V,05/TiO, Catalyst Xerogels: Method of Preparation and Characterization
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Abstract. This work describes a modified sol-gel method for the preparation of V,Os/TiO; catalysts. The samples
have been characterized by N; adsorption at 77 K, X-ray Diffractometry (XRD), Scanning Electronic Microscopy
(SEM/EDX) and Fourier Transform Infrared Spectroscopy (FT-IR). The surface area increases with the vanadia
loading from 24 m? g~! for pure TiO; to 87 m? g~* for 9 wt% of V,0s. The rutile form is predominant for pure
TiO; but becomes enriched with anatase phase when vanadia loading is increased. No crystalline V,05 phase was
observed in the diffractograms of the catalysts. Analysis by SEM showed heterogeneous granulation of particles with
high vanadium dispersion. Two species of surface vanadium were observed by FT-IR spectroscopy: a monometric
vanadyl and polymeric vanadates. The vanadyl/vanadate ratio remains practically constant. Ethanol oxidation was
used as a catalytic test in a temperature range from 350 to 560 K. The catalytic activity starts around 380 K. For the
sample with 9 wt% of vanadia, the conversion of ethanol into acetaldehyde as the main product was approximately
90% at 473 K.
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tivity and selectivity for both applications is achieved
when vanadia is supported on anatase, rather than rutile

1. Introduction

Vanadia supported on titania, V,0s/TiO,, constitutes
a well-known catalytic system for selective oxidation
[1-4] and ammoxidation of hydrocarbons [2, 5] as well
as selective reduction of NO, with NHj in the presence
of O, [6-9]. Some works have shown that a higher ac-

*To whom all correspondence should be addressed.

TiO; [8~14]. Many hypotheses have been reported to
explain this synergistic effect of anatase as a support
in V505/Ti0; catalysts. Vejux and Courtine [15] have
proposed that a close epitaxial crystallographic match
between the structure of the (010) plane of V05 and the
(001) plane of anatase leads to the spreading and pref-
erential exposure of the (010) active crystalline plane.
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Bond [14] considered the formation of a stable VO,
monolayer over anatase TiO; and similar electronega-
tivities of titanium and vanadium as the main reasons
tor the apparent superior catalytic performance. As a
consequence, anatase has been employed as a support
or as a component in a number of commercially impor-
tant heterogeneous catalyst systems [16, 17]. In spite of
this advantage, titania, as a support, prepared by con-
ventional ceramic processes, suffers from limited sur-
face area, lack of abrasion resistance, poor mechanical
strength, and high price. In addition, the anatase phase
has poor thermal stability at high temperature [18].
Temperature stability in catalysis is vitally important,
since, in high temperature oxidations, long-term ther-
mal stability dictates the catalyst life. Its partial trans-
formation into rutile is thermodynamically favored but
leads to a worsening of catalytic performance. This oc-
curs as a consequence of a decrease in surface area and
destruction of the active monolayer of vanadia spread
over the anatase surface. Because of these reasons, a
mixed titanjum oxide support has been preferred over
a single titanium oxide support.

The stabilization of the active phase in vanadia/
titania systerns depends mainly on the characteristics of
the support and of the preparation methods. Currently,
efforts are being made to develop new oxide supports
to satisfy the needs of practical applications [18, 19].

The sol-gel method has been proposed as an alter-
native to synthesize catalysts with a high surface area
and stable active phase [20-23]. Several procedures
have been proposed: co-gelling of vanadia and titania
[21, 22], preparation of aerogels by two-step procedure
[24], impregnation of V05 on TiO; aerogels [8, 9] and
hydrogels [25]. In all these studies, V.05 was either
immobilized on pre-formed anatase or vanadium and
titanium oxides were allowed to gel by a procedure
that favors the anatase formation. The role of the active
phase in the modification of the textural and structural
properties of the support, and hence in the active phase
itself, has received little attention.

