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Vanadium and tungsten oxide supported on TiO,/Al,O; cata-
lysts have been studied by solid state NMR spectroscopy.
'H-MAS NMR spectra demonstrated that basic AIOH groups
are involved in anchoring TiO, and VO, species. A certain
percentage of the AIOH groups are located in positions, proba-
bly in the bulk of the alumina particles, where they remain
inaccessible for interaction with titania, vanadia, or tungsten
oxide. Titania modification of the Al,O, surface leads to forma-
tion of bridging hydroxyls, namely Ti(OH)Ti and (or) Ti(OH)Al.
Hydroxyl groups coordinated to Ti atoms are involved in an-
choring vanadium and tungsten oxide species. VOH (and prob-
ably WOH) groups are formed when this ternary oxide phase
is dispersed on the TiO,/Al,O; support. S'V-NMR spectra indi-
cated that tungsten oxide participates in the formation of the
structure of the mixed oxide surface complexes. "N-NMR spec-
troscopy of adsorbed N,O permitted the detection of strong
Lewis acid sites on these multicomponent supported oxide cata-
lysts. The acid strength of (V,0;—WO;) on TiO,/Al,O, catalysts
turned out to be comparable to that of the TiO,/Al,O; support
material. & 1995 Academic Press, Inc.

INTRODUCTION

Supported vanadium oxide catalysts are important for
several industrial processes, particularly selective oxida-
tions (1) and selective catalytic reduction (SCR) of NO,
(1, 2). The preferred support for these applications is tita-
nia (anatase). This support, however, has a limited surface
area and is relatively susceptible to sintering and phase
transformation into rutile. Hence, composite supports con-
taining titania dispersed on silica (3-12) and alumina (13)
have received some attention in recent years. With alumina
as a primary support, which is available as a washcoat on
thermally and mechanically stable ceramic carriers, tech-
nologically advantageous catalyst supports may be ob-
tained when titania can be grafted onto the alumina wash-
coat. The use of TiO,/AlLO; supports for supported
vanadia catalysts seems to provide the additional advan-

tage in the SCR reaction that the catalyst fouling by ammo-
nium hydrogen sulfate deposition produced from SO, in
the feed is significantly reduced (14).

Practical SCR catalysts typically contain V,0s together
with WO; and/or MoOs, one of the desirable functions of
the WO; being the reduction of the activity of the catalysts
for SO, oxidation (15). Catalysts containing exclusively
WO; are active in SCR (2, 15), while the addition of V,Os
enhances their low temperature activity. The SCR reaction
on mixed (V,0s—WO;)/TiO; catalysts has been studied by
Tuenter et al. (16). Chen and Yang (17) reported that
the presence of WQ; in titania-supported SCR catalysts
increased their activity and their resistance toward poison-
ing by alkali metal oxides and arsenious oxide and reduces
their activity for NH; and SO, oxidation. The same authors
also suggested that Brgnsted sites were the active sites for
the SCR reaction and that the addition of WQOj; increased
both the density of Brgnsted sites and their acid strength.

Studies on WO; and (V05 + WOs;) supported on TiO,/
AL O have not been reported to the best of our knowledge.
Therefore, we present here a structural investigation of
these materials using 'H-, '®N-, and *'V-solid state NMR
as the analytical technique. 'V-NMR provides unique in-
formation on the local environment of vanadium and is
thus excellently suited for the structural characterization
of vanadia-containing catalysts (18-23). Eckert and Wachs
(19) showed that the nature of the support had a strong
influence on the distribution of tetrahedrally and octahe-
drally coordinated VO, species. Thus, TiO, (anatase) fa-
voured six-coordinated species, while y-Al,O; had a higher
tendency toward stabilizing four-coordinated vanadia spe-
cies. '"H-MAS NMR provides additional information on
the density of hydroxyl groups and their Brgnsted acid
strength (22, 24), while "’N-NMR of adsorbed N,O probe
molecules permits the detection of Lewis acid sites (25).
Thus, the combined application of these three nuclei for
NMR studies permitted a structural characterization and
an analysis of the acid properties of vanadium- and
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tungsten-oxide containing catalysts supported on TiO,/
AlLO;.

EXPERIMENTAL
Sample Preparation

Alumina was prepared by calcination of Al(OH), at
700°C for 5 h. The resulting oxide was a mixture of mainly
the m modification and some y-Al,O; according to X-ray
diffraction analysis, and had a BET surface area of
130 m?/g.

