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Thermodynamic parameters of excess and absolute adsorption
of CH,4 and SF¢ on carbons
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Isosteres, isosteric heats, and heat capacities of methane and sulfur hexafluoride on
carbons with different porosities were calculated to characterize the excess adsorption and
absolute adsorption. The nonlinear character of isosteres of excess adsorption and absolute
adsorption of sulfur hexafluoride on FAS carbon with developed mesoporosity was shown.
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To describe adsorption systems and design adsorp-
tion units, equilibrium, kinetic, and thermodynamic pa-
rameters of these systems are required. Such thermody-
namic properties as adsorption heats and heat capacities
of the adsorbed molecules can directly be measured by
calorimetry or calculated from the measured adsorption
isotherms.

The isotherms of absolute adsorption or isotherms of
the total amount adsorbed can be measured only for a
restricted number of adsorption systems. Therefore, the
isotherm of excess adsorption is obtained experimentally
and used for calculation of excess thermodynamic prop-
erties. The thermodynamics of gas and vapor adsorption
at low pressures of adsorptives has been considered
previously.!2 For gas and vapor adsorption, the plots of
excess adsorption (InP) vs. 1/T (isosteres) are virtually
linear over a region of low pressures in a wide tempera-
ture range. In this case, the isosteric heats of excess
adsorption and calculated differential heat capacities of
adsorbed substances are in good agreement with calori-
metric data.3 At elevated pressures (>10 MPa) and high
temperatures, the shape of the isosteres of excess adsorp-
tion noticeably differs from linearity, and the calculated
isosteric heats even converge at indefinite values.45 A
change in the slope to the isostere plotted in the coordi-
nates InP—1/T can serve as a quantitative estimation of
the deviation of the isostere from linearity.

In this work, we examined the isosteres, isosteric
heats, and heat capacities of methane and sulfur hexafluo-
ride for excess and absolute adsorption. The measure-
ments were performed in a wide pressure range on
carbon adsorbents with different porosities. We also at-
tempted to consider the deviation of the isosteres from
linearity from the viewpoint of statistical thermodynamics.

Experimental

The excess adsorption isotherms of CHy (at P =
0.001—160 MPa) were measured at four temperatures in the
313—408 K range, and the adsorption isotherms of SF¢ (at P =

0.001—2.4 MPa) were measured at six temperatures in the
298—408 K interval on the microporous carbon CMS with a
surface area of mesopores S,,. = 28 m2 g~! and on carbon FAS
with developed mesoporosity (Sy,. = 86 m2 g~1).6

The adsorption volumes were found for all systems under
study using the correlation between the experimentally mea-
sured excess adsorption (I') and total content or absolute ad-
sorption (a), a =T + p, W (W is the adsorption volume, and p,
is the density of the equilibrium gaseous phase). For the adsorp-
tion systems CMS—CH, and FAS—CHy,, the adsorption vol-
umes calculated by our method’ amounted to 0.24%0.015 and
0.20£0.03 cm3 g~!, respectively. For the CMS—SFg and
FAS—SF¢ systems, the volume of micropores was determined
by the Dubinin—Radushkevich (DR) method. The volume of
the micropores for CMS—SF was 0.197 cm? g~!. When sulfur
hexafluoride was adsorbed on FAS carbon, the main part of the
micropores remained inaccessible for large SF¢ molecules, and
the volume of micropores was as low as 0.014 cm3 g~!. The
adsorption volume of the mesoporous system for FAS carbon
was also determined, using the Frenkel—Halsey—Hill (FHH)
isotherm equation.8 The FHH equation was also used to calcu-
late the thickness of the adsorption layer z. Taking into account
the known value of the mesopore surface Sy, the adsorption
volume of the mesoporous carbon structure was determined.
This volume was equal to 0.04 cm3 g~!, and the total adsorption
volume of this system was 0.054 cm3 g~ 1.

Based on the above adsorption volumes, the families of
absolute adsorption isotherms were plotted for all systems under
study. From the isotherms the corresponding families of abso-
lute adsorption isosteres were plotted. Figures 1 and 2 show
isosteres of absolute adsorption of SFg on CMS and FAS
carbons, whereas isosteres of CH4 on the same carbons are
omitted because they are linear and similar to those presented
in Fig. 1.

