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SUMMARY

A sample of sodium chloride was prepared by sublimation. Electron
microscopy and diffraction studies indicated the particles were amorphous
and predominantly spherical in shape. The sublimated sample was then
thermally treated at 300 % 100K under a pressure of 550 torr of dry
nitrogen, for a period of 144 hours. Subsequent electron microscopy and
diffraction studies showed that the particles remained essentially spher-
ical in shape, but now had become crystalline. Some sintering of the
particles was also observed.

The interaction of argon and nitrogen with the surface of the
thermally treated sample was investigated using physical gas adsorption
techniques. Isotherm measurements were made for argon and nitrogen at
four different temp€ratures: 72.10K, 77.1°%, 82.1°K and 90.19K, using
a standard volumetric gas adsorption apparatus. Pressures in the range
of 10™% torr to 28 torr were measured on a McLeod gauge with a confidence
limit of * 2%. A U-tube mercury manometer was used to measure pressures
in the range of 28 torr to 760 torr with a confidence limit of # 1,8%. A
cryostat based on the principle of cooling by injection of helium gas
into a cryogenic liquid is described. The temperature of the sample was
controlled to * 0,01%K over the range from 72 to 90°K. Liquid nitrogen
and oxygen were employed as the cryogenic liquids.

A site energy distribution analysis was determined from the iso-
therm data using the method outlined by Adamson.? The results of this

analysis for the primary surface were fitted to an analytical function
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of the form

£(Q) = A exp (-clQ - Q| ™

where f£(Q) is the distribution function, Q is the energy corresponding
to a particular value of the distribution function and Q, is the mean
value of Q, The parameters A, ¢ and n were varied until the best fit
with the experimental data could be obtained., For nitrogen on sodium
chloride the 95% confidence limit was found to be % 0.125 kcal/mole,
and for argon on sodium chloride, * 0.014 kcal/mole. These results
indicated that predominantly one plane, with a narrow distribution of
energy, was exhibited on the surface of the sodium chloride particles.
The isotherms show a small step in the low pressure region, which is
attributed to a secondary surface of higher interaction energy. 1Using
the point B method, the area of these high energy sites was estimated
as about 2% of the total surface. These high energy sites were not
observed using the present method of determining the site energy distri-
bution,

The experimental isosteric heats o¢f adsorpticn were determined
from the slope of the isosteres of each adsorbate, using the Clausius-
Clapeyron equation. Zero coverage isosteric heats of adsorption were
determined from the isosteric heat curves and compared to theoretical
values calculated from the summation precedures outlined by Orr,? for
the (100) plane of sodium Chloride. The parameters of the modified
Buckingham (6 - exp) potential for the adsorbate-adsorbate self-

interaction potential were used in the calculation., The results are
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shown in the table below.

Gas qg ¢ (kcal/mole)
Experimental Theoretical

Ar 1,630 % ,076 1.044

N, 3.040 * ,127 2.596

Besides the (100) plane of sodium chloride, a common equilibrium
crystal face is the (111} plane found on octahedral sodium chloride.
Two types of (111) planes are possible, one made up of all sodium ions
and one made up of all chloride ions. Young has calculated the energy
of interaction for argon on the (111) planes of octahedral potassium
chloride., He found the difference in the energy of interaction between
the two (111) planes amounted to over 500 cal/mcle. Since the polariza-
bility of the potassium ion (1.228 A03) is much greater than that of the
sodium ien (0.303 A°3), it 1s expected that the difference in the (111)
planes of sodium chloride would be even greater. Since the site energy
distribution analysis indicates a very narrow energy distribution for
the primary surface, the (111) planes are not considered as likely for
the sample of this study as the (100) planes. This study, however,
does not rule out the possibility of having only one of the (111} planes

exhibited by the primary surface of the particles,
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CHAPTER I

INTRODUCTION

Statement of Problem

The purpose of this study was to develop a sample of sodium
chloride exhibiting predominantly one surface crystal face and to inves-
tigate the interaction of non-polar gases with this homogeneous surface.
A surface exhibiting predominantly one crystal face with a minimum of
impurities and crystal face defects is defined as a2 homogeneous surface.
Sublimation was selected as the method for preparing the sodium chloride
sample in this study, since this method of preparing ionic crystals has
been shown1 to form homogenecus surfaces.

The interaction of non-polar gases with the sodium chloride
sample was investigated using physical gas adsorption measurements.
Argon and nitrogen gases were employed as the adsorbates. Although
these gases are similar with respect to their polarizabilities, they
differ in that nitrogen is a homonuclear diatomic molecule possessing a
quadrupole moment. Their energies of interaction with the sodium chloride

sample are thus expected to be significantly different.

Interaction Energy

The energy of interaction of an atom A with an ion in a crystal

. . , 2
can be separated into three separate contributions



+ u;

u(ri) = uy 43¢ tu i,ind (1)

i,rep

where r; is the distance between the i th ion of the crystal and the
atom A. This separation is based on the assumption that the contribu-

tions are additive. The term u; is the attractive part of the po-

i,dis
tential due to the dispersion forces and has the form of a multipolar
expansion

udis(r)'= by C(i)/r(6 t2i) (2>

;iO
in the limit of large distances,

The constants Ci are determined by the properties of the atom A
and the ion of the crystal. The energy due to the fluctuating dipole-
dipole interaction is given by Co/r6, the energy due to the fluctuating
dipole-quadrupole interaction is given by CI/rB, ete. These fluctuating
dipole and higher order multipolar interactions constitute the disper-
sion forces. Evaluation of the ¢l's has been carried out by several
workers and some of these will be discussed in the next section. The
multipolar expansion is not valid at short distances. The value of the
Ci's will be dependent on the repulsive part of the potential at close
intermolecular distances.

The repulsive part of the potential between the atom A and the

ion of the erystal is given by u Several forms for the repulsive

i,rep*’

potential have been proposed and are discussed by Pierotti and Thoma52

and by Young and CrowellB.



The collection of ions in an ionic crystal produces an electro-
static field above the crystal surface. A neutral polarizable atom or
molecule in the presence of this field, experiences a force due to the
induction of a dipole in the atom or molecule. In addition, if the
molecule possesses a permanent dipole or quadrupole moment, it will
experience an electrostatic force, These inductive interactions are

represented by the term u 4 in equation (1).

i,in

The energy of interaction of an atom A with the entire crystal

may then be approximated by

u(r) = g u(ri) = I (ui,dis + Ui rep + Ui,ind) 7 (3)

i

where atom A is at a position r relative to a reference point in the
crystal and the summation is over all of the iens in the crystal,
Equation (3) is based on the assumption of pairwise additivity.
Margenaua has shown this to be a reasonable approximation for the portion
of the potential due to dispersion forces.

The energy of interaction as obtained by equation (3) may be re-
lated to the experimental data of physical adsorption in the following
manner.3 Consider an isothermal process, wherein the adsorption of dng
moles of adsorbate is accompanied by a transfer of heat, dQ, to the sur-

roundings., 1In general the varicus differential heats of adsorption are

defined as
q = dQ/dng (4)

and an integral heat of adsorption is defined as



Q =/ qdng (5)
0
From the First Law of Thermodynamics

dE = 8q' - ow (6)

or
§q' = dE + é&w {(7)

where the prime mark on q' distinguishes this quantity from the differ-
ential heat of adsorption q. If only pressure-volume work is done, then

dw = p dV and equation (7) becomes
6q' = dE + p dV (8)

In the case of adsorption, if the heat of adsorption Q is con-

sidered as a positive quantity, that is, the heat is lost by the system,

then equation (8) becomes
8Q = ~dE - p 4V €))

If the adsorbent is considered as inert, such that the energy

E volume Vg, and related functions are properties of the

g0 entropy Sg,

adsorbed layer only, then E = By + Eg and V = Vg + Vg, where Eg and Vg

are the energy and volume of the adsorbate in the gas phase. Consider

a process whereby Vg, Vg and Ay, the area of the adsorbent, remain



constant, then

A, = - dEy - dEg (10)

Ny, ,vg.46

Defining E E,, Eg = ngEy and dng = —dng, where n, and ng are the

g - Mgty g

moles of adsorbate in the gas phase and the adsorbed phase respectively,

then

6Q/8n, = =E =~ E 11
Q s qvg’VS,AS g ] ( )

The quantity qy is defined as the differential heat of adsorptiecn
8

Qs and thus is equal to the change in partial molar energy of the ad-

)VS ’AS

sorbate upon adsorption, which is the same as the interaction energy
determined by equation (3).

Now consider a process where AS is constant and the adsorption
chamber contains a piston, so that the isothermal process is also iso-

baric, then equation (9) becomes

GQP,AS,T = -dE, - dEg - p dV, - p dVg (12)

Again assuming the adsorbent is inert, the quantity dE; has been defined

3

a8

dEg = T dSq - p dVg - gdAg +, ¢ dng (13)

where @ = -G)Eﬂ)A)S v .o andp_ is the chemical potential of the
5?*'s’' s

adsorbed phase. Equation (12) then becomes



6Qp a1 = d(Bg +p Vg) - T dSg - ug

since dA = 0.
Now ,

-d(E +p V) = -d =< dn = H dn
( g TP g) (1%) e 90 g 40

and

Substituting equations (15) and (16) into equation (14)

6QP,AS,T = Hg dng s

At equilibrium,

therefore,

5p o 7= -T 8, dog + TS

dn
5
3 S!

g

or

= (GQlﬁns) = T(§ - 8)

9%,a,,T P,Ag,T g s

dng

(14)

(15)

(16)

(17)

(18)

(19)

(20)



The quantity (Sg - SS) can be shown to be equal to

(§ - §_) = RT(31n p/3T) (21)

& S s’AS

The heat 9p A T is defined as the isoteric heat of adsorption dq¢ and
y 8 3
may be determined from the data of physical adsorption experiments at

several different temperatures using the equation

= RT? (31n p/3T) (22)

st SA
s§’s

A typical plot of the isosteric heat of adsoprtion versus the
fraction of the surface covered 9, on a nearly homogeneous surface is
represented in Figure 1. The initial fall in the isosteric heats at
low coverage is attributed to adsorption on heterogene0u55 patches of
high interaction energy. 1If the interaction of the gas molecules with
the surface is the only contribution to the isosteric heats, then the
curve would be expected to drop as the high energy sites were filled
and then level off as adsorption occurred on the predominate surface.

As the number of adsorbed molecules increases however, there will be an
increase in the isosteric heats due to adsorbate-adsorbate interactions,
The counterbalancing of the adsorbate-adsorbate interactions by the
adsorbate-adsorbent interactions results in a minimum in the isosteric
heats at low coverages. The adsorbate-adsorbate interactions result in

a maximum in the isosteric heat just before completion of the first layer,
As the surface becomes covered with a layer of adsorbate, a second layer

forms and the isosteric heats will then decrease below and finally
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Figure 1. Typical Isosteric Heat Curve.




increase to the heat of vaporization of the adsorbate AHV. For a
system where the subsequent layers form stepped isotherms, the tail of
the isosteric heat curve beyond 8 = 1 will form small maxima and minima
about the heat of vaporization.

To relate the isosteric heats to the adsorption potential of
equation (3) it is necessary to find the isosteric heats where the
adsorbate~adsorbate interactions approach zero. This may be obtained
by extrapolating the isosteric heat curve to § = zero, as shown by the
dashed line in Figure 1. The basis for this linear extrapolation is
given by Aston and coworkersé. This extrapolation assumes that the
rising portion of the heat curve corresponds to adsorption on the pre-~
dominant surface of the adsorbent, and that the rise is due to adsorbate-
adsorbate interactions. From Figure 1, it can be seen that as the
heterogeneity of the surface is decreased, a smaller extrapolation will
be required and a more reliable result will be obtained.

By comparing equations (11) and (20}, Young and Crowell3 have

shown,

qd = qSt - p Vg + T(ap/aT)ns!AS!VS(BVS/anS)AS,T,P (23)

Agsuming that the gas phase behaves ideally, so that p Vg = RT and that

<avs/anS)AS,T,P = 0, then

qq = 94, " RT (24)
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Therefore as 8 approaches zero, the value of the isosteric heat of ad-
sorption is related very nearly to the interaction energy of equation

(3) by

=E + RT (25)
Stlime_)o av,

The average energy of interaction EZ , may be estimated from the poten-
v,

tial of equation (3) and is discussed in Chapter VI,

Interaction Potential for ITonic Crystal Systems

One of the first investigations of the interaction of gases with
e . 7 : . .
ionic crystals was carried out by Lenel. The theoretical interaction
energy for argon and krypton on potassium chloride was calculated from

a potential of the-form

ulr) = Y4is + U4 (26)
) 8 .
where Ugyg Was given by the London equation
Lo J J
_ E"J°E"J ~6
Ugis = 3/2 JE+JJ r 27)

The terms g and oy and JE and JJ are the polarizabilities and charac-

teristic energies of the adsorbed atoms and the ions of the crystal
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respectively. The characteristic energies were taken to be the ioniza-
tion potentials of the respective species. All of the polarizabilities
S , . ; . 9

ad ionizarion potentials were taken from a compilation by Mayer™, The
equilibrium distance r was simply estimated as one half the sum of the
radius of the respective ion and one half the internuclear separation of
the adsorbate atoms in crystalline adsorbate, since no repulsive poten-
tial was introduced explicitly., The radius of the ions was taken from

Y . .
Goldschmidt™ ', and the internuclear separation of the adsorbate atoms

, . . 10 . , .

was determined from X-ray diffraction data. The maximum interaction
energy due to the dispersion forces was obtained when the adsorbate
atom was over the center of a lattice cell.

The inductive force was cobtained from

(p-P )
-—————3- dr (28)

where P  is the potential field at the center of the adsorbate atom, P

is the potential at a particular point, is the electron density of

Pe
the adsorbate, d7 is a volume element experiencing the potential P and
the integration ig over the entire adsorbate atom. The maximum inter-
action energy due to the induction force was found to be over the posi-
tive ion, Over the center of a lattice cell the inductive force was
estimated to be 10-20% less than its maximum value. It is not clear
from Lenel's paper how this estimate was obtained. Lenel assumed that

the repulsive part of the Ppotential was cancelled by the dipole-

quadrupole interactions in the tail of the potential curve and thus
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they were omitted in I'he calculations. Although close agreement with
his experimental values was claimed, experimental isosteric heat curves
were not reported and thus it is not possible to determine how the zero
coverage isosteric heats of adsorption were determined., 1In those days,
however, homogeneous surfaces were generally not available and his
samples probably contained a large degree of heterogeneity.

A more detailed investigation of the interaction of argon, nitro-
gen and oxygen on potassium chloride was carried out later by Orrll.
A potential of the form of equation (3) was employed. The value of C°

12

was determined from the Kirkwood-Myller™“ expression for the dispersion

energy

%1%

- 6me
i di +
i,dis al/xl az/xz

(e (29)
1

1t
-~
=

i

where m is the mass of an electron, c is the velocity of light, r the
interatomic distance and o and y the polarizability and diamagnetic sus-

ceptibilities of the two species.

An exponential form was used for the repulsive part of the poten-

tial

=7 =B I ~Br, 0
GR i ui,rep i exp ( Brl) (30)

The constants B and 8 were determined from the data of Huggins and

13 14
Mayer for the ions and Herzfeld for the adsorbates, The inductive
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15
force was calculated from an expression, derived by Lennard-Jones

for the electrostatic field over the sodium chloride surface

= = = 2
9 Ui ind 1/2(aF) (3D
where & is the polarizability of the adsorbate and F, is the component
of the electrostatic field perpendicular to the crystal surface. Equa-
tion (31} is based on the assumption that the adsorbate molecule can be
considered as a polarizable point,

The total interaction was then given by
p. =90 +p +9 32
T "A 'R E (32)

Summations were carried out over the 250 nearest ions and the remaining
contributions were found by integration. Calculations were made for

four possible adsorption sites; over a positive ion, over a negative ion,
over the center of a lartice cell and over the mid-~point of a lartice
cell edge. The greatest interaction occurred in the case of adsorption
over the center of a lattice cell. Orr compared this value of @gp for
adsorption over the center of a lattice cell, after correcting for the
zero point energy, to his experimental values and found close agreement,
Since Orr did not report his isosteric heat curves, it is not possible

to determine how he obtained his zero coverage isosteric heats. As with
Lenel's work, Orr's sample of adsorbent may have contained a large degree

of heterogeneity.
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The most detailed investigations to date on the adsorption of
gases on ilonic surfaces have been carried out by Hayakawa16-20
series of papers. The interaction of argon, nitrogen, oxygen and carbon
dioxide with the (100) face of cubic sodium chloride were investigated.
The interaction energies were determined from equation (3), using
equation (28) for the dispersion potential, equation (29) for the repul-
sive portion of the potential and equation (30} for the electrostatic
potential. The constants of Mason and Rice 21 for argon and nitrogen
and the constants of Huggins and Mayer13 for the ions were used to cal-
culate the values of B and B for the repulsive portion of the potential.
In addition, Hayakawa determined the contributions to the total potential
from the interaction of quadrupole moments of nitrogen and oxygen with
the electrostatic field following the method of Drainzz. Following Orr,
summa tions were carried out over the 280 nearest ions and the remaining

contributions were estimated by integration.

