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Sorption methods remain the main means of inves-
tigating the porous structure of adsorbents and cata-
lysts. Holding the dominating position in this field of
science, they nevertheless need regular improvements
because of the widening variety of synthetic disperse
and porous materials. The impressive advances in the
synthesis of nanosized materials with various morphol-
ogies (particularly nanotubes [1–4]), with various
chemical and phase compositions, and with a wide vari-
ety of molecular-sized and similar nanosized pores
demand adequate progress in pore characterization
techniques, including adsorption methods.

A general situation in the development of experi-
mental investigation methods is employment of model
objects and procedures whose properties and specific
features are well known a priori. A conventional proce-
dure used in adsorption methods of texture character-
ization is low-temperature nitrogen sorption, whose
advantages and drawbacks have been studied in detail
(see, e.g., [5–7]). Textural data obtained by nitrogen
sorption for model samples can serve as a kind of refer-
ence in studies using other adsorbates for the same pur-
pose. A promising sorbate for the characterization of
microporous materials is molecular hydrogen at 77 K
owing to the small kinetic size of the dihydrogen mole-
cule (

 

σ

 

k

 

 = 0.289 nm) and its negligible activated diffu-
sion in micropores at 77 K.

Earlier, we demonstrated the possibility of applying
the physical adsorption of molecular hydrogen at 77 K
to the characterization of ultramicroporous and
microporous structures and revealed the specific fea-
tures of the energetically weak 

 

ç

 

2

 

 sorption on the
mesopore surface [8, 9].

Here, we report the application of molecular hydro-
gen adsorption at 77 K to the microtextural study of
ultrafine oxide materials and their mechanical mix-
tures, as well as a comparative procedure for processing
adsorption isotherms.

EXPERIMENTAL

The objects of this study were MCM-41, a uni-
formly mesoporous ultrafine silicate material with a
hexagonal pore structure [10]; zeolite ZSM-5 (Si/Al 

 

≈

 

40

 

), which has a uniform channeled microtexture; and
their mechanical mixtures. The composition of a mix-
ture was expressed in terms of the ratio of the zeolite
ZSM-5 weight to the total mixture weight, 

 

X

 

 (g/g), and
was varied between 0.200 and 0.590. Two ZSM-5 sam-
ples were examined, which were designated ZSM-5

 

a

 

and ZSM-5

 

b

 

. These samples had slightly different
degrees of crystallinity, and ZSM-5

 

a

 

 contained a minor
amount of an amorphous phase. Table 1 lists the spe-
cific surface areas of mesopores (

 

S

 

α

 

), micropore vol-
umes (

 

V

 

µ

 

), and limiting sorption volumes (

 

V

 

s

 

) derived
from low-temperature nitrogen sorption data for the ini-
tial samples.

Hydrogen adsorption isotherms were measured at
77 K using a Digisorb 2600 Micromeritics automated
volumetric device. The samples to be examined were
conditioned in vacuo at 400

 

°

 

C (ZSM-5) or 350

 

°

 

C
(MCM-41) for 5 h.

RESULTS AND DISCUSSION

Figures 1 and 2 plot hydrogen adsorption isotherms
(

 

T

 

 = 77 K) for the materials examined. The shape of the
isotherms and the absolute value of the amount
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Abstract

 

—The comparative processing of H

 

2

 

 adsorption isotherms obtained at 77 K is demonstrated to be
applicable to the investigation of the microtexture of the ultrafine oxide materials MCM-41 and ZSM-5 and
their mechanical mixtures. The H

 

2

 

 sorption method allows the micropore volume to be determined correctly for
mixed ultrafine microporous/mesoporous materials.
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Table 1.  