For modification of this support material by TiCl,
(Merck, Darmstadt, Germany), the grafting technique as
applied by Foger and Anderson (26) and by Wei ef al. (13)
was used. Dry N, gas was passed over the alumina in a
glass reactor at 200°C for 1 h. Subsequently, the N, gas
was saturated with TiCl, which was allowed to react with
the alumina at 200°C for 2 h. The reactor was then flushed
with dry N, for 1 h to remove excess TiCl, and the chemi-
sorbed species were hydrolyzed by passing water-vapor-
saturated N, over the sample at 200°C for 1 h, followed
by calcination at 450°C for 5 h. A part of the resulting
titania-modified material was treated a second time under
identical conditions in order to obtain two supports con-
taining different amounts of titania. The materials will be
denoted AIlTil and AITi2 throughout this paper. They
contained 3.7 and 8.8 wt% TiO, and had BET surface areas
of 211 and 181 m?/g, respectively. The formation of anatase
is indicated by X-ray diffraction in both samples, the rela-
tive amounts being higher for sample AITi2 than for AITi1,
as expected.

Vanadium- and tungsten-oxide-containing catalysts
were prepared by wet impregnation of the titania-modified
alumina supports: V,0s and WO; were dissolved in a mix-
ture of 20 ml of 30% NH; and 80 ml distilled water and
the solution was stirred with 12 g of the AlTi supports for
3 h. The water was then evaporated in a rotary evaporator,
the resulting solid material was dried at 120°C for 15 h
and calcined at 450°C for S h. Concentrations in the impreg-
nation solution were chosen such that the final catalysts
contained 3 wt% V,0s5 and 10 wt% WOQO;. These materials
will be denoted VWAITi1 and VWAITi2. Their BET sur-
face areas were 184 and 166 m?/g, respectively.

'H-MAS NMR Spectroscopy

'TH-MAS NMR spectra were measured on a Bruker
CXP-300 NMR spectrometer (magnetic field 7.04 T,
resonance frequency for 'H nuclei 300.066 MHz). The
frequency range was 50 kHz, the pulse width was 5 us,
and the recycle time 20 s. Usually 200 to 500 free
induction decays were accumulated. The chemical shifts
were measured relative to an external tetramethylsilane
standard with an accuracy of *0.2 ppm. Prior to the

NMR measurement, the samples (0.1-0.3 g) were placed
into 7 mm o.d., 12-mm-long glass sample tubes and
evacuated (pressure 107 Pa) at temperatures of 300 or
500°C for 12-14 h, then treated in O, at 4 X 10°-5 X
10* Pa for 1 h at the evacuation temperature, followed
by evacuation at room temperature for 2 h to remove
oxygen. After this treatment the sample tubes were
sealed off and placed in the Andrew-Beams quartz rotor.
The rotation frequency was about 3 kHz.

The exchange of OH groups on the oxide surfaces was
performed by exposure to D,O (saturated vapor pressure)
at room temperature on samples which had been evacuated
at 300 or 500°C. After contact with D,O vapor for 1 h, the
samples were evacuated at 300 and 500°C, respectively.

The content of OH groups in the samples was deter-
mined quantitatively by comparison of the '"H-NMR signal
intensity with that of a standard sample (SiO; evacuated
at 300°C and containing 5 X 10" protons).

Complex experimental spectra with overlapping lines
were decomposed into Gaussian components (r.m.s. =
10%). The chemical shift values of individual lines thus
obtained were measured with an accuracy of =0.2 ppm.
The error of intensities of individual lines was less than
10%.

SN-NMR Spectroscopy

The ""'N-NMR spectra of adsorbed N,O were recorded at
40.6 MHz using a Bruker MSL-400 spectrometer (magnetic
field 9.39 T). Pulses of 10-12 us duration with a repetition
time of 2 s were used. The >N chemical shifts (8) were
measured relative to liquid nitromethane. The spectral
range was 15-20 kHz and the number of the signal accumu-
lations (NS) varied from 10° to 3 x 10*, All NMR measure-
ments were carried out at room temperature.

Prior to NMR experiments, the catalysts were placed
into special glass tubes (10 mm o.d., 35 mm length) and
evacuated at 500°C to a pressure of 10~ Pa for 12-14 h.
After adsorption of N;O at room temperature, the samples
were sealed off. Vanadia-containing catalysts were sub-
jected to an additional treatment in oxygen (4 X 10*-5 X
10* Pa) at evacuation temperature for 1 h prior to N,O
adsorption. Amounts of the adsorbate (between 60 and
600 umol/g) were measured volumetrically. N,O enriched
to 60% with the '*N isotope was used.

