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INTRODUCTION

Vanadium–titanium oxide catalysts modified with
molybdenum and molybdenum–titanium oxide cata-
lysts are used in a number of important processes of
partial oxidation. For example, molybdenum–titanium
catalysts exhibit high activity in the partial oxidation
reactions of toluene [1], olefins [2], and alcohols [3].
Vanadium–titanium catalysts with molybdenum addi-
tives are active and selective in a number of partial oxi-
dation reactions, such as benzene oxidation to maleic
anhydride [4–6], 

 

ortho

 

-xylene oxidation to phthalic
anhydride [7, 8], and toluene oxidation to benzalde-
hyde [9]. It is also well known [10–12] that these cata-
lysts also exhibit high activity in the selective reduction
of nitrogen oxides with ammonia.

We should focus our attention on an improvement in
the stability of a vanadium–titanium catalyst in a reac-
tion mixture upon catalyst modification with molybde-
num [12]. Although few data on the formation of an
active component of these catalysts were published [13,
14], the formation of their pore structures was almost
not studied.

The aim of this work was to examine the effect of
the conditions of thermal treatment of Mo–Ti–O and
V–Mo–Ti–O catalysts on the formation of pore struc-
tures over a wide range of temperatures.

EXPERIMENTAL

A Mo–Ti–O catalyst with the composition 10 wt %
MoO

 

3

 

 and 90 wt % TiO

 

2

 

 was synthesized by the mixing
of titanium hydroxide (anatase), which was prepared by

the industrial sulfuric acid technology [15], and an
ammonium paramolybdate solution followed by spray
drying, the pelletization of the resulting powder, and
thermal treatment at 

 

110–700°ë

 

 in a flow of air.

The V–Mo–Ti–O catalyst with the composition
20 wt % V

 

2

 

O

 

5

 

, 5 wt % MoO

 

3

 

, and 75 wt % TiO

 

2

 

 was
synthesized by the mixing of titanium hydroxide (ana-
tase) with ammonium paramolybdate and vanadyl
oxalate solutions followed by spray drying, pelletiza-
tion, and thermal treatment at 

 

200–700°ë

 

 in a flow of
air. In the course of high-temperature calcination for
4 h, the catalysts exhibited no detectable changes in the
chemical composition because of the volatility of their
components. The concentrations of V and Mo were
determined by atomic absorption spectrometry on a
Saturn spectrometer.

The pore structure of the prepared catalysts was
studied by the low-temperature (77.4 K) adsorption of
nitrogen on a DigiSorb-2600 Micrometrics instrument.
The true density 

 

ρ

 

 (g/cm

 

3

 

) was measured on an Auto-
Pycnometer-1320 Micrometrics instrument using
helium. The total pore volume 

 

V

 

Σ

 

 (cm

 

3

 

/g) and the
porosity 

 

ε

 

 (cm

 

3

 

/cm

 

3

 

) were calculated from the bulk
density 

 

δ

 

 (g/cm

 

3

 

) and the true density by the commonly
used relationships 

 

V

 

Σ

 

 = (0.6/

 

δ

 

 – 1/

 

ρ

 

)

 

 and 

 

ε 

 

= 

 

V

 

Σ

 

ρ

 

/(1 +

 

V

 

Σ

 

ρ

 

)

 

. The limiting sorption-space volume 

 

V

 

s

 

 (cm

 

3

 

/g),
that is, the micro- and mesoporous part of the pore
space, was directly determined from adsorption exper-
iments. The meso- and macropore surface area 

 

S

 

α

 

(m

 

2

 

/g) and the micropore volume 

 

V

 

µ

 

 (cm

 

3

 

/g) were
determined by a comparative method of treating N

 

2

 

adsorption isotherms in accordance with a published
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Abstract

 

—The effect of the conditions of thermal treatment on the texture formation in molybdenum–titanium
oxide (Mo–Ti–O) and vanadium–molybdenum–titanium oxide (V–Mo–Ti–O) catalysts was studied. It was
found that the presence of MoO

