell thecories is the so called
significant structures theory, originally developed by Eyring and
co-workers (16) and later modified by Henderson (17). The theory
is a logiecal extension of the originazl cell model, with the idea of
an empty cell, or hole, being added, As the theory is based partly on
experimental evidence and partly on intuition, the lack of rigor in
its development is the most frequently used argument against it. TIts
success in accounting for the properties of fluids is, however,
excellent.

X-ray data show that the nearest neighbor distance in liquids,
such as argon, is not greatly different from the nearest neighbor
distance in the solid. The molar volume of the liquid is, however,
about 12 per cent greater than that of the solid. Short range order
is also known to exist in a ligquid. These facts suggest that a fluid
could possibly be represented by & pseudo-lattice struecture in which
the lattice sites are either molecules or holes. According to Eyring
(18), these holes contribute gaslike properties to the fluid and the

fluid therefore has solidlike qualities from the filled cells and
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gaslike qualities from the holes. Another degree of freedom which
mist be considered is the positional degeneracy due to the presence of
vacant sites in the solidlike lattice. In significant structures
theory one chooses these three structures as the important ones which
characterize the liquid state and ighores all other structures. 1In
writing a partition function for a significant structures rluid, one
must inelude

1. Solidlike degrees of freedom

2. Positional degeneracy degrees of freedom due to the presence
of holes

3. Gaslike degrees of {reedom.

A partition function which satisfies these requirements is (19)

J o _(v-v W

- e e () Ve (6)

QS is the solidlike partition function and Qg is the gaslike partition
function. The term multiplying Q_ in equation (6) is the total number
of positions available to a molecule in the fluid. This is the
positional degeneracy factor spoken of earlier. Here o is propor-
tional to the number of holes available to a solidlike molecule and

eh is the so called strain energy, or the energy a molecule must
possess to enter a hole, thus excluding its competing neighbors. The

fraction VS/V of the degrees of freedom should be solidlike, where V

and VS are the meolar volumes of the liquid and of the solid,
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respectively. (V - VS)/V is the fraction of the degrees of freedom
of the fluid which should be gaslike.

Any suitable partition functions desired can be used for Qs
and Qg' Eyring (18) chose to use the ideal gas partition function
for Qg and the Einstein solid partition Tuncetion for QS.

McAlpin and Pierotti (7,8) were the first workers to treat
physical adsorption with the significant structures theory. They
pointed out that a two-dimensionzl adsorbed phase is & better candidate
for treatment by a2 lattice oxr hole theory than its three-dimensional
counterpart. The idea of filled sites and empty sites, or holes, has
long been accepted in surface chemistry, whereas in liquids the idea of
a hole seems somewhat artificial. By assuming that the strain energy
was zero, McAlpin and Pierotti (7,8) arrived at a two-dimensional
partition function for adsorption limited to one molecular layer.

Their partition funetion is

N(A - As)

NAs
Qads = LQESJ A LQEg} A (7)

where Qads’ QQs’ and Qgg are the partition functions for the adsorbed
phase, the two-dimensional solidlike structure, and the two-dimensional
gaslike structure. AS is the molar area of the two-dimensional solid,
and A is the molar area of the adsorbed phase. N is the number of

molecules adsorbed. McAlpin and Pierotti (7) used the Einstein crystal
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model for the solidlike degrees of freedom and the ideal gas model

for the gaslike degrees of freedom. Thelr results were in good
agreement with experiment. MeAlpin (8,9) also used the cell model

of Devonshire for the solidlike degrees of freedom. This is probably
& better choice than the Einstein model since the results are expressed
in terms of e, the Lennard-Jones interaction parameter, instead of

the less interesting Einstein characteristic temperature. The

complete canonical partition function for the adsorbed film is (12)

&N 62N
m

U m

s = [0, oolR)] (el 2252 @

oN (1 ~ &)
AOEﬂ o

* |5

and the resulting isotherm equation is (9)

© 2

p - - g - 200 ()0 + (259 + i - (@) 42 )

where

B=D ('e_m%%f exP('R_T)
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_ hy UO
5. (e 2kT )eﬁf
B - by
l-e kT
u; = standard chemlical potential of the gas phase
z = coordination number of the assumed lattice
af = free area of the adsorbate
W = molar two-dimensional lattice energy of the absorbate
A; = area per molecule adsgrbed at monolayer capacity
v = vibrational frequency of the adsorbate normal to the
surface
U0 = molar gas-surface interaction parameter

and all the other symbols have theilr common meanings. This equation
has been used successfully to deseribe a great deal of adsorption
phenomena. Table 2 shows some parameters predicted by this theory
as compared to some existing values.

The agreement with existing values is good. The significant
structures theory predicts scomewhat lower two-dimensional critical
temperatures than does either the cell model of Devonshire (22) or
the two-dimensional wvan der Waals theory. Our experlence indicates
that the two-dimensional critical temperatures predicted by significant

structures theory are much more in line with experiment, at least in
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Table 2. Adsorption Parameters for Significant
Structures Theory as Compared with
Some Existing Values

° o]
System Ys v X lO-lz(secql) e/k( ) o2 Ay
{cal/mole) (A" /molecule)

Ar - C 2204 2,13% 110% 1.6
2000" 1.28° 96" 15 .k

2120° 2,3-2,7°
Ar - BN 15002 1.16% 1122 14.6°
1950% 15.k

a. Significant structures theory value (Reference 9)
b. Reference 20
¢. Reference 21
d. Reference 13

e. Obtained Trom liquid densities
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the systems we have studied.

Consildering the success of the significant structures theory in
the area of submonolayer adsorption, we have extended the theory into
the mltilayer region. The multilayer partition function and isotherm
equatlons will now be developed, and the resulting equatlons will then

be tested with experimental data in Chapter VL.

The Multllayer Theory
The Model

The model used here ls one where two-dimensional liquidlike
layers adsorb on a structureless, energetically uniform surface. The
surface ilmposes no structure on the adsorbed layers. Each layer is
thus assumed to be in a hexagonal close-packed, or triangular,
configuration. The number of sites for adsorption in the ith adsorbed
layer is Ni-l’ where Ni-l 1s the number of molecules adsorbed in the
(i-1) layer. The number of adsorption sites on the surface is NO.

The energy of a molecule in a layer is made up of two contri-
butions: 1) site energy and 2) lateral interaction energy. The site
energy 1is the energy an isolated molecule in the ith layer derives
from the surface interaction and also from its interaction with all
the molecules in the (i-1) layers beneath the s layer. The adsorbate-
adgsorbate interaction, or lateral interaction, in any layer is assumed
to follow a lennard-Jones 6~12 potential and is assumed to be pairwise
additive. Molecular vibrations in the 2z direction normal to the

surface are agsumed to be the same in every layer. A quantum mechanical

harmonic oscillator model is used to describe these vibrations in the
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z direction. Just as in the submonolayer case, each adsorbed layer

is assumed to have three significant structures, or degrees of freedom:
a solidlike degree of freedom, a configurational degeneracy of the
s0lidlike degree of freedom due to the presence of holes, and a gaslike
degree of freedom. The strain energy in this model is assumed to be
ZETO.

The Partition Function

th
The canonical partition function for the i~ adsorbed layer of

the model can be written as

Q. = q, Mg T N (10)

where is the molecular partition function for the solidlike

qis

th
structure in the i layer and qig is the corresponding molecular
partition funetion for the gaslike structure. Ni is the number of

molecules in the ith layer, and Ni 1 is the number of molecules in the

(i-1) layer. The N molecules are also the number of adsorption

i-1
gltes available to the Ni molecules in the ith layer. The expression
for Qi is seen to have the right limits. When the ith layer
approaches completion, (Ni/Ni-l) approaches 1 and (Ni_l-Ni/Ni_l)
approaches 0. The solidllke degrees of freedom then dominate and

this is certainly expected. When the ith layer is just beginning to
fill, the opposite 1s true, and the gaslike degrees of freedom dominate

Qi. This also is the correct behavior.
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For qi;4 We use the partition function for the cell model as
given by Devonshire (22), which also includes a term for the configu-
rational degeneracy. The partition function for the sclidlike degrees

of freedom in the ith layer is then

, + W,
Us = (A_Qafi)[exf’ (P'}'ﬁ)"'];ﬂ (\1 + nh> xq, - (11)

The first term on the right of equation (11) is the partition function
for a Iennard-Jones and Devonshlire two-dimensional fluid, where 8oy

is the free area in the ith layer and is glven by

+ N
B, = T8 J:; exp[(lf—;i-){%s(ﬂ - ls(y)}]d:r (12)

where

a is the diameter of the cell containing the molecule
€, is the Iennard-Jones interaction parameter in the
ith adsorbed layer
ms(y)’ 1S(y) are polynomials whose form is given by Iennard-Jones
and Devonshire

y:(r/a.)2 where 1r 1s the distance from the cell center to

molecule

The second term in eguation (11) is a correction for energy
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zero, which ie taken as a molecule at rest infinltely removed from the

surface. Ui is the molar adsorptive potential, or the molar site

energy for an 1solated molecule in the i-th layer. Ui includes both

an adsorbate-adsorbent interaction term and the interactlon of the
molecule with all the molecules in the (i1-1) layers below the i-th
layer. Wi is the molar two-dimensional lattice energy of the adsorbate
in the ith adsorhed layer. Wi is obtained by assumling pairwise inter-
actions hold snd summing the lennard-Jones ©-12 potential funetion over
the assumed lattlce. More wili be said of this in Chapter VI.

The third term in equation (11) is the degeneracy factor for

the strained solid state. Eyring (23) expresses n as
h

(v - vs)

By = — (13)

]

where n 1s a proportionality constant. The other terms have been

defined previously, Following McAlpin (9) we let n be expressed as

z(A, - A?)
B = (14)

o
Ai

where 2z 18 the coordination number (6 for triangular lattice),

Ai is the area per molecule in the i-th layer, and Ai is the area

per molecule in the 1-th layer when the i-th layer 1s filled to capacity.
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The last term in equation {11) is the quantum mechanical
harmonic oscillator partition function for the vibration in the =z
direction normal to the surface. It is assumed to be the same in all

layers and is written as

/=hv
e 5%

q, = - (15)
* e E)

where v Is the vibrational frequency.
The molecular partition function for the gaslike structure in

the ith adsorbed layer is
Ui‘ -2
1y, = a1e0(gE (1 7%8e) (26)

The meaning of the symbols has been explained previously. The first
term on the right side of equation (16), 4, is a gas~solid inter-
action term where the molecules in the ith layer are vibrating in a
parabolic potential well whose minimum is Ui calories per mole below
the energy zero. The last term on the right side of equation (16) is
the partition function for an ideal, two-dimensional gas molecule.
The expressions for aq, = and q, , equations (16) and (11),
are now combined with equation (10) to find Qi' Substituting in the

expression for in equation (14) we find that
2 "
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W,
Voo Z.-?N'(—%—_)
Q - [A_Eafi {EXP(Eiﬁ%"Ei)}qz(l + *Eflﬁg—ﬁil>]l = (17)

i-1 i)

x { RT)} K, eJ !

Combining terms we find that

N,
) U W, z(A,-A7) Ei(ﬁ?%")
Do onld] Tenfenie - S

i

The total partition function, @ , for all 1 adsorbed layers

is
Q= mQ, (19)
or
-
InQ=)1Ingq, - (20)
i

This partition function for cur multilayer model is now used to
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compute theoreticzl adsorption isotheims.

Theoretical Isotherms

Introduction

Theoretical isotherms are determined by finding the chemieal
potential for the adsorbed molecules in each layer and equating these
to each other and to the chemical potential of the gas phase. This
procedure yields 1 equations in 1 unknowns, where 1 is the number
of layers assumed. The 1 unknowns are the ratios of Ni/(Ni-l)’

Ni-l/(Ni-E)" « .. Nl/NO. In the multilayer significant structures

theory, we define the coverage in the ith layer, ei , as

8, = =——— for i =1,2,3, veo - (21)
i-1 |

A set of Gi's are then the solution of the theoretical isotherm

equations. The total statistical coverage, 6, is

A Y

0= \T) L (22)
i=1
or
o= (N_$>L Ny 1% (23)
i=1

The statistical coverage, 6, is one parameter which will be used

in comparing the theory tc experiment. The experimental coverage has
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already beer mentioned in equation (2); this coverage is really an
ad justable parameter since the capacity of a full layer is rather
uncertain.

