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Adsorption of benzene on the V2O5/γγγγγ�Al2O3 catalyst
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Adsorption of benzene on the V2O5/γ�Al2O3 catalysts was studied in the temperature
interval from 443 to 493 K and at partial pressures of the adsorbate ranging from 1 to 400 Pa.
The adsorption isotherms were plotted. The isosteric heats and various entropy characteristics
of adsorption were determined. Mobility of benzene in the adsorption layer is restricted com�
pared to the model of ideal dimeric gas. The adsorbed amounts of benzene and chlorobenzene
are compared.
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The problem of characterization of active sites of va�
nadium oxide catalysts is of interest for many researchers.
Adsorption of chlorobenzene (CB) and benzene on
the γ�Al2O3 support and catalysts of deep oxidation of
the chloroaromatic compounds CuCl2/γ�Al2O3 and
V2O5/γ�Al2O3 has previously1—4 been studied. IR spec�
troscopic and thermodesorption studies showed that the
high�temperature adsorption of benzene on the vanadium�
aluminum oxide catalyst occurred to form a σ�complex
due to the dissociation of the C—H bond.5 It was assumed
in several works that benzene favors reduction of vana�
dium during adsorption on the vanadium oxide cata�
lysts.5—8 It was of interest to study the thermodynamics of
adsorption equilibrium in the benzene—V2O5/γ�Al2O3 and
CB—V2O5/γ�Al2O3 systems.

Experimental

The V2O5 (5%) catalyst on γ�Al2O3, whose synthesis has
previously4 been described, was used. The specific surface area
of the catalyst determined by the method of nitrogen desorption
was 115 m2 g–1. The true density obtained picnometrically using
the toluene method9 was 3.6 g cm–3. The pore volume found
from an increase in the weight of the samples pre�dried at 473 K
after saturation with benzene vapors in a desiccator at room
temperature was 0.8 cm3 g–1.

Adsorption isotherms were determined chromatographi�
cally10 in helium in the temperature interval from 443 to 493 K.
Experimental details have been described previously.4 Benzene
(reagent grade) distilled above freshly calcined zeolite NaA was
used for measurements.

The relative error of determination of the excessive amount
adsorbed (Γ) and partial pressure of the adsorbate (р) did not
exceed 5%. The error of calculation of the isosteric heat of
adsorption (qst) decreased monotonically with an increase in Γ:

from 5 kJ mol–1 for Γ = 0.9•10–10 mol m–2 to 2 kJ mol–1 for
Γ ≥ 35•10–10 mol m–2. The qst value was calculated from the
linear plot of lnp vs. inverse temperature at the specified Γ. The
error of calculation of the entropy characteristics of adsorption
was 7 J mol–1 K–1.

Results and Discussion

On introducing V2O5 on the support a remarkable
(28%) decrease in the surface area of the catalyst was
observed (the specific surface area of the support was
160 m2 g–1). It is most likely that the vanadium particles
are adsorbed on the support surface and structured to
prevent the access into micropores. Probably, these struc�
tures are not dimeric, although, as follows from the pub�
lished data,11—14 they are not yet the crystalline phase.
The concentration of V2O5 on the support surface calcu�
lated per V5+ ion was 4.8 µmol m–2. Accepting that for
the compact monolayer the concentration of V5+ is13

13 µmol m–2, we obtain the degree of filling 0.37. In
reality, it can be lower due to the possibility of the volume
pore filling and polylayer adsorption of the VOx particles.

The adsorption isotherms of benzene on the catalyst
under study are presented in Fig. 1. Their shape differs
insignificantly from that of the linear plots and are well
(with the determination coefficient r2 > 0.999) approxi�
mated by the equation of the Freundlich adsorption iso�
therm Γ = Ср1/n, where р is the partial pressure of the
adsorbate, and C and n are the temperature�dependent
coefficients. The plot of the n parameter vs. Т in the
temperature interval under study can be described by the
equation n(Т ) = 533/Т (r2 = 0.96).

The plot of qst of benzene vs. Γ (Fig. 2) coincides
within the experimental error with the similar plot ob�
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tained on the support,2 i.e., the modification of the
γ�Al2O3 surface by 5% vanadium oxide does not result in
the appearance of adsorption sites which are more active
toward benzene.

Comparison of the qst(Γ) plots for CB 4 and benzene
on V2O5/γ�Al2O3 (see Fig. 2) shows that they are close at
the coverages under study (this interval for CB is nar�
rower than that for benzene) and, meanwhile, tend to
deviate with an increase in the degree of filling. Note that
although the difference between qst of benzene and CB on
the support is small2 but still more noticeable than that on
V2O5/γ�Al2O3, being 6—12 kJ mol–1 depending on the
amount adsorbed. Thus, V2O5, when introduced in the
amounts lower than a half monolayer capacity of the sup�
port, levels out a weak difference in the energies charac�
terizing adsorption of benzene and CB on γ�Al2O3.

The quantitative characteristics of adsorption of the
adsorbates on V2O5/γ�Al2O3 and γ�Al2O3 can be obtained
from the adsorption isobars (Fig. 3). As can be seen, CB is

better adsorbed on V2O5/γ�Al2O3 than benzene. Since the
heats of adsorption of the adsorbates are close, the en�
hanced adsorption of CB is evidently related to the fact
that at the same temperature its saturation vapor pressure
is lower than that of benzene. The adsorption capacity of
the supported catalyst toward benzene (calculated per sur�
face unit) is higher than that of Al2O3.

