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Statistical calculations have been made for the adsorption of ammonia on alumina
in the region of fixed adsorption. There is a broad distribution of adsorption energies,
and an expression for this distribution has been derived. Adsorption data fit the
integral form of the Langmuir equation. Configurational entropies have been shown
to be several-fold less than those for uniform sites. Evidence is given which indicates
that the changes in vibrational entropies of adsorbent and adsorbate as a result of
perturbations caused by adsorption are small. Below a coverage of 0.36 X 10*
molecules/cm’®, adsorbed ammonia molecules have lost all translation and rotation.
Above this value, it is possible that one degree of rotational freedom may have been

regained.

I. INTRODUCTION

In a previous paper (1), an account was
given of the thermodynamics of adsorption
of ammonia on eleven silica-alumina gels
ranging in composition from pure alumina
to pure silica. The data for alumina indi-
cated a large region of fixed adsorption
and an isosteric heat of adsorption that de-
clined rapidly with increasing coverage.
These data provided an opportunity for
detailed study of the state of adsorbed
ammonia. This paper reports the results
of the calculations using the methods of
statistical thermodynamics. The states of
adsorbed molecules have been considered
quantitatively for many systems (2-7). In
calculations of this nature, it is often cus-
tomary to calculate configurational en-
tropies on the assumption that all sites
have the same adsorption energy. We have
endeavored in this paper to consider the
effects of a distribution of adsorption en-
ergies on configurational entropies. Almost
invariably in statistical and thermody-
namic studies, perturbations of the adsor-
bent and adsorbate are neglected. We have
attempted to justify this procedure in the
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present case. We have also limited the
calculations to the region of immobile
adsorption—the only region where the
Langmuir equation is strictly useful. It is
one of the objectives of this paper to show
that the integral form of the Langmuir
equation applies to the ammonia-alumina
system in the region of immobile ad-
sorption.

I1. EXPERIMENTAL METHODS

Experimental methods will be given only
briefly here, since they were described in
detail in a previous paper (1).

Alumina was obtained by heat treatment
of high purity B-alumina trihydrate from
Davison Chemical Corporation; the result-
ing material was g-alumina. Ammonia was
obtained from the Matheson Company, and
its specified purity (99.99%) was verified.

Adsorption measurements were made
with a vacuum microbalance similar to one
described by Gray and Jennings (8).

Isosteric heats of adsorption, ¢, =
—AHT, and differential molar entropies of

adsorbed ammonia, Sr, as functions of sur-
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face coverage were calculated exactly as
in Part I,

ITII. MrTHODS OF CALCULATION

The Langmuir equation for immobile
adsorption, with all sites of the same ad-
sorption energy, no interaction between
adsorbed molecules, and no more than one
molecule per occupied site, is derived by
the methods of statistical thermodynamics

(9):

N =
N,
1+ [2rm)32(kT)*q¢ exp (— Uo/RT)] (1)
phigs

where N is the number of adsorbed mole-
cules per em?; N, the total number of
adsorption sites per cm?; m, the mass of
the ammonia molecule; k and R, the gas
constant per molecule and per mole, respec-
tively; p, the equilibrium pressure; b,
Planck’s constant; U,, the energy of ad-
sorption per mole when both adsorbed and
gaseous molecules are at rest in their elec-
tronic ground states and zero point vibra-
tional levels; gg, the partition function for
internal degrees of freedom of the gas
phase molecule; and ¢,, the partition func-
tion for an adsorbed molecule with no free-
dom of translation.

If, as in the present case, there is a dis-
tribution of adsorption energies, Eq. (1)
takes the integral form:

N=]°°
0

dN/dU, dU
1 4 (@) T) g exp (= Uo/RT)] ’
Phqa(Uo) @

where dN/dU, is the distribution function
for adsorption energies, and ¢, becomes a
function of U, The limits, 0 to oo, are
justifiable. It will be shown later that
dN/dU,, and thus the number of mole-
cules adsorbed, rapidly approaches zero
above the highest observed values of U,,
so that the upper limit, «, does not intro-
duce a significant error. It will be shown
later that the lower limit, 0, is justifiable

because adsorption in the immobile region
cuts off rather sharply at an energy of
adsorption considerably in excess of the
minimum heats observed. In order to util-
ize Eq. (2), dN/dU, and q,(U,) must be
determined.

