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Abstract The process of adsorption of water
vapour at T= 293 K on montmorillonite (Wyoming
Bentonite) saturated with Li+, Na+, K+, Mg +
Ca* Tand Ba™ *cations was studied. The experimen-
tal measurement were carried out by using the vacuum
microbalance technique. Additionally, porosity of the
samples were investigated by using the mercury poro-
simeter. The experimental adsorption isotherms
were described by the so-called exponential adsorption
equation. The coefficients of this equation define the en-
ergy distribution function, which characterizes energetic
heterogeneity of adsorbing surfaces. These functions
provide additional characteristics of adsorbing systems
and are useful while discussing adsorption properties.

INTRODUCTION

The problem of a _proper choice of an
analytical form of the isotherm equation to
describe adsorption of gases on soils and clay
minerals has been the subject of numerous
investigations.

In the case of monolayer adsorption, sev-
eral equations such as Langmuir, Hill-DeBoer,
Harkins-Jura are considered [1,4,18,17,19]. The
multilayer adsorption, however, is most often
interpreted in terms of the classical BET theory
[5,10,13,14]. Unfortunately, in general, none of
the above listed equations can accurately de-
scribe experimental data for a wide range of
pressures [14]. One of the main reasons for
that is the fact, that at surface coverages lower
than the monolayer capacity, energetic hete-
rogeneity of adsorbing sites plays a very

important role, whereas all the above equa-
tions were derived assuming that adsorbing
sites possess the same value of adsorption
energy. In the case of higher surface cove-
rages, however, the structure of soil adsorb-
ents may change, e.g., some of the clay
minerals may swell. Obviously, the above
theories do not also take into account any
possibility of such changes [14].

At low and moderate adsorbate pressures,
the role of energetic heterogeneity of adsorbing
surfaces scems to be more important than
possible modifications of the adsorbent by the
already adsorbed phase. Therefore, in this note
we present an application of the theories of ad-
sorption of gases on energetically heteroge-
neous surfaces [5,6,7,8] to describe adsorption
of water vapour on montmorillonite, saturated
with mono and bivalent cations.

THEORY AND METHODS
Adsorption isotherm equation

In the case of energetically heterogeneous
solid surfaces, the adsorbing potential changes
randomly and cannot be described by any
analytical equation. These random changes
are obviously connected with the physical
nature of real surfaces. The exsistence of
pores of different shape and size, different
chemical species present on the surface and
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irregularities of its structure cause quite
random and rather big changes in the ad-
sorbing field. Thus, any attempt to describe
adsorption on energetically heterogeneous
surfaces (i.e. on real surfaces) cannot ne-
glect the real energetic character of adsor-
bing centers.

Denoting by ¢, the energy of interac-
tions of a single adsorbate molecule with
the adsorbing site i of the adsorbent surface,
the energetic surface heterogeneity can be
characierized by invoking the distribution
function x(€), definded in such a manner,
that X(e)de represents the ratio of all ad-
sorbing sites having adsorbing energies
from the range [e,e+de] [6,7,8]. Next as-
suming that the adsorption equilibrium on
a model homogeneous surface, for which all
adsorbing sites have the same adsorption
energy ¢, is described by the so-called local
adsorption isotherm ©,;, the total adsor-

ption ©, can be described by

o =42 - -

oX ()6, (p,e)de

™

where p is the pressure, N(p) is the amount
of adsorbed gas, Np, is the monolayer capa-
city and Q is the range of adsorption energies &.
Thus, an analytical evaluation of the total
adsorption equation requires the knowl-
edge of both: the local adsorption isotherm
©; (p,e) and the energy distribution func-

tion X(¢). On the other hand, for a given
local adsorption model, the energy distribu-
tion function can be evaluated by solving in-
tegral Eq. (1), providing that the total ad-
sorption isotherm is known (e.g., it has
been determined from experimental meas-
urements) [6,7,8]. In other words, from ex-
perimentally measured adsorption isotherms,
one can get some additional information
concerning the energetic character of the
surface by solving the integral Eq. (1). Ob-
viously, the shape of the evaluated distribu-
tion function will depend slightly upon the

assumed local adsorption model, but this ef-
fect is rather small. The last problem was
discussed in details elsewhere [8].

