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Adsorption phenomena at high pressures and temperatures.

2.* Methane adsorption on Rho zeolite
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Equilibrium isotherms of adsorption of methane on crystalline Rho zeolite were mea-
sured with the use of a precision volumetric-gravimetric setup that was developed for
determining the equilibrium and kinetic parameters of adsorption in the pressure range of
0.1—160 MPa and temperature range of 300—600 K. The method of determining the
accessible volume of an adsorption system (free volume + micropore volume) and the
micropore volume of a sorbent was used. Two independent methods for calculation of
micropore volume on the basis of the isotherms of excess adsorption were used. The
discrepancy in the results of the calculation of the micropore volume by three independent
methods is within the limits of the calculation accuracy. An evaluation of a change in the
isosteric heats of the excess and absolute adsorption of methane on Rho zeolite was carried
out in relation to filling and temperature. An evaluaton of the adsorption volume above the
outer surface of the zeolite crystals was performed. The results of experimental investigations
of methane adsorption on Rho zeolite can be used to solve the problem of encapsulation of

gases by solid sorbents.
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Experimental studies of the adsorption of gases and
vapors in the range of high pressures and temperatures
are meaningful for further development of the excess
method in the thermodynamics of adsorption.? The
importance of the development of this approach in the
theory of adsorption is obvious, because extensive ther-
modynamic values obtained experimentally have an ex-
cessive nature, and general concepts of the modem
thermodynamics of adsorption do not ailow one to
describe new regularities that were obtained during
experimental studies of the adsorption of gases and
vapors at high pressures. Knowledge on the thermody-
namic characteristics involving the values of absolute
adsorption is not less important, because all molecules
occurring in an adsorption field participate in this pro-
cess. For recalculation of isotherms of excess adsorption
into isotherms of absolute adsorption, exact values of
the adsorption volume are necessary. Previously,!3 a
procedure for study of nitrogen adsorption on NaA
zeolite in the range of high pressures up to 160 MPa
and temperatures of 300—600 K was described. This
report is a continuation of those studies. The methane—
synthetic Rho zeolite system was taken as the object of

* For Part | see Ref. 1.

study. The structure of this zeolite includes cavities of
only one size, which are identical to the a-cavities of
NaA zeolite,* and a fraction of exchange cations is
represented by cesium ions.’

Experimental

An overall diagram of the adsorption setup is described in
the works.}3 The setup was modified by connection of a
weight manometer in parallel to the Bourdon manometer in
the measuring part of the setup; the principle of operation of
the weight manometer is similar to that of an adsorption
balance: An autoclave with a volume of 13.157 e¢m3 is sus-
pended to an ADV-200 M type, class 2, beam balance with a
sensitivity of 5+ 1073 g per scale division. The beam balance
was kept in a zero position during measurement with the aid of
an inductive sensor, electric unit, and solenoid. The total
sensitivity of the system (balance + steel spring) is 5- 107 g.
The autoclave and capillary for gas supply were placed in an
air thermostat in which a temperature of 300 K was main-
tained with an accuracy of £0.1 degree. The beam balance and
air thermostat with the autoclave were placed into the second
air thermostat with a temperature of 297 K. The temperature
of a sample was measured with a thermocouple clamped to the
middle of the outside of the autoclave. The thermal electromo-
tive force was measured with an Shch-300 instrument. Crystal-
line Rho zeolite was placed into the autoclave-adsorber of
S cm? volume. The weight of the dehydrated and degassed
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zeolite was equal to 2.5824 g; methane of 99.8 % purity was
used as an adsorbate.

Measurement of the surface area was carried out on a
conventional gravimetric adsorption setup with a torsion bal-
ance and sensitivity of 10 ug when the weight of the zeolite
was equal to 0.8 g. Pressure was measured with two bellows
manometers with the sensitivity of 0.133 Pa in the range of
1073—1 kPa and 1.33 Pa in the range of | —100 kPa.

Results and Discussion

A change in the value of the weight g, recorded by
the beam balance connected to the autoclave-adsorber,
includes the weight of methane gg.. in the free volume
of the autoclave and capillary and the weight of adsorbed
methane g,, /. e.,

8 = Btreet 8o = VireePgy + Wapa, ()

where p, is the density of the equilibrium gas phase,
Viee is the free volume of the autoclave and capillary, p,
is the average density of the adsorbed phase, and W) is
the adsorption volume of the zeolite. Equation (1) can
be rewritten as follows:

g/pg = Vieet Wi pa/Pg- (2)