Calculation of dN/dU,

The distribution function, dN/dU,, is
calculated from the isosteric heat of ad-
sorption, g,;. This is equivalent to assum-
ing that sites are filled in order of their
decreasing adsorption energies in the region
of immobile adsorption, and that there is
not more than one molecule per occupied
site. Filling the sites strictly in this order
is tantamount to assuming that the con-
figurational entropy is zero. This assump-
tion will be justified in Section V.

The differential energy of adsorption,
Qaitt, is calculated from the isosteric heat
of adsorption, g, by the equation:

Gaits = Qst — RT

where we have assumed a perfect gas.

In order to proceed further, it is neces-
sary to consider the allowable modes of
freedom of an adsorbed ammonia molecule
in the immobile region. A gas phase mole-
cule of ammonia has six modes of vibra-
tion, three of rotation, and three of trans-
lation. Upon immobile adsorption, it will
lose at least all of its translational modes,
which are transformed into three surface
vibrational modes. It may also lose the
three modes of rotation, which become sur-
face vibrations—one torsional and two
bending. First, U, will be calculated on the
assumption that all translations and rota-
tions have been lost, that the adsorbed
ammonia molecule has six modes of surface
vibration, in addition to six modes of
internal vibration. It is also assumed that
only the ground electronic state of the
adsorption site-adsorbate complex has to
be considered.

The differential energy of adsorption,
Qaits, is related to U, by the following
equation:

qaitt = Uy — B, + (Bgki» — Boagin)
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where E, is the differential energy per
mole of surface vibrations of adsorbed am-
monia in excess of the zero-point energy
at a given concentration; and (Eg&® —
E.qf") is the loss of kinetic energy of
rotation and translation upon adsorption.
It has been assumed that the energy of
internal vibrations of the ammonia mole-
cule is not changed significantly on ad-
sorption.

‘When the adsorbed molecules have only
vibrational energy, E..*!® = 0. Rotational
and translational energies are assumed to
be classical. For each rotational and trans-
lational mode transformed into vibration
on adsorption, ¥ RT calories are lost, and
U, is therefore expressed by the equation:

Uy = Qairs + Ev — 3RT = gst + Ev — 4RT
@)
In order to calculate E., use is made of
the experimental differential surface en-
tropy, St (= 38r/on, where St is total
integral entropy, and » is moles adsorbed),
given in Table 1. This entropy may be
expressed as the sum of four quantities:

A§=Se+§v+gv’+;§s (4)

where S, is the partial molal configura-
tional entropy; S., the internal vibrational
differential entropy; S,, the differential
entropy of surface vibrations; and S,, the
perturbational differential entropy of the
solid adsorbent. The partial molal config-
uration entropy is taken as zero at all cov-
erages in the immobile range (see Section
V). The internal vibrational differential
entropy, S, is assumed to be the same as
in the gas phase at all surface coverages. It
is small (1.5 eu/mole at 400°C) ; and, since
it is assumed to be constant with respect to
surface coverage, it is equal to the molal
vibrational entropy. The perturbational
differential entropy of the solid—the result
of distortion of the solid in the field of the
adsorbate—should be greatest at low cov-
erages where adsorption is strongest. At the
lowest coverage investigated, the total dif-
ferential surface entropy (Srt) is 2.7 eu/
mole at 400°C. Approximately 1.5 eu/mole
is accounted for by the entropy of internal

vibrations leaving at most at any coverage
in the immobile region 1.2 eu/mole which
could be attributed to perturbations. On
this basis, S, is assumed to be negligible
(see Section IV for further details).

