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The state and localization of vanadium—oxo species adsorbed on anatase have been studied by IR
spectroscopy of probe molecules, UV-vis spectroscopy, XPS, and chemical analysis. The adsorption
was carried out from acidic solutions of ammonium vanadate. Two samples were used as adsorbents:
(i) pure anatase, characterized by the presence of two kinds (strong and weak) of Lewis acid sites
and two kinds of surface hydroxyl groups, and (ii) anatase treated with hydrogen peroxide where
physically and chemisorbed peroxides exist. It was established that the active sites for adsorption
were, in the first case, the surface hydroxyl groups and the strong Lewis sites only. The catalyst thus
obtained (VT1) was characterized by a Lewis acidity, mainly due to the weak acid sites of the support,
as well as by a small amount of Brgnsted acid sites representing surface V-OH groups. When the
adsorption proceeded on the peroxide-treated sample, the vanadium coverage was higher, since all
Lewis acid sites of anatase participated in the process. A protonic acidity was also observed on this
sample (VT2), but, contrary to VT1, the Lewis acidity was associated with the existence of V>*. On
the basis of the results obtained, structures of the surface species are proposed. Some possibilities of

using the samples as catalysts are discussed.

INTRODUCTION

Vanadia-titania catalysts possess high
activity and selectivity in processes of in-
dustrial importance such as oxidation of
o-xylene (I-8), naphthalene (9), and buta-
diene (10), oxidative ammonolysis of vari-
ous aromatic hydrocarbons (11-13), and se-
lective reduction of nitric oxides with am-
monia (/4-16).

It is generally accepted (I-6, 17, 18) that
the active phase is the vanadia part of the
catalysts and the most appropriate support
is the low-temperature modification of tita-
nium dioxide, anatase. The structure of the
active phase strongly depends on the va-
nadia content as well as on the preparation
conditions. The most used method for syn-
thesis is deposition of V,0; by impregnation
(14, 18-25). In a series of cases, va-
nadia—titania catalysts are obtained by the
so-called ‘‘ion exchange’’ method. The ad-
sorption of VOCI; (3, 18, 21, 22, 26-28),
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VO(OiBu); (18, 29), and VO(acac), (18, 30,
31) from organic solutions on anatase are
widely used. These syntheses are complex
since the processes occur in completely
nonaqueous media. Roozeboom et al. (32,
33) have shown the possibility of prepara-
tion of catalysts with a very low vanadium
content using adsorption of vanadate ions
from weakly acid aqueous solutions. In all
these cases it is assumed that the active sites
for adsorption are surface hydroxyl groups
(I8, 21, 22, 26, 29-33). The catalysts pre-
pared by ion exchange are especially inter-
esting due to their high catalytic activity (18,
21, 26) as well as from a commercial view-
point owing to the low content of the active
phase.

The vanadium oxide compounds on the
anatase surface are different depending
mainly on the degree of coverage. It is estab-
lished (3, 20, 21, 25, 26, 32, 33) that the
monolayer vanadium oxide catalysts con-
tain two types of surface compounds: (i)
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isolated monooxo-vanadyl groups that in-
teract strongly with the titanium dioxide sur-
face and (ii) bidimensional vanadium oxide
clusters bonded weakly to the support. The
presence of a separate V,0, phase (/, 3, 13,
18, 19, 21, 25) or polyvanadate ions (34)
is also observed at higher coverages. It is
interesting that coordinatively unsaturated
(c.u.s.) titanium cations are present on the
surface with a theoretically calculated
monolayer or even at higher coverages (19,
22, 26). The inhomogeneous distribution of
the active phase is also confirmed by studies
with a high-resolution electron microscope
24).

A number of hypotheses are proposed for
the explanation of the unique catalytic prop-
erties of vanadia—titania catalysts. Thus,
Vejux and Courtine (35) have noted the
crystallographic fitting between the (010)
face of V,0s and the prevailing (according to
(35)) anatase planes: (001), (100), and (010).
Thus, there is a possibility of epitaxial
growth of V,0, during its deposition with
predominant exposure of the (010) vanadia
face characterized by the presence of V=0
groups (36). These groups are responsible
for the processes of selective oxidation. Pol-
ish authors (27, 28) have proposed a model,
according to which isolated VO, groups with
two terminal and two bridge oxygen atoms
are situated on the (001) anatase face. The
specific effect of the support consists of fa-
voring the formation of dioxovanadate
groups containing reactive oxygen. The dis-
advantage of this model is that the other
faces characteristic of a real anatase crystal
are not considered. Bond et al. (5, 18) sup-
pose that at a low V,0s content isolated
tetrahedral hydroxovanadyl groups are
formed. The precious catalytic properties of
such catalysts are due to the joint effect of
an easily reducible V=0 bond and an acid
hydroxyl group from the same active center
(9). Gryzbowska (6) supposes the better
catalytic properties of anatase-supported
vanadia catalysts in comparison with those
of bulk V,05 to be due to the weaker acid
properties of the monolayer coverage
caused by the effect of the support.
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Obviously, various vanadium oxide com-
pounds are formed on anatase depending on
the concentration of the supported vanadia
and on the preparation conditions. The
structure, localization, and reactivity of
these species determine the activity and se-
lectivity of the catalysts. The full elucidation
of the question about the properties of
vanadia-titania catalysts requires studying
each kind of surface compounds separately.