Results and Discussion

Thermodynamic parameters of excess adsorption. The
excess adsorption isosteres were calculated from the
families of isotherms determined for the excess adsorp-
tion of CHy, and SFg on samples of active carbon
(Figs. 3 and 4). For FAS carbon (see Fig. 3) the isosteres
of CHy, which lie above the critical temperature
(T, = 190.77 K) and involve corresponding pressures,
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Fig. 1. Isosteres of absolute adsorption of SFg on CMS carbon:

0.2 (1), 0.4 (2), 0.6 (3), 0.8 (4, 1.0 (5), 1.2 (6), 1.4 (7), 1.6 (8),
1.8 (9), 2.0 (10), 2.10 (11), and 2.20 mmol g~! (12).

are almost linear for coverages of up to 1.3 mmol g~ L.
For methane adsorption on the microporous CMS car-
bon (see Fig. 4), the isosteres are also linear over the
same region of coverages, but as values of the adsorbed
amount and temperature increase the absolute value of
the tangent slope to the isostere increases noticeably,
and the isosteres display a nonlinearity. At T’ =
1.9 mmol g~! the slope to the isostere (see Fig. 4,
curve [12) at point A takes the opposite sign and con-
verges to infinity. This implies that the adsorption pro-
cess changes from exothermic to endothermic. For this
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Fig. 2. Isosteres of absolute adsorption of SF¢ on FAS carbon:
0.02 (1), 0.03 (2), 0.04 (3), 0.05 (4, 0.07 (5), 0.08 (6), 0.09 (7),
0.10 (8), 0.12 (9), 0.13 (10), 0.15 (11), and 0.16 mmol g~ ! (12).
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Fig. 3. Isosteres of excess adsorption of CH4 on FAS carbon:

0.2 (1), 0.3(2),0.4(3,0.5(4,0.6(5,0.8(6),1.0(7),1.1(8,
1.2 (9), and 1.3 mmol g~! (10).

isotherm the amount adsorbed (I' = 1.9 mmol g}
corresponds to I'y,, at 7= 410 K.

When sulfur hexafluoride is adsorbed on the
microporous carbon CMS (Fig. 5), the excess adsorption
isosteres are virtually linear at almost all coverages over
the temperature range used, and only when the amounts
adsorbed are >1.8 mmol g~ ! do the temperature plots of
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Fig. 4. Isosteres of excess adsorption of CH4 on CMS carbon:
0.1 (1), 0.3 (2, 0.5(3), 0.7 (4, 0.9 (5, 1.0 (6), 1.15 (7), 1.3
(8), 1.5 (9), 1.65 (10), 1.8 (11), 1.9 (12), 2.0 (13), 2.1 (14), and
2.3 mmol g7! (15).
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Fig. 5. Isosteres of excess adsorption of SFg on CMS carbon:
0.1 (1), 0.25 (2), 0.5 (3), 0.65 (4), 0.85 (5), 1.1 (6), 1.25(7), 1.4
(8, 1.5(9), 1.6 (10), 1.7 (11), 1.8 (12), and 1.9 mmol g~! (13).

the isosteres become nonlinear. This agrees well with the
model that assumes that initial adsorption involves
micropores with a surface area close to that of the total
adsorbent surface (S, = 710 m2 g~1). With further
adsorption mesopores are filled. However, these
mesopores have a small surface area and CMS carbon
adsorbs insignificant amounts of sulfur hexafluoride.

A different situation is observed for SFy adsorption
on FAS carbon (Fig. 6). First, adsorption of sulfur
hexafluoride at the highest points of the adsorption
isotherms at 7 = 298 K is approximately an order of
magnitude lower than that on CMS carbon. At the same
time, the adsorption values of methane on these carbons
are close (7= 373 K, P= 11 MPa). They correlate well
with the surface area of the sorbents S, (CMS) and
Siot(FAS).® The adsorbed amounts of CH, and SF4 (I)
on CMS and FAS carbons and the surface areas of the
sorbents are presented below.

