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The fundamentals of adsorption theory for a mixture of bulky molecules

in slit-shaped pores with heterogeneous wall surfaces
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The fundamentals of the adsorption theory for a mixture of bulky molecules blocking
more than one adsorption site on the surface in slit-shaped pores with heterogeneous wall
surfaces are outlined. The adsorbate—adsorbate lateral interactions are taken into account in
the quasi-chemical approximation and in the mean-field approximation. The expressions for
the partial adsorption isotherms and for the binary coefficients of mixture separation and the
way of isolation of the partial contributions of molecules on heterogeneous adsorption sites on
pore walls are discussed. A simplified variant of adsorption theory for a binary mixture of
molecules of different sizes in two-layer pores with the assumption of complete coverage of
the pores is considered. The influence of the energy of binding of molecules to pore walls,
lateral interactions, and the ratio of the component sizes on the shape of adsorption isotherms
is analyzed. The results of calculations are compared with the experimental data for the
benzene—CCly—microporous AC carbon adsorbent system.
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Bulky molecules are capable of blocking several
neighboring adsorption sites on the adsorbent surface.
This complicates dramatically counting of the number
of possible configurations of adsorbed molecules; there-
fore, the theory of adsorption of such molecules is much
less developed than that for molecules that occupy only
one site. A theory of adsorption of bulky molecules on
open surfaces and in slit-shaped pores taking into ac-
count the joint influence of lateral interactions and
surface heterogeneity has been considered in the litera-
ture in relation to one-component systems.1=3 In the
present study, we extend the adsorption theory to the
case of mixtures of bulky molecules in slit-shaped pores.
To construct the equations describing the adsorption
equilibrium, the cluster approach was used.4 If the pore
is so wide that the influence of its walls on the state of
the adsorbate in its center can be neglected, one has to
consider multilayer adsorption on an open surface of
the adsorbent. The theory of adsorption of mixtures of
bulky molecules for this situation has not yet been
developed either.

The purpose of the present work is to derive macro-
scopic expressions for partial adsorption isotherms and
for binary coefficients of mixture separation, to derive a
method for isolation of the partial contributions of
molecules on heterogeneous adsorption sites on the
pore wall and within the pore volume, and to construct
a simplified version of the theory for the description of
adsorption of a binary mixture consisting of molecules
of different sizes located in pores with a diameter equal

to two monolayers provided that the pore is completely
filled. We planned to use this simplified approach to
perform parametric analysis of adsorption isotherms,
based on the study of the shape of isotherms as a
function of the energy of binding of a molecule to the
pore walls, lateral interactions, and the ratio of the sizes
of component molecules. The simplified variant of the
theory is used to describe the experimental data for the
benzene—CCly—microporous adsorbent (AC) system.>
Model. The adsorbed molecules are represented as
rectangular parallelepipeds b-:d-n with a solid core,
where b, d, n are the linear dimensions of the molecule.
The theory takes into account different possible orienta-
tions of the adsorbate molecule at the planar surface. A
significant feature of the adsorption of bulky molecules is
that the horizontal orientation of the long axes of the
molecules can switch to the vertical orientation with the
change in the surface coverage.l'26 As the adsorbate
concentration increases, an ordered arrangement of mol-
ecules with identical orientations of their long axes can
become preferable under certain conditions, i.e., an ana-
log of three-dimensional phase transitions of the disor-
dered phase—nematic (or smectic) type takes place.”-8
The adsorption of a mixture is described in terms of
the lattice-gas model, which has previously been used!—3
to describe one-component adsorption. The volume of a
slit-shaped pore is separated into unit volumes. This
approach provides a lattice structure with the number z
of closest neighbors. The lattice constant is equal to the
size of an adsorption site (unit), which is determined by
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the size of the local minimum of the adsorbent—adsor-
bate potential energy for one of the mixture components.

