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Abstract—The adsorption of N,, O,, and Ar vapors on anumber of supermicroporoustin dioxide and zirconia
xerogels at 77.4 K was studied. The micropore volumes cal culated with the use of sorbate densities at the cor-
responding temperature were found to be in satisfactory agreement for all of the sorbates. At the sametime, the
volumes of larger pores measured using nitrogen were greater than the values found with other sorbates. The
previously found behavior of oxygen and nitrogen moleculesin the geometrically restricted space of supermi-
cropores was substantiated. In particular, this behavior manifestsitself in a change in the adsorption properties
of aunit surface area of supermicropores as compared with the surface of mesopores. However, the effects of
this kind were not found for the argon—nitrogen sorbate pair.

INTRODUCTION

The formation of a microporous structure is typical
of the synthesis of porous Group 1V element oxides,
including binary oxides, by precipitation. These oxides
are in wide current use as selective adsorbents, ion
exchangers, catalyst supports, and catalyticaly active
substances [1]. It was also noted [2] that the catalytic
properties of organometallic palladium complexes sup-
ported on activated carbon in the reaction of cyclohex-
ane hydrogenation depend on the micropore and super-
micropore structure parameters of the support. The
adsorption study of such microporous structuresis also
required for solving a number of other problems, for
example, in studies of the intercalation of ions or the
introduction of a titania phase as pillars into the inter-
layer space of naturally occurring pillared clay miner-
as[3-5].

At the same time, the use of traditional adsorption
methods for studying the texture of these samples
involves anumber of problems. Thisisprimarily dueto
the special behavior of sorbate molecules in the geo-
metrically restricted space of micropores, which exhib-
its an increased adsorption potential. The behavior of a
sorptive in the pore space of supermicropores is the
least understood aspect.

Recall that adivision between “true” micropores and
supermicropores, which wasfirst introduced by Dubinin
[6], ismainly based on geometric pore sizes. Micropores
withr <0.6-0.7 nm are considered as“true’” micropores,
wheress the size of supermicropores lies within arange
from 0.6-0.7 to 1.5-1.6 nm; the upper limit is restricted
by aminimum size of mesopores.

It is well known that true micropores are filled by
the mechanism of volume filling, whereas it is likely
that adsorption in the supermicropore volume primarily
occurs by the mechanism of layer-by-layer filling

[6-8]. Inthis context, it would be expected that the fun-
damental dependence of the sorption mechanism on the
pore size of a sorbent is also responsible for different
behaviors of various sorbate molecules in the space of
SUpermicropores.

The aim of this work was to study the physical
adsorption of nitrogen, oxygen, and argon vaporsin the
supermicropores of tin dioxide and zirconia, which
were prepared by precipitation, at 77.4 K.

EXPERIMENTAL

The samples of SnO, and ZrO, were prepared by
precipitation in accordance with the previously pub-
lished procedure [9, 10]. To extend the range of test
structures, a portion of the samples was additionally
modified, for example, by varying the time 1 (h) of gel
aging in anintermicellar medium [11].

The adsorption isotherms of N,, O,, and Ar vapors
at 77.4 K were measured on a Digisorb-2600 Micro-
metrics automated volumetric instrument (USA).
The oxide samples were trained in a vacuum at
160°C for 6 h to retain their developed but thermally
labile micropore structures. To exclude the possible
effect of an irreproducibility in the texture parameters
of samples prepared at different times and to compare
correctly the experimental results, the adsorption mea-
surements with al of the sorbates were performed
using the same weighed potions of samples.

The vapor adsorption isotherms were treated by the
comparative method [12], which is an analog of the
well-known t-method [13], with the use of published
data [13-15] for the test sorbates as reference iso-
therms. Thus, the surface areas S, (m?/g) and the
micropore volumes V,, (cm?’/g) accessible to sorbate
molecules were calcurated for an isotherm region of
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Fig. 1. Adsorption isotherms of nitrogen vapor at 77.4 K on
ZrO, samples prepared at pH (1) 5.5, (2) 5.0, (3) 4.5, and
(4) 4.0 (aging for 10 h).

