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The determination of the isosteric heat of adsorption, g.:, from a series of
adsorption isotherms can provide information on the energetics of the gas—solid
interface as well as the distribution of energetic sites on the solid surface. In prac-
tice, qs: is often assumed to be independent of temperature within a short tempera-
ture range. This is geperally verified by the linearity of the Clausius-Clapeyron
plot. However, there are a few instances in which a considerable temperature
coefficient of g,: has been observed. The present work indicates that, under certain
conditions, this could be due to the surface heterogeneity, the curvature of the
Clausius-Clapeyron plot occurring at the transition from one type of site to the
other. The adsorption of nitrogen on highly dehydrated silica-alumina provides an
example of this possibility. A modecl of the adsorption equation considering two
types of surface sites and describing satisfactorily both the adsorption isotherms
and the temperature dependence of the isosteric heat of adsorption is presented.

INTRODUCTION

The study of gas adsorption on the solid
surface has the objective to understand the
adsorbate—-adsorbent interaction and the
energetie site distribution on the solid sur-
face. The measurement of a series of
adsorption isotherms and to derive from
them the heat of adsorption is one way
to obtain this information. Particularly,
the isosteric heat of adsorption, g, has
the expression

_ dlnp
O i o S

where p and T are, respectively, the equi-
librium pressure and temperature of the
adsorption system, 6 is the surface cover-
age and R is the universal gas constant.
That is, the isosteric heat of adsorption is
determined from the slope of the Clausius—
Clapeyron plot (log p vs 1/T) at a con-
stant surface coverage.

For practical application, it is almost
always assumed that ¢, is independent
of temperature over a short temperature
range so that Eq. (1) becomes
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The assumption is reasonable and has been
justified by the linearity of the Clausius—
Clapeyron plot from extensive experimen-
tal results. In faet, if the data points are
scattered and deviate from linearity, it is
usually considered as due to the experi-
mental error. Up to the present, there has
been little experimental information avail-
able which covers a sufficiently wide tem-
perature range to further justify the above
assumption. This is often due to the limi-
tation of ordinary experimental measure-
ments in which the span of temperature
has mostly been less than 200°C.

Strictly speaking, the isosteric heat of
adsorption is dependent upon temperature
as indicated in the following equation
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where C, is the molar heat capacity of the

gaseous molecules and C, is the partial
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molar heat ecapacity of the adsorbate.
Hence, the temperature coefficient of g is
not zero so long as the heat capacity of the
adsorbed state is different from that of the
gas phase.

As a first attempt, the heat capacity
may be estimated by means of statistical
mechanics. This is easy for a gaseous mole-
cule but more difficult for the adsorbate
because of the lack of information on the
adsorbed state. Nevertheless, the latter can
be estimated by assuming a simple classi-
cal model for the adsorbed state. We fur-
ther assume that the differential molar
heat capacity is approximately equal to
the integral molar quantity, since the
latter is referred to by the calculation of
statistical mechanics (7).

Consider two extreme cases of the ad-
sorbed state of a molecule: the localized
model and the two-dimensional gas model.
For a monatomic gas, the adsorbed state
has three vibrational degrees of freedom
on localized adsorption, but has only one
vibrational degree of freedom and two
translational degrees of freedom if it be-
haves like a two-dimensional gas on the
surface. A diatomic gas molecule has six
degrees of freedom: three translational,
two rotational and one internal vibrational.
At the usual temperatures of adsorption
measurements, the internal vibration for
most, gases is not excited, so that we only
have to consider five degrees of freedom.
On extremely localized adsorption, the
three translational and two rotational de-

YUN-YANG HUANG

grees of freedom would be transformed into
five vibrational modes with the surface.
The internal vibration will not likely be
perturbed in the case of physical adsorp-
tion. At the other extreme, a two-dimen-
sional gas model will have one vibrational,
two translational and two rotational de-
grees of freedom. A polyatomic gas can
be considered in a similar way, but will
not be discussed here. The heat capacities
of monatomic and diatomic molecules in
the two extremes of adsorbed states and
in the gas phase are listed in Table 1. The
difference in heat capacities between the
gas phase and the adsorbed state is then
an indication of the temperature coefficient
of the heat of adsorption. For localized
adsorption, the change in heat for a tem-
perature range of 100°C would be about
—0.1 and —0.3 kecal/mole for monatomic
and for diatomic gas molecules, respec-
tively. In other words, the heats of adsorp-
tion determined at lower temperatures
would be higher in the case of localized
adsorption. The variation with tempera-
ture would hardly be noticeable if all of
adsorption isotherms measured are within
a narrower temperature range. In reality,
the adsorbed states are intermediate be-
tween the two extreme cases. Consequently,
the temperature dependence of the heat of
adsorption is less likely to be observed
by ordinary measurement of adsorption
isotherms.