Carbon I/mmol g~! Sio/m2 g1
CH4 (373 K)  SFg (298 K)

CMS 2.19 ~2 710

FAS 2.07 ~0.2 690

Second, the linearity of the excess adsorption isosteres
on FAS carbon is observed only at lower temperatures
(298—327 K) and lower coverages of up to ~0.1 mmol g~!
(see Fig. 6). It has previously been shown® that the
amounts of SFg adsorbed in the microporous and
mesoporous parts of FAS carbon are approximately equal,
and the surface areas determined from SF¢ are as fol-
lows: Spe = 9.9 m? g7 and Sy =22 m? g™\,

The specific features of the behavior of the excess
adsorption isosteres of various gases on carbons and
zeolites3:9:10 syggest the following. First, the excess ad-
sorption isosteres always have a region where the
nonlinearity is so high that the slope of the isostere
converges to infinity. Second, for adsorbents with com-
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Fig. 6. Isosteres of excess adsorption of SF¢ on FAS carbon:
0.01 (1), 0.02 (2), 0.03 (3), 0.04 (4), 0.05(5), 0.06 (6), 0.07
(7), 0.08 (&), 0.09 (9), 0.10 (10), 0.11 (11), 0.12 (12), 0.13
(13), 0.14 (14), and 0.15 mmol g~ ! (15).

mensurable volumes of micropores and mesopores, the
region of isosteric nonlinearity is shifted toward lower
temperatures and reduced adsorption.

The isosteric heats gg of adsorption of these sub-
stances were calculated from the excess adsorption
isosteres by the equation2

gt = —Tvg(dP/d T, (D

where v, is the molar volume of the gas in the equilib-
rium gaseous phase.

The initial heats of the excess adsorption were deter-
mined from the temperature plot of Henry’s constants
(K) (Fig. 7). The plot shows that a linear relation of InK
to 1/T is observed for all studied systems. Note that the
plots of InK vs. 1/T for the CH4;—FAS and CH;—CMS
systems almost coincide, and for adsorption of SFy on
the same carbons the slopes of the straight lines are also
similar. It follows from the obtained plots of InK vs. 1/T
that the initial heats of adsorption of methane on FAS
and CMS are equal to 16 kJ mol™!, and the initial heats
of adsorption of SFg on these carbons are 23 kJ mol™1.
The initial heats of adsorption of methane and sulfur
hexafluoride on CMS and FAS coincide because the
sorbed molecules first enter the narrowest pores where
the sorption field is extremely strong. The initial heat of
adsorption for sulfur hexafluoride is higher than that for
methane. When methane and sulfur hexafluoride are
adsorbed on carbon adsorbents where electric fields are
absent, the initial heat of adsorption is associated with
the energy of dispersion interaction (F) of the sorbed
molecules with the adsorbent atoms. Due to this, the
difference between the adsorption heats of methane and
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Fig. 7. Temperature relations of Henry s constants: SFg—carbon
black (7), SF¢—FAS (2), CH4—CMS (3), CH4;—FAS (4), and
SFg—CMS (5).

sulfur hexafluoride on the same sample is related to the
nature of adsorbed molecules. The constant of disper-
sion attraction (C4) depends on the polarizability (c,)
and magnetic susceptibility (y,) of methane or sulfur
hexafluoride molecules and on oy, and y; of the carbon
sorbent atoms,!1:12 which can be considered equal for
these adsorbates. The calculation gives Cg equal to —0.385
and —0.269 for SFg and CHy, respectively. If we accept
that the energy of interaction of the adsorbate molecules
with the adsorbent is proportional to the Cq constants,
then the ratio of these constants coincides with that of
the initial adsorption heats (1.4). If we take into account
the difference in sizes of the methane and sulfur hexafluo-
ride molecules, the ratio of the interaction energies
would be even lower due to a larger size (r) of the SFq
molecule.

The polarizability (o), magnetic susceptibility (),
and size (7) of the SFs and CH4 molecules and C atoms
are presented below.

