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Abstract—A comparative study of the adsorption of N,, O,, and Ar vapors on supermicroporous and fine-
mesopore silica at 77 K is carried out. The oxygen sorption properties of these silica materials, like those of tin
oxide and zirconia (earlier studied materials), are affected by supermicropores. Argon sorption is insensitive to
the presence of supermicropores. Fine mesopores also have an effect on the oxygen sorption properties of silica.

The pore structure of heterogeneous catalysts, sup-
ports, adsorbents, and other finely dispersed and porous
materials is commonly studied by sorption methods
using conventional sorbates such as N,, O,, and Ar at
liquid-nitrogen temperature (77 K). In most cases,
mutually consistent procedures have been developed
for processing adsorption isotherms for meso- and
macroporous materials [1, 2].

At the same time, the existence of micropores and
supermicropores in the pore space of the materials
examined gives rise to specific behaviors of various sor-
bates in the pore space with an increased adsorption
potential [3]. These features of sorption necessitate
additional reconciliation of data, for example, specific
surface areas calculated for various adsorbates.
Recently, research in this field has become much more
intensive. On the one hand, this rising interest is due to
the impressive progress in the development of new syn-
thetic procedures for fine-pore materials and is focused
on the search for new applications. On the other hand,
this interest is due to the possibility of investigating
readily available, chemically diversified materials with
regular supermicroporous and fine “zeolite-like” meso-
porous textures, whose parameters can also be reliably
measured by methods other than gas adsorption [4, 5].

The goal of this work is to study the behavior of N,
0O,, and Ar molecules in the supermicropores and fine
mesopores of oxide materials.

EXPERIMENTAL

The following porous oxide materials were exam-
ined: tin oxide and zirconia, which had already been
reported in an earlier paper [3]; the fine-mesopore
material MCM-41, with a hexagonal structure, which
had been studied in detail [6]; and silica materials with
a fine-pore structure named SM-1 and SM-2.

N,, O,, and Ar adsorption isotherms at 77.4 K were
measured on a DigiSorb-2600 Micromeritics (United
States) automated volumetric setup. Samples were

pumped at 300°C for 5 h immediately before adsorp-
tion runs. To rule out any irreproducibility of structural
parameters and to compare the results correctly, sorp-
tion measurements for all sorbates were carried out on
the same sample.

Adsorption isotherms were processed by a compar-
ative method [1], which is an analogue of the widely
known ¢ and o, methods [2], with the use of known data
for Ar [2], N, [7], and O, [8] adsorption on oxide mate-
rials. Comparative plots were constructed for P/P,=
0.05-0.20, a region lying before the onset point of cap-
illary condensation, which causes deviations from lin-
earity. Analysis of these plots allows one to calculate
the specific surface area S, (m?/g) and the micropore
volume accessible to each sorbate V, (cm?/g).

The limiting volume of the sorption space V, (cm?/g)
was calculated from the ultimate adsorption data and
from molar sorbate volumes at 77 K (N,, 34.7 cm*/mol,
0,, 26.2 cm?/mol; Ar, 27.3 cm’/mol). The equivalent
pore-size distribution of the mesopore volume was
evaluated from the desorption branch of the nitrogen
adsorption isotherm using the Barrett—Joyner—Halenda
(BJH) method [2].

RESULTS AND DISCUSSION

As has been shown in [3], the behaviors of nitrogen,
oxygen, and argon molecules in supermicropores differ
substantially. This difference manifests itself as the fact
that the supermicropore surface in tin oxide and zirco-
nia shows different relative sorption properties toward
oxygen and nitrogen molecules, whereas this effect is
not observed for the argon—nitrogen pair. This results in
a linear dependence of the parameter S,(0,)/S,(N,) on
the supermicropore volume V, (this parameter exceeds
unity noticeably) and in the absence of such a depen-
dence for S,(Ar)/S,(N,). It was demonstrated [3] that
S«(N,) is a reference value owing to the higher energy
of interaction between the nitrogen molecule and the
surface. The question arises of whether these features
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Fig. 1. (1) Nitrogen, (2) oxygen, and (3) argon adsorption
isotherms at 77 K for (a) MCM-41, (b) SM-1, and (c) SM-2.