Let all the components occupy an integer number of
units equal to M,, in the pore bulk, where 1 < m < vy,
vy is the number of components in the mixture. The
orientation of each adsorbed molecule m is described by
specific energetic characteristics; hence, in the statisti-
cal description of adsorption, a molecule with a specific
orientation can be regarded as an individual sort of
particles. Therefore, the allowance made for different
orientations of molecules, even for a one-component
system, is reduced to the problem of adsorption of a
mixture of molecules with different sizes, each of them
having a strictly fixed orientation. We consider that the
orientation of the molecule is determined with respect
to a chosen direction in the plane of the adsorbent near-
surface layer. Let us designate the number of possible
directions of the orientation axes of an adsorbed mol-
ecule by L,; the index A, 1 < A < L,, is the ordinal
number of a particular orientation axis of the molecule.
For the sake of simplicity, L, is taken to be the same
for each surface site.

A "molecule m in orientation A" will be referred to as
"particle i" (m, A < i, i.e., each pair of indices, m and A,
is matched by one index i), M;= M,,. Let us arrange the
pair of indices m and A in the following way. We wll
consider that the first values of index i (from 1 to L)
refer to the first component, the next values of index i
(from L; + 1 to L,) refer to the second component, and

v
so on; then 1 < i< §, where S = Y s,. Here s, is the

number of distinguishable variants 1of orientation of
molecule m in which its long axis coincides with one of
the axes of possible directions. For nonsymmetric mol-
ecules, one should distinguish the cases where the direc-
tion of the long axis of the molecule is the same as or
the opposite to the direction of the orientation axis. In
this case, s, = 2L,. For symmetric molecules, both
cases correspond to the same states, then s,, = L,,.

Let us consider a lattice structure with z = 6 and
L,, = 3. For molecules shaped like rectangular parallel-
epipeds (b-d- n),, the number of possible orientations
s,, is 6, because each of the three fixed directions of the
long axis b,, of molecule m allows two variants of ar-
rangement of a molecule along two other axes for d,, # n,,,.
The different types of orientation of the (b-d),, face
where the third axis of the molecule m is stretched along
the third axis of coordinates are shown in Fig. 1. The
parameter n,, can assume any value but the conditions
n, = d, or n, = b, correspond to spatially degenerate
states of the molecule and, as in the case of a rod, s,, = 3.
For a (b d- n),, parallelepiped, we obtain the following
sizes for particle i (b(ct)) along the axes o = x, y, z

A 1 2 3 4 5 6
X by b, d, d, npy, npy,
z Ry d, Ry b, d,, b,
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Fig. 1. Six types of orientation of the parallelepiped "hard
sphere" taken into account in the description of adsorption of
bulky molecules in slit-shaped pores at z = 6 and L = 3 (axes x
and y are parallel to the pore walls, the pore width varies along
the z axis).

Depending on the orientation, a given molecule m
will block different numbers of points on the pore walls
and in other layers. Let us denote the number of units
occupied by particle i (1 <i < ) in each layer of a slit-
shaped pore by [;; it is equal to I; = I, = bi(x)b(y),
where Im,l = [m,3 = (bd)m’ [m,2 = Im,S = (bl’l)m, Im,4 =
I, 6 = (dn),,. The perimeter of particle i in the layer will
be designated by P;: P; = Py, = 2[b(x) + b{(y)], where
Py = Ppz =20b + dy, Ppy = Ppus =2b+ n)y,
Pm,4 = Pm,6 = 2(d + n)m-

Let us formulate the rule for determining the posi-
tion of a bulky molecule that blocks M,, neighboring
units of the lattice structure in a particular unit. We
chose one segment of particle /, for example an angle
segment for a parallelepiped (plate or rod), and reckon
from it the other units occupied by the same particle. It
will be considered that the given particle occupies a unit
with the number f (1 < f< N, where N is the number of
units of the lattice structure in the pore volume) in
which the chosen segment of the particle i/, while the
section of the lattice occupied by this particle i will be
denoted by {f}. (In a slit-shaped pore, the number of
unit f is matched by the number of layer k and the
number of the unit in a given layer /: f <« (k,]); hence, a
section {f} is characterized by a particular set of val-
ues {k,[}.)