P/P,=0.1-0.3. The supermicropore volume
V,, (cm?/g) can be calculated using the comparative
method in the region of P/P, = 0.8-0.9 for the samples
whose adsorption isotherms exhibit no capillary-con-
densation hysteresis (hence, anoticeable mesopore vol-
ume is absent from these samples). The surface area at
which layer-by-layer adsorption occurs (this value is
negligible in the absence of a noticeable mesopore vol-
ume) and the total volume V,, , i, of micro- and super-
micropores filled with a sorbate can be calculated by
this procedure. The volume of supermicropores was
then calculated by the obvious relation V, = (V, ;. —
V) [16].

Thetrue density of samples p (g/cm?) was measured
on an Autopycnometer-1320 Micrometrics instrument
(USA) using helium. The X-ray diffraction analysis
was performed on a URD-63 diffractometer in filtered
CuK, radiation.

RESULTS AND DISCUSSION

The sorbates employed in this work are most com-
monly used in the adsorption studies of pore structures
[12]. This is because they are versatile with respect to
test samples (the chemical composition and texture
parameters can be varied over awide range) and readily
available, and their individua physical properties are
well understood.

The X-ray diffraction data (the absence of clear-cut
characteristic linesfrom X-ray diffraction patterns) and
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Fig. 2. Adsorption isotherms of oxygen at 77.4 K on SnO,
samples prepared at pH (1) 6 and (2) 8.

the measurements of the true densities of the test xero-
gels suggest that all of the test samples were mainly
amorphous. Indeed, the values of p were equa to
3.9-4.0 and 4.9-5.0 g/cm? for ZrO, and SnO, xerogels,
respectively. The above true densities are much lower
than the corresponding values for crystalline madifica-
tions: 5.89 g/cm’® for monoclinic zirconium dioxide
[17] and 6.95 g/cm? for tin dioxide as cassiterite [18].
Consequently, both the structure of xerogel framework
elements and the pore space formed by them would be
expected to beirregular.

Figures 1 and 2 demonstrate the isotherms of N, and
0O, adsorption at 77.4 K on ZrO, and SnO, xerogelsthat
were prepared by precipitation at various pH valuesand
aged for different times. It can be seenin Figs. 1 and 2
that some isotherms (primarily, on ZrO,) showed
weakly pronounced capillary-condensation hysteresis,
whereas tin dioxide prepared under certain conditions
exhibited no capillary-condensation hysteresis (conse-
quently, the mesopore volume seems to be negligible).

Tables 1 and 2 summarize the following main tex-
ture parameters of xerogels: the limiting volume V; of
the sorption space, the micropore volume V,, and the
surface area §,, which were calculated from the sorp-
tion of the test sorbates. The set of these data indicates
that the values of V; measured with nitrogen are notice-
ably higher than those obtained from the adsorption of
oxygen and argon; in turn, the latter values are close to
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Table 1. Parameters of the porous structure of ZrO, samples cal culated from the adsorption isotherms of N,, O,, and Ar

Sample | Precipita- s(Nz) s(Oz) V(AT), p(NZ) Vu(O2), | VAN, | &(No), | (O, | S(Ar),
no. tion pH cm¥g cm¥g cm®/g cm®/g cm®/g cm3/g m2/g m/g m/g
1 55 0.152 0.135 0.134 0.018 0.010 0.022 240 335 292
2 5.0 0.125 0.109 0.108 0.038 0.032 0.037 165 221 210
3 45 0.080 0.076 0.075 0.030 0.031 0.031 102 127 131
4 4 (10 h)* 0.083 0.076 0.071 0.034 0.034 0.032 87 107 112
5 4 (22 h)* 0.092 0.079 0.071 0.038 0.034 0.034 79 104 101

* Thetime of aging is given in parentheses.