SW-NMR Spectroscopy

SlV-NMR spectra were measured using a Bruker MSL-
400 spectrometer (magnetic field 9.39 T) at 105.2 MHz in
a frequency range of 250 kHz. Pulses of 2 us radio-
frequency were used. The pulse repetition frequency was
5 Hz. Magic angle spinning was performed at a rotation
frequency of 4-5 kHz. 'V chemical shifts were measured
with respect to an external VOCI; standard. Prior to the
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FIG.1. 'H-MAS NMR spectra of Al,O; treated in vacuum (10°* Pa)
at 300°C (A) and 500°C (B) with their decomposition into Gaussian lines:
(1) experimental spectrum; (2) best fitted spectrum; (3) decomposition
of spectrum into Gaussian lines. The spectra of AL O, catalysts are mea-
sured at 300 MHz.

measurements, samples were placed in quartz ampoules
(10 mm o.d., 40 mm length), heated in air at 500°C for
2 h, evacuated for 1 h (at 200 or 500°C) and heated in
oxygen (4 X 10°-5 x 10* Pa) for 1 h at the same tempera-
ture. Then, the samples were cooled to room temperature,
evacuated, and sealed.

RESULTS AND DISCUSSION

1. 'H-MAS NMR Spectra

1.1. Alumina. Figure 1 illustrates the "H-NMR spectra
of Al,O; after evacuation at 300°C (A) and 500°C (B). The
decomposition of the spectra into Gaussian lines shows
that at least six lines with chemical shifts from —0.3 to
5 ppm are superimposed in the spectra (Fig. 1). Their inten-
sities decrease upon increasing the treatment temperature.
This effect is more pronounced for the low field compo-
nents (8 from 5 to 2 ppm, Fig. 1). The different lines in
the 'H spectra of Al,O; indicate the presence on its surface
of OH groups with different molecular environments
around the protons, in accordance with the model of the
Al,O5 surface proposed by Knozinger and Ratnasamy (27).
According to this model, five main types of isolated OH
groups with different electronic charges on the protons
should be present on alumina surfaces. A structural analy-
sis of the planes of Al,O; shows that OH groups on the
surface of y-Al,O; can coordinate to one, two, or three

AP*" ions in octahedral coordination (type Ib, IIb, and 111
OH groups, respectively). In addition, OH groups can be
coordinated to one tetrahedral AI** cation (type Ia OH
group) and they can bridge a tetrahedral and an octahedral
APP* cation (type 1la OH groups). This is also valid for
other crystal modifications of A1,O; (7. x, 8, 8). The attribu-
tion of 'H-NMR lines to these different types of OH groups
in y- and a-Al,O; was reported earlier (28), where the
peak at high field (8 = —0.3 ppm) was ascribed to the
most basic OH group (type Ib) and the unresolved peak
at 2.5-3 ppm was proposed to belong to the more acidic
OH groups. The 'H-MAS NMR spectrum of the present
alumina sample (mainly v-ALO; and some y-ALO,) is
different from that for y-Al,O;. It has an increased inten-
sity of the high-field peaks (6 = —0.3 ppm) and a peak
near 1.4 ppm; at the same time the poorly resolved low-
field peaks at 3-5 ppm are shifted to lower field as com-
pared with the 2.5-3 ppm for y-Al,O; reported earlier
(28). This reflects the difference in the structure of the
surface of y- and n-Al,O;. The latter has a less densely
packed structure and is usually claimed to be more acidic
than y-Al,O; (27). For y-Al,O; the (110) and (100) surface
planes are predominant, while for n-AlLO; the (110} plane
most commonly represents the crystal surface (29).

The larger shift of the down-field peak to low-field for
1n-AlLO; compared with y-AlL,O; is most probably sugges-
tive of hydrogen bonding between more closely spaced
OH groups in 1-Al;O;. This effectively facilitates the dehy-
droxylation process. Indeed, the intensity of the low-field
peak of n-AlL,O, decreases considerably after evacuation
at 500°C (Fig. 1), while this peak predominates in the
spectrum of y-Al,O; treated at the same conditions (see
Ref. (22), Fig. 2). This means that dehydroxylation at 500°C
almost completely removes the most acidic surface OH
groups at 5 ppm of n-Al,O;. It is also remarkable that a
peak at 8 = 1.4 ppm, which was not normally observed in
the spectra of y-Al,O, manifests itself in the spectra of
1n-AlO5 after its dehydroxylation at 300 and 500°C (Fig. 1).
Usually, isolated water molecules which are not engaged in
hydrogen bonds with each other produce a signal at about
this value. Tentatively a peak at 1.4 ppm might be attrib-
uted to isolated water molecules located in closed pores
from which they cannot be desorbed on evacuation at
300°C. However, even after evacuation of the sample at
500°C this line still remains in the spectrum. Most probably
it consists of two overlapping lines, one belonging to water
molecules in closed pores and the second one being caused
by OH groups. This conclusion is also based on the H-D
exchange results which show that a considerable amount
of this signal remains after H-D exchange at both 300 and
500°C. Decomposition of the spectra indeed shows that a
peak at 1.4 ppm could be represented as consisting of two
closely spaced lines. One of them is supposed to belong
to water in closed pores (Fig. 1).
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FIG. 2. 'H-MAS NMR spectra of Al,O; (1, 1') and of catalysts
prepared by the grafting of Al,O4 with TiCl,: (2,2") 3.7 wt% TiO, (AlTil);
(3. 3") 8.8 wt% TiO, (AITi2). With supported V.05 (3 wt%) and WO,
(10 wt%): (4, 4') on AlTil (VWAITIi1); (5, 5') on AITi2 (VWAITi2).
Before measurements samples were evacuated at 300°C (1-5) and 500°C
(1'-5"). Asterisks indicate spinning side bands, which are symmetrically
located relative to the central line. Spacing between the first side band
and central line (in Hz) is equal to the sample rotation frequency.