Molecule o x 1070 r
or atom /cm3 /em3 g-atom™! /nm
SFg 6.2 —6 13 0.251
CH4 2.6 2514 0.21
C 1.3 —6 14 0.077

The excess heats of adsorption of CH4; on FAS
carbon in the measured pressure region (Fig. 8) are
almost independent of the extent of adsorption and
coincide with the initial heat of adsorption of methane
on CMS carbon. With further increase in CHy4 adsorp-
tion on CMS the excess heats of adsorption approach
infinite values. The isosteric excess adsorption heats of
sulfur hexafluoride on FAS and CMS, as can be seen in
Fig. 8, increase monotonically with coverage up to an
adsorption of 1 mmol g~! due to the enhancement of
adsorbate—adsorbate interaction.
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Fig. 8. Condensation heat of SF¢ (/) and isosteric heats of
excess adsorption (gey): SFg—carbon black (2), CH4—FAS (3),
CH4—CMS (4), SF¢—FAS (5), and SFc—CMS (6).

The main expressions relating the temperature plot of
the excess isosteric heat of adsorption to the partial
molar (differential) heat capacity (dC,/dN,) of the
adsorbed substance can be written as follows?:

(58~ (5], - or- (5, (5F)
of ) \on, ), & op) o).~ @

Here N, =T, (Cy)p is the heat capacity of the gas at
constant pressure, and A, is the molar enthalpy of the
gas. The changes in the partial molar heat capacity
(0C,/0N,) r of the adsorbate with coverage were calcu-
lated for the two systems SFg¢—CMS and SF,—FAS by
Eq. (2). In the temperature interval in which the excess
adsorption isosteres are nonlinear, the dependences of
the isosteric adsorption heat on temperature and cover-
age were taken into account in the calculation of the
differential heat capacity. The plots of the partial molar
thermal capacity of sulfur hexafluoride adsorbed on FAS
carbon vs. excess adsorption I' for three temperatures,
viz., 298, 327, and 373 K, are shown in Fig. 9, a. For
comparison, Fig. 9, b demonstrates the plots of the
differential heat capacities of sulfur hexafluoride adsorbed
on the FAS and CMS carbons against coverage
0 = I'/Tax at T =298 K (I'r,ax Was determined from the
Dubinin—Radushkevich (DR) equation).15 At low cov-
erages (6 = 0—0.4) the partial molar heat capacities of
SF¢ adsorbed on the CMS and FAS carbons virtually
coincide with the heat capacity of gaseous sulfur hexafluo-
ride: Cp& = 0.099 kJ K~! mol~!. This implies that over
this range of coverages the adsorbent has no substantial
effect on the thermophysical properties of the adsorbate.

As can be seen from the plot (see Fig. 9, b), the
differential heat capacity of SF¢ adsorbed on FAS car-
bon takes infinite values at lower adsorption values than
on CMS carbon (at 8 = 0.5). This is related to the fact
that the adsorption isosteres of SF¢ on FAS carbon
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Fig. 9. Partial molar thermal capacity of SF¢ adsorbed on FAS
and CMS: a, relation of the partial molar thermal capacity
(I—3) at T =373 (1), 327 (2), and 298 K (3) and (C,)p (4) of
SF¢ to the excess adsorption; b, plot of the partial molar
thermal capacity (1, 2) and (C,)p (3) of SFq adsorbed on FAS
(1) and CMS (2) vs. coverage (0) at T = 298 K.

show no linearity even at the lowest coverage (I' =
0.01 mmol g1, see Fig. 6).

The calculated isosteric heats and differential heat
capacities of excess adsorption coincide with the calori-
metric data for gas adsorption only in the initial region
of equilibrium pressures of adsorptives, whereas for va-
por adsorption the calculated and experimental results
coincide in a broader region.