On a heterogeneous lattice structure, each adsorp-
tion site {f} can be characterized by a local Henry
constant®%10 4i,\ for the adsorption of particle i
on it: aiy; = aVpexp(BEis), where B = (kgT)7l;
aOl{f} = F’{f}B/FiO is the pre-exponent of the Henry
constant; F's, and FD are statistic sums of the adsorbate
in orientation i on a local fragment {f} and in the gas
phase, respectively (we are considering adsorption with-
out dissociation of the adsorptive); E’{f} is the bonding
energy of the particle i with the unit {f}.
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The lateral interactions should be taken into account
for the nearest neighbors. The intermolecular interac-
tions of the neighboring particles i and j located in units
{f} and {g} are characterized by energetic parameters
s"f{f}{g}. Let us agree that positive values for the interac-
tion parameters correspond to attraction.

If we assume that the energy of intermolecular inter-
actions is calculated in the atom-atom approximation, 1
the Ei i and €Yy Parameters are represented by the
sums of the contributions of pairwise interactions.

In addition, the notion of energetic contacts of the
molecule can be introduced, the overall potential energy
of interaction of the neighboring particles being repre-
sented by the sum of the contributions of these con-
tacts.12:13 The surface area of the molecule will be
expressed in unit contacts whose area is assumed to be
equal to the lattice constant squared. The surface of
particle i is designated by Q; = Pb(z) + 21 The
number of class ¢ contacts of particle i is designated by

%
0% 0; = ZVQ;U, where the sum over ¢ from 1 to t;
o=1
implies summation over all classes of contacts of par-
ticle i. The contact area of the neighboring particles 7
and j located in units {f} and {g} will be designated by
oY%, For any particular complete set of neighboring par-
ticles j with a specified order of arrangement and orien-
tation relative to the central particle, which is desig-

nated by o(j), we have Q; = Y o jg, where the sum over

J
j involves all the neighboring particles surrounding the
particle i. Then the parameter &%, can be represented
as a sum of contributions &%, (9€) between the neigh-
boring contacts ¢ and &, which correspond to the unit
contact surface area:

gy = X EL(E).
gD "

Here, the summation of the pairs of neighboring con-
tacts (@) is performed over a section with the area o',
The contact ¢ refers to particle i that occupies section
{f}, while the contact & corresponds to particle j that
occupies section {g}.

Each unit of the lattice structure can either be
blocked by the adsorbate or be free. A free unit v is
considered to be a particle of sort § + 1, all its contacts
are equivalent, and Q, = Qg = z; mgy; = 1. The
interactions of a particle with free units are equal to
zero. The adsorbate—adsorbate lateral interactions be-
tween the nearest neighbors are taken into account in
the quasi-chemical approximation, which retains the
effects of direct correlations, and in the mean-field
approximation in the absence of correlation effects.

Set of equations. The above-formulated model makes
it possible to generalize the equations derived previously
for a one-component adsorption.!=3 Let us introduce
functions 6’{” and GJ{f}{g} describing the distribution of
particles over the lattice; G{f} is the probability that unit

fis occupied by particle 7; the symbol M;¥ means a free
section of the lattice with size M in Wthh particle i
can be placed, and function G{f} 1s the probability that
section {f'} of size M, is free; and 6 I#1{g 18 the probabil-
ity that particle / in unit {f} is located near particle j in
section {g}, where 1 <j < (§ + 1). The local isotherm
equation relates the probabilities of the occupied and
vacant states of this section {f} to each other. For each
unit f of this structure, the following expression for the
local adsorption isotherm can be written:

i MY
alpi®] = 8 A/ M (1a)
where p; = p,, is the partial pressure of adsorptive m. The

function Aif} takes into account the non-ideal character
of the adsorption system; it depends on the way of
accounting the lateral interactions between the neigh-
boring molecules.