The total potential was given by
= +g +g + 33
B, =0, T 0 T O, + 0, (33)

where ¢Q is the quadrupole interaction contribution to the total poten-
tial, The same four adsorption sites considered by Orr were considered
by Hayakawa. For sodium chloride, the greatest interaction was found to
occur over the sodium ions. After correcting for the zero point energy,
Hayakawa compared the potential obtained over the sodium ion to his
experimental results and found close agreement. The experimental zero

coverage isosteric heats were o>tained by extrapolating to zero coverage



15

that portion of the isosteric heat curves attributed to heterogeneities.
Extrapolation of the isosteric heat curves as discussed earlier predicts
adsorption energies near zero, A value of zero for the adsorption
energy would indicate that little if any adsorption actually occurred,
and thus this extrapolation is probably meaningless. This may be attri-
buted to the large degree of heterogeneity in the sodium chloride samples
used by Hayakawa. The sodium chloride samples were prepared by precip~
itation from aqueous solutions and probkably contained a large amount of
adsorbed water,

Other investigations of this type have been carried out (see, for
example, references 23 through 28), but the three just discussed illus-

trate the state of development of solutions to this problem.

Sublimation of Sodium Chloride

In mosi of the studies conducted on ionic crystals, the adsorbent
was prepared by precipitation from an aqueocus solution as was pointed
out in the discussion of Hayakawa's work., Since sodium chloride readily
retains water, this method of preparation probably results in imperfect
surfaces contaminated with water. Removal of this adsorbed water
requires heating at high temperatures, above 300°K, and this results in

. . . . 29-32
excessive sintering of the particles. Several authors have reported
the preparation of sodium chloride samples of large surface areas through

. , . 29,30
a sublimation technique. McIntosh and co-workers were able to
produce sodium chloride particles possessing a surface area of up to

2
80 m, /gm. via sublimation. Electron microscopy investigations showed

the particles to be primarily spherical but upon exposure to water vapor,
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the particles readily changed to cubic. This was attributed fo the
hydration of the ions, thereby increasing their mobility, and allowing
recrystallization of the sodium chloride particles.

Ross33-35 in a series of papers studied the adsorption of xenon
methane, ethane and diborane on sodium chloride prepared and maintained
under anhydrous conditiens., In all cases two dimensional condensation
was observed. This phenomenon is normally observed only on adsorbents
possessing a highly homogeneous surface.

Other halides have been prepared by this method and have been
found to be homogeneous, Larherl investigated the adsorption of argon,
krypton and xenon on samples of NiClz, CoClz, FeCly, CdCl,, CdBrsp,

CdI2 and PbIz prepared by sublimation, The two dimensional condensation
phenomenon was observed in all cases as well as distinct second and third
layer steps in the adsorption isotherms. Although these are probably
layered halides in the form of platelets, this was not confirmed since
electron microscopy studies were not conducted. Thus it appears on the
basis of these investigations that the sublimation method of preparing
sodium chloride can produce a fairly homogeneous surface possessing a

specific surface area sufficient for volumetric gas adsorption measure-

ments.
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CHAPTER II

EXPERIMENTAL

Adsorption Apparatus

The adsorption apparatus used in this study was a modified ver-
sion of an existing standard volumetric gas adsorption apparatus.36
Basically the apparatus is composed of two systems; the gas adsorption
system and the temperature measurement and control system. The amount
of gas admitted to and consequently adsorbed by the sample was measured
in the gas adsorption system. The temperature of the sample was measured
on a vapor pressure thermometer (VPT) and contrelled by a cryostat.

Thus a detailed description of the adsorption apparatus may be conven-
iently given in terms of these systems and is presented in the following

sections.

Adsorption System

The gas adsorption system, shown in Figure 2, consists of three
major parts; the vacuum system (VS), the pressure measuring system and
the gas measuring and handling system.

A Model 1405 Welch vacuum pump coupled to a mercury diffusion
pump constituted the means of evacuvating the system. Both pumps were
separated from the adsorption system by a cold trap surrounded by a dry
ice-acetone bath. This system was capable of lowering the pressure to

-6
about 10 torr. In addition to this main pumping system, a secondary
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Figure 2,
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pumping system was employed to adjust the mercury levels in the McLeod
gauge and the various manometers,

The pressures in the system were measured in two ranges, zero to
28 torr and 28 to 760 torr. The range from zero to 28 torr was measured
on a three stage McLeod gauge MC (Figure 2)., This McLeod gauge was
built and calibrated with mercury by Dr. B, W. Davis, The ranges of the
respective stages are 10-4 to 0.2 torr for the first stage, (.2 torr to
5 torr for the second stage and 5 to 28 torr for the third stage. The
first two stages have a confidence limit of approximately *2.0 per cent
and the third stage has a confidence limit of approximately + 1.0 per
cent,

Pressures in the range from 28 to 760 torr were measured on a U-
tube mercury manometer Ml (Figure 2) with a confidence limit of approxi-
mately * 1.8 per cent.

The gas handling system is composed of two parts, the low pressure
gide from 10- to 28 torr and the high pressure side from 28 to 760 torr.
Adsorption measurements were first made on the low pressure side of the
adsorption system and then the sample bulb SB (Figure 2) was transferred
to the high pressure side.

Prior to making adsorption measurements, the volume of the ad-
sorption system and the dead space of the sample bulb were determined
by expansion experiments using helium gas (Matheson, high purity,
99.995% min.). Assuming ideal gas behavior, the manifold volume le
(Figure 2} on the low pressure side was found by expanding the helium

from the McLeod gauge of known volume into V ., On the high pressure
m
1
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side the manifold volume V (Figure 2) was obtained by expanding from
the storage bulb Bl (Figure 2}, of known volume, into Vm . The volume

h
Vm included the McLeod gauge volume. The volume Vo did not include

thé storage bulb Bl volume, as it would result in toz large a volume
for the present purposes.

The dead space VD (Figure 2) was calibrated at three temperatures,
room temperature, hereafter denoted by Ta (the ambient temperature),
liquid nitrogen (770K) and dry ice temperatures (1950K). The dead space
volume consists of two parts, the warm dead space VDH and the cold dead

space Vp-. These are related by
Vp = Vpc t Vpn (34)

The dead space volume Vp was determined at room temperature by expansion
of helium gas from V_ into V. + V_.
m m D
1 1
From the calibrations at liquid nitrogen and dry ice temperatures,
the warm and cold dead space volumes were found by solving the simultan-
eous equations (which assumes a two temperature approximation)

Voers = Vou t VDC(Ta/TNz) (35)

and

Voeff = Vo T VDC(Ta/TCOZ) (36)

where, Vp.¢f is the effective dead space volume, TN is the tewmperature
2
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of liquid nitrogen and TCO is the temperature of dry ice. The dead
2
space volumes obtained in this manner had a standard deviation from
the mean of + 1.3 per cent.
Adsorption experiments were conducted in a similar manner on both

the high and low pressure sides of the adsorption system. On the low

pressure side, a dose of adsorbate, Ni’ was admitted into V, and its

1
pressure was measured on the McLeod gauge. The stopcock SC-1 was rhen

opened and the dose was admitted to the sample bulb. The adsorbate

already in the sample bulb, N,

j-1+ both in the dead space and adsorbed

on the adsorbent, was added to N;. When equilibrium was obtained, the

pressure was measured on the McLeod gauge and the amount of gas Nj’

excluding the amount adsorbed, in the volumes Voo VDC and Vp, was deter-
' 1

mined by

N = (P/RTa)(le + V) T (P/RT,) (V) (37)

where T2 is the temperature of the sample bulb. The amount of gas ad-

sorbed Nads was then obtained from

N =N, + N;_q - N, (38)

ads 1]

The stopcock SC-1 was then closed and the procedure repeated.
On the high pressure side, the same procedure was employed, ex-
cept V, was replaced by V_ and pressure measurements were made on a

1
U-tube mercury manometer. There are two factors which have not been
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discussed, thermal transpiration and non-ideal gas behavior. These
will be discussed later in the Chapter.

The adsorbates, argon and nitrogen, were supplied by the Matheson
Company in lecture bottles with the following minimum purities: argon,
prepurified grade (99,998%) and nitrogen, prepurified grade (99.9977).
To further insure the dryness of these gases as well as that of the
helium gas used for calibration, they were pasgsed through a cold trap
CT-1 (Figure 2), prior to admitting them to the gas adsorption appara-

tus.

The Cryostat

Megasurements of the adsorption of a gas by a solid in a gas
volumetric assembly requires a constant controlled temperature about
the adsorption sample bulb. 1In the range of liquid air temperatures,

a constant temperature at the boiling point of nitrogen and oxygen is
readily obtained by use of a bath of either liquid nitrogen or liquid
oxygen respectively., For temperatures below the hoiling points of
these liquids, a cryostat (Figure 3) based on the principle of cooling
by injection of helium gas37 was constructed. Basically the temperature
of the cryostat bath was obtained by adding a cryogenic liquid, elther
liquid nitrogen or liquid oxygen or a mixture of both to the dewar (D).
Helium was then bubhled inte the bath, causing the cryogenic liguid to
boil quickly and thus lowering the temperature. When the desired tem-
perature was obtained, as measured by the vapor pressure thermometer
(VPT-B), the flow of helium was stopped. Whe1 the temperature began to

rise, the flow of helium was again started.
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Automatic control of the temperature was achieved by use of a
second vapor pressure thermometer (VPT-A), in conjunction with a relay
switch (RS) and solenoid valve (SV). The thermometer VPT-A was con-
structed with an electrode mounted in the right hand side of the manom-
eter which remained in constant contact with the mercury. On the left
hand side, a series of five electrodes (e) were spaced five cm. apart
to allow temperature control at several different temperatures by merely
selecting a different probe and adjusting the overall mercury height.

The cryogenic bath consisted of a large dewar fitted with a 1/4
inch thick sheet of tefleon as a cover {(TC), Holes were drilled in the
teflon cover, large enough to permit the adsorption sample bulb (SB),
the VPT-A and VPT-B probes, the float valve (FV) and the helium supply
line (T) to enter the bath. The excess space between thé tubing of
these probes and the teflon cover was packed with paper asbestos to
maintain insulation of the bath. A teflon plug (P) was designed to
seal off the entrance port after the cryogenic liquid was admitted to
the bath.

A nine inch length of copper tubing (CT) with a wall thickness
of 1/16 inch and an inside diameter of two inches was mounted around
the adsorption sample bulb and the VPT-B probe. The void space in the
copper tube was packed with glass wool and the bottom of the tube was
covered with a copper mesh screen. This served to prevent the helium
bubbles from coming in direct contact with the adsorption sample bulb
and the VPT-B probe, thus preventing momentary supercooling and temper-
ature fluctuations. The temperature of the system was measured on VPT-B,.

For liquid oxygen temperatures, the vapor pressure thermometers were
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filled with oxygen, at liquid nitrogen temperatures and below, nitrogen
was used, while at temperatures in between these two extremes, argon
was employed.

Helium used in the cryostat was of high purity grade (99.995%)
obtained from the Air Products and Chemicals Company. It was admitted
to the bath through 1/4 inch 0.,D. copper tubing. The tubing made two
complete loops in the bath thus allowing precooling of the helium before
it was bubbled into the bath. The exhaust gases from the bath were
forced through a 1/2 inch tygon tube which surrounded the helium delivery
tube, thus allowing additional precooling of the helium., The end of the
copper tube was sealed off thus forcing the bubbles out of 1/16 inch
diameter holes drilled one ecm. apart on the final loop of the copper
tubing which rested near the bottom of the dewar.

For temperatures of 77.10K and 90.10K, liquid nitrogen and liquid
oxygen baths respectively, were used alone, without helium injection.
For temperatures below 77.10K, liquid nitrogen was used and for the
range between 77.1°% and 90.10K, approximately equal volumes of liquid
nitrogen and liquid oxygen were used with helium injection. After a
cooling period of two hours, the bath was topped off with the cryogenic
liquid. This caused a temporary rise in temperature which settled back
to the desired temperature in about five minutes. The level of the bath
was monitored by a float valve and it was found that the liquid level
dropped by only one c¢m. after one half hour of operation. This cryostat
enabled the control of temperatures between 700K and 900K with a
precision of # O.OIOK.

The temperature was determined from VPT-B by use of the Antoine
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Equation

B
log g P = A - F ¢ (39)

where, P is expressed in millimeters and t is in degrees Centigrade,
The constants A, B and C were obtained from the TRC38 tables and are

tabulated in Table 1.

Table 1, Values of the Constants for the Antoine Equation

Gas State A B C

02 liquid 6.69144 319.013 266,697
Ny liquid 6.49457 255.680 266.550
solid 7.34542 322,222 269,980
Ar liguid 6.61651 304,227 267.320
solid 7.50581 389.085 272.630

Thermal Transpiration

The adsorption bulbk is connected to the adsorption system via a
glass tube which exists in two temperature extremes, room temperature
and T2, the temperature of the cryostat. This change in temperature

creates a pressure gradient in the tubing, If the bore of the tubing

is very much smaller than the mean free path of the adsorbate then the
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. , 3
pressure P, in the cryostated portion of the tube is given by

2

¥
P, = Pl(Tz/Tl) (40)

where P1 is the pressure in the portion of the tube at room temperature,
On the other hand if the bore of the tubing is larger than the

mean free path of the adsorbate, then P, is given by Maxwell's equat'mn5

2

2 2
2 - P = (cra®H(T, - 1)) (41)

P
where d is the diameter of the tubing and C is a characteristic con=-
stant for each gas,

For the case where the bore of the tubing is of the same order
of magnitude as the mean free path, an exact solution is not available.
This is the situation normally encountered in physical gas adsorption
experiments, Assuming that the gas molecules are hard spheres, whose
size is temperature dependent and that they undergo no specular reflec-
tion off the walls of the tube, Weber39 developed an equation for the

thermal transpiration of a gas along a closed cylindrical tube
2 -1
dP/dT = P/2T(ay” + By + u) (42)
where

v =d/3 (43)
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and P is the pressure, T the temperature, d the tubing diameter and A
the mean free path of the gas molecules. The coefficients are given by

the relations

/128

2
H

/12

w
12

u={(1+gy)/(1 + hy)

1 or 3/4

"

g ~h+3

g/h = 1,25

A useful approximate solution to Weber's equation has been

developed by Millerao

%
vy =2 [1-m - 1yt 4)
where
2 L+ 2.5y -1
I = (0.0300y" + 0.245y + 71 2y ) (45)
and

y =d/x =P, dc?/2.33T (46)
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where P2 is in mm., 0 is in Ao, and T = (Tl + Tz)/2. Values of ¢ as a
10
function of T have been tabulated by Landolt and Bornstein.

The equilibrium pressure of the adsorbate is then corrected for

thermal transpiration and is denoted as P', Equation (37) then becomes

N; = (P/RTa)(le + Vp) + (PU/RT,) (Vpe) (47)

Non-Ideal Gas Behavior

At pressures below 760 torr, the ideal gas approximation is
reasonable for the gases, argon and nitrogen, at room temperature.
However, at low temperatures, such as those near the boiling point of
liquid nitrogen, this approximation is not valid. Therefore a correction
must be made for the non-ideal gas behavior in the cold dead space
volume Vpe- This correction is made by use of the pressure virial

equation of state, truncated after the second term
id
V = (NRT/P)(1 + P B'(T)) = V' (1L + P B'(T)) (48)

where B'(T) is the second pressure virial coefficient and Vld is the

ideal gas volume.