The purpose of the present paper is to
establish the structure, localization, and re-
activity of the VO, compounds formed after
adsorption on anatase of vanadium-oxo
species from aqueous solutions.

EXPERIMENTAL

Hydrated titanium dioxide was prepared
by hydrolysis of titanium tetrachloride at
pH 9 (37-39), followed by calcination in air
at 400°C for 2 h. The substance obtained
had, according to XRD data, the structure
of anatase.

Part of this preparation was suspended in
5% H,0, solution, filtered, and dried in air
at room temperature.

Samples of pure and hydrogen peroxide-
treated anatase (5 g each) were suspended
in 100 ml 0.06 M solutions of V>* at different
pH values. After 2 h the precipitates were
filtered and washed several times with dis-
tilled water to remove unadsorbed ions,
then dried at 120°C and calcined in air at
400°C for 1 h.

The V3* solutions were prepared by dis-
solving ammonium vanadate in nitric acid
(1:1). The desired pH value was attained by
alkalization with ammonia.

To carry out the adsorption IR experi-
ments the samples were pressed into pellets
with a suitable thickness and placed in the
IR cell. This cell was directly connected to
a vacuum apparatus ensuring residual pres-
sure below 10~* Torr!.

IR spectra were registered with UR-20
and Specord M-80 apparatuses. For the ad-
sorption measurements the samples under-

U'Torr = 133.3 N -m~2
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went in situ thermal treatments under vac-
uum better than 10~* Torr at 400°C and in
oxygen (100 Torr) at the same temperature.
X-ray phase analysis was performed with a
DRON-3 apparatus using a CuKa radiation
source. The diffuse reflectance UV-vis
spectra were registered with a Shimadzu-
300 apparatus. The ESR spectra were re-
corded with a Bruker ER 200 DSRC appara-
tus using a DPPH marker. The XPS mea-
surements were carried out with an
ESCALAB MKII (VG Scientific, Ltd.) ap-
paratus using MgKa radiation. Chemical
analysis was made by atomic absorption
analysis with a Pye Unicam SP 1950 appara-
tus at the corresponding resonance wave-
length. The specific surface area was deter-
mined by conventional low-temperature
nitrogen adsorption according to the BET
method.

RESULTS
Preliminary Remarks

The preliminary experiments have shown
that the adsorption of vanadium-containing
ions from aqueous solutions of ammonium
vanadate proceeds within a wide range of
pH values but with different coverages. The
highest vanadium content was reached dur-
ing adsorption from solutions with pH =< 1.
For that reason, ‘‘molecular deposition™
was carried out at pH of ca. 0.5. Under these
conditions, adsorption was irreversible and
the surface compounds obtained were not
able to be washed off by neutral or acid
solutions. The treatment with a 25% ammo-
nia solution at room temperature for 24 h
also did not cause leaching of the supported
active phase, which indicated that the latter
was directly connected with the support sur-
face (3, 13, 21).

Characterization of the Samples

Some characteristics of the samples in-
vestigated are presented in Table 1. Nota-
tion VT1 will be used for the sample pre-
pared in the absence of hydrogen peroxide,
whereas the sample synthesized using
peroxide-treated TiO, will be denoted by

301

VT2. The X-ray phase analysis has shown,
in all cases, presence of anatase alone. This
is normal for low-coated vanadia-titania
catalysts (7). According to XPS, the V: Ti
ratio higher than that observed using the
results of AAA is indicative of the surface
localization of the adsorbed species. The
vanadium content in sample VT1 is lower
than that of sample VT2 but in both cases
it does not exceed a monolayer coverage
(according to Ref. (18)). The calculated sur-
face concentrations of V atoms are signifi-
cantly lower than the average concentration
of c.u.s. titanium cations on anatase (ca. 5
Ti** nm~2 (37)).