Therefore, the differential entropy of
surface vibrations, S,, was calculated from
the equation:

S, =8 — 8/

It is not possible to calculate the six
frequencies of surface vibrations of the
ammonia molecule individually. But an
“average” frequency, v,, may be obtained

from the following equation for the en-
tropy of an harmonic oscillator:

6
T _ hﬂ,/kT
Sy =R [2 exp (hwi/kT)

=1

—1In (1 — exp (—hwi/kT)

R [ (hos/kT)
exp hv,/kT

—In(1 —exp (—his/kT)—

Yalues of ¥; were obtained from a plot of
S, versus v,.

Using these same values, 7., it is nof
difficult to show that a good approximation
to the surface vibrational energy in excess
of the zero-point vibrational level can be
obtained from the conventional equation
of an harmonic oscillator:

6
hy/kT

B = kT 2 &xp (wi/FT)

i=1
~ _6RTH,/kT
= oxp (5n/kT)

Values of E, were obtained from a plot of
E, versus 7.

It is now possible to calculate U, as a
function of surface coverage (N) using
Eq. (3). Taking the derivative of the plot
of U, versus N gives the desired quantity,
dN/dU,, the distribution function.

Similarly, U,, can be calculated when
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THE NATURE OF
the adsorbed ammonia molecule may have
five surface vibrations and one rotational

degree of freedom. In that case,
Us = g+ By — (7/2)RT

and,
_I‘ = gv + gv, + gr;

ie the entrany neor

"7}’0,'& S 15 uuie Tiauiupy pul mao

degree of rotational freedom, and con-
figurational and perturbational entropies
have been neglected, as before.

ale of
0L

nna
Jis) UL

Calculation of q.(U,)

The partition function for fixed adsorbed
molecules, qa(Uo) depends on the degrees
of freedom of the adsorbed molecule, just
as U, does. For fixed adsorption Wlth no
rotation or translation, q.(U,) may be
expressed as the product of the partition
functions of internal and surface vibra-
tions, g, and g, respectively.

q».( UO) =

The partition function for internal de-
grees of freedom of the gas phase mole-
cule, g5, i1s the product of the partition

functions for three degrees of rotatlon and
six modes of internal vibrations.

QG = QVIQr

Since the quotient, ga/qg., occurs in the
Langmuir equation (2), and since the in-
ternal vibrations are assumed unchanged

+L oht
upon adsorption, there is obtained:

96¢/% = ¢/

The rotational partition function, g, is

caleculated from the standard statistical

al watatinn

f, .
formula for aSSl“ 1 IOUauion:

4uvliaiiuia 1vul

_ w2 BT

r— k2
(2

(8xIskT)

h2
H

where ¢ (=3) is the symmetry number;

of one rotational

omant of Inartia
1€ I'Guauidnau

T. tho m
£a, UOC IMOmMeEny oI 1neruia OI Or

degree of freedom of the ammonia mole-
cule; and Iy, the moment of inertia of the
two degenerate rotational degrees of
freedom.

The partition function for surface vibra-
tions, g, is calculated as follows:

SILICA-
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From the values of E,, the vibrational
energy in excess of the zero-point level,
and S,, the corresponding entropy, deter—
minad ahava " ki~

+h o £a1 ~
u..uﬁcu as apive, ule WOrKk iuLduoil, Av, 13

calculated.

A 5 ma

LAy = iy — L0y
From the values of A, as a function of
surface coverage, g, is ecalculated:

v Ay

A, = —RTIn g,

For fixed adsorption, no transiation, one

degree of rotation, five modes of surface
vibration, and six modes of internal
vibration,

¢:(Uo) = ¢vqvn

Following the procedure above, g, is easily
calculated for this case.

Calculation of Configurational Entropy

If all sites have the same adsorption
energy, configurational entropy is obtained
from the standard statistical equation:

S, = k1In No!/NW(No — N)!

where N, is the total number of adsorption
sites, and N, the number of adsorbed mole-

cules per ecm?,
When a continuous

distribu

sorption energies exists, the procedure of
Hill (10) can be used to obtain:

S L“ {ln [[eXp (—Uo/RT) / ap] + 1]

exp (—Us/RT) /nfn

ion of ad-
tior

Yo/ ivi

In [exp (— Us/RT) / ap)
lexp (— Uo/RT)/ ap] +

& +tha an o1
IS Oc 1S Ule CONLgUra

unit area, and

)| dN
1; dUu

nfigurational entropy per

(3)

he

or
VVLAU

a A
a =2 i
r (2am)32(kT)o2
is a function of temperature and adsorp-

tion energy.