1.2. Catalysts supported on ALO;. 'H-MAS NMR
spectra of catalysts supported on Al,O; are presented in
Figs. 2 and 3. The total concentrations of protons in the
samples are summarized in Table 1. When 3.7 wt% TiO,
is supported on Al,O; the 'H-MAS NMR spectrum (spec-
trum 2 in Fig. 2) is significantly different from that of
pure Al,O;. For this sample, AlTil evacuated at 300°C, a
considerable decrease in intensity of the line of the most
basic type Ib OH groups of alumina (8§ = —0.3 ppm) is
observed. The intensity of the line at 8 = 1.4 ppm also
decreases. This indicates the interaction of TiO, species
with the most basic OH groups of alumina. This conclusion
is strongly supported by in situ DRIFT spectra (not shown)
which clearly show the erosion of OH stretching bands
typical for the basic alumina hydroxyl groups when TiO,
is deposited on the alumina surface.
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The line of **acidic” OH groups can be seen as a shoulder
of the line at 8 = 4.8 ppm which is attributed to water
molecules that still cannot be evacuated at 300°C. The
narrow width of the line at 4.8 ppm and the absence of
side bands indicate relatively high mobility of the corre-
sponding species. This suggests that TiO, surface species
possess a structure which includes H,O in the Ti** coordi-
nation sphere. The signal from H,O obscures the observa-
tion of new OH groups after evacuation at 300°C if the
latter are formed by supporting TiO,. However, after evac-
uation at 500°C the signal from H,O disappears and a line
at about 2-3 ppm developes in spectrum 2’ of Fig. 2. The
increase of the TiO, content results in a complete disap-
pearance of the signal of basic OH groups (8 from —0.1
to —0.3 ppm), indicating a more complete interaction of
the alumina surface with supported TiO, species (spectra
3 and 3’ in Fig. 2). The peak at 8 = 1.4 ppm still remains
in the spectra. Simultaneously, an asymmetric line in the
region 7 to 5 ppm, which is composed of two or more
unresolved lines, manifests itself in spectrum 3 in Fig. 2.
A line at about 7 ppm is typical for bridging Ti-OH-Ti
groups, similar to those found on anatase (30). A narrow
signal of molecular water does not remain in the spectrum
of this sample. Therefore, the structure of surface TiO,
species must have changed as the TiO, content increases
since surface species no longer contain strongly bonded
H,0 molecules. They contain bridging Ti—-OH-Ti and,
probably, Ti-OH~Al groups, the latter groups presumably
having values of chemical shifts close to those for Ti-OH-
Ti. The total concentration of OH groups in the samples
does not change considerably (Table 1), suggesting that
along with the disappearance of basic AI-OH groups new
OH groups coordinated to TiO, species appear on the
catalyst surface.

When supporting vanadium and tungsten oxide on AlTi,

TABLE 1

Total Content of OH Groups in AlO; and in
Supported AlTi and VWAITi Catalysts

Pretreatment OH groups (*0.5)
Sample temperature (°C) x 1020 ¢!
ALO; 5.2
AlTil 5.2
AlTi2 300 6.0
VWAITI 49
VWAITi2 6.0
ALO; 35
AlTil 32
AlTi2 500 2.0
VWAITil 28
VWAITi2 31
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FIG. 3. 'H-MAS NMR spectra of Al,O; and catalysts after H-D
exchange (evacuation at 300°C): (1) ALO, before H-D exchange; (2)
AlLO;; (3) AITi2; (4) VWAITI2.

