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Characteristic features of phase diagrams describing
condensation of adsorbate in narrow pores
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The phase diagrams describing condensation of adsorbate in micro- and mesoporous
adsorbents having slit-shaped and cylindrical pores whose size varied from 1 to 20 monolayers
were constructed. The study was performed using the lattice-gas model in the quasichemical
approximation to take into account the intermolecular interactions. The phase diagrams for
various values of the potential arising from different types of adsorbate—adsorbent interaction
were analyzed for adsorption of helium, neon, methane, and carbon tetrachloride in graphite
pores. Other adsorption systems are considered and the relationship between the pressure and
temperature of adsorbate condensation is discussed. A nonmonotonic variation of the critical
densities for pore widths from 3 to 10 molecular diameters was found. The pattern of this
variation depends on the ratio of the energy of lateral interactions of the adsorbate molecules
to the energy of interaction of the adsorbate molecules with pore walls. The critical tempera-
ture decreases monotonically with a decrease in the pore width. The stronger the adsorbate
interaction with the pore walls, the greater the decrease in the critical temperature.
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The conditions of phase transitions for adsorptives in
micropores are known!—3 to differ substantially from the
conditions of coexistence of macroscopic phases. When
an adsorptive enters pores of molecular dimensions, the
interaction between the molecules makes a lower contri-
bution to the thermodynamic functions of the system
than that in the bulk phase at the same temperature. The
potential of the pore walls changes the conditions of
capillary condensation and thus decreases the critical
temperature. The explanation of this phenomenon lies in
the state of a liquid in a narrow pore that is intermediate
between the three-dimensional state and a state with an
intermediate dimension characterized by the parameter
d (d = 2 for slit-shaped pores with width H = A, where
A is the monolayer size, and d = 1 for cylindrical pores
with diameter D = o, where ¢ is the diameter of the
molecule). It is known that, as the parameter d de-
creases, the critical temperature T, tends to decrease.?>10
As a consequence, T, of an adsorbed fluid be-
comes lower than the bulk value 7.~ and decreases
with a decrease in the pore width. The relation
T, — T/ T = A/(H + 1)V (v = 0.5, 4 is a constant
depending on the wall—molecule interaction potential,
H is the number of monolayers in a pore) has been
shown to hold for slit-shaped pores,? while in the case of
cylindrical pores, the difference (T, — 7.) is inversely
proportional to the pore radius.3 As the width H de-
creases, the critical density of the adsorbate 6.(H) for

slit-shaped pores changes from 0.5 to 0.7—0.8, and the
vapor pressure in the critical point decreases. In addi-
tion, the critical parameters (temperature, density, and
pressure) are affected by nonuniformity of the pore
walls.7-8

Experimental determination of the critical tempera-
ture of the adsorptive in narrow pores became possible
only when adsorbents with very narrow pore size distri-
butions appeared.!!—14 Study of the dependence of the
critical temperature of nitrogen, methane, oxygen, and
carbon dioxide adsorbed in mesoporous molecular sieves
with an average pore radius of 1.2 to 2.1 nm !! generally
confirmed the assumptions on the dependence of the
critical temperature on the radius of cylindrical pores.3
A decrease in the critical temperature following a de-
crease in the capillary radius has also been observed for
SF¢ adsorbed on porous glasses.12 However, experimen-
tal investigation of the critical phenomena in micropores
is faced with a number of difficulties. First, any real
adsorbent has a very broad pore size distribution. Sec-
ond, there are no reliable criteria indicating that the
system has actually reached the critical state for adsorp-
tion under particular experimental conditions.!3:14 Third,
the model adsorbents with cylindrical pores synthesized
to date do not allow measurement of the critical proper-
ties of adsorbates in pores having a different geometry,
in particular, in slit-shaped pores and/or in pores with a
rectangular cross-section, which is typical of most car-
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bon adsorbents. These difficulties can be overcome using
modeling at the molecular level, which is successfully
employed to determine the critical properties of adsorbed
substances.

Construction of the phase diagrams of an adsorbate is
even a more difficult task. This work is the first example
of calculation of the phase diagrams for the adsorption
of various gases, including inert gases, methane, and
CCly, on graphite with different sizes of slit and cylindri-
cal pores having uniform walls. In molecular modeling
methods, the molecules of these adsorbates can be con-
sidered as spherical particles with a Lennard-Jones in-
teraction potential.15:16 The study was performed in
terms of the lattice-gas model.19 The calculation of
phase diagrams using numerical methods, namely, Monte
Carlo and molecular dynamics methods, provides rather
accurate results (see reviews!7-18) but is time-consum-
ing; therefore, faster methods of calculation were used
for their systematic analysis. The lattice-gas model19—21
provides a fairly adequate description of phase diagrams
not only in the vicinity of the critical point but also at
lower temperatures © < 0.5 (where t = T/7.*), whereas
the scope of numerical methods is normally limited to
7 > 0.6. In this work, we also considered the influence of
the temperature on the pressures corresponding to the
adsorbate condensation in the pores, which results in the
volume filling of the pores.