 

Texture parameters of MCM-41 and ZSM-5 sam-
ples derived from N

 

2

 

 adsorption isotherms

Sample

 

S

 

α

 

, m

 

2

 

/g

 

V

 

µ

 

, cm

 

3

 

/g

 

V

 

s

 

, cm

 

3

 

/g

MCM-41 1195 0 1.141

ZSM-5

 

a

 

110 0.14 0.293

ZSM-5

 

b

 

60 0.16 0.176



 

800

 

KINETICS AND CATALYSIS

 

      

 

Vol. 48

 

      

 

No. 6

 

      

 

2007

 

GAVRILOV

 

adsorbed (

 

A

 

Σ

 

(

 

P

 

)

 

) depend considerably on the compo-
nent ratio 

 

X

 

 because the zeolite has a higher 

 

ç

 

2

 

 sorption
capacity than the ultrafine mesoporous material
MCM-41.

Hydrogen adsorbed on the mesopore surface at 

 

T

 

 =
77 K, which is above the critical temperature, is mobile
and delocalized and tends to the formal monolayer cov-
erage as the pressure is increased. However, in the pres-
sure range examined, the amount of adsorbed hydrogen
corresponds only to a small fraction of the monolayer
coverage [9]. Considering the adsorption conditions in
our experiments, the absence of qualitative changes in

the shape of the isotherms (such as the changes caused
by two-dimensional phase transitions) is evidence that
the 

 

ç

 

2

 

 adsorbed on the mesopore surface is a two-
dimensional gas. Hydrogen sorption can be quantita-
tively characterized by the specific quantity 

 

α

 

(

 

P

 

)

 

 with
dimensions of (cm

 

3

 

NTP)/m

 

2

 

.

Hydrogen adsorption data for zeolite ZSM-5 are
more consistent with the concept of the pressure-
induced growth of the effective density of the adsorbed
phase throughout the micropore volume, so they can be
characterized by the specific quantity 

 

β

 

(

 

P

 

)

 

 with dimen-
sions of (cm

 

3

 

 NTP)/(cm

 

3

 

 micropore).

Figure 3 plots the pressure dependence of the ratio

 

K

 

(

 

P

 

) = 

 

β

 

(

 

P

 

)/

 

α

 

(

 

P

 

)

 

 (cm

 

–1

 

). Evidently, 

 

K

 

(

 

P

 

)

 

, which is a
kind of formal sorption enhancement coefficient for
micropores, is a function decreasing with increasing
sorbate pressure. A comparison between the two spe-
cific adsorption characteristics clearly illustrates the
role of the fact that, above the critical temperature of
the sorbate, the dispersion potential of the adsorption
interaction of molecules is higher in the micropore
space than on the mesopore surface (the absolute value
of this potential difference is not considered here). Fur-
thermore, the form of the 

 

K

 

(

 

P

 

)

 

 function provides a
qualitative explanation for the above-noted dependence
of the isotherm shape on the composition of the mixed
sample (Figs. 1, 2).

As in the case of low-temperature nitrogen adsorp-
tion on similar materials [11], there is good reason to
believe that 

 

ç

 

2

 

 sorption on each component of the
mixed samples also takes place independently. In this
case, the overall experimental sorption isotherm 

 

A

 

Σ

 

(

 

P

 

)

 

is the superposition of the isotherms 

 

A

 

a

 

(

 

P

 

)

 

 for ZSM-5
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Fig. 1.

 

 Hydrogen sorption isotherms for (

 

1

 

) MCM-41, (

 

4

 

)
ZSM-5

 

a

 

, and (

 

2

 

, 

 

3

 

) their mixtures; 

 

X

 

 = (

 

2

 

) 0.430 and (

 

3

 

)
0.544.
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Fig. 2.

 

 Hydrogen sorption isotherms for (

 

1

 

) ZSM-5

 

b 

 

and
(

 

2

 

–

 

4

 

) its mixtures with MCM-41;

 

 X

 

 = (

 

2

 

) 0.590, (

 

3

 

) 0.405,
and (

 

4

 

) 0.200.
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Fig. 3.

 

 Variation of 

 

K

 

 = 

 

β

 

/

 

α

 

 in the sorbate pressure range
examined.
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and 

 

A

 

b

 

(

 

P

 

)

 

 for MCM-41 taking into account the weight
fractions of the mixture components:

 

A

 

Σ

 

(

 

P

 

) = 

 

A

 

a

 

(

 

P)X + Ab(P)(1 – X), (1)

where X is the weight fraction of the zeolite in the
mechanical mixture of the sorbents.