changes of the line shape of the '"H-NMR signal are ob-
served (spectra 4, 4' and 5, 5’ in Fig. 2). In spectrum 4 of
sample VWAITI1 a signal of bridged Ti-OH-Ti groups
at 7 ppm can still be detected. In contrast, for sample
VWAI1TI2 a signal from bridged Ti-OH-Ti groups cannot
be seen. For VWAI1Ti2 the line shape also changes; the
main peak is now centered at 3.4 ppm; however, the total
signal intensity does not decrease within the limits of exper-
imental accuracy. This may indicate that the interaction of
vanadium and tungsten oxide species with surface Ti-
OH-Ti groups takes place with the formation of V-OH
and (or) W-OH groups. Note that the chemical shift of
V-OH groups is close to 3 ppm (31, 32). The spectra of
the samples evacuated at 500°C support the conclusions
derived from the spectra of samples evacuated at 300°C.
However, in this case due to the treatment at higher tem-
perature, a decrease of the total content of OH groups
occurs on the surfaces of the catalysts due to the evolution
of bridged Ti~OH-Ti (or Ti-OH-Al) groups. This follows
from the disappearance of shoulders at =7 ppm in the
spectra of AlTi2 and VWAILTi, and from the shift of the
main peak position to high field (spectra 3, 3" and 4, 4’ in
Fig. 2). Interestingly, in situ DRIFT spectra of adsorbed
ammonia (not shown) on vanadium- and tungsten-
containing materials demonstrate the presence of Brgnsted
acidity in these multicomponent materials.

Figure 3 represents the spectra of catalysts precalcined
at 300°C which were obtained after H-D exchange of OH
groups, with subsequent evacuation of the samples at

300°C. They show that some of the acidic OH groups (sig-
nal at about 3.6-3.8 ppm) and of the basic OH groups
(6 = —0.3 ppm) are not exchanged and are thus located
in the bulk or in closed pores of the alumina. These data
also show that in our case the H-D exchange was not
complete, since the peaks at 1.4 and —0.3 ppm still remain
in spectrum 2 in Fig. 3, of exchanged alumina, and have
increased intensities compared with those in AITi2 and
VWAITI2 (spectra 3 and 4 in Fig. 3).

The decrease of the signal intensity after H-D exchange
for the samples with supported TiO, and vanadia and their
similarity in intensity and chemical shifts to those for the
spectra of exchanged alumina suggests that most of the
new Ti-OH-Ti, Ti-OH-Al, and V-OH (and probably
W-0OH) groups are located on the surface and are accessi-
ble for reacting molecules.

Similar conclusions follow from the spectra of samples
after H-D exchange when they were evacuated at 500°C.

2. "N-NMR Spectra

Typical "N-NMR spectra of N,O adsorbed on the cata-
lysts under study are shown in Fig. 4. The gas-phase chemi-
cal shifts for N,O were reported to be —235.5 and
—147.3 ppm for the terminal (t) and central (c) N atoms,
respectively (25). As can be seen in Fig. 4, for all the
samples the resonance signals of the N, atom are shifted
to lower field as compared to the gaseous state, while for
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FIG. 4. '>N-NMR spectra of N,O adsorbed on alumina, titania, and
AlTi supports after evacuation at 500°C: (1) Al,Os, 200 umole/g, NS =
22800; (2) AlTil, 140 pwmole/g, NS = 6800; (3) AITi2, 140 umole/g,
NS = 11000; (4) TiO,, 200 pmole/g, NS = 9000.
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FIG. 5. Dependence of "'N-NMR chemical shifts of the terminal N
atom of N,O on loading: (A, *) alumina; (B, @) AlTil; (A) VWAITI1;
(C, ©) AITi2; (C]) VWAITI2.

the N, atom the observed high-field shifts are much less
pronounced. This observation must be considered an indi-
cation of the interaction of N,O via its terminal N atom
with surface electron pair acceptor (Lewis acid) sites (25).

In the case of alumina these sites are known to be coordi-
natively unsaturated APP* cations. n-Al,O; is considered
to possess higher Lewis acidity than y-Al,O; due to more
exposed and more easily accessible cations in anion vacanc-
ies; the concentration of strong sites per unit surface of
n-ALQ; interacting with adsorbed CO was reported to be
three times higher than on y-Al,O; (27).

For the titania-containing samples, the observed down-
field shifts of the N, atom of N,O are greater than those
for alumina without titania additives. This may be due to
a higher acid strength of the coordination sites. The value
of the chemical shift increases with the increase of the
titania content (spectra 2 and 3 in Fig. 4). The spectrum
of N,O adsorbed on pure anatase also shows a down-field
shift of the resonance of the terminal N atom of N,O
(spectrum 4 in Fig. 4). For the VWAITI catalysts, the N
chemical shift values do not differ significantly from those
for the AITi samples.

