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Abstract The paper is devoted to the problem
of evaluation of energetic heterogeneity of clays and
clay minerals from analysis of experimental adsorption
isotherms of water vapour. The computed distribution
functions of adsorption energy are next used to describe
the dependence between heat of immersion and the
amount of pre-adsorbed water.

INTRODUCTION

The simplest attempts to describe adsorp-
tion of gases on energetically heterogeneous
surfaces have been based upon application of
discrete models, in which the adsorption cen-
tres are divided into a finite number of groups,
each characterized by a corresponding value
of energy of adsorption [1,7,13]. The discrete
models lead to the total adsorption isotherm
equation being a sum of ‘local’ isotherms, de-
scribing equilibrium on a given kind of ad-
sorption centres.

Because of the complex character of
natural soil adsorbents, their distribution of
adsorption centres with respect to adsorption
energy is described by a continuous function
and the overall adsorption isotherm 6 is given
by the integral [7]:

Gt(p)=f91(p,e)x(e)ds. (1)

In the above 6, (p, ¢) is the local adsorp-
tion equation that gives the fractional cover-
age of adsorption centres with the energy of
adsorption equal to ¢ and at the equilibrium
pressure equal to p, 6, (p)= N, (p)/N,,,
where N, (p) is the total number of adsorbed
molecules at the pressure p, N, is the mono-

layer capacity, and the function x (&) (called the
energy distribution function) gives the fraction
of adsorption centres with the energy of ad-
sorption equal to e. The physical significance of
the energy distribution function x(¢) for hete-
rogeneous adsorbents can be compared with
the pore size distribution function used for
Characterization of material porosity [14].

The adsorption energy distributions are
usually calculated by solving the integral equ-
ation of adsorption (1) [3,5-8,19]. In the case
of multilayer adsorption, the local adsorption
equilibriumn is usally interpreted in terms of
the BET model [2,5-7].

In this paper we apply calculate energy dis-
tribution functions from experimental adsorp-
tion isotherms of water vapour adsorbed on
clay minerals. We also discuss the influence of
energetic heterogeneity on heats of immersion.



THEORY AND RESULTS

Evaluation of the energy distribution
function from measured adsorption iso-
therms

Let us consider Eq. (1) when the local
adsorption obeys the BET model, i.e.,

1 K(e)y

2
6@ =T—x T+K@E)y]’ &

where y=p/(1 —x) ,x=p/ps,ps 1 the satu-
rated vapour pressure, K(e)=exp (e/RT)/Ao, R
is the Boltzmann constant, 7 is the tempera-
ture and A is a constant [4].

We assume next that the measured iso-
therm N, (p) = 6, (p) Ny, can be approxi-

mated [5,6,8-10] by:
In[N, p) A=x) = % B, Inf 0/py)> 3
j=0

where the Bj (Bo=—1n Np) and pg are the
parameters. In the case discussed here, the
expression for y (¢) evaluated from solution
of Eq. (1) can be then appreximated [8-
10,17,18] by:

XI (e) =§ijEi_lexp [§BJE’:| ,4
=1 =1

where E = (e — €)/RT & is the energy of
condensation and ' (¢) = x (¢)/RT . Thus,
the problem of evaluating energy distribu-
tion is reduced to approximating the ex-
perimental data In [N, (1 — x)] by the poly-
nomial (3). Details of the numerical technique
used for this purpose can be found in our pre-
vious works [17,18].

We stress that although the solution (4)
is only an approximation and that it can
sometimes lead to excessive smoothing of
the computed distribution function by ne-
glecting small local minima and maxima in
(), numerous results reported in the lit-
erature [7,8]) have indicated that well-es-
tablished peaks on x(e) curves evaluated
according to Eq. (4) do really correspond to
different groups of adsorption centres. Con-

sequently, in our opinion, Eq. (4) provides
the simplest and instantaneously accurate
method for estimating energetic heteroge-
neity of adsorbents, and energy distributions
obtained from this equation may be a very
valuable source of information about the
nature of adsorption systems.

Results of calculations of the energy
distribution functions

The following systems were analysed:

(i) Adsorption of water vapour at 7=293
K on Li- and Ca-saturated montmorillonite
(Wyoming bentonite). Figure 1 shows results
obtained by using the experimental technique
of Paterson and Stawiriski [15].

(ii) Adsorption of water vapour at 7=298
K on Na- and Ca-saturated montmorillonite
and on montmorillonite saturated with a mix-
ture of Na and Ca ions at different equivalent
fractions of exchangeable sodium ions (EFES
=0,04,0.6and 1), [11,12].

