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Abstract— Various methods for the preparation of vanadium—phosphorus oxide (VPO) catalysts supported
on aerosils A-300 and A-50 and TiO, were studied: a traditional method (in an organic solvent under varying
the support addition time, the nature of the reducing agent, and the degree of reduction of vanadium oxide)
and barothermal and mechanochemical syntheses. With the use of XRD analysis, it was found that the com-
position of the resulting VPO phase depends on the time of support addition to the synthesis and the temper-
ature of thermal treatment. Conditions for the formation of a supported phase of VOHPO, - 0.5H,0, the pre-
cursor of the active component (VO),P,0,, were determined. The presence of vanadium in an oxidation state
of +4 was demonstrated using EPR and UV—VIS spectroscopy. The specific surface areas and pore structures
of the synthesized catalysts were determined. The catalytic properties of samples in the reactions of n-butane
oxidation in an excess of the hydrocarbon and oxidative ethane dehydrogenation were studied. It was found
that, as compared with traditional bulk VPO catalysts, the use of the synthesized supported VPO catalysts
made it possible to improve the process characteristics of n-butane oxidation and did not change these char-

acteristics in the reaction of oxidative ethane dehydrogenation.

DOI: 10.1134/5002315840904017X

INTRODUCTION

Vanadium—phosphorus oxide (VPQO) systems are
well known as efficient catalysts for the selective oxi-
dation of light hydrocarbons, for example, n-butane
oxidation to maleic anhydride [1—9], and this pro-
cess has been commercialized based on these cata-
lysts. The vanadyl pyrophosphate phase (VO),P,0-,
which results from the activation of its precursor,
vanadyl hydrogen phosphate VOHPO, - 0.5H,0, is
the active component of these catalysts. Recently, the
applicability of these samples to perform other reac-
tions has been demonstrated, for example, the oxida-
tion of n-pentane to maleic anhydride and phthalic
anhydride [8—12], the partial oxidation of propane to
acrylic acid [8, 13, 14], and the oxidative dehydroge-
nation of ethane and propane to ethylene and propy-
lene, respectively [15—18]. The use of a fluidized cat-
alyst bed is promising for the implementation of these
processes, as demonstrated for the reaction of
n-butane oxidation [8, 19—21]. This technological
process is associated with the development of sup-
ported catalysts whose mechanical strength depends
on the properties of the support. These catalysts are
also promising for the use in fixed-bed reactors
because they make it possible to decrease heating in
the catalyst bed, to improve the temperature profile
along the bed, and to decrease the consumption of
active components for catalyst preparation. On the
other hand, the use of a fluidized bed allows one to use
the recycling of reaction mixtures enriched in a hydro-

carbon and thus to improve the output of the target
product [8]. Unfortunately, currently available data
indicate that an increase in hydrocarbon concentra-
tion results in a decrease in the yield of the product and
impairs the stability of catalyst operation. Thus, the
development of VPO catalysts for operations in mix-
tures with an excess of paraffin is of considerable cur-
rent interest.

Attempts to synthesize VPO catalysts with the use
of various methods for supporting an active phase and
chemically different supports, such as SiO,, TiO,,
Al,O;, and metal phosphates, have been made repeat-
edly [22—28]. However, it was found that a-, B-, and
®-VOPO, phases or amorphous VPO compound
phases resulted from the supporting an active VPO
component [24—26], and these phases are ineffective
in the oxidation of paraffin hydrocarbons [1, 3, 8]. The
exception is a study by Li et al. [29], who synthesized
VPO catalysts containing the vanadyl pyrophosphate
phase based on pyrogenic silica.

Thus, with consideration for the possibility
described by Li et al. [29], the preparation of active
VPO phases supported on various carriers, including
pyrogenic silicas, has not been sufficiently well sub-
stantiated experimentally. In this context, in this work,
we studied the synthesis of supported catalysts with the
use of both a traditional preparation procedure (in an
excess of an organic solvent with varying the step of
introducing the support, the natures of the support
and the reducing agent, and the degree of reduction of
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the initial vanadium oxide [29]) and nontraditional
barothermal and mechanochemical techniques,
which do not require the use of a large excess of a sol-
vent or a reducing agent.