 

3

 

 in the Mo–Ti–O catalyst resulted in the stabilization of the surface area of
anatase and in the retention of the fine pore structure upon thermal treatment because of the insertion of highly
dispersed molybdenum crystallites into the aggregates of anatase crystallites, preventing from their agglomer-
ation over a wide range of temperatures. In the presence of MoO

 

3

 

 and V

 

2

 

O

 

5

 

 in the catalyst, anatase particles
underwent agglomeration as the temperature was increased. This resulted in a more drastic decrease in the spe-
cific surface area and an increase in the pore size, as compared with binary samples, because of the formation
of a thermally labile vanadium–molybdenum compound at the surface of anatase.
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procedure [16]. The total surface area 

 

S

 

 (m

 

2

 

/g) was
measured by a rapid single-point method [16] from the
thermal desorption of Ar. The average catalyst particle
size was estimated by the relation 

 

d

 

 = 6/

 

S

 

ρ

 

. The pore
size distribution according to the equivalent sizes of
pore entrances was calculated from the desorption
branches of nitrogen adsorption isotherms by the Bar-
rett–Joyner–Halenda method [17].

The X-ray diffraction analysis of the samples was
performed on a URD-63 diffractometer with mono-
chromatic 

 

Cu

 

K

 

α

 

 radiation. The size of coherent-scatter-
ing regions (CSR) was determined by the Scherrer for-
mula using halfwidths of 1.0.1. and 2.0.0. diffraction
peaks [18].

The electron-microscopic studies were performed
on a JEM 2010 instrument with a resolution of 

 

1.4 

 

Å
and an accelerating voltage of 200 kV.

RESULTS AND DISCUSSION

 

Molybdenum–Titanium Oxide Catalysts

 

Table 1 and Fig. 1 summarize data on the true den-
sity 

 

ρ

 

 and the pore structure parameters of a binary
Mo–Ti–O catalyst depending on calcination tempera-
ture. It can be seen that the temperature dependence of

 

ρ

 

 is represented by a complicated step curve: the true
density was almost constant at 

 

300–400°ë

 

; next, it
increased in a temperature range of 

 

400–450°ë

 

 and
remained constant at 

 

450–600°ë

 

; as the temperature
was increased above 

 

600°ë

 

, the true density also
sharply increased. This shape of the temperature depen-
dence of 

 

ρ

 

 is indicative of a complex character of
changes in the chemical and phase composition of the
molybdenum–titanium catalyst in the course of thermal
treatment.

We compared data on changes in the true density 

 

ρ

 

with X-ray diffraction data and published data [19, 20]
on changes in the true density and phase composition of
pure titanium dioxide. This allowed us to conclude that,
along with the anatase phase, an amorphous phase,
whose true density is lower than the density of crystal-
line anatase, was present in the catalyst at a temperature
lower than 

 

400°ë

 

. This was due to the formation of an
amount of low-molecular forms (polyhydroxo com-

plexes of the general formula 

 

TiO

 

x

 

(OH

 

 [15])
in addition to crystalline anatase particles in the synthe-
sis of titanium dioxide by the sulfuric acid technology
because of the incomplete hydrolysis of parent salts.
These compounds are unstable, and they were retained
only under comparatively mild conditions of thermal
treatment. The further polycondensation of the polyhy-
droxo complexes took place with the formation of the
anatase phase of titanium dioxide as the temperature
was increased; because of this, 

 

ρ

 

 increased in the tem-
perature range 

 

400–450°ë

 

 [20].
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Fig. 1.

 

 True densities of (

 

1

 

) Mo–Ti–O and (

 

2

 

) V–Mo–Ti–O
catalysts as functions of treatment temperature.

 

Table 1.  