Lattice model of adsorption in the pores. According
to the fundamentals of the lattice model, the pore space
is separated into unit volumes (units) vy = A3 () is the
lattice constant, which is related to the parameter of the
Lennard-Jones potential oo for the adsobate molecule
as A = 1.12 o). Then groups of units with an equal free
energy of adsorption are distinguished. The energy of the
adsorbate—adsorbent interaction in units of type k will
be designated by O, (1 < k < ¢, where ¢ is the number of
groups of systems in the units). The intrinsic volume of
the molecules is taken into account by assuming that a
lattice unit cannot be occupied by more than one adsor-
bate molecule. Let us designate the fraction of units
belonging to group k by Fj. In a slit-shaped pore, a
group of units with the same properties forms a mono-
layer;7:8:19:22 then t = H and F, = 1/H, where H is the
width of the slit defined as the number of monolayers. In
the core of a cylindrical pore, either one (R, = (A + 0.5)X)
or four (R, = A)) units (4 is an integer of A, & > 1) can
be located, depending on the pore radius R;.23. The
splitting of the pore bulk into units and classification of
the units into groups were performed using the data on
the particle—wall interaction potential and taking into
account the symmetry of the internal space of the pore.
A lattice with the number of nearest neighbors z = 6 was
used as the basic lattice model because, according to
published data,%10,16,24 the critical parameters of this
structure are in the best agreement with the experimental
data for bulk fluids.

The adsorption in cylindrical pores was calculated
using a "smeared" potential for the interaction of a

particle located at distance y from the wall of a cylindri-
cal pore with the radius R,,.20:23
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where ¢; and o are Lennard-Jones potential parameters
for the interaction of molecules of types i and j; the
subscript s means surface; and the subscript A implies
adsorbate. The coefficients of the polynomial function

9
fOx) = goa/kxk are listed in Table 1. When R, — o

and the distance between the molecule and the pore wall
is retained, the potential given by Eq. (1) is transformed
into the potential for a planar wall.25

A slit-shaped pore is considered to be formed by two
infinite slabs of a solid parallel to the xz plane (periodi-
cal boundary conditions were imposed on the system in
the directions x and z). The potential for the adsorbate
interaction with the wall was calculated as the sum
Uy) + U H — y), where U(y) is the model potential
given by Eq. (1) and U(H — y) is the potential energy for
the adsorbate interaction with the second pore wall. A
value of the 10-4 potential was attributed to the interac-
tion of the adsorbate molecule with each wall;25 summa-
tion over graphite layers was performed to the tenth
layer inclusively. The standard combination rules

Osa = (OpA T O)/2, €sp = (SAAess)lﬂ’ 2)

relating the cross interactions specified by the Lennard-
Jones potential parameters for individual components
(Table 2) to the parameters of the surface atoms s
corresponding to graphite, were used. For the basis face
of graphite, the surface density of carbon atoms ng is
equal to 38.6 atoms per nm2, and the spacing of the
graphite layers A is 0.335 nm.

The lattice parameters e(r), r < R of the lateral
interactions of adsorbate molecules were determined
using the Lennard-Jones potential: e(r) = Upp(r) =

Table 1. Coefficients ay of the function f(x)

k a4 ayg;

0 4.71239 7.73126
1 —18.84855 —77.08463
2 57.64824 563.1619
3 —134.9114 —2820.991
4 253.9246 9608.343
5 —378.7086 —21794.03
6 420.1712 32000.29
7 316.4436 —28996.07
8 141.4307 14672.09
9 —27.97551 —3162.542
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Table 2. Parameters of the Lennard-Jones potential 15,16,25—27
and dimensionless parameter y = g /ean

Molecule, ean/kp/K coan/A Y
system

He 10.2 2.556 1.51
Ne 35.6 2.75 0.88
Ar 119.8 3.41 0.53
CH, 148.1 3.35 0.435
CCly 327.0 5.881 0.29
C (carbon) 28 3.40 —
System 1 35.6 2.75 0.335
System 2 148.1 3.35 0.122
System 3 119.8 3.41 0.193
System 4 119.8 3.41 0.159
System 5 119.8 3.41 0.352

deppl(oan/P)'2 — (caa/P)0] (the value r/A = 1 corre-
sponds to the minimum of this potential); R is the radius
of lateral interactions measured in the numbers of coor-
dination spheres around the central unit f. It was taken
in the calculations that R = 4, which corresponds to the
cutting radius of the interaction potential 2.50,,, nor-
mally used in numerical procedures.17-18:21 The g(r)

values are matched by the values Upa(7) at /A =1, \5 ,

\E , and 2, respectively.