The task is easier by means of the calori-
metric method. In fact, much work has

TABLE 1
Heat CapraciTiEs OF ADSORBATES (cAL/MOLE °K)
(Cg)p Ca (Ca - Cu)p
I. Calculated from statistical mechanics
Monatomic
Localized (3v) (5/2)R= 3R —(1/2)R
Mobile (2t, 1v) B/2)R 2R 1/2)R
Diatomic
Localized (5v) (7/2)R 5R —(3/2)R
Mobile (2t, 2r, 1v) (7/2)R 3R 1/2)R
I1. Experimental data
Ar on rutile, 8 = 0.13 (Ref. 3) 5 11 —6
N, on rutile, © = 0.1 (Ref. 4) 7 17 —-10

@ R = 1.987 cal/mole °K.



been done in the measurement of heats of
adsorption and heat capacities of adsorb-
ates (2). Morrison and his coworkers
(2 1) have shown that the heat pmmm‘rv
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of the adsorbate obtained from dlrect mea-
surement and from the temperature co-
efficient of the heat of adsorption is in
good agreement. The heat capacities of
adsorbed argon and nitrogen on rutile in
the higher temperature region of about
120 K are indicated in Table 1 for com-

yarison with values ostimated hv the model
}Jal 18011 Witdl Vaiues SsullliaiCh Oy il mMoGll.

Obviously, the discrepancy 1s quite large
and experimental values are rather high.
A catisfactory interpretation of high heat
capacities of adsorbates has yet to be
reached.

The variation of the isosteric heat of
adsorption with temperature, obtained by
means of the measurcinent adsorption
isotherms, has been reported by Barrer
and Stuart (5) on the adsorption of nitro-
gen on Li—, Na-, and K-X zeolites. The
temperature coefficients over the range
173-273°K were found to be about 15, 15
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and 7 cal/mole deg, respectively, for the
three different ecation-exehanged samples.
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Fic. 1. Dependence of isosteric heat, g.;, on the
temperature of adsorption. N. on silica—alumina
(SA) (6 = 0.0013): Huang and Emmett (6); N2 on
Li-, Na-, and K-X (6 = 0.1): Barrer and Stuart
(5).
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The value for K-X, which was found to
be homogeneous with respect to nitrogen
adsorption, is close to that observed on
rutile by means of calorimetric measure-
ment (4). However, the values for Li-
and Na-X are much greater. Recently,
Huang and Emmett (6) have also indi-
cated a non-linearity of the Clausius—
Clapeyron plot for the adsorption of nitro-

gen at surface coverages near 0.1% on
amorphous silica-alumina evacuated at
SQOOC Thn Va[‘latlon Of Qi with temnera-
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ture is shown on Fig. 1 together with the
work of Barrer and Stuart. The tempera-
ture coefficient of ¢ in the case of amor-
phous silica-alumina was found to be
about 30 ecal/mole deg, a value much tco
large to be acecounted for by the previous

discussion.
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effect of surface heterogeneity will be
attempted.

Heterogeneous Surface

On a homogencous surface, the localized
monolayer ad:orptlon can often be de-
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where v is the amount adsorbed, v, is
the amount

monnlavar
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adsorption, and b is a constant which can
be expressed as
b= (5)

where ¢ is the heat of adsorption and b,
1s a term related to the entropy of adsorp-

tion. At low coverages, bp < 1 so that
(6)

boe?/ BT,

= bp.

This is known as Henry’s Law.
On a heterogeneous surface where there
are several types of energetic sites, the

Qrknrhhnn may be formulated as Hnn Qi

of contrlbutions from all types of sites
— UmzvzlJ
’ Z« L+ bp @

or by the integral form
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where v,(b) is the distribution function
of energetic sites. Attempts to solve Eq.
(8) with models of the distribution func-
tion or to obtain the distribution function
from experimentally determined isotherms
are abundant in the literature (7). How-
ever, the effort in this area is fraught with
uncertainties and is often encountered with
limited applicability because of the com-
plexity of real surfaces.

To characterize a heterogeneous surface,
a proper adsorption equation must contain
adjustable energy and capacity factors, as
pointed out by Freeman and Kolb (8).
The energy factor is related to the isosteric
heat of adsorption and the capacity factor
to the surface area. Before contributions
from the two factors are resolved, a direct
interpretation of the experimental data
could be misleading. The possibility of
having a non-linear Clausius-Clapeyron
plot for surfaces with more than one kind
of adsorption sites has been discussed by
Huang, Benson and Boudart (9). In par-
ticular, the adsorption in the Henry’s law
region on a surface with two kinds of sites
was illustrated in terms of the magnitude
and the difference in heats of adsorption,
the temperature, and the fractional distri-
bution of sites. At the transition from one
type of site to the other, the Clausius-
Clapeyron plot would exhibit a significant
curvature. Fortunately, the study of nitro-
gen adsorption on silica-alumina provides
an example of this phenomenon (6).