In order to obtain more information on the number and
strength of the electron pair acceptor sites interacting with
N,O we have examined the dependences of the experimen-
tal chemical shifts for the N, atoms (8) on the adsorbate
concentration (N) (Fig. 5). Assuming that N,O interacts
mostly with sites of one type (or different types with similar
acid strength) we can evaluate the relative strength and

the number of sites from the dependence of the chemical
shift 8 on coverage N (Fig. 5) using an approach proposed
by Borovkov et al. (33). Linearization of the experimental
dependence of 8 on N for alumina according to Borovkov
et al. (33) in the Nx?/(1 — x) vs Nx/(1 — x) coordinates
(Fig. 6), where x = 8/8,,,x and 8., is the chemical shift
value derived from extrapolation of 8 to zero loading (30
ppm from the value for physically sorbed molecules (33)),
gives a value for the number of Lewis sites of
N = (1.9 £ 0.4) X 10"/m?, the chemical shift value for
the complexes of N,O with Lewis sites L (N,O — L) §, =
76 £ 6 ppm, and the complex formation constant K =
(3.8 £ 1.4) X 107'® m? molecule™!. Comparing the above
values with those obtained previously for y-AlL,O; treated
in a similar way (25), we can conclude that the concentra-
tion of sites interacting with N,O is higher by about a
factor of 2 for the present alumina, while their acid strength
(the latter is assumed to be indicated by the value of the
complex formation constant K) is essentially the same as
for that y-Al,O; (25) and the present alumina.

It should be pointed out that although the method of
linearization of the experimental data proposed by Borov-
kov et al. (33) can be used in a limited number of cases
only and has some uncertainties (in particular, due to the
ambiguity in the choice of the 8, value), it gives reason-
able values of N in the present case which are close to
those determined from IR data of adsorbed CO (2 x 10"
molecules/m?).

For analyzing the Lewis acidity of the AITi- and
VWAITi-catalysts, we have applied the same approach
(Fig. 6). The calculated K, 8. and N|_values are summarized
in Table 2.

The close values of K and &, for the various catalysts
studied demonstrate that the acid strength of the electron
pair acceptor sites interacting with N,O does not differ
considerably. The higher values of the observed NMR
shifts for the titania-containing samples are due to larger
numbers of sites. The latter seem to be coordinatively
unsaturted Ti** cations. This conclusion was confirmed also
by spectra of N,O adsorbed on anatase (spectrum 4 in Fig.
4), which also show the presence of electron pair ac-
ceptor sites.

As can be seen from Table 2, the values of K, §., and
Ny practically do not differ after deposition of vanadium
and tungsten oxide on the AlTi supports. This fact could
be an indication that the Lewis acid centers formed on
supporting vanadium and tungsten oxide have an acid
strength comparable to that of the strongest Lewis sites
on the AITil samples (coordinatively unsaturated AI** and
Ti** cations) or that the sites created by deposition of V
and W are larger in number but possess weaker electron
accepting properties. The latter could interact with more
basic test molecules, for example with ammonia, as was
shown recently by IR spectroscopy (33-35). From the ex-
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FIG. 6. '*N-NMR chemical shifts of the terminal N atom of N,O

versus coverage in the Nx?/(1 — x) vs Nx/(1 — x) coordinates: (*) Al,O5;
(D) AlTil; (A) VWAITIL; (O) AITi2; (O) VWAITI2.

perimental data presented above it is impossible to discrim-
inate between these two possibilities. It is interesting to
note that Hilbrig e al. (36) detected the presence of W6+
sites on WQ5/TiO; catalysts by CO and NH; adsorption.
The grafting of alumina with 3.7% TiO, (or 2.1 X 10" Ti**
ions/m?) results in an increase of Ny by 1 X 10'7/m?, i.e.,
only a small fraction of Ti** cations (=1/20) act as electron
pair acceptors.

It should be noted that IR spectra of adsorbed NH;
clearly indicated the presence of Lewis acid sites on all
samples studied in this work. Moreover, thermal desorp-
tion spectra (not shown) supported the conclusions drawn
from "N-NMR spectra. In particular, thermal desorption
data showed that the density of strong acid sites on AITi-
supports, and on the V and W containing catalysts was
significantly higher than on the alumina support; the acid
strength of the Lewis sites appeared to be comparable on
AlTi and VWAITi materials.