Table 2. Parameters of the porous structure of SnO, samples calculated from the adsorption isotherms of N,, O,, and Ar

Sample | Precipita | Vi(No), | V4O, V(AT), p(NZ) Vu(O2), | VAN, | &N, | S(Oy), | S(Ar),
no. tionpH | cmg cm/g cm/g cm®/g cm3/g cm3/g m/g mlg m/g
6 6 0.078 0.073 0.072 0.036 0.036 0.036 85 108 108
7 8 0.057 0.053 0.052 0.033 0.034 0.033 49 55 59

each other. At the same time, as a rule, the micropore
volumes for all sorbates were in mutual agreement.
There is no agreement between the surface areas S,
determined with different sorbates by the comparative
method. Table 3 gives the supermicropore volumes V,
for the samples with no detectable contribution from
capillary condensation and the corresponding ratios
between surface aress.

Previoudly [16, 19], a preliminary analysis of data
on the adsorption of N, and O, vapors on tin oxide and
zirconiaat 77.4 K was performed. It was found that the
experimental supermicropore surface areas measured
by oxygen and nitrogen adsorption (S,(0,) and §,(N,),
respectively) as functions of the volume of supermi-
cropores in the sample (V,,), as measured by oxygen
adsorption, are described by thefollowing simplelinear
equation with two terms:

Su(02)/Su(N;) = 1+K(Vg,—Vg), D
where k is the dope, which is equa to
15.9 m*(0,) gm=2 (N,) cm= in the case of ZrO,, and

V¢, is the calculated threshold value of the supermi-

cropore volume, which is determined from the obvious
constraints

SJ(OZ)/ Su(Nz) =1

S(O)/S(Ny) > 1

For ZrO,, this parameter is= 0.022 cm?/g. It was noted
that ZrO, samples prepared under essentially different
synthesis conditions exhibited a uniform experimental
function. For tin dioxide, the value of k was
13.6 m*(O,) g m2(N,) cm2and Vg, =0.011 cm?/g. It
can be seen that the values of k differ insignificantly,

atVy, < Vg, a

at Vg, > Vg,.

whereas the difference between the threshold parame-
ters Vg, is more pronounced.

Figure 3 shows a correlation of the supermicropore
volumeswith the ratio between supermicropore surface
areas for different sorbates based on the entire set of
experimental data obtained both in thiswork and previ-
ously [16, 19]. It can be seen that, in general, the behav-
ior found earlier was retained.

A good agreement between the volume V, of
micropores accessible to various sorbate molecula
(Tables 1, 2) isindicative of either the unchanged den-
sities of sorbates under these conditions, as compared
with their bulk phase densities at the given temperature,
or the same change in the densities. The fulfillment of
the so-called Gurvich rule for other microporous mate-
rials, zeolites, the pore-space volume of which can be
determined using X-ray techniques, was considered in
detail [20]. It was found that, as arule, the density of a
sorbed phase is equal to the value for the bulk phase
under the same temperature conditionsif the pore space
isfully accessible to sorbate molecules.

At the sametime, thelimiting volume V; of the sorp-
tion space measured by oxygen and argon adsorption
with consideration for the density of the sorbate bulk
phase at the given temperature is somewhat lower than
that measured by nitrogen adsorption. A similar phe-
nomenon was observed previously [21, 22] in argon
adsorption on mesoporous heterogeneous catalysts at
77.4 K, and it was associated with the possible phase
transitions of argon in a supercooled state. Data on the
adsorption of various gases on mesoporous samples
were also compared in recent times. For example, the
sorption of nitrogen, argon, krypton, and carbon diox-
ide on regular mesoporous silicate materials MCM-48
and MCM-41 at different temperatures[23, 24] and the
adsorption of nitrogen, oxygen, and argon on severa
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regular mesoporous silicates different in morphology
[25] were studied. In genera, the problem of the den-
sity of a sorbate in mesopores at a temperature lower
than the boiling point was considered with caution, and
the appearance of anomalous values was not excluded.

Phase transitions in supercooled nanosized hetero-
geneous systems are multifactor processes, which
affect structural, thermodynamic, and electronic prop-
erties. Presently, it isdifficult to predict the behavior of
such systems on the quantitative level [26].