Equations of the model. In the calculations by the
lattice-gas model, we used equations1®22:28 employed
previously to study the capillary condensation in slit and
cylindrical pores.”>8:19—2L23 [n each unit fthe adsorbate
is characterized by a particular adsorbate—adsorbent
interaction energy Qp With allowance made for the
energetic nonuniformity of the lattice units and for the
interaction between the adsorbate molecules, the iso-
therm of multilayer adsorption has the form19,22,28

t
8(P) = X0s(P)Fy, 3)
f=1
R
aP(1 = 0p = 0, TI [1+15(r)x(r)],
r:lgezf(r)

where P is the pressure in the equilibrated bulk phase,
Gfis the coverage of a unit of layer ffor slit-shaped pores
or a unit of type ffor cylindrical pores, and ayis the local
Henry constant for unit f; for each type of units,
this constant was calculated by integration using the
equation

1
ar= erevf XABU(x-c)(r)dr,
where B = 1/kT. The integration is performed over the
volume of a unit with the number f (V= A3, where A =
1.1264_ ). With this definition, ar is in good agreement
with the results of a strict calculation in the limit of low
adsorbate densities; Up_c is the potential for the adsor-

bate interaction with the graphite wall in unit £ The Qf
value was calculated as

_ 1
Q;=-B l'”{yffrevf XU (a-cy(r)dr .

The lateral interactions (Eq. (3)) were taken into
account in the quasichemical approximation, which de-
scribes the effects of direct correlation between the
interacting adsorbate molecules but leaves aside the
effects of indirect correlations. The index g in Eq. (3)
numbers the neighboring units around the central unit f;
z¢(r) is the number of neighbors for a unit in layer f at
distance r. The expressions for the conditional probabil-
ity #4(r) of the location of a particle in unit g at distance
r from the "central" particle located in unit f have the
following form:

15(r) = 0A(1)/07 = 204/[84(r) + by(n)], C))
3p(r) = 1 + x(r)(1 — 85— 8y), x(r) = exp[—Pe(r)]—1,

b(r) = {[84(N]? + 4x(r)06}'/2%;

where engA(r) is the probability that two particles occur
in neighboring units f and g at distance r.

Additionally, the following normalization relations
were taken into account: 0,A%(r) + 0,A(r) = 6,=0/A 1
0" () + 67(r) = 6 =1 — 07 and 6,4 + 6 = 1 (the
superscript v implies a free unit).

In a slit-shaped pore with uniform walls, the adsorp-
tion potential of the walls is symmetrical with respect to
a plane in the core of the pore. This results in a
symmetrical distribution of the adsorbate; therefore, the
sets of equations (3) and (4) can be solved only up to the
core layer rather than for the whole pore width. How-
ever, it should be borne in mind that for the core layer
with the number f, the properties of units located in the
neighboring layers g would be different for even and odd
numbers H of monomolecular layers in the pore.”-8:19—21
In the case of cylindrical pores, the number of equations
in set (3) decreases due to the circular symmetry of the
arrangement of units of different types with respect to
the core of the cylinder cross-section.23

The equilibrium distribution of particles over units of
different types was found from the set of equations (3)
by the Newtonian iteration method. The accuracy of the
solution of this set is at least 0.1%.

Objects of investigation. Let us consider carbon
adsorbents with slit-shaped pores adsorbing helium, neon,
methane, and carbon tetrachloride. This makes it pos-
sible to find out how the change in the depth of the
potential well of different adsorbents influences the pat-
terns of phase diagrams. The dimensionless coefficient
Y = g./€an (see Table 2), which characterizes the energy
difference between the interaction of the adsorbate with
the wall and the interaction between adsorbate mol-
ecules, was chosen as the main parameter for the com-
parison of various systems. The higher this coefficient,
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the greater the influence of the potential of the wall on
the adsorbate condensation in the pores. The decrease in
the y value points to the crucial role of intermolecular
interactions because the effect of the pore walls mani-
fests itself only in the fact that the volume accessible for
molecules decreases upon condensation. In the series of
adsorbates studied, the y value varies from 1.51 (He) to
0.29 (CCly).

Now we will take slit-shaped pores as an example to
discuss the variation of the pattern of phase diagrams vs.
the parameter y ranging from 0.1 to 0.3, which corre-
sponds to pores whose walls weakly attract the adsorbate
molecules. Characteristic features of phase diagrams for
microporous systems are also of interest. Comparison of
the results obtained for slit-shaped pores with the data
for cylindrical pores showed how the geometric param-
eters affect the phase diagrams.