The positions of the V 2P, , peaks (518.3
and 519.3 eV for VT1 and VT2, respec-
tively) are indicative of a five valent state of
the vanadium (23). This is in agreement with
the absence of a signal from the ESR spectra
of the samples (40).

Diffuse-reflectance UV-vis spectra of
samples VT1 and VT2 (using anatase as a
reference) are shown in Fig. 1. In the spectra
of both samples there is a band with a maxi-
mum at 400~415 nm, which corresponds to
LMCT characteristic of compounds of octa-
hedrally coordinated vanadium(V) (41, 42).
The absence of reflectance at the higher fre-
quencies, where the d-d transitions are ob-
served (41), shows that the samples contain
no tetravalent vanadium. This fact coincides
with the XPS and ESR results described
above. Some diffuse reflectance in the re-
gion 450-700 nm, typical of V4* compounds
(41), is observed in the spectrum of sample
VT2 after its calcination at 550°C in air; i.e.,
the thermal treatment leads to reduction of
part of V3* to V4+ (21).

IR Spectroscopic Studies

All IR spectra were taken after preliminary
activation of the samples (1 h vacuum treat-
ment at 400°C, followed by 1 h heating in 100-
Torr oxygen atmosphere at the same tempera-
ture and evacuation after cooling). This acti-
vation was performed to eliminate the ad-
sorbed water and eventual organic impurities.

1. Anatase supports. The IR spectra of
pure and peroxide-treated titanium dioxide,
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TABLE 1

Some Characteristics of the Samples Investigated

Sample Adsorbent M V :Ti ratio on Surface concentration
(m?/g) the surface layers® (V3 /nm?®

TiO, — 165 — —

VT1 Anatase 136 4.3:100 1.6

VT2 Anatase treated with H,0, 142 7.2:100 2.2

% According to XPS data.

b Calculated according to atomic absorption analysis data.

registered after activation, contain two ad-
sorption bands with maxima at 3740 and
3700 cm™! (Fig. 2). These bands, in
agreement with data from the literature (38,
43, 44), correspond to two types of surface
hydroxyl groups. The adsorption of CO on
both samples (Fig. 2) leads to the formation
of two kinds of Ti**—CO carbonyls (IR
bands at 2206 and 2186 cm™!), which corre-
spond to two types, a and 8, of Ti** Lewis
acid sites, respectively (38, 43, 45). The
higher frequency and stability of the carbon-
yls manifesting band at 2206 cm ! are indic-
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Fi16. 1. Diffuse-refiectance UV-vis spectra of sam-
ples VT1 (a) and VT2 (b), calcined at 400°C in air, and
sample VT2 after heating in air at 550°C (c).

ative of the greater acidity of the respective
sites. The fact that the surface properties
of pure and peroxide treated anatase are
identical after activation is due to the low
thermal stability of the adsorbed peroxide
groups; as shown earlier (39), their decom-
position begins at about 80°C.

2. Sample VTI. The IR spectrum of the
sample VT1 is shown on Figs. 3 and 4. An
absorption band at 3660 cm~' with a low-
frequency shoulder is observed in the v(OH)
region after thermal treatment of the sample
(Fig. 3) and can be ascribed to the stretching
modes of V—OH surface hydroxyl groups
(21, 22, 26). A very weak and broad ab-
sorbance in the 3600-3000 cm™! region
shows the existence of some H-bonded hy-
droxyls. At a lower wavenumber there is a
band at 2504 cm~' (Fig. 4), which corre-
sponds to the first overtone of the V=0
stretching mode observed at 1034 cm ™! (21,
22, 26, 46).

The surface acidity of sample VT1 has
been studied using ammonia and CO adsorp-
tion. The introduction of ammonia (5 Torr)
at room temperature, followed by 15-min
evacuation to eliminate H-bonded mole-
cules, leads to the appearance in the IR
spectrum of a series of new bands (Figs. 3
and 4). In the high-frequency region over-
lapping bands due to symmetric and asym-
metric N—H stretching vibrations of
NH; and coordinatively bonded NHj;, as
well as the Fermi resonance of 25,(NH;)
with v(NH;) (43, 47), are observed. The
band at 3576 cm™! can be attributed to
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F1G. 2. IR spectra of: anatase after activation at 400°C
(a), and after adsorption of 1- (d) and 20- (f) Torr CO;
hydrogen peroxide pretreated anatase after activation
at 400°C (b) and after adsorption of 1- (c) and 20- (e)
Torr CO.

v(NH) stretching modes of NH* groups
formed after dissociation of part of the am-
monia molecules during adsorption (48, 49).