All terms in Eq. (5) can be evaluated
by procedures already described. The par-
tial molal configurational entropy was
obtained by differentiation. It will be re-
called that in the procedures for evaluat-
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ing g, and U, from differential entropies,
the configurational entropy, and therefore
the partial molal configurational entropy,
was assumed to be negligible at all cover-
ages. It will be shown in Section IV that
these entropies are negligibly small as a
first approximation. If they were not, then
by a process of iteration they could be
introduced into all of the above procedures,
and the process continued until consistent
results were obtained.

IV. PERTURBATIONS OF ADSORBENT
AND ADSORBATE

The Langmuir equation can be expressed

in the form (11):
N = No/l 4 &P (AHP_/RT)
p exp (ASr/R)

or in the integral form, if there is a distri-
bution of adsorption energies. It holds re-
gardless of perturbations of the adsorbent
or adsorbate, and is equivalent to the sta-
tistical form, Eq. (1) or (2). In the statis-
tical form, if it is desired to split the
partition function, g,, into its component
parts, then some knowledge about the
effects of perturbations is required. A
knowledge of entropy effects is sufficient
for this purpose according to the methods
described in Section III. Zero-point vibra-
tional energies and electronic energies are
contained in the experimental quantity,
Qsi, and, therefore, in U,. The usual as-
sumption is made that there is no ligand-
ligand or ligand-lattice vibrational coup-
ling, so that statistical and thermodynamic
quantities for the various bonds can be
treated independently.

Pertinent information is given in review
papers by Crawford and Eischens (13).
Some of the internal vibrations of am-
monia have been shown to remain unper-
turbed on adsorption. Others have not been
observed yet in the adsorbed state. The
N-H stretching and unsymmetrical bend-
ing vibrations at 3.0 and 6.1 u, respec-
tively, are not shifted significantly on
adsorption on silica-alumina or alumina.
The symmetrical N-H bending vibration
at 10.5 p is not seen in the adsorbed state;

but this is not surprising because the
region above 8.0 u is obscured by a strong
Si—O or Al-O bond.

Perturbations of the adsorbent are easily
seen if the surface possesses functional
groups. They are larger than perturbations
of the adsorbate. For example, the average
shift in O-H frequency produced by am-
monia on the surface of porous glass is 640
em™, from 3749 to 3109 ecm™, at 150°C.
Yet this frequency shift represents less
than 1 eu change in entropy, according to
the harmonic oscillator approximation. In
this frequeney range, entropy is insensi-
tive to changes in frequency. There is no
quantitative information about perturba-
tions of OH bending vibrations, oxygen or
hydroxyl bridges, etc., produced by adsorp-
tion of ammonia.

Though all observed frequency shifts for
adsorbent and adsorbate give a negligible
total entropy change, no conclusions can
be reached from infrared data alone with
regard to the vibrations which have not
been observed yet.

An important point for the present dis-
cussion is that all observed shifts in fre-
quencies are downward, and this would
normally be expected in most cases (12).
Downward frequency shifts imply that S,
the fotal integral entropy of solid perturba-
tions, increases with increasing surface
coverage. Consequently, S,, the perturba-
tional differential entropy in Eq. (4)
should be positive. Also S, and S, are posi-
tive; and, at low coverages, S. = 0. Thus
each component of Sr in Eq. (4) should
be positive or zero, and less than 2.7 eu
(St in Table 1) at the lowest coverage
investigated at 400°C. If it is assumed
that the small internal vibrational entropy
of ammonia (1.5 eu at 400°C) is not
changed significantly upon adsorption,
then the sum, S,+ S.+ S,), does not
exceed 1.2 eu at the lowest coverage in-
vestigated. If all adsorption sites have the
same energy, S, should remain constant
with inereasing surface coverage. If ad-
sorption energies decline, S, (see Section
V) and S, should decrease with increasing
coverage. For these reasons, S, and S, are
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presumed to be negligible within the limits
of experimental accuracy over the range
of coverages used in the calculations. The
bulk of the entropy changes upon adsorp-
tion are therefore considered to be local-
ized in the surface bonds and surface
vibrations of the adsorbed molecule.