The other parameter which will be used in comparing the theory
to experiment is the gas phase pressure, P. In the multilayer signi=-
ficant structures theory, 1f one arbitrarily sets the pressure in the
gas phase, a whole set of Qi's can be determined from the sel of 1
equations. By then varying P at a given temperature cne can generate
a theoretical multilayer isotherm.

Equation (20) can be expanded as

In Q = In Ql(NO,Nl) + 1n QQ(Nl,Ne) + 1n Q3(N2,N3) + ...+ (2k)

In Q (N, _,,N.) .
From equation (17) it is obvious that the logarithm of the partition
function for each layer ig a function of the mumber of molecules in
that layer and also the number of molecules in the layer directly
beneath, as shown in equation (24). The chemicdl potential of the

molecules in the ith layer 1is given by

we Y, L @)
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It should be noted that the chemical potential in the ith layer is

found by differentiating the total assembly partition function and not
th

the 1 layer partition function. From the last tweo equations it can

be seen that

M. ~,01nQ, AnQ, .-
R e R e e I (26)
- * k#1?

If the gas phase is taken to be an ideal monatomic gas, the chemical

potential is (24)

L]

g _ 2TmkT\2 _
1n L( = ) kT] + 1n P (27)

These last two eguations are the ones which will be used to find the
theoretical iscotherm equations.

The One layer Casge

We will now consider the case of limiting adsorption to one
molecular layer. This is the simplest of all possibilities and a
good way to hegin a test of the model. For one layer it is seen from

equation (20) that

InQ=1nQ, . (28)
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Iet us now make the Tollowing definitions:

-2 Ui\.
Xi = A a, exp(ﬁf) (29)
0
: W.. z(A,-A7)
i ii
Ty By l_exP(ﬁ)]l;l T o J (30)
i
Zi = Aie (31)
For one layer we can now write
2 2
In@q =N 1In X1+Tln Y+ NolnZ - T, In Z,. (32)

Both Yi and Zi contalin Ai, the area per molecule in the ith layer,

Ai can also be written as

Ay =S (33)

Using equation (26) along with the expression for A; in equation (33),
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we can determine the chemical potential of the adsorhed layer to be

U 2N W
/ 31nQ" B n[ 1T [ 1)*
ST ~oF s 1n{ A a exp!\RT) + T 1n fleXP\RT § (34)
Ny NO,T 0
oN N -N.. N AN, .
1 . O "1y 1 10
+ — ln[l + 6( ] - + 1n '
N, i / €N -5 K N,/
o]
) 2N 1 (Al NO) i Hl
Ny Ny o

Equating this chemical potential to that of the gas phase as given by

equation (27), we obtain,

u, 2 ey
1nP=-1nA+1n(kT)-qu-ﬁ--ﬁ—ln(T/ (35)
0 A
1
) ewl\){_%l ) 2N, e 5Nl> X 61\11 g
\RT \NO NO X NO 6NO-51\Il 1
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Using the definitions of 6 as given in equations (21), (22), and

(23) we find that

U !
InP = -1Inh + In(kD) - In q, = ﬂ (36)

RT

2W.

. (—-ﬁ-@ 0 - 26 1n(6-56) + L'@—S?T

+ In & + 0.

Equation (36) is the isotherm equation for our multilayer model with
adsorption restricted to one layer. This isotherm equation is
identical to the equation developed by Plerotti and McAlpin which is
equation (9) in this chapter.

Two layer (Case

This is, of course, the simplest possible casc for multilayer
adsorption and a good place to hegin with a theory of multilayer
adsorption. First, let us determine from the model partition funection
the chemical potential in each layer. For the first layer (the one

next to the surface) we find using equation (26) that

My .aanl> (Ban2> (37)

kT aNlNNJ.‘ N Iy n.,T

O) 2) OJ 2)
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Then using the expression for @, as glven by equation (17) we find

that
- ;% = 1n qZA'gexp(;%)] 2: 1n[ fl ( )] 1n(6 - Egl) (38)
)+ w3 - () oL o]
- (-;%)gln (6 - 5E§> + N1(6§:(LN€)§N2) + gi. .

Recalling the definition of ei this last equation is rewritten as

L U, -~ - a ..

1 -2 IR [ 1l i

- % 1n[A qzexp(§T>J + Eellntga‘ exp(ﬁfj] + 2811n(6 - 591) (39)
1

i

68 '
3_5—9 +lnA -1n 9; - 8 -(e)ln[ieexp(R—i\)J

6(9 )
(e ) 1n (6 - 56, ) + 3-——35—— + 6,
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For the second layer, equation (26) shows that if only two layers

are considered then

N
2. - (10)
KT (SN2 )NO’Nl’T

Using the expression for Q, , equation (17), we find that

vl U a AT

2 |2 )] = 2]

- - 1o A qzeXP(ﬁfj + 26,1n Ad- exp(ﬁﬁ {(41)
P

60, .
L o
+ 20,10(6 - 50,) - (g:gg;) +1n a0 ~Ing, - g,

By now letting

B fe

kT =~ kT
and

Yo _ Mg

kT kT
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where p is given by eguation (27), we obtain the isotherm equations
g€

for the two layer case of adsorption. The equations are

U U a W.. - 60, .
1 Y% [ £l M ( 1
— - — 2 —_ —_ - -
®F "~ ®r T o918 0 expgr, | + 26,10 (6-50,) 6-591) (h2)

1

(6)
-1nel-el=(92)21nAZ2e ( )J+(e)1n(65e) B——S-é-—

Wae - 69
f2 2. 2 N
+ 292111 o (ﬁ)} + 2821n (6—592) - (—6:'5-5;) -1ln 92 - 292
2
and
UE Bpn
In P = =ln A+ 1n (KT) -In 4, = 77 - 29, lnE)—) (43)
2

o /EWE‘
- 20,1n (6-592) +n 6, - 1n A, - '\-R—,I‘-)Gg

66
+ [-(37&2_2)'] + 6,

Equations (42) and (43) taken together form the two layer significant

structures isotherm equations. One could just as easily have equated
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kKT to p./kT instead of to /KT as we have done. This
“g 1 2

procedure, however, would have put both & and 92 in the equation

1
Involving the pressure. Using our method, only 92 is involved in
the pressure equation and this is computationally more desirable.

Three layer Case

This is the largest number of layers which will be considered in
the present multilayer treatment. The procedure for finding the
isotherm equations is exactly the same as in the two layer case. First,
one finds the chemical potentials of the molecules in all three layers
using equations (26) and {17). Then the isotherm equations can be

found by letting

BB

kT = kT

2 _ B3

kT = kT
and

b3 _ g

kT xT

The equations determined in this way are
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U U .
1.2 £1 1N
T - RT T 2P 1n[§5— exp(RT)] +20,1n (6-591) -in 9, (4h)
1
69 N
" 2 2
" \6-591) -9 L29 + (8)) ] = exP(RT>]
2
6(9 )ﬁ . 68

* [292 * (92)2] In (6-50,) - E’E@"J Lé:g%;}

- 20, -ln 0, + [ J in ngi exP(%%)]

3

2 [
- (93) in (6 - )93) + 93,

U, U3 692 5
== @t 20, ln[—m— eXP(RT)J + 20,1n (6- -56,, ) - (8:§5gj (L5)

2

~6(8 )2 + 66, . o7 %3 W -
-1n 6, - 62 = - 2 — 5633J + L293 + (83) Jlnt;a- exp<§%)J
3

N .
+ L293 + (83) ] 1n (6-583) -1n 83 283,
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and

U 3
InP = -1n A + 1n(kT) - In 4, - % - 29 ln' ) (46)
LU
- 26, In (6-56,) +1n 6 - 1n AT - (ﬁT—) 0,
66
3
et v oy

Equations (44}, (45), and (46) taken together form the three
layer isotherm equations for our model. The equation containing the
gas pressure, equation (L46), has only parameters from the third
adsorbed layer. FEquation (45) contains parameters from the second
and third layers. Equation (Lk) contains parsmeters from all three
adsorbed layers. So the equations go from simple to complex, which
will prove useful in the azctual scoluticon of these equations, as will

be seen in Chapter VI.
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CHAPTER ITT

EXPERIMENTAL APPARATUS

Introduction

Any volumentric adsorption apparatus does baslezlly three things:
it measures temperatures, pressures, and volumes. The range and
precision of the measurements desired determine the particular lnstru-
ment, design.

The instrument used in this work is a conventional volumetric
high vacuum apparatus bullt entirely of pyrex glass and mounted on a
Flexaframe rack. High vacuum stopcocks are employed as valves, using
Apiezon N grease. This instrument is very similar to the BET apparatus
described by Young and Crowell (25) which is used o make surface area
determinations.

The isotherm pressure range one has in mind determines the
pressure measuring equipment used, This particular instrument is
designed to measure isotherm pressures at about 1 micron Hg, or below.
The basic apparatus was initially built by Pierotti (13), =nd was
then used by Ievy (14). Both workers used the apparatus primarily to
study miltilayer isotherms, which is fairly high pressure work. It
was then decided to look at submonolayer adsorption of krypton on
Stexrling FT (2TOO°). The original equipment was not designed for such
low pressure measurements; thus, the author's task was to redesign the

equipment. The main parts of the system and the order in which they
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will bhe discussed are the wvacuum system, the dosing system, the cyro-

gtat and sample cell, and the pressure measuring system.

Vacuum System

As mentioned before, the ultimate vacuum attainable with this
system is between 10—6 mn Hg and 10_7 mm Hg. As pointed out by
Pierotti and Thomas (12), the greater the surface area of the sample,
the less rigid are the vacuum requirements for a system, Since this
system has & sample size of 0.2482 g, which corresponds to a sample
surface area greater than 2.5 m?, the residual pressure of lO—6 mm Hg
should be more than adequate.

The pumping system consists of a three stage mercury diffusion
pump and a Welch Duo-Seal mechanical pump. A trap is positioned
between the diffusion pump and the rest of the system to prevent
mercury vapors from passing into the system. Either dry ice or liguid
nitrogen is used as the coolant for this trap.

Another Welch Duo-Seal mechanical pumm is used to operate an
auxilliary low pressure manifold. This manifold's purpose is to
regulate the various mercury levels in the main system, such as the
McIeod gauge, the Toeppler pump, and the gas buret; it is otherwise

completely independent of the main systemn.

Dosing Systen

The purpose of the dosing system is to introduce a known volume
of gas at a known temperature into the sample cell containing the
Sterling FT (27000). Since an isotherm is a plot of the quantity of

gas adsorbed versus equilibrium pressure at a constant temperature, it
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is essential to know very exactly the amount of gas introduced into the
sample cell. The dosing system is diagrammed in Figure 2.

The gas samples in Figure 2 are assayed-reagent grade gases
with individual mass spectronic analysis run to insure purity. The
three gases on this system are krypton, helium, and argon; they come
in glass flasks provided with a breakoff seal. The Tlasks are fused
directly to the system, and gas is introduced to the system by means
of stopecocks 1, 2, and 3 in Figure 2.

If, for instance, a dose of krypton is desired, the gas is first
introduced into the Toeppler pump by opening stopcock h, which, along
with stopcock 5, is a two-way stopcick. Now by opening stopcock 4 in
the other direction, the krypten gas can go from the Toeppler pump
into the gas buret. The Toeppler pump is used to store the gas of
interest. The pressure of the gas inside the Toeppler pump can be
varied by changing the mercury level inside the top btulb of the Tmeppler
pump. The pressure cof & dose can then be varied when the Toeppler
pump is used in conjunction with the gas buret.

Figure 2 shows the gas buret to be a series of four glass bulbs
with stopcock 5, a two-waey stopecock, situated on one end of the buret,
and a mercury reservoir situated on the other end. Four gas volumes
are attainable with the buret by simply placing the mercury level at
any of the four positions directly below each bulb. Valve 6 in Figure
2 is a Nupro bellows valve which is used in conjunction with the
auxiliary low pressure manifold to control the mercury level inside the
gas buret,

Pierotti (13) calibrated ezch of the four volumes of the gas buret
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The Dosing System.
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previously. These volumes were calibrated outside the system using a
mercury welghing technigue.

