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Abstract

The analogy in the mathematical description between adsorption from liquids and
adsorption from gases on heterogeneous surfaces is considered. This analogy makes the
development of an identical method for determining the distribution function of adsorption

energy in both cases possible.

MyERs and SircAr have recently published an important paper con-
cerning the analogy between adsorption from liquids and adsorption from
vapors on homogeneous surfaces. In both cases, on assuming idealness of
volume phases, the adsorption isotherm is expressed

— -1
B(x;, &) = [1 + % exp (R—;fﬂ for i=g¢g,s (1)

where the subscripts (g) and (s) denote gas and liquid adsorption, respec-
tively. In the case of adsorption from gases, z, is the pressure of adsorbate,
¢, is the adsorption energy, and K, is the constant connected with the
molecular partition function of adsorbed molecules.>® However, in the case
of adsorption from solutions, x,=x;/(1—x,), x; is a molar faction of the
component “1” in the volume phase, ¢,=¢;—¢,, ¢, and ¢, being adsorption
energies of components “1” and “2”, and K, is the constant connected with
ratio of the molecular partition functions of the adsorbed molecules of the
components “1” and “2”.*" In both cases x; varies in the range (0, co),
and lim &(x,;,¢,)=1.

400
Also on the basis of the patch model of heterogeneous surface we
obtain an analogous expression for the overall (real) adsorption isotherm

*) Department of Physical Chemistry, Institute of Chemistry UMCS, 20031 Lublin,
Nowotki 12, Poland
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v(x;) in both cases (i.e. for adsorption from gases and solutions)®

viw)=|, 6@, e)te)de  i=g.s (2
where 4; is the variation range of ¢; in the case of adsorption from gases
4,=(0, co), whereas in the case of adsorption from solutions 4,=(— o0, o),
X(e;) is the distribution function of &, normalized to unity. The formal
analogy in the mathematical description of adsorption from solutions and
gases expressed in egs. {1) and (2) makes the development of an equal
method for determining the distribution function X(e;) in both cases pos-
sible. This method we shall construct, on the basis of approximation of
the local adsorption isotherm by means of the step-function and approxi-
mation of experimental overall adsorption isotherm by the equation

¥ Z,
exp LZJI B, <RT In

i)] for =<z,

0

(3)

v(x;) =
1 for x,>x,

where x;,, is the valve at which the plateau wv(x;) is obtained and B;,
(n=1,2,---, N) are analogous to parameter B in the Dubinin-Radushkevich
(DR) isotherm equation. Equation (3) is a generalization of the DR isotherm
equation in the case of gas adsorption. Our studies showed thateq. (3} is
very convenient for numerical calculations, because it is restricted to ap-
proximation of the value In v(x;) of the polynomial (approximation of this
type is very accurate).”

Now let us return to the problem of approximation of the local adsorp-
tion isotherm 6(xz,s;) by means of the step-function. Thus, we shall re-
place in eq. (2) the true kernel ® from eq. (1), by the step-function which
suddenly rises from zero to unity, generally depending on the adsorption
energy . If we define E,(x;,) as the last energy for which, at x;, the
step-function is equal to unity, eq. (2) becomes

00

v(x) = S Xo(e:) de; (4)

Ei(z;)
where Z.(¢;) is the approximate energy distribution function. The value
z; for which the step-function is equal to unity, is conveniently chosen to
minimize the distance between eq. (1) and the step-function. This value
x; we get from the CEROFOLINI®® general results (8(x,e;)=1/2) and for
eq. (1) this relation between energy and x; can be written in the form
E;=RTIn f’. (5)

(2
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Expressing, by means of the equation (5), z; as a function E; and differ-
entiating both members of eq. (4) with respect to E; we obtain
Xc(Ei> = (d/dEi) 'if(Ei) ( 6 )
where %(E;)=v[x;(E;)]. From egs. (3) and (5) we get
N
exp| 3 Bo(Ei—E, ] for E>E,
e i
11 for E,<E,

where

10

E,=RTIn K, (8)
X,

Thus the distribution function from egs. (6) will be expressed by the fol-
lowing equation

N _ - [ N . . . n] S .
By — { 3 nBun(E—Ey~ exp| 5 Bu(Bu—EF|  E>E,
O Ei < Eio

(9)

The determination of the function Z,(E;) has been reduced to the
following numerical operations: (i) computation of the coefficients B;, of
the eq. (3) by using the polynomial approximation to the experimental data
according to the following equation

N
vi= 2 B2 (10)
n=1
where

y; = In Ny(x;), z; = In (x;/x;,)

(11)
B, = B,,"(RTY" and v(z;) = N,(x:)/ N,

(N;,=exp (B,,) is the monolayer capacity), and (ii) calculation of the function
1.(E;) according to the formula (9).