Two intense bands at 1600 and 1172 cm ™!,
the latter having a high-frequency shoulder,
characterize 8,,(NH,) and 8, (NH;) modes of
coordinatively bonded ammonia (38) and
evidence the existence of Lewis acidity on
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the sample surface (Fig. 4). The broad low-
intensity band at 1452 cm™! is assigned to
8,(NH,) vibrations. The position of this
band is indicative of weak or moderate acid-
ity of the protonic sites (43). Simultane-
ously, the band at 3660 cm~!, due to V—OH
groups, decreases in intensity, which indi-
cates the reversible ammonia adsorption
and supports the conclusion of a moderate
Brgnsted acidity.

It is worth noting that the band at 1034
cm~!, which characterizes the V=0 stretch-
ing modes, as well as the corresponding over-
tone at 2054 cm™!, disappears from the spec-
trum after adsorption of ammonia (Fig. 4).

The adsorption of CO on the sample leads
to the appearance of a band, whose maxi-
mum shifts from 2194 to 2190 cm™! with
increasing CO coverage (Fig.5). The de-
crease in equilibrium CO pressure causes
the decrease in the band intensity and its
disappearance after brief evacuation. This
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FiG. 3. IR spectra of sample VT1 (for the symbols see
text) after activation at 400°C (a) and after adsorption of
NH; (5 Torr, followed by 15-min evacuation) (b).
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min evacuation) (b).
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band has been assigned to CO coordinated
on surface c.u.s. ions (43).

The experimental results obtained show
that, contrary to TiO, sample, VT1 is char-
acterized by only one type of Lewis acid
sites, able to coordinate CO. Moreover, this
sample also possesses a Brgnsted activity.

3. Sample VT2. The IR spectrum of sam-
ple VT2 (Figs. 6 and 7) is similar to that of
VT1. A band at 3680 cm~!, which corre-
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FiG. 5. IR spectra of VT1 after activation at 400°C
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(e) Torr CO.
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Fi1G. 6. IR spectra of VT2 after activation at 400°C (a) and after adsorption of NH; (5 Torr, followed

by 15-min evacuation) (b).

sponds to the ¥(OH) of isolated V—OH
groups, and a broadband with a maximum
centered around 3170 cm~!, due to H-
bonded hydroxyl groups, are observed (Fig.
6). However, the latter is much more intense
than in the case of the VT1 sample. The
higher frequency of the isolated V—OH
groups in this case is probably due to the
influence of the extra deposited vana-
dium-oxo species. In the 2500-2000 cm ™'
region there is a band with a maximum at
2060 cm™!, which is assigned to the first
overtone of the V>*=0 stretching modes
(21, 22, 26, 46).

The adsorption of ammonia (5 Torr, fol-
lowed by 15-min evacuation), in addition to
the bands due to N—H stretching modes,
leads to appearance of two bands with max-
ima at 1610 and 1240 cm™! (Fig. 6). They
correspond to §,,(NH;) and §,(NH;) modes
of coordinatively bonded ammonia, respec-
tively (43). A low-intensity band at about
1460 cm ™!, which is typical of ammonium
ions, is also observed. This and the fact that
the band due to V—OH groups at 3680 cm ™!
decreases in intensity indicate that the ob-
served Bregnsted acidity is due to isolated
V—OH groups again. Disappearance of the
band at 2060 cm !, assigned to the first over-
tone of V=0 stretching modes, is observed

after adsorption of ammonia as in the case
of VT1 sample.

The introduction of CO at room tempera-
ture produces no substantial changes in the
spectrum (Fig. 7). Moreover, the spectrum
is preserved even after heating the sample
in a CO atmosphere at 400°C or in oxygen
at 500°C. The adsorption of CO at room
temperature after precalcination of the sam-
ple at 500°C leads to the appearance of weak
bands at 2200 and 1940 cm ~! which indicate
that during the treatment some changes in
the surface state have occurred.

In contrast to sample VT1, the absorption
of CO does not reveal the presence of c.u.s.
cations on the surface of VI2. However, a
Lewis acidity, different from that of VT1
sample and both pure and H,0, pretreated
titania, was detected by ammonia adsorp-
tion. A certain amount of protonic sites was
also observed.

The acidity of the isolated V—OH groups
is measured by the so called ‘“hydrogen
bond”’ method as well. According to it (50),
the value of the »(OH) spectral shift after ad-
sorption of weak bases is a quantitative char-
acteristic of the hydroxyl group acidity. When
the VT2 sample comes in contact with ben-
zene vapor (20 Torr), the frequencies of the
surface hydroxyl groups are shifted down
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from 3680 to 3470 cm ™!, i.e., Av(OH) = 210
cm™~! (Fig. 8). This corresponds to a moderate
Brgnsted acidity. However, it should be
noted that the observed shift may be due to a
secondary interaction between a surface hy-
droxyl group and a benzene molecule ad-
sorbed on other sites. A similar effect has
been observed earlier on pure anatase (48).