Once qst is known, one can calculate the change in
the differential excessive entropy during adsorption
∆S

–s = –qst/T´, where T´ is the temperature to which the
qst value is referred; here T´ = 488 K. In the case where
adsorption obeys the equation of the Freundlich isotherm,
one can go from the differential entropy to the change in
the averaged�molar entropy (∆S

~s) using the expression15

∆S
~s = ∆S

–s + R[n(T´) + T´n´(T´)], where n´(T´) is the
derivative of the n(T ) function at the point T´, and R is
the universal gas constant. Comparison of the experimen�
tal ∆S

~s values with ∆S
~s

theor calculated from the model of
ideal dimeric gas16 gives some data on the behavior of
molecules in the adsorption layer. For this purpose, it is
convenient to use the function D = |∆S

~s| – |∆S
~s

theor|,
which characterizes the degree of mobility loss of the
adsorbate molecules in the adsorption layer. The ∆S

~s
theor

value is calculated using the formula16

–∆S
~s

theor = Rln(Γ/c) + R[0.5 + ln(2πmkT/h2)0.5], (1)

where с is the adsorbate concentration in the equilibrium
gas phase, m is the weight of the adsorbate molecule, h is
the Planck constant, and k is the Boltzmann constant.

As can be seen from the data in Fig. 4, the degrees of
mobility loss (D) for benzene and CB are higher than
zero. This indicates that molecules in the adsorption layer
are less mobile than molecules described by the model of
ideal dimeric gas. The decrease in the D values of the
adsorbed molecules with an increase in Γ is explained by
the fact that the molecules, which were first to adsorb on
the most active sites of the surface are stronger localized

Fig. 1. Adsorption isotherms of benzene (points) at 443 (1),
453 (2), 473 (3), 483 (4), and 493 K (5). The isotherms calcu�
lated using the Freundlich equation are shown by solid lines.
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Fig. 2. Isosteric heats of adsorption (qst) of benzene (1) and
chlorobenzene (2) on V2O5/γ�Al2O3 as a function of the
amount adsorbed (Γ). The data refer to temperature intervals of
443—493 К (benzene) and 463—513 K (chlorobenzene) inside
which qst is independent of Т.
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Fig. 3. Adsorption isobars of chlorobenzene on V2O5/γ�Al2O3 (1),
benzene on V2O5/γ�Al2O3 (2), and benzene on γ�Al2O3 (3) at
р = 10 Pa.
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than the molecules adsorbed from the next portions of the
adsorbate. As the amount adsorbed increases, the proper�
ties of the adsorption layer approach those of the ideal
dimeric gas. The D function decreases with retardation.
The D function decreases sharply with an increase in Γ to
∼10–10 mol m–2, whereas with the further increase in Γ,
the degree of mobility loss decreases fairly weakly. There�
fore, the number of sites to which the adsorbate mol�
ecules are attached on the catalyst and support sur�
face2,3 for a relatively long time is very small (∼10–2%
surface).

The plots of the D functions for benzene and CB run
parallel, but the D value is higher for benzene. Analysis of
the data in Table 1 and in a similar table published previ�
ously4 shows that D(benzene) > D(CB) due to the differ�
ence in ∆S

~
theor of the adsorbates. This difference, in turn,

is related to the fact that the term Rln(Γ/c) in the right
part of Eq. (1) for benzene is by ∼10 J mol–1 K–1 lower
than that for CB. The second term of this equation
differs insignificantly for the adsorbates (215.7 and
217.2 J mol–1 K–1 for benzene and CB, respectively). Tak�
ing into account that the isosteric heats of adsorption of
the adsorbates coincide, we can explain the lower Γ/c
ratio for benzene by a higher pressure of the saturated
benzene vapor.

Mobility of adsorbed molecules is known to increase
with temperature. The temperature, above which the ad�
sorption layer is formally similar to the ideal dimeric gas,
can be estimated using the temperature plot of the expo�
nent in the equation of the Freundlich isotherm. When
the temperature increases, the power dependence between
Γ and р is degenerated to a linear plot. In the transition
point n(T ) = 1.

The temperature in the transition point (Тtr) is 533 K
for the benzene—V2O5/γ�Al2O3 systems. Using this value,
one can estimate the order of the upper limit for the
activation energy (Ea) of surface diffusion. The Ea value
should be lower than the energy per degree of freedom of
the forward movement at the temperature Тtr, i.e., 0.5RTtr,
which is ∼2 kJ mol–1.

According to the thermodynamic characteristics, ben�
zene adsorption on the V2O5(5%)/γ�Al2O3 catalyst is simi�
lar to the adsorption of CB. The observed differences are
related to a higher saturation vapor pressure of benzene.
This confirms the conclusion17 that, when the V2O5 con�
centration in the V2O5/Al2O3 catalyst does not exceed
10%, the type of acidity of the support remains unchanged
but the distribution of acid�site strengths becomes more
uniform, although the fraction of weak sites increases.
This explains, most likely, why the isosteric heats for ben�
zene and CB adsorption on V2O5/γ�Al2O3 and γ�Al2O3
are close.
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Table 1. Entropy characteristics of benzene adsorption on
V2O5/γ�Al2O3 (Т = 488 K)

Γ•109 –∆S
~s –∆S

~s
theor

/mol m–2
J mol–1 K–1

0.09 161.6 95.0
0.44 147.8 93.7
0.87 141.8 93.2
1.74 135.9 92.7
3.48 130.0 92.1
8.70 122.1 91.4
17.4 116.1 90.8
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