All the results of calculations of phase diagrams are
shown in the corrected coordinates T—p (p = 8(c/A)3 is
the numerical density of the fluid for the system volume
expressed in the units of volume of the particles as solid
spheres). The p units are normally used in numerical
methods of investigations.!® For a rigid (noncom-
pressible) lattice, p = 6/1.41 because A = o(2)!/6. The
use of corrected coordinates is associated with the
quasichemical approximation of calculations. It is
known?-10 that the use of the quasichemical approxima-
tion in the critical region provides only qualitative re-
sults. Thus, with allowance for the nearest neighbors
(R = 1), we obtain the expression T.° = 1.2ep5/kp (kg is
the Boltzmann constant); in the case of R = 4, the
expression is transformed into 7.~ = 2.26ep4/kg. The use
of relative t values in the corrected coordinates 7/ T .~—p
permits some leveling of the difference between the
results of approximate calculations of 7,~, including
those in the quasi-chemical approximation.16:29:30 [n
particular, in these corrected coordinates, the difference
between the critical temperatures calculated in terms of
the lattice model and those found using exact numerical
methods is ~6%.

The limiting p value in these calculations is ~0.71. If
a more perfect model with a "soft" lattice,3! in which the
lattice constant varies with concentration, thus ensuring
the minimum of free energy, is employed instead of the
model with a rigid lattice, the limiting value is equal to
~0.80. This is in good quantitative agreement with the
results of calculations for porous systems performed by
the numerical Monte Carlo and molecular dynamics
methods for the liquid-phase branch of phase dia-
grams.19—21 In the first approximation, all calculations
based on the rigid-lattice model can be converted to the
"soft"-lattice model by merely multiplying the density p
by a factor of ~1.125.31 Due to the foregoing, the
calculation of phase diagrams can be substantially facili-
tated and the influence of the pore width and potential
functions of the adsorbate—adsorbent system on the
pattern of the curves of adsorbate condensation can be
studied. The gas-phase branch of the phase diagram in

the lattice-gas model is shifted somewhat to higher
densities with respect to that found by Monte Carlo or
molecular dynamics calculations!?—21; however, these
differences are insignificant for the present study.

Slit-shaped pores. Graphite systems. For helium, neon,
methane, and carbon tetrachloride, calculations of phase
diagrams were performed for the pore width H ranging
from 1 to 20 monolayers. The phase diagrams of all the
adsorption systems are qualitatively similar. The va-
por—liquid equilibria of molecules of this type in bulk
phases have long been described using the principle of
corresponding states.16:29:30 The constructed phase dia-
grams show that the same principle can also be em-
ployed to describe the thermodynamic properties of an
adsorbate in narrow pores. This is exemplified in Fig. 1,
which represents the calculated phase diagrams of meth-
ane in slit-shaped pores of different widths in graphite
(the numbers in all figures mean the pore width). The
change in the pore size brings about similar effects for all
the systems studied.

Under the action of the adsorption potential of the
walls, the curve of condensation of adsorbate shifts
downwards with respect to the vapor—liquid curve for
the bulk system on an open surface (i.e., outside the
pore). The strong field of the adsorbent markedly in-
creases the density of the gas branch. As a consequence,
the densities of both coexisting phases, especially the
vapor phase, are higher in the pores than in the bulk.

For small pore sizes H = 1 and 2, condensation
curves have a symmetrical shape, similar to that of the
curves for the bulk phase. This is due to the fact that all
the units in the lattice are equivalent and at different H
they differ only by the number of nearest neighbors z
(z=4for H=1; z= 5 for H= 2, and z = 6 for the bulk
phase for which H = «). In the range of sizes H from 3
to 20, all the condensation curves are shifted to higher
densities. As the pore size increases, the critical tem-

1.0 |
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Fig. 1. Phase diagram of methane in slit-shaped pores of
graphite of different widths. The numbers of the curves corre-
spond to the pore width.
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perature increases monotonically, while the critical den-
sity depends on the pore size in a more complex man-
ner. As the pore width H increases from 3 to 8, the phase
diagrams display first a minimum (a decrease in the
critical density) and then a maximum (an increase in the
critical density); subsequently, the critical density tends
monotonically to the value typical of the bulk phase.
This "zigzag" is observed for each of the four systems
studied.

It should be noted that the range of gxn values
considered covers the sizes of the molecules of inert
gases (Ar, Kr, Xe), nitrogen, hydrogen, oxygen, carbon
oxide and monoxide, and many others. This means that
the nonmonotonic variation of the critical density with
the pore width varying from micro- to mesopores is
universal. Meanwhile, as the coefficient y decreases, the
region of existence of the two-phase system becomes
somewhat broader, which is slightly visible for # = 3 and
is more pronounced for greater H. When t < 0.5, the
phase diagrams exhibit steps caused by layer-by-layer
adsorption on the pore walls. The absence of these steps
in the case where 0.25 < t < 0.5 means that they are
formed at lower temperatures,”-8:21.23 which are not
considered in this study.