DISCUSSION

The c.u.s. titanium cations on the anatase
surface can be divided into several groups
(37, 38):
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1. Inert Ti** cations, inactive toward CO
adsorption at room temperature.

2. strong (o) and weak (B8) Lewis acid
sites;

3. titanium ions associated with surface
hydroxyl groups.

The results of the present paper show that
the localization of vanadium-oxo com-
pounds on the anatase surface depends on
the presence or absence of preadsorbed hy-
drogen peroxide during the synthesis.

Sample VTI

The results of surface testing with ammo-
nia have revealed the existence of both
Brgnsted and Lewis acidity on the VT1 sam-
ple surface. The value of §(NH,), which is
sensitive to the type of the coordination
sites, corresponds to the Ti**—NH; com-
plexes (38, 43, 45, 48). The high-frequency
shoulder of the latter band, however, might
be related to the 6(NH,;) of either
Ti**—NH, species formed on a-Lewis acid
sites of anatase (38, 45) or V’*—NH, com-
plexes (43, 51). Comparison with the results
of the CO adsorption study supports the sec-
ond assumption. The position of the corre-
sponding carbonyl band and its behavior
during the change of the CO equilibrium
pressure show that this band may be as-
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signed to carbonyls of the Ti**—CO type
formed with the participation of the 8-Lewis
acid sites of anatase (38, 43—45). The some-
what higher frequency is probably due to
the influence of vanadia on the electron state
of the support. A similar effect is observed
for Co?*/TiO, samples (44). In this case, the
a-Lewis acid sites, which are characteristic
of TiO,, are not observed; i.e., after the
vanadia deposition they are blocked,
whereas the f-sites remain free. The
Ti—OH groups of the support have disap-
peared, which indicates their participation
in the synthesis process. The Lewis acidity
of the VT1 is mainly due to the presence of
c.u.s. 8-Ti** ions on the sample surface.

Hence, the vanadium-oxo species on the
activated VT1 sample are localized (i) on
the planes characterized by four-coordi-
nated titanium cations, which represent the
a-acid sites, (e.g., (110), (111), and (113)
(38, 45)) and (ii) on some edges, where the
surface OH groups are situated mainly
38).

The high values of »(V=0) and the corre-
sponding overtone (2054 ¢m ~!) indicate the
absence of polymer structures. As shown by
Frederickson and Hausen (52), crystalline
polyvanadates manifest V=0 stretching
frequencies in the 1000-950 cm™! region.
The value of 20(V=0) is also an indication
of the absence of a separate V,Os phase
(20, 21, 46), which is in agreement with the
absence of ammonia-soluble surface vana-
dium compounds on the sample. The V=0
vibrations for the VT1 sample coincide with
those for VOCI,; (1035 cm™! (53)), where
isolated V°*=0 groups exist and V°* ions
are four-coordinated. The higher coordina-
tion of V°*, obtained from the UV-vis spec-
troscopy data, may be due either to the com-
plete saturation of the coordination sphere
by oxygen ions or to the presence of ad-
sorbed water molecules on the air-dry sam-
ples used. The thermovacuum treatment
causes the formation of c.u.s. species, the
presence on the surface of which has been
detected by ammonia adsorption. The fact
that only one frequency of V=0 vibrations
is observed suggests that O=V=0 frag-
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ments are not characteristic of the surface
species, since in the other case both sym-
metric and asymmetric stretching vibrations
should be observed.

The above considerations and the pres-
ence of isolated surface V-—OH groups per-
mit the assumption about the existence of
monomeric surface species with the follow-
ing structure:

HO O
\V//

/\

o o

|

777777777 ®

ScHEME 1

localized near the a-acid sites.

This structure is similar to that proposed
by Bond et al. (18). However, these authors
are of the opinion that the electrons in the

=V-0OH fragments are delocalized,
which is not observed with our samples.

It is known that, under the adsorption
conditions used (pH < 1 and below 1 wt%
NH,VO,) vanadium is present in the solu-
tion only in the form of hydrated mononu-
clear cation VO - nH,0 (54, 55). Most
probably the adsorption of these cations on
anatase proceeds on the c.u.s. oxygen ions
situated in vicinity of the a-Lewis acid sites
and the structures proposed above are
formed after dehydration during the
calcination.