are also characteristic of the finest mesopores bordering
on supermicropores. In this connection, it seems obvi-
ous that, even in typical mesoporous systems, the
adsorption properties of the surface toward the sorbates
considered are not specific and, therefore, the calculated
values of specific surface area must be mutually consis-
tent.

Figure 1 presents adsorption isotherms for the fine-
pore adsorbents MCM-41, SM-1, and SM-2, and the
table lists the texture parameters of these adsorbents.
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Fig. 2. S,(0,)/Sy(N,) versus supermicropore volume:
(1) ZrO,, (2) SnO, [3], and (3) silica materials studied.

The shape of the sorption isotherms, especially the
shape of the capillary condensation loop, indicates that
the mesopores are mainly fine. This inference is con-
firmed by differential pore-size distribution data
(Fig. 2). However, true micropores of volume V, are
absent in these samples. This follows from the analysis
of the comparative plots of sorption isotherms for the
sorbates examined (no typical positive ordinate inter-
cepts) as well as from the parameters of the BET equa-
tion (energy constants Cggr; table), which do not
exceed values typical of these sorbates on macro- and
mesoporous materials.

The substantial difference in the limiting sorption
space V, between the sorbates, specifically, the fact that
the AV, values derived from the nitrogen sorption iso-
therms are higher, is likely due to the changes in the
density of adsorbed argon and oxygen in the overcooled
state and in larger mesopores. As can be seen from
Fig. 1a, such pores are present in MCM-41 probably as
gaps between ordered mesophase blocks. The possibil-
ity of variations in sorbate density below the boiling
point was discussed previously [3].

At the same time, the limiting volume of the sorp-
tion space (V,) differs markedly from the cumulative
mesopore volume (V) derived by the BJH method from
nitrogen desorption isotherms for the whole range of
mesopore sizes in the SM samples. The V./V, ratio is
approximately equal to =1 for MCM-41, whereas this
ratio is 0.94 for SM-1 and 0.86 for SM-2. One can
assume that the deficient pore volume (the difference
between the limiting volume of the sorption space and
the cumulative mesopore volume) is due to supermi-
cropores, that is, pores with typical sizes from 0.6-0.7
to 1.5-1.6 nm [9, 10], which cannot be analyzed by the
capillary condensation method. Hence, the supermi-
cropore volume is estimated at ~0.01 cm®/g for MCM-41,
~0.04 cm?/g for SM-1, and 0.08 cm?/g for SM-2.
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Textural characteristics of MCM-41, SM-1, and SM-2 calculated from N,, O,, and Ar sorption isotherms at 77 K
Sorbate Sy m%/g V,, cm’/g V., cm’/g SpEr, M2/g Cper Sy()ISy(Ny) | AV, cm’/g
MSM-41

N, 1195 1.142 1.132 1094 75 -

0, 1374 1.072 - 1211 32 1.15 0.07

Ar 1186 0.931 - 1101 39 0.21
SM-1

N, 637 0.589 0.553 613 87 1 -

0, 837 0.500 - 983 12 1.31 0.09

Ar 654 0.432 - 658 40 1.02 0.16
SM-2

N, 1034 0.596 0.519 932 70 1 -

0, 1547 0.553 - 1331 19 1.50 0.04

Ar 1066 0.537 - 1048 31 1.03 0.06

It follows from the table that S,(O,)/S,(N,) > 1 for
all of the materials examined, particularly for the SM
ones. This is not the case for S,(Ar)/S,(N,). This fact
confirms earlier data indicating that oxygen sorption,
unlike argon sorption, is sensitive to the presence of
supermicropores [3].