Previous studies [2,6,7,8,12] have shown,
that in the case of the Langmuir model of
local adsorption

@

_ P
6, Po)= rexp (/R +p °

the total adsorption isotherm

M
8, (¢) = exp [1213' (T In (p/p, ))1, @

corresponds to the following energy dis-
tribution function

M -1 M 1
x(e)= [IZIIBI(eO-me) ] exp (lngl(eo—e) ) .

)

In the above T is the temperature, R is the
gas constant, K is a constant, connected with
the minimum adsorption energy & on a given
pirface by the relation: eg=RT In(Kjpy).

In the case of multilayer adsorption, the
formation of the subsequent adsorbed layers
is very often treated as the process similar
to condensation of gaseous adsorbate. In
other words, the adsorbent-adsorbate inter-
actions are effectively screened by the first
adsorbed layer. In such a case, the minimum
adsorption energy (&) is identified with the
energy of condensation of the gaseous ad-
sorbate (e.) and the pressure p, with the
saturated vapor pressure. Thus assuming
that the local adsorption isotherm is de-
scribed by the BET equation

al
6,(*) = g Il/po)
(®/py) exp [ (e — €))/RT] )

1+(p/po) {exp| (e — ec)/RT] -1}
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where

y=3 0/p)

lim =
r-lvoo dln (P/Po)

and r is the number of adsorbed layers, one
can show that the energy distribution function
X(¢) given by Eq. (4) corresponds now to the
following form of the total isotherm equation

1
6,0 = gp/by P

1
P/Py ™

The coefficients {B,}, / = 1 determine
the shape of the energy distribution func-
tion and are called ‘the heterogeneity par-
ameters’. The lowest-order parametr By
however, is connected with the monolayer
capacity Ny Np,=exp (Bg). We also note
that Eq.(3) and Eq.(7) are commonly
known as the mono- and multilayer ex-
ponential adsorption isotherms [8].

According to the above equations, the
problem of evaluation of the energy distribution
function from experimentally measured adsorp-
tion isotherms is reduced to the problem of the
approximation of the adsorption data N=N(p)
by Eq. (3), or by Eq. (7), depending on the
mono- or multilayer character of adsorption.
Numerical methods of such an approximation
are described in papers [2,6,7,8,12]. )

The Eq. (4) defining the energy distribu-
= tion function is very flexible and can describe
- that functions X(¢) exhibiting single, as well as,
' multiple maxima. In the simplest case of M=1
i it reduces to an exponential distribution,
. whereas for M=2and B;_, it leads to a quasi-
f gaussian distribution. In the latter case, the
E total adsorption isotherm Eq. (3) is identical
with the Dubinin-Radushkevich isotherm,
- whereas in the former case it leads to the
¢ well-known Freundlich formula [8].

M
bE

We have stressed above, that the energy
distribution functions evaluated from solu-
tions of the integral adsorption equation
are rather insensitive to the choice of the
local adsorption model. Thus, the energy dis-
tributions obtained from the above described
procedure can be considered as good approxi-.
mations, reflecting real energetic heteroge-
neity of the investigated samples.

As numerous investigations have indi-
cated (cf. the review article [8]), the adsorp-
tion isotherm Egs (3) and (7) can describe
experimental data very precisely. Thus, they
can also be considered as a useful tool in in-
vestigations of several aspects of adsorption
phenomena, e.g., in studies of surface diffu-
sion coefficients, the definition of which in-
volves the derivative 46, (p)/ap [4].

Obviously, all thermodynamic quantities,
characterizing the adsorption process (e.g.,
isosteric heats of adsorption) can be next
evaluated from both equations (2) or (7) by
using the standard methods, described in
ref. [12]). For example, the heat of immer-
sion is defined by [3,11]

OQw=W+¢& ®)

where W is the work connected with the
creation of a liquid surface and is inde-
pendent of the nature of the adsorbent,
whereas € is the average energy of interac-
tions of the adsorbed monolayer with the
surface and is given by

&:~=Nm Jex(e)de. ®

The term W can be evaluated from the the-
ories of liquid state [11]. Thus, a comparison of
the results computed according to Eq. (9) with
experimental values of Qw provides an addi-
tional test of accuracy of the energy dis-
tribution evaluation.