The present work focuses on the preparation of
V;05/Ti0; catalysts using a modified sol-gel method
to obtain a support with highly dispersed V** and
V>* ions. Physico-chemical characterization of the
materials were carried out by Na adsorption at 77 K
(BET), X-ray Diffractometry (XRD), Scanning Elec-
tronic Microscopy (SEM/EDX) and Infrared Spec-
troscopy (FT-IR). A preliminary catalytic test was per-
formed for the ethanol oxidation in the temperature
range from 350 K to 560 K.

2. Experimental
2.1. Sample Preparation

V305/TiO; catalysts with different contents of V,0;
were synthesized by using a modification of the
sol-gel method reported in [22, 23]. The preparation
procedure is shown schematically in Fig. 1. All reagents
were used without further purification. Solution (A)
was prepared by dissolving desired amounts of ammo-
nium metavanadate (Carlo Erba 99.5%) in an aqueous
solution (pH = 1.0) of nitric acid (Merck p.a.) and sub-
jected to ultrasonic vibration at 75 W for 1 minute.
Solution (B) was prepared by diluting tetraisopropyl
orthotitanate (Fluka 99.9%) in isopropyl alcohol
(Merck 99.7%) with molar ratio of 0.25:1.0. Then, so-
lution (A) was added to solution (B) and a gel was
immediately formed (pH = 1.0). The gel was vigor-
ously stirred for 5 min under ultrasonic vibration at
75 W and maintained at rest at room temperature, Af-
ter 24 h, the resulting gel was dried at 373 K for 4 h, then
heated to 723 K in air, at a heating rate of 5 K min™!,
and calcined at 723 K for 16 h. The catalysts obtained

NH,VO; /HNO,
pH =10 SOLUTION (A)

Ultragsound

(C1:H»0,Ti)Isopropancl
MolarRatio = 0.25: 1.0 SOLUTI:MN(B)

Gel
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Stirred for 5 min
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pH=10

24 hours rest

GEL

Drying at 373K—4h.
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Y205/TiO,
XEROGEL

Figure 1. Preparation scheme of the V,05/TiO2 catalysts by
modified sol-gel method.



were: 3, 6 and 9% V205/TiO,. Pure TiO, was prepared
also.

2.2, Sample Characterization

Surface areas were determined using the BET method
using a Micromeritics model AccuSorb 2100E instru-
ment. X-ray diffractometry (powder technique) was
carried out with a Rigaku Rotaflex diffractometer
model RU 200B, using Cu Ko radiation (nickel fil-
ter). The reflections present in the diffractograms of
the samples were compared to JPDS powder data files.
Particle size and morphology of samples of pure TiO,,
6, and 9 wt% V,0s were investigated using a Zeiss
Scanning Electronic Microscope model DSM 960. In-
frared studies of the 3, 6 and 9% V,05/Ti0; catalysts
were performed with a Nicolet FT-IR spectrophotome-
ter model Magma 850 using the photoacoustic detec-
tion system MTEC model 300 (resolution 4 em™!,
5000 scans). The background spectrum of the pure
TiO, was electronically subtracted from the FI-IR cat-
alysts spectra. To avoid moisture contamination helium
(99.996%) was passed through the sample during F1I-
IR measurements. Prior to acquisitions of FT-IR spec-
tra, samples were first dried overnight in vacuum at
S03 K.

2.3, Catalytic Test

The conversion of ethanol was tested in a tempera-
ture range from 350 K to 560 K with a residence
time W/F = 7.4 g cat mol h™!, W being the weight
of the catalysts (g cat.) and F the total flow of the
gases (mol h~!). The molar ratio of the standard re-
actant (ethanol-oxygen) and the diluting gas (helium)
was 1:5:10, respectively. An on-line Shimadzu Gas
Chromatograph GC-14B using Suple-Q and Carboxen-
1010 Plot capillary columns analyzed all products. The
absence of a homogeneous combustion of reactants and
products at temperatures up to 623 K was confirmed by
using powdered Pyrex glass.