The term B'(T) is related to the volume virial equation of state's

second coefficient by

B (r) = XD (49)
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Therefore equation {(47) becomes
V= Vid(l + P B(T)/RT) (50)

Values of B(T) were determined from the tables of Hirschfelder, Curtiss

41
and Bird . Applying this correction to equation (47) yields
= id
Nj = (P/RTa)(le + Vpp) + (PT/RT)) (Vo (1 + P'B(T)/RTZ)) - (51)

Sample Preparation

The sodium chloride sample was prepared in the apparatus shown
in Figure 4. The 14 inch long tube (QT) containing the sublimation boat
was made of Quartz tubing with an 0.D. of 1-1/6 inches aﬁd an [.D. of
7/8 inches.

Dry nitrogen, further dried by passage through a dry ice-acetone
bath (CT) was used as the carrier gas, The flow rate of the nitrogen
was measured on 2 Matheson Mounted, single tube Flowmeter (FM), series
620.

The collection bulb was designed with a coarse frit (CF) on top
to allow passage of the carrier gas out of the system. The sublimated
salt collected at both the top and bottom frits. The sample bulb had a
medium size frit (MF) to enable the adsorbate gases to be admitted to
the sample, after the sample bulb was connected to the adsorption sys-
tem. In the tubing directly beneath the medium frit a break seal (BS)
was employed to prevent the sample from coming into contact with the

atmosphere. The salt collected at the top frit was gently loosened by
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vibration and collected in the sample bulb (SB). When the sample bulb
was filled, it was sealed off with a torch at point A and transferred

to the gas adsorption system, When secured to the gas adsorption sys-
tem, the break seal was broken by a glass encased magnet. After removing
the sample bulb, a small sample of salt was collected in the tube from
point A to point B for electron microscopy studies.

An O-ring seal was employed at point C to enable the collected
sodium chloride to be weighed. The entire adsorption bulb was then
weighed both before and after the sample was collected,

The fused salt was placed into a platinum boat (PT) for subli-
mation., Other materials such as quartz, porcelain or stainless steel
were unsatisfactory for the boats due to the corrosive nature of molten
sodium chloride. The sublimation temperature was obtainéd by use of a
heating mantle (HM) and was monitored on a Rustrak Model 122 Recording
Pyrometer, serial number 10060, with an accuracy of # 1600.

Approximately five grams of sodium chloride, Fisher Certified
ACS Biological Grade, was placed in the platinum boat and fused at 900°K
in an air atmosphere. The platinum boat containing the fused sodium
chloride was then loaded into the quartz tube. After assembly of the
apparatus, the sodium chloride was outgassed at 300 * 10°C for 24 hours
in vacuo.

The sample temperature was then raised to 916 #+ 16°C and the
carrier gas was passed over the boat at a rate of 1-1/2 liters per
minute, A total of 2.4213 grams of sodium chloride was collected after

72 hours of operation.
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CHAPTER 1II
CHARACTERIZATION OF THE SAMPLE

The sodium chloride particles obtained from sublimation were
characterized by several experimental techniques. Initially the sample
was examined by electron microscopy, electron diffraction and gas
adsorption studies. In order to conduct successive gas adsorption
experiments it is necessary to properly outgas the sample before each
isotherm., This involves heating and pumping, which may cause some
sintering of the particles. To bring the sample to a constant surface
area, the sample was placed under 550 torr of nitrogen and heated at
300 + 10°C for 120 hours. A nitrogen atmosphere was employed, since
Grinber342 has shown that sodium chloride sinters to a lesser extent
when it is in the presence of nitrogen gas. An argon isotherm was then
determined on the heat treated sample, The isotherm showed a reduction
in surface area for the sample and a small reduction of the concave
portion of the low pressure region., Dividing the change in surface area,
resulting from the heating process, by the total time of heating indicated
a rate of reduction in surface area of 7.5 x 10--3 mz/gm per hour, To
determine whether additional heating would have an effect on the sodium
chloride sample, it was again placed under 550 torr of nitrogen and
heated at 300 * 10°C for 24 hours. A subsequent argon isotherm showed

a reduction in surface area, but no shape change in the isotherm. The

rate of reduction in surface area resulting from this second heat
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treatment was 8.3 x 10—3 mzlgm. Thus it appears that the rate of reduc-
tion of surface areas is comparable for the first and second heat treat-
ments, Nitrogen adsorption measurements were carried out on the untreated
sample and on the doubly heat treated sample to determine the surface
areas, Electron microscopy and electron diffraction studies were then
conducted on the doubly heat treated sample, This doubly heat treated
sample was used for all the adsorption experiments in the present study.
The results of these investigations will now be discussed in subsequent

sections,

Electron Microscopy

Transmission electron micrographs on both the untreated and the
doubly heat treated samples were made on a Phillips EM-200 electron
microscope, Special procedures were employed in handling and loading the
samples into the microscope to prevent contamination by water vapor. The
electron microscope grids were prepared in a dry box under a positive
pressure of dry nitrogen. A glove bag was used to load the grid into
the electron microscope. The untreated sample was found to consist of
primarily spherical particles (Figure 5a). It was not possible to make
micrographs of the smaller particles, as they readily evaporated when
exposed to the electron beam. It was also found, as reported by other
author529_32, that the particles converted to cubes upon exposure to
water vapor. The smaller particles were converted in a few minutes where
as the larger particles required several hours exposure,

In an attempt to estimate the surface area of the untreated sample,

the particles were assumed to be spherical and the diameters (di) of 75
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particles were measured. The surface area S was then determined from

S = (6/p)rd>/zd? (52)
g 141

where p is the density of sodium chloride, assumed to be 2.165 gm./cm.3
and the summation is over all the particles. This procedure gave a sur-
face area of 5.0 mzlgm.. As will be discussed later this specific surface
area is somewhat lower than that obtained from adsorption experiments,
This is probably due to the fact that the smaller particles evaporate
in the electron beam and thus they were not observed on the micrographs.
Because of the unreliability of the microscopy results for sodium
chloride, it was not deemed worthwhile to carry out a surface area
determination of the doubly heat treated sample.

Electron micrographs of the doubly heat treated sample showed the
particles to be somewhat spherical with some flattened sides (Figure 5b).
In order to obtain a perspective view of the particles, micrographs were
taken on a Cambridge Stercoscan Mark II scanning electron microscope.
Although the resolution of this microscope is only of the order of 2004°,
the micrographs (Figure 5¢) confirm that the particles are roughly
spherical. Some linking of the particles is also chserved. The photos
in Figure 5c¢ form a stereo picture. This sterec picture may be seen by
looking at the mid point between the photos and adjusting the distance
between the eye and this point, until the images can be allowed to drift

together,
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Figure 5a. Untreated NaCl Figure 5b. Doubly Heat Treated
NaCl

Figure 5c. Stereo Scanning Electron Micrograph of Doubly
Heat Treated Sodium Chloride.
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Electron Diffraction

Electron diffraction patterns of the freshly prepared untreated
samples revealed no distinctive rings or spots (Figure 6a). This is
normally indicative of an amorphous material.

Diffraction patterns on the doubly heat treated sample, however,
showed the characteristic rings of crystalline sodium chloride (Figure
6b). The eight rings of the pattern, from the center of the pattern
outward, have been identified with the following sodium chloride
reflections: (111), (200), (220), (311), (222), (400), (420) and (422).
The lattice cell constant was calculated to be 5.63 % 0.02 Ao which is
in close agreement with the reported value of 5.6402 A°. The electron
diffraction pattern of the doubly heat treated sample was calibrated
with the electron diffraction pattern of Mg0. For MgO thére was an
increase of only 0,0037 in the camera constant in going from the center
ring to the outer ring of the pattern, In the interpretation of the
sodium chloride rings, the camera constant was taken as that calculated

for the MgO ring nearest to the sodium chloride ring of interest.

X-Ray Emissgion Electron Microprobe Analysis

The sodium chloride used in the sublimation process was Fisher
Certified ACS Biological Grade, The impurities present in the sodium

chloride, as listed by the supplier are shown in Table 2.



Figure 6a.

Figure 6b,

Diffraction Pattern of the Untreated Sample

Diffraction Pattern of the Doubly Heat Treated Sample.
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Table 2. TImpurities in Fisher Certified ACS Biological Grade Sodium
Chloride by % Weight.

Insoluble HC1 Br I Ba Fe K NO
Materials

004 .002 .005 .001 .001 .0001 .002 .003

An electron microprobe analysis was performed of the doubly heat
treated sodium chloride with an Electron Probe X-Ray Microanalyzer
{Acton Laboratories, Model MS 64). The entire range of the periodic
table from boron on up was scanned. With the exception of sodium and
chlorine, only oxygen was detectable within the limits of detection.
These limits are 0.0l per cent for elements lighter than sodium and
between 0,001 and 0.,0001 per cent for elements heavier than sodium.
Since standard samples of sodium chloride with known amounts of oxygen
present were not available, it was not possible to calculate the exact
amount of oxygen present in this sample. However, the amount of oxygen
was estimated to be less than one per cent,

The source of oxygen was probably due to water vapor, Although
special techniques could be employed in handling the sample for electron
microscopy and diffraction work, it was necessary for electron probe
analysis to expose the sample to the atmosphere for a peried of several
hours.

A standard sodium chloride crystal prepared by the Physical

Sciences Division of the Engineering Experiment Station at the Georgia
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Institute of Technology was compared to the doubly héat treated sample
to confirm the sodium and chlorine stoichiometry. Taking the sodium to
chlorine ratio of the standard as unity, the sodium to chlorine ratio

of the doubly heat treated sample was found to be 1.000 * (,001. Thus
it may be concluded that the sample has the same stoichiometry as the

standard crystal,

Adseorption Experiments

The bulk of the physical gas adsorption experiments will be
discussed in Chapter IV, but some of the results are discussed here as
they provide some insight as to the nature of the sublimated sodium
chloride particles.

An argon and a nitrogen isotherm at liquid nitrogen temperatures
were determined on the untreated sodium chloride sample, The monolayer
capacities Nm and the surface areas S, calculaied from the Nm are shown
in Table 3.

The monolayer capacity of the nitrogen isotherm was estimated

from the BET equation in the form

X = 1 + L
- N N
Nads(l X) C n
(53}
X = P/Po

where P is the pressure, P° the vapor pressure of the adsorbate at the

temperature of the isotherm, N the number of micromoles of adsorbate

ads

adsorbed at pressure P and Nm the monolayer capacity. For nitrogen the
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plot of equation (53) was found to be linear in the region from x = 0.01

to x = 0,12, The surface area S was found from

S = (N) (o) (N°) (54)
o2
where ¢ is the cross sectional area of nitrogen, assumed to be 16.2 A
and N° is Avogadro's number.

The argon isotherm, however, did not fit the BET equation. The
monolayer capacity, therefore, was determined by the point B method,
This was accomplished by visually locating the point where the linear
portion of the isotherm deviated from linearity just above the "knee"
of the isotherm. Using the value of S obtained from the nitrogen iso-
therm, the value of ¢ was then calculated for the argon ﬁolecules. The
results are shown in Table 3. Using the point B method for the nitrogen
isotherms gave surface areas which differed by only % 0,02 m2/gm from
the BET surface areas. Since these are approximately the same, only the
BET nitrogen surface areas will be considered further.

A second argon isotherm was determined on the sample after rhe
first heat treatment. Assuming the value of ¢ for argon as determined
by the first argon isotherm, the surface area was determined by the
first argon isotherm, the surface area was determined and is shown in
Table 3.

After the final heat treatment, a third argon and a second nitro-
gen isotherm were determined, The monolayer capacities and surface areas
determined are listed in Table 3. The argon isotherms were then visually

scaled so as to superimpose the low pressure portion of the isotherms
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(Figure 7), The scaling factors (Table 4) are favorably comparable to
the ratio of the BET nitrogen surface areas for both the untreated and
the doubly heat treated sample {Figure 8). The decrease in surface area
due to heat treatment amounted to approximately 16 per cent.

This reduction in surface area is considerably smaller than that
observed by McIntosh.30 In his studies on sublimated sodium chloride
particles, McIntosh found the surface area to decrease by 42%, when the
sample was heated at 5500 in the presence of 2.8 torr of water vapor for
128 hours, He found that further heating under these conditions for up
to 272 hours resulted in no further change in the surface area., However,
increasing the water vapor pressure to 5.9 torr, resulted in an addi-
tional decrease in surface area to 48% of the original area. Thus it
appears that the presence of water vapor plays an importént role in the
sintering of sodium chloride. Since the sample in the present study
was excluded from water vapor, its relatively smaller reduction in

surface area upon heating is consistent with the results of Melntosh.

Table 3. Results of Argon and Nitrogen Lsotherms on the Treated and
Untreated Sample.

s (% /gm)

Gas Sample T Np 2
0 0
("K)  (umole/gm) (A7)

_Eiﬁétion (54) Equation (52)

Ar untreated - 77.1 71.8 15.7 6.8 5.0
lst treatment 77.2 2.9 15.7 5.9
2nd treatment 77.1 60.3 15.7 5.7

N2 untreated 77.3 £9.6 16.2 6.8 5.0
?2nd treatment 77.1 58.6 16.2 5.7
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Figure 7. Isotherms of Argon on NaCl at 77°K.
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Table 4. Scaling Factors for Argon Isotherms and the Ratio of the
Nitrogen Surface Areas,

Argon Isotherms Scaling Factor Ratio of Nitrogen
Surface Areas

1st - 2nd 1.141
lst - 3rd 1.191 1.189
2nd - 3rd 1.084

If localized adsorption occurred for the nitrogen molecules on
the (100} plane of the sodium chloride particles, then two nitrogen
molecules could occupy one lattice cell having a lattice cell edge
length of 5.64 AO. The area of a lattice cell is 31.8 ADZ, therefore,
the nitrogen molecules would each occupy 15.9 Aoz. Using this area for
the value of g for nitrogen would decrease the areas reported in Table

3 by 1.8 per cent. Since this reduction is insignificant, it will not

be congidered further.

Discussion
From the results of the electron microscopy and diffraction
studies on the untreated sample, it appears that the nearly spherical
particles are amorphous. This is in agreement with the results of
Kerker32, who found the spherical particles obtained from sublimation
gave no diffraction patterns; however after exposure to water vapor, he
observed a sharp diffraction pattern characteristic of crystalline

sodium chloride.

After the final heat treaiment, the particles remained somewhat
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spherical; however, some flattened faces were observed. The diffraction
patterns clearly showed the sharp distinctive rings of crystalline sodium
chloride. 1t is possible that these particles are composed of micro-
crystals of sodium chloride, 1If this were the case, then it would be
difficult at best to determine which crystalline plane or planes compose
the surface of the particles. A site energy distribution analysis was
made on the doubly heat treated sample, and the results indicate that

the surface is nearly homogeneous. Thus it may be concludea that pre-
dominately one crystal plane is exhibited on the surface of the particles
although this is not apparent from the micrographs, Details of the site
energy distribution analysis are given in Chapter V.

The close agreement between the 8caling factors for the argon
isotherms and the ratic of the surface areas as determined from the
nitrogen isotherms, lends support to the conclusion that the surface
area is reduced by 16% upon heat treatment.

An interesting feature of both the argon (Figure 7) and nitrogen
(Figure 8) isotherms is the lack of multilayer structure. This is in
agreement with the work of others on the alkali halides.25-27’ 33-35
The discrepancy between the surface areas obtained from the nitrogen
isotherms and from the electron micrographs is attributed to the evapo-
ration of the smaller particles when subjected to the electron beam.