The gas buret is surrounded by a water Jjacket to minimize
temperature fluctuations. A mercury thermometer which can be read to
0.01°C is used to messure the temperature of the water bath, and thus
the temperature of the dose.

As an example of how the gas buret works, suppose a dose of
ebout 1 x 10-4 moles of gas 1s desired. The mercury level in the gas
buret is placed on the mark between the top bulb and the second bulb,
Stopecock 5 is opened to the Toeppler pump and to the pressure measuring
devices. Since this volume in the buret is 10.667 cc, the pressure of

gas desired is given by

n RT 1 x% 1o'u x 82.05 x 298
v 10.667

P = 174 mm Hg.

Thus ecnough gas should be released from the Toeppler pump so that the
pressure 1is about 174 mm Hg. Stopcbck 5 is now closed and 1 x quu
moles of gas is trapped in the gas buret. By opening stopcock 5 to

the sample cell, the 1 x J_O“lL moles of gas can he introduced into the
sample cell. This is accomplished by opening valve 6 and running the

mercury level to the top of stopecock 5. A great variety of dose sizes



are attainable by using different combinations of pressure and buret
volumes.

The dose pressures are measured either by an ordinary mercury
U=-tube mancmeter or a high precisicn Mcleod gauge. Ordinarily, gas
pressures of 1 cm Hg or greater are measursd by the mercury U-tube
manometer, and prezsures helow 1 cm Hg are measured with the Mcleod
gauge. The Mcleod gauge 1s usually used To measure dose pressures,
since small doses are normally used. The Mcleod gauge 1s also used in

other capacities, which will be discussed later.

Cryostat and Sample Cell

The purpose of any cryostat on an adsorption apparatus is to
obtain and maintain a purticular sample temperature within acceptable
limits. Since the cryostat is one of the most important of all com-
ponents on the adsorption apparatus, great care and thought should
go into its construction. Figure 3 shows the sample cell and cryostat
arrangements. This cryecstat is relatively simple in design, but is
highly reliable. Ligquid nitrogen, liguid oxygen, or & mixture of the
two is placed in the Dewar flask which surrounds the sample cell.

Any temperature Trom about 65°K to 90°K can be obtalned with this cryo-
stat and in addition can be maintained at iO.OSOK or better. One is
also able to come back to this temperature after a shutdown, which is
very important for isotherms that require more than one day to run.

Figure 3 shows the sample cell containing the Sterling FT

(2700 ) sample. This sample cell is & flat bottomed glass bulb whose

design was first suggested by Clark (26). The sample, which is 0.2482
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grams in size, is spread over the {lat bottom, allowing more rapid
equilibrium times during an isotherm run.

Two glass iubes go to the sample bulb. Both of these enter
through the top of the vacuum jacket surrcunding the sampie cell, form-
ing an air tight seal with the jacket. One tube is a 4 mm I.D. glass
tube which comes from the gas buret and also goes to the capacitance
manometer. The purpose of this tube is to deliver the krypton doses
from the gas buret to the sample. The other tube also goes into the
sample bulb, but it is sealed off inside the sample bulb - this is, it
does not open into the sample bulb. This tube is part of a closed
system of argon gas which acts as & vapor pressure thermometer. The
argon vapor pressure thermometer will be discussed in detail later.

The sample cell and the tubes coming into it are all surrounded
by a vacuum jacket, which is simply a tapered ground glass joint,
sealed on with Apiezon N grease. The vacuum jacket is thus easily
removed, exposing the sample cell and thus enabling one to bake out or
remove the sample. The vacuum Jjacket is connected to the main manifeld
of the system through stopcock 4 in Figure 3. By opening stopcock Uk,
the jacket is evacuated. About 1 mm of helium gas is then put into the
jacket and stopceck L is closed. The vacuum jacket, with the low gas
pressure, acts as an insulator for the sample cell against short term
temperature Tluctuations in the Dewar flask during isotherm runs. The
bath temperature inside the Dewar flask is controlled in such a way
that it is always oscillating up and down. The sample cell, however,
does not see as much oscillaticon due to the low pressure inside the

vacuum Jacket.
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Cryostat temperature control will now be discussed. Figure 3
shows three tubes which go into the cryostat through the Plexiglas
plate. The two tubes which go to solencid valves 1 and 2 are made
from copper and are attached to the Plexiglas plate by means of Swaglck
fittings. The other tube is glass and goes to mancmeter B. This
glass tube is sealed to the Plexiglas plate with Apiezon Q wax. The
Dewar flask is also sealed to the Plexiglas plate using Apilezon @ wax.
By pumping on the ccolant inside the Dewar flask with a mechanical pump
through solenoid valve 1, the temperature of the coolant, and thus
the sample, is lowered.

The tube which goes to mancmeter B in Figure 3 i1s parallel to
the vacuum Jacket and extends into the coolant as far as the bottom
of the wvacuum jacket. The tube is sealed on its Ilower end and is filled
with argen gas. At the temperatures used in this study, argon exists
as a solid. The solid argon vapor pressure is a function only of bath
temperature. Therefore, when cne pumps con the bath through solencid 1
and lowers the bath temperature, the vapeor pressure ol the solid
argon decreases. The mercury level in the right arm of U-tube manometer
B then comes down until it breaks contact with the relsy in Figure 3.
The right arm of mancmeter B has metal pins extending through the glass
wall which come in contact with the mercury and is thus able to
complete the circuit on the relay. However, when the argon vapor
pressure decreases, as discussed above, contact can be broken and when
this happens the relay closes solenoid valve 1. This stops the pumping
action in the bath, and the temperature of the bath immediately begins

increasing, raising the vapor pressure of the solid argon until
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finally contact is made again with the right arm of manometer B. The
felay then opens solenold valve 1 in the pump line and the cycle starts
again. In this manner Lhe temperature of the bath is maintained con-
stant.

Solenoid valve 2 connects a helium tank teo the bath. The line
Trom solenoid 2 geoes into the cryostat and coils arcund at the bottom
of the cryostat. This copper coll has several pin-holes which ailow
helium gas to bubble up through the coclant. Wien pump solencid 1 1s
in the on, or pump, position, helium solenold Z 1is in the off, or
closed position. But when pump solencoid 1 is in the off position,
helium solenoid 2 is in the on position. Thus a small amount of
helium gas is allowed to bubble through the coolant in the Dewar flask,
but the helium flow is stopped when pumping begins. The purpose of
the helium is to keep the coolant stirred and prevent termperature
gradients inside the bath, znd also to help cool the bath, as will
be discussed next.

The one drawback of the above system is that it is inadvisable
to pump on liquid oxygen. In such cases one may omit the pumping and
use a method suggested by Iythe and Stoner (27). Here helium gas is
bubbled through the coolant, which can be elther liquld oxygen or
liguid nitrogen. The coolant evaporates into the gas bubbles., This
evaporation lowers the temperzfure of the bath and trips the relay in
the same way as above, closing the solencid valve in the helium line,
thus stopping the helium flow. The bath then heats up and the cycle
starts anew. The bath is also stirred by the helium bubbles. This

method is simple, bub surprisingly effective considering that the bath
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temperature can be lowered as much as lOoK helow the normzl bolling
temperature. Both this methed and the pumping method of cooling were
used in obtaining the data in this work.

The argon vapor pressure thermometer was mentioned previously
while discussing the sample cell. This is used in actually determining
isotherm temperatures. The argen vapor pressure thermometer consists
of manometer A in Figure 3 and the tube going from manometer A into
the sample bulb. This tube is filled with about 65 cm of argon gas
at room temperature. When the temperature of interest is reached in
the sample cell, the argon in the probe will be a solid. Thus, a
measure of the solid argon vapor pressure on U-tube manometer A tells
the temperature of the so0lid argon. This is also the sample temper-
ature since the argon prcbe is actually inside the sample cell.

The solid argon vapor pressure date of Clark, Din, and Robb (28) is

used in determining sample temperatures.

Pressure Measuring System

Gas pressure measuring devices are a fundamental part of any
edsorption apparatus, the particular type of isotherm studies one
wishes to make determining the particular type of édevice. The apparatus
used in this research is designed to measure extremely small gas
pressures, one micron or less, although it is capable of measuring
gas pressures of several millimeters of mercury just as easily. It
is thus possible with this apparatus to measure isotherms from sub-
monolayer coverage up to the completely saturated state. The pressure
measuring devices are two mercury U-tube manometers, one Meleod gauge,

and one capacitance manometer, all shown in Figure k.
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U-tube Manonmeters

Both mercury U-tube manometers have already been mentioned.
Manometer A in Figure 4 is used sclely as the argon vapor pressure
thermometer, while manometer C is used to measure dose pressures in
the gas buret of 1 cm mercury or more and also in the calibration of
the sample cell volume. The calibration will be discussed thoroughly
in Cheapter k.

Both U-tube manometers can handle gas pressures up to one
atmosphere. The bore of the manometer tubing is wide enough to
prevent capillary depressgions of the mercury. The mercury levels in
these manometers and in the Mcleod gauge are read with a Gaertner
Universal Cathetometer, Number 72730, purchased from Central Scientific
Company .

Mcleod Gauge

The McIeod gauge on this system has three purposes: 1) to
measure dose pressures, 2) to calibrate the capicitance manometer
as a direct readout instrument, and 3) to measure isotherm equilibrium
pressures that are greater than about 100 microns.

The Mcleod gauge was built and calibrated by Pierotti (13).
The instrumeni calibraticn was then checked against a CVC Mcleod gauge
by McAlpin (9), and the agreement between the two gauges was found to
be within experimental error in all ranges.

The Meleod gauge is a precision pressure measuring instrument.
For example, it can be shown that a gas pressure of 0.5 microns can
be measured to within 1 per cent with this Mcleod gauge, assuming

that the precision of the cathetometer is *0.05 mm. It should be
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polinted out here that all manometer readings taken with the catheto-
meter, including the Mcleod gauge readings, are corrected for
temperature and gravity effects. The Mcleod gauge also has s
capillary correction.

Figure 4 shows the McIleod gauge in relation to the rest of the
system. A good discussion of McIleod gauges and U-tube manometers is
found in Ross and Olivier (29).

Capacitance Manometer

A capacitance manometer is used either as a differential pres-
sure measuring device, or when calibrated, as a direct pressure measur-
ing device. The manometer head, shown in Figure 5, contains a thin
metal dlaphragm and a probe. If the pressure on one side of the
diaphragm exceeds the pressure on the other side, the diaphragm is
displaced relative to the probe. The movement of the diaphragm changes
the electrical capacitance between the probe and the diaphragnm,
resulting in an AC signal which is amplified and displayed on an
indicator meter. A recorder is attached to this meter and the signal
is recorded.

The capicitance manometer used in this work is a Granville-
Phillips Series 212, Model 03. This instrument has five pressure
ranges of 1¥X, 0.3X, 0.1¥, 0.03X, and 0.01X, where X indicates the full
scale differential pressure in mm Hg on the readout meter. This simply
means that on the 0.01X range, a pressure differential of 0.01 mm Hg
across the metal diaphragm will deflect the readout meter by 200 units,
which 1s full scale.

The capacitance manometer is used to measure the equilibrium
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krypten pressure above the graphite sample. Since the instrument is
Jinear on &ll scales but the 1X, the capacitance manometer is
calibrated against the Mcleod gauge and is used 25 2 direct readout
instrument for pressures from about O to 100 microns. For isotherm
gas pressures above 100 microns, the capacitance manometer is used

as a null instrument and the isptherm pressures are measured on the
Mcleod gauge. In either case, the Mcleod gauge and the capaciltance
manometer are linked together. The calibration and use of the
capacitance manometer and Mcleod gauge will be discussed in detail in

the next chapter.
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CHAPTER IV

EXPERIMENTAL PROCEDURES

Introduction

In this work, twe types of experiments are performed:
submonolayer adsorption and multilayer adsorption. Different tech-
nigues are used in obtaining the data in each type of experiment,
these differences arising primerily in the isotherm pressure measure-
ments. There are, however, certain preliminary procedures which must
be followed prior to running both submonolayer and rwltilayer iso-
therms which will now be discussed in the order in which they oceur

experimentally.