TABLE 2

Characteristics of the Electron Accepting Properties of Al,O;
and of the Catalysts Supported on Al,O,

Sample 8., K [m? X molecule’'] &, [ppm] N [molecules/m?]
ALO; 30 (B8*14)x10™  76+6 (1.9 04) x 107
AITil 34 (34=12)x 10 74+5 (27 %05) x 107
VWAITIl 34 (30+08)x10™ 74+5 (29 % 04) x 107
AlTi2 36 2707y x 10718 75+6 (3.6 03)x 107
VWAITi2 36 (3.1 = 06) x 1071 71 =5 (38 %03)x 107

-1000
PPM

-1000 - 500

PPM

- 500

FIG.7. *'V-NMR spectra of (V;05-WO3)/TiO,/ Al,O, catalysts: (A)
VWAITil; (B) VWAITI2. (1) Magic angle spinning spectra of samples
in contact with atmospheric moisture; (2) spectra of the same samples,
without magic angle spinning; (3) spectra of samples evacuated at 200°C;
(4) spectra of samples evacuated at 500°C.

3. S'V-NMR Spectra

S1V-spectra of samples VWAITi1 and VWAITi2 are pre-
sented in Fig. 7. Four types of lines can be identified in the
spectra. In the spectrum of the untreated sample (spectra 1
and 2 in Figs. 7A and 7B), a narrow line (line b) with
& = —508 ppm belongs to the anion V,W,0f; in solution
in the pores of the catalysts, since its chemical shift coin-
cides with that found for this anion in solution (37, 38).
Two broader lines are also observed; line a of vanadium
in tetrahedral environment with a peak at —550 ppm and
line ¢ of vanadium in distorted octahedral coordination
with 8§, = —350 ppm and 8, = —1270 ppm having the
parameters found earlier for V,0s/Al,O; catalysts (39).
The relative intensity of line c increases as the TiO, content
on the alumina surface is increased (compare the spectra
in Figs. 7A and 7B).

Magic angle spinning has only a small effect upon the
linewidths of lines a and c, indicating that both lines most
probably are inhomogeneously broadened due to a distri-
bution of quadrupole and chemical shift parameters or due
to dynamic processes in the second coordination sphere
of vanadium species. The latter is known to prevent line
narrowing in magic angle spinning experiments. Neverthe-
less, it allows one to resolve the closely spaced lines a and
b, the latter having a broad shoulder near § = —750 ppm
(spectra Al and Bl in Fig. 7).

Calcination of the samples at 500°C with subsequent
evacuation of adsorbed water at 200°C results in the disap-
pearance of the narrow line at 8 = —508 ppm and in the
broadening of the entire spectrum (spectra A3 and B3 in
Fig. 7). The relative intensities of lines a, b, and c also
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FIG. 8. S'V-NMR spectra of V,0s/TiO,/Al,O; catalysts at constant
V,0;s content (10 wt%) and different TiO, contents: (1) 0 wt% TiO,; (2)
3 wt% TiO;; (3) 10 wt% TiO;.

changed. Line c, which prevails in the spectrum of unevacu-
ated samples, decreases in intensity, while the percentage
contributions of lines a and b increase. For a sample of
AlTil, containing 3.7% TiO,, both lines a and b are present
in comparable percentages while for sample AlTi2 con-
taining 8% TiO; line a prevails in the spectrum.

Evacuation of the same samples at 500°C broadens the
spectrum and leads to a decrease in intensity of the spec-
trum (spectra A4 and B4 in Fig. 7). Lines with parameters
which are very close to those observed in this work were
found earlier for V,0s/y-Al,O; catalysts (40). Line a was
attributed to VO, tetrahedral species loosely bound to
AL O; containing OH groups in the first coordination
sphere and having water molecules in the second coordina-
tion sphere. Line b was also attributed to isolated VO,
tetrahedral species firmly bound to the surface (via two or
more bonds). Line ¢, with an axial anisotropy of the chemi-
cal shift tensor, was observed for samples with high V,0;
content, and was attributed to octahedral vanadium spe-
cies, having one short V=0 bond. However, line C for
VWAITi catalysts has a §; value close to that found for
the V,05/TiO; system but different from that in V,0s/7y-
Al,O; catalysts. This can indicate an interaction between
vanadia and TiO,, or it may be due to the difference in
the types of alumina supports.

To verify the possibility of the influence of WO; on the
interaction among V,0s, TiO,, and Al,O; and also to
check for the possibility of formation of mixed V-W spe-
cies, we have also measured the 3'V-NMR spectra of the
system vanadia on AlTi (VAITi) and V,0s-WO;. The
samples of the first series were prepared in a way similar
to that used for preparation of VWAITi samples, but they

did not contain WO;. The ¥'V-NMR spectra of VAITi
samples with constant concentration of 10 wt% V,Os and
having three different concentrations of TiO, (0, 3, and 10
wt%) are presented in Fig. 8. It can be seen from these
spectra that in nonevacuated samples the ratio between
octahedral and tetrahedral V species changes in these sam-
ples in a way opposite to that in VWAITi catalysts. Indeed,
lines a and b increase in intensity while line ¢ decreases
at increasing TiO, content on the alumina surface. This
indicates the influence of tungsten oxide on the interaction
of vanadia with TiO, and Al,Os, which was already pro-
posed by Chen and Yang (17).