EXPERIMENTAL

The following starting reagents were used for the
synthesis of VPO samples: V,0s (analytical grade),
85% H,PO, (analytical grade), and citric acid (analyt-
ical grade) or oxalic acid (analytical grade) as a reduc-
ing agent. The synthesis was performed in an n-
butanol (analytical grade) solution in accordance with
a procedure analogous to that published elsewhere
[30]. In the synthesis of some samples, V,05 mecha-
nochemically pretreated in a Fritsch Pulverisette-6
ball planetary mill (balls 10 mm in diameter and a ves-
sel of tungsten carbide; the ratio between the weight of
balls and the weight of the oxide was 10 : 1; water was
a treatment medium; rate, 600 rpm; treatment times,
30 and 60 min) was used. It is well known [31] that this
treatment leads to the partial reduction of vanadium
oxide; therefore, a reducing agent was not used in the
course of synthesis with the pretreated V,05 as the
reagent.

For comparison, bulk VPO samples were synthe-
sized (atomic ratio P/V = 1.15; weight ratio
n-butanol/V,05 = 9). After the separation of the sol-
vent, these samples were subjected to thermal vacuum
treatment at a residual pressure of 0.010—0.012 MPa
with a gradual increase in the temperature to 270 and
300°C.

Pyrogenic aerosils A-300 (S, = 300 m?/g) and
A-50 (S, = 50 m?/g) and TiO, with S, = 62 m?%/g,
which was a mixture of anatase and rutile crystal mod-
ifications, were used as supports.

The following three methods were used for the syn-
thesis of VPO samples:

(A) In the preparation of samples VPO-A1—-VPO-
A9, the synthesis was performed using a traditional
procedure analogously to preparation conditions of
bulk samples. In this procedure, a support was intro-
duced into the reaction mixture either at the beginning
of the synthesis (together with the starting reagents) or
at the end of the synthesis analogously to a published
procedure [29] (after the preparation of a VPO phase).
In the latter case, the synthesis was continued for
another 1 h. Simultaneously, the nature of the reduc-
ing agent and the degree of reduction of the initial
vanadium oxide were varied in the course of synthesis
using the mechanically preactivated sample (see
above).

(B) The barothermal synthesis of supported sam-
ples (VPO-B1—VPO-B5) was performed in 45-ml lab-
oratory autoclaves with Teflon inserts. The following
starting reagents were thoroughly mixed in a glass bea-
ker: V,0s, 85% H;PO, (atomic ratio P/V = 1.15), a
reducing agent, a support, and n-butanol (weight ratio
support/n-butanol = 0.2). The resulting mixture was
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placed in a Teflon insert. To produce pressure in the
autoclave, n-butanol was placed at the bottom. The
synthesis was performed at 170°C and 0.5 MPa for 7 h.
The pressure in the system was calculated using the
Antoine equation [32].

After completion of the synthesis, all of the sup-
ported VPO systems were subjected to thermal vac-
uum treatment at a residual pressure of 0.010—
0.012 MPa and a gradual increase in the temperature
to 270 or 300°C.

(C) The mechanochemical synthesis of supported
samples (VPO-MC) was performed by treating a mix-
ture of vanadyl hydrogen phosphate prepared in
accordance with a standard procedure with pyrogenic
aerosil A-300 or TiO, for 60 min in air in a Fritsch Pul-
verisette-6 ball planetary mill (balls 10 mm in diameter
and a 250-ml vessel of Si;N,; the ratio between the
weight of balls and the weight of oxides was 13 : 1; rate,
600 rpm).

Table 1 summarizes the conditions of catalyst prep-
aration. In all cases, the amount of a supported VPO
phase was 30 wt %.

The synthesized samples were studied by XRD analy-
sis on a DRON-4.0 diffractometer with the use of Cuk,
radiation. The specific surface areas (S;,) of the samples
were measured by chromatography (Gazokhrom-1)
based on the thermal desorption of argon. The total pore
volume (V5) was determined from the adsorption of
water by the samples, which were dried in air at 100°C
(sample weights of 0.5—1.0 g). The isotherms of nitro-
gen adsorption were measured at liquid nitrogen tem-
perature on a Quantachrome NovaWin2 instrument.
The electronic spectra were obtained on a Specord M
40 UV—vis spectrophotometer. The EPR spectra were
measured on an X-band (wavelength of 3 cm) SEPR-
03 instrument (PO Svetlana, Russia) at room temper-
ature.

