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Two series of V,0:/TiO,-AlLO; catalysts were prepared. In
the first, a constant loading of vanadium (7.5 wt% V,0s) was
deposited on a series of mixed TiO,—AlO; supports of various
compositions (0-82 wt% Al O;), whereas in the second series
various amounts of vanadium (4.5-10.5 wt% V,0;) were sup-
ported on a Ti0,—-10 wt% ALO; support. X-ray diffraction
analysis (XRD), X-ray photoelectron spectroscopy (XPS), and
IR spectroscopy were used to study the influence of the composi-
tion on the structure of the catalysts and on the oxidation state
of supported vanadium species. The acidity of the catalysts
was studied using IR of chemisorbed NH;. The results showed
the presence of surface V** species, in addition to V** species,
on the V,0,/TiO,—-Al,O; catalysts. The ratio V**/V’* was found
to depend strongly on both the composition of the mixed sup-
port and the loading of vanadium. Deposition of vanadium on
these mixed carriers results in an increase of the strength of
Lewis-acid sites and of the surface concentration of Brgnsted-
acid sites, whereas the strength of Brgnsted- and the surface
concentration of Lewis-acid sites are not significantly affected.
For constant vanadium loading, the composition of the mixed
support strongly influences the surface concentration of both
kinds of acid sites, especially in the range 0-10 wt%
ALOQ,.

© 1995 Academic Press, Inc.

INTRODUCTION

Binary oxides of TiO, with Al;O; have been used as
mixed supports or as catalysts for various reactions such
as the hydrodesulfurization (1-3), the isomerization of
1-butene and the dehydration of 2-butanol (4), the photo-
catalytic hydrogenation of propene and the isomerization
of cis-2-butene (5), and the selective catalytic reduction
(SCR) of NO by NH; in the presence of excess O, (6-9).
In addition these binary oxides have been used as improved
SMSI supports with high surface area, thermal stability
and mechanical strength for metal catalysts (10-13).

Concerning the SCR reaction (for SO,-containing
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feeds), it has been reported that vanadia catalysts sup-
ported on mixed TiO,-Al,O5 carriers exhibit better cata-
lytic properties as compared to conventional V,0s/TiO,
catalysts, namely, a higher resistance toward deactivation
by SO, and superior mechanical strength and thermal sta-
bility (6-9).

These studies of the V,05/TiO,~ALO; catalysts up to
now were mainly focused on the influence of the prepara-
tion method and composition on the dispersion of TiO,
on the alumina surface, the catalytic activity, and selectivity
for the SCR reaction, as well as on the exhibited resistance
toward deactivation by SO,. It is well known, however,
that the acidity of SCR catalysts plays an important role
on their catalytic behavior since the progress of the reaction
of NO with NH; requires activation of the latter on the
acid centers of the catalyst. NH;, NH,, and NH; adsorbed
forms have been considered as activated species participat-
ing in the reaction (14-17). To our knowledge the acidity
of the V,05/TiO,-Al,O; catalysts has not been studied yet.

In this work we study (using FTIR of chemisorbed NHj;)
the influence of the composition on the acidity of the V,0s/
TiO,-AlL,O; catalysts. Two series of catalysts were pre-
pared. In the first a constant loading of vanadium was
deposited on a series of mixed TiO,-Al,O; with various
compositions, whereas in the second series of catalysts
various amounts of vanadium were supported on one
TiO,-Al,O; support. The structure of these catalysts and
the oxidation states of supported vanadium species were
studied using XRD, IR, and XPS.