The independence between sorption in the
micropore space and sorption on the mesopore surface
allows the general expression for the sorption isotherm
to be represented in such a way as to take into account
the texture parameters of the mixture components:

AΣ(P) = A0 + Vµ(P)X + Sαα(P)(1 – X), (2)

where A0 is the total amount sorbed due to specific
sorption (for example, on Lewis and other surface sites
[12]) and sorption in ultramicropores (as in previous
work, it is assumed here that A0 reaches its maximum at
minimal ç2 pressures and does not change as the pres-
sure is further raised).

Note that, when taking into account sorption on the
mesopore surface as Sαα(P)(1 – X) in Eq. (2), Sα is gen-
erally assumed to be the specific surface area of MCM-
41. Accordingly, the total specific surface area taking
into account the contributions from both components of
the mixed sample (Table 2) can be represented as S =
Sα(1 – X) + SzeolX ≈ Sα(1 – X); that is, for the given mix-
ture components at X ≤ 0.6, the contribution from the
zeolite mesopore surface area Szeol can be neglected (its
value is usually small and is often unknown a priori).
For the other mixtures of microporous and mesoporous
sorbents, one can use the experimentally measured
mesopore surface area.

Expression (2) makes it possible to analyze H2
adsorption isotherms for mixed sorbents by the “volu-
metric” comparative method using the equation

AΣ(P) – Sαα(P)(1 – X) = A0 + Vµβ(P)X

or

AΣ(P) – Sαα(P) = A0 + Vµβ(P)X. (3)

As α(P) values for comparative analysis of sorption
isotherms, we used averaged data obtained for the finest
mesoporous materials [9]. β(P) values were obtained
by averaging a large number of sorption isotherms for
ZSM-5 zeolites [8].

Figure 4 presents experimental ç2 sorption iso-
therms for mixed samples in the coordinates of Eq. (3).
It can be seen that all comparison plots pass through the
origin of coordinates, indicating that there is no signif-
icant specific sorption of hydrogen (A0 = 0).

The micropore volume data derived from the initial

portions of the comparison plots ( ) are listed in
Table 2, which also presents true values of the
micropore volume based on the weight fractions of the
zeolite in the samples (VµX). As compared to the con-
ventional procedure based on nitrogen adsorption, the
Vµ determination procedure based on ç2 sorption data
obtained at 77 K, suggested here for mixed ultrafine

Vµ
H2

microporous/mesoporous systems, provides better
agreement with independent (calculated) data, as is
clear from our previous publication [11].

In the case of nitrogen adsorption [11], the introduc-
tion of sites with an increased sorption potential
strengthens the total, initially weak sorption interaction
between the sorbate and the surface of the ultrafine
mesoporous material. This peculiar kind of compensa-
tion reduces the micropore volume measurable by the
conventional comparative method using reference data
[6] by a value depending on the degree of the initial
weakening of the adsorption interaction. The sorption
of molecular hydrogen does not have this specific fea-
ture, because the comparative processing of isotherms
is performed using α(P) values for the finest mesopo-
rous materials, which have the weakest absolute sorp-
tion properties [9].

Thus, hydrogen adsorption on mechanical mixtures
is an additive quantity. It is, therefore, possible to use
the comparative analysis of adsorption isotherms in the
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Fig. 4. Hydrogen sorption isotherms for mixed samples
with X = (1) 0.590, (2) 0.544, (3) 0.430, and (4) 0.200 in the
coordinates of Eq. (3).

Table 2.  Mesopore surface area (S) and calculated mi-
cropore volume (VµX) data for mechanical mixtures
of MCM-41 with ZSM-5a or ZSM-5b

X S, m2/g VµX, cm3/g , cm3/g

0.430 (a) 732 0.060 0.059

0.544 (a) 624 0.076 0.072

0.200 (b) 934 0.032 0.031

0.405 (b) 723 0.065 0.062

0.590 (b) 512 0.094 0.089

Vµ
H2
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investigation of the microtexture of mixed ultrafine
microporous/mesoporous materials.
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