When the surface hydroxyl groups of ana-
tase participate in the adsorption, the fol-
lowing species are probably formed after the
calcination:

0
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It should be noted that Scheme 2 is identi-
cal to the structures proposed by Went et
al. (25). Our results evidence that the forma-
tion of structures of type (I) or (II) is deter-
mined by the site where the vanadium-oxo
species are localized.

The question whether a V—OH group ex-
ists in the structures (I) and (II) is discussed
further on.

Sample VI2

The data on the Lewis acidity of sample
VT2 are, at first site, contradictory. The re-
sults on CO adsorption have shown the com-
plete absence of this kind of acidity. On the
other hand, ammonia adsorption has re-
vealed the presence of Lewis acid sites: the
band position of §,(NH,) is characteristic
of ammonia coordinated to V°* ions (43,
51); no Ti**—NH, complexes are detected.
A similar behavior has been described for
V3*-containing systems (22, 43, 51) and ex-
plained by both the weak electron donor
properties of the CO molecules and the
weak electron acceptor properties of the va-
nadium(V) ions, probably due to their high
coordinative saturation (51, 56). Being a
strong base, ammonia is able to be coordi-
nated to vanadyl species. This results in the
disappearance of the V=0 overtone from
the spectrum.

Busca (22) has interpreted the strong
Lewis acidity on vanadia~titania catalysts
by the presence of V#* ions. It is known (43,
56) that these ions are able to interact with
CO forming carbonyls with IR bands in the
region 2205-2170 cm~'. Such bands are not
registered on sample VT2 after introduction
of CO, which is why we think that the Lewis
acid sites observed by ammonia adsorption
are due to the presence of c.u.s. V> ions
on the sample surface.

The weak absorption at 2200 cm ~! regis-
tered after CO introducing to sample, pre-
heated at a higher temperature in oxygen,
may be due to carbonyls formed on the a-
acid sites of anatase (38, 45). The existence
of these sites can be explained by migration
of VO, species on the surface during the
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calcination. As a result, part of the a-acid
sites of the support is liberated. However,
the probability for the observed carbonyls
to be of a V#*—CO type should also be
noted (43, 56). This possibility is supported
by the presence of a band at 1940 cm™!,
which may be assigned to 2»(V**=0) vi-
brations and is in agreement with the results
of UV-~vis spectroscopy, which have re-
vealed the appearance of V** after heating
the samples at high temperatures.

The experimental results show that, in
contrast to sample VT1, the surface vanadia
compounds on VT2 block both types of
Lewis acid sites on the anatase. The surface
hydroxyl groups of the support have also
participated in adsorption, similarly to the
case of VT1, Besides the species observed
on VT1, additional vanadium—oxo groups
exist on the sample surface. They are lo-
cated on the anatase planes on which the 8-
sites (five-coordinated Ti** ions) are situ-
ated, namely (100), (010), (101), and (011)
(38). The structure of the species formed is
of type (I). This fact is supported by the
higher hydroxyl coverage of the sample VT2
than that of VTI.

The presence of H,0, on anatase during
the adsorption of VO, species from aqueous
solutions permits the formation of peroxide
bridges between the titanium and vanadium
ions. It is known that peroxocomplexes are
characteristic of both elements. This possi-
bility may explain the blocking of the 8-
Lewis sites in this case. However, some
differences are observed between the spe-
cies formed near the a- and B-sites. The
latter are characterized by H-bonded hy-
droxyl groups. This may be explained by
the higher density of c.u.s. Ti** ions on the
planes where the 8-sites are situated (37).

The observed distribution of vanadia on
VT1 and VT2 samples is in agreement with
the results of XPS and the chemical analy-
sis. The higher vanadium coverage on the
VT2 sample is due to the blocking of the 8-
sites of anatase in addition to the sites where
vanadium species are localized on the VTI
sample. Moreover, the calculated values of
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vanadium surface concentrations (see Table
1) coincide very well with the expected con-
centration of the respective active sites for
adsorption on the anatase surface (ca. 1.5
Lewis sites nm 2 and 0.6 Ti—OH nm ~? (38,
39).

It is of interest to discuss the eventual
catalytic behavior of the samples VT1 and
VT2 with respect to the o-xylene oxidation.
It is shown (1, 4) that Ti** Lewis acid sites
favor the complete combustion of some in-
termediates of the reaction. Hence, the VT1
sample, containing exposed B-Ti** ions,
should possess a selectivity lower than that
of VT2. Indeed, a similar behavior has been
described by Wachs et al. (1) and Cavani et
al. (3). These authors have observed a better
selectivity for vanadia—titania catalysts hav-
ing a higher vanadium content.