The small change in the shape of the argon isotherms upon going
from the untreated to the doubly heat treated sample, in the low pressure
regions is attributed to a decrease in high energy sites upon heating.
These sites may be either face defects or different crystal faces or a

combination of both. Since all the isotherms discussed in this Chapter
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were conducted on the high pressure side of the adsorptien system, the
structure of the low pressure regions of the isotherms cannot be given
too much weight because of a lack of precision in the pressure measure-
ments, On the high pressure side of the adsorption system, a pressure
of 10 torr has a precision of #* 2%, while a pressure measurement of one

torr has a precision of * 20%.
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CHAPTER IV
EXPERIMENTAL RESULTS

Adsorption isotherms for the argon-sodium chloride and the
nitrogen-sodium chloride systems were conducted at four temperatures
on the doubly heat treated sample. Additional isotherms at liquid
nitrogen temperature, which followed the change in the surface of the
sodium chloride during heat treatment were discussed in Chapter III.
The experimental data for all isotherms is presented in Appendix A.
Plots of the four argon and four nitrogen isotherms on the doubly heat
treated sample are presented in Figures 9 through 16. The data is
plotted as micromoles per gram (Nadslgm) versus pressure P (torr).

The monclayer capacity of the nitrogen isotherms was determined
from equation (53) using the BET method. The monolayer capacity of the
argon isotherms was determined by the visual point B method. The surface
area was determined at four temperatures, from the nitrogen isotherms

using equation (54) repeated here for convenience

5 = (N_) (o) (N%) (54)

Using the surface areas determined from the nitrogen isotherms, the
value of o (the cross sectional area) for argon at the four isotherm
temperatures were determined, This was accomplished by using equation

{(54) in the form
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o = 5/(N,) (N (55)
The results are given in Table 5.

2
Table 5. Isotherm Data Based on ON2 = 16.24A°

Gas T b o} 9 )

(°K) (umoltgs) (Aoz) (m gm )
gm
Ar 72,14 60.4 15.7 5.7
Ar 77.12 60,3 15.4 5.6
Ar 82.88 60.0Q 15.5 5.6
Ar 89.96 60.8 15 6 5.7
N2 72,12 57.9 16.2 5.7
N2 77.11 57.6 16.2 5.6
N2 82.88 57.8 16.2 5.6
N2 90.07 58.8 16.2 5.7
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CHAPTER V
SITE ENERGY DISTRIBUTION ANALYSIS

The concept of site energy distributions is normally associated
with heterogeneous surfaces. A heterogeneous surface may be conveniently
described by first defining a homogeneous and a uniform sur.;face.2 A uni~
form surface is defined as one having an adsorption potential, u(r),
independent of the lateral position of the adsorbate molecule. A non-
uniform but homogeneous surface is defined by the adsorption potential
u(r) being dependent on the lateral position of the adsorbate molecules,
but this dependence is periodic as in a perfect ionic crystal. A hetero-
genecus surface therefore is defined as one in which neither of the defi-
nitions of a uniform nor a homogeneous surface holds for the entire
surface., It is possible, however, that the conditions for a uniform or
a homogeneous surface may hold for regions of a heterogeneous surface.

There are basically two types of heterogeneous surfaces and a
particular adsorbent may exhibit either or a combination of both. In
the first case the heterogeneous surface is composed of large patches,
each of which is homogeneous, for example, in a crystalline adsorbent
exhibiting two or more crystalline planes on its surface. The second
type of heterogeneity arises due to imperfections in the adsorbent sur-
face, such as edges, cracks, dislocations, impurities, etc, All adsor-
bents display some degree of this second type of heterogeneity.

The first type of heterogeneity may be described by an energy
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distribution of the adsorption sites. The second type of heterogeneity
requires the spatial distribution of sites as well as the energy distri-
bution of sites to describe the surface. In this work, the primary con-
cern is with the possibility of the first type of heterogeneity. This
type of heterogeneity would result if the surface of the sublimated sodium
chloride particles exhibited more than one type of crystalline face. A
site energy distribution analysis would permit determination of the number

of crystalline faces exhibited by the particles.

Distribution Functions

Adsorption on a heterogeneocus surface of the first type discussed

above may be represented by

© (P,T) = I8, (Q,P,TE(Q) (56)
i

The term 0(P,T) is the fraction of the total surface actually covered by
the adsorbate at pressure P and temperature T. The fraction of each of
the homogenecus patches covered is represented by the local isotherm
function 6(Q,P,T), where Q is the adsorption energy of that patch. The
frequency of occurrence of a patch with specific energy Q is £(Q).

If the surface is very heterogeneous, such that the number of
patches becomes very large, then equation (56) may be replaced by an

integral of the form

o(p,T) = [ 8(2,2,T) £Q) dQ (57)
o}

where o(P,T) and 6(Q,P,T) have the same meaning as before, but £(Q) dQ
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is now a continuous distribution function. The probability of there
being a patch with an adsorption energy between Q and dQ is given by
the distribution function £(Q) dQ. The integration is carried out over
all positive values of Q, since only sites on which adsorption occurs
are of interest. The lower limit of the integral is selected as zero
because the local isotherm function € is assumed to approach zero as

the energy q approaches zero. Likewise as Q approaches infinity, the
fraction of the surface with energy between Q and dQ will approach zero,
thus £(Q) dQ will approach zero.

An integral distribution function F is defined as
£(Q) = dF/dQ (58)

where F ig the fraction of the total surface for which the adsorption
energy is equal to or greater than a given Q. Using this definition

of F, equation (57) becomes

1
e(Pp,T) =/O(Q,P,T) dF (59)

Several attempts have been made to solve equation (57) analytic-
ally. Basically these attempts consist of assuming functions for two
of the three gquantities 2(P,T), 6(Q,P,T) and £(Q) and then integrating.
Except for a few individual cases, the results are not really applicable
to many adsorption studies, hecause in each case some particular analyt-
ical form must be assumed for the experimental isotherm. A discussion

of these solutions is given by Adamson,44 Ross and Olivier5 and Young



6l

and Crowe11.3

A semi-empirical graphical golution te equation (59) has been
suggested by Adamson. This involves assuming a local isotherm 6(Q,P,T)
and making a series of approximations to the integral distribution
function F. The approximaticns are continued until a particular value
of F is obtained, which, in cenjunction with the assumed local isotherm
8(Q,P,T), predicts the experimentally observed isotherm 9,,g. This
last approximation is taken as the integral site distribution function.
Details of this solution are given in Appendix B.

Adamson has shown that for heterogeneous surfaces the distribution
function obtained in this manner is independent of several choices for
the local isotherm 6(Q,P,T), all of which reasonably reproduce the sub-
monolayer region. The distributions were also found to be temperature
independent. Hsieh45 has confirmed this lack of dependence on the local
igotherm function in a separate study,

For homogeneous surfaces, however, the site energy distribution
function does become dependent on the choice of the local isotherm
8(Q,P,T). Different local isotherms result in shifting the distribution
function along the energy scale by an amount equal to the difference in
the average lateral interaction terms of the respective local isotherms.
A change also occurs in the shape of the distribution functions. An
example of this is shown in Figure 17, for Adamson's46 results on the
gite distribution analysis for nitrogen on boron nitride (BN). Adamson

47 for this analysis. Three

used the isotherm data of Ross and Pultz
different local isotherm functions 8{(Q,P,T) were employed.

Recause of the simplicity of Adamson's method and the variety of
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46,48

reported data with which to compare the results, his method was

selected for the present study.

Results

The local isotherm function 6(Q,P,T) employed was the Fowler and

Guggenheimag equation

_  bP exp(zw/RT)
®=1%¥op exp (zw/RT) (60)

b = (kat)“l/‘(h/kT) qg yip® €*P (Q/RT)

where m is the mass of the adsorbate molecule, ¢ the area occupied by a
molecule of adsorbate, z the number of nearest neighbors and w is the

adsorbate-adsorbate interaction energy. The term 4 vib is the vibra-
H]

tional partition function

_exp (= hv/2kT)
95,vib = T < exp (- bu/kT) (61)

where % is the characteristic vibrational frequency perpendicular to the
surface. Following Adamson the quantity zw was set equal to one quarter
the heat of vaporization., This allows comparison of the results of the

46 . 48 .
present study to those of Adamson = and Hsieh, who also used this
approximation for zw. The effect of varying zw will be discussed later
in this chapter. The derivation and assumptions involved in equation

(60) are given in Appendii c.
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Site energy distribution analysis were made for three of the
nitrogen isotherms. In the case of argon, insufficient data remained
after multilayer corrections were made, for a complete distribution
function. A partial distribution function was obtained, however, for
the low temperature argon isotherm, The parameters used in equation
(60) are presented in Table 6. The method of calculation is presented
in Appendix B, while the results are tabulated in Appendix C and shown

in Figures 18 and 19,

Table 6, Parameters for Equation (60).

Gas T (°K) 2w v x 10712
(cal/mole) (sec)—l

N2 72,12 354,5 0.97

N2 77.11 350.4 1.03

N2 82.88 345.6 1.12

Ar 72.14 230.8 0.80

Ar 72.14 461,6 0.80

The results of the nitrogen-sodium chloride distribution functions
are pleotted in Figure 18. The s0lid line curve was obtained by drawing
a smooth curve through the experimental data and fitting it to an anal-
itical expression., Attempts to fit the curve to a gaussian, log normal
and exponential distribution function were unsuccessful. An equation

of the form
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£ = & exp (-clo-q) ) (62)

was then employed, where QO is the mean value of Q. The parameters A,

¢ and n were then varied until the best fit was obtained (Table 7). The
smooth curve in Figure 18 was obtained from this best fit of equation
(62),

A similar method was employed for the partial argon distribution
function, Data were available for only half of the distribution. It
was assumed that the distribution was symmetrical and a value of Q0 was
obtained by inspection.

In order to determine the effect of changing the value of zuw,
this quantity was varied for the argon distribution function. The values
of zw selected were one-quarter and one-eighth the heat of vaporization,
The effect was to shift the distribution plot by one-gixteenth of the
heat of vaporization. Plots of the data as well as the best fit to
equation (62) are shown in Figure 19. The argon data obtained with zuw
equal to one-eighth Aﬁv was shifted along the energy scale by an amount

equal to one-sixteenth aH_, so it would superimpose the data obtained

v
from using zw equal to one~quarter &ﬁv. The values of A, ¢ and n for
the best fit to the argon data are given in Table 7.

A quantity similar to the 9%% confidence limit of the gaussian

distribution was determined from

{' exp (—c]Y]n) dy
P = (63)

{r exp (-clY]?) dy
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where P is the ratio of the areas under the curves given by the two
integrals, Y is equal to 1Q—Q°| and x is the value of Q at which P =
0.95. The integrals were solved by use of Simpson's rule, The values

of x are listed in Table 7.

Table 7. Parameters for Equations (62) and (63)

Gas A c n X
(kcal/mole)

N2 20,09 18.38 0,804 0.125

Ar 95.00 364.83 1.155 0.014

The results indicate a narrow energy distribution. For nitrogen
the mean * the 95% confidence limit was found to be 2,834 * 0,125 kecal/
mole and for argon 1.467 * .014 kcal/mole. Adamson's method for deter-
mining site energy distributions is admittedly not unique for homogeneous
surfaces. As a result the energy of interaction Q, as well as the 95%
confidence limits are approximate at best, However the shape of the
distribution is very similar to that obtained by Adamson for nitrogen
on boron nitride and by Hsieh48 for argon on MT-3100 carbon black.
Although these autheors did not report a 95% confidence 1limit for their
distributions, it may be estimated from their data. For argon on MT-3100
carbon black the 95% confidence limit is approximately * 0.1 kcal/mole,

and for nitrogen on boron nitride approximately * 0,15 kcal/mole. Since
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both of these adsorbents are considered as being homogeneocus, it is
concluded that the doubly heat treated sodium chloride sample is also
nearly homogeneous.

It should be pointed out, however, that the isotherms presented
in Chapter IV, show a slight step in the low pressure region. This
step is attributed to adsorption on high energy sites., The point B
method was used to estimate the area of the sample possessing these high
energy sites, This area amounted to approximately 2% of the total sur-
face. Adamson's semi-empirical solution to the site energy distribution
function is evidently not sensitive enocugh for these sites to be o served

in the distribution functions shown in Figures 18 and 19.
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CHAPTER VI
ADSORPTION POTENTIAL

The total adsorption potential as given by equation (3) may be

written as

b= B, + B+ B+, (64)

)
where ¢T ig the total potential of adsorption. The contributions to the
total potential due to the dispersion forces 1is ﬂA, from the repulsive
forces, #,, the electrostatic force, QE, and the quadrupole interaction,
mb. The division off@T into four parts is somewhat artificial as @A

and Ql{may be inter-related by use of a pair potential.

In this work the modified Buckingham (6 ~ exp) pair potential is

used to describe the attractive and repulsive interactions. This pair

potential is given by

B (r) = c/r® + B ewp (v ) (65)
m
where
B £ 6
C = ETTTT;ZF L3 {66)
B o= E T eXp Y (67)
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and L is the equilibrium distance, Y a parameter determining the steep-
ness of the repulsive potential wall and © is the depth of the potential
well. The (6 - exp) potential is used in this form because a similar
form for the repulsive potential of the ions of the alkali halides is

13 Mixed interactions which are the primary concern in this

available,
studyv, require a combining of the self interaction potentials, when the
mixed interaction potential is not known independently. This combining
can be accomplished by use of several rules for the various parameters
just defined. These ccmbining rules will be discussed in later sections.

The parametecrs of equation (65) for argon and nitrogen have been
evaluated by several workers, The parameters, as determined by Sherwood

.50 )
and Prausnitz for nitrogen and argon and those of Whalley and
, 51 .

Schneider for argon, are shown in Table 8. The parameters of Sherwood
and Prausnitz, determined from second virial coefficient data, were

selected for this work. The effect of using other parameters will be

discussed in Chapter VII,

Table 8. Modified Buckingham (6 - exp) Parameters

Pair Ref. e/k (PK) r_ (A%)
Ar-Ar 50 152.0 1,644 18
N,-N, 50 160.2 3.695 30

Ar-Ar 51 131.5 3.784 15
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Although the attractive and repulsive interactions are inter-
related by equation (63), they can be conveniently discussed separately,

just as the electrostatic interaction and the quadrupole interaction.

Attractive Potential

The value of C from equation (66) for the self interaction of the
adsorbate molecules is denoted by Cyy1- For the interaction of the
adsorbate molecule with the ions of the erystal, the values of C12 for
the adsorbate-negative ion and Ci3 for the adsorbate-positive ion are

required. These mixed interactions parameters are given by

©12 6

C12 ST 67712 rm12 (68)

for the (6 - exp) potential for the adsorbent-negative ion interaction,
The remainder of this discussion will be in terms of this interaction,
but an analogous argument is used for the adsorbate-positive ion inter-

action.

A convenient method?? has been outlined for determining the
parameters 012 and C13, based on a ratio of the values of Crm obtained

from the Kirkwood Muller12 expression for self-interaction

2
C = 6 me" (o, x,/2) (69)
11, 11

and for mixed interactions

") o, -1
c = 6 mel (= + %) o, (70)
KM S )



73

The term m is the mass of an electron, ¢ is the velocity of light, and
a and y are the polarizability and diamagnetic susceptibilities of the
respective species. The Kirkwood Mttller values for C11 and €y, are too
large when compared to results obtained from quantum mechanical calcu-
lations.53 For this reason the following method was used to find the
respective values of C.

The values of the self interaction and mixed interaction parameters
for argon, xenon and krypton were calculated from equations (69) and
(70) respectively. These results were then plotted against the same
values as reported by Starkschall and Gordon53 from quantum mechanical
considerations. The data appear to form a straight line and a least
squares fit to a linear equation gives

-12 06
CSG = 5,8 x 10 + 0.2842 CKM (units of ergs A~ ) (71)
with a standard deviation of + 3.0135 x lo-lzergs A°-6. If the small
intercept can be taken as insignificant, the constants are then propor-
tional te one ancther.
This suggests that the mixed interaction parameters for the (6 -

exp) pair potential may be given by

C,, =¢C,, (C /C ) (72)
12 112, I

The value of C,, for the adsorbate is determined from equation (66)

using the data of Sherwood and Prausnitz. The quantities Cll and
KM

C were determined from equations (69) and (70), respectively, using

12
KM



the polarizabilities and diamagnetic susceptibilities given in Table 9.