Ay = CXP[‘B > 28{%{@9({;}} (1b)
alj) J
~ i e
Ay = a%)l?’m(g}e"p( B, (lc)

where summation over oj) implies the sum over all the
possible arrangements of all the neighboring molecules
j. The variants of arrangement change upon changes in
the number, the order of arrangement, and the orienta-
tion of neighboring molecules with respect to the cen-
tral particle. In Eq. (1b), the lateral interactions are
taken into account in the mean-field approximation,
while in Eq. (lc), they are included in the quasi-
chemical approximation. The function t’{f}{g} is the con-
ditional probability that a particle i in section {f} is
found near particle j in section {g}, where 1 <j < (§+ 1).
It is these functions that reflect the correlation effects in
the quasi-chemical approximation in which they are
found by solving the following set of equations:

v.mY IN/ASN

MY My M e
O e = Oura®inin XP(-Be gy g)

;
71
i - i i

Wive = e/ )

The condition of normalization to pair probabilities
is written as

2 00 ye = Opy-

If the lateral interactions can be neglected, then
Alsy = 1 and disp; = Gif}/(M,-e{f}Miv). This case corre-
spond to extremely low degrees of coverage (the Henry
region).

To close Egs. (1) and (2), conditions of normaliza-
tion to the local occupation of units should be added
and a method for calculation of the G{f}Miv functions
should be found. The probability of finding a free
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section of the lattice G{f}MiV on the surface, in which
adsorption of particle / is possible, is given, as in
previous publications,!—3 by the relation

MY v v
e{f§ = pf l;lthhﬂ > (3)

where the index 2 numbers (M; — 1) units blocked by
particle i with size M;; p;’ is the probability that unit f'is
free ; 4+ is the conditional probability that a free unit
with the number (4 + 1) is found near a free unit with
the number 4. In the mean-field approximation, the
functions %, in relation (3) can be directly expressed
in terms of the local densities (as it is done for the case
of absence of lateral interactions) in the form

-1
S
%Mm=%wh+;ﬂmwwm , 4)
1= (p

where the pair of indices 4 and A + 1 specifies the
orientation (k) of a pair of free units; Q°(k) is the
number of contacts of class ¢ of the neighboring particle
i in the direction specified by the k value.

The local condition for normalization of the prob-
abilities of occupation of a unit with the number f is
written as

S .
P} + ZZP}_g =1, (5
i=1¢
where
pf = 0/ M.

Here, the index & numbers any possible shift of the
particle i in any direction without changing its orienta-
tion: 0 < & < (M; — 1); the value & = 0 corresponds to
unit £ The normalization condition (5) reflects the
whole set of different modes in which a given particle i
can block a given unit f3

The particular cases of equations describing rigid rods
of length n or b - d plates are derived from the equations
for the three-dimensional case b+ d+ n upon simplifica-
tions b = d = 1 and n = 1, which reduce the size and the
number of dimensions of the molecule in the former and
in the latter case, respectively. The equations constructed
provide, in the general case, a more detailed description
of the orientation of a molecule if the condition L,, > z/2
is used instead of L,, = 3 for z = 6.

Solution of the set of equations (1)—(3), (5) for Gif}
makes it possible to find all the partial isotherms

Sm N .
ontio) = 3, 5 00, (oD/N

where i € (m, A), {p} is the list including the pressures of
mixture components as well as the full adsorption iso-
therm

1P = 0, ((p).

This solution provides a detailed description of the local
occupancies of individual units in a three-dimensional
fragment of the lattice and, in the general case, it
requires the use of numerical methods of analysis. The
dimensionality of the set of equations in the quasi-
chemical approximation can be markedly decreased by
in.troducing. new .variables, .'X{f}{g}, using the relation
g = XlrgXiginexp(Betyyy) because Egs. (2) are
thus transformed into the identity 1 = 1. Nevertheless,
analytical solutions of this set of equations are also
possible for the simplest limiting cases regarding the
component densities or molecular parameters.