Isctherm Temperature Control

When an isotherm run is contemplated, the first thing considered
is at what temperature the measurements wiil be made. Then by using
the data of Clark, Din, and Robb (28), the vapor pressure which solid
argon will exhibit at that temperature is determined. Suppose, for
example, that a sample temperaturs of TB?K is desired. The pressure
in the argon vapor pressure thermometer, manometer A in Figures 3
and 4, should be 127 mm. The coolant, in this case pure liquid
nitrogen, is added to the Dewar flask surrcunding the sample cell.

The temperature of the sample cell is now somewhat over TTéK, the
normal bolling point of liquid nitrogen, and the bath temperature mst

therefore be lowered. The relay in Figure 3 is now cannected to a
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set of leads on manometer B, making contact through the mercury and
opening sclenoid valve 1 to a vacuum pump. The pump lowers the
pressure above the nitrogen bath and the bath temperature begins
falling. This temperature is allowed to fall until the pressure in
manometer A is about 127 mm, indicating a temperature of about 75°K.
At the moment the deslred temperature is reached, stopcock 3 is closed
and stopcock 1 is opened on manometer B. Air is leaked into the
right arm of manometer B through leak valve 2, causing the mercury to
Just break contact with the top lead of the relay. This closes
solenoid valve 1 and stops the pumping actian. The bath temperature
then stops falling. A%t this mement leak valve 2 1s closed and stop-
cock 1 is closed and the desired bath temperature of about 75°K has
now been obtained. This tenmperature can be maintained as explained
in the cryostat section of Chapter ITI. The sample cell can be
brought up tc room temperature and returned to the set temperature as
often as desired so long as the air pressure in the right arm of

manometer B is not changed.

Volume Determinations

When a gas is introduced into the sample cell, part of the
gas is adsorbed on the surface of the adsorbent, and part of the gas
remains in the gas phase above the sample. Everything else being
constant, the amount of gas remaining in the gas phase above the sample
depends on the volume available to the gas phase. It is necessary to
know this volume to find how much of a gas is adsorbed and how much

remains in the gas phase.



Helium is employed as the calibrating gas to determine the
velumes. Helium is particularly suited for this since it is not
adsorbed appreciably at temperatures greater than 30°K (30).

The first volume which is determined is Vsys’ the apparent
volume of the system when the sample is at room temperature. This is
the volume of the tubing between stopcocks 1 and 3 in Figure 4 and
it includes the sample and one side of the capacitance manometer.
First the size ¢f a dose of helium gas is determined as discussed in
Chapter IIT. This dose should be large enough so that the U-tube
manometer can be used. Stopcock 3 is closed and 2 is opensed; the
helium is then forced from the gas buret into the sample cell by
running the mercury level in the gas buret to the top of stoprcock 1
in Figure 4. The capacitance manometer is used as a null instrument.
That is, when the gas pressure on one side of stopcock 3 is egual to
the gas pressure on the other side cf stopecock 3, the capacitance
manometer readout indicates zero pressure differential. Closing stop-
cocks 6, 7 and 11 and opening stopcocks 4, 5 and 8, helium gas 1s
leaked into manometer ¢ in Figure 4 through leak valve 9., This is
continued until the capacitance manometer readout indlcates zero
pressure differential across stopcock 3. The pressure of the gas

in Vsys is now read from manometer C. Then

ndRTr
Vays =~ (57)

52
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where N3 equals the mumber of moles in the dose, Tr is the room temper-
ature, and P is the pressure as read from U-tube manometer C.
Vsys should remain constant so long as the system is not altered.

The coolant is now added tc the Dewar flask surrounding the
sample cell and the previously set temperzture is obtained. Iet Vc
e the volume of the sample cell bulb and as much of the tube coming
to the bulb zs is under the liguid coolant level. This volume is at
temperature TC, where ’I‘C is the sample temperature. Vh is defined

es all the volume of the system from stopeock 1 to stopcock 3,

except for that volume contained in VC. Thus

vsys =V, + V. (L8)

Since we are dealing with a rare gas at extremely low pressures,
the ideal gas law is a good approximation. We can then write the last

equation as

where n, equals the number of moles of gas in Vh, and B, equals

the number of meles of gas 1n Vc. Obviously

n, B =10, (50)
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where n, equals the number of moles of the dose. Equations (49)

and (50) can be combined to give

n RTh nCRT

d .
P "7 T3 % Vsys (51)

A known dose of helium, n

57 is introduced into the sample cell which

is now at temperature Tc' The capacitance manometer is zerced,
indicating zero pressure differential across stopcock 3 in Figure L,

The pressure of the gas is read on manometer C giving P in eguation
(51); n, is now Found from equation (51), and n, is found from
equation (50). Vh and Vc are now determined by using the ideal gas law.

That is

RT n RT
" n and v, CP c. (52)

it

It will later be shown how Vh and Vc are used to find the number

of moles of krypton gas remaining in the gas phase during an isotherm.
Another volume of interest is the volume of the sample side of

the capacitance manometer. This is designated ch, where ch equals

the volume of the capacitance manometer between stopcocks 2 and 3 in

Figure 4. V., 18 seen more clearly in Figure 5. It includes all the

volume from stopcocks 2 and 3 up to the metal diaphragm. ch is part
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of V and is determined when V is determined. After V
s SYySs 8YS

¥s
has been determined, stopcock 2 is closed and 3 is opened in Figure k.
Stopcocks 4, 7 and 8 are also opened and ch is evacuated. After
evacuation is complete, stopcock 3 is clcsed and stopecock 2 is opened.
The capacitance manometer is now rezeroed, and the new pressure

inside Vsys is obtained from mancmeter C. Let the new pressure be P2
and let the pressure inside Vs 5 before ch is evacuated be Pl.

Tha number of moles of helium which remain in V"ys after ch is

evacuated is

n__?_SLS. (53)

Thus (nd - n) is the number of moles pumped from ch. Thus

(n, - n)RT
y -4 r. (51)

em Pl

The use of V V., V., and ch in determining an adscrption

sys? 'h e

isotherm will be explained later in this chapter.

Bake Out of Sample

The next step toward running an adsorption isotherm is the sample
vake out. Sterling FT (2700 ) outgasses readily &t room temperature

and a sample bake out is probably not necessary. However, a sample
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bake ocut at 25000 for at least 12 hours is always made hefore each
isotherm run; this is done to ensure that the graphite surface is the
same for each isctherm. A cylindrical heater fits arocund the sample
cell to outgas the sample. The capacitance mancmeter is also usually
baked cut at the same time as the sample. A temperature of aboutl 300°C
is used to bake out the capacitance manometer, & heating tape belng
used for this purpose. During bake out procedures all stopcocks
coming to the capacitance manometer and sample cell are opened to the
diffusion pump. Bake cut is not considered complete until a stick

vacuum (2t least 10-6 mm} is observed on the Mcleod gauge.

Calibration of Capacitance Mancmeter

The capacitance manometer is used as & null instrument when
measuring gas pressures of about 100 microns or more. This use of the
capacitance manometer has been referred to previously and will now be
explained in more detail with the 2id of Figure 4. - Assume that the
pressure cn the sample side of stopcock 3 is 15C microns, and the
pressure on the vacuum side is zero (10-6 mm Hg). The capacitance
manometer has been previously zeroed, meaning that the readout is
zero on all ranges for zero pressure differential across stopcock 3.
Stopcocks 11, 5 and 7 are now closed, and stopcocks 8, 4 and 6 remain
open. The capacitance manometer readout is placed on the 1X range
and the readout needle immediately deflects to the right. The idea is
to 2dd enough helium gas to the vacuum side of stopcock 3 to bring
the readout back to zero pressure differential. So on the 1X range,

helium is leaked slowly into the system using leak wvalve 9 until the
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readout returns to zero. If too much gas 1s leaked in, 1t can be
removed with leak valve 10. After zeroing on the 1X range is complete,
the capacitance manometer is switched to the 0.1X range and is now
zerced on this more sensitive range usging the same procedure as on the
1¥ range. Finally the readout is switched to the 0.01X range,.the
most sensitive range, and again 1s zeroed; the pressure differential
across stopcock 3 is now assumed to be zero. Thus the pressure in

the Meleod gauge (or U-tube manometer) is assumed to be equal to the
pressure on the sample side of stopecock 3.

On all scales but the 1X range, the capacitance manometer read-
out is linear in pressure which means that any pressure below about
100 microns is directly proportional to the capacitance mancmeter
readout. Therefore, in principle one should be able to zero the
mancmeter, add doses of gas to the sample cell, and read the
eguiliibrium pressures directly from the readout, after some kind of
calibration procedure. In practice, however, this procedure is not
suecessful. On all the readout ranges, particularly the 0.01X range,
there is a continual drift of the capacitance manometer readout. This
means that the position of the readout needle for zero pressure
differential across stopcock 3 in Figure 4 changes continuslly with
time.

What is needed is a method of rezeroing the capacitance mano-
meter during an isctherm run. This can be done as will now be ex-
plained with the aid of Figure 4. Suppose a gas pressure of, say,

2 microns is on the sample side of stopcock 3, with zero (lO_6 mm Hg)

pressure on the vacuum side of stopcock 3. The capacitance manometer
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readout is placed on the 0.01X range, and the readout is adjusted to
read zero pressure differential. This is just a convenient reference
peint on the readout. A recorder with a 5 mv full scale range is
attached to the readout. A baseline is established on the recorder.
Stopcock 2 in Figure 4 is now closed and stopecock 3 is opened. The
capacitance manometer readout immediately defects to the left by an
amount directly proportional to the pressure which was conftained in
ch. This deflection is observed and recorded on the recorder. With
higher gas pressures other readou!t ranges and recorder scales can be
used. What remainsg is to determine how the recorded capacitance
manometer deflection is proportional to the pressure in ch. Onece
the proporticnality is known, this methed of finding pressures can
be used in isctherm determinations.

The method of celibrating the capacitance manometer as a direct
pressure measuring device will now be discussed with the ald of Figure
4. First of all, the scales one wishes to calibrate are set on both
the capacitance manometer readout and on the recorder. Such scales
might be the 0.01X range with the 5 mv range of the recorder, the
0.01X and 10 mv range, or the 0.1X and 10 mv range. All combinations
of scales which could possibly be used during an isotherm run should
be calibrated. After s set of scales are decided on, stopcocks 2, 7,
5 and 11 in Figure 4 are closed and stopcocks 8, 3, 4 and 6 remain
open. A small dose of helium is admitted through leak valve 9.

After this gas has equilibrated throughout the system, stopcock 3 is
closed. The pressure of the gas 1s measured using the Mcleod gauge.

This is the same pressure as that of the gas trapped in ch between
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stopcocks 2 and 3. The vacuum side of stopcock 3 is then pumped out.
The capacitance manometer readout 1s adjusted to read zero pressure
differential and g baseline is established with the recorder. Stopceock
3 is now opened, instantly pumplng out ch. A deflection is observed
on the capacitance manometer readout and is recorded on the recorder.
The magnitude of the deflection is directly proportional to the gas

pressure in ch. Thus

P = KD (55)

where P equals the pressure as read from the McTleod gauge, D equals
the deflection of the recorder in units of chart paper, and X is a
proportionality constant.

A number of determinations gives an average value of K. All
possible scales of the capacitance manometer and recorder which might

be used in an isotherm should be calibrated.

Procedures for Running Isotherms

The sample temperature hzs been set, all volumes determined, and
the capacitance manometer has been calibrated. An isotherm run may
now be begun.