Table 9. Polarizabilities and Diamagnetic Susceptibilities

o4 X
cm3/mole X 1024 Ref. cm3/m01e X 106 Ref.
Ar 1.63 4 -19.32 55
N, 1.76 10 -12.0 10
Na't 0.303 54 - 5.9 56
c1” 3.058 54 -24.3 56

The attractive potential due to the interaction of the adsorbate

with each ion is given by

6
@ =C, . /r (73)
Al2 127712
and
] =C /r6 (74)
A13 137713

The total potential due to the dispersion forces between the adsorbate

molecule and all the ions of the crystal is given by 1
C C
12 13
= = + o
N % 5_ (o) X: 5, (o) (75)

where S_ (p) and S, {p) are the inverse sixth power summations of the
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molecule-ion distance to the negative and positive ions respectively.
The term a is half the lattice parameter of the crystal and p is the
reduced perpendicular distance of the adsorbate molecule above the

crystal plane.

p = z/a (76)

Details of the calculations of S_ (p) and S, (p} are given in Appendix

o

Repulsive Potential

The repulsive portion of the {6 - exp) potential for self inter-

action of the adsorbate molecules is given by equation (67) as

r
By exp -y T7) (77)
m
. 13 . . . ,
Huggins and Mavyer have described the repulsive interaction between

the ions of an alkali halide crystal as
B+B_ exp (-Rr) (78)

where B+ and B_ are parameters of the positive and negative ions respec~-
X I -1

tively and B is an empirical constant, taken ag 2.899 AC ~,

The pre-exponential parameter of equation (77) may be written as

By = (Bl)z. This suggests that the mixed pre-exponential parameter may

be given by
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Bla = BBy 79

B3 = BBy (80)

, : . 57 .
which is the same as the geometric mean™  combining rule,

B., = (B )1/2 (81)

12 11B22

Other combining rules have been proposed for the pre-exponential
parameters and two of these have been considered. The arithmetic mean
combining rule is given by

B

= 1/2 (Bj; +3,,) (82)

12 22

and the harmonic mean combining rule is given by58

2BlJ.B22

Bl "B TR (83)
12 B, +B,,

To determine the effect of these various combining rules, calculations
of the total potential were made using the combining rules of equations
(81), (82) and (83) for the repulsive potential for the argon-sodium
chloride system. For the nitrogen~sodium chloride system, only equation
(76) was employed for the repulsive potential., A comparison of the
results are presented in Chapter VII.

The combining law of Zener59 is used for the exponential parameter
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=1/2 (B, + B (84)

Bio 22)

where

Bl = Y/rm (85)

and 822 is the B parameter of Huggins and Mayer. This combining law
proves to be consistent with the geometric mean rule for the pre-
exponential parameter B, as will be discussed in Chapter VII.

The repulsive potential between an adsorbate molecule and each

of the ions of the lattice is given by

.
]

12 B12 exp (-812 r) (86)

@

R13 Bl3 exp (-813 r) (87)

The repulsive potential for interaction of the adsorbate molecule and

all the iomns of the crystal is given byll

Bp = 1,5 (5.8,8) + By,S, (0,8,) (88)

R
where S_ (p sa) and S+ (p, f,a) are the summations for the exponential
of distance between the adsorbate molecule and all the ions. The details
of these summations are given in Appendix F.

The mixed interaction parameters as defined by equations (72),

(79), (82), (83) and (84), as well as the self-interaction parameters
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for argon and nitrogen from the data of Sherwood and Prausnitz are
presented in Table 10. In addition to the values of C, B and R, the
usual parameters of the modified Buckingham (6 - exp) potential are

presented.,

Table 10, Potential Parameters

11

Pair C x 10, B x 108 (ergs)
(erga A9")
Eq. (79) Eq. (82) Eq. (83)
Ar~Ar 7.37 68.88 - -
Ar-Na© 1.70 1.05 34.63 0.77
Ar-Cc1” 11.10 5.97 34 .45 0.04
-10

N2-N2+ 7.03 5.91 x 10 - -
N2-Na 1.79 306.95 - -
N,-C1~ 13.15 1747.52 - -

Geometric Mean Combining Rule

Pair a(a%) "1 ok (%K) rm(Ao) ¥
Ar-Ar 4.9394 152.0 3.644 18
Ar-Na© 3.9189 18.3 4,011 15.7
Ar-Cl” 3.9189 130.4 3.947 15.5
Ny-N, 8.1191 160.2 3.695 30
N,~Na® 5.5088 9.1 4.715 26
N,-C1” 5.5088 459.4 3.344 18.4
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Flectrostatic Potential

A non-polar molecule, with a polarizability of a, experiences an
electrostatic force when placed in an electric field. Lennard~Jones
15

and Dent have shown that this electrostatic interaction can be

expressed as

2
= =LaF 89
¢E 20.]:‘2 ( )
where Fz is the resultant field perpendicular to the surface at a partic-

ular point. Fz is defined as

F = (aF/az)x’y (80)
where F is the total electrostatic potential above the surface and z is
the perpendicular distance of the adsorhbate molecule above the surface.

The total electrostatic potential above the (100) plane of face centered

cubic crystals has been derived by Lennard-Jones and Dent15 as

L4+m
) -l 2 2+m
F:.-i’.‘.’.‘ig ¥ (-1)2(22+m)/2c052n(;}5+2z'-7)
% 1=%1,3,5... m=tl,3,5 o
(91)

1
exp (- _-a?-_T_T_{ (2241112)1)
o

T
1+ exp(-ﬂ(£2+m2)4)

where v is the valency of the ions, e the charge of an electron and ag
is the crystal lattice parameter. The coordinates X and y determine the

later al position of the adsorbate molecule over the lattice cell. At
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the point x = y = 0, the molecule is directly above a positive ion. The
term z is the distance of the adsorbate molecule above the point (x,y)
in the crystal plane., Egquation (91) considers anly the first crystal

plane. Successive planes are obtained by replacing z with (n a, + z)

where n = 1, 2, 3, *-*., Equation (90) then becomes
1
Fz Sﬂ;e ——F z exp (- EEE(Q + mz)ﬁ)
a_ =%1,3,5... m=%1,3,5... 3
Lz+m 1
1
cos 2ﬂ(--+ —X --———D -1 {} + exp(—w(ﬁ2+m2)ﬁﬂ {(92)
W

From equation {92) it can be shown that the resultant field over the
center of a cell and over the mid point of a lattice edge is zero, The
variation of the perpendicular component of the electrostatic field F,
as a function of p, where p = z/a, is presented in Appendix G.

The use of equation (89) to express the electrostatic interaction,
implies that the adsorbate molecule is adequately represented by a
polarizable point. As discussed in Chapter I, Lenel7 calculated the
electrostatic potential from equation (28), again presented here for

convenience,

6 = oL dr (28)

where Po is the potential field at the center of the adsorbate molecule,
P is the potential at a particular point, Pe is the electron density of
the adsorbate molecule and d71 is a volume element experiencing the

potential P, He found that this equation predicted an interaction energy
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of 450 cal/mole compared with 250 cal/mole from equation (89) for argon
on potassium chloride.2 The implications of Lenel's calculations will

be discussed in further detail in Chapter VII,

Quadrupole Potential

The interaction of a non-polar molecule, possessing a quadrupole

moment Q, with an electric field F can be shown to be 22

8y = % QUF/ac?) (93)
where the axis t is taken along the axis of symmetry of the quadrupole.
Using the expression for the electrostatic field given by Lennard-
Jones and Dent, equation (91), Hayakawa17 evaluated the second derivitive
of equation (93). TFour sites above the unit lattice cell were consid-
ered; site A above the center of the cell, site B above the mid point of
a lattice edge, site C above a positive ion and site D above a negative
ion. The maximum interaction of the quadrupole was found to occur for

the following orientations of the quadrupole:

(1) Type A sites, (82F/Bxay% - efa> - 0,4 (94)

(ii) Type B sites, (BZF/Bxaz)y = efa” - g3 (95)

(1ii) Type C sites, (azF/azz)x,y = e/a3 " Ogi (96)

and  (iv) Type D sites, (BzF/axz)z,y = efa’ -+ o (97)

The axis x, v, and z are along the sides of a unit cell, e is
the electron charge and a is one-half the lattice cell constant. The
quantities o are the summations of distance of the adsorbate molecule

to all the ions of the crystal and is a function of p where p is defined
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as zfa. Details of the calculations of the values of ¢ as a function
of p are presented in Appendix H,

Equations (94) and (97) in their complete form, as shown in
Appendix M, indicate that the maximum quadrupole interaction occurs when’
the axis of the quadrupole is parallel to the surface for sites A and
D, For site C, equation (96) shows that the maximum interaction occurs
when the axis of the quadrupole makes an angle of /2 with the surface
and for site B, equation (953), predicts the maximum interaction at an
angle of 7/4. These angles for maximum interaction were obtained from
the equations given in Appendix H.

The calculation of the dispersion forces as discussed earlier 18
based on the assumption that the adsorbate molecules are freely rotating.
If the molecules are hindered from rotating, such as is predicted for
sites B and C, a correction needs to be applied to the total potential.
An estimate of this correction has been made by Hill60. For a rigid
symmetrical diatomic molecule with an interatomic distance of 2d, Hill
represented the interaction of each atom of the molecule with the surface

by a Lennard-Jones (6 - 12) potential

i2 6

‘n T
u=e_ (‘r—) -2 (;") (98)
where r 1is the equilibrium distance of the arom from the surface of the
m
adsorbent and €, is the depth of the well. Using the attractive term of
London (equation (27)), he derived an expression for the interaction of

the entire molecule with the adsorbent by integration
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- z -3 z =3, 1 [z -9 z -9

Umkl-G T o E - nT g [E T E )
m m m m

(99)

where ¢ is a constant, z is the distance of the center of the molecule

above the surface of the adsorbent and hl is defined as
h, = ho cos B (100)
h = d/rm (101)

The angles, is the angle between the axis of the molecule and the surface
of the adsorbent, From this equation, it is seen that the maximum inter-
action due to dispersion forces occurs when ¢ is zero as in the case of
sites A and D.
For 8 equal to /2, Hill has plotted the correction to the dis-
persion forces as a function of ho‘ From this plot it is estimated
that the correction for site B is about 100 cal/mole and for site C
about 200 cal/mole. Admittedly, Hill's calculations are approximate
and valid only as an estimate of the order of magnitude, since the
interactions were integrated and the attractive term of London was used.
Additionally, when a molecule is adsorbed on a surface, the ro-
tational degrees of freedom become torsional vibrations, if the molecule
is restricted from rotating on the surface. The total interaction po-
tential would be increased by an amount equal to the difference in the
energy contributions from rotation and torsicnal wibrations, If the
energy of the rorsional vibrations is small compared to the energy of

rotation and the molecule is considered to be a rigid rotor, then the
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contribution to the total potential may be estimated from

E__, = kI'(3ln q_/oT) = kT (102)
where q, is the rotational partition function, assuming a rigid rotor.
This amounts to about 150 cal/mole. Since Hill's calculations are
approximate, the energy contributions due to the barrier of rotation
and the loss of rotational degrees of freedom roughly cancel each other
in this particular case and therefore are not considered.

The quadrupole interaction for nitrogen was calculated from
equation (93), using the values of sz/dt2 as given by equations (93)

61

through (97). The value of Q was taken from Buckingham = as -1.52 x

10 esu cmz.

Total Potential

The total potential was calculated from equation (64)

@, =0, + @, + ¥, + GQ (64)
Calculatipns of ﬁT were made for four sites on a unit lattice cell.
These sites are: type A over the center of a cell, CC, type B over a
mid point of the cell edge, CE, type C over a sodium ion, Na+, and type
D over a chloride ion, Cl1 . The total potential curves for these four
sites are presented in Figures 20 through 22. The harmonic mean com-

bining rule for the repulsive potential of the argon-sodium chloride

interaction, predicted exceptionally large interaction energies (greater
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than 150 kcal/mole) and small equilibrium distances (less than 0.9 A%).
For this reason, this data is not plotted, but will be discussed later
in this Chapter. The data for all the potential energy curves is given
in Appendix I.

In order to determine the force constant ky for the mode of vibra-
tion normal to the surface of the adsorbent, the well region of the

potential was fitted to a Taylor series about the minimum
= 2 3 4 5
P (z) = Em + b2(z - zm) - b3(z - zm) + ba(z zm) - bs(z - Zm)
+b.(z -2 )0 + .- (103)
6 m
where Em is the minimum of the potential curve and z, is the equilibrium
distance between the adsorbate molecule and the surface.
The values of Em and the constants b are presented in Table 11
for the argon~-sodium shloride system and in Table 12 for the nitrogen-

sodium chloride system.

The force constant is given by
ko= 2b (104)
and the characteristiec frequency for harmonic vibration is given by

where m is the mass of the molecule of adsorbate.



Table 11, Parameters for the Argon-Sodium Chloride Potential Curve
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Geometric Mean Combining Rule

System Ar-CC Ar-CE Ar-Na? Ar-Cl”

E_ (kcal/mole) -1.099 -0.9587 -1.093 ~0,812
y)

b, (kcal/mole A°3) 13.842 12.3417 15.904 11,712

b, (kcal/mole AOQ) 66.524 69.1307 92.415 84,619

b, (kcal/mole A° )155.742 209,8253 231.580 271,558

Arithmetic Mean Combining Rule

Ar-CC Ar-CE Ar-Na®t Ar-Cl~
-0.,469 ~0.438 -0,410 -0,456
6.792 6.869 6.226 10,326
27.803 30,282 25,377 46.068
15.683 1.162 2.280 21,194

Table 12, Parameters for the Nitrogen-Sodium Chloride Potential Curve

System N,-CC Ny-CE Ny-Nat Ny-C1”
E_ (keal/mole) -2.496 -2.316 ~2.712 -1.508
b, (keal/mole A°)  58.311 73.571 65.883 44,789
b, (keal/mole A°4) 324,888 405.694 719.726 287,256
b, (keal/mole AOS) 560,779 602.918 3839.951 486.323
b, (keal/mole A°6) 759.242 509.469 3884 .466 411.234
by (kcal/mole A%) 226,499 97.148 1093.150 80,395




87

The energy levels of a one dimensional harmonic oscillator are

non degenerate and given by

e =hun+% ;0=0,1,2,3... (106)

The zero point energy is then given by

E =E +%hV (107)

The average energy of each potential curve is obtained by first finding

the average energy of vibration from the vibrational partition function

Eav = Em + Evib (108)
where
E,ip = KT? (3 1n qvib/ar) (109)
and
q _ exp {=hv/2kT) (110)

vib 1 - exp (-hu/kT)

In Chapter I, it was pointed out that previous workers such as
16-20 11 , ,
Hayakawa and Orr compared their experimental values to the zero
point energy of the potential curve exhibiting the largest interaction

energy. This method, however, seems valid only at the absolute of zero.
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For temperatures greater than absolute zero there will be a thermal

distribution of an adsorbed molecule over the various positions,
Assuming a Boltezman distribution for the adsorbed molecule among

the various positions, the probability of finding the molecule over a

particular position i is approximately given by

N, g. exp (-Ei /KT)
T avi (111)
T _
igi exp (-E__/KT)

where the g; 's are weighting factors according to the relative contri-
butions of each type of site on a lattice cell. For adsorption over the
center of a cell, there is only one site, therefore g = 1, over the
center of an edge, there are four sites, however each is shared by two
cells, therefore g = 2, For adsorption over an ion, there are two of
each type of ion, but each ion is shared by four cells, therefore g = %.

These factors are shown in Table 13.

Table 13. Weighting Factors

Site g

A - Center of Cell 1
B - Center of Edge 2
C - Over Nat %
D -~ Over C1° %

The total average energy for the molecule, on the surface then is given
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approximately by

N N N N
ET = —A- EA + I\T—B. EB + N—C Eg'\? + 'N'E E]:.V (112)
av NT av T av T T

To relate Egv to the experimentally determined isosteric heats
of adsorprion, the relationship of equation (25), derived in Chapter T,

is employed
¢ = EL 4 RT (113)

where q:t is the calculated isosteriec heat of adsorption at zero cover-
age.
The results of these calculations are presented in the following

tables and plots: Tables 14, 15 and 16 contain the values of Zs Eo’

and E Table 17 contains the total average energy Egv andqgt . The

av?

data for the potential curves is presented in Appendix I, and the plots

of this data are shown in Figures 20 through 22.
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Figure 20. Potential Curves for Argon on the (100) Plane of NaCl Using
the Geometric Mean Combining Rule for the Repulsive Potential
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Table 14, Results Obtained from the Potential Energy Curve for Argon
on the (100) Plane of Sodium Chloride, using the Geometric
Mean Combining Rule for the Repulsive Potential Parameter By,.