The data obtained at 299, 423, 473, and 503 K are
represented in the coordinates of this equation (Fig. 1).
As seen in a plot, in the high-pressure region
(P > 80 MPa), the experimental data for three tem-
peratures, 423, 473, and 503 K, are described by one
straight line that is parallel to the abscissa. This gives
evidence that in the region of rather high pressures, the
density of an adsorbed phase approaches to that of a gas
phase, i.e., p,/pg tends to unity, hence the g/p, param-
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Fig. 1. Dependence of the volume V = g/p, on pressure at
299 (1), 423 (2, 473 (9, and 503 K (4).
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Fig. 2. Isotherms of excess adsorption of methane on Rho
zeolite at 423 (a), 473 (b), 503 (¢), and 299 K (o).

eter does not depend on P and equation (2) transforms
into the equation

8&/pg= Viee + Wa = Viee 3)

The accessible volume (V,.) calculated on the basis
of the experimental data for three temperatures, 423—
503 K (Fig. 1), is equal to 2.090+0.014 cm?. However,
the figure shows that the values obtained at 299 K are
significantly less than those measured at higher tem-
peratures although those also fall onto the straight line
that is parallel to the abscissa at the pressures
P > 5 MPa. According to this data, V. is equal to
1.716+0.004 cm3 at 299 K. It is obvious that at the
temperatures T 2 423 K, the micropore volume of the
zeolite enters the adsorption volume W, , and the differ-
ence between the pore volumes which are accessible for
the adsorbate at 299 K and higher temperatures, V., is
equal to 0.144+0.014 cm? g™'. If the accessible volume
is known, then, according to the definition of the excess
adsorption,

r=(g.—(yc+w3)'pgl/Mas (4)

where M, is the weight of the adsorbent.

Figure 2 shows the isotherms of the excess adsorp-
tion at four temperatures mentioned above. As is seen in
the figure, each isotherm has a maximum that shifts to
higher pressures with increase in the temperature of
adsorption. On the basis of the isotherms of methane
adsorption on the Rho zeolite obtained, the micropore
volume was calculated with two independent meth-
0ds.67 The first approximation method for determining
the adsorption volume W is concermed with a search for
the point on the isotherm of excess adsorption in which
dl/dp, = W. On the isotherm of excess adsorption such
a point is always located to the left of the maximum
point (P, ,,). As the first approximation, W= 2I'_../pg
is accepted, where [, is the adsorption in maximum
point, pg is the density of the equilibrium gas phase of
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methane at the point where [ = 0. For example, the
value of the maximum excess adsorption of methane
(I'max) on the Rho zeolite for the isotherm of excess
adsorption at 423 K was equal to 0.165 mmol/g and
pg = 0.269 g/cm3. There is point / on the isotherm of
the excess adsorption, in which the slope of the curve is
equal to the W) value. When the value of excess adsorp-
tion ['| in the point / was determined, one can make the
second approximation, i.e., to find W, = 2I'| - pg and
point 2, respectively, in which the value of the derivative
dl/dr = W,, etc. The iteration process converges fast
(through 4—5 steps), and this allows one to find the
value of the adsorption volume: W = 0.108+0.038 cmi/g.
More rigorous method for determining the adsorption
volume on the basis of the isotherm of excess adsorption
has been proposed in work.® The method is universal,
because it is applicable for the adsorbents of any pore
structure as well as for nonporous sorbents and is based
on the use of the excess adsorption isotherm measured
in a wide pressure range. The equation with indefinite
parameters obtained by the methods of statistical ther-
modynamics’ was used as the equation of the isotherm
of absolute adsorption. It is supposed that the calculated
value of excess adsorption, 3¢ can be represented as
follows:

rrae(p 1) = a(P, T) — p{P. ) W, (5)

where W is a constant, and some restrictions impose on
the character of the a{P, T) and p{P, T) functions.
By minimizing the functional

@ = N-I- Z{(rfxp - ricak)/ricxplz = min (6)

(I'** is the experimental value of excess adsorption),
one can find the coefficients of the a(P, T) function and
the corresponding W value. The method has been probed
for a series of adsorption systems, and it always gave a
stable result toward the entering parameters.? The
micropore volume in Rho zeolite calculated by this
method is equal to 0.121£0.039 cm?/g. Comparing the
values of the micropore volume obtained by three meth-
ods, one can conclude that they are within the limits of
the calculation accuracy. The value of micropore vol-
ume W = 0.144 cm?/g was further used for calculation
of the isotherms of absolute adsorption and the heats of
adsorption. Coincidence of the values of micropore vol-
ume obtained by three methods allows one to conclude
that at 299 K, methane is adsorbed only at the outer
surface of the zeolite. This fact can be explained by the
structural peculiarities of this zeolite. The frame of the
zeolite is formed by the cells which are connected with
double six-membered rings of the aluminum-—silicon—
oxygen tetrahedra. Three eight-membered windows cor-
respond to each a-cavity in Rho zeolite, and these
windows are similar to the entering windows of NaA
zeolite. Calculations show that the fraction of the vol-
ume occupied by a-cavities is higher in Rho zeolite than
in A-type zeolite. The chemical formula of Rho zeolite

InP [MPa) !