(ili) Adsorption of water vapour at
T=302.45 K on Li- and Ca-saturated kaoli-
nite degassed at T=306 K and evaluated by
using a vacuum microbalance technique.
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Fig. 1. Adsorption isotherms of water vapour on Li-
montmorillonite (Li) and Ca-montmorillonite (Ca) at
T=293K.
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The adsorption data (ii) were taken
from the literature allowing a comparison
of the results obtained in this work with
those gained previously [12].

The analysis of each isotherm was made
as described above by fitting Eq. (3) to the
experimental data. A detailed description of
the numerical method used is given by So-
kotowska et al. [18].

The curves y(e) for the systems (i) are
given in Fig. 2. They are ‘skewed’, non-Gaus-
sian in shape and exhibit three main peaks,
corresponding to three distinct groups of ad-
sorption centres on the surfaces of Li- and
Ca-saturated montmorillonite. The last, high
energy peak in Fig. 2b with maximum occur-
ring near ¢ — ¢, = 12.5 kJ/mol, can, in our
opinion, be associated with the most en-
ergetic centres of original substrate and with
the presence of calcium ions. On the other
hand, the lithium ions seem to be respon-
sible for the appearance of the maximum of
x(e) ate — e, = 6.5 kJ/mol (see Fig. 2a).
One should take into account, however, that
the accuracy of the evaluated energy dis-
tribution functions are strongly dependent
on the accuracy of adsorption data. In par-
ticular, a correct evaluation of the contribu-
tions due to the most energetic centres
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Fig. 2. Energy distribution functions for the systems (a)
evaluated from eq. (4) for Li- and Ca-montmorillonite.

requires highly precise data from the region
of extremely low pressures. It is well known
that experimental work under such condi-
tions is inevitably connected with many dif-
ficulties. Therefore, the evaluated energy
distribution functions might be slightly dif-
ferent depending on the accuracy of ex-
perimental measurements of adsorption
isotherms [5-8].

The one of the adsorbents (Ca-mont-
morillonite) investigated by Keren and Shain-
berg [11,12] is similar but, of course, not
identical with that used in our experiments.
Consequently, the energy distribution y(e)
evaluated for this system (Fig. 3) differs
slightly from that presented in Fig. 2b.
Three remaining. curves in Fig. 3 are for
water vapour adsorbed on Na-montmorillo-
nite and on montmorillonite saturated with
mixtures of Na and Ca ions at EFES equal
to 0.4 and 0.6. The most interesting feature
is the systematic change of the shape of the
distribution functions with the increase of
EFES. For higher values of EFES, the se-
cond maximum observed on y(e) curves
becomes less pronounced, whereas the
height of the first peak increases and attains
its maximum value at EFES=1. The dif-
ference between the values of e at which
both maxima y(e) curves are located is ap-
proximately equal to 3.7 kJ/mol. The last

0st.. EFES=0
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Fig. 3. Energy distributions for the systems (b). The
curves are labelled by corresponding values of EFES.
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value is close to the difference in adsorption
energies for Na- and Ca-saturated montmo-
rillonites computed according to the ion-di-
pole model by Keren and Shainberg [11].
Thus, one can associate the high energy
peaks on the curves x(e) evaluated for the
montmorillonites saturated with Ca-ions
and with mixtures of Na and Ca ions with
the interactions of adsorbate particles with
Ca cations and with the most energetic cen-
tres of the initial surface of montmorillo-
nite. Similarly, because the low energy peak
is evident for the system with EFES=1, and
it is much less visible for all remaining sys-
tems (ii), its presence can be connected with
the adsorption on Na cations. Figure 4 com-
pares the energy distribution functions com-
puted for Ca- and Li-saturated kaolinite
(the systems (iii)). As in the case of the sys-
tems (i), the maxima at the highest values of
e can be attributed to adsorption of water
vapour on metal ions.

Evaluation of the energy distribution
functions may be of great importance and
lead to characterization of adsorbing sur-
faces. It seems particularly important for
such complicated materials as soils, because
we do not have any other method enabling
the determination of energetic charac-
terization of their surfaces. Of course, the cor-
rect interpretation of the peaks appearing on

X'(E)

Fig. 4. Energy distributions for the systems (c). Ca -
Ca-kaolinite, Li - Li-kaolinite.

%(¢) requires additional information con-
cerning the structure of adsorbing surface.

Influence of surface heterogeneity on
heat of immersion

The heat of immersion of a solid sur-
face Q by a single liquid is composed of two
terms [16,20]: a work term W, associated
with formation of a semi-infinite liquid bulk
phase and a potential term U, connected
with the potential field created by the solid
adsorbent

O=W+U. )

To a good approximation the therm U can
be identified with the energy of adsorption.