The catalytic experiments were performed in a
flow-type system with a steel microreactor (6 mm in
diameter and 10 cm in length). The loaded catalyst
amount was 0.5 cm? (fraction 0f 0.25—0.50 mm). The
initial components and reaction products were ana-
lyzed in the on-line mode using Chrom-5 and Selmi
chromatographs analogously to a published proce-
dure [33].

The selective oxidation of n-butane was studied
using an enriched mixture (3.4 vol % in air) over the
temperature range of 200—400°C at contact times of
0.5—2.4 s. The catalyst was activated in the working
mixture for 8 h at 440°C.

The oxidative dehydrogenation of ethane was per-
formed with the use of a mixture of C,Hg: O, : He =
7 :3 :90 vol % over the temperature range of 370—
500°C at contact times of 0.6—1.5 s. The catalyst was
activated in the working mixture for 8 h at 550°C.
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Table 1. Conditions of the synthesis of supported VPO catalysts*

Catalyst Support in trocsiﬁg'ggg[ time Reducing agent Stiﬁgﬁgfgic’t;%n Sample color
VPO-M1 — — CA 270 Green
VPO-M2 — — CA 300 Green
VPO-Al Az SE CA 270 Grayish blue
VPO-A2 Azgg SE CA 300 Grayish blue
VPO-A3 Aspo SB OA 270 Light green
VPO-A4 Az SB OA 300 Gray
VPO-AS Az SE OA 270 Brown
VPO-A6 Aspp SE OA 300 Black
VPO-AT7#%* Az SB OA 270 Gray
VPO-A8*** Azo SB - 270 Gray
VPO-A9 As SB OA 270 Grayish blue
VPO-A10 TiO, SB OA 270 Grayish blue
VPO-BI1 Asp SB OA 270 Gray
VPO-B2** As SB — 270 Gray
VPO-B3** TiO, SB - 270 Gray
VPO-B4*** Asp SB — 270 Light gray
VPO-B5*** TiO, SB — 270 Grayish blue
VPO-MCI Azn SB — 270 Light gray
VPO-MC2 TiO, SB — 270 Light gray

*Support introduction time: (SE) at the end of the synthesis or (SB) at the beginning of the synthesis. Reducing agent: (CA) citric acid or

(OA) oxalic acid.
**V,05 after mechanochemical treatment for 30 min was used.
*#%V,05 after mechanochemical treatment for 60 min was used.

RESULTS AND DISCUSSION

Table 2 summarizes the results of the study of the
phase composition of the synthesized supported sam-
ples, and Fig. 1 shows characteristic examples of XRD
patterns. It can be seen that, in the majority of cases, a
supported phase of vanadyl hydrogen phosphate
VOPO,- 0.5H,0 was formed as a result of the synthesis.
The exception is represented by the following samples:
VPO-AS, in which the phase of vanadyl pyrophosphate
(VO),P,0, was present; VPO-A6; VPO-B5; and
VPO-MC2, a constituent of which was an X-ray
amorphous VPO compound. With the use of TiO, as a
support, the presence of reflections due to titanium
dioxide (rutile + anatase) was also found in all of the
samples. A halo characteristic of aerosil was observed in
all of the XRD patterns of the samples synthesized with
the use of aerosil as a support (e.g., see Figs. 1b—1d).

The experimental results indicate that the nature of
the support had no effect on the phase composition of
the sample when preparation method A was used. Cit-
ric acid is a weaker reducing agent than oxalic acid, as
evidenced by the presence of V/P micas (compounds
containing V>* and V** ions) in sample VPO-A1l. An
increase in the vacuum treatment temperature
resulted in their conversion into vanadyl hydrogen
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phosphate. It was found that the introduction of a sup-
port at the end of the synthesis made it possible to
obtain a supported phase of vanadyl pyroposphate
(VPO-AS5 and A6 samples; Table 2 and Fig. 1¢), which
has not been described previously in the literature.
This is likely due to the fact that aerosil, which was
introduced into the system after the completion of
VPO phase formation, exhibited dehydrating proper-
ties in the subsequent thermal treatment. As we
assumed, the use of mechanochemically pretreated
V,0j5 in the synthesis (samples VPO-A7 and VPO-AS;
Table 2 and Fig. 1d) allowed us to synthesize supported
vanadyl hydrogen phosphate without the use of a
reducing agent. As can been in Table 2, sample VPO-
A8 was identical to the sample synthesized with the
addition of oxalic acid (VPO-A7) in its characteristics.