Site T z ~E, v x 10712 -Egv
(°K) (A% (kcal/mole) (sec) (kcal/mole)
A 72.14 3,32 1.095 0.103 0.956
77.12 0.947
82.88 0.935
89.96 0.921
B 72.14 3.48 0.954 0,097 0,815
77.12 0.805
82 .88 0.794
89.96 0.780
C 72 .14 3.30 1,088 0.110 0.949
77.12 0.939
82 .88 0.928
B9.96 0,914
)] 72.14 3.74 0.808 0.095 0.669
77.12 0.659
82,88 ¢.648

89.96 0.633
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Figure 21, Potential Curves for Argon on the (100) Plane of NaCl Using
the Arithmetric Mean Combining Rule for the Repulsive
Potential Parameter Bia.
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Table 15. Results Obtained from the Potential Energy Curve for Argon
on the (100) Plane of Sodium Chloride, using the Arithmetic
Mean Combining Rule for the Repulsive Potential Parameter 512

Site T Zm -E, v X 10112 -Eav
(°K) (A°) (kcal/mole) (sec)” {(kcal/mole)
A 72.14 4,34 0.466 0.072 0.322
77.12 0.312
82.88 0.301
89,96 0,287
B 72.14 4.43 0.434 0.072 0.291
77.12 0.281
82.88 0.269
89,96 0.256
C 72.14 4.50 ‘ 0.407 0.069 0.263
77.12 0.253
82.88 0.242
89,96 0.228
D 72.14 4.43 0.451 0.089 0.308
77.12 0.298
82 .88 0.287
89.96 0.273
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Figure 22, Potential Curves for Nitrogen on the (100) Plane of NaCl.
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Table 16. Results Obtained from the Potential Energy Curve for Nitrogen
on the (100) Plane of Sodium Chloride

site T 2 -E_ vx 1072 -E,,
(°K) (Ag) (kcal/mole) (sec)"1 {(kcal/moleY
A 72.12 3.09 2.484 0.252 2.353
77.11 2.343
82.88 2.331
90.07 2,317
B 72.12 3.31 2.303 0.283 2.172
77.11 2.163
82.88 2.151
90.07 2,137
C 72.12 3,22 2.699 0.268 2.568
77.11 2.558
32.88 2.547
90.07 2.533
D 72.12 3.66 1.497 0.221 1.364
77.11 1.354
82.88 1.343
90.07 1.32¢9




Table 17. Total Average Energy and q:t
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System T ET 9,
( K) av
{kcal/mole) (kcal/mole)
Ar-NaCl 72.14 0.091 1.044
{(Geometric 77.12 0.888 1.041
Mean) 82.88 0.874 1.038
89.96 0.857 1,035
Ar-NaCl 72.14 0.299 0.443
(Arithmetic 77.12 0.290 0.443
Mean) 82.88 0.278 0.443
89.96 0.263 0.443
N,-NaC1l 72,12 2.453 2.596
77.11 2.432 2.586
82.88 2.410 2.575
90,07 2.383 2.562
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CHAPTER VII
ISOSTERIC HEATS

The iscosteric heats of adsorption for both argon and nitrogen on
the doubly heat treated sodium chloride were determined from the

Clausius Clapeyron equation in the form
4gr = R(231n P/ (1/T)) (114)

where R equals 1.9872 cal/(mole ®K). The term 5 ln P/ ¥ 1/T) was deter~
mined by plotting the ln P versus 1/T at constant N 4 . (micromoles/gm).
The data were then fit to a least squares linear equation and the slope
was taken as ¢ 1ln P/ ®(1/T). The standard deviation for the nitrogen-
sodium chloride isosteres ranged between 7 x 10-3 and 0.025. For the

. S -2
argon isosteres the standard deviation ranged between 10 = and 0,05,
To determine the error in the isosteric heats consider the inte-

grated form of equation (1l14)

= Rlg=—="5| 1n (2,/P)) (115)

The error in temperature measurements is negligible, therefore the main
source of error is in the ln(Pz/Pl) term. A root mean square method is

5
used to estimate the error in the isosteric heats. The per cent error

in ln(Pz/Pl) is given by
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% Error = V(% error Pl)2 + (% error PZTY_ (116)

The accuracy of the isosteric heats then is given by

T,T
_ 172 ZError
st 7 T, - T] In (B,/P)) (1 557 (117)
or
T,T T.T
_ 172 172 ZError
9gp = R T, - T, In(P,/P)) £ R T, - T, (P, /B)) G55
(118)

In the low pressure region (<5 torr), the error in pressure
measurement is approximately 1+ 2% and the error in reading the graph
paper, plotting and the graph paper itself is estimated as = 1%,
Fquation (118) then estimates the error in the heats of adsorption as
* 76 cal/mole for argon and * 127 cal/mole for nitrogen.

In the high pressure region, the error in pressure measurement
is approximately % 1.8% and the error in reading, plotting and the graph
paper itself is again estimated as * 1%. Equation (118) estimates the
error in the heats of adsorption as % 70 cal/mole for argon and £ 120
cal/mole for nitrogen.

The experimental error in the isotherms themselves was also
determined by finding the standard deviation of the points about the
best fitting smooth curve drawn between them. Extrapolating the stan-
dard deviation back to the pressure axis yielded an uncertainty of * 3%

in the low pressure region. This is in close agreement with the errors



99

determined above for the low pressure region, and lends credibility to
them.

The =zero coverage isosteric heats were obtained by the method
discussed in Chapter I. Plots of the isosteric heats as qg (kcal/mole)"
versus N_,. {micromoles/gm) are shown in Figures 23 and 24, The calcu-
lated and experimental isosteric heats are compared in Table 18, The

data of the isosteric heat plots is given in Appendix A,

Table 18, Theroetical and Experimental Isosteric Heats at Zero Coverage,

System T 9gr {(kcal/mole)
. (°x) Experimental Theoretical
Geometric Mean Arithmetic Mean
Ar 72,14 1.640 =+ ,076 1.044 0.443
77.12 1.041 0.443
82.88 1.038 0.443
89.%6 1.035 0.443
NZ 72.12 3.040 = ,127 2.596
77.11 2.586
B2 .48 2.575
90,07 2.562

Discussion of Results

The results of the calculated versus the experimental zero cover=-
age isosteric heats of adsorption are shown in Table 22, The calcula-
tions using the arithmetic mean combining rule for the repulsive poten-
tial of the argon-sodium chloride system predicts too small an inter-

action energy and too large an equilibrium distance (Table 15). For
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this reason, this potential was dropped from further consideration and
it was not considered for the nitrogen-sodium chloride system,

Although the calculated results for both the argon and nitrogen
interactions using the geowetric mean combining rule are not within the
experimental error limits, the results are within 307 for the argon
data and 15% for the nitrogen data, The difference between the calcu-
lated and experimental isosteric heats amounts to 600 cal/mole for the
argon~sodium chloride system and to 450 cal/mole for the nitrogen-sodium
chloride system. Since the difference in the calculated and experimental
values are approximately the same for argon and nitrogen, it appears
that some systematic correction is needed to bring the values into
agreement. Several possible alternative methods of performing the cal-
culations of Chapter VI will now be considered.

The results of using different combining rules for the repulsive
potential, showed that the geometric mean combining rule results in the
best agreement with experimental data. This is in agreement with
Abrahamson's62 quantum mechanical results for the noble gases, He
determined the repulsive potential for both self and mixed interactions
and found that without assuming any form for the repulsive potential

that the mixed interactions were correctly predicted by

1
] {(r) = (& (r) @ (r))* (119)
Rig Ry Ra2

To further test this finding, the quantum mechanical data of

63
Gordon and Kim = for the self and mixed interaction potential of argoen
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and krypton were examined since these are presumably more precise than
the TFD values used by Abrahamson. Since the totral potential was
reported as a function of the internuclear distance between the atoms,
the portion of the potentials attributed mainly to repulsive interactions
(less than 3 A® internuclear distance) was employed. Selecting the

self interaction potential for argon and kyrpton at the same value of
internuclear distance (ri), the mixed interaction potential was calcu-
lated from equation (119). Values were calculated for internuclear
distances of between 3 A® and 0.05 A°, The logarithm of the calculated
data, In ﬂg, was plotted against the logarithm of the quantum mechanical
results, 1n QEM, in atomic units, and found to form a nearly straight

line (Figure 25). A linear least squares fit to the data yields

Logt = 0.0158 + 0.9962 Logy (120)

{in atomic units)

with a standard deviation of * 0.0126 atomic units.
. L 59
This suggests that the combining rule of Zener for the exponen-
tial parameter B is consistent with the geometric wmean combining rule
for the pre-exponential parameter B. Consider the self interaction

repulsive potentials

by (x)

" B11 exp (-Bll ) (121)

=9
—
[a}
()
]

B22 exp (-Bzzr) {122)
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Figure 25. Calculated versus Theoretical Repulsive Potential for Ar-Kr
System.
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Substitution of equations (121) and (122) into equation (119) yields

B = (B,, B.,)
Ry, 11 22

T exp (-¥(5), + 8,,) 1) (123)
These results show that the combining rules used for the repulsive
potential in rhe present study are valid, especially at the close inter-
nuclear distances of 3 A® or less, where the repulsive potential becomes
the predominant term in the total potential.

Although several combining rules were examined for the determin-
ation of the pre-exponential constant B, only one combining rule was
used for the dispersion constant C, namely equation (72). The relation-
ship between the values of C obtained from the Kirkwood—Muller12 formula
and the quantum mechanical values of Starkschall and Gordon®3 as shown
in equation (71) was based on both the self and mixed interactions of
argon, xenon and krypton. It is possible that this relationship does
not exactly hold for the mixed interactions of gas molecules with iocuns.
Agsuming that the relationship of equation (71) does hold for the ion-ion

self interactions, the following expressions are obtained

= {C /C ) (124)
22 11 ZZKM 11KM

C33 = Cyp (€33 fCy1 ) (125)
KM KM

Equation (124) representing the mixed interaction with the chloride ion
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will be discussed in the foll owing presentation. An analogous argument
applies for the mixed interaction with the sodium ion, which is repre-
sented in equation (I25),

The geometric mean combining rule is given by57

v

(126)

C,, = ( )

12 = 13 Cop

Substitution of equation (124) into equation (126), vields after alge-

braic rearrangement, the following expression

G1Xp ¥ ooy
ya)

C /C1q ) (127)

=C,., (C
12 11 12KM M 2(

1%1%2%2

This expression differs from equation {72} by the factor ¥ where

M Xptaxy

b (128}

- 1
3

2(a 0 0px,)
This factor then is a measure of the difference in calculating Cq4 by
equation (72) and equation (127). The values of ¢ are given in Table

19.

An alternative method of evaluating the constant Cio is by use

of the harmonic mean combining ru1e58

26459

12 C11+C12

C (129)

Again substituting equation (124) into equation (129) and rearranging
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Yields

XXy
Cpp o= Cyi(Cyy O ) ) (130)
12 11 lZKM llKM ATy
This expression differs from equation {(72) by the factor¥' where
o Xatoa,X
. 12+ 271 (131)
LR LSRR PY
The values of ¥' are given in Table 1€,
Table 19. Values of ¥ and u'
System 2 p'
Ar-Na™t 1.03 0.455
Ar-Cl; 1,02 0.933
No-Na 1.14 0.611
NZ-CI- 1.00 0.841

It is evident from the factors for the harmonic mean combining
rule ('), that using this combining rule would predict an even smaller
interaction potential, Since this is not the direction needed to improve
agreement, this combining rule is rejected.

The factors for the geometric mean combining rule are nearly
unity and thus the values of Cyp determined by this mean are nearly
identical to the values obtained from equation (72}, It appears,

therefore, that the use of equation (72) seems justified.
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A second alternative to the calculation of Chapter VI is to
employ a different potential for the self interaction of the adsorbate
molecules. To determine the effect of changing this potential, the
interaction of argon with sodium chloride was investigated. The (6 -
exp) potentials of Whalley and Schneider51 and Sherwood and Prausnitzso
as shown in Taple 8 were compared.

Simplification of the calculations was obtained by summing only
the interaction over the nearest ions of the crystal and integrating
over the remainder. Using the (6 - exp) potential, the partial summa-
tion and integration over all the ions yields the following equation

for the total potential over the center of a cell

2 1 z

@, ==(C +C L) (—+ mp|l—5 - —11+ (B + B_.)

T 12 13 R6 3R3 qR4 12 13
o o
~BR (132)

-8R, e o 5 _ 1,z 2 2
{2e + Trpl: B (( R0 B)(B —-82 Y+ ROEI}
where C c B B and B are the mixed interaction parameters ag

127 713 7127 713
determined by equations (72), (79) and (B4)., Details of the derivation

of equation (132) are given in Appendix J. The values of these parame-
ters using the Sherwood and Prausnitz potential are given in Table 10,
while those from the potential of Whalley and Schneider are given in
Table 20, The term R, 1is the distance from the adsoma te molecule to a
point in the crystal which forms the lower limit of the integration,
The use of equation (132) does not include the electrostatic
forces. The issue of concern, however, is the effect of the adsorbate

self-interaction potential on the total mixed interaction potential.
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Although the partially integrated form is not as exact as the summations
of Chapter VI, the magnitude of any difference due to the use of differ-
ent adsorbate potentials should be evident. The results of this calcu-

lation are tabulated in Appendix J and plots of the data are shown in

Figure 26.

Table 20, Mixed Interaction Parameters from the Potential of Whalley
and Schneider

Parameter Ar-C1~ Ar-Na+ Ar-Ar
11 ob
C x 10" (ergs A®) 13.3717 2.0520 8.8789
B x 108 (ergs) 1.4299 0.2512 3.9549
<1
B (4% ) 3.4313 3.4313 3.9641

The potential minima of the two potential energy curves differ
by less than 10 cal/mole and the predicted equilibrium distances differ

by only 0.02 A° (Table 21).

Table 21, Potential Minima and Equilibrium Distances

(6 - exp) Potential E r (A9
(kcal?mole) m
S &P -0,791 3.38
W &S ~0,782 3.33
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Figure 26. Partially Integrated Potential Curves for Argon over the

Center of a Cell on the (100) Plane of NaCl.
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Figure 27, Partially Integrated and Summed Potential Curves for Argon

over the Center of a Cell on the (100) Plane of NaCl.
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From these results it appears that changing the self-~interaction
potential for the adsorbate has little effect in this instance on the
total potential, This is due to a self compensation of the parameters
of the two (6 ~ exp) potentials investigated. Thus the choices of a
different potential for the self-interaction of the adsorbate for the
calculations of Chapter VI would probably not result in an significant
change in the total potential.

The integrated potential obtained from the data of Sherwood and
Prausnitz was compared to the summation potential of Chapter VI for the
position over the center of a lattice cell, The resulting plots are
shown in Figure 27, The equilibrium distance of the integrated potential
is 0.06 AO greater than the summed potential, while the potential minima
is 0.304 kcal/mole less than the summed potential. These results clearly
indicate the superiority of the summations of Chapter VI to the partially
integrated method outlined above. Integration does not give proper
weight to the nearest molecule-ion interactions.

A fourth consideration is the method of calculating the electro-~
static potential, Equation (89) implies that the adsorbate molecule is
adequately represented as a polarizable point. Since the cross sectional
area of the argon atom is on the order of 5.7 A° and the unit cell area
of the (100) plane of sodium chloride is 7.95 Aoz, this assumption is
not exactly valid, Lenel7 has considered this problem. He represented
the electrostatic interaction by equation (28), repeated here for con-

venience

2
B (P - Po) Pa
¢E = -—-—Tf*“*—'dT (28)

E



. 113

The systems Ar-KCl, Kr-KCl and Ar-KI were investigated by Lenel., The
interaction over the ions was calculated and for adsorption over the
center of a cell or over the mid point of a lattice edge, the interaction
was egtimated to be 80-907% of the maximum interaction found over an

ion, The basis for this estimation is not explained by Lenel. His
calculations are presumably more accurate than those obtained from
equation (89); however the assumption of a reduction of 10-2C7% of the
maximum interaction when the adsorbate is over the center of a cell or
lattice edge is unclear., Lenel does not state how he obtained the
reduction factors of 10-20%.