 

Texture parameters of the Mo–Ti–O catalyst

 

T

 

, 

 

°

 

C

 

ρ

 

, g/cm

 

3

 

δ

 

, g/cm

 

3

 

V

 

Σ

 

, cm

 

3

 

/g

 

ε

 

, cm

 

3

 

/cm

 

3

 

S

 

α

 

, m

 

2

 

/g

 

V

 

µ

 

, cm

 

3

 

/g

 

V

 

s

 

, cm

 

3

 

/g

 

d

 

, nm

 

∆

 

V

 

, cm

 

3

 

/g

300 3.36 0.70 0.55 0.65 138.1 0.024 0.255 12.9 –

400 3.35 0.67 0.60 0.67 163.8 0.012 0.279 10.9 –

450 3.72 0.66 0.64 0.70 189.6 0 0.302 8.5 0.03

500 3.75 0.66 0.64 0.71 173.8 0 0.270 9.1 –

550 3.77 0.68 0.61 0.70 137.0 0 0.292 11.6 –

600 3.80 0.72 0.56 0.68 89.7 0 0.278 17.6 –

650 4.15 0.73 0.57 0.70 65.0 0 0.274 22.2 0.02

700 4.48 0.70 0.63 0.74 11.2 0 0.099 119.6 0.02
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According to X-ray diffraction data, the Mo–Ti–O
sample calcined at 

 

300–650°ë

 

 contained only the phase
of crystalline anatase. However, rutile and 

 

MoO

 

3

 

phases were also reliably detected upon the thermal
treatment above 

 

650°ë

 

. Consequently, it is believed
that the increase in the true density at temperatures
higher than 

 

600°ë

 

 was due to the formation and
increase in the fraction of rutile and 

 

MoO

 

3

 

 phases in the
catalyst.

It was found previously [20] that the presence of
products of the incomplete hydrolysis of parent tita-
nium salts in titanium dioxide is also responsible for the
occurrence of micropores. It follows from Table 1 that
a noticeable micropore volume was detected in the
molybdenum–titanium catalyst; this volume was
retained on heating the catalyst up to 

 

400°ë

 

 and then
disappeared, whereas micropores were not detected in
pure titanium dioxide even at a temperature higher than

 

300°ë

 

. Consequently, the doping of titanium dioxide
with molybdenum enhances the thermal stability of the
binary oxide system and so increases the limiting tem-
perature of the existence of the products of incomplete
hydrolysis, which are responsible for the occurrence of
micropores.

Figure 2 illustrates changes in the total specific sur-
face area 

 

S

 

 of the test samples, as measured by the ther-
mal desorption of argon. The specific surface area of
titanium dioxide gradually decreased with temperature,
whereas the surface area of the Mo–Ti–O sample
remained almost unchanged up to 

 

500°ë; then, it dra-
matically decreased at higher temperatures.

It follows from the electron-microscopic data
(Fig. 3) that the molybdenum–titanium sample cal-
cined at 450–650°ë consisted of highly dispersed ana-
tase crystallites with a regular structure of size 3–8 nm;

these crystallites were incoherently grouped into
coarser aggregates of size about 70–90 nm. Highly dis-
persed molybdenum oxide crystallites of size about
1−2 nm were observed between the anatase particles
(Table 2). Strips observed in the micrographs are the
images of a crystal lattice, and the distance between
them corresponds to the interplanar spacing in a certain
crystallographic direction. In this case, the micrograph
exhibits the parameters λ = 0.385 nm, typical of the
anatase lattice, and λ = 0.304 nm, typical of the MoO3
structure in the (101) direction. The structural arrange-
ment of this sample was changed after calcination at
700°ë. Coarse (about 100 nm in size) rutile crystals
and MoO3 oxide particles of approximately the same
size were observed.
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Fig. 2. Specific surface area (S) as a function of calcination
temperature. Catalysts: (1) Mo–Ti–O, (2) pure titanium
dioxide, (3) V–Ti–O, and (4) V–Mo–Ti–O.
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Fig. 3. Electron micrograph of the Mo–Ti–O catalyst calcined at 450°C.
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It follows from the X-ray diffraction data (Table 2)
that the CSR size of anatase crystallites in the molybde-
num–titanium sample calcined at 300–500°ë was
changed only slightly, and it was equal to 7.0–8.5 nm.
A further increase in the temperature resulted in an
increase in the CSR of anatase; this increase was most

significant at 700°ë. Table 1 also indicates that the
averaged catalyst particle size d, which was obtained
from adsorption data, is consistent with the CSR size;
in this case, this comparison is essentially correct
because the molybdenum content of the catalyst is low.