Model systems. We considered four model systems in
which the interaction of an adsorbed molecule with a
neighboring molecule is stronger than with the wall. In
system 1, the adsorbate (neon) atoms are characterized
by an g, value about 3 times smaller than that in the
real neon—graphite system, while the potential ey, for
the interaction between neon atoms is retained. Sys-
tem 2 consists of methane molecules the potential of
interaction of which with the walls is reduced approxi-
mately 3.6-fold. In systems 3 and 4 (based on the
argon—graphite system), the depth of the potential well
for the interaction of argon atoms with one another
eaa/kp has increased from 118.9 K to 750 and 1100 K,
respectively (the enhancement of the interaction with
the wall is found from Eq. (2)). The phase diagram of
model system 2 is presented in Fig. 2. The patterns of
the phase diagrams of other model systems are similar.

The curves for pore widths from 3 to 8 shown in
Fig. 2 differ markedly from the curves presented in
Fig. 1: the critical temperature increases monotonically
starting from H = 1; the critical density has one maxi-
mum at H = 8—10. The displacement of all curves to
higher densities is less pronounced, and two-phase re-
gions are substantially larger.

The vy values for the model systems cover the energy
characteristics of many real objects. The range of these
objects includes inert gases and methane in weakly
adsorbing porous solids (including polymeric matrices)
and adsorptives such as Hg (eps/kg = 851 K) and SnCly,
(eap/kg = 1550 K),16 which are adsorbed in the vast
majority of cases without specific interactions. (The
calculated phase diagrams can be used to interpret the
phase state of mercury in the narrow pores of almost any
adsorbent.) Note that mercury porosimetry is widely

L L L L L L
00 01 02 03 04 05 06 07 p

Fig. 2. Phase diagram of a methane-contaning model system 2
for slit-shaped pores. For designations, see Fig. 1.

used to determine pore sizes in the mesoporous
range.32-33 Systems containing adsorbate molecules like
CH;30H (epp/kpg = 507 K) and CH;Cl (epp/kg = 855 K)
in numerous adsorbents including graphite should be
mentioned as systems with intermediate y values.

The coefficient y. For model systems, the coefficient
Y = ga/ean Was introduced, which varies from 0.335 to
0.122 (see Table 2). The upper region of its magnitudes
corresponds to "strong” adsorption (y > 0.29). This fact
is explained in the following way. The y parameter was
found from the Lennard-Jones potentials, although in a
more rigorous approach, it should have been determined
using the total energy of the molecule in the bulk phase
and near the pore wall taking into account the contribu-
tions of the second and more remote neighbors. In view
of the fact that the radius of the neon atom is about
twice as small as the radius of the CCly; molecule, the
particular calculation of the total energy of lateral inter-
actions between the molecules and the energy of their
interactions with the pore walls accounts for the overlap
of the y values corresponding to the cases of so-called
"weak" and "strong" adsorption. Therefore, the range of y
should apparently be split into two sections, namely,
v < 0.2 (weak adsorption; the typical phase diagrams are
shown in Fig. 2) and y > 0.4 (strong adsorption, the
typical phase diagrams are shown in Fig. 1). In the
intermediate region, 0.2 < y < 0.4, the shape of the
phase diagram cannot be predicted reliably from the
parameters of potential curves, and particular numerical
analysis of the total energies of interaction of the adsor-
bate molecules with the walls and with one another is
required.

The fundamental difference of the classification of
adsorption systems in terms of the coefficient y proposed
here is illustrated by phase diagrams of microporous
systems with H = 1—3 (Fig. 3). As noted above, the
curves with H = 1 and H = 2 are symmetrical and are
similar to the condensation curve for the bulk phase;
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0.0 0.1 02 03 04 05 06 07 p
Fig. 3. Phase diagrams of systems with micropores (letters w

and s refer to the cases of weak and strong adsorption, respec-
tively).

however, the condensation effect is observed at a lower
critical temperature due to the smaller number of
neighboring molecules. For a pore with size H = 3, the
shapes of the segregation curves for weak and strong
adsorption are different. In the former case, the critical
temperature increases monotonically as the pore size
varies from 2 to 3, while the critical density shifts
somewhat to greater values. In the case of strong adsorp-
tion, both the critical temperature and the critical den-
sity change sharply as H changes from 2 to 3. As this
takes place, the critical temperatures for pores with
H = 3 and H = 1 approach each other. This indicates
that, as the pore is being filled by the adsorbate, initially,
the first two layers are covered successively and the
overall density p shifts to greater values and then the
adsorbate is condensed in the last layer. The conditions
of adsorbate condensation are evidently the same in the
first layer of a pore with width H = 1 and in the last layer
of a pore with H = 3. In other words, the pre-adsorbed
molecules decrease the effective pore width at H = 3. A
similar situation is observed for filling of a pore with
H = 4 in the cases of weak and strong adsorption.