Monolayer Isotherm

Approximately 15 data polnts are desired for each submonolayer
isotherm. If Vm, the volume of & monolayer, is assumed to be 3.15 ce
-]
(STP) per gram (31) of adsorbent for Sterling FT (2700 ), then each

dose for our sample should be about 0.053 ce (STP), or about 2.3 x 10-6
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moles. This dose size is easily obtained using the gas buret and
McIeod gauge. Referring to Figure 4, stopcock 2 is opened and 3 is
closed. The vacuum side of stopcock 3 is at zero pressure (]_O-6 mm Heg) .
Dose 1 is now introduced intc the sample cell. The capacitance
manometer readout deflects greatly at first, but within minutes the
readout is back near its original position. Thus the adsorpticn
process can be followed on the capacitance manometer. A sufficient
period of time is allowed to ensure equilibrium of the kyypton gas
with the sclid adsorbent, The pressure in the argon vapor pressure
thermometer is now messured using the catheotometer and this reading
is recorded under dose 1. One can now measure the isotherm pressure.
After the proper range selections on the readout and recorder are made,
the capacitance menometer readout is set to zero and a base line is
established on the recorder. Stopcock 2 in Figure Ut is closed,
isolating ch from the sample cell. Then stopcock 3 is opened, Vém
is pumped out, and the capacitance manometer readout and recorder
deflects by an amount proportioconal to the pressure in ch. This
deflection, alcong with the rocm temperature, is recorded. Stopcock
3 is closed and 2 is opened. OQOne point cn the isctherm has now
been completed. It should be noted that the capacitance manometer is
calibrated in exactly the same way isotherm pressures are measured.
The equilibrium krypton pressure is found from equation (55).

This process is repeated for doses 2, 3, 4, ete., until Vrnis
reached.

Multilayer Isotherm

& multilayer isotherm here is taken to he one which begins with



a surface coverage of one molecular layer of krypton. The size of
the doses used is about the same as in the monolayer work, or about
2 % lO~6 moles. A very different procedure is used, however, to
measure the equilibrium krypten pressures. Assume that the sample
temperatﬁre is set and enough krypton has previcusly been added so
that the samplie coverage is greaster than a monolayer. Btopcock 2 is
closed and 3 is opened in Figure 3. Stopcocks 2 and 3 have been in
this configuration since the last pressure measurement was made.

A new dose of krypton gas is now added. The capacltance mancmeter,
which still has zero pressure on both sides, is zerced on 211 ranges.
Then stopcock 3 is closed and 2 is opened. After enough time to
ensure eguilibrium of the krypton gas, the capacitance mancmeter is
rezerced in conjunction with the Mcleod gauge. The pressure 1s then
measured with the Mcleod gauge and at the same time the argen vapor
pressure reading is taken. The room temperature is noted, and one

point cn the multilayer isotherm is complete. Btopcock 2 is now
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closed and then stopcock 3 1is opened. The capacitance manometer is on

the 0.01X range. Any deflection of the readout when stopcock 3 is
opened is noted and used as a correction to the pressure measured on
the Mcleod gauge, since any deflection indicates that the rezeroing
was not exact. A new dose is now added to the sample cell, and the

process 1s repeated.

Treatment of Data

The desired result of any series of isotherm measurements is the

amount of gas adsorbed as a function of equilibrium gas pressure at
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a given temperature. The raw data must now be treated to reach this
end. For each krypton dose added, the raw data consists of the
following quantities: dose size, room temperature, egquilibrium
pressure, and a sample temperature. The first step is to correct
the measured isotherm pressures for an effect called thermal
transpiration, which will now be discussed briefly.

When two parts of a closed system of gas connected by a
capillary are held at different temperatures, a pressure differential
develops across the caplllary; this phencomenon is known as thermal
transpiration. Thus, the pressure measured in an isotherm is not
the true equilibrium pregsure, but must somehow be corrected for
thermal transpiration in order to determine the true equilibrium
pressure.

Two regions of thermal transpiration are fairly well understood:
the Knudson region and the normal region. The Xnudsen region is the
region when the amount of gas in the system is so small that gas-gas
interactions are unimportant compared to gas-wall interactions. The
normal region occurs at higher gas pressures when no pressure
differential develops across the temperature boundary.

The transition region between these two extremes is very
difficult to understand. This difficult region is the one where some
isotherm measurements are made. Miller (32) has developed an equation
which 1s used t¢ correct the measured pressure for thermal transpiration.

Miller's equation is
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T
.Ta\l = l;o.o3oo Vo + 0.245 ¥ + i : gys | (56)
1 - (g)°

where P2 equals measured isotherm pressure, Pl equals corrected

isotherm pressure, T equals room temperature, T equals sample

2
temperature, y equals (P2d02/2.33T) X 103, ¢ equals inside diameter

1

of tube creossing temperature boundary, ¢ egquals molecular hard

sphere diameter, and T equals (Tl + Tg)/E. P Té, and T, are

2’ 1

known quantities, and P is calculated from equation (56).

1
Therefore, the experimentally measured pressure for submonolayer

or multilayer data is corrected using equation (56). To find the

amount of gas adsorbed on the surface of the Sterling FT (EYOOQ) for

each dose, one needs to know how much gas remains in the gas phase

above the sample after cach dose. Recalling that Vh is the part

of vsys at room temperature, and that VC is the part of VSys

at sample temperature, let ne oy equal the total number of moles of
2

krypton in the gas phase and adsorbed on the surface after dose i isg

added. If dose 1 dig the last dose entered in the system, then

there are Doy total number of moles in the gas phase and adsorbed
2

on the surface. The number of moles of gas adsorbed on the surface is

n_ . Where
5,1

n ,=mn . -n_, (57)
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or

n =1 _ l)iVC _ Pg}ivl’.l. (58)
8,1 t,1 RT; RT,

where n, 4 equals the total nunmber of moles of krypton adsorbed on
E

the adsorbent after dose 1 1is added, ng 1 equals the total number
s’

of moles of krypton remaining in the gas phase after dose 1 1is

added, Pg 1 equals the measured equilibrium krypton gas pressure
2

after dose 1 1is added, and P equals the corrected equilibrium

1,1
krypton gas pressure by equation (56) after dose 1 1is added. Thus

the corrected equilibrium pressure and total number of adsorbed moles,

n, ; » are determined for dose 1 from equations (56) and (58). But
2
in determining P2 ;o ch is pumped out as explained previously.
2
The loss of krypton from ch_ is taken into account for nt,i+l by
PQicm
— - —_—a =
Bt,ivl T P, T Piel RT (59)

where equals the total number of moles of krypton in the gas

B, i+l
phase and adsorbed on the adsorbent after dose (i+1l) is added, n.
equals the total number of moles of krypton gas in dose (i+l), and

P /RT2 equals the number of moies of krypton gas pumped from ch

2,ivcm

in determining PE,i'

One now has for a given T2 & group of n, i's &nd corresponding
s,

Py i's , which is the desired result.
2
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CHAPTER V

EXPERTMENTAL DATA

Submonolayer Data

There is some uncertainty about the submonolayer krypton
isotherms on graphitized carbon black as found in the literature.

Ross and Winkler (33) extimated the two-dimensional critical temper-
ature for krypton on P-33 (27000) to be about 85 K. They measured

an isotherm at 77.8°K and found a wvertical region of constant pressure
but upon measuring another isctherm at 90.l°K, found no vertical
region. On the basis of this work the twe-dimensicnal critical
temperature of krypton adsorbed on P-33 (ETOOOK) does seem to be some-
where around 85°K. Clark (26) also found that krypton adscrbed on
P-33 (27000) at TOOK shows evidence of a two~dimensional phase
transition in both the first and second adsorbed layers.

Pierotti was the first worker to find a discrepancy in the
krypton data. He measured an isotherm of krypton on P-33 (27000) at
7&.6°K and found no reglon of wvertical discontinuity in the first
layer (14). 1In the course of his work ILevy (14) also measured iso-
therms of krypton on P-33 (2700°) at 7L4.56 K and 76.91 K but saw no
sign of a vertical region of constant pressure.

Pierotti's isotherm is shown in Figure 6. It is obvious that
no vertical region of two-dimensional condensation exists in this

isotherm.


http://7I4-.56.1K

Fractional Surface Coverage (6)

| | { |
P = 7h.6°K
1 | | f
3.0 L.o 5.0 6.0

Pressure (Microns Hg)

Figure 6. Pierotti's Adsorption of Krypton on Graphite at 4.6 K.
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One of the purposes of this submonclayer work is thus to study
the adsorption of krypton on graphitized carbon over & number of
different temperatures in order to determine the two-dimensional
critical temperature. The sample used is Sterling FT (27000)
obtained from Godfrey L. Cabot Inc., Boston. Prenzlow and coworkers
(34) have shown that Sterling FT (2700 ) and P-33 (2700°) are
virtually identical. Our data can thus be compared to any taken on
the P-33 (2700?) system. The submonolayer data obtained 1s shown at
six different temperatures in Figures 7 through 14 as plots of the
volume of gas adsorbed per gram of adsorbent at STP versus the
equilibrium gas pressure in microns of mercury.

On looking at the data it is immediately obvious that the
system 1s passing through a two-dimensional critical region; it is not
so very obvious, however, exactly where the critical region cccurs.
The isotherms at 7&.60K, 75.6°K, and T9.5 K seem to be definitely
above the critical temperature; the isotherm at 69.6°K has a definite
vertical region of constant pressure indicating that this isotherm
is below the two-dimensional critical temperature. The isotherms at
TE.hoK, 72.5°K, and 73.5°K may or may not have vertical risers. At
any rate the isotherms at these three temperatures appear to be very
close indeed to the critical temperature. These temperatures, however,

are very far from the values of T usually quoted in the literature

ac
(=]

of between about 82 K and 85 K (33).

It is necessary, then, to examine the results obtained in this

research more closely and to try to determine the maximum error in

the measurements to see if this could in some manner be responsible
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for the discrepancies. Tirst, assume that the volume of gas adsorbed,

vV is correct as given in the data. FErrors in this variable are

ads’

not important in the determination of T c; rather the isotherm

2
temperatures and pressures are the important quantities.

The methed of determining isctherm pressures is given in
Chapter IV. By using equaticn (55), which is the calibration equation
for the capacitance manometer, submonolayer isotherm pressures are
determined. Uncertainties in the pressure are introduced by

1. errors in the calibration of the capacitance mancmeter
which lead to errors in the absolute value of the pressure

2. temperature fluctuations in the sample

3. errors in the reading of" the capacitance manometer readout
meter.

Errors in the calibration of the capacitance mancometer come from a
number of sources, including the Mcleod gauge, the catheotometer, and
the reading of the capacitance mancmeter output meter. The actual,
absolute isotherm pressure values are not important, however, in the

determination of T The isctherm pressure uncertainty, AP, is the

2c’
important quantity to consider. This uncertainty is brought about by
factors (2) and {3) above, which will now be discussed.

The temperature of the sample fluctuates just from the design
of the cryostat, since an on-off type of control is used. As pointed
out in Chapter III, however, these fluctuations are greatly minimized
by the vacuum jacket surrounding the sample. In taking the isotherm

data, it should be emphasized that the sample temperatures were taken

just before each isgtherm pressure measurement. It was found that the
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sample temperature never varied in any isotherm more than O.OSOK;

in most cases, in Tact, the sample temperature never drifted more than
about 0.02 K. Using a similar cryostat, Pierotti (13) found that the
sample temperature could be mzintained to within % 0.05°K. Therefore, in
trying to establish AP we let the temperature uncertainty, AT, be

0.05°K. A Clapeyron type expression, equation (60), is used to

determine how AP 1s affected by AT.

ity qstm‘-|
— (60)
RT

where P equals the isotherm pressure, T equals the isotherm
tempersature, and Ay equals the isosteric heat of adsorption. The
isosteric heat is both a function of temperature and sample coverage.
Amberg, Spencer, and Beebe (35) found by calorimetric studies that
Gy for low values of sample coverage is about 4000 calories per mole
for krypton on P-33 (27000). This value is probably high, but for our
purposes 1s a good value of qst to establish maximum errors in the
data. At TOQK and at a pressure of 0.2 microns, this error 1s about
0.004 microns, an amount considered as quite small.

Another error contributing to AP is the uncertainty in the
recorded capacitance manometer output which determines D in equation
(55). Any error herc is lessened greatly when the pressure is

corrected for thermal transpiratiocn effects. We estimate thet the

recorder chart can be read to within two of its smaellest units, which
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corresponds to a pressure uncertainty of about * 0.025 microns; this
is by far the major contribution to &P. This error is added to that
contributed from AT as given by equation (60) and the isotherms at
72.L°K, 72.5 K, 73.5 K, and Th.6 K are shown in Figures 15 through 19
with the total uncertainty AP included.