An estimate of the effect of equation (28) on the argon-sodium
chloride system of this study was made in the following manner. The
value of GE was calculated by equation (86) for the same systems studied
by Lenel. Assuming preoportionality, the logarithm of these data were
then plotted against the logarithm of the values of @E obtained by
Lenel's calculations. The data appeared to form a stréight line and

were fitted by a least squares fit to a linear equation in the form

L
anE = 1n k +a 1n@ (133)
E
and was found to be
logy = 0.534 + 1,084 1n 6y (134)

From equation (134) then the value of @E was estimated for the

argon-sodium chloride system., The values of ¢L thus obtained were
E
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substituted for ¢E in the potential curves for argon-sodium chloride
systems found in Chapter VI. This increased the total average energy
for the system to 1.115 kcal/mole and the calculated isosteric heat at
72.140K to 1.258 kcal/mole. This value of the calculated isosteric heat-
is within 270 cal/mole of the error limits of the experimental isosteric
heat. Although Pierotti2 has stated that the problem of electrostatic
forces cannot be solved exactly using classical methods, it appears that
a more realistic, perhaps a quantum wmechanical, representation of the
electrostatic forces is required.

Besides the (1l00) plane of face centered cubic sodium chloride,
a common equilibrium crystal face is the (111) plane found on octahedral
sodium chloride. Two types of (111} planes are possible, one made up of

24 has cal-

all sodium ions and one made up of all chloride ions. Young
culated the energy of interaction for argon on the (lll1) planes of octa-
hedral potasgsium chloride. He found the difference in the energy of
interaction between the two (111) planes amounted to o§er 500 cal/mole,
Since the polarizability55 of the potassium ion (1.228 A°3) is much
greater than that of the sodium ion (0.303 A03), it is expected that
the difference in the (111) planes of sodium chloride would be even
greater, The site energy distributions calculated in Chapter V indicate
a very narrow energy distribution, less than 200 cal/mole. For this
reason the (111) planes are ﬁot considered as likely for the sodium
chloride sample of this study as the (100) plancs.

Several alternative approaches to the calculaticns of Chapter VI

have been considered and it was found that a more realistic expression

for the electrostatic force may bring closer agreement between the
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calculated and experimental results. It is possible that other cowmbin-
ing rules may be considered for the parameters of the dispersion and
repulsive potentials. No claim is made here to have exhausted all pos-

sibilities.

Recommendations

More studies to determine exactly the crystal plane exhibited by
the sublimated sodium chloride are needed. Low energy electron diffrac-
tion studies would be of great assistance in determining these planes.
Additional isotherms on an adsorption apparatus with a greater precision
is pressure measurements in the low pressure region would reduce the
errors in the isosteric heats,

Further theroetical work is also required, especially in the area
of combining rules for the parameters of the dispersion and repulsive
potentials. Since the parameters of the repulsive potential of Huggins
and Mayer13 are empirically determined, an up-to-date re-examination of
the potential in alkali halides is indicated.

The sample used in this study has been shown to possessa homogen-
eous surface. This then makes the isotherm data almost ideal for fitting
to theoretical isotherm equations. TFrom such work, various proposed
models for adsorption, such as the Van der Waals theory,2 significant
structures theory64, etc., can be tested.

Adsorption studies on RbF would be of interest to the present
study since RbF and NaCl have the same crystal structure and nearly the

same lattice constant (less than 0,01 A° difference). Differences in

their adsorption behavior could then be related directly to the
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differences in the ionic species. If both adsorbents exhibited localized
adsorption processes, then the coverage per molecule, o, will be the same

for a particular adsorbate on each of the adsorbents.

If the two adsorbents were inert, such that the lateral interac-
tion of the adsorbate molecules was independent of the presence of the
surface, then comparable lateral interaction energies should be obtained
from the two systems. However, if the solids are not inert, then the
difference in the influence of these two adsorbents on the lateral
interaction of the adsorbate can be estimated and tested against various

&
models, 2570
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APPENDIX A

EXPERIMENTAL DATA AND ISOSTERIC HEATS
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Table 22, Data for_ the Isotherm of Argon on Untreated Sodium Chloride

at 77.08°K.
P P/P N
(torr) © (pmolesaggr gram)
1.4924 .00756 5.10
3.4826 0176 8.59
5.0755 .0257 10.97
6.4686 L0328 14.90
8.0606 .0409 18.45
9.8508 .0500 21,39
11.744 .0597 25.74
13.135 .0668 30.52
14,728 L0749 35,66
16.317 .0829 41,37
17.714 .0899 48.41
19.306 .0980 54.33
21,296 . 1082 58.80
23.683 .1205 60.93
25.675 . 1307 63.66
28.163 1431 66.29
30.252 .1539 68.36
33.240 .1692 70.64
35.626 .1815 72.57
40,199 L2048 75.93
42,789 L2183 77.69
47.368 2421 80.74
53.441 .2738 84.40
60.895 .3068 88.53
66,468 .3350 91.71
73.336 L3704 96.65
79.010 .3994 100.13
B3.896 L4256 04.61
B87.470 AN 107.68
91.350 L4639 111.30
95.226 4828 113.77
99,604 .5050 117.58
104.28 .5296 123.59
108.68 .5515 128,03
111.25 .5666 133.11
115.23 . 5884 ' 139.75
120.59 .6181 146 .49
123,78 6340 153.09
127.18 L6517 157.80
131,24 .6723 161,45
135,14 .6936 166.73

138.12 . 7140 172.18



Table 22, Continued
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P P/PO ads
(torr) (umoles per gram)
143.86 . 7400 179.46
148.13 . 7648 186 .42
152,04 .7816 191.94
156.03 .799 199.45
160,31 .8253 212,24
164.58 L8491 222,38
168,87 .872 235.15
172.76 .8916 248,83
177.81 L9117 262.56
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Table 23. Data for the Isotherm of Nitrogen on Untreated Sodium Chloride

at 77.25°.
P p/P°
{(torr) (Umolesaggr gram)
. 7958 .0011 52.91
1.7908 .0024 65.25
2.1890 .0029 68.01
3.6813 L0049 69.99
8.7538 0116 70.40
1o . 007 0211 71.96
22.364 .0298 72.21
38.456 .0513 73.23
55.534 L0745 74,73
64.567 .0857 76 .52
73.402 L0978 77.81
82.276 .1101 78.12
89.527 .1199 78.98
106.40 1425 80.73
111.36 . 1495 81.84
123,07 .1650 B4 .80
134,19 .1798 85.95
145,75 L1949 86.78
156 .66 .2096 88.62
165.24 L2190 90.25
174.57 L2314 92.10
188,78 .2501 93.95
203.65 L2694 96,12
221.52 .2934 98.91
234.31 .3103 100.61
250.44 L3325 105.15
264,24 .3501 108.77
270.54 L3601 110.63
286,20 .3810 114.17
296 .24 .3965 117.30
302.49 L4028 117.65
304 .17 L4050 117.98
320.54 4262 123.89
334.82 4432 131.27
350.81 L4680 136.07
361.01 L4831 139,50
376.45 .4987 142.13
381.33 .5082 147.27
393.49 L5217 147.28
401,70 .5373 152.85

417.83 .5593 161.00
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Table 24. Data for the Isotherm of Argon on Sodium Chloride at 77.22°K,
after the Initial Heat Treatment.

P P/P N

(torr) © (umolesaggr gram)
5.1716 .0255 8.89
9.3508 . 056 14.36

12.732 .0636 21,04
15.018 .0749 32.02
17.307 .0861 42.76

20,698 .1031 49,59

24,867 L1241 54,77

29.641 . 1487 57.45

35,610 .1781 60.63

40.180 .2001 62,90

45,438 .2257 64.73

50.410 L2489 66.56
54 .882 .2753 68.82

60,252 .2976 70.21

64,919 .3249 73,30

69.686 .3509 75.11

74 .550 .3758 77.56
79.418 L3967 79.87
84,278 L4221 82.66
89.180 4469 84.73
83,152 L4671 ‘ 97.30
97.423 L4876 91.34

102.18 .512 94.81

105.72 .5304 99,39

110.00 L5541 103.65

115.76 .5791 107.53

118.15 .5890 110,76

121.42 L6061 115.22

125.48 6261 121.01

129.25 6434 125,77

133.31 6660 131,14

141,32 .7031 144 .66

145,88 L7270 151.89

152,13 . 7563 160.53

157,97 , 7886 171.38

162.92 .8110 183.23

169.96 .B560 201.59

174.22 .8673 217.06

179.87 .8968 234.78

187.79 .9347 274.69
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Table 25. Data for the Isotherm of Argon on Doubly Heat Treated Sodium
Chloride at 72,14°K.

P P/P N
ads :
(torr) (tmoles per gram)

.0468 .000547 .83
L2344 .00274 1.84
.3851 . 00449 2.24
.6096 .00713 2.84
.8323 . 00972 3.39
1,0863 .0127 4,02
1.3601 .0159 4,72
1.6651 L0194 5.47
1.9653 L0229 6.23
2.3248 .0270 7.15
2.6923 .C 14 8.14
3.0896 .0361 9.25
3.4969 .0408 10.49
3.8100 0444 11.48
4.1794 .0488 12,86
4.3904 .0512 13.70
4.8964 . L0571 16.08
5.2894 L0620 18.86
5.6422 .0660 22.07
5.8992 .0689 25.35
6,1007 L0713 29.36
6.2833 .0734 33.27
6.4317 0751 36.45
6.7300 .0786 40.78
6.8616 .0801 41.84
7.0888 .0827 43.84
7.4550 .0827 45,99
7.9158 .0922 47.66
8.4018 .0979 49.18
8.9633 L1043 50.43
9.6006 L1117 51.67
10.087 .1182 52.64
10.889 L1271 53.67
11.722 . 1365 54,53
12.397 . 1446 55.22
13,173 .1535 55.87
13,918 L1622 56.54
14.549 .1694 56.96
15.471 . 1802 57.77
16.014 .1862 58.17
16.841 . 1959 58.83
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Table 25. Continued

P P/PO N
(torr) (umoleﬁdﬁer gram)
17.651 L2061 59.73
18.598 2169 60.44
19.569 L2285 61.10
20,510 .2396 61,84
21.444 .2505 62.64
22.435 2621 63.30
23.552 .2739 64,19
24,630 .2874 65.05
26,046 L3041 66.21
27.025 L3150 66.91

27.509 .3209 67.38
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Table 26. Data for the Isotherm of Argon on Doubly Heat Treated Sodium
Chloride at 77.12°K,
P P/P
(torr) ° (Ymoles Sgg gram)
.0811 .0004 .55
.2380 .0012 1.10
.8868 .0046 2.06
1.4493 .0073 2.63
1.4974 L0074 2,72
2.5300 .0127 3.74
2.7937 L0143 3.99
2.9867 .0153 4.29
3.3067 .0166 4,45
3.8512 .0198 5.17
4.7430 .0243 6.03
4.9215 .0249 6.29
4,9888 .0256 6.28
5.7703 .0296 7.20
6.5180 .0336 8.08
7.2241 .0365 8.73
7.7093 .0393 9.65
8.0949 L0424 10,13
8.6006 .0448 10,94
9.5155 0494 12.13
10.595 .0553 13.98
11.213 .0571 14.84
11.322 .0588 15,13
11.619 .0590 15,43
11.649 .0603 15.91
12.497 .0637 17.27
12,831 .0652 18.17
13.589 .0692 20.23
14.354 .0730 22.92
14,977 .0758 25.11
15.147 .0770 26.55
15.489 .0880 29.60
16.013 .0818 30.81
16.519 .0832 32.99
16,795 . 0857 ©35.35
17.366 .0875 37.14
17.747 .0905 39.50
18.628 .0940 41.69
19.519 .0985 43.94
20.548 . 1038 45,89
22.228 L1125 48,05
23.434 .1187 49.25
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Table 26, Continued

P p/P° N
{torr) (umoles S$§ gram)
25.147 .1272 50.86
26.631 L1348 59.92
27.776 . 1406 52.49
32.598 1634 55.06
37.570 .1882 57.14
42,369 .2109 58.71
47.431 .2359 60,31
52,412 .2610 61.82
57.476 .2864 63.92
67.511 .3368 68.04
72.486 .3616 70.43
77.555 .3867 72.61
86,839 4361 78.30
92.101 L4635 80.97
96.871 4870 84,57
101.64 .5113 88.14
106,21 . 5343 92.94
110.28 .5542 96 ,52
114.07 .5724 102.57
118,09 .5923 107.70
122.06 6111 112.15
125,44 6277 ' 118.27
129.30 .6490 123.65
133.17 L6695 129.22
137.63 6865 133.92
142,12 . 7095 140.34
147.07 .7358 146 .81
151,42 7577 154 .24
156 .08 . 1808 161.86
155.29 . 7846 164,79
159.94 .8045 171.60
164,80 .8298 183.99
169.94 .8580 202.64
175.99 . 8904 223,26

186.99 .9462 278.53
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Table 27. Data for the Isotherm of Argon on Doubly Heat Treated Sodium
Chloride at 82.88%K.

P pP/PC N
(torr) {umoles 32? gram)
2421 .000529 .53
4874 .00106 .83
L7728 .00169 1,10
1,G879 .00238 1.35
1.3979 .00307 1.54
1.7805 . 00390 1,75
2.1647 00475 1.96
2.6690 ,00585 2,20
3.1638 .00693 2.43
3.6979 .00809 2.67
4,3855 .00959 2.96
5.0564 .0111 3.24
5.8708 .0129 3.59
6.8562 .0151 4,00
7.8345 .0172 4,40
8.5351 .0188 4.65
9.8550 .0210 5.21
10.391 .0228 5.39
11.742 .0257 6.14
13,181 .0289 6.89
14.677 .0371 7.57
16.078 .0352 8.27
17.509 .0383 9.02
18.942 L0414 9.67
19.833 L0434 10.12
21.450 L0470 11.18
23.765 .0522 12.84
26.946 .0591 15,21
30.128 0661 18.22
32,320 .0708 20.83
33,311 .0733 22.28
34.304 0750 23.71
37.291 .0819 28.11
39,178 .0858 31.11
41.166 .0899 " 34.64
43,257 .0946 ' 37.66
45.242 .0989 40,38
47.330 .1033 43.26
49.616 .1083 45.30
51.995 L1137 46,98
54.190 .1183 48.40

.583 .1238 50.03

o
ol
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Table 27. Continued.
P P/P° Nads
(torr) (umoles per gram)
59.942 .1306 51.61
62.942 . 1380 53.35
66,422 . 1455 54.19
69,702 .1528 55.83
73.382 L1604 59.09
76 . 864 .1679 58.29
B0.745 .1765 59.30
84,813 . 1856 60.58
88.199 L1927 61.97
92.862 .2029 62.66
97.145 L2124 64 .09
101.12 L2212 65,19
105,90 .2317 67.19
110.17 L2405 68.13
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Table 28, Data for the Isotherm of Argon on Doubly Heat Treated Sodium
Chloride at 89,96°K.
P p/P° N

(torr) (umoles Bﬂ? gram)
. 6443 000635 .38
1.4641 .00144 .75
2,3992 .00236 1.08
3.2632 .00322 1.36
4.1732 00411 1.58
5.0486 .00597 1.78
5.8075 00572 1.96
6.6917 .00661 2.05
6.8478 00676 2.16
7.8350 .00774 2.21
8.4725 .00835 2.38
8.4658 .00839 2.40
9.3119 .00917 2.50
9.8359 .00969 2.59
11,162 L0111 2.86
12.317 L0123 3.02
12.730 L0129 3.03
13.264 L0132 3.21
13.909 .0138 3.29
14,781 .0146 3.47
17.405 .0176 3.9
17.546 L0175 3,97
20.602 .0205 4,54
21.618 L0215 4,76
23,273 .0236 5.04
23.752 .0237 5.21
24,850 L0246 5.40
25,955 L0257 5.65
26.569 L0265 5.79
27.092 L0269 5.91
28.108 .0279 6.24
34.510 .0350 8.10
40.377 L0409 9.56
46,343 .0470 10,92
52.109 .0528 12.88
57.587 .0581 14 .86
63.256 .0638 17.06
68.823 .0694 19,00
75.086 L0757 21.16
81.248 .0819 23.50
87.714 .0884 26.69
93.880 L0947 29.66



129

Table 28. Continued.