A layer-by-layer covering of the pore walls in the
case of strong adsorption does not mean that the state of
the near-wall layer of molecules in the pore volume
remains invariable during their condensation. This does
not mean that condensation in the pore bulk proceeds
irrespective of the state of pre-adsorbed molecules or
that the near-surface layer does not participate in the
condensation process and is not affected by the phase
state of the rest of the pore. Figure 4 shows the change
in the coverage of the near-surface and intermediate
layers and the overall pore coverage at H = 3 for strong
(a) and weak (b) adsorption. In the case of weak adsorp-
tion (b), all curves follow similar patterns: as the tem-
perature increases, the loop disappears. Integration of
the loop according to the Maxwell rule%10,16,29,30 jq
known to determine the position of the cutting line

-9 -8 -7 —4 =3 In(aP)
Fig. 4. Isotherms for coverage of the near-surface (dashed lines)
and intermediate (dotted lines) layers in a slit-shaped pore with
H = 3 for strong (a) and weak (b) adsorption at various reduced
temperatures T = 0.4 (7), 0.5 (2), 0.6 (3), 0.7 (4), and 0.8 (5);
continuous lines are full adsorption isotherms.

segment for the density step upon phase transition and
the condensation pressure of the adsorbate. In the case
of strong adsorption, the difference between these curves
is more pronounced. At the lowest temperature (curve [),
not only the density in the second intermediate layer
changes upon the phase transition but also an additional
loop (i.e., its own density step) occurs in the surface
layer at condensation pressures in the intermediate layer.
This means that all the adsorbate molecules in the
system are involved collectively in the segregation phase
transition. Otherwise, if the surface layer had not partici-
pated in the phase transition of molecules of the inter-
mediate layer, its density would have remained constant
after it reached a particular value.

Cylindrical pores. The effects described above should
substantially depend on the geometry of the pore cross-
section because it determines the ratio of the numbers of
near-surface and internal pore units.23 Let us consider
cylindrical pores differing in diameters. The minimum
diameter H is four, due to the specific character of the
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Fig. 5. Phase diagrams for condensation of helium (a) and
methane (b) in cylindrical pores of graphite. For designations,
see Fig. 1.

lattice model for a cylindrical pore containing breaks
instead of a perfect circle.23 The phase diagrams for
condensation of helium and methane in graphite (Fig. 5),
as in the case of slit-shaped pores, exhibit a zigzag as the
pore diameter increases, and steps at low temperatures;
in addition, the critical density of the fluid approaches
the density of the liquid phase. Thus, the nonmonotonic
variation of the critical densities found for strong ad-
sorption in slit-shaped pores is also retained for cylindri-
cal pores.

The case of weak adsorption in model systems 3—35 is
shown in Fig. 6. System 5 corresponds to a real
Ar—graphite system with cylindrical pores; its a5 pa-
rameter is equal to that of argon but exp/kg = 250 K. As
in the case of slit-shaped pores, the critical density
follows an extremal type of dependence on the pore
width as the diameter changes from 8 to 10 lattice
constants. For the pore diameter D = 9, the highest
critical density was observed. Note that for systems 3
and 4 (Ar—graphite), the gas-phase branches for pores
with D = 8 and 10 are arranged much closer to each
other than to the gas-phase branch for pores with a
diameter of 9 (the y coefficient lies in the intermediate
region, which requires special numerical analysis).

0.9

0.7

0.5

031/

0.1+

| | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 p
Fig. 6. Phase diagrams for weak adsorption for model systems
3 (1), 4 (2), and 5 (3) in cylindrical pores with diameters of
8 (dotted lines), 9 (dashed lines), and 10 (continuous lines).

Temperature dependences of pressures corresponding
to the adsorbate in pores. In the general case, attraction
of the adsorbate by both pore walls increases the cover-
age of a micropore compared with that observed for an
open surface at the same temperature. To analyze the
properties of an adsorbate in narrow pores, in addition
to the condensation curves, one needs to know the
temperature dependences of the saturated vapor pressure
at which filling of the micropore volume occurs. The
attraction of molecules by pore walls markedly decreases
this pressure. Figure 7 shows schematically the variation
of the position of the saturated vapor pressure curve on
the P—T cross-section of the phase diagram for the bulk
phase and a slit-shaped pore with width H (in the case of
cylindrical pores, a similar diagram is observed; here, H
is the pore diameter). The line AB corresponds to the