EXPERIMENTAL

Preparation of Catalysts

Pure TiO; (anatase) and five mixed TiO,—Al,Os sup-
ports (with alumina contents of 0, 2, 5, 10, 20, and 82 wt%)
prepared by the method of gel-supported precipitation
(18), a variant of the sol-gel method, were provided by
Temav S.p.a. (Medicina, Italy). The same content of V,0s
(7.5 wt%) was deposited on these supports by wet impreg-
nation with aqueous solution of vanadium oxalate. After
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TABLE 1

Specific Surface Areas (Sger) of the TiO,—AlO; Mixed
Supports and the V,0:/TiO,—ALO; Catalysts

SgeT SBeT SBET
Sample (m?/g) Sample (m?/g) Sample (m?/g)
TA2 85 TA2V7S 53 TA10V4.5 160
TAS 152 TAS5V7.5 110 TA10V6 164
TAI10 199 TA10V7.S 132 TA10V7.S 132
TA20 290 TA20V7.5 171 TA10V9 118
TAS82 280 TAR2V7S 249 TA10V10.5 108

stirring for 1 h, the solvent was removed with a rotary
evaporator. The solids were then dried at 383 K for 5 h
and calcined at 793 K for 16 h. Using the same procedure,
a second series of catalysts was prepared by depositing
various loadings of V,05 (4.5, 6, 7.5, 9, and 10.5 wt%) on
the TiO,-ALO; 10 wt% support.

We will denote by TAx, TAxV7.5, and TA10Vy the
supports and the two series of catalysts, respectively. The
BET specific surface areas of these samples are reported
in Table 1.

X-Ray Diffraction Analysis (XRD)

X-ray diffraction patterns were recorded on a Kristal-
loflex 805 (Siemens) diffractometer equipped with a Sie-
mens D-500 detector using the CuKa radiation.

X-Ray Photoelectron Spectroscopy (XPS)

The XPS analysis was performed at room temperature
with a SSX-100 model 206 Surface Science Instruments
(SSI) photoelectron spectrometer, interfaced to a Hew-
lett—Packard 9000/310 computer. The residual pressure in
the spectrometer was in the range 1.3 to 6.5 - 107 Pa. A
monochromated Al anode (energy of the AlK« line 1486.6
eV), powered at 10 keV and 20 mA, was used for X-ray
production. The binding energy scale of the spectrometer
was calibrated with the Au 4f7, line (binding energy 83.98
eV). The analyzer energy and spot size were, respectively,
50 eV and 1.4 mm? These conditions give a full width at
half maximum (FWHM) on Au 4f,, of 1 eV. The positive
charge, developed on the samples due to the photoejection
process, was compensated by a charge neutralizer (a flood
gun) whose energy was adjusted at 6 eV (50 nA). The
binding energies were calculated with respect to the C 1s
peak (C—C, C—H) set at 284.6 eV. The intensities were
estimated by calculating the integral of each peak after
subtraction of the ““S-shaped” background (19). Atomic
concentration ratios were calculated by correcting the in-
tensity ratios with the theoretical sensitivity factors based
on Scoffield cross sections (20). The transmission function
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of the spectrometer was assumed to be independent of the
kinetic energy (Ex) and electron mean free paths (IMFP)
were taken to be proportional to (Ex)%’. Decomposition
of peaks was done with the best fitting routine of the
SSI instrument.

IR Spectroscopy

The IR spectra of all samples were recorded by a IFS
88 Brucker Fourier transform spectrophotometer (resolu-
tion 2 cm™'). The KBr disc method was used. In order to
obtain the IR spectra of supported vanadium the spectra
of the supports TAx were subtracted from the ones of the
corresponding catalysts, TAxV7.5 or TAI0Vy, using the
data station of the spectrophotometer.