P P/P°

(torr) (pmoles 3%% gram)
98,950 .0998 32.47
104.62 . 1055 34.78
111.88 ., 1129 38.84
118.44 L1195 42.15
125.19 . 1265 44.60
131.96 .1333 47.09
137.74 .1384 48.97
144,20 L1449 51.23
149.57 . 1503 52.93
154 .64 . 1554 54.12
158.72 . 1595 54.98
165.48 . 1663 55.73
170.75 L1716 57.26
176 .62 .1776 58.13
183.28 . 1854 59,02
189.34 L1907 60.25
195,90 1972 61.05
202.56 .2039 62.35
208.37 L2091 62.69
214.33 .2149 64,09
221.29 L2219 64 .48
227.74 .2282 65.96

235.01 2358 66.94
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Table 29, Data for the Isotherm of Nitrogen on Doubly Heat Treated
Sodium Chloride at 72.12°K.

P p/P° Nadg
(torr) (pmoles per gram)
.000332 .0000015 .85
. 000899 .0000022 1.62
.00339 .0000087 2.80
.00535 .0000137 3,70
.00904 .0000231 4.04
L0126 .0000323 6.88
.0143 .0000367 7.53
L0175 .0000447 9.03
L0193 .0000494 9.80
.0220 0000562 11.39
L0244 0000625 12,58
.0251 . 0000644 13.08
.0278 .0000711 14.94
,0282 .0000722 15,27
.0315 . 0000804 17.46
.0325 .0000831 18.01
.0350 . 0000895 20.00
.0364 .0000931 20.96
. 0396 .000101 23.55
. 0400 .000102 23,96
L0420 .000108 26.06
L0464 .000118 29.25
L0493 .000126 31.78
. 0564 .000144 35.90
.0571 .000147 36.24
.0622 ,000159 39.03
0714 .000183 42,32
.0798 000204 44,32
L0942 000241 47.03
.1166 .000299 49,62
L1210 000311 49,98
.1498 . 000384 51,69
.2093 .000538 53.54
L2594 .000665 54,53
4610 .00118 © 56,09
L5222 .00134 56.23
.6871 .00176 56.83
.9659 .00247 57.26
1.1360 .00291 57.33
1.8750 .00481 57.79
2.6430 .00678 58.04

2.7490 .00704 58.08



Table 29. Continued
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P p/p° N
ads
(torr) (¥moles per gram)
3.5103 .00899 58.25
4.,2803 .0109 58.35
5.2220 L0134 58.51
6.8690 L0176 58.68
8.4844 L0217 58.87
9.1913 .0236 59.05
11,502 L0294 59.18
12,581 L0322 59.29
14.266 .0365 59.42
16,008 . 0409 59.55
17.776 L0454 59.65
19.455 L0497 59.71
22.281 0569 59.89
21.429 L0547 60.01
23.721 L0606 60.18
25.791 .0658 60.28

27.55 .0703 60.35
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Table 30. Data for the Isotherm ofoNitrogen on Doubly Heat Treated
Sodium Chloride at 77.11 K,

P p/F° Nads
(torr) (ymoles per gram)
.00159 ,00000214 .99
.0144 .0000194 2.90
.0252 .0000337 4.09
.0379 .0000511 5.24
.0574 .0000769 7.52
0627 .0000846 7.93
.0859 .000115 10.47
.0903 .000121 11.31
.1056 .000141 13.97
L1152 .060156 14.70
1214 .000160 15.13
L1335 .000179 16.94
.1358 .000183 18.19
L1492 . 000201 19,71
L1564 .000211 21.64
1756 .000336 24,13
L1765 .000238 25.19
.1858 .000250 26.08
.1951 .000263 28.21
.2050 000276 29,18
.2186 .000295 31.77
L2234 ., 000301 31.80
.2395 . 000322 34.04
2474 .000334 35.44
.2583 . 000348 315.94
.2701 .000365 37.55
.2807 .000379 39.94
.2908 . 000404 39.95
3219 .000436 41.76
.3303 . 000446 42,55
.3553 .000482 43.51
.3851 .000524 45.09
L4098 .000554 45,98
4560 000621 47 .48
.5222 .D00706 49,11
.5420 .D00737 ' 49.36
6426 .D00873 50.80
. 7052 .000953 51.59
.7398 .00101 51.91
.8354 .00115 52.75
.9278 .00128 53,31

1.0219 .00138 53.71
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Table 30. Continued.

P p/P° N
(torr) (\moles 32? gram)
1.0069 .00139 53.76
1,0910 .00150 54 .07
1.2048 00166 54.52
1.4076 .00190 55.07
1.5068 .00204 55.14
1.8181 .00250 55.76
1,9307 .00260 55.88
2.1699 .00300 56.12
2.1697 .00353 56.52
2.6844 .00368 56.54
3.1626 .00434 56.82
3.3865 .00456 56.96
3.6407 .00500 57.06
4.,0749 .00560 57.21
4.2059 .00567 57.26
4.3568 . 00597 57.30
5.0615 .00682 57.53
5.6847 .00780 57.61
5.8992 .00796 57.72
6,5096 .00887 57.76
6.7983 ,00918 57.90
9,2035 .0125 58.04
10.681 0145 58.17
11.9309 0162 58.20
13.1740 .0179 58.36
14.6067 .0199 58.44
15,9656 0217 58.67
18.0653 L0245 58.86
18,3505 L0251 58,97
19.8528 .0269 59.01
21.8156 .0296 59.18
23.8480 L0324 59.35
25,7119 L0351 59.60

27.4411 L0375 59,52
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Table 31, Data for the Isotherm of Nitrogen on Doubly Heat Treated
Sodium Chloride at 82.88°K.

P P/P° Nogs
(torr) {bmoles per gram)
.0125 00000902 1.14
0408 .000029 2.48
.0881 0000633 3.71
.1354 .0000976 4, 9%
L1796 .000 129 6.09
2299 .000165 7.50
.2735 .000197 8,70
.3089 .000222 9.81
3449 .000249 11,02
.3851 .000278 12.21
.4182 .000302 13.23
L4512 .000326 14.43
.4908 .000354 15,76
.5287 .000382 17.14
.5683 .000409 18,54
.6013 . 000434 19.81
6327 .0004 56 21.08
L6640 .000479 22.29
L7102 .000511 24 .16
.7201 .000519 24 .39
.7580 000546 25.84
.8141 .000585 27.82
.8686 000627 29.92
.9329 .000673 32.05
.9890 .000714 33.73
1.0730 .000774 36,04
1.1721 .000844 38,10
1.2907 ,000930 40.28
1.4440 .00104 42,50
1.6007 .00115 bt 23
1.7935 .00129 45.88
2.0178 .00145 47.45
2.2964 .00165 49.93
2.5372 .00182 49,78
2.8999 .00209 50.08
3.4081 . 00246 52.19
4.0280 ,00291 53.18
4.7749 .00345 S& . 04
5.4953 . 00496 54,66
6.3544q .00459 55.21
7.2784 .00524 55.58
8.3138 .00599 55.90
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Table 31. Continued

P P/P° N

(torr) (umoles 32? gram)
9.6770 .00697 56,13
11,3877 .00823 56.50
13.2628 .00954 56.85
15,1903 .0102 57.08
16.8917 0122 57.50
18.5395 L0134 57.58
21,1838 .0152 57.74
23,7019 L0171 57.98
26.4233 .0190 58.18

28.1523 .0203 58.14
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Table 32, Data for the Isotherm ofoNitrogen on Doubly Heat Treated
Sedium Chloride at 90,07 K.
P P/P° Nadg
(torr) (umoles per gram)
.0445 .0000165 1.10
.1539 .0000571 2.21
.3786 .000141 3.64
.6940 .000258 5.62
1.0502 .000391 7.71
1.4888 .000549 10.40
1.8732 .000691 13,14
2.2540 .000832 15.99
2.6129 .000866 18.80
3.0967 .00115 22.79
3.3522 .00124 24.65
3.8206 .00141 28.11
4.,2100 .00155 30.37
4.7835 .00176 33.64
5.3247 .00196 36.37
5.8325 .00214 38.35
6.3997 .00236 40.28
7.1596 .00263 42,37
7.8669 .00289 43.91
8.6557 .00319 45.26
9.4514 .00348 46.39
9.9815 .00368 47.07
11.1496 00411 48.30
11.6358 .00429 48.70
12.6458 .00467 49.48
13.9209 .00515 50.34
14,8993 .00550 51.06
16.9881 .00628 51.90
18.0928 .00669 52.32
19.3237 .00715 52.63
20,4700 .00753 52.77
21.5355 .00792 53.05
22,6718 .00833 33.25
23.7953 .00885 53.49
24,9637 .00927 "53.78
25.5574 .00959 53.96
28,1428 .0106 54.74
33.4121 .0125 55.72
34.3051 .0129 55.90
38.5852 .0145 56,16
43.2578 .0162 56.34
48.4287 .0182 56,96
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Table 32. Continued

P p/p° N
(torr) (L moles per gram)
54.2945 .0204 57.41
57.8736 .0218 57.87
65.0331 L0244 58.04
70,9999 L0267 58.56

83.5268 .0314 59.29
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Table 33. TIsosteric Heats of Adsorption for Argon on Sodium Chleride,

N q N_ q
(umo%gg/gm.) (Kcalaéole) (umolggagm.) (Kcal?gole)

1 2.461 34 2.016
2. 2.213 3s 2.024
3 2.081 36 2.031
4 2.031 37 2.038
5 1.980 38 2.045
6 1.941 39 2.051
7 1.904 40 2.056
8 1.881 41 2,060
9 1.869 42 2.063
10 1.859 43 2.066
11 1.848 44 2.065
12 1.841 45 2.062
13 1.838 46 2.055
14 1.834 47 2,046
15 1.834 48 2.034
16 1.856 49 2.018
17 1,866 50 1.995
18 1.877 51 1.971
19 1.886 52 1.946
20 1.896 53 1.919
21 1.908 54 1,883
22 1.919 55 1.838
23 1.928 56 1.791
24 1.939 57 1.748
25 1.949 58 1.712
26 1.959 59 1.680
27 1.969 60 1.640
28 1.979 61 1.625
29 1.988 62 1.601
30 1,998 63 1.578
31 2.007 64 1.562
32 2.016 65 1.546
a3 2.024 66 1.534
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Table 34. Isosteric Heats of Adsorption for Nitrogen on Sodium Chloride.

N q Nads 9s¢
¢ molgg7gm.) (Kcal??mole) ¢, moles/gm.) (Kcal.?mole)

2 3.127 31 3.217
3 3.114 32 3.220
4 3.104 33 3.225
5 3,091 34 3.225
6 3.082 35 3.236
7 3.072 35 3.244
8 3.070 37 3.252
9 3.075 38 3.261
10 3.077 39 3.271
11 3,078 40 3.282
12 3.086 41 3.289
13 3.091 42 3.295
14 3.097 43 3.299
15 3.105 44 3,306
16 3.110 45 3.314
17 3.115 46 3.325
18 3.120 47 3.331
19 3.126 48 3.340
20 3,130 49 3.356
21 3.134 50 3.361
22 3.143 51 3.358
23 3.148 52 3.360
24 3.156 53 3.387
25 3.163 54 3.358
26 3.173 55 3.300
27 3.181 56 3.152
28 3.191 57 3.010
29 3.201 58 2.317
30 3.210 59 1.513
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APPENDIX B
SITE ENERGY DISTRIBUTION ANALYSIS

In Chapter III, it was shown that adsorption on a heterogeneous
surface composed of several different homogeneous patches could be

described by
oce,7) = J 6(Q,P,7) £(Q) dQ (57)
0]

where 9(P,T) is the fraction of the total surface occupied, 95(Q,P,T) is
the fraction of each homogeneous patch of interaction energy Q that is
occupied. The probability of there being a patch with an interaction
energy between Q and dQ is given by the differential distribution func-
tion £(Q) dQ.

An integral distribution function was defined by
£(Q) = dF/dQ (58)

where F is the fractien of the total gurface for which the interaction

energy is equal to or greater than a given Q. From the definition of

equation (58), it follews that

1
0(?,1) = f6(Q,P,T) dF (59)
[

46
The first step in solving equation (59) by Adamson's graphical method
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is to choose a local isotherm function 6(bP). For heterogeneous surfaces
this graphical solution is independent of the choice of the local iso-
therm function as long as b is proportional to exp (Q/RT). One of the
simplest isotherm functions fitting this requirement is the Langmuir

equation with provisions for lateral interactions49

bP exp (z6w/RT) (60)

6 = 1 + bP exp(z6w/RT)

b = b0 exp (Q/RT) (133)

The derivation of equations (60) and (135) and the definition of the
terms contained therein are given in Appendix C.

The local isotherm function is then plotted as 8 versus bP as
shown in Figure 28. From this plot and equation (60), it is seen that
50% occupancy occurs at bP = X. The approximation is then made to
replace (bP) by a step function which occurs at bP = X. Thus for bP < x,
6=0 and for bP > X, 6 =1, Physically this means that sites of b
values greater than X/P for a given value of P are completely filled and
the rest are completely empty. The first approximation to F, then is
given by F = Cbbs‘ Consequently a plot of C%bs versus X/P is constructed
which is also a plot of F1 versus b, The subscript (1) on F denotes the
first approximation., A typical plot is shown in Figure 29a.

The second approximation is made by selecting a particular pres-
sure P;, and noting that for each value of b, a value of 8§ can be

obtained from Figure 28 and g value of F from Figure 29a. This 6 will
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be the fraction of sites with energy proportional to b that are filled,
and F will be the fraction of sites on the surface with energy equal to
or greater than that which is proportional to b. By taking a series of
b values, an auxiliary plot of 8 versus F can then be constructed for
the pressure Pi' A typical plot is shown in Figure 29a. The total

surface occupancy at Pi is then the area under the curve, since

1
o =S oar (136)
o
Generally the © calculated in this manner will be somewhat differ-

ent than @ because the distribution function Fq used in determining

obs?
it is not correct. The adjustment is then made, so that the second
approximation to F is given by

Fy = F1 (oobsle ) (137)

2
whare 0 is the ecalculated O from equation (136), F, is then determined
in this manner for the whole series of pressure values covering the
experimental isotherm., The values of F, are then entered on the plot in
Figure 29a, at their corresponding values of X/P, A curve is then drawn
through the points (this is represented by the dashed curve in Figure
29a).

Additional approximations are made in the same manner. A pressure
P, is selected and for each value of b, the value of 6 is obtained from

Figure 28, while the value of F is obtained from the plot of the previ-

ously determined distribution function F ;. These values are plotted
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Figure 28. Typical Plot of the Fowler and Guggenheim Equation (60).
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Figure 29b. Typical Plot of 6 versus F at Pressure P .
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and again a value of .N is obtained. The new approximation to F is

given by,

/0.) (138)

= F 5]
Fy N-1 ( obs’ N

where @N is the total occupancy using the distribution function FN 1
and FN is the n th approximation to F. From equation (138), it is seen

and thus F_ is the sought distri-

that when Op = © » then Fg = Fy 4, N

obs

bution function.

It turns out that there will be no exact solution to equation
(59), because the experimental data have some error and the assumed local
isotherm will not be exactly correct for the system, Adamson46 points
out, however, that "a point is reached, often fairly quickly, where
successive approximations do not differ by much and moreover, nonsystem-
atically so that no continuing trends are apparent.'" Thus for hetero-
geneous surfaces, it has been found that three approximations are usually
gufficient. For the sodium chloride surface of this work, twelve
approximations were required.

The final F versus b pleot may then be converted to one of ¥ versus

Q from the relationship of equation (135). Finally the differential

site energy distribution function is obtained from
£(Q) = AF/AQ (139)

This may then be plotted as F(Q) versus Q as shown in Figures 18 and 19.

The computations were carried out on a Burroughs 5500 Coﬂputer.
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AFPPENDIX C
FOWLER AND GUGGENHEIM EQUATION

The Fowler and Guggenheim equation 18 based upon the following

s 49
ass