Thus, the above data suggest that highly dispersed
anatase crystallites are stabilized by molybdenum
oxide particles, which prevent them from agglomera-
tion, in the Mo–Ti–O catalyst over a wide temperature
range of 300–500°ë. Because of this stabilization, this
catalyst retained a high specific surface area at suffi-
ciently high temperatures, whereas anatase particles
were intensely agglomerated in pure titanium dioxide
as the temperature was increased. This resulted in a
noticeable decrease in the oxide surface area even at a
temperature of 250°ë.

As follows from data given in Table 1, the thermal
treatment of the Mo–Ti–O sample over the entire range
of temperatures did not considerably affect the limiting
sorption-space volume (Vs) up to 700°ë; next, this
value dramatically decreased. The porosity ε also
remained almost constant over a temperature range of
400–650°ë; however, it somewhat increased as the cal-
cination temperature was increased above 650°ë.

It is well known that the high-temperature agglom-
eration of xerogels primarily occurs by two mecha-
nisms: surface diffusion and bulk flow [21]. As a rule,
the former mechanism is predominant in the tempera-
ture range (0.3–0.6)Tm, whereas the latter is predomi-
nant at T > 0.6Tm, where Tm is the melting temperature
of the xerogel material. The mechanism of surface dif-
fusion results in a decrease in the surface area without
a significant increase in the packing density of parti-
cles, that is, without a decrease in the porosity. Thus,
the data suggest that in the thermal treatment of the cat-
alyst at a temperature lower than 700°ë agglomeration
occurred by the surface diffusion mechanism, whereas
catalyst agglomeration by the bulk flow mechanism
was predominant at 700°ë or above.

We compared data on changes in the true density,
that is, a parameter that characterizes the phase compo-
sition of the test catalyst, and the porosity of samples. It
can be seen that an increase in the porosity at a temper-
ature higher than 650°ë was due to a phase transition
which occurred simultaneously with agglomeration.
This phase transition was accompanied by an increase
in the true density of the catalyst framework and, as a
result, by the appearance of the additional pore volume
∆V ≈ ∆(1/ρ) (Table 1).

Figure 4 depicts the curves of differential pore-vol-
ume distribution according to the size of critical pore
entrances for the binary molybdenum–titanium cata-
lyst. It can be seen that the calcination of the sample at
a temperature lower than 500°ë did not result in a con-
siderable change in the pore structure; only a further
increase in the temperature was accompanied by a sym-
batic increase in the predominant pore size.

Table 2.  Phase composition and the CSR sizes of the Mo–
Ti–O and V–Mo–Ti–O catalysts depending on calcination
temperature

Chemical
composition, wt % T, °C Phase

composition
CSR 

size, nm

10% MoO3 : 90% TiO2 300 anatase 7.0

450 anatase + MoO3 8.5

500 anatase + MoO3 8.5

550 anatase + MoO3 11.0

600 anatase + MoO3 16.5

650 anatase + MoO3 19.0

700 rutile + Mo 45.0

5% MoO3 : 20% V2O5 : 
75% TiO2

400 anatase + Φs 11.0

450 anatase + Φs 16.0

500 anatase + V2O5 26.0

Note: Φs is the surface phase of a vanadium–molybdenum com-
pound.
* The MoO3 phase detected by X-ray diffraction analysis.