Experimental

Experimental measurements were car-
ried out for samples of Wyoming Bentonite,
saturated with Li*, Na*, K*, Ca** Mg*+
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and Ba**cations. All samples were ob-
tained from the Macauley Institute, Scotland.

Adsorption-desorption isotherms were
measured using the classical vacuum micro-
balance technique, as described in paper [15].
The results of the experiments performed are
shown in Fig. 1.

Moreover, additional measurements of
porosity of all investigated soil samples were
carried out using a mercury porosimeter. The
results of the last measurements are collected
in Table 1.

RESULTS AND DISCUSSION

Our calculations indicated, that in the
case of all systems under investigations, the
classical BET equation provides a poor de-
scription for both a finite (r=3) and an infi-

Table 1. The results of porosimetric measurements
for montmorillonite saturated with Na+, K+, ctt

and Mg++¢mions
Cation
Pro|
perty Nat KT Mg'T catt
S, m%g 196 250 269 2531
Porosity, cm/g 0179 0197 0197 0.203

nite number of adsorbed layers. Some selected
examples of the BET plots, obtained for
montmorillonite non-treated and treated
with K* cations are displayed in Fig. 2.
Considering the region of relative pressures
P/Po€ [0.15,0.4], we have evaluated the
parameters of the BET equation. The values
of monolayer capacities N, were next used

100

50
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Fig. 1. Adsorption isotherms of water vapour‘on non-treated and on treated montmorillonite. The line (1) denotes
the non-treated solid, the subsequent numbers denote the following cations: 2 - Li+, 3-Na ,4- K+, 5- Mg+ ,
6-Cattand7-Batt Tne temperature is equal 10 293 K.
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Table 2. Parameters c, monolayer capacities N, = and surface areas S, evaluated from the BET isotherm for

pressures from the range p/po € [ 0.15,0.4 ]

"

Adsorbent
nt Lit Na+ Kt Mgt + Cat ¥ Bat+
¢ 8 15.2 8.66 78 114 12 12.7
N o cm3/g 0.042 0.062 0.10 0.038 0.097 0.072 0.049
S, mz/g 122 180 290 110 281 207 143

*The symbol n denotes the nontreated montmorillonite. The treated samples are labelled by the chemical symbols

of the saturating cations.

~ toevaluate the specific surface area of the

- samples (S). The cross-sectional area of a

- single water molecule was assumed to be

~ equal t010.8 A2 [19].

~ The values of c=exp[(e — &)/RT], Ny,
and S evaluated from the BET equation for

an infinite number of adsorbed layers
(r=%) for all studied adsorbents are col-
lected in Table 2.

The results of porosity measurements
~ (Table 1) indicate that all investigated sam-
~ ples exhibit a rather small porosity. The
- ratio (R,) of the amount of desorbed to the
. amountof adsorbed water (see Fig. 3) is al-
-~ most constant over a wide range of relative
pressures p/p,, except for the region of very

small and very high pressures. This feature
is common for all samples, except for the
montmorillonite saturated with Na™*cations,
and it indicates that the hysteresis loops on
the adsorption/desorption isotherms are not
connected with capillary condensation, but
are rather caused by changes in the interlayer
of soil samples [14].

The experimentally determined adsorp-
tion isotherms were next approximated by
Eq. (3) (in the region of submonolayer ad-
sorption) and by Eq. (7) (in the whole range
of pressures), using the method of least
squares [14]. Table 3 contains the results of
our numerical calculations, together with
the mean square deviations between the ex-
perimental and approximated data. The en-

8 1-pipN’*

02

0.4 pip.

Fig. 2. Examples of the BET plots for systems 1 and 4. The abbreviations are the same as in Fig. 1.
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Fig. 3. The ratio Ra of the amount of desorbed to adsorbed water. The abbreviations are the same as in Fig. 1.