With the use of synthesis method B (Table 2), a
supported vanadyl hydrogen phosphate was obtained
in all cases (with the exception of sample VPO-B5). As
in the previous case, the use of V,0s subjected to
mechanical pretreatment allowed us to exclude a
reducing agent from the synthesis of catalysts. At the
same time, note that the reduction of vanadium oxide
in the preliminary mechanical treatment led to the
formation of an amorphous VPO phase on a TiO, sup-
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Table 2. Structure and catalytic properties of supported VPO samples*

Number 3 3

S Vs 10°, 10°,
Sample ¥ % |d,nm VPO phase Loo1/Irno | D, nm |of VPO-phase Ve, WeH, X

m-/g cm’/g monolayers mol h! g_l mol h! g_l
VPO-M1 25 — — VOHPO, 0.47 23 — 1.4 49
VPO-M2 21 — — VOHPO, 0.68 24 — 2.1 4.4

VPO-Al 214 0.91 17.0 | VOHPO, + V/P 0.56 20 3 7.8 —
micas
VPO-A2 151 0.99 26.5 | VOHPO, 0.81 23 4 15.2 35.7
VPO-A3 226 1.51 26.7 | VOHPO, 0.40 23 3 9.8 44.1
VPO-A4 182 1.45 32.0 | VOHPO, 0.74 24 4 13.0 36.7
VPO-A5 198 1.04 21.0 | (VO),P,04 - 16 - 17.6 41.6
VPO-A6 161 0.91 22.5 | (VO),P,0, — 18 — 30.7 40.8
VPO-AT7*%% 69 0.64 37.0 | VOHPO, 0.58 39 10.3 37.7
VPO-A8**:* 89 0.65 29.0 | VOHPO, 0.75 30 11.5 33.6
VPO-A9 46 0.93 81.0 | VOHPO, 0.70 28 14 12.2 35.8
VPO-A10 28 0.46 65.7 | VOHPO, + TiO, 0.95 23 24 4.2 29.6
VPO-BI1 50 1.05 84.0 | VOHPO, 0.93 32 13 11.4 28.5
VPO-B2#** 44 0.72 65.5 | VOHPO, 0.76 30 15 13.4 42.2
VPO-B3#** 28 0.71 |101 VOHPO, + TiO, 1.43 23 24 10.4 42.5
VPO-B4#*:* 43 0.71 66.0 | VOHPO, 0.77 35 15 13.2 —

VPO-B5#**:* 30 0.62 82.5 | A+TiO, - — — 4.0 24.8
VPO-MCl1 130 - - VOHPO, 0.75 23 5 13.6 41.3
VPO-MC2 23 — — A + TiO, — — — 3.7 18.2

* Ssp is the specific surface area; Vs is the total pore volume; d is the average pore size; D is the crystallite size; VOHPO, = VOHPO, - 0.5H,0;

Ais an amorphous phase; and W H,, and we p, are the rates of oxidation of n-butane and ethane at 350 and 500°C, respectively, per gram

of the active component.

port (cf. samples VPO-B3 and VPO-B5). An analo-
gous behavior was also observed in the mechanochem-
ical synthesis with the use of TiO,: the XRD pattern
exhibited only reflections from the support (Fig. le),
whereas a vanadyl hydrogen phosphate phase was
formed after mechanochemical treatment in the case
of aerosil (sample VPO-MVI1, Fig. 1d).

The XRD data (Table 2) indicate that, in all of the
samples containing a supported phase of vanadyl
hydrogen phosphate, the main reflections belonged to
the planes (001) and (220); in this case, a reflection
from the side plane (220) exhibited a maximum inten-
sity (sample VPO-B3 was the exception). An increase
in the vacuum treatment temperature resulted in an
increase in the /yy,/ /5, ratio. On the other hand, note
that, in supported catalysts, the reflection intensity
from the basal plane (001) was higher than that of a
bulk analog. The crystallite sizes of the VPO phase cal-
culated from the Scherer equation [34] were 20—30 nm,
and they are not very different from those in the sam-
ples prepared under various conditions (Table 2).