P
B

PS(T2) / / i
Py(H) / / H
Py(Ty) HM i
A B/ l

P\(H) / |
Al | i

1
n TH T, T. T
Fig. 7. Scheme of the P—T cross-section of the phase diagram
for adsorption in the pores and for the bulk liquid.
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bulk phase (A is the triple point, B is the critical point)
and line A#B# corresponds to a pore with size H. Cal-
culations showed that the differences become more pro-
nounced as H decreases. In narrow pores, two variants
of adsorption are realized, depending on the temperature
of the experiment: 7} < T, (H) and T, > T.(H), where
T.(H) is the critical temperature of the adsorbate in a
pore with the width H. When the temperature is 7] and
the pressure has increased to P;(H), the line A#B¥ is
intersected and the condensation of the adsorbate takes
place in the pore. In a closed system of pores, phase
transition during condensation takes place; however, a
real experiment is carried out in an open system; there-
fore, complete filling of a pore with liquid adsorbate was
observed. The P;(H) value is an analog of the saturated
vapor pressure of the bulk phase. At temperature 7,
which exceeds the critical temperature, the filling of
pore volume occurs without phase transition. In both
cases, filling of micropores stops at some pressure Py 5(H)
lower than P, which is the saturated vapor pressure
above the bulk liquid at the same temperature.

Calculations showed that the values P;(H) and P, are
substantially different. This difference reaches the maxi-
mum for a pore with the width H = 1. As the tempera-
ture decreases, the range of the decrease of the P;(H)
values corresponding to the phase transformations of
helium, neon, methane, and carbon tetrachloride reaches
the following values (the given values are the natural
logarithms of the pressures corresponding to the greatest
deviations from Pg): up to —75 (He), —52 (Ne), —36
(CHy), and —42.5 (CCly). It can be stated that the
volume filling of a pore of a monomolecular width takes
place at very low pressures.

It is evident that the size of the region of the
maximum decrease in the critical pressure for H = 1 is
determined by the properties of the system and by the
temperature. For systems with cylindrical pores shown
in Fig. 5, the calculated pressure changes are approxi-
mately twice as small.

The obtained temperature dependences of the con-
densation pressure can be represented more clearly by
dividing them by the condensation pressure in the bulk
gas phase P,. From Egs. (3) and (4), the relation
In(Py)/(Bean) = —4.79 can be easily derived. This is the
limiting value for each family of the temperature depen-
dences n = In(P;(H))/(Bean) for different gases follow-
ing an increase in the pore size of the adsorbent. Typical
temperature dependences of 1 for all the systems studied
presented in relation to carbon tetrachloride in graphite
pores indicates that the pores are rapidly filled as the
temperature decreases (Fig. 8). The curves have
discontinuities on the left side; to continue them, it is
necessary to know the position of the curve of the
liquid—solid phase transition. For this purpose, one
should calculate the melting point of the substance in
the corresponding pores (this problem has not been
solved by now; for none of the systems, the precise
position of the triple points A# is known). The points

n
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- 4
_8 -
3
—10 |
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—14} /
_16 -
—22r /1
—24 I I I I
0.2 0.4 0.6 0.8 T

Fig. 8. Temperature dependences of the condensation pressures
of carbon tetrachloride n in slit-shaped pores of different widths.
For designations, see Fig. 1.

where the n(t) curves end on the right side are deter-
mined by the critical temperatures of the corresponding
phase diagrams. The accuracy of their determination
(due to the calculation algorithm) amounts to 0.2%. The
figure demonstrates the degree to which the potential of
the walls influences the pressures of adsorbate condensa-
tion for different pore widths H.

The calculated n(t) dependences can be considered
linear; therefore, they are defined adequately by the
coordinates (t and n(t)) of the end points for low (t;) and
high (1) temperatures. Table 3 shows the n(t) depen-
dences for helium, neon, methane, and carbon tetra-
chloride in slit-shaped pores and for helium and methane
in cylindrical pores of graphite, as well as the n(t) curves
for model system 2 in slit-shaped pores of different
widths. A small deviation of the n(t) dependence from
linearity is observed only for H = 2 for methane and
carbon tetrachloride and for model system 2.

The resulting n(t) dependences reflect the character-
istic features of interaction of the adsorbate molecules
with the pore walls. These data can be used to determine
the conditions of filling of pore volume for different
systems and, especially, to verify the applicability of the
empirical Dubinin—Radushkevich equation and its gen-
eralizations.32-33

In conclusion, we will summarize some results of this
study. The critical properties of spherical molecules with
the Lennard-Jones interaction potential in carbon slit-
shaped pores of different widths were studied. The phase
diagrams for pore sizes ranging from 1 to 20 molecular
diameters were calculated based on the lattice-gas model.
A monotonic decrease in the critical temperature follow-
ing a decrease in the pore width was noted; the stronger
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Table 3. Initial and final values of the n(t) function calculated for the adsorption systems studied*