T able 3. The coefficients B; =B; (R’I')i of the exponential adsorption isotherm (7) and the sum of the squared

deviations
Coefficient

b
Adsorbent* Bb B;l B’Z B,3 B,4
n 4.093 1.637 0.606 0.0876 02209 031x mj
Li++ 4.408 0.6125 0721 -1.458 0917 0.13x107,
Na 4022 1.2688 04621 »  -0.3607 0 0.15x10"
S 3.940 1.384 03216 0.1657 0 0.19x 10‘;
Mg 4823 0.4586 02252 0.1347 0 095x107,
cat 4631 0.6807 0.4289 0.2035 0008 0.17x107
Batt 4195 0.7433 0.2851 0.1992 0001  015x10

*The non-treated montmorillonite is denoted by n, the
symbol of the corresponding cation.

ergy distribution functions, obtained by
using the coefficients {B,} listed in Table 3,
however, are shown in Fig. 4. We stress that,
for all considered cases, the exponential
adsorption equation describes the experimen-
tal data quite satisfactory. ’

Almost all evaluated energy distributions
exhibit two wide maxima (except for non-
treated montmorillonite). The position of the
second maximum on the energy axis is shifted
towards higher energies, according to the series
Na<K<Mg<Ca<Ba<Li. This series differs
from the series of energies of hydratation of the
considered cations in an infinitely diluted solu-

saturated samples are labelled by using the chemical

tion: K<Na<Li<Ba<Ca<Mg [17]. How-
ever, for the series of increasing heats of im-
mersion [19]: Mg<K<Ca<Ba<Li much
better coincidence with our series was ob-
served.

Obviously, the different maxima on the
X(¢) curves correspond to different groups of
adsorption centers. A sharp high maximum
corresponds to a well-distinguished group of
adsorbing sites, whereas a wide maximum is
probably a superposition of several, physically
distinct centers. Unfortunately, in any case,
physical interpretation of subsequent peaks
on the X (¢) curve is difficult and requires some
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Fig. 4. The energy distribution functions X (¢). The abbreviations are the same as in Fig. 1.

from the exponential adsorption isotherm

Table 4. Monolayér capacities (N, ), average energies of adsorpgion ¢, and specific surface areas (s) evaluated

Adsorbent
n Lit Na+ Kkt Mgttt gttt Batt
Nm, cmZ/g 0.074 0.101 0.069 0064  0.154 0.127 0.082
(¢), kcal/mol 123 128 118 122 124 125 . 126
s, m%/g 214 292 199 185 436 367 237

Abbreviations are the same as in Table 3.

additional information, which could be, for

surements [19].

Let us now compare the values of heats
: of desorption Ey at T=573 K, obtained
| from derivatographic measurements, with
f the evaluated distribution functions. Fig. S
| shows the dependence of E4 versus the
E amount of adsorbed water on montmorillo-
b nite saturated with Na*, K*, Ca*t+ Mg*+
 cations. All plots are exponential, although
! at some points also a subtle structure can be
Eseen. It should be stressed, however, that

example, obtained from spectroscopy mea-

the curves E4 were evaluated from desor-
ption, not from adsorption branches. Also,
the temperature of the experiments was sig-
nificantly higher than the temperature of
adsorption studies. Table 4 collects the
values of average energies of adsorption

(¢) =e/N_ (10)
where ¢ was evaluated according to Eq. (9).
Additionally, the values of the monolayer
capacities, evaluated from the exponential
adsorption isotherm, according to the rela-
tionship Ny =exp(Bo), as well as the specific
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Fig. 5. Energies of desorption of water vapour, evaluated from derivatographic measurements. Abbreviations are

the same as in Fig. 1.

of the BET isotherm (Table 2). Moreover,
the values of the surface area given in Table
4 are remarkably greater than the values ob-
tained from the BET equation.

The energy distribytion functions presented
here do not contain information about the most
energetic centers on the surface. The evaluation

of these contributions to X (¢) requires the know-
ledge of adsorption at extremely low tempera-
tures. Also, as we noted above, the theory
applied here does not take into account
changes in the structure of the adsorbent
during the adsorption process.

Nevertheless, the presented theory seems
to be a promising approach solution to de-
scribe sorption processes occurring on soils
and on clay minerals.

REFERENCES

1. Branson K., Newman A.C.D.: Water sorption on
Ca-saturated clays: Multilayer sorption and micropo-
rosity in some illites. Clay Minerals, 18, 227, 1983.

2. Briiver P, House WA, Jaronlec M.: Surface heterogeneity
effects in nitrogen adsorption on chemically modified aero-
sils: Comparative discussion of energy distribution involving
physical mathematical and numerical aspects of their
evaluation. Thin Solid Films, 97, 369, 1982.