For a sample evacuated at 800°C over-
night, the isosteric heat of nitrogen adsorp-
tion at room temperature was as high as
9 kcal/mole at a surface coverage of about
0.1%, but decreased to about 4 keal/mole
above 1% coverage (6). Even though
no datum is available at higher coverages,
it is believed that the heat would fall
from 4 to

about 2 kecal/mole near
the monolayer coverage, as has been
observed on many supports or oxides

(10, 11). The change in the heat of adsorp-
tion with coverage is relatively small and
gradual on the majority of sites, but more
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abrupt in the range between 0.1 and 1%
coverages. Thus, the surface can be ap-
proximated by a model consisting of two
kinds of sites: one having a larger fraction
but with lower heat of adsorption and the
other having a very small fraction but with
considerably higher heat. It would be inter-
esting to find out whether the curvature of
the Clausius-Clapeyron plot would occur
within the experimental region under these
conditions. The parameters of the adsorp-
tion equation, which will be determined
by fitting the experimental data, will also
serve to check the validity of this model.

Adsorption Equation

According to Eq. (7), the localized ad-
sorption on a surface with two kinds of
sites can be expressed as the following:

Vm1b1D Umabap
v = ’ 9
1+bp 14 byp ®

which can be simplified to

b
v=mM+fi£&%«OsM)

if only a small fraction of the type 1 sites
is adsorbed. Indeed, the surface coverage
within the experimental region was only
a few percent, and adsorption isotherms
were linear with pressure at higher pres-
sures and temperatures. Each isotherm
appeared to be the superposition of a
Langmuir’s and a Henry’s isotherm. The
use of Eq. (10) has the advantage that
no model of the adsorbed state has to be
implied for adsorption on the majority of
sites, since it approaches the Henry's law
region at very low coverages. Introducing
a parameter, fi, as the fraction of type 1
sites on the surface, we have

U1 = flvm
Umz = (1 — f1)0m, (11)
where

Um == Um1 + Ume.

Through the use of Eqs. (5) and (11),
Eq. (10) becomes

V= Um {flbloe‘ll/”p

b206q2/RTp

+ 1= fi) m}‘ 12)



ISOSTERIC HEAT OF ADSORPTION

Variables: v, p, T, Parameters: f,, b,
1, baoy Qo

The three variables are determined experi-
mentally, the five parameters are obtained
by means of data-fitting procedure. A value
determined by the nitrogen BET method,
which was 80.1 cc(STP)/g for the sample,
was assigned to v,, the adsorption corre-
sponding to a monolayer coverage.

The method of least-squares requires
minimization of the quantity

n

i

(v:)obs)® (13)

[(vi)calc -

where (V;)cuie 18 the value caleulated from
Eq. (12), and (v:)s is the experimental
value at pressure p and temperature 7'. v
is expressed in units of cc(STP)/g. The
problem is then to solve the five simul-
taneous equations

a0 Q aQ aQ
_:0’_= :ﬁzo) —ZO)
¢9f1 db1o 9, Abag
Q)
— =0 14
2 (14)

for the five parameters.

Since Eq. (12) is a nonlinear regression
function, the method of least-squares fit-
ting can only be accomplished by means
of a first order approximation. The method
has been described in detail by Hartley
(12). The operation, which included 55
data points out of 8 adsorption isotherms
ranging from —23.5-148°C (6), was car-
ried out by a high-speed electronic com-
puter (IBM 360/65).

A set of trial values for the parameters
had to be properly chosen so that the
iteration process would converge, and the
experimental results indicated previously
were used as a general guide. To avoid
instability due to overcorrection, since both
¢: and @. are involved in the exponential
form, a damping factor, K, was used such
that the value for the (n 4 1)t iteration is

o1 = Gu + KAg,, 0 < K <1, (15)

where Ag, is the correction term deter-
mined in the n™ iteration.

REsuLTS

The parameters and the corrections
determined at the final stage of the itera-
tion procedure are indicated in Table 2.

TABLE 2
PARAMETERS OF THE ADSORPTION EQUATION
DETERMINED BY METHOD OF LEAST-
Squarkes Using THE Dara oF Huana
AND EMMETT

Param-

eter Value Correction Unit,
fi 0.994794 0.000003 —
(1—f)  0.005206 — —
bro 1.94 X 1073 0.00 X 10—® atm™?
[ 3548.9 3.3 cal/mole
by 9.03 X 1007 —0.08 X 1077 atm™!
q2 9925.7 12.6 cal/mole

Standard deviation: ¢ = 0.0156 cc(STP)/g.