H Slit-shaped pores
Ne CCly Model system 2
T n(ty) U n(t) T n(ty) o n(t) T n(ty) U n(t)
1 0.25 28.04 0.527 27.21 0.25 23.49 0.527  22.64 0.25 10.70 0.527 10.02
2 0.25 17.37 0.735 15.74 0.25 14.97 0.735 13.51 0.25 7.675 0.735  6.933
3 0.25 10.37 0.47 10.15 0.25 9.86 0.475 9.70 0.25 6.85 0.833  6.162
4 0.25 7.83 0.736 7.58 0.25 7.55 0.738 7.36 0.25 6.33 0.871  5.705
5 0.25 6.92 0.763 6.60 0.25 6.73 0.778 6.45 0.25 6.03 0.889 5.45
6 0.25 6.41 0.806 5.95 0.25 6.26 0.816 5.88 0.25 5.82 0.90 5.28
7 0.25 6.09 0.852 5.57 0.25 5.97 0.858 5.53 0.25 5.48 0.91 5.15
8 0.25 5.58 0.881 5.34 0.25 5.78 0.885 5.32 0.25 5.36 0.92 5.07
9 0.25 5.43 0.90 5.20 0.25 5.42 0.906 5.18 0.25 5.28 0.93 5.00
10 0.25 5.32 0.92 5.10 0.25 5.32 0.921 5.08 0.25 5.22 0.94 4.94
13 0.30 5.15 0.949 4.94 0.30 5.14 0.951 4.93 0.25 5.10 0.96 4.88
20 0.50 4.95 0.98 4.83 0.50 4.95 0.978 4.83 0.80 4.86 0.98 4.82
H Slit-shaped pores D Cylindrical pores
He CH,4 He CH,4
Ton) T ) o ) T () o) T ) o ) T ()
1 0.25 41.40 0.527 40.50 0.25 19.78 0.527 18.95 4 0.32 2658 0.39 2631 030 11.24 0.52 10.61
2 0.25 24.87 0.735 23.03 0.25 12.75 0.735 1145 5 0.25 18.78 0.513 1740 0.30 9.12 0.34 9.03
3 025 1237 047 1190 0.25 9.24 0486 9.08 6 029 844 0515 839 030 7.5 059 7.20
4 025 9.02 0735 849 0.25 7.17 0.743 7.00 7 030 7.50 0.62 727 030 6.81 0.67 6.51
5 025 7.79 0.688 7.25 0.25 6.45 0.794 6.21 8 030 693 068 6.57 030 638 073 6.03
6 025 6.52 0777 6.27 025 6.04 0.83 5.73 9 030 6.51 0745 6.08 030 6.10 0.78 5.69
7 025 598 0.835 577 0.25 580 0.866 5.44 10 0.30 6.24 0.789 5.76 0.30 589 0.82 5.47
8 030 570 0.686 548 0.25 563 0.892 5.25 11 030 599 082 554 030 574 0.84 532
9 030 552 0.893 529 0.25 5.31 091 5.13 12 0.30 5.81 0.848 538 0.30 562 086 5.22
10 0.30 540 091 516 0.25 542 0926 5.05 13 — — — — 030 553 0.88 5.13
13 030 520 0.945 497 030 5.12 0.953 4.92 15 — — — — 058 524 091 5.02
20 0.80 4.89 0975 484 050 495 0979 483 20 — — — — 0.80 497 094 4.89

* The minus sign at all n values is omitted.

the interaction of the adsorbate with the pore walls, the
more pronounced this effect. A new effect of non-
monotonic variation of the critical density of the adsor-
bate vs. pore width during capillary condensation was
found. The type of pore cross-section (a slit or cylinder)
does not influence this effect. However, its character
depends on the ratio of the energies of interaction of an
adsorbate molecule with the wall and with a neighboring
adsorbate molecule. The introduction of the coefficient y
characterizing this ratio makes it possible to distinguish
two cases corresponding to weak and strong adsorption.
In the case of strong adsorption, the critical density
varies according to a zigzag pattern for H ranging from 3
to 10. For weak adsorption, the critical density has a
maximum in the range of H = 8—10.

The above-indicated fact is of fundamental impor-
tance for interpretation of the experimental adsorption
isotherms on micro- and mesoporous sorbents and for
interpretation of data on the self-diffusion and mass
transfer coefficients. In real adsorbents with a very broad
pore size distribution, the type of phase state of the
adsorbate depends substantially on the pore size in the

considered region of the adsorbent and on the pore sizes
in the adjacent regions. Therefore, the calculation of the
phase distribution of the adsorbate requires information
not only on the pore size distribution function but also
on the adsorbent structure. The discovered nonmonotonic
dependence of the critical density on the pore width
makes these calculations more complex, which hampers
interpretation of experimental data on the equilibrium
and transport characteristics of adsorption at the mo-
lecular level.
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