Macroscopic systems. The occupancy of individual
units can be described only for small fragments of
porous systems containing ~103 units. The properties of
porous macro objects can be described adequately in
terms of adsorption on small fragments only in the case
where they have homogeneous wall surfaces or a strictly
regular arrangement of the heterogeneous adsorption
sites on pore walls. In the general case, it is necessary to
take into account all possible variants of mutual ar-
rangement of adsorption sites. Therefore, to describe
macroscopic porous systems with heterogeneous wall
surfaces, it is necessary to introduce distribution func-
tions of units of different types and to use them for
averaging the resulting solutions. In turn, to take into
account a broad spectrum of variations of mutual posi-
tions of different adsorption sites, one should employ
the procedure of averaging the contributions to local
isotherms from each type of adsorption sites over differ-
ent types of local structures. To this end, it is necessary
to formulate a method for the separation of partial
contributions of heterogeneous adsorption sites on the
lattice structure. The same is needed in the case of a
one-component adsorption of bulky molecules.1—3 This
procedure is also required to compare the theory and
the numerical results obtained by the Monte Carlo and
molecular dynamics methods.

As a result, we get the known expression for the
overall adsorption isotherm4-9,15,16

S T )
00) = 3 219, ()
=1 g=
where
T
/=1

Here, f, is an unitary distribution function of units of
the lattice structure over adsorption capacity; T is the
number of unit types in this structure. For large T
values, an integral over the energy states of the molecule
is often used in Eq. (6) instead of the sum over the types
of units ¢.1415 Without summation over the sorts of
molecules, Eq. (6) gives the relation for the partial
adsorption isotherm. The local degrees of coverage G,Ii
are found from the set of equations (1)—(3), (5) using
the following procedure.1—3
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Let unit with a number f'be a type ¢ unit surrounded
by a particular set of units. For another unit of type ¢,
for example, for the unit with the number 4, a different
type of surrounding by neighboring units exists. The
function f; in Eq. (6) takes into account the fraction of
units of type g but does not characterize the types of
units surrounding the units with numbers fand 4. Thus,
the function f; does not reflect the surface structure and
does not indicate what neighboring units can be blocked
by large particles. In a slit-shaped pore, when particle i
is located in a type ¢ unit, the neighboring units of
different types blocked by this particle can be located in
different layers. All the possible variants of this blocking
are reflected in Eq. (5). For a particular sort of particles
i, in deriving the expression for Oqi, it is necessary to
perform averaging over the probabilities of realization of
different ways of arrangement of neighboring (M; — 1)
units around a type ¢ unit blocked by a given particle i.
As a consequence, the function Gq" is found as

0, = $.% Flqufl(f)e", ()

a=1 ‘iM 1=

here ¢ is the type of unit from which the region blocked
by particle i is reckoned; the sums are taken successively
over the types of all units in the blocked region from
qg=1to g= M — 1; Fis the conditional probability that
a section of units of the type gy, ..., ¢y— falls in the
blocked region; the index f numbers the position of the
"origin" of the molecule in a type ¢ unit. The function
G/ refers to the corresponding local probability of the
presence of particle i in unit f determined in terms
of Egs. (1).

Let us write the so-called "binary separation coeffi-
cient"16—19 as o, = 6, p;/(6;p;) (the gas phase is assumed
to be ideal). Thls coefficient makes it possible to char-
acterize the efficiency of purification of liquid and gas
mixtures. It relates the equilibrium concentrations of
components / and j in the gas—adsorbate system for a
multicomponent mixture. By analogy with relation (7),
this extends the relations derived previouslyl® to the
case of adsorption of a mixture of bulky molecules.

quUq/quUf,
. r r i oMY ;
v/ = 2_, z_ Fqlu.qM71 (f)a(f)efl /Af; (8)
o=l gy 471

where qu is the partial contribution made by particle 7
located in a unit of type ¢ to the binary separation
coefficient. It is expressed in terms of the local Henry
constant, the probability of finding a free section (Eq. (3))
in which adsorption of a given molecule i is possible,
and via the non-ideality function of the adsorption
system (Egs. (1b), (1c)).