Thermodynamic parameters of absolute adsorption.
The difference of the absolute adsorption isosteres (see
Figs. 1 and 2) from the excess adsorption isosteres (see
Figs. 3—6) is that their linear regions expand toward
higher temperatures and coverages. For the adsorption
systems with microporous sorbents, the region of linear-
ity of absolute adsorption isosteres is larger than that for
the systems with sorbents containing a substantial vol-
ume of mesopores. For example, the linearity of isosteres
is observed when CH,4 or SFg¢ is adsorbed on a
microporous sorbent at any experimental temperature
and coverage (see Fig. 1). On the mesoporous FAS
carbon, both adsorptives are adsorbed in different ways,
and the calculation of the volumes of micropore volumes
(Wy) with methane and benzene gives 0.20+0.03 and
0.174£0.02 cm3 g~!, respectively. These figures show that
adsorption in mesopores makes an insignificant contri-
bution to the value of total adsorption found experimen-
tally. It should be expected for this system that the
absolute adsorption isosteres are virtually linear as was
observed for methane adsorption on CMS. For adsorp-
tion of sulfur hexafluoride on FAS carbon, only an
insignificant fraction of the total volume of micropores
(0.014 cm3 g!) is involved in adsorption.® Since the
main volume of micropores is inaccessible for the SFg
molecules, the measurement of the volumes of micro-
and mesopores for this adsorbate gives comparable re-
sults. A comparison of the absolute and excess adsorp-

tion isosteres (see Fig. 2) shows that the straight-line
portion in the absolute adsorption isosteres of SFg on
FAS carbon expands toward higher temperatures (from
313 to 343 K) and increased coverages (from 0.02 to
0.08 mmol g~ 1).

Within the framework of statistical thermodynamics,
the slope to the isostere can be expressed through the
values that characterize the adsorbate—adsorbent and
adsorbate—adsorbate interactions. Consider adsorbent
consisting of similar cells. In the absence of interaction
between the adsorbate molecules distributed through the
cells, the adsorption isotherm a can be described by the
equation!6

a = (dnZ/dln}) 7,

E=1+Q0+ QA+ QA+ ..+ QM+ ..,

A= eW/ kD), (3)
Here = is the great statistical sum, » is the number of
adsorbed molecules in the adsorbent cell, A is the abso-
lute activity of the equilibrium gas, Q;, 0,, ... Q, are the
statistical sums of the states 1, 2, ... n of the molecules in
the adsorbent cell, and p is the chemical potential of the
equilibrium gas. The porous carbon can be represented
as a sorbent consisting of similar cells, which in the
adsorption experiment behaves exactly as the porous
carbon, i.e., it obeys the same relation F(a,A,T) = 0.
Based on the known model,1® the probability that
Jj molecules are present in the adsorbent cell can be
expressed by the equation

wiL,T) = QN/E. 4)

In the region of our measurements, w; can be considered
as a function of the index j, which is symmetrical relative
to the most probable number of molecules j, at small
deviations from j0.17 Assuming that ji; coincides with the
average number of molecules in the adsorbent cell j,,,
i.e., jo = Jay, and also from the condition of extreme for

the function w;, we obtain

(Ow;/9)),.7 = w{dInQ;/dj + Ind) = 0. (5)
From where
(9InQ;/9));o = —In. (6)

It has previously!® been shown that InQ; is suffi-
ciently well described by the equation

InQ; = (1/T)(ayj + apf + as?) + 09, ™

where Q4 is the statistical sum of the states j of the ideal
gas molecules, and the coefficients a;, a;,, and ay,3 are
independent of 7 and A.

Let us designate

(1/D(ayj + app* + a3f’) = InQ;. @®)

It has been shown!® that the derivative [0lnQ;/d(1/T)]; is
proportional to ¢; (the energy of j particles in the adsor-
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bent cell) and, in the absence of adsorbate—adsorbate
interaction, should be proportional to j, i.e., in Eq. (8)
the coefficients a;, = ajp3 = 0. Therefore, we may
conclude that the a; coefficient characterizes the energy
of the adsorbate—adsorbent interaction, and a;, and
ay,3 differ from zero if the adsorbate—adsorbate interac-
tion cannot be ignored. Taking into account the defini-
tion of volatility p = po(7) + kTlnf (here p, is the
chemical potential of this gas at the specified tempera-
ture 7 and volatility equal to unity), Eq. (6) can be
written in the form

(InQ;/9)); + po/kT = —Inf. ®

The volatility fis a function of the average number of
particles (j,,) and 7. By analogy to the previously pub-
lished work1®