3. Results and Discussion
3.1 Samples Characterization

BET surface areas of the samples with different con-
tent of vanadia are presented in Fig. 2. A surface area
of 24 m? g~! was obtained for pure TiO; and the pres-
ence of the vanadia increased the surface area. It is
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Figure 2. Surface areas of the samples with different content of
vanadia.

known that the presence of the anatase phase leads
to material with high surface area [28]. These BET
surface area results suggest that the presence of the
vanadia promotes the anatase phase formation in the
V,05/Ti0, systems obtained by this modified sol-gel
method and calcined at 723 K. The isotherms of N3
adsorption-desorption at 77 K for pure TiO, and cat-
alysts with different contents of vanadia are presented
in Fig. 3. According to the TUPAC classification [26,
27] type I isotherm profiles with type H2 hystere-
sis are observed for all samples. They indicate meso
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Figure 3. Adsorption/desorption isotherms of Ny at 77 K of pure
TiOa and V,05/Ti0; catalysts. Filled symbols: Adsorption, opens
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(r =20-50 A) and macro (r > 50 A) pores of irregular
shapes (slits or bottle shapes). With increasing vanadia
content, the adsorption capacity (maximum volume of
adsorbed gas by the material at P/ Py = 1) increases
from 64 cm’g~! for pure TiO,, to 105 ecm’g~! for
9 wt% V,0s. A qualitative analysis of the adsorption
isotherm at low relative pressure [27] shows the pres-
ence of micropores (r <20 f&) and an increase of the
total volume with the increase of the vanadia content.
The average pore diameter decreases from 70 A for pure
TiO; to 20 A for 9 wt% of V,0s (Fig. 4). An almost
monomodal pore size distribution is observed for most
samples.

Considering the same content of vanadia, the surface
areas of the samples obtained here are higher than those
obtained by other ceramic preparation methods. Cavani
etal. [30] related the preparation of V,05/TiO, systems
by co-precipitation from an aqueous acidic solution
of vanadium and titanium and calcination at 673 K.
Samples with content of 10 and 25 wt% of vanadia
was obtained with surface area of 68 and 92 m2g~!,
respectively. The modified sol-gel method and the cal-
cination at 723 K proposed yields vanadia/titania cata-
lysts with high surface area [29], with lower content of
vanadia, 6 and 9 wt% of V,0Os, respectively. The tita-
nia grain size was calculated by the Scherrer equation
for each sample. We observed a trend toward smaller
TiO; crystallites as vanadium was added: the titania
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Figure 4. Pore size distribution for pure TiO; and V;05/TiO,
catalysts.
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Figure 5. X-ray diffraction patterns of pure TiO; and V,05/TiO;
catalysts.

grain size of pure TiO, was equal to 62 nm, where the
sample with the highest amount of vanadium, it was
25 nm.

Figure 5 shows the typical XRD peaks attributed
to the anatase, rutile, and brookite phases of the cat-
alysts. Peaks associated with crystalline V,05 are not
observed for any samples, indicating the effective dis-
tribution of vanadium on the titania matrix. A substan-
tial increase in the anatase peak intensity is observed
as the vanadia loading increases. This can be attributed
to the strong vanadium-titanium interaction [1], which
inhibits the phase transformation of anatase to rutile.
Similar effects are related to the presence of impuri-
ties, such as sulfate and phosphate, or attributed to a
chemical solid interaction between vanadia and anatase
[30-33].

The transformation of anatase to rutile is only con-
sidered an effective process for TiO, samples calcined
at temperatures higher than 973 K [30-32, 34]. How-
ever, XRD results depicted in Fig. 5 indicate the pre-
dominance of rutile for pure TiO, calcined at a lower
temperature (723 K). This, may be a consequence of a
decrease in the phase transition temperature of anatase
to rutile promoted by the above preparation method.
In acidic preparations, the hydrolysis of the titanium
alkoxide is faster than the condensation, producing



samples containing many hydroxyl radicals. The
thermal treatment of these samples causes dehydrox-
ylation, and forms™ anionic vacancies [31]. The high
defect concentrations of anatase crystals contribute to
the decrease in anatase to rutile phase transformation
[33]. In short, the structural nature of V,0s/TiO; is
determined by vanadia-titania interactions, being more
evident for the V,05/TiO, system prepared from liquid
precursors [33, 34].