IR Spectroscopy of Chemisorbed Ammonia

In order to study by IR the ammonia chemisorbed on
our samples the above mentioned spectrophotometer
(resolution 2 cm™') was connected to a conventional
evacuation/gas-manipulation greaseless ramp and IR cell
(NaCl windows). The powder samples (ca. 15 mg) were
pressed into self-supporting disks of appropriate thickness.
Before the adsorption experiment the wafer of the pure
sample powder was activated by outgassing at 443 K for
40 min in the IR cell and then reoxidized by 13 kPa of O,
at 453 K for 40 min. The FTIR spectrum of the sample
was recorded and then NH; (67 kPa) was introduced into
the IR cell remaining in contact with the surface of each
sample for 20 min. FTIR spectra were taken after three
subsequent desorptions at 298, 353, and 403 K for 20 min.
The spectra of the adsorbed species remaining after each
desorption step were obtained by subtracting the contribu-
tion of the activated pure sample. The measured band
intensities were normalized for the specific surface areas
of the samples (by dividing the measured intensity by the
surface area of the analyzed specimen) and were expressed
as intensity/m? of sample. The FTIR spectra were also
normalized in that way and are presented as absorbanse/
m? vs wavenumber plots. The intensity ratios (intensity of
a band after desorption at 403 K)/(intensity of the same
band after desorption at 298 K), /,5y/l55, were calculated
and used as a measure of the strength of the site giving
rise to this band (21).

RESULTS

XRD Analysis

XRD analysis showed the presence of TiO, anatase in
all samples. No diffraction lines assignable to TiO, (rutile)
or lines assignable to any other phase, such as intermediate
or mixed compounds, were detected in any sample.

In the case of the TAxV7.5 catalysts, V,Os crystallites
were detected only for the TAOV7.5 and TA2V7.5 samples.
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FIG.1. Deconvoluted XPS spectra of the V 2p;, main photoelectron
line of the TAxV7.5 catalysts: (A)x =0, (B)x =2, (C)x=5,(D)x =
10, (E) x = 20, and (F) x = 82 wt% Al,O;. Binding energies are reported
with an accuracy of +0.1 eV.

No V,Os crystallites were detected for all samples of the
TA10Vy series.

XPS

For all samples studied the binding energy (BE) values
of the Ti 2p3, and Al 2p photoelectrons were constant and
equal to 458.4 + 0.1 and 74.1 = 0.1 eV, respectively. The
Al 2p peak was slightly asymmetric for the samples con-
taining the lowest amount of alumina (2 wt% ALO,).

For both series of vanadium-containing samples,
namely the TAxV7.5 and TA10Vy series, the profiles of
the V 2p,;, and V 2psp, lines were highly asymmetric sug-
gesting the presence of two types of vanadium on the
surface of the catalysts. The deconvolution of the V 2p XP
spectra based on a Gaussian signal for the two types of
vanadium led to a good fitting of the results (Fig. 1 and
Fig. 2). The binding energies thus found (516.0 and 517.2
eV for the V 2p;, line) correspond to the values of V4
in V,0, and V°* in V,0s, respectively (22-24).

The fraction of surface V% (expressed by the XPS
atomic ratio V¥*/(V# + V%)) on the TAxV7.5 samples
is plotted vs the alumina content in Fig. 3. It can be seen
that as the alumina content increases from 0 to 20 wt%
Al O; the portion of surface V** continuously increases
from ca.20 up to ca.50% of the total surface vanadium
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FIG.2. Deconvoluted XPS spectra of the V 2ps,; main photoelectron
line of the TA10Vy catalysts: (A) y = 45, (B) y = 6. (C) y = 7.5. (D)
y=9,(E) y = 105 wt% V,0s. Binding energies are reported with an
accuracy of *0.1 eV.

detected by XPS. Further increase of the alumina loading
to 82 wt% does not significantly influence the amount of
surface V4,

The variation of the V**/(V** + V**) XPS ratio of the
TA10Vy samples with the vanadium loading is plotted in
Fig. 4. The fraction of surface V'Y decreases rapidly as the
vanadium loading increases from 4.5 to 7.5 wt% V,0s and
then decreases slightly for further increase of the vanadium
content up to 10.5 wt%.
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FIG. 3. Fraction of the surface V** (expressed by the XPS atomic

ratio V¥*/(V*" + V**)) on the TAxV7.5 samples vs the alumina content.
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FIG. 4. Fraction of the surface V** (expressed by the XPS atomic
ratio V¥*/(V*" + V**)) on the TA10Vy samples vs the vanadium content.