Catalysts prepared by adsorption from
aqueous solutions (see for example Refs.
(32, 33) and sample VT1) are characterized
by a vanadia coverage insufficiently high to
block all Ti** Lewis acid sites. On the con-
trary, the proposed method of synthesis in
the presence of hydrogen peroxide com-
bines the simplicity of the catalyst prepara-
tion and the desired distribution of the sur-
face vanadate species.

CONCLUSIONS

1. A new method of synthesis of va-
nadia~titania catalysts, based on adsorption
from aqueous solutions of ammonium vana-
date, is proposed.

2. The sample obtained after adsorption
of VO on pure anatase and subsequent
calcination, is characterized by blocking of
the strong Lewis sites of the support. The
Ti-OH surface hydroxyl groups are absent,
whereas isolated V-OH groups are formed.
The weak Lewis acid sites of anatase remain
free.

3. When anatase is preliminary treated
with hydrogen peroxide, the weak Lewis
acid sites are also occupied.

4. The surface vanadium(V) species
formed after calcination possess one vana-
dyl group each. When localized at the Lewis
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acid sites, they also contain a V-OH group.
No hydroxyl groups are characteristic of
vanadates formed after exchange with ana-
tase surface OH groups.

5. Both samples have a small amount of
Brgnsted and a higher amount of Lewis acid
sites. The Lewis acidity of the sample pre-
pared by adsorption on pure anatase is
mainly due toc.u.s. Ti** cations, whereas in
the other case c.u.s. V>* only are observed.

REFERENCES

1. Wachs, I. E., Saleh, R. 1., Chan, §. S., and Cher-
sich, C. C., Appl. Catal. 15, 339 (1985).

2. Saleh, R. Y., Wachs, 1. E., Chan, S. S., and Cher-
sich, C. C., J. Catal. 98, 102 (1986).

3. Cavani, F., Centi, G., Parrinello, F., and Trifird,
F., in “‘Preparation of Catalysts IV’ (B. Delmon,
P. Grange, P. A. Jacobs, and G. Poncelet, Eds.),
p. 227. Elsevier, Amsterdam, 1987.

4. Wachs, 1. E., Chan, S. S., Chersich C. C., and
Saleh, R. Y., ““Catalysis on the Energy Scene,”
Studies in Surface Science and Catalysis, Vol. 19,
p. 275. Elsevier, Amsterdam, 1984.

. Bond, G. C., J. Catal. 116, 531 (1989).

. Grzybowska, B., Catal. Today 1, 341 (1987).

7. Klissurski, D., Hadjiivanov, K., Nikolov, V., and
Simeonov, D., Khim. Indust. (Bulgaria) 8, 348
(1986).

8. Haase, R., Illgen, U., Scheve J., and Schulz,
1. W., Appl. Catal. 19, 13 (1985).

9. Andreikov, E. 1., React. Kinet. Catal. Lett. 22,
351 (1983).

10. Bond, G. C., Sarkany, J., and Parfitt, G. D., J.
Catal. 57, 476 (1979).

11. Hengstum, A. J. van, Ommen, J. G. van, Bosch,
H. and Gellings, P. J., Appl. Catal. 8, 369 (1983).

12. Cavani, F., Parrinello, F., and Trifird, F., J. Mol.
Catal. 43, 117 (1987).

13. Santi, M., and Anderson, A., J. Mol. Catal. 59,
233 (1990).

14. Morikawa, S., Takahashi, K., Yoshida, H., and
Kurita, S., in *‘Proceedings, 8th International Con-
gress on Catalysis, Berlin, 1984, Vol. 3, p. 661.
Dechema, Frankfurt-am-Main, 1984,

15. Dines, T. J., Rochester, C. H., and Ward, A. M.,
J. Chem. Soc. Faraday Trans. 87, 1473 (1991).

16. Bjorklund, B., Ingemar Odenbrand, C. U., Bran-
din, J. G. M., Anderson, L. A. H., and Liedberg,
B., J. Catal. 119, 187 (1989).

17. Matsuda, S., and Kato, A., Appl. Catal. 8, 449
(1983).

18. Bond, G. C., Zurita, J. P., Flamerz, S., Gellings,
P. J., Bosch, H., Ommen J. G. van, and Kip,
B. 1., Appl. Catal. 22, 361 (1986).

19. Miyata, H., Nakagawa, Y., Ono, T., and Kubo-
kawa, Y., Chem. Lett., 1141 (1983).

[~



310

20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

3.
35.
36.
37.
38.

39.

KANTCHEVA, HADJIIVANOV, AND KLISSURSKI

Cristiani, C., Forzatti, P., and Busca, G., J. Catal.
116, 586 (1989).