[0InQ;4/a(1/ )] = &j/k = jeld/k. (10)
Then
9InQ; dlnQj° wo(/f,T) _
—mf:[ 3y ] +[ 3 ] T
]0 /0

alnQ’ .
- [’;Qf] 0 [€4ad(1/T) + o /(KT). (1)
)j ) k
J0
The differentiation of both parts of Eq. (11) with respect
to 1/T gives

2 *
[ dlnf } :{aan,} + L piy 2
Jo Jo

a(l/T) a(/T)aj k

Here eld is the energy of the ideal gas per particle, and
hid is the enthalpy of the ideal gas per particle,

gid — hid = —kT. (13)

Then

{ Alnf } _ | omoy |
o/, |20/ |,
0

- al+2alzjo[7aj0(fj)} + 3alzsj§[7aj°(”)} T4
S S

o1/ T) o(1/T)

The left part of Eq. (14) represents the slope of the
adsorption isostere corresponding to jy, and the right
part includes several terms.

For strong adsorbate—adsorbent interaction, which
is characteristic of adsorption on microporous adsorbents,
a; is much higher than a;, and a;,3. In this case, the
slope of the adsorption isostere takes almost constant
values. When in addition to the adsorbate—adsorbent
interaction a contribution from other interactions is
taken into account, the adsorption isostere would be
essentially nonlinear. The curves of constant density of

gs/kJ mol™!
201
2 1
10F
0 1 2 3 a;/mmol g~!

Fig. 10. Isosteric heats of absolute adsorption of CH4 on CMS
(1) and FAS (2).

the gaseous adsorptive, isopycnes,!® can serve as an
example of such nonlinear isosteres.

Adsorption of SFg and CH,4 on the CMS carbon over
the entire coverage region occurs mainly in micropores
because the mesopore surface is insignificant. In this
case, the energy of adsorbate—adsorbent interaction ex-
ceeds that of adsorbate—adsorbate interaction (Figs. 10
and 11). Since, the a; coefficient in Eq. (14) is much
higher than the values of other terms, nearly linear form
of the adsorption isosteres of sulfur hexafluoride and
methane on CMS carbon would be expected as con-
firmed by the experimental data (see Fig. 1). Similar
picture is observed for methane adsorption on FAS
carbon when adsorption in micropores rather than in
mesopores is prevailing. For SF¢ adsorption on the FAS
carbon, the adsorption in mesopores is commensurable
with that in micropores, and the energy of the adsor-
bate—adsorbent interaction in mesopores is lower than
that for adsorption in micropores. This changes the ratio
of the energies associated with adsorbate—adsorbent and
adsorbate—adsorbate interactions. As a result, by

gs/kJ mol™!

40}

20

10 3

1 2 !

Fig. 11. Isosteric heats of excess (/) and absolute (2) adsorption
of SFg on CMS carbon; 3, condensation heat of SFg.

I';, a;/mmol g~
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description of SFy adsorption on FAS adsorbent, would
be less influenced by a coefficient in Eq. (14). That is
why the nonlinearity of the adsorption isosteres for this
system would be expected as seen in Fig. 2.

The isosteric heats of absolute methane adsorption
on the microporous carbon CMS (see Fig. 10, curve 1)
are virtually constant for coverages of up to 2.5 mmol g~ L.
At higher coverages, the heat of adsorption decreases,
and the behavior is most likely related to methane
adsorption in larger pores followed by adsorption in
mesopores. As expected, the isosteric heats of adsorption
of methane on FAS carbon (see Fig. 10, curve 2) remain
unchanged over the range of coverages measured. They
are close to the heat of adsorption of methane on CMS.
The isosteric heats of absolute adsorption of SF¢ on the
CMS carbon (see Fig. 11) behave similarly. Since the
isosteres of absolute adsorption of SFg on FAS are
nonlinear over the specific temperature interval, the
change in the isosteric heats at different coverages is
similar to the behavior of the isosteric heats of excess
adsorption of SFg on CMS (see Fig. 11).