As follows from the data given in Table 2, the sup-
porting of a VPO phase resulted in a decrease in the S,
of the support in all cases. As the vacuum treatment
temperature was increased, this decrease became
more significant. The addition of a support at the end
of the catalyst synthesis resulted in a greater decrease
in S, than upon the introduction of the support into
the system at the beginning of the synthesis (see sam-
ples VPO-A1 and VPO-A2 or VPO-A3 and VPO-A5S,
respectively). Note that the S, of all of the supported
VPO samples was higher than that of the bulk samples.
With the use of the values of S, and published data
[35] on the structural parameters of the VOHPO, -
0.5H,0 phase (a = 0.741 nm, b = 0.56 nm, and ¢ =
0.959 nm) and taking into account the intensity ratio
between basal and side planes (Table 2), we calculated
the surface coverage of the support with the VPO
phase (the value of S, for a supported sample was used
in the calculation). As can be seen in Fig. 2, a linear
correlation between the amount of supported phase
monolayers (m) and the reciprocal of .S, was observed

P
regardless of the synthesis method and the support

KINETICS AND CATALYSIS VWl. 50 No.4 2009
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Fig. 1. X-ray diffraction patterns of the synthesized VPO samples: (a) bulk VPO-M1 and supported (b) VPO-A1, (c) VPO-AS,

(d) VPO-MC1, and (e) VPO-MC2.

surface coverage with an active phase was the same at
similar specific surface areas (Fig. 2 and Table 2).

The measurements of the pore volumes of the sam-
ples showed that initially nonporous pyrogenic sup-
ports became porous systems upon supporting a
VPO phase. We found that individual support A-300

KINETICS AND CATALYSIS Vol. 50
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treated under conditions analogous to those for the
synthesis of samples VPO-A1 or VPO-A3 exhibited S,
of 260 m?/g at a pore volume of 1.78 cm?/g and an
average pore diameter of 27.0 nm. The pore size (d,,)
was calculated from the equation d,, = 4V5/S,,, where
Vs is the total pore volume [36]. Table 2 summarizes
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Fig. 2. Dependence of the number of monolayers of a sup-
ported active phase (m) on the reciprocal of the specific
surface area of the support.

the results. A comparison between these data indicates
that, upon the introduction of the support at the end of
the synthesis, the pore structure of the support was
filled with the resulting VPO phase. As a result, both
the pore volume and the pore diameter decreased
(cf. samples VPO-A3 and VPO-A5 or VPO-A4 and
VPO-A6). An increase in the vacuum treatment tem-
perature resulted in an increase in the pore size; this
allowed us to hypothesize the filling of micropores
with the VPO phase or the “closure” of pores.

Form the isotherms of N, adsorption, it follows
that micropores with radii smaller than 1 nm were
absent from the catalysts. In addition, it was found that
the total pore volume was much smaller than V5 deter-
mined by gravimetry. Thus, for example, it was
0.2 cm?/g for VPO-A2, whereas gravimetry afforded a
value of 0.9 cm?/g (Table 2). This fact allowed us to
assume that the main pore volume belongs to
macropores. Consequently, if these samples will be
used in catalytic processes, internal diffusion limita-
tions will be absent.

Although the synthesized catalysts were differently
colored, their UV—VIS spectra were similar and
exhibited an absorption band at 650 nm, which sug-
gested the presence of V4* ions in the samples [37].

The presence of a considerable number of V** ions
in the samples was also supported by EPR spectra
(Fig. 3) as a broad singlet, which characterizes the
occurrence of exchange and dipole—dipole interac-
tions between ions. The spectrum of a bulk sample of
vanadyl hydrogen phosphate (Fig. 3a) exhibited a
characteristic asymmetrical signal [4, 24, 26, 38] with
the width AH = 125 G and the g factor of 1.955. The
signal asymmetry was explained by a considerable dis-
tortion in the octahedral coordination of vanadium
ions because of the presence of coordinated water
molecules in the interlayer spacing. In this sample, the
signal intensity was 2.1 x 10?! spin/g, which is close to

ZAZHIGALOV et al.