Fig. 3. [sosteres of excess adsorption of methane on Rho
zeolite, mmol/g: 0.1 (1, 20); 0.2 (2, 19); 0.25 (3); 0.3 (4, 18,
0.35 (5); 0.4 (6), 0.45 (7);0.5(8, 17); 0.535 (9, 16}, 0.55 (10,
15), 0.6 (11, 14);0.645 (12, 13).

studied is NagCs;Al,;S8i1404¢, and the molecular mass of
a unit cell M = 3476.42. The positions near the plane of
cight-membered rings are the most probable sites for the
localization of Cs* cations in the Rho zeolite and the
centers of six-membered rings are the most probable for
Na* cations. The cesium cation (ogs = 0.165 nm)3
occurring in the cight-membered window decreases a
cross-section in such a manner that the methane mol-
ecules cannot practicaily diffuse into the cavity of the
zeolite at a room temperature.

On the basis of the isotherms of excess adsorption,
the isosteres of excess adsorption of methane on the Rho
zeolite were calculated and are presented in Fig. 3.
Previously,3 the same isosteres were calculated for the
adsorption of nitrogen on NaA zeolite. The isosteres of
methane adsorption on Rho zeolite are similar in shape
to those of N; on NaA: some of the isosteres are
nonlinear and they pass through a point where the
derivative transforms into infinity, the locus of these
points forming a straight line.

The obtained family of isosteres of excess adsorption
of methane makes it possible to calculate the depen-
dence of the isosteric heats on filling (Fig. 4, a) and
temperature (Fig. 4, ) with the use of an equation®
deduced strictly for the excessive values on the basis of
thermodynamics:

gy= T ¥, (dP/dD = = R Z (dInP/dT ")y, )

where Z is the factor of compressibility, R is the gas
constant, and V8 is the molar volume of methane in the
equilibrium gas phase. For the ascending branches of
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Fig. 4. a. Dependence of the heat of excess adsorption (Q) on

filling: 503 (), 473 (), 423 (J), 503 K (4). 6. Dependence of the

heat of excess adsorption (Q) on temperature, [/mmol-g™': 0.5 (/, 4); 0.535 (2, 5); 0.645 (3, 6).

the isotherms of excess adsorption (see Fig. 2), where
P < PLax. the heat of adsorption has a positive value
and is equal to 52 xJ mol™!, and in the region where
P > P, the heats of adsorption have negative and
significantly lower values: —7 to —2 xJ mol™l. As is
seen, in both pressure regions (P < Py,and P > P_,.),
the heat of excess adsorption depends slightly on filling
only for the linear segments of the isosteres. As soon as
the isostere begins to deviate from linearity, the heat of
adsorption begins to increase up to infinity. The values
of adsorption after which the heats of adsorption begin
to increase with filling, are designated by dash lines in
Fig. 4, a. The factor of compressibility Z = PV/RT for
methane changes within the limits of 10 % in the 423—
503 K temperature range and |—160 MPa pressure
range. Therefore, the isosteric heats of excess adsorption
practically coincide in the range of linear isosteres (see
curves /—4in Fig. 4, a). With a deviation of the isosteres
from linearity, the isosteric heat of excess adsorption
begins to increase (or decrease) up to tw. These changes
are seen well in a plot (Fig. 4, b) presenting the depen-
dences of the isosteric heats of excess adsorption on the
temperature for a series of isosteres. Previously,? it has
been shown that at high temperatures the isosteric heat
is independent of the filling (g, = 2RT) and should tend
to infinity. But in our case, the behavior of the excess
isosteric heats of adsorption observed, in particular an
interruption, is due to the presence of a maximum on
the isotherm of the excess adsorption (see Fig. 2), at
which the slope is equal to zero. The values of the heats
tending to infinity should correspond to this slope. On
the other hand, analysis of Fig. 2 shows that in the
P < P, region an exothermic process is observed and
in the P > P, region an endothermic process takes

place. The transition from positive values of the heats of
excess adsorption to negative ones should occur through
zero value. However, this conclusion contradicts the
dependence described by equation (7).

With the use of the value of the micropore volume
W = 0.144 cm3/g found with equation (3), the iso-
therms of excess adsorption were recalculated to the
isotherms of absolute adsorption for three temperatures:
423, 473, and 503 K (Fig. 5).

On the basis of the isotherms of absolute adsorption,
the adsorption isosteres were obtained (Fig. 6).
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Fig. 5. Isotherms of absolute adsorption of methane at 423 (),
473 (), 503 (), and 299 K (4).
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Fig. 6. lIsosteres of absolute adsorption of methane, mmol/g:
28(N,25(2),2.2(, 20/, 1.7(5,1.5(6),1.2(N,1.0(8),
0.6 (9,050, 04N, 0312,02.