The X-ray diffractogram of the sample with 3 wt%
of vanadia show the presence of the anatase phase, but
the rutile phase is predominant. With the increase of the
vanadium content the peaks of the rutile phase decrease
and a substantial increase of the anatase peak intensity
is observed. It can be noted that the diffractograms of
6 wt% and 9 wt% V,0s samples show the predomi-
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nance of the anatase phase. The XRD results show also
that even in the 9 wt% vanadia sample, both anatase
and rutile forms are present. This is very important,
because the vanadia/titania catalysts mechanisms in-
volve redox reactions. Jonson et al. [29] concluded that
V4+/V5+ couples are more effective than the V3+/V**
pair. However, V4 ions can be reduced to V3* ions
in the anatase phase, but cannot be oxized to V3t due
to strong interaction between vanadia and titania sur-
face. In the rutile phase the oxidation of V4 to V3*
ions occurs, meaning the presence of rutile is required
to promote high performance of the catalysts by redox
properties.

Figure 6(a)—(c) shows SEM/EDX images of the sur-
face of pure TiOs, 6 and 9% V,Os/TiO;. The mor-
phology of the pure TiO, indicates the formation of

(b)

(d)

Figure 6. SEM micrographs of V,05/TiOx catalysts: (a) TiOa, () 6% V205/TiOz, () 9% V,05/Ti0; and (d) EDX dispersive analysis of 9%

V20s/TiOs.
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Table 1. EDX analysis of V20s/TiO; xerogels.

EDX analysis (wt%)

V105 content {wt%) Vv Ti

0 0 100

3 324+03 967405
6 59403 942405
9 9.1+03 90.840.5

agglomerates, with nanoscale particles. There is no sig-
nificant modification in the morphology with vanadium
addition. An EDX analysis of vanadium is shown for
the 9% V,05/TiO; in Fig. 6(d). Within the sensitivity
of the equipment, the analysis indicates a uniform dis-
tribution, with no agglomeration of V,0s. The results
of Table 1 confirm the nominal V/Ti ratios.

Figure 7 shows the FI-IR spectra of V,0s/TiO;
samples recorded between 1300 and 500 cm~! after

Photoacustic Signa
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Figure 7. FT-IR spectra of 3, 6 and 9% V20s/Ti0, dehydrated in
vacuum at 503 K for 12 h.

subtraction of the contribution of TiO; to the spectra,
Two well-defined absorption bands can be seen: one
relatively narrow band at 998 cm™! and another broad
band spreading from 760 to 940 cm~'. Earlier litera-
ture reports a high frequency band, at 1030 cm~!, is
associated with surface-isolated vanadyls in water-free
samples [35, 36]. Such a band is assigned to the stretch-
ing mode of the “monoxo” V=0 species, with unsat-
urated coordination and has the characteristic that its
center was shifted to lower energies (995 cm™') in hy-
drated samples. This could explain the band observed
at 998 cm~!,

The broad absorption band, ranging from 760 to
940 cm™!, is due to different species of vanadates,
According to comparable studies, performed with
FI-IR and Raman scattering [32], it may correspond
to the 920 cm~' Raman band, which is also at-
tributed to the vanadate species. Two vibrational modes
have been identified and associated with the 0—V—Q
stretching modes of metavanadate (VO;)*~! species
[35]. The low energy mode (870 cm™!) is asymmet-
ric and more easily observed by Raman techniques.
Moreover, it has been shown that the infrared spectra
of metavanadates do not depend strongly on hydra-
tion/dehydration treatments [35]. Figure 7 shows also
that the ratio between the intensity of both bands in-
creases with increasing V,0s content but their width
and relative intensities remain unchanged. This indi-
cates that the vanadyl/vanadate ratio is independent of
the vanadium concentration, and that the two species
are homogeneously dispersed on the support surface
for samples 3, 6, and 9 wt% of vanadia. Furthermore,
the FT-IR spectra of samples do not exhibit band at-
tributed to crystalline V,0s, agreeing with the XRD
results.