O3
*
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Fig. 4. Differential curves of pore-volume distribution
according to the size of pore entrances for the Mo–Ti–O cat-
alyst at different calcination temperatures: (1) 300, (2) 500,
(3) 600, and (4) 650°C.
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Note that an analogous dependence of the specific
surface area and texture changes on calcination temper-
ature was observed previously in vanadium–titanium
catalysts [19]. For comparison, Fig. 2 demonstrates the
specific surface areas of vanadium–titanium and
molybdenum–titanium catalysts (at equal molar con-
centrations of V2O5 and MoO3 oxides) as functions of
calcination temperature. It can be seen that the thermal
stability of titanium dioxide modified with molybde-
num is higher than the thermal stability of titanium
dioxide modified with vanadium. According to the
ideas of Tamman (see, for example, [21]), it would be
expected that Mo–Ti–O catalysts are more thermally
stable than V–Ti–O catalysts. Indeed, the melting tem-
perature of MoO3 (795°ë) is higher than that of V2O5
(675°ë) [22]. Because of this, the particles of highly
dispersed MoO3 (which stabilizes the existence of
highly dispersed anatase particles in aggregates)
undergo agglomeration at a higher temperature, as
compared with highly dispersed vanadium oxide parti-
cles (which stabilize anatase particles in vanadium–
titanium catalysts); this was supported experimentally.
In pure titanium dioxide in the absence of a highly dis-
persed phase of molybdenum oxide (which prevents the
agglomeration of anatase particles), anatase particles
are rapidly agglomerated as the temperature increases.
Anatase crystallites can also be doped with molybde-
num ions because of the imperfection of the crystal lat-
tice of parent titanium dioxide. According to Reznitskii
[23], this can also enhance their thermal stability
because of an increase in the energy of local metal–
oxygen bonds in the surface layer of catalyst particles.

Vanadium–Molybdenum–Titanium Oxide Catalysts

Table 3 and Fig. 2 summarize the texture parameters
of the V–Mo–Ti–O catalyst and the temperature depen-
dence of its specific surface area. It can be seen that this
dependence for the ternary catalyst is different from
that for binary vanadium–titanium and molybdenum–
titanium catalysts. Figure 2 indicates that the specific
surface area of the V–Mo–Ti–O sample significantly

decreased with temperature; this decrease was even
more drastic than that in pure titanium dioxide.

According to X-ray diffraction and electron-micro-
scopic data, only an anatase phase was detected in the
samples calcined at temperatures lower than 400°ë,
whereas weakly intense lines of the surface vanadium–
molybdenum compound îs were detected along with
anatase in the temperature range 400–470°ë (Table 2).
The structure of this compound was described else-
where [24]. As the temperature was further increased
up to 500°ë, the formation of a V2O5 phase was
detected along with the anatase phase. A constant
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0.015

0.010

0.005

0
1 10 100

1

2

3

Pore diameter, nm

dV/dD, cm3 g–1 nm–1

Fig. 5. Differential curves of pore-volume distribution
according to the size of pore entrances for the V–Mo–Ti–O
catalyst at different calcination temperatures: (1) 400, (2)
450, and (3) 500°C.

Table 3.  Texture parameters of the V–Mo–Ti–O catalyst

T, °C ρ, g/cm3 δ, g/cm3 VΣ, cm3/g ε, cm3/cm3 Sα, m2/g Vs, cm3/g d, nm

110 2.76 0.80 0.388 0.517 – – –

300 3.47 0.84 0.426 0.597 – – 12.1

400 3.53 0.80 0.467 0.622 97.7 0.197 29.8

420 3.53 0.82 0.448 0.612 – – 32.1

450 3.67 0.73 0.548 0.668 39.2 0.229 35.5

470 3.74 0.73 0.553 0.674 39.9 0.212 51.7

500 3.89 0.74 0.558 0.682 27.5 0.241 68.0

550 3.93 0.73 0.568 0.690 – – 76.2

600 4.10 0.78 0.526 0.680 – – 185.2

700 4.10 1.64 0.123 0.335 – – 665.1
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increase in the true density ρ with calcination tempera-
ture at T > 400°ë (Fig. 1) is also indicative of a compar-
atively narrow temperature range of the existence of the
detected intermediate phases and a gradual change in
the phase composition of the sample.

The measurement of the CSR sizes of anatase dem-
onstrated that they increased with calcination tempera-
ture (Table 2) because of the gradual agglomeration of
anatase particles over the entire range of temperatures.