It is interesting to speculate under what
conditions Sr might be negative even
though all perturbations are accompanied
by downward shifts in frequencies. At more
than one-half coverage on a surface con-
sisting of uniform high-strength sites ex-
clusively, the partial molal configurational
entropy, S., becomes negative, and could
conceivably exceed the positive sum of the
vibrational differential entropies, 8y, Sy,
and S,.

V. Resurrs AND DIscUSSION

Adsorption Isotherms

Isotherms were calculated for three tem-
peratures, 400°, 350°, and 300°C. The
maximum coverage included in these cal-
culations is 0.82 X 10* molecules/cm?.
This is well below the mobile region as
shown in a previous paper (1). The case of
fixed adsorption with no rotation will be
discussed first. The adsorbed ammonia
molecule is considered to have six modes
of surface vibrations and six internal
vibrations.

In Fig. 1, the potential energy of ad-
sorption, U, is plotted against surface
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coverage. Taking the derivative of this
curve, the distribution function, dN/dU,,
is obtained:

dN/dU, = 0.1425 exp (—.0544U,)

The expression holds up to at least 1.2 X
10** molecules/cm?, and U, is essentially
independent of temperature at constant
coverage.

In Table 1, the results of statistical and
thermodynamic calculations using the
methods of the previous sections are col-
lected. The lowest observed coverage at
400°C was 0.34 X 10** molecules/cm?.
Data below this point were obtained by
extrapolation of Sr on the assumption that
the partition function, ¢, sinks to a value
of 1 and then remains constant for all
lower coverages. The lowest observed cov-
erage at 350° and 300°C was 0.38 X 10
molecules/em?, and the curves of Sr versus
N were extrapolated to 0.34 X 10** mole-
cules/cm?.

It will be observed in Table 1, that
adsorbed ammonia molecules are essen-
tially at the zero-point vibrational level at
coverages less than 0.34 X 10** molecules/
em? Values of average frequency, 7, re-
main essentially constant at a given cover-
age, independent of temperature. This
relationship should hold, if there is no
change in the mode of adsorption with
temperature.

Using Eq. (2), the adsorption isotherms
were determined. The integrand of Eq. (2)

1. —/r—r—r—r—rrrrr—r—r——r—r
18F
- Oq
? 14+
e r NO ROTATION
» L2f 6 MODES OF VIBRATION
z |
o 10}
3 I.O.
S~
3
Z0.8F
S
=>
Q0.6F
uwl
wot
S04 3 MODES OF ROTATION
=V 3 MODES OF VIBRATION
02

0

||||||||||||||||
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o Up POTENTIAL FUNCTIONS

YR N VO W T N W |

IS SN VO T SN TS DO Y

\2 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Ug KCAL

Fiq. 1. Isosteric heat and potential functions of adsorption of NH; on Al:Os.
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was plotted against U, for each pressure
and temperature, using the appropriate
values of q,. The area under each curve
gave one point on the isotherm. Typical
curves are given in Figs. 2A and 2B for

(B)

T=3s50C

P=12 MM
AREA UNDER CURVE=N=053 X 10/
EXPERIMENTAL N=0.50 % (04

v Q
80 ([ o 12

-3

0! 1 ) s
20 30 40 50

INTEGRAND OF N-MOLECULES/CM2 x 0714

6 70 80
Up-K CAL/MOL

(A)

T=400C
P=5.1 MM

AREA UNDER CURVE=N=0.53 X10'4
EXPERIMENTAL N=0.50 X (04

INTEGRAND OF N-MOLECULES/cM2x 1074

SR . : L s "
20 30 40 50 e 70 8 90
Up-k caL/moL

Fie. 2. Adsorption of NH; on ALQ,.