Even with the uncertainties included, the isotherm at Th.6°K,
Figure 19, is definitely above the critical temperature. Figures 15,
16, 17, and 18, the isotherms =t TE.hOK, 72.5 K, and 73.5 K, could be
taken as being either supercritical or subcritical. We believe,
however, that these isotherms are supercritical and conclude that the
two-dimensional critical temperature for krypton on Sterling FT (27000)
is about 69.6°K.

There is, therefore, a difference of lODK or mcre between our
critical temperature and that of Ross and Winkler {33). We feel that
with the data presented here and with the work done by Pierotti and
Ievy (lh), we can only conclude that our critical temperature is con-
siderably closer to being correct.

The isotherm at 79.5?K, Figure 1L, deserves special attention.
One can see that this isotherm begins very much like the isotherms at
74.6°K and 75.6 K. That is, it is above the two-dimensional critical
temperature and the pressure increases throughout the isotherm. However,
up near 2.55 cc (STP) adsorbed, a very strange phenomenon ocecurs = a
small but definite vertical region appears in the isotherm. This mezns
that a phase transition is occurring on the surface, but a different
type of phase transition than the one which oceurs at 69.6DK. A phase

transition such as the one ccecurring at T9.5°K has been predicted
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theoretically by Tsien and Halsy (36). On studying systems of krypton
adsorbed on exfoliated graphite, Duval and Thomy (37) have observed
a considerable amount of this particular type of phase transition.

The phase transition which occurs at 69.6°K is usually thought
of ags a gaslike to ligquidlike transition on the surface. Hence we
gpeak of the critical temperature, just as in three-dimensicnal systems
critical temperatures are associated with gas-1liquid phase transitions.
The behavior seen in the 79.50K isotherm is probably due to a liguidlike
to solidlike transition on the surface. Supposedly one could find an
isotherm where the gaslike-liguidlike-solidlike phases are all in
equilibrium on the surface. This would be the two-dimensional triple
point, which Duval and Thomy {37) claim to have found in their system.

This area of surface chemistry deserves a great deal more attention.

Maltilayer Data

Multilayer adsorption isotherms for krypton on Sterling FT (2700 )
were run at six temperatures between 67.7“K and 77.8'K. These isotherms
are seen in Figures 20 and 21 as plots of volumé adsorbed per gram in
cubic centimeters at STP versus the equilibrium gas pressure in microns
of mercury. Iet us first examine the second zdscrbed layer, which
occurs between about 3ce (STP) and Tec (STP) in Figures 20 and 21.

The features of the second layer are very much like the first layer.

The height of the second layer 1s almost the same as the height of the
first layer. Assuming that the flirst layer is complete somewhere on the
first plateau, or about 3.2cc (STP), the second layer is seen to end at

gbout the corresponding place on the second plateau, or about 6.lhee (sTP).
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This corresponds to approximately the same amount of krypton to
complete each layer.

It is interesting how sharply each of the plateaus end,
especially the first one. As the temperature increases the top of
the vertical riser in the second layer becomes more and more rounded
off. This indicates higher layer formation is occurring before the
second layer is complete. Higher layer formation occurs readily in
multilayer adsorption since the energy differences between layers is
not great.

The second layer seems to be passing through a phase transition.
The isotherms at 73.&0K and below have definite vertical regions,
whereas the isotherms at Th.6°K and 77.8°K have no vertical region in
the second layer. The two=dimensicnal critical temperature in the
second adsorbed layer is then about ThoK. The fact that the critical
temperature in the second layer i1s higher than in the first layer is
theoretically not surprising since the lateral interaction energy
between the molecules in a given layer is expected Lo increase with
layer number. This is another reason we believe that the critical
temperature value for submonolayer adsorptlon given by Ross and
Winkler (33) of between 827K and 85 K is not correct. Our data seems
to be consistent on this point.

The data will now be analyzed in terms of the multilayer

significant structures thecry as developed in Chapter II.
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CHAPTER VI

APPLICATION OF THE MJLTILAYER SIGNIFICANT

]
STRUCTURES THEORY TO THE KRYPTON ~ STERLING FT (2700 ) SYSTEM

Introduction

The multilayer significant structures theory is developed
in Chapter II. In this chapter the equaticns of the multilayer
significant structures theory are applied to our data on the krypton-
Sterling FT adsorption system. Only the "Three Iayer Case" will be
used in this treatment, which is given by equations (LL), (45), and
(46) in Chapter II. It should be emphasized that the total adsorption
process can be described with the "Three layer Case". No distinction
is made between the submonclayer and multilayer regions in the theory;
that is, the same model applies to all regions of adsorption. When
equations (44), (45), and (L46) are solved similtaneously, the solution
is the total isotherm from zero coverage up to three layers.

To demonstrate how a solution to these three equations is
determined, first assume that values for all the molecular parameters
are known for the equations. Then using equation (L6), the pressure P
is varied and a corresponding set of 8_'s is determined. This set of

3

93'3 is then substituted into equation (L5) to find the set of

corresponding 92'5. Finally the set of 93 - 62'5 so obtained 1s substi-

tuted into equation (hh) to find the corresponding Bl's. The total

statistical coverage 6 is found from equation (23). In this case
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& =0, + 0.0, + 919293. (61)
This procedure yields a set of pressures with a corresponding
set of coverages at a given temperature and molecular parameter
values. This is the theoretical isotherm which will be compared to the

data.

Selection of Theoretical Parameters

In order to determine a solution for the theoretical 1sotherm
equations, a set of molecular parameters need to be known. The method
used here to find the perameters involves specifying one particular
set of parameters which apparently give a best Tit of one particular
isotherm, namely that at 73.5°K. This set of parameters is then used
throughout varying only the temperature to observe how well the theory
predicts the other isotherms. The values of our molecular parameters
are then compared to values from cutside sources or theories to
perhaps deteymine the validity of the approach.

Each parameter needed in the "Three Iayer Case" will now be
considered to find how it is cbtained for the isotherm at T3.5uK.

The following parameters are needed in order to fit the 73.5UK
1sotherm: Ag, v, (e/x);, 8y, W, end U,.

i
Area Per Molecule

The ares per molecule when the i-th layer 1s filled to capacity,

AE, is assumed to be the same in each layer and is taken to be 19.5A2.

This is a previously used value for krypton (38).
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Vibrational Frequency

The vibrational frequency in the =z directlon is taken to be the
same 1in each layer and is obtained by a method outlined by MeAlpin (9).
Tn this method equation (9) is used and a plot is made of the quantity
1n{(C) - 21n(T) versus 1/T for the submonolayer data. This results in
a straight line and the vibratlonal frequency is determined from the
intercept. This method results in a value of 0.8 x lO-12 sec-l for
the vibrational frequency for the krypton-Sterling FT system.

Adsorbate-Adsorbate Interactibn Parameter

The Lennard-Jones interaction parameter (e/k)i for the adsorbate-
adsorbate interaction in the i-th layer is not a funcetion of temperature,
but is a function of layer number. Theoretically the interaction
should incremse as the leyer number increases. As will be shown later,
(e/k)__.L determines the shape of the theoretical isotherm in the i-th layer;
that 15, the eritical properties are determined by (e/k)i. In this
work (e/k)l is given a value of 130 K. This value is chosen to give
the theoreticel isctherm the best shape in the first layer. For the
second and third layers, (e/k)2 and (a/k)3 are given the gas phase
velues of 171K (39). This is probably a falrly good choice for the
second and third layer wvalues since the gas-surfece interaction is
relatively weak 1n these layers. |
Free Areas

After the values of (e/k)i have been chosen, finding the free
area in each layer, By is simply a matter of solving equation (12).
The free areas are a function of temperature and are slightly different

for each isotherm.
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Lattice Energy

The molar two-dimensional lattice energy in the i~-th layer,
Wi, is obtained by assuming pairwise interacticns hold and summing
the Iennard-Jones 6-12 potential over the assumed triangular lattice.
In this work the summation is performed directly over the Tirst 36
nearest neighbors of a central molecule and then the potential equation
is integrated over the rest of the plane. The final result is that
W, is 6.72 (e/k)i calories per mole.

Molar Site Energy

The molar site energy, Ui’ for an isclated molecule in the i-th
layer includes both an adsorbate-adsorbent term and a term for the
interaction of the molecule with all the molecules in the (i-1) layers
below the i-th layer. Ui determines the relative position of the i-th
step in the theoretical isotherm. Values of Ui in this work are chosen
to best fit the positions cof the steps in the isotherm at 73.5uK. Ui
is not a function of temperature.

Table 3 shows the values of the parameters used to fit the 73.5uK
isotherm. It will be recalled that the experimental coverage, 6, is
the ratio of the volume of krypton adsorbed to the volume of a complete
monolayer, Vm. A value of 3.22cc (STP) per gram is used for Vm to
obtain the best overall fit of the experiment and theory. This is a

very typical value of Vm for krypton on graphitized carbon, falling

very close to the value used by Singleton and Halsey (31).
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Table 3. Molecular Adsorption Parameters Derived from the
Maltilayer Significant Structures Theory for the
Krypton-Sterling FT System at 73.5 K

Parameter Value

v 0.8 x 10lgsec-l

o} o o 2
Al, Ae, A3 19.5 A

(e/x), 130K

(e/k)y, (e/k), 171 K
a 0.2062 A°

f1

2

8rpr Bpg 0.1620 A
Wy 874 cal/mole
Wg, W3 1149 cal/mole
Uy 2910 cal/mole
U, 1670 cal/mole
Ug 1625 cal/mole
v 3.22 cc (STP)/g
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Fit of the Multilayer Theory to the Data

Adsorption Isotherms

The isotherm at T3.5vK will first be discussed, since this is
the isotherm used to find the parameters in Table 3. Figure 22 shows
the experimental points and the theoretical curve for this temperature.
The submonolayer region is at such a low pressure that it lies on the @
axis of Figure 22. Filgure 23 shows the submonolayer region expanded
so that the detall can be seen,

The theoretical first layer curve, Figure 23, is seen not to
be vertical, Just as the data points are not vertical. The second
layer, Figure 22, is vertical in both the theory and the data. The
theoretical third layer is vertical as a result of a van der Waals
type loop. This locp is not shown in Figure 22, or in any of the
subsequent isotherms, where only the equal areas vertical line is seen.
The loop in the third layer is the result of arbitrarily limiting
adsorption in the theoretical model to three layers, making the third
layer a clesed system. It should be emphasized that a loop is seen only
in the third layer and that any vertical region in the theoretical
first or second layers is not the result of a van der Waals type loop.

The parameters in Table 3 are now used to predict the isctherms
at the other temperatures used in this study. Figures 24 through 33
show the experimental data points and the resulting theoretical isotherm
curves. The submonolayer scales are again expanded in order to see the
detail.

The behavior of the first layer seems to be predicted most

accurztely by this theory as the theoretical curves coincide very
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closely with the actual data. The ﬁorst fits for the submonolayer
region are at the temperature extremes of 69.6"K and 79.5°K, and
even here the shapes of the theoretical curves are correct.

The theory also predicts the two-dimensional submonolayer
eritical temperature tc be about 69.6°K as is seen from the curves.

It was concluded in Chapter V from an examination of the data that
this was the approximate critical temperature.

The theoretical multilayer isotherms as compared to the data
are seen in Figure 22 and Figures 24 through 28. Overall the model
does a good job of predicting the positions of the steps. For
example, in Figures 24 and 25, the isotherm pressures change
tremendously from those in Figure 22 at 73.5°K. Yet the theory predicts
these pressure changes admirably, particularly at 69.6°K. The fits in
Figures 27 and 28 at 74.6°K and 77.8°K are equally impressive. The
fit at T1.2°K, Figure 26, is not so good, strangely enough, but still
satisfactory.

Isosteric Heats

The thecoretical and experimental isosteric heats are shown in
Figure 34 as a function of coverage. These heats are determined
graphically from both the theoretical and experimental 1sotherm curves
by using a Clausius-Clapeyron tType expression and making a least
squares fit of a plot of 1ln P versus 1/T for various values of 4.