DPPH/L

100 G

Fig. 3. EPR spectra of the synthesized samples: (/) bulk
VPO-M2 and supported (2) VPO-A3, (3) VPO-AS,
(4) VPO-A9, and (5) VPO-B3.

the theoretical concentration of vanadium ions of
2.5 x 10*' spin/g. The supporting of the vanadyl hydro-
gen phosphate phase as a thin layer onto a support
(sample VPO-A3, Table 2) resulted in the removal of
asymmetry (Fig. 3b), a signal broadening (AH = 145 G),
and an insignificant change in the g factor to 1.960.
The signal intensity was about 25% of the signal inten-
sity of the bulk analog. As the amount of the supported
VPO phase was increased (VPO-A10 sample), the sig-
nal width increased (Fig. 2d) to AH = 195 G with no
changes in the g factor and intensity. The spectrum of
a sample containing an amorphous VPO phase on the
support surface (VPO-B5) exhibited a symmetrical
signal with the same intensity and g factor but with the
width AH = 160 G. The EPR spectrum of supported
vanadyl pyrophosphate (VPO-AS5) contained a sym-
metrical singlet with g = 1.960, AH = 150 G, and an
intensity of 0.6 x 10%! spin/g.

The study of n-butane oxidation demonstrated that
maleic anhydride and carbon oxides (CO and CO,)
were reaction products on both the supported and bulk
catalysts. It was found that vanadyl hydrogen phos-
phate was converted into vanadyl pyrophosphate in

KINETICS AND CATALYSIS  Vol. 50
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Fig. 4. X-ray diffraction patterns of the VPO samples after n-butane oxidation ((a) bulk VPO-M1 and (b) VPO-A6) and ethane
oxidative dehydrogenation ((c) VPO-A9, (d) VPO-B2, and (e) VPO-B3); (*) reflections from the vanadyl pyrophosphate phase.

the course of catalysis (Fig. 4). Table 2 summarizes the
rates of m-butane oxidation per unit active weight;
these data indicate that the activity of a bulk catalyst in
a reaction mixture with a high hydrocarbon concen-
tration was much lower than the activity of supported
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samples. In this case, we can note that the reaction rate
of oxidation on supported catalysts generally
increased with increasing basal plane content (Fig. 5).
The samples in the synthesis of which a vanadyl pyro-
phosphate phase was initially obtained (VPO-AS5 and
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Fig. 5. Dependence of the rate of n-butane oxidation
(350°C) on the reflection intensity ratio /yg1//55( of the
VOHPO, - 0.5H,0 phase in supported catalysts.

VPO-A6) exhibited a maximum activity in n-butane
oxidation. Figures 6 and 7 show data on the conversion
of the hydrocarbon and the selectivity of maleic anhy-
dride formation on test samples. The conversion of
n-butane on a bulk sample in a reaction mixture with
a high hydrocarbon concentration was much lower
than that on the supported samples synthesized using
method A (Fig. 6). At the same time, the selectivity of
maleic anhydride formation on the bulk catalyst was
higher than that on the supported samples. Note that
the selectivity values were similar at the same conver-
sion of n-butane (~40%, line A in Fig. 6) on both the
bulk and supported catalysts; however, they were
reached at much lower temperatures in the latter case.
The decrease in the reaction characteristics of n-
butane oxidation with the use of mixtures enriched in
the hydrocarbon is well known from published data
[39—42]. Thus, Kamiya et al. [41] found that the yield
of maleic anhydride on the bulk VPO catalyst at 390°C
and an n-butane concentration of 3—5 vol % was 11%.
Somewhat better characteristics were obtained by
Mallada and coauthors [40, 42]: 17.7% at 400°C. In
our case, the product yield on the bulk VPO catalyst at
420°C was as high as 18%, whereas higher yields of
maleic anhydride were obtained on the supported cat-
alysts synthesized using method A (21 and 24% on
samples VPO-A2 and VPO-A®6, respectively) at lower
temperatures of 380 and 330°C, respectively.