Binary mixture of planar molecules in two-layer
pores. Using general equations (1)—(3), (5), one can

construct simpler equations reflecting particular proper-
ties of the adsorbents studied. As a simple example, we
will consider the model situation when molecule i
(i = A, B) is adsorbed from a binary solution by a
microporous adsorbent with a pore size of about two
monolayers. The difference between sizes of molecules
M; is related to the difference between their areas
S; = I; for a thickness of a single monolayer 4 = 1
(M; = I; = S;h). In this case, no effects of molecule
reorientation are involved. We will take into account
only lateral interactions in the molecular-field approxi-
mation; this gives the following equation describing the
pore coverage by molecules A:

Up = Up(ER®/e ",

Ui = A, exp(-BE,)/6",

* 3 bulk bulk

A = exp BZAs,j[Pi(ej - 0]+ 1,200 ~0)) 1,
=

where n = My/Mpg; n* = n(Mg — 1)/(My — 1); &, are
determined by relation (4); the superscript "bulk" means
that the given value refers to the bulk phase. This
expression was derived from Egs. (1) from which the
contribution of vacancies has been eliminated because
their fraction in a liquid binary solution is low. Here,
the U; value is the ratio of the right-hand parts of Eqgs.
(1) for component i located in the adsorbent and in the
bulk phase of the binary solution outside the adsorbent.

Now we consider the influence of molecular param-
eters on the pattern of adsorption isotherms (Fig. 2). It
was assumed in the calculations that I; = L72, where L;
is the linear size of the molecule #; e g = (epnpp) /2
The parameters varied included the ratio of linear di-
mensions of molecules L,/Lg, the energy of binding of
molecules to the pore surface E; and the adsorbate—
adsorbate lateral interactions ¢;;.

With zero lateral interaction parameters and with
equal interaction of the components with the pore walls,
adsorption of bulky molecules decreases (see Fig. 2, a,
curve 6), while that of small molecules increases (see.
Fig. 2, a, curve 5) with an increase in the concentration
of molecules A in the solution bulk. For comparison, we
show curves 3 and 4 corresponding to the selective
adsorption of components A and B, respectively. It can
be considered that an increase or decrease in the linear
size of molecule A by 25% is matched by a ~3k T decrease
or increase in the energy of its binding to the pore walls.

The influence of lateral interactions on the pattern
of adsorption isotherms of component A with equal
interactions of molecules A and B with the pore walls is
presented in Fig. 2, b. When the component sizes are
equal, an increase in the gy, parameter (see Fig. 2, b,
curve 7—9) induces an increase (decrease) in the ad-
sorption of component A for small (great) densities of A
in the the solution bulk. Curve 9 describes the separa-
tion of the mixture into components in the pores (in
this case, the position of the density step in the isotherm
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Fig. 2. Influence of molecular (g, exn, €pp) and energetic (La/Lp, E5 — Ep) parameters on the pattern of adsorption isotherms of
component A from a binary mixture at 7= 300 K (the energy parameters are expressed in the kT units): a: e; = 0; Lp/Lg = 0.75 (5),
1.0 (1—4), 1.25 (6); (Ex — Eg) =5 (2), 3 (3), 0 (1, 5, 6), =3 (4); b: (Ex — Eg) = 0; Lp/Lg = 1.25 (I—6), 1 (7—9), 0.75 (10);
egg = 1.5 (6) and 1.0 (other curves); eap =5 (1, 9),4 (2, 8), 3 (3,2 (4, 7), 0 (5, 6); c: (Ex — Eg) = 3; egg = 1.0; Lp/Lg = 1.25
(1—=3), 1.0 (4—06), 0.75 (7—9); ean =2 (1,4, 7), 1 (2, 5, 8), 0.5 (3, 6, 9); d: (Ex — Eg) = —3; egg = 1.0; Lp/Lg = 1.25 (1-3), 1.0

(4—06), 075 (7—9);eaa =2 (1,4, 7,1 (2, 5, 8,05 (3, 6, 9).

is found, as usual, using the Maxwell rule4). An increase
in the gpp parameter (for egg = const) entails a decrease
in the adsorption of bulky molecules A in the pores (see
Fig. 2, b, curves I—J5), because for these molecules, it is
more favorable for energetic or thermodynamic reasons
to occur in the bulk phase in which they are surrounded
on all sides by like molecules. In this case, the mixture
in the solution is separated into layers. As the egp
parameter increases (see Fig. 2, b, curve 6), the mixture
in the pores is also separated. Conversely, when the size
of molecule A is small, the pore is covered virtually
completely at any exp (see Fig. 2, b, curve 10).