The catalyst particle size (d), which was calculated
from adsorption data, continuously increased in the
course of calcination. This increase was most signifi-
cant at a temperature of 600°ë or higher. A comparison
of the particle size obtained from adsorption data and
the CSR size is indicative of the block structure of cat-
alyst particles; this is also consistent with previous data
[24]. It follows from the above data and the electron
micrograph of the V–Mo–Ti–O test sample (which was
published in [24]) that anatase particles are incoher-
ently agglomerated over a temperature range of 350–
470°ë, whereas in the case of pure titanium dioxide
anatase particles are coherently agglomerated over a
wide range of treatment temperatures (300–800°ë)
[25]. It is likely that the change in the agglomeration
mechanism of anatase particles in the V–Mo–Ti–O
sample is indicative of the modification of anatase par-
ticles with molybdenum and vanadium with the forma-
tion of the surface compound îs at the first stage and
with the subsequent formation of a bulk compound.
This modification may be responsible for the lower
thermal stability of anatase in the course of thermal
treatment. The above data indicate that this results in a
more drastic decrease in the specific surface area with
temperature. The absence of a detectable micropore
volume even at temperatures higher than 300°ë is also
indicative of the higher mobility of the surface layers of
the catalyst. The nature of the modification of titanium
dioxide with vanadium and molybdenum requires a
more detailed study, which will be performed in the
future.

Data on changes in the pore volume VΣ and the
porosity ε (Table 3) indicate that the agglomeration of
the V–Mo–Ti–O sample at temperatures lower than
700°ë primarily occurred by the surface diffusion
mechanism, whereas the agglomeration of catalyst par-
ticles occurred by the bulk flow mechanism with a con-
siderable decrease in the porosity of the catalyst at a
temperature of 700°ë or higher.

Figure 5 depicts the curves of pore-volume distribu-
tion according to the size of pore entrances for the V–
Mo–Ti–O catalyst calcined at different temperatures. It
can be seen that, in this case, an increase in the calcina-
tion temperature resulted in a symbatic increase in the
predominant pore size.

Thus, the results of this study suggest that the tex-
tures of Mo–Ti–O and V–Mo–Ti–O catalysts are
formed in significantly different manners. At the same
time, the above results and previously published data

[19] on the formation of the V–Ti–O system allowed us
to conclude that the formation of the dispersity and tex-
ture of the binary vanadium–titanium and molybde-
num–titanium systems on thermal treatment is
described by the same physicochemical laws.

In both binary systems, the formation of highly dis-
persed vanadium or molybdenum oxide crystallites,
which are uniformly distributed in the bulk of the cata-
lyst between highly dispersed anatase crystallites, on
thermal treatment prevents anatase agglomeration and
improves the thermal stability of the catalyst by stabi-
lizing its developed surface at sufficiently high temper-
atures. In the absence of the stabilizing additives of
molybdenum or vanadium, the particle size of anatase
gradually increases because of agglomeration as the
temperature of calcination is increased.

The data also indicate that the chemical nature of the
additive significantly affects the thermal stability of the
system as a whole: anatase particles in the Mo–Ti–O
system undergo agglomeration at a higher temperature
than in the V–Ti–O system. In other words, the higher
the melting temperature of a stabilizing additive, the
higher the temperature at which its stabilizing effect is
retained (which disappears only as a result of the
agglomeration of the additive). In this context, it would
be expected that, for example, the tungsten–titanium
system will exhibit a higher thermal stability than the
thermal stability of the Mo–Ti–O and V–Ti–O systems.

In the case of the ternary V–Mo–Ti–O catalyst,
because of the absence of the bulk highly dispersed
additive of an oxide phase from the system, as a conse-
quence of the formation of a thermally labile surface
vanadium–molybdenum compound, anatase crystal-
lites undergo rapid agglomeration as the temperature of
calcination is increased. This results in a dramatic
decrease in the surface area and a texture transforma-
tion.
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