Data shown in Fig. 7 indicate that the conversion
of n-butane on supported VPO samples synthesized
using methods B and C was much higher than that on
the bulk analog. At the same degrees of n-butane con-
version (line 4 in Fig. 7), the selectivity of maleic
anhydride formation on these samples was higher than
that on the bulk VPO catalyst. In this case, the above
dependence (Fig. 5) of the activity on the basal plane
content of the catalyst was also observed. The sup-
ported catalysts synthesized with the use of TiO, were

ZAZHIGALOV et al.
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Fig. 6. Dependence of n-butane conversion (Xc,,,) and
selectivity for maleic anhydride formation (Sy4) on the
reaction temperature: (1, S7) VPO-M1, (2, S2) VPO-A3,
(3, 53) VPO-A2, and (4, S4) VPO-AG6. Contact time: 1.2 s.

worse than the samples on aerosil in performance
characteristics. Note that supported catalyst VPO-
MCI1, which was prepared by the mechanochemical
treatment of vanadyl hydrogen phosphate and aerosil,
exhibited a high efficiency. The yields of maleic anhy-
dride on samples VPO-B1 and VPO-MC1 were 24 and
26%, respectively.

In the oxidation of ethane, the conversion of
vanadyl hydrogen phosphate into an active phase of
vanadyl pyrophosphate occurred analogously to the
above process (Fig. 3). Ethylene was the main product
of this reaction; consequently, the oxidative dehydro-

Xc4, SMA’ %
100 -

T
N
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60

40

20

0
250

Fig. 7. Dependence of n-butane conversion (Xc,) and
selectivity for maleic anhydride formation (Sy;4) on the

reaction temperature: (/, S7) VPO-M1, (2, S2) VPO-
MCI, and (3, §3) VPO-B2. Contact time: 1.2 s.
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Fig. 8. Dependence of ethane conversion (Xc,y,) and

selectivity for ethylene formation (Sc,y,) on the reaction
temperature: (/) VPO-M1, (2) VPO-A9, (3) VPO-B2,
(4) VPO-B3, and (5) VPO-MCI1. Contact time: 0.6 s.

genation of ethane occurred. According to the results
summarized in Table 2, the rate of ethane oxidation
per unit active weight on supported catalysts was
higher than the values reached on bulk samples. At the
same time, data on the dependence of ethane conver-
sion and selectivity for ethylene formation on the
reaction temperature (Fig. 8) indicate that, regardless
of the nature of the support and the method used for
sample preparation, the supported catalysts afforded
performance characteristics analogous to those
obtained on the bulk VPO catalyst. The yield of ethyl-
ene at 500°C was close to 12% on both bulk and sup-
ported catalysts. Consequently, the use of supported
VPO catalysts in this reaction makes it possible not
only to decrease the consumption of active compo-
nents for catalyst preparation but also to increase their
mechanical strength and, probably, to improve tem-
perature profiles in large-diameter reactors with no
increase in reaction characteristics.

Thus, in this work, we found that traditional syn-
thesis in organic solvents with the addition of a support
allowed us to obtain supported VPO phases; this is
consistent with published data [29]. In this case, we
found that the composition of this phase depends on
the time taken to introduce the support into the reac-
tion mixture and on the temperature of the thermal
treatment of the resulting sample. The use of mecha-
nochemically pretreated V,Oj5 in traditional synthesis
allowed us to exclude the use of a reducing agent.
We found that the replacement of the traditional
method for the preparation of supported catalysts with
a barothermal synthesis allowed us to obtain active
supported VPO phases and to decrease the used
amount of an organic solvent by a factor of more than
10 on the removal of a reducing agent from the synthe-
sis. Direct mechanochemical synthesis is promising
for the preparation of supported VPO catalysts; it pro-

KINETICS AND CATALYSIS  Vol. 50
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vides an opportunity to improve the reaction charac-
teristics of n-butane oxidation at elevated hydrocarbon
concentrations with no changes in the catalytic prop-
erties of these samples in the oxidative dehydrogena-
tion reaction of ethane, as compared with bulk VPO
catalysts. Simultaneously, note that the supported cat-
alysts prepared in this work were better than the well-
known VPO catalysts supported on SiO, in terms of
performance characteristics in both the oxidation of
n-butane [43, 44] and the oxidative dehydrogenation
of ethane [45].
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