This effect of adsorbate separation is a result of using
the model of an infinite slit with homogeneous walls. It
should be noted that the problem of segregation of one-
and two-component systems into layers in micropores
has long been discussed. Substantial heterogeneities on
the "surfaces" of active carbons and zeolites change
markedly the adsorbate properties. However, if the
micropores form an interconnected system, separation of
the adsorbate is not eliminated completely but occurs at
much lower temperatures even in the presence of strong
heterogeneous potential fields of the adsorbent walls.20

The pattern of isotherms changes if the wall potential
affects selectively some component in the solution. If
E, > Epg (adsorption of molecules A becomes more
selective with a decrease in the ey, parameter), the
adsorption of these molecules increases and the iso-
therms become convex even when Ln/Lg = 1.25 (see
Fig. 2, ¢). However, with strong attraction (exs > 3k7),
the isotherms remain concave (cf. Fig. 2, b). The general
trend of acceleration of the adsorption of a component
in the pores with a decrease in the pore size is retained:
curves 7—9 in Fig. 2, ¢ are located above curves 4—6,
which are, in turn, located above curves /—3.

If Eg > E, (high selectivity in adsorption of mol-
ecules B), all the isotherms of component A are con-
cave (see Fig. 2, d), although the sequence of their
arrangement for mixture components having different
sizes is retained as shown in Fig. 2, ¢: curves 9 and &
coincide and are located below curve 7; similarly, in
Fig. 2, d, curves I and 3 virtually coincide and are
arranged below curve 2.

The model described here was used to treat experi-
mental data on adsorption of benzene molecules in
the micropores of the AC activated carbon from a
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Fig. 3. Adsorption of benzene molecules by the microporous
active carbon AC from a benzene—CCly solution at 300 K53
(LC(,H(,/LCC14 = 104) (1) EA = 11, EB = 88, EAA T 10,
E€BB & 076, (2, 4) EA = 17, EB = 14, EAA T 15, €BB & 076, (3)
Eyn = 17, Eg = 14.5, ggap = 1.5, egg = 2.0; the dots are
experimental values.5 The energy parameters are expressed in
the £ T units.

C¢Hg—CCly solution at 300 K.5 In terms of the theory of
volume filling of micropores, this adsorbent has a volume
of 0.39 cm? g7! and a pore width of ~1.2 nm.5 With the
given component dimensions, ~0.68 nm (CCly) and
0.34—0.73 nm (benzene), the two-layer pore model cor-
responds qualitatively to experimental data. The excess
adsorption values found experimentally were converted
to total contents using known equations.2! Typical
isotherms are shown in Fig. 3 for three sets of parameters
(curves 1—3). The two-layer pore model provides a
qualitatively correct description of experimental results
in a broad range of concentrations. However, for low
degrees of coverage of pores with benzene (6¢ ¢Hg < 0.2),
this model does not provide a qualitative agreement with
the experiment. The use of this model results in overesti-
mation of the calculated isotherms for high degrees of
pore coverage with benzene (9C6H6 > 0.5). To improve
the description of the experiment (see Fig. 3, curve 4), it
is necessary to reject the condition of homogeneity of the
pore walls and to introduce strongly adsorbing sites for
molecules A present in a low concentration (~2%) with a
binding energy greater than that for the rest of units on
the surface by 10k T (for the values of parameters corre-
sponding to curve 2 in Fig. 3).

Thus, the theory for adsorption of a mixture of bulky
molecules proposed here, on the one hand, provides a
fairly detailed description of the state of a molecule in
slit-shaped pores with heterogeneous wall surfaces, which
is obtained by the numerical Monte Carlo and molecu-
lar dynamics methods, and, on the other hand, makes it
possible to design different variants of simplified models
with clearly formulated assumptions at the molecular
level for the description of experimental data on multi-
component adsorption.

The authors are grateful to A. M. Tolmachev for
useful discussions.
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