FTIR Spectra of Catalysts

The FTIR spectra of the TAxV7.5 catalysts, along with
that of unsupported V,0s, are presented in Fig. 5.

Unsupported V,05 shows essentially one peak at 1025
cm~!, which has been assigned to the stretching vibrations
of the short double bond (V=0)** (25, 26). The spectrum
of the TAQV7.5 catalyst is almost identical to that of unsup-
ported V,0s; the only difference being a slight shift toward
lower wavenumbers of the 1025 cm ™! peak appearing now
at 1022 cm™'.
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FIG. 5. FTIR spectra of the TAxV7.5 catalysts and of unsupported
V;0s: (A) V505, (B) x = 0,(C) x =2, (D) x = 5, (E) x = 10, and (F)
x = 20 or 82 wt% A]zO}.
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FIG. 6. FTIR spectra of the TA10Vy catalysts: (A) y = 4.5, (B) y =
6,(C)y =75 (D)y =9, and (E) y = 105 wt% V,0s.

The appearance of the IR spectrum changes dramatically
in the case of the TA2V7.5 catalyst; it is now composed
of a broad band centered at 997 cm™' with weak broad
shoulders at 1021 and 1030 cm™!. As the Al,O; content
increases to 5 wt% (TAS5V7.5) the IR spectrum becomes
more complex. The broad band shifts toward lower wave-
numbers and seems to present two maxima at 990 and 972
cm™!. The shoulder at 1030 cm™! is still present, but the
one at 1021 ¢cm™' appears now at 1010 cm™'. In the case
of the TA10V7.5 sample the spectrum is dominated by a
very broad absorbance band at 974 cm™'; for higher AL, O;
contents (TA20V7.5 and TA82V7.5) this band becomes
narrower and is centered at ca. 986 cm .

The FTIR spectra of the TA10Vy catalysts are presented
in Fig. 6. The spectrum of the TA10V4.5 sample consists
of a very broad band centered at ca. 974 cm! and of a
shoulder at 1048 cm™!. As the vanadium loading increases
to 7.5 wt% V,0s (samples TA10V6 and TA10V7.5) the
band at 974 cm™' becomes narrower whereas the 1048
cm! shoulder progressively disappears. As the vanadium
content increases further to 9.0 and 10.5 wt% the band
shifts to 986 cm™'. In addition, a shoulder at 1021 cm™
appears for the maximum V,0; content.

FTIR Spectroscopy of Chemisorbed Amumonia

The FTIR spectra of ammonia chemisorbed on the TAx
supports, on the series of TAxV7.5, and on the series of
the TA10Vy catalysts are presented in Fig. 7, Fig. 8, and
Fig. 9, respectively. In order to facilitate the presentation
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FIG. 7. FTIR spectra of NH; chemisorbed on the TAx mixed sup-
ports, after desorption at 25°C: (A) x = 2, (B) x = 5, (C) x = 10, (D)
x =20,and (E) x = 82 wt% Al,O,. Absorbance is expressed as absorbance
(a.u.) per m? of sample.
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FIG.8. FTIR spectra of NH; chemisorbed on the TAxV7.5 catalysts,
after desorption at 25°C: (A)x =2, (B) x = 5, (C) x = 10, (D) x = 20,
and (E) x = 82 wt% Al,O;. Absorbance is expressed as absorbance (a.u.)
per m? of sample.
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FIG.9. FTIR spectra of NH; chemisorbed on the TA10Vy catalysts,
after desorption at 25°C: (A) y =45, (B)y =6, (C)y =175, (D) y =
9, and (E) y = 10.5 wt% V,0s;. Absorbance is expressed as absorbance
(a.u.) per m? of sample.

of the results we will divide these spectra into five regions
and discuss each one separately. For the same reason, a
first attribution of the observed bands will be done in
this section.