The temperature at which the adsorption measure-
ments were performed (77.4 K) is aso lower than the
boiling temperature of oxygen (90 K). Consequently,
the behavior of abulk sorbate phasein poreslarger than
true micropores can also be anomalous for this sorbate.
In the test oxide series, these are primarily supermi-
cropores. Consequently, it is reasonable to believe that
the phase properties of Ar and O, in supermicropores at
77.4 K are closer to sorbate properties in mesopores
rather than true micropores. Thus, it may be considered
that, under these conditions, only the density of a
sorbed nitrogen phase is constant in pores of different
sizes, and it is consistent with the value for the bulk
phase of liquid nitrogen at the temperature of the exper-
iment.

The heat of sorption is the main factor responsible
for the behavior of sorbate molecules in the space of
pores. It depends on both the molecular structure of the
sorbate and the properties of the surface [27, 28]. The
molecules of N, are characterized by specific sorption
on energetically nonuniform surfaces due to aconsider-
able quadrupole moment —4.67 x 104 C m?, as com-
pared with the quadrupole moment of the O, molecule
—1.34 x 10*° C m?. Moreover, the nonspecific disper-
sion interaction, which considerably depends on the
polarizability of sorbate molecules, is predominant in
nitrogen as compared with O, and Ar molecules
(according to reference data [18], the sorbate polariz-
ability coefficients are 1.74, 1.57, and 1.63 A3, respec-
tively). Because of this, asarule, the heat of physisorp-
tion for nitrogen is higher than that for oxygen or argon
on the same samples[13, 29]. For example, in a particu-
lar case of typical mesoporous materials, this manifests
itself in the fact that the energy constant C of the BET
equation (this constant characterizes the pure heat of
adsorption) for nitrogen (C = 100) ishigher than the corre-
sponding values for oxygen and argon (C = 50-60) [12].

It is likely that the greater heat of nitrogen adsorp-
tion, as compared with the other test sorbates (as
expected, also on the surface of supermicroporous
oxides), is favorable for the retention of a constant
value of the sorbed phase density regardless of pore
size. The stronger interaction of nitrogen simulta-
neously affects its adsorption properties.

Table 3 summarizes the supermicropore volumes
V4u(N,) measured by nitrogen adsorption; these data
make it possible to check the above correlation
S(0,)/S(N,) = f(V,). Taking into account the above
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Fig. 3. §,(0,)/S(N,) ratio between surface areas asafunc-
tion supermicropore volume (V) measured using oxygen
for (1) ZrO, or (2) SnO,.

consideration on the changein sorbate density in super-
micropores, this relationship seems to be more justi-
fied.

Figure 4 demonstrates the relevant datafor zirconia.
It can be seen that, in contrast to the results obtained
using oxygen adsorption, which are qualitatively con-
sistent with Fig. 3, the values of S,(Ar)/S,(Ny)
remained almost constant rather than changed with
increasing volume of supermicropores. In general, tin
dioxide exhibited a similar tendency.

Previoudly [16], it was assumed that thevalue of kin
Eq. (1) reflects relative changes in the absolute values
of adsorption in supermicropores and mesopores for
the test sorbates. Consequently, in the case of the
argornitrogen pair of sorbates, these changes are
absent. The fact that the ratio S,(Ar)/S,(N,) is different

Table3. Comparison between the surface areas §, mea
sured using different sorbates

Sample |Vg,(0,), V4, (N>),
rople Va2 Vailiak s, 018N | SADIS(ND
1 - - 1.40 122
2 - 0.083 1.34 1.28
3 0.045 | 0.056 1.25 1.29
4 0.035 | 0.041 1.23 1.29
5 0.032 | 0.035 1.32 1.28
6 0.034 | 0.040 1.27 1.26
7 0.018 | 0.022 1.13 1.20
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Fig. 4. §,(0,, Ar)/S;(N,) ratio between surface areas as a
function supermicropore volume (V) measured using
nitrogen on ZrO, for (1) O, or (2) Ar as a sorbate.

from unity is indicative of some differences between
the specific adsorption properties of zirconia and tin
dioxide with respect to the given sorbates. Evidently,
these differences are not related to the specific behav-
iors of these sorbates in supermicropores.
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