The standard deviation which is defined as

n

Y [@)eate = @Iom?
7 (16)

n—2>

o =

is 0.0156 cc/g. The data-fitting 1s quite
satisfactory in view of the fact that the
experimental error of the adsorption mea-
surement is about 0.01 cc/g at lower tem-
peratures and lower pressures, and about
0.03 cc/g at the highest pressure and the
highest temperature of the experimental
region (6). Adsorption isotherms, both
experimental and calculated, are shown in
Fig. 2. The Clausius-Clapeyron plots for
coverages at 0.1 and 0.2 ce/g are also
shown (Fig. 3).

Discussion

The parameters of Eq. (12) determined
by the data-fitting procedure are in close
agreement with the expected values. In
particular, the surface of highly dehydrated
silica—alumina consists of about 0.5% of
higher energetic sites with a heat of nitro-
gen adsorption of 9.9 kecal/mole. The rest
of the surface could be considered as lower
energetic sites with' an average heat value
of about 3.5 keal/mole for njtrogen adsorp-
tion. Actually, the majority of sites could
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P, torr

Fia. 2. Adsorption isotherms of nitrogen on silica-alumina evacuated at 800°C. (The experimental data

are obtained from Huang and Emmett (6).)

possibly be of a Gaussian or other distri-
bution, as indicated by the work of Ross
and coworkers (13). The wvariation in
energy within a Gaussian curve would be
quite small, however, as compared to the

5000

1000

, torr

p

100~

1 1 1

177 x103

Fic. 3. Clausius-Clapeyron plot (N3 on silica—
.aluminga): P in Torr; T in °K.

difference between the two types of sites in-
dicated above. For the purpose of the pres-
ent work, the model is not too simplified.

The values of the pre-exponential fac-
tors, by, and by, should also be discussed.
These are related to the entropies of ad-
sorption. According to the derivation of
Fowler (14), the constant b in the Lang-
muir adsorption isotherm has the following
expression

. B faT) e
@) kTR [y(T) &

(17)

in which h is Planck’s constant, m is the
mass of a gas molecule, fa(T) and fg(T)
are the internal partition functions of a
molecule in the adsorbed state and in the
gas phase, respectively, and ¢ is the energy
of adsorption at 0°K. From Eq. (5), we
then have

_ B ja(T)
@em) B T) fo(T)

to (18)
assuming that e¢=¢q. For the adsorption
at room temperature, b, is estimated to be
in the range of 10-°-10-7, depending on the
adsorbed state of a molecule and the vibra-
tional frequency of the adsorbate—adsorbent
interaction (10'2-10** sec?). Hence, the
values of by, and b,, obtained from the
method of least-squares are reasonable.



Thus, the result of the data-fitting indi-
cates that Eq. (12) describes fairly well

the adsorption of nitrogen on amorphous
ailica—aluming which has been subiected to

silica—alumina which has been subjected
extensive dehydration or dehydroxylation
pretreatment, at least within the rather
wide experimental region. It also, as the
main objective of this work, elucidates the
curvature of the Clausius-Clapeyron plot
observed at very low coverages. At lower
temperatures, the slope approaches that
corresponding to the higher energetic sites;
while at higher temperatures, the lower
energetic sites. The curvature occurs at
the transition zone, where both terms in
the adsorption equation are approximately
equal in magnitude. In  general, the
transition would oeeur roughly under the
condition

tmi el IRT

Um2 ’

(19)

if the difference (g, — g,) 1% not too large.
By a proper choice of the temperature and
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could, in
principle, be located. However, to ensure
the curvature of a Clausius—Clapeyron
plot, a wide range of temperatures must
be covered, although this is not always
feasible because of the limitation of experi-
mental investigation.

Tt is interesting to examine the distribu-
tion of adsorbed molecules on the two types
of sites at very low coverages. Intuitively,
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one would expect that the higher energetic
sites be fully occupied before the adsorp-
tion takes place on the lower energetic
sites. But, according to Eq. (12), either
term could be predominant depending on
the total surface coverage, the ratio of the
site fractions, the difference in heats of
adsorption, and the temperature. The rela-
tive eontributions to adsorption from both
types of sites at a total surface coverage

of about 0.13% (or 0.1 cc/g) were caleu-

lated as

a
rauLCu an

nN[J\nNY
<

using
the parameters determined, and the results
are indicated in Table 3. Apparently, the
fraction covered on the higher energetic
sites decreases with increasing tempera-
ture. If this is the case, it scems that any
direet correlation between the adsorption
data, which are often taken at a lower

B T TN S T T et 1V A o ntisridyr
Lerperature the acti VIty

funetion of toermnerature
UNRCLIoNn O temperaiure,

1(*5_,1()1“1, and of a
catalyst, which is usually studied at much
higher temperatures, needs to be carefully
examined,
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