Busca, G., Centi, G., Marchetti, L., and Trifird,
F., Langmuir 2, 568 (1986).

Busca, G., Langmuir 2, 577 (1986).

Nag, N. K., and Massoth, F. E., J. Catal. 124, 127
(1990).

Kang, Z. C., and Bao, Q. X., Appl. Catal. 26, 251
(1986).

Went, G. T., Oyama, S. T., and Bell, T., J. Phys.
Chem. 94, 4240 (1990).

Busca, G., Marchetti, L., Centi G., and Trifiro, F.,
J. Chem. Soc., Faraday Trans. 1 81, 1003 (1985).
Kozlowski, R., Pettifer, R. F., and Thomas, J. M.,
J. Phys. Chem. 87, 5176 (1983).

Haber, J., Kozlowska, A., and kozlowski, R., J.
Catal. 102, 52 (1986).

Cartan, F., and Caughlan, C. N., J. Phys. Chem.
64, 5176 (1983).

Martin, C., and Rives, V., React. Kinet. Catal.
Lett. 33, 381 (1987).

Hengstum, A. J. van, Ommen, J. G. van, Bosch,
H., and Gellings, P. J., Appl. Catal. §, 207 (1983).
Roozeboom, F., Medema, J., and Gellings, P. J.,
Z. Phys. Chem. 111, 215 (1978).

Roozeboom, F., Mittelmeijer-Hazeleger, M. C.,
Monlijn, J. A., Medema, J., de Beer V. H. J., and
Gellings, P. J., J. Phys. Chem. 84, 2783 (1980).
Hausinger, G., Schmelz H., and Knozinger, H.,
Appl. Catal. 39, 267 (1988).

Vejux, A., and Courtine, P, J. Solid. State. Chem.
29, 93 (1978).

Gasior, M., and Machej, T., J. Catal. 83, 472
(1983).

Hadjiivanov, K., Klissurski, D., and Davydov, A.,
J. Catal. 116, 498 (1989).

Hadjiivanov, K., Davydov, A., and Klissurski, D.,
Kinet. Katal, 29, 161 (1988).

Klissurski, D., Hadjiivanov, K., Kantcheva M.,
and Gyurova, L., J. Chem. Soc., Faraday Trans.
86, 385 (1990).

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

4.

55.

H. A. O. Hill and P. Day, Eds., ‘‘Physical Methods
in Advanced Inorganic Chemistry.’’ Interscience,
London, 1968.

Lischke, G., Hanke, W., Jerschkewitz, H. G., and
Ohlmann, G., J. Catal. 91, 54 (1985).

Hanke, W., Heise, K., Jerschkewitz, H. G.,
Lischke, G., Ohlmann, G., and Parlits, B., Z.
Anorg. Allg. Chem. 438, 176 (1978).

Davydov, A., ‘IR Spectroscopy Applied to Sur-
face Chemistry of Oxides.’’ Nauka, Novosibirsk,
1984.

Hadjiivanov, K., Klissurski, D., Kantcheva M.,
and Davydov, A., J. Chem. Soc., Faraday Trans.
87, 907 (1991).

Busca, G., Saussey, H., Saur, O., Lavalley J. C.,
and Lorenzelli, V., Appl. Catal. 14, 245 (1985).
Busca, G., and Lavalley, J. C., Spectrochim. Acta
A 42, 443 (1986).

Busca, G., and Ramis, G., Appl. Surf. Sci. 27, 114
(1986).

Hadjiivanov, K., Busca, G., Klissurski, D., and
Lorenzelli, V., J. Chem. Soc., Faraday Trans. 87,
174 (1991).

Tsyganenko, A. A., Pozdnyakov D. V., and Fili-
monov, V. N., J. Mol. Struct. 29, 2991 (1975).
Boehm, H. P., and Knézinger, H., Catal. Sci.
Technol. 4, 39 (1983).

Davydov, A. A., and Budneva, A. A., Theor.
Eksper. Khim. 19, 240 (1983).

Frederickson, L. D., Jr., and Hausen, D. M., Anal.
Chem. 35, 818 (1963).

Barraclough, C. G., Lewis I., and Nyholm, R. S.,
J. Chem. Soc., 3552 (1959).

Pope, M., and Dale, D., Quart. Rev. Chem. Soc.
22, 527 (1968).

Vol'nov, 1., “‘Peroxide Complexes of Vanadium,
Niobium and Tantalum.’’ Moscow, Nauka, 1987.

. Davydov, A. A., Budneva, A. A., and Maksimov,

N. G., React. Kinet. Catal. Lett. 20, 93 (1982).