100 110 120

400° and 350°C at an experimental cover-
age of 0.50 X 10'* molecules/ecm?2. Areas un-
der the curves in both cases are 0.53 X 10
molecules/em? In no case were values of
U, used below the range for which the dis-
tribution function was shown to be valid.
In the range of coverage calculated, ad-
sorption had sunk to zero before lower
values of U, were reached.

If the branch of these curves to the left
of the maximum had dropped vertically
from the maximum, this would have indi-
cated that the configurational entropy was
exactly zero; that is, the cutoff would have
been sharp at some U, depending on tem-
perature and pressure.

Figure 3 gives plots of experimental iso-
therms and those calculated from Eq. (2).
The deviations are small and would have
been less if the configurational entropy of
zero assumed in the calculated curves were
replaced by iterated values (see this sec-
tion, Configurational Entropies). The sen-
sitivity of N to changes in the entropy of
adsorption decreases with increasing cover-

age. At low coverages, a 1% decrease in
the absolute value of the differential en-
tropy of adsorption (ASr) causes an in-
crease of approximately 209% in the value
of N, all other terms constant. The per cent
increase in N drops rapidly with increas-
ing coverage to approximately 6%.

As a good first approximation, these
results indicate behavior according to the
Langmuir isotherm in each infinitesimally
small region of constant adsorption energy.

We recognize that an isotherm equation,
even though it contains no arbitrary con-
stants, may not be unique. There may be
other equations which fit the data within
the limits of experimental accuracy. Yet
the agreement obtained in the present case
gives considerable confidence in the Lang-
muir model.

So far we have considered the case of
fixed adsorption with no rotation. Actually,
all states are allowable that are consistent
with the total differential surface entropy,
Sr, since basically the Langmuir equation
is dependent only on this quantity, as
pointed out in Section IV. Even states that
are not physically realistic, such as one
having three degrees of rotation and no
translation, fit the data through the Lang-
muir equation at coverages where Sr is not

exceeded by the sum of S, (1.5 eu at

400°C) and Sy, the entropy (13.93 eu at
400°C) of three degrees of rotational free-
dom. Changes in U, are compensated by
changes in the partition function, ¢,. In
Fig. 1, U, is plotted against surface cover-
age for this case, and is seen to be differ-
ent from the case of no rotation.

Below approximately 0.36 X 10* mole-
cules/cm?, it is seen in Table 1 that the
total differential surface entropy, Sr, is
less than the sum of S,. and Sg,, the en-
tropy (4.15 eu at 400°C) of one degree of
rotational freedom. We conclude that be-
low this coverage the adsorbed ammonia
molecules are fixed and in addition have
lost all rotation. They possess only
vibration.

Above 0.36 X 10** molecules/cm?, still in
the region of fixed adsorption, the adsorbed
ammonia molecules may have regained one
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Fic. 3. Experimental and calculated isotherms—NH; on ALO;.

degree of rotational freedom. Our data are
not sufficiently accurate to distinguish
between the values of U, for this case and
that for no rotation, as may be seen from
Fig. 1, where the separation between the
curves for three degrees of rotation and
no rotation is already small. It does not
seem physically realistic to consider more
than one degree of rotational freedom for
fixed adsorption.

If Eq. (2) is integrated from —oo to
+o0 with g, independent of U, (14), the
Freundlich isotherm 1is obtained: N =
A(T)p*™, where A and ¢ are constants
dependent only on temperature. But Eq.
(2) in its correct form (15), with integra-
tion limits 0 to o and g, a function of U,,
leads to no such simple expression. Yet the
over-all isothermal plots of In N versus
In p give reasonably straight lines ().
It must be presumed that there is no neces-
sity for theoretically justifying the Freund-
lich equation in the present case.

Configurational Entropies

Configurational entropies are indepen-
dent of the assumed state of adsorbed am-
monia molecules so long as fixed adsorp-
tion is assumed and the differential surface
entropies of the various possible modes of
freedom assumed are consistent with the

total differential surface entropy, Sr. We
have calculated configurational entropies
on the basis of fixed adsorption and no
rotation, using Eq. (5).