Interactions of fluid molecules with a
solid surface obviously cause some perturba-
tion in the structure of the surface liquid, as
compared with its bulk structure. Conse-
quently, the therm W also depends slightly on
the adsorption energy [3,11,12,16-18]. How-
ever, this effect is commonly expected to be
small and will be neglected in our treatment.

Let us consider wetting by liquid adsor-
bate of a sample containing known amount
N, of pre-adsorbed particles and let the ad-
sorption isotherm pressure corresponding to
N, be equal to p. According to the approach
discussed in the preceding section, the dis-
tribution of adsorption energy is described by
the function x(e). If the adsorbent surface
is ‘dry, ie, N,=0, then, obviously
U = [ x(¢) d &. The average number of occu-
pied sites ‘', having adsorption energy equal
to &, is Ny, 6; (, &) x (¢;) and the energy of
interaction of these molecules with the sur-
face is equal to N, 6, (p, &) x (&) &; - Assum-
ing that the energy of adsorption of molecules
in the second and subsequent layers is con-
stant and equal to the energy of condensation
e, We obtain the following equation

QWN,=0)-Q NN, =

N_[(e—¢€)6,p,e)x(e)de, (6)



describing the shift in the heat of immer-
sion with the change of amount of pre-ad-
sorbed fluid N,.

In Fig. 5 we compare the heats of im-
mersion of Na/Ca montmorillonites (the
systems (ii)) equilibrated with different
amounts of water in adsorbed phase. The
solid lines denote the results of experimen-
tal measurements by Keren and Shainberg
[11,12] and the dashed lines are the results
obtained via Eq. (6). The constants B; defin-
ing the distribution functions (4) are collected
in Table 1, and the energy of condensation of
water at T = 298 K is approximately equal to
42.5 kJ/mol [11,12]).

Up to N, equal approximately to the
monolayer capacity N, (N, = exp (B)), the
agreement between computed and ex-

perimental curves is very good. Unfortunate-
ly, at higher values of N,, the discrepancies

between theoretically predicted and ex-
perimental curves increase rapidly. There
are several reasons for such behaviour. Fir-
stly, the local BET model used in our calcu-
lations is inaccurate at higher relative
pressures p/p,. The BET Eq. (2) predicts for-
mation of-an infinite number of adsorbed
layers at the relative pressure p/p.=1.
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Fig. 5. Dependence of the heat of immersion (Q) on
amount of pre-adsorbed water (N,) determined from the
systems (b). Solid lines and points denote the experimen-
tal results, and dashed lines were evaluated according to
Eq. (6). The curves are labelled by the values of EFES.

Table 1. Energy distribution parameters for water
vapour adsorbed on Ca-montmorillonite, Na-montmo-
rillonite and montmorillonite saturated with a mixture

of Ca and Na ions in the ratio 4:6

B; EFES=0 EFES=04 EFES=1
Bo -4.624 -4.317 -3.688
By -0.199 -0.0695 0.330
Bz 0311 -0.274 -0.220
B3 0.0249 -0.0135 0.0954
By 0.0448 0.0422 0.0989
Bs 0.0119 0.0112 0.0192

Because of a finite c-spacing of montmoril-
lonite, the BET equation fails in the region
of higher relative pressures. Secondly, the
surface field of the solid has been shown to
influence not only the structure of the first
adsorbed layer, but also the next two or
three layers, which means that the energy of
adsorption is not equal to & for molecules

adsorbed in these layers [1]. Moreover, our
calculations of the energy distribution func-
tions have neglected effects of mutual inter-
actions between adsorbed molecules. It is
obvious that the errors from neglecting
these interactions become more significant
when more molecules are adsorbed. Despite
all the above inaccuracies, our results clear-
ly demonstrate importance of heterogeneity
effects in calculations of the heat of immer-
sional wetting of soil samples.

CONCLUSIONS

The main part of this work has been
devoted to evaluation of energy distribution
functions from experimentally measured ad-
sorption isotherms. We have demonstrated
that such calculations can be useful in ana-
lysis of experimental adsorption data. How-
ever, the physicochemical meaning of different
peaks observed on x(e) curves may be diffi-
cult to interpret and such interpretation re-
quires additional information about nature
of active centres occurring on the surface.
We also stress, that the accuracy of calcula-
tions of the energy distribution functions
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depends strongly upon the accuracy of
measured adsoprtion data.

A comparison of predicted and measured
heats of immersion for adsorbents involving
known amounts of pre-adsorbed water has
indicated that some points of the theory
presented above should be improved. In our
opinion, the assumption that the local ad-
sorption obeys the BET model, allowing for
formation of an infinite number of ad-
sorbed layers is responsible for the most of
observed deviations.
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