The independence of the vanadyl/vanadate ra-
tio in relation to total vanadium has not been
observed in previous studies [34-37], where the
vanadyl/vanadate ratio drastically decreases for con-
centrations higher than 2.5 wt% of vanadia. This
modified sol-gel leads to V,0s/TiO, systems with
good distribution of vanadia in the matrix and a
tendency to reduce V3* to V4 jons on the sup-
port surface. In other words, the increase in vana-
dia content, increases the anatase phase and pro-
motes a reduction of V3t to V4t proportionally. The
anatase phase promotes the reduction of V,0s, while
rutile phase retards this process. The presence of
anatase and rutile phases and V>*/V** pair are neces-
sary conditions for good performance of the vanadia/



fitania systems in oxidation catalysis as discussed
below.

3.2. Catalytic Test

The activity, after 15 min reaction, of the catalyst as
a function of the temperature is shown in Fig. 8. The
preliminary results are very promising. The catalysts
have already shown some activity at 323 K, which in-
creases with both, vanadia loading and temperature of
reaction. The pure TiO; exhibits a very low activity for
the ethanol oxidation. For the sample with 9 wt% of
vanadia, the conversion of ethanol was almost 90% at
450 K. This level was maintained constant during a5 h
run. Acetaldehyde was the main product with acetic
acid, ethene, carbon oxides and ethyl acetate as minor
products.

The increase of the activity with the increase of the
vanadia content can be explained by an increase in
the number of active sites. Our data seems to indicate
that both, isolated vanadyl and polymeric metavanadate
species of vanadium are present. Vanadyl/vanadate ra-
tios stayed almost constant even in the sample with
9 wt% of vanadia. It means that the two species are
distributed uniformly on the support surface and such
distribution is not affected by vanadium contents even
for 9 wt%. Generally, this ratio decreases drastically
when the polymerization of the vanadia takes place for
samples containing greater than 2.5 wt% of vanadia
[25, 37]. Therefore the good performance of our cata-
lysts at lower temperature, especially for 6 and 9 wi%
of vanadia, indicate a good distribution of V,05 on the
support and the absence of V,0s crystallites.

100
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Figure8 Fthanol oxidation on pure TiOz and V2 0s/TiO; catalysts
with different loadings of vanadia. Conversion after 15 min of
reaction.

V20s/Ti0Q; Catalyst Xerogels 81

4. Conclusions

V,05/TiO, catalysts were obtained after calcination at
723 K using sols for which the pH of the precursor solu-
tion was controlled (/21.0), under ultrasonic treatment.
This leads to TiO, supports containing predominantly
the rutile phase. In contrast, the anatase phaseis favored
by V,05 additions and increases with increasing vana-
dium concentration, This leads to a V20s/Ti0, system
with heterogeneous granulation of particles and high
vanadium dispersion on titania. Additionally, high sur-
face area with meso and macro porosity is achieved
at high vanadia loadings. For concentrations above
3 wt%, surface areas are greater than those obtained
from samples prepared by conventional ceramic pro-
cesses, The formation of crystalline V,Os phase was
not observed, in any samples. FT-IR spectra identified
two species of surface vanadium: monomeric vanadyl
and polymeric vanadates. The vanadyl/vanadate ratio
remains practically constant indicating that the two
species are uniformly distribution on the support. The
catalytic activity for ethanol oxidation starts around
380 K. For samples with 9 wt% of vanadia, the conver-
sion was approximately 90% at 473 K, with acetalde-
hyde as the main product and acetic acid, ethene, carbon
oxides and ethyl acetate as minor products.
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