The isosteric heat of adsorption was estimated with
the equation

Gu = —ZR( — Vy/V(dInP/dT ™), (8)

where ¢, is the isosteric heat of adsorption, ¥, is the
partial molar volume of methane in the adsorbed phase,
and ¥, is the molar volume of methane in the equilib-
rium gas phase. Although exact V, values in the high-
pressure region are unknown, the deformation of the
crystals of the zeolite upon adsorption is small, ie., a
change in dV,/da is less than an experimental error, and
the Va/V8 ratio is much less than unity, so one can
neglect it.

Figure 7 presents the dependence of the isosteric
heat of adsorption on filling. The adsorption values
in mmol/g are plotted along one abscissa, and the cor-
responding values of the average number of molecules
per cavity of Rho zeolite are plotted along another
abscissa; the point on the ordinate with Q = 24 xJ/mol
corresponds to the value of the differential heat of the
methane adsorption at 0.1 MPa and 293 K;!® the re-
gion which was not studied experimentally is designated
by a dash line. Discrepancies between the isosteric heats
of absolute adsorption for different temperatures are
within the limits of experimental accuracy.

In the initial range of filling, the heat of adsorption
increases due to arising intermolecular interaction
metnane—methane. With a rise in a number of the
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Fig. 7. Dependence of the heat of absolute adsorption on
filling.

methane molecules in the cavity of the zeolite, the
repulsive forces appear after n > 2, and the isosteric
heat of adsorption decreases respectively. The differen-
tial heat of methane adsorption on the same sample of
the Rho zeolite measured calorimetrically at 0.1 MPa
and 293 K,!® which is equal to 24 kJ/mol, is in line
with our results (Fig. 7). As was shown above, at 299 K,
methane diffuses very slowly into the zeolite pores and is
adsorbed generally at the outer surface of the crystals.
Therefore, the value of the differential heat of adsorp-
tion of 24 kJ/mol corresponds to the interaction of the
methane molecules with outer surface of the zeolite
crystals. At higher temperatures, the methane molecules
penetrate into the zeolite pores faster and the adsor-
bate—adsorbate interaction does not manifest itself in
this case. The heat of adsorption increases up to
37 XJ mol™!, respectively. The difference between the
heats of adsorption upon filling a cavity by one and two
molecules is equal to ~6 kj/mol (see Fig. 7). Calcula-
tion of the energy of the pair interaction CH,—CH,
performed according to the Lennard—Jones model!!
without considering polarizability showed that the en-
ergy of dispersive interaction at the distance of o =
0.3822 nm is equal to ~5 kJ/mol. Thus, one can con-
clude that the intermolecular interactions of the meth-
ane molecules contribute mainly to a change in the heat
of adsorption.

The equilibrium adsorption isotherms of benzene on
the same sample of Rho zeolite was measured on an-
other experimental setup at room temperature (291 K).
Benzene cannot penctrate to the pores of the Rho
zeolite at room temperature because of steric hindrance,
therefore, the adsorption isotherm of benzene measured
is due to the adsorption on the outer surface of the
zeolite crystals. The surface area, S, of the zeolite
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crystals calculated with the BET method was equal to
4.8 m?/g. On the basis of the kinetic diameter o of the
methane molecule and the value of the maximum excess
adsorption I ® Oy at 299 K and the surface area S,
the maximum adsorption volume at the outer surface of
the zeolite single crystals, W, was found to be
0.008+0.003 cm?’/g, and a maximum number of statisti-
cal monolayers is equal to three. The isotherm of abso-
lute adsorption at 299 K (Fig. S, curve 4) was calcu-
lated from the difference between the accessible volume
V... and maximum adsorption volume W at the surface
(see equation (3)). However, the above-presented calcu-
lation of the adsorption volume created by the outer
surface of the crystals is based on an idealized model,
whereas in fact, a dense packing of three layers of the
methane molecules and a sharp boundary of the transi-
tion to the density of the equilibrium gas phase are
highly improbable. According to another method,$ the
adsorption volume calculated on the basis of the iso-
therm of excess adsorption at 299 K measured experi-
mentally proved to be equal to 0.05+0.02 cm’/g. When
the outer surface area of the crystals is equal to 4.8 m?/g,
the corresponding height of the adsorption layer on the
surface of the crystals is equal to ~10 nm. Apparently,
such a great height of the adsorption layer of methane at
the surface of the crystals at 299 K is unlikely. There-
fore, to determine the height of the adsorption layer, it
is necessary to carry out similar measurements on a
nonporous solid adsorbent.
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