The agreement between the theoretical and experimental heat
curves ig only fair. It is interesting to note that the calorimetric
heats of adsorption for the krypton-P-33 (2700 ) system obtained by

Amberg, Spencer, and Beebe (35) and seen also in Figure 34 are located
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right in between our experimental and theoretical heat curves in

the region of 8 equal one to 8 equal two. In addition, it is

very interesting that Amberg et al. also obtained the flat portions of
constant heat in their calorimetric study that were obtained in both

our theoretical and experimental curves.

Discussion of Results

The molecular interaction parameters found in Table 3 and used
to it the theory to the experimental data will now be discussed in
terms of other accepted values and in light of other theoriles.

The adsorbate-adsorbate interaction parameter is given a value
of l30vK in the first adsorbed layer in the theory. This value is
required to give the theoretical isotherm the correct shape, and also
the correct critical temperature. The gas phase value for e/k for
krypton is 171K (39); the interaction parameter is thus lowered about
2L per cent upon adscrption in the first layer. Using third order
perturbation theory, Sinanoglu and Pitzer (40) have predicted just
such a lowering of the gas-gas interaction parameter. They determined
that, on adsorption, a repulsion 1s introduced between the molecules
in the monolayer which amounts to about 20 to 40 per cent of their
gas phase potential minimm. Our agreement here is therefore good.

The interaction of the surface with higher layers than the first
drops off very rapidly. 1In fact, it is known that the adsorbate-
adsorbent interaction in the second layer is only about 1/8 that of
the first layer. For this reason the gas phase values of the inter-

action parameter are used for the lateral interaction in the second
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and third layers of the theory.

The molar site energy determined for the first layer compares
very favorably with values found by other workers. Using a virial
approach Halsey and coworkers (20) determined that U, is 2901 calories
per mole for krypton adsorbed on P-33 (2700~). The wvirial method is
regarded as a very accurate approach to determine such parameters
since the complication of lateral interactions is removed. The
agreement with our Ul is excellent.

If Ul is regarded as being correct as given in Table 3, then
we can estimate closely what U2 should be by means of a lattice
sumation. Assume that the energies are pairwise additive between one
isolated krypton molecule in the second layer and all the krypton
molecules in the first layer. If a Iennard-Jones 6-12 type of potential

is assumed, then the interacticn energies between the second layer and

the first layer can be found by equation (62}).

* 12 * 6

Eew (o) ((5) -oF) ] (62)

r

Here E equals the interaction erergy, € equals the depth of the
potential well, r* equals the internuclear distance at the potential
minimum, and r equals the internuclear distance. Consider the
interaction between the given krypton atom in the second layer and its
three nearest neighbors in the first layer in Figure 35. Ietting r = r*
in equation (62) and miltiplying the result by three, for the three

neighbors, yields
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Figure 35. A Simple Model for the Packing of Krypton Atoms on
the Graphite Burface in the First and Second
Adsorbed layers.



£ =R (E)-1) x 3= -3:(F) (63)

Now consider the next closest three neighbors to the given molecule
in Figure 35. Equation (62) is again used and the result is equation

(6k).

2,6
B-RE) (%) -a#) | x3=-0.0xE) (6k)

This process is continued for the nearest L8 neighbors in the first
layer of the given krypton atom in the second layer. All the

contributions are added with the result being that

Eg = -4.329 R(ﬁ) (65)
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for the total interaction of the given krypton atom in the second layer

with its first 48 neighbors in the first layer. Equation (62) is
integrated for the interaction past the first U5 neighbors, resulting

in equation (66).

E_ = -0.016 R(E)- (66)
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Adding equations (65) and (66), the total interaction between the
krypton atom in the second layer and all the atoms in the first

layer is ET, where

Ep = 434 R (-lf) . (67)

The negative sign is dropped since these energles are usually given
positive signs.

Another contribtution to the site energy of the given molecule
in the second layer is due to the solid surface. This contribution

is approximated by the well known cube law. That is,

E - —1 (68)

s
a 3
&

where Es equals the site energy contribution from the solid surface,

1

the ratio of the distance of the first and second layers away from the

U, eqguals the adsorptive potential in the first layer, and de/dl equals

surface. Here Es is 364 calories per mole if the second layer is
assumed to be twice as far from the surface as the first layer.
Therefore, if a value is given to €/k in equation (67), then U, can
be estimated by letting
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U =E_+§ (69)

If a value of 130 K is given to ¢/k, then
U, = 1486 cal/mole.

This is the value of ¢/k in the first layer as found from the best

fit of the data. Sinancglu and Pitzer (40) predict, however, that the
interaction between molecules in adjacent layers should be greater
than the interaction between molecules within a given layer. That is,
the molecular interaction is lowered from the gas phase value within a
given layer. But the interaction between molecules in adjacent

layers should be raised above the gas phase value, and the gas phase
value of e/k would therefore perhaps be a better cholce in equaticn

(67). Ietting e/k be 171 K we find that

U2 = 1840 cal/mole.

Our theoretical value of 1670 calories per mole for U2 lies between
these two estimated values.

To estimate U, equation (67) is again used for the interaction

3
between the second and third layer. If e¢/k is ITl-K then

Ep = 1476 cal/mole.
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The cube law is used to estimate the interaction between the third
layer and all the molecules below the third layer. For this the
theoretical value of 1670 calories per mole for U2 is used, with the

resull being

ES = 208 cal/mole.

We thus estimate that

Ug = By + Eq = 1684 cal/mole.

This value compares very favorably with our theoretical value of

1625 calories per mole obtained from fitting the data.
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CHAPTER VII
CONCIUSIONS AND RECOMMENDATICNS

It is concluded that the krypton-Sterling FT (2700°) adsorption
system shows some very proncunced stepwilse behavior. Two dimensional
condensation is clearly seen in the first and second adsorbed layers
with the twe dimensional critical temperature occurring at about
69.6°K for adsorption in the submonolayer region.

It is possible that a ligquidlike to solidlike surface phase
transition may have been observed in one isotherm. This particular ares
deserves some very careful study, not only for the krypton-Sterling
FT (27000) system, but for other adsorption systems as well. It is
also recommended that there be other measurements of the critical
temperature of the krypton-Sterling FT (27000) adsorption system.

The multilayer significant structures theory does many of the
things one would hope a multilayer theory would do. It predicts
stepwise adsorption, condensation, and critical temperatures. It fits
the edsorption data of the krypton-Sterling FT (27000) system fairly
well and predicts molecular type parameters that have been shown to
be very reasonable.

It is recommended that this theory be applied to several other
adsorption systems. It is also recommended that the theory be extended

to include polyatomic molecules.
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AFPENDTX A
UNCERTAINTIES IN THE THEORETICAL MOLECULAR PARAMETERS

The effects that occur in a particular theoretical isotherm
upon changing the molecular parameters are now examined. Some
uncertainty limits in the theoretical adsorption parameters are
desired. Throughout this discussion the T3.5°K theoretical isotherm
is used as an ekample. In Figures 36 and 37 the parameter Ui is
changed by 50 calories per mole in all three layers. The isotherm
curve 1s translated along the pressure axis by changes in Ui’ hut
basically the isotherm shape remains the same. From Figures 36 and

37 we can make an estimate of the uncertainty in U, by the deviations

i
of the experimental data in Chapter VI away from the theoretical
curves. The uncertainty in Ul is estimated to be 50 calories per

20 calories per mole, and in U,, 10 caloriles per mole.

mole, in U2, 3
These uncertainties, and those that follow, represent only the
model's ability to fit the data.

In Figures 38 and 39 U; remains the same, but (e/k)i is
changed in all three layers by 10 K. Changing ( e/k)i affects not
only the pressures, but the basic shape of the theoretical isotherm as
well. This is very clearly seen in the submonolayer region, Figure
39. In the second layer, seen in Figure 38, lowering e raises the

pressure, as expected, and also makes the region of vertical dis-

continuity somewhat less. In the third layer, lowering 33 raises
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the pressure and makes the formation of the third layer begin much
sooner. It also causes the region of vertical discontinuity to be
less in the third layer. The uncertainties in these parameters are
very difficult to establish. Probably about 5°K is a fair estimate
of the uncertainty in (e/k)l.

This raises the question of how to fit the data if there are
two parameters, ei and Ui’ which change the isotherm pressures. We

rely first on the shape of the isotherm to determine ¢ of

1
course ce and 23 are more difficult and are given the gas phase value.
The pressures in each layer are then adjusted to the data by means

of Ui'

The greatest deviation of the theoretical curves from the
experimental data occurs at the flat plateau regions of the theoretical
curve; that is, the theoretical curve bends over much too quickly from
the vertical riser in Figures 22 through 28. One possible explanation
for this deviation is that the packing of the krypton atoms in the
second and third adsorbed layers 1s different than the packling in the
first layer. Throughout the treatment thus far, it has been assumed
that the area per molecule at capacity coverage and the amount of
krypton needed to complete a layer were exactly the same for each
layer; that is, Ai is 19.5A2 and Vm 1s 3.22cc(STP) per gram.

It is quite reasonable to let the packing be different in each
layer, particularly considering the fact that the lateral interactions
are so mich greater in the second and thilrd layers than in the first

layer. A good approximation is to let the density of the krypton in

the second and third layers be the same as that of bulk solid krypton.
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For hexagonally packed solid krypton

=<
[
W
w

- (70)

n

where a 1is the cell radius and V 1is the total volume of the N

molecules in the system. For a two-dimenslional triangular lattice of

krypton

/3 .2
£ e (71)

=1

where a 1is the cell radius and A is the total area occupied by

the N atoms. If the density cf krypton in the two-dimensional
lattice 1s the same as the bulk solid Rrypton, then a is the same

in equations (7C) and (71). Thus

b GEgEn). 2

At 73.5°K the density of sclid krypton 1s 2.95 grams per cubic

centimeter (41). From this density V/N is determined, resulting in

= 14.38%,

=
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Thus
Ai - 19.54°
A = 1h.347
Ag = 1h4.3a°

If these new values of Ai are substituted in the theoretical isotherm
equations, it would seem that a whole new set of 9's would result.
This is not the case however, as the thecretical 6's remain the same
as a result of the way ei is defined. The number of sites in the
i-th layer 1s defined as the number of molecules adsorbed in the i-1
layer; thus, Ni can never exceed Ni-l'
Since we know that the packing in the second and third layers
can be greater than in the first layer, we can artifically force N2

and N3 in the theory to be greater by multiplying each by Ai/Ag, or

1.36. That is

N, = 6N,
N, = 6,8, x 1.36 = 6,8, N, x 1.36,
and
N3 = 93N2 x 1.36 = 936261Nox 1.36.
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Thus
0=0+ (9192) 1.36 + (919293) 1.36 . (73)

The isotherm at 73.5 K in Figure 22 is now adjusted with the
new value of 6 in equation (73) and the result is shown in Figure L4O.
The agreement between the theoretical curve and experimental data is
greatly improved by this approximation. The fact that the data lies
below the theoretical curve at the second plateau probably indicates
that the density of the second adsorbed layer is somewhat less than
that of bulk sclid krypton.

The rest of the theoretical curves could obvicusly be treated
in a similar manner, resulting in closer agreement between the theory
and experiment. We decline tec do this, however, since the idea of
different packing in different layers is nct really consistent with

the present theoretical development.
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APPENDIX B

EXPERIMENTAL DATA



Table 4.

Experimental Submonolayer Dgta for
Krypton on Graphite at 69.6 K.
Vm = 3.22 STP cc/gm

127

Vods P g
(STP cc/gm) (microns Hg)
0.310 0.053 0.096
0.525 0.081 0.163
0.733 0.126 0.228
0.972 0.128 0.302
1.25 0.111 0.387
1.47 0.094 0.457
1.65 0.110 0.513
1.92 0.139 0.595
2.17 0.133 0.672
2.43 0.152 0.755
2.65 0.194 0.824
2.86 0.818 0.887




Table 5.