3. Dekany L, Smnto F., Rudziiski W.: Effects of surface
madification on surface properties of organophilic kaolinite
and illite derivatives. Acta Chim. Hung., 114,283, 1983.

4. Fink D.H,, Jackson D.: An eqation for describing water va-
pour adsorption isotherms of soils. Soil Sci,, 116, 256,1971.

5. Hemenway C. L., Henry R. W,, Coulton M.: Physical
Electronic. John Willey and Sons, Inc., New York, 1967.

6. Jaroniec M., Sokolowski S., Cerofolini G. F.: Ad-
sorption parameters and the form of the distribu-
tion function. Thin Solid Films, 1976, 31, 321.

7. Jaroniec M., Rudzfiski W., Sokolowski S., Sma-
rzewski R.: Determination of energy distribution
function from observed adsorption isotherms. J.
Coll. Polymer Sci., 253, 164, 1975. :

8. Jaroniec M., Patrykiejew A., Bor6wko M.: Statisti-
cal thermodynamics of monolayer adsorption from
gas and liquid mixtures on homogeneous and hete-
rogeneous surfaces. Prog. Surface Membrane Sci.,
14,1, 1981.

9. Karathanasis A. D., Hajek B. F.. Quantitative
evaluation of water vapour adsorption on soil clays.
Soil Sci. Soc. Am. J., 46,1321, 1982.

10. Keren R., Shainberg I: Water vapour isotherms

. and heat of immersion of Na/Ca-montmorillonite
systems. Parts | and II. Clays and Clay Minerals,
23,193, 1975; 27, 145, 1979.

11. Leboda R., Sokolowski S., Waksmundzki A.: In-
vestigations of adsorbent heterogeneity and ad-
sorption mechanism by gas-solid chromatography.
Part I: Theory. Pol. J. Chem., 50, 1565, 1976.

12. Leboda R., Sokolowski S., Waksmundzki A.: Investi-
gations of adsorbent heterogeneity and adsorption
mechanism by gas-solid chromatography. Part IIL
Heats of adsorption. Pol. J. Chem., 51, 385, 1977.

13. Nikhali R. S., Guindy N. M., Hanafl S.: Vapour
adsorption on expanding and nonexpanding clay
minerals. J. Coll. Interface Sci., 70, 282, 1979.




ADSORPTION OF WATER VAPOUR

153

14. Ormerod E.C., Newman A.C.D.: Water sorption on
Ca-saturated clays: Internal and external surfaces of
montmorilionite. Clay Minerals, 18, 298, 1983.

15. Peterson E., Stawifiski J.: The use of a vacuum
microbalance in the investigation of the kinetics of
water vapour adsorption in soil components. Polish
J. Soil Sci., 12, 105, 1979.

16. Stawifiski J.: The influence of exchangeable ca-
tions on the adsorption of water vapour on soil.
Zesz. Probl. Post. Nauk Roln., 220, 453, 1983.

17. Steele W. A.: The Interaction of Gases with Solid
Surfaces. Pergamon Press, Oxford, 1974.

18. Takaishi T., Yusa A., Amaksi F.: Sorption of ni-
trogen, oxygen and argon in mordenite. J. Chem.
Soc. Faraday Trans., 67, 3565, 1971.

19. Taraschevich J. J., Ovcscharenko F. D.: Adsorption
on Clay Minerals. Naukowa Dumka, Kiev 1975.

ADSORPCIA PARY WODNEJ NA
MONTMORYLONICIE WYSYCONYM
KATIONAMI JEDNO- I DWUWARTOSCIOWYMI

Badano proces adsorpcji pa? wodnej na mtint-
moiylomcnf wysyconym jonami Li Na , Kt , Mg
. Pomiary pmwadzono przy uzycnu préz-
mowej mikrowagi sorpcyjnej, w temperatorze 293 K.
Do opisu doéwiadczalnie otrzymanych izoterm adsor-
Ppcji zastosowano uog6lnione réwnanie adsorpcji. R6w-
nanic to pozwala na wyznaczenic parametréw
charakteryzujacych niejednorodnoéé energetycing powierz-
chni adsorbentéw. Dla badanych prébek montmoryloni-
tu przeprowadzono tez pomiary porozymet.ryane.
getyczny powierzchni, porowatoécig i rodzajem kauonu
Wysycajacego a adsorpci pary wodnej na montomorylonicie.