According to [3], the phenomenological correlation
between S,(0,)/S,(N,) and supermicropore volume can
be expressed as

Sa(0)/So(Np) = 1+ k(Vy, = V), ey

where k is the relative change in the absolute values of
oxygen adsorption in supermicropores and mesopores.
It follows from Fig. 3 that k is significantly lower for the
fine-pore silica materials than for tin and zirconium
dioxides [3]. Furthermore, there is no “threshold” V;"u
value starting at which S,(O,) grows relative to S,(N,).
One can assume that the change in the above depen-
dence is due to the fact that the texture compositions of

the oxides under consideration are fundamentally dif-
ferent.

The oxide systems considered are not texturally uni-
form and contain pores of various types, whose adsorp-
tion properties are fundamentally different. At the same
time, the series of samples studied supplement one
another. The tin and zirconium oxides studied in [3]
were microporous and supermicroporous and con-
tained no considerable volume of mesopores. By con-
trast, the adsorbents MCM-41, SM-1, and SM-2 con-
tain no true micropores but have a developed fine-
mesopore texture and some volume of supermi-
cropores, which is estimated above.

The absence of a threshold value of the supermi-
cropore volume V7 for SM suggests that this parame-
ter is related to a boundary region between micropores

and supermicropores. In this case, V:L , which takes
different values for tin and zirconium oxides, can serve
as a characteristic of this region. The reliability and use-

fulness of this characteristic will increase with accumu-
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lation of new experimental data for other porous mate-
rials with a similar transition region.

It follows formally from ratio (1) and Fig. 3 that
S{(0,)/S,(N,) for the fine-pore silica materials is some-
what larger than unity even if supermicropores are
absent from the sample. Therefore, the changes in the
relative oxygen sorption properties of the surface cover
the region of the finest mesopores. In this case, ratio (1)
can be presented in a more general form:

5a(02)/Sy(Ny) = b(D) +k(Vy = V), 2

where b(D) is the parameter taking into account the
contribution from the finest mesopores. Ratio (2) is
valid only for part of the pore space, and it is likely due
to this fact that (D) is constant for MCM-41 and SM,
which are characterized by different pore size distribu-
tions (Fig. 2). It follows from the data for the silica
materials (Fig. 3) that b has a constant value of ~1.1.
Note again that the dependence of H(D) on pore size and

Sa(02)/So(Ny)
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Fig. 3. Pore size distribution of the pore volume calculated
from nitrogen desorption isotherms: (/) MCM-41,
(2) SM-1, and (3) SM-2.
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Fig. 4. Scheme illustrating how adsorption capacity
depends on the pore size and type.

the fact that b approaches unity for larger mesopores
follow from general considerations.

It is appropriate to assume that k, which changes
from 15.4 m? for ZrO, [3] to 5 m? for the silica materi-
als, depends on the chemical nature of the surface. For
a more comprehensive study of the behavior of this
parameter, it is necessary to examine a wider variety of
systems. This will be the subject of forthcoming publi-
cations.

Figure 4 presents a scheme showing how the O, and
Ar sorption capacities of the surface change with the
size of the main types of fine pores. This scheme sums
up the data presented here and in [3]. The difference in
sorption properties between the pores considered and
the meso- and macropores, which manifests itself in the
specific behavior of oxygen molecules, covers the
region of supermicropores and the finest mesopores. At
the same time, no specific behavior was observed for
argon adsorption. It is well known that argon adsorp-
tion in true micropores proceeds via a bulk filling
mechanism [9] and its value is not proportional to the
geometric surface area (the solid—gas interface). There-
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fore, the comparison and analysis of the sorption prop-
erties by the method described in the work are incor-
rect. This is indicated by a dotted line in the scheme.

Thus, if S,(0,)/S,(N,) exceeds unity, regions of
supermicropores and finest mesopores are present in
the pore space.
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