Experimental Submonolayer Data for
Krypton on Graphite at 72.4 X,
v = 3.22 STP ce/gm

125

Voas P 8
(STP cc/gm) (microns Hg})

0.17h 0.093 0.054
0.379 0.106 0.118
0.818 0.143 0.254
1.0k 0.138 0.324
1.26 0.186 0.391
1.46 0.196 0.h452
1.71 0.191 0.530
1.95 0.215 0.607
2.24 0.221 0.697
2.52 0.256 0.782
2.84 0.654 0.882




Table 6.

Experimental Submonolayer Data for
Krypton on Graphite at 72.5 K.
V= 3.22 STP cc/gm

129

Vods P 2]
(STP cc/gm) (microns Hg)
O.17h 0.096 0.054
0.310 0.132 0.096
C.515 0.173 0.160
C.702 0.189 0.218
1.07 0.192 0,331
1.26 0.199 0.391
1.45 0.211 0.450
1.63 0.234 0.506
1.96 0.235 0.609
2.59 0.320 0.803
2.84 0.654 0.882




Table 7.

Experimental Submonolayer Data for

Krypton on Graphite at 73.5 K. (Run #1)

v, = 3.22 TP ce /gm

130

v P 8
ads
(STP cc/gm) (microns Hg)
0.177 0.121 0.055
0.379 0.130 0.118
0.549 0.188 0.171
0.740 0.21k 0.230
0.924 0.230 0.287
1.10 C.214 0.339
1.29 0.263 0.399
1.49 0.268 0.462
1.69 0.254 0.523
1.68 0.278 0.582
2.02 0.280 0.628
2.23 0.297 0.693
2.40 0.314 0.747
2.58 0.357 0.802
2.75 0.502 0.854




Table o.

Experimental Submonolayer Data for

Kryoton on Graphite at 73.5 K. (Run #2)

V., = 3.22 SIP ce/gm

131

Veds P 6
(8TP cc/gm) (microns Hg )
0.177 0.121 0.055
0.385 0.129 0.120
0.60L 0.158 0.188
0.791 0.177 0.246
0.965 0.182 0.300
1.13 0.196 0.352
1.30 0.199 0.403
1.49 0.207 0.46kL
1.69 0.234 0.523
1.87 0.267 0.581
2.10 0.286 0.651
2.27 0.306 0.704
2.k43 0.378 0.753




Table 9.

Experimental Submonolayer Data for
Krypton on Graphite at Th.6 K.
v, = 3.22 STP ce/gm

132

v P 8
ads
(S‘IP cc/gm) (microns Hg)
G.177 0.133 0.055
0.310 0.165 0.096
0454 0.189 C.1b1
0.593 0.184 0.184
0.750 0.280 0.233
0.968 0.264 0.301
1.16 0.316 0.359
1.37 0.361 0.h27
1.60 0.358 0.490
1.77 0.386 0.552
2.24 0.504 0.697
2.41 0.597 0.749
2.62 0.736 0.813
2.80 1.001 0.868
2.90 1.323 0.901




Table 10.

Experimental Submonolayer Data for
Krypton on Graphite at 75.6 K.
v, = 3.22 STP ce/gm
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Vs P 6
(STP cc/gm) (microns Hg)

0.136 0.198 0.042
0.280 0.274 0.087
oWiral 0.322 0.146
0.723 0.353 0.225
0.876 C.hak 0.272
1.08 0.437 .335
1.23 0.493 0.382
144 0.564 0.448
1.62 0.602 0.504
1.79 0.608 0.557
1.97 0.661 0.612
2.12 0.691 0.659
2.30 0.755 0.713
2.45 0.83L 0.759
2.64 1.030 0.819




Table 11.

Experimental Submonoleyer Data for
Krypton on Graphite at 79.% K.
v, = 3.22 STP cc/gm

13k

Vods P 8
(STP cc/gm) (microns Hg)
0.261 0.719 0.081
0.518 0.754 C.161
0.811 0.819 0.252
1.07 0.902 0.333
1.34 1.24 C.416
1.60 1.h4s 0.496
1.8 1.71 0.566
2.00 1.86 C.621
2.23 2.25 0.692
2.h2 2.34 0.752
2.59 2.31 0.805
2.76 2.37 0.858
2.94 2.87 0.914
3.15 3.96 0.979
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Q

Experimental Multilayer Data for
Krypton on Graphite at 67.7 K.

\'

Table 12.
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Table 13. Experimental Multilayer Datg for
Krypton on Graphite at £9.6 K.
v = 3.22 STP cc/gn

v P 2] v P )
ads ads
(STP cc/gm)(microns Hg) (STP cc/gm) (microns Hg)

2.41 0.146 0.75 6.59 148 2.05
2.88 1.09 0.89 6.63 153 2.06
3.13 20.0 0.97 6.76 164 2.10
3.16 28.6 0.98 6.87 170 2.13
3.18 36.8 0.99 6.96 17h 2.17
3.21 46.8 1.00 7.22 176 2.24
3.2h4 56.9 1.01 7.49 178 2.33
3.28 Al 1.02 7.76 179 2.4
3.32 73.1 1.03 8.05 182 2.50
3.36 7.2 1.04 8.35 188 2.59
3.40 79.4 1.06 8.58 190 2.67
344 79.3 1.07 8.79 191 2.73
3.48 80.3 1.08 9.00 194 2.79
3.65 79.6 1.13 9.22 199 2.86
3.68 80.3 1.1k 9.38 197 2.91
3.7k 80.7 1.16 9.57 201 2.97
3.85 81.3 1.20 9.75 202 3.03
L,07 81.5 1.26 9.96 205 3.09
4,34 82.0 1.35 10.17 207 3.16
4.59 83.6 1.43 10.32 206 3.21
4.88 83.8 1.52 10.53 207 3.27
5.15 8h.2 1.60 10.74 208 3.34
5.37 85.7 1.67 10.94 208 3.40
5.60 86.4 1.74 11.23 209 3.49
5.81 87.9 1.81 11.51 209 3.58
6£.01 89.9 1.87 11.78 210 3.66
6.24 96.9 1.94 12.09 210 3.75
6.50 137 2.02 12.h2 211 3.86
6.55 143 2.03 12.75 212 3.96
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Table 14, Experimental Maltilayer Datg for
Krypton on Graphite at 71l.2 K.
V., = 3.22 STP ce/em

v P 6 v P 6
ads ads
(STP cc/gm){microns Hg) (STP cc/gm){microns Hg)

2.48 0.209 0.77 7.15 279 2.22
2.70 0.291 0.84 7.37 282 2,29
2.92 5.55 0.91 7.62 296 2.37
3.03 12,7 0.94 7.91 300 2.46
3.15 48.3 0.98 8.18 296 2.54
3.24 99.2 1.01 8.45 303 2.62
3.31 129 1.03 8.72 32k 2.71
3.38 139 1.05 9.09 336 2.82
3.44 137 1.07 9.35 34k 2.90
3.78 145 1.17 9.62 350 2.99
4,08 145 1.27 9.91 357 3.08
L, 3k 145 1.35 10.17 360 3.16
4.60 145 1.43 10.45 364 3.25
4.86 145 1.51 10.73 371 3.33
5.09 146 1.58 11.01 383 3.42
5.30 146 1.65 11.30 391 3.51
5.57 148 1.73 11.57 393 3.59
5.84 153 1.81 11.81 398 3.67
6.05 157 1.88 12,12 h17 3.76
6.26 179 1.95 12.33 431 3.83
6.35 199 1.97 12.61 Lk3 3.92
6.43 223 2.00 12.88 L& 4,00
6.52 245 2.03 13.1k L3k 4,08
6,69 273 2.08 13.41 bo6 h.16
6.64 287 2.12 13.67 ho3 L.25
6.97 277 2.16




Table 15. Experimental Multilayer Datg for
Krypton on Graphite at 73.5 K.
V= 3.22 STP ce/em

v P 6 '} P 0
ads ads
(STP cc/gm){microns Hg) (STP cc/gm)(microns Hg)

2,19 0.869 0.68 4.13 237 1.28
2.4 0.950 0.75 4.33 236 1.34
2.65 0.997 0.82 4,56 236 1.42
2.87 bbb 0.89 4,78 238 1.49
2.9k 10.7 0.91 5.00 2ko 1.55
2.98 12.8 0.93 5.21 240 1.62
3.01 16.5 0.94 5,42 243 1.68
3.0L 20.5 0.94 5.60 24l 1.74
3.06 29.6 0.95 5.79 248 1.80
3.09 39.6 0.96 5.96 251 1.85
3.11 52.2 0.97 6.17 268 1.92
3.13 65.8 0.97 6.27 294 1.95
3.15 81.9 0.98 6.39 348 1.98
3.17 106 0.99 6.42 364 1.99
3.19 121 0.99 6.4k 373 2.00
3.21 137 1.00 6.7 381 2.01
3.22 151 1.00 6.49 391 2.02
3.25 172 1.01 6.53 401 2.03
3.27 188 1.02 6.55 411 2.0k
3.30 201 1.03 6.59 Lo 2.05
3.33 213 1.03 6.61 Lo 2.05
3.35 225 1.04 6.64 433 2.06
3.38 228 1.05 6.66 436 2.07
3.41 232 1.06 6.69 Lh2 2.08
3.43 256 1.07 6.71 L7 2.08
3.46 236 1.08 6.75 L5k 2.10
3.55 237 1.10 6.90 473 2.1k
3.70 237 1.15 7.05 481 2.19
3.93 237 l.22 7.18 483 2.23



139

Table 15. Continued

Vods P 6 V_ds P 2
(STP cc/gm) (microns Hg) (TP cc/gm) (microns Hg)

7.34 488 2.28 9.67 541 3.00
7.58 490 2.35 9.87 54E 3.07
7.84 496 2.43 10.11 551 3.1k
8.06 501 2.50 10.33 558 3.21
8.32 505 2.58 10.55 560 3.28
8.59 512 2.67 10.73 565 3.33
8.83 520 2.7h 11.03 572 3.43
9.05 525 2.81 11.37 575 3.53
9.26 531 2.88 11.66 577 3.62
9.49 536 2.95 11.92 579 3.70
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Table 16. Experimental Multilayer Data for

Krypton on Graphite at 7@.6°K.
Vm = 3.22 SIP cc/gm

Voss P 5 Vads P 8

(STP cc/gm)(microns Hg) (5TP cc/gm) (microns Hg)
2.87 5,00 C.89 6.61 550 2.05
2.89 9.34 0.9C 6.67 573 2.07
2.90 12.2 0.90 6.73 590 2.09
2.93 16.1 0.91 6.81 607 2.11
3.02 27.0 0.94 6.91 623 2.15
3.11 63.4 0.97 7.02 627 2.18
3.18 129 0.99 7.10 631 2.21
3.24 200 1.01 T7.28 633 2.26
3.31 261 1.03 T.41 635 2.30
3.41 299 1.06 T.57 638 2.35
3.48 303 1.08 7.72 645 2.40
3.5k 30k 1.10 7.88 642 2.45
3.6k 304 1.13 8.03 652 2.49
3.79 306 1.18 8.23 €55 2.56
L.06 308 1.26 8.44 €61 2.62
4.30 309 1.34 §.61 666 2.67
4,53 310 1.41 8.78 673 2.73
4,73 311 1.4 9,01 670 2.80
L.o7 315 1.5k g.25 684 2.87
5.11 314 1.59 G.h45 694 2.94
5.27 315 1.64 9.69 703 3.01
5.46 319 1.70 9.93 712 3.08
5.61 321 1.74 10.08 735 3.13
5.76 327 1.79 10.32 738 3.21
5.93 332 1.84 10.51 Ths 3.26
6.12 342 1.50 10.75 750 3.34
6.21 354 1.93 11.09 753 3.4k
£.30 387 1.96 11.41 759 3.54
6.38 433 1.98 11.74 T62 3.65
6.37 L7 1.98 12.06 TEL 3.7k
646 486 2.01 12.46 768 3.87
6.53 519 2.03
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Table 17. Experimental Multilayer Data for
Krypton on Graphite at 77.8 K.
v, = 3.22 5TP ce/gm

Vads P o

(STP cec/gm) (microns Hg)

3.05
93.3
533
651
657
661
664
666
670
673
6Tk
683
687
693
699
710
725
Th5
816
946
914
1061
1117
1203
1270
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