The purpose of the numerical calculations was to examine the adsorp-
tion of benzene and cyclohexane on silica gel. For the numerical calcula-
tions the experimental data were taken of MYERs and SIRCAR concerning
adsorption from the gas phase (benzene-silica gel, cyclohexane-silica gel)
and adsorption from solutions (benzene-cyclohexane-silica gel) measured at
303°K.">'  Firstly, functions of energy distribution X.(E,) for adsorption
systems from gases were calculated. They are presented in Fig. 1. The
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strongly dashed line on Fig. 1 denotes the function X, (E,) for cyclohexane
on silica gel, whereas the weakly dashed line denotes Z.(E,) for benzene
on silica gel. The parameters defining the above functions X, (E,) are given
in Table I. The constant K, was determined according to the relation
proposed by Apamson'
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Fig. 1. The energy distribution functions for the adsorption from
the gas phase: the strongly dashed line denotes the function for
cyclohexane on silica gel at 30°C, the weakly dashed line for ben-
zene on silica gel at 30°C, and the energy distribution function for
adsorption from solutions: the solid line denotes the function 2.(F,)
for adsorption system benzene-cyclohexane on silica gel at 30°C.

TaBLE 1
The adsorption system K; Zio Nio Nis Si E;, N
mmole/g mmole/g
benzene-silica gel at 30°C 49410 12l gq9 g1 5029 53 5
ggféohexane-silica gel at 2.t802r-305 t102r3_r 297 3.06 002 4.9 5
benzene-cyclohexane on 4 17 288 324 0031 06 4

silica gel at 30°C

* These values N;, were evaluated by SIRCAR and MYERS.10:11)
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K, =z, exp (E,/RT) (12)

where z,, is the pressure of saturated vapour and E,, is the condensation
energy. The results obtained indicate that the surface of silica gel shows
a great heterogeneity in relation to benzene and cyclohexane molecules.
The range of adsorption energy in both cases is high: it is 5000 cal/mole
for benzene, whereas for cyclohexane it is about 4500 cal/mole. The differ-
ence of minimal adsorption energies E, of benzene and cyclohexane is
about 400 cal/mole. It can be concluded from the shape of the functions
1.(E,) that two kinds of adsorption centers exist on the surface of silica
gel. The above results coincide with the studies of many authors.”*™*
The distribution functions X.(E,) from Fig. 1 for benzene and cyclohexane
on silica gel were used for calculations of theoretical adsorption isotherm
N,(x,). Fig. 2 presents theoretical adsorption isotherm N,{z,) of benzene
(the solid line) and cyclohexane (the dashed line) in comparison with the
experimental points (white and black circles). In the Table I the sums S;
of squares of deviations of theoretical isotherm from experimental ones
are given.

The calculations for benzene adsorption from cyclohexane on silica gel
were indentically carried out. The function X,(E,) for this system is defined

The amount adsorbed Ny (xg/xgo) in milimoles/g

1 L 1 i J

0.2 0.4 0.6 0.8
Xg/Xgo
Fig. 2. The theoretical adsorption isotherms N¢(xp/xgo) of
benzene (the solid line) and cyclohexane {the dashed line)
on silica gel at 30°C in comparison with the experimental
points (white and black circles).
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by continuous line in Fig. 1. Constant K, in this case was assumed to be
unity by reference to the results"®. The distribution function X,(E,) for
the above system is determined in the interval of energy E, from —4400
cal/mole to 600 cal/mole. The minimal difference of adsorption energy E,,
with regard to the absolute value is approximate to the difference of minimal
adsorption energy E, of benzene and cyclohexane from gases. A consid-
erable part of the function diagram X.(E,) is in the interval of negative
adsorption energies, which accounts for positive adsorption of benzene from
cyclohexane on silica gel. Also in the case of adsorption from solution,
two groups of adsorption centers are distinctly visible on the energy dis-
tribution function (Fig. 1-solid line). The distribution function calculated
for benzene adsorption from cyclohexane served for cyclohexane served for
calculation, according to the equation,

2= N,,v(x)— N, 2, (13)

the theoretical excess adsorption isotherm 2.

The theoretical isotherm £, (solid line in Fig. 3) was compared with
the theoretical isotherm calculated by Sikcar and MYERs'Y, on assuming
a homogeneous surface (dashed line in Fig. 3), and with the experimental
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Fig. 3. Adsorption system benzene-cyclohexane on silica gel at 35°C.
The circles represent experimental points of SIRCAR and MYERS.
The solid line represents our theoretical isotherm, whereas the
dashed line is the theoretical curve of SIRCAR and MYERS.
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data (circles, Fig. 3). The sum of the squares of the differences between
calculated and observed surface excess one points to a better coincidence of
our isotherm (the standard deviation of our isotherm is .§,=0.0309, whereas
for that of SirRcArR and MyERs S,=0.5267).

In conclusion it can be stated that the study of gas adsorption system,

taking into consideration the model of heterogeneous surface, gives valuable
information as regards analogical systems from solutions.
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