0.08 . T . . :
2
v B
trx 0.08 ® ]
o~
O's
2L
%0 oo4f 4
o
O w
.IA_J o
z J 0.0zt 4
-«
(8]
0.00 ! L | !
20 30 40 h 50
T=350 ¢ Ug—K CAL/MOL
P=1.2MM

N=0.50 X10 MOLECULES cM2
AREA UNDER CURVE =7.46 X 107I'CAL /DEG c/cm2
0.08—

c—

CAL/DEG ¢/eM2X 1010
j=]
Y
T

(A)

~

INTEGRAND OF S,
o
[=]
o
T

8
N
T

(oY 1 1 L
0020 1

T=400C
P=51MM
N=0.50 X)0M MOLECULES /CM2

AREA UNDER CURVE=Sc =966 X 107 CAL/DEG C/cM2

30 40
Up -K CAL/MOL

Fi1c. 4. Configurational entropy of NH. on
AL,O;.



30

The integrand of Eq. (5) was plotted
against U, for each pressure and tempera-
ture, using the appropriate values of q..
The area under each curve gives one point
on the curve of total configurational en-
tropy (S.) versus surface coverage. Typical
curves are shown in Figs. 4A and 4B for
400° and 350°C at an experimental cover-
age of 0.50 X 10* molecules/cm? The con-
figurational entropy is zero down to some
adsorption energy dependent on coverage
and then rises sharply. From the entropy
equation, S. = kinW, zero entropy indi-
cates only one possible arrangement (W)
of the adsorbed molecules on the adsorp-

|
=3

CLARK AND HOLM

steepest descent of the adsorption site en-
ergies, where the adsorbing molecules
would be expected to have the least choice
of adsorption sites. With increasing cover-
age, configurational entropies increase and
finally tend to level out as would be ex-
pected from the physical picture for an
exponential distribution of site energies.
As the temperature is decreased, at con-
stant coverage, the configurational entropy
decreases as a result of less scattering by
thermal agitation.

Also shown in Fig. 5 are the partial molal
configurational entropies, S, = 9S,/on,
where n is the number of moles adsorbed
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Fic. 5. Configurational entropy 8. and 8. as a function of surface coverage {NH; on ALO:)

tion sites, so that W =1, which indicates
all sites occupied in the order of decreasing
energies down to that point. Most of the
adsorbed molecules are adsorbed in the
region of zero configurational entropy. A
small percentage of them scatter over a
range of sites, not filling them exactly in
order of decreasing adsorption energy. This
range is narrow, and with further decrease
in adsorption energy, the configurational
entropy drops to zero again. From this
point on, the sites are completely empty,
where W, again, is equal to 1.

In Fig. 5, 8, (eu/em?) is plotted against
surface coverage N (molceules/em?), for
the three temperatures. Each point on these
curves corresponds to an equilibrium pres-
sure which determines the coverage. It will
be noted that at low coverages the entropy
is low and is rising, This is the region of

per cm? These curves were obtained by
graphical differentiation of S.. The partial
molal configurational entropies are small,
never exceeding approximately 3 eu/mole.
If they were not, the values calculated
could be used in Eq. (4) and the entire
procedure of Section III repeated until
final calculated values showed no further
change. As explained previously, the devia-
tions of the calculated from the experi-
mental isotherms were not considered suffi-
cient to warrant going through this process
of iteration.

In Fig. 6, the molal configurational en-
tropies, S,/n, are plotted against surface
coverage. As would be expected from the
physical picture, these entropies rise to a
maximum from low coverages and then
decline slowly.

Also shown in Fig. 6 are the molal con-
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figurational entropies that would have been
obtained if all adsorption sites had pos-
sessed the same adsorption energy. They
are plotted on a scale ten times that of
the curves for an exponential distribution
of adsorption energies, and are four- to
tenfold greater than those for an exponen-
tial distribution. The value of N, the total
number of adsorption sites, was estimated
roughly for this calculation by expressing
the distribution function in the form:

w‘@:

Ny
/ ((24_25) exp (—0.0544Ug)dU, = 1
0 N0

where [) dN /N, has been normalized.
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