The main conclusions of the present study can be
formulated as follows. For adsorption on pure micro-
porous sorbents at high pressures, the isosteres of abso-
lute adsorption are virtually linear over the wide range of
temperatures and pressures, whereas the excess adsorp-
tion isosteres do not display a portion with a pronounced
linearity. For microporous sorbents with the developed
mesoporosity which show comparable adsorption values
in micropores and mesopores, the isosteres of both
excess and absolute adsorption are nonlinear. The
nonlinearity of the adsorption isosteres on sorbents of
this type is most likely due to a change in the average
energy of adsorbate—adsorbent interactions that accom-
panies the transfer from adsorption in micropores to that
in mesopores.

References
1. A. A. Lopatkin, Teoreticheskie osnovy fizicheskoi adsorbtsii

| Theoretical Foundations of Physical Adsorption], 1zd. MGU,
Moscow, 1983, 343 pp. (in Russian).

11

12.
13.

. V. A. Bakaev, Izv. Akad. Nauk SSSR, Ser. Khim., 1971, 2648
[Bull. Acad. Sci. USSR, Div. Chem. Sci., 1971, 20 (Engl.
Transl.)].

.A. A. Isirikyan and A. V. Kiselev, Zh. Fiz. Khim., 1962, 36,
1723 [Russ. J. Phys. Chem., 1962, 39 (Engl. Transl.)].

.A. A. Pribylov and T. S. Yakubov, Izv. Akad. Nauk, Ser.
Khim., 1996, 1138 [Russ. Chem. Bull., 1996, 45, 1078 (Engl.
Transl.)].

. A. A. Pribylov and H. F. Stoeckli, Zh. Fiz. Khim., 1998, 72,
306 [Russ. J. Phys. Chem., 1998, 72 (Engl. Transl.)].

.A. A. Pribylov, I. A. Kalinnikova, S. M. Kalashnikov, and
H. F. Stoeckli, Izv. Akad. Nauk, Ser. Khim., 2000, 688
[Russ. Chem. Bull., Int. Ed. Engl., 2000, 49, 692].

. T. S. Yakubov, L. G. Shekhovtsova, and A. A. Pribylov, Izv.
Akad. Nauk, Ser. Khim., 1995, 2381 [Russ. Chem. Bull.,
1995, 44, 2277 (Engl. Transl.)].

. G. H. Findenegg, Engineering Foundation Conference, Schloss
Elmau, Bavaria, West Germany, 1983, 6.

.A. A. Pribylov, V. V. Serpinsky, and S. M. Kalashnikov,
Zeolites, 1991, 11, 846.

. A. A. Pribylov, T. S. Yakubov, H. F. Stoeckli, L. Kyurri,
I. A. Kalinnikova, and L. G. Shekhovtsova, [Izv. Akad.
Nauk, Ser. Khim., 1996, 568 [Russ. Chem. Bull., 1996, 45,
528 (Engl. Transl.)].

. A. Muller, Proc. Roy. Soc., 1936, 154A, 624.

J. G. Kirkwood, Phys. Z., 1932, 33, 57.

A. A. Opalovskii and S. U. Lobkov, Usp. Khim., 1975, 44,
193 [Russ. Chem. Rev., 1975, 44 (Engl. Transl.)].

. Kratkii spravochnik fiziko-khimicheskikh velichin | Brief Hand-

book of Physicochemical Values|, Khimiya, Leningrad, 1963,
225 pp. (in Russian).

. M. M. Dubinin, Carbon, 1987, 25, 593.

. V. A. Bakaev, Dokl. Akad. Nauk SSSR, 1966, 167, 369
| Dokl. Chem., 1966 (Engl. Transl.)].

. V. A. Bakaev, I. A. Kalinnikova, and V. V. Serpinskii, /zv.
Akad. Nauk SSSR, Ser. Khim., 1973, 452 [Bull. Acad. Sci.
USSR, Div. Chem. Sci., 1973, 22 (Engl. Transl.)].

. L. G. Shekhovtsova and A. A. Fomkin, Izv. Akad. Nauk
SSSR, Ser. Khim., 1990, 974 [Bull. Acad. Sci. USSR, Div.
Chem. Sci., 1990, 39, 867 (Engl. Transl.)].

. B. P. Bering, E. G. Zhukovskaya, B. Kh. Rakhmukov, and
V. V. Serpinsky, Z. Chem., 1996, 9, 13.

Received November 15, 1999;
in revised form June 15, 2000