We have also found that the formation of species with
V-0O-W bonds is possible in the system V,05s—WOQO;. This
is illustrated in Fig. 9 where the *'V-NMR spectra of V,O;
and of a mixture V,05-WQ; (0.5 wt% V,0Os) after ultrahigh
intensity grinding and calcination at 500°C are presented.
Appearance of a peak at about —720 ppm demonstrates
formation of V-O-W bonds in this sample. Inspection of
the spectra of VWAITi catalysts (Fig. 7) shows the absence
of a line at 8 = —720 ppm, indicating that at least the
same structures with V-O-W bonds are not formed in
these catalysts.

CONCLUSIONS

The results presented above demonstrate that 'H-,
I5N-, and >’ V-NMR spectra provide important information
on the surface chemistry of supported vanadia on AlTi sup-
ports.

'"H-MAS NMR spectra allow one to monitor different
types of OH groups of the alumina support and the forma-
tion of new OH groups bonded to TiO, and VO, sur-
face species.

1 ] 1 T
0 -500 -1000  -1500
PPM

FIG. 9. 5'V-NMR spectra of V,0s (1) and of a V,05/WO; mixture
(0.5 wt% V,0s5 + 99.5 wt% WOs) after ultrahigh intensity grinding and
calcination at 500°C (2).
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The increased relative intensity of the signal at 8 = —0.3
ppm of the alumina used as support in this study shows
that, in comparison to y-Al,O;, the present alumina has
a higher content of basic OH groups (coordinated to one
octahedral or to one tetrahedral Al atom of the Al,O3
surface). The latter OH groups readily interact with sup-
ported TiO, and VO, species. Acidic OH groups are most
probably engaged in hydrogen bonds with each other and
are removed from the alumina surface at 500°C. Consider-
able amounts of OH groups observed in 'H-NMR spectra
cannot be exchanged with D,O and are probably located
in closed pores or in the bulk of the alumina support. They
are inaccessible for interaction with supported TiO, and
VO, species. This follows from H-D exchange experi-
ments at room temperature. Supporting TiO; on the alu-
mina surface creates Ti—-OH-Ti and (or) Ti-OH-Al
groups. The latter can easily be removed from the support
surface at 500°C, but at this temperature a considerable
amount of OH groups bonded to TiO, still remains on the
surface. The structure of surface TiO, layers is different
for samples containing 3.7 and 8 wt% TiO,. At low TiO,
loading there is a considerable amount of H,O in the coor-
dination sphere of Ti after dehydroxylation at 300°C. In
contrast, samples containing 8 wt% TiO, have no water
coordinated after evacuation at 300°C, but they contain
Ti-OH-Ti and probably Ti-OH-Al groups in the
structure.

OH groups coordinated to Ti interact with supported
vanadium and tungsten oxide species. This follows from
the decrease of the line intensity at 8 = 7 ppm. Simultane-
ously, the formation of OH groups bonded to vanadium
(and probably to tungsten) takes place, since the peak at
8 =~ 3.4 ppm became dominant in the spectra.

SI'V-NMR spectra show that the structure of surface spe-
cies in VWAITI catalysts is different from that in VAITI.
This can be due to the presence of tungsten oxide in the
samples under study. Although formation of V-O-W
bonds has not been detected in *' V-NMR spectra, different
relative intensities of lines of octahedral and tetrahedral
vanadium for different TiO, contents show participation
of tungsten oxide in the formation of the structure. The
interaction of VO, species with surface TiO, species fol-
lows from comparison of §, with corresponding values for
V,05/ALO; and V,05/TiO,/ Al,O; catalysts. It is probable
that vanadia and tungsten oxide form mixed surface species
which are located on TiO, species. Their scatter in the
structure parameters results in the broadening of >'V-NMR
lines and renders the detection of a line characteristic for
V-0O-W fragments impossible.

SN-NMR spectra of adsorbed N,O, which permit the
detection of the strongest electron pair acceptor sites, show
that the alumina support used contains about twice the
amount of strong Lewis sites as compared with y-AlLQO;.
Supporting TiO, on alumina increases the number of

strong Lewis sites, indicating that coordinatively unsatu-
rated Ti** cations on the surface of alumina act as strong
electron pair acceptor sites. About 5% of supported Ti
atoms create strong Lewis sites. The deposition of vanadia
and tungsten oxide on AlTi does not markedly influence
the number or strength of Lewis sites. This may indicate
that vanadia and tungsten oxide species supported on AlTi
also possess Lewis acidities similar to that of supported
TiO, species.
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