Region 1600-1620 cm™'. For all samples studied one
well defined absorbance band is observed in this region.
IR studies of ammonia chemisorbed on titania have shown
the presence of a band in the region 1600-1610 cm™!; it
has been attributed to the asymmetric deformation (8,
NH;) of ammonia coordinatively bonded to Lewis-acid
sites of titania (27-29). In the case of alumina a band
due to the asymmetric deformation of NH; coordinatively
bonded to Lewis sites also appears in this region, but at
higher wavenumbers, namely at 1610-1620 cm™! (30, 31).
Thus, the band appearing for our samples in the region
1600-1620 cm™! is due to Lewis-acid sites present on the
surface of both titania and alumina.

For all samples studied, the desorption temperature had
no influence on the position of this band. In contrast, its
position was found to depend on the content of both alu-
mina and vanadium. Indeed, for the TAx supports it is
shifted from 1601 to 1615 cm™! as the alumina content
increases. The same trend is observed in the case of the
TAXxV7.5 catalysts; the band shifts from 1603 to 1618 cm™!
as the alumina content increases up to 82 wt%. In the case
of the TAxV7.5 catalysts, this band is always slightly shifted



STRUCTURE AND ACIDITY OF V,0s/TiO,-Al;O; CATALYSTS

| —e— TAx
—— TAxV7.5

ey

k7

=

L

=

L=

L)

N

=

E M\O

5 }

z 7 N\‘

0 T T \L % } ‘—‘\
0 20 40 60 80 100
wi% AlLO,

FIG. 10. Variation of the normalized intensity of the 1600 ¢cm™!

absorbance band (expressed as intensity per m? of sample) with the
alumina content for the TAx supports and the TAxV7.5 catalysts.

toward a higher frequency than that of the corresponding
TAx supports. In addition, a slight shift toward higher
frequency (from 1603 to 1606 cm™') with the increase of
the vanadium content is observed in the case of the
TA10Vy catalysts.

The intensity of this band is markedly influenced by the
alumina content, and, to a lesser extent, by the vanadium
content. The variation of the intensity with the alumina
content for the TAx supports is presented in Fig. 10. As
the alumina content increases to 10 wt% an important
decrease of the intensity is observed, whereas a further
increase of the alumina content brings about only a very
slight decrease. The same trend is observed for the
TA,V7.5 catalysts (Fig. 10). Concerning the influence of
vanadium on the intensity, an inspection of Fig. 10 shows
that its deposition on the TAx supports generally provokes
a slight increase of this intensity. In addition, we found
that the intensity of this band slightly increases with the
vanadium loading in the series of the TA10Vy catalysts.
However, as compared to the changes provoked to the
intensity of the 1600-1620 cm™! band by the alumina con-
tent, those due to the vanadium loading are rather small.

In all cases, the intensity ratio 130/ 155 of this band is not
influenced by the alumina content; its value is 0.7-0.9 for
the TAx supports and 0.8-1.0 for the TAxV7.5 catalysts.
However, the presence of vanadium was found to influence
this ratio; its value for a catalyst was always slightly higher
than that of the corresponding support. In addition, a slight
increase of this ratio with the vanadium content is observed
in the case of the TA10Vy catalysts; it continuously in-
creases from 0.7 for y = 0 to 0.9 for y = 10.5 wt% V,0s.

Region 1160-1240 cm™'.  For all samples containing up
to 20 wt% Al O; two bands are observed in this region.
Both bands disappear in the samples containing the maxi-
mum amount of alumina (82 wt%). IR studies of ammonia
chemisorbed on titania have reported the presence of two
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bands in this region. The first appears, depending on the
pretreatment used, at 1155-1180 cm ™!, whereas the second
one appears in the form of a shoulder around 1200-1225
cm™! (28, 29, 32). They have been attributed to the sym-
metric deformation of ammonia (§NH;) coordinatively
bonded to two different types of Lewis sites on the surface
of titania (32). These two distinct types of Lewis-acid sites
correspond to surface Ti** ions in different stereochemical
environments (33). According to Primet et al. (32) the
first type of acid sites (the stronger one, giving rise to the
1200-1225 cm~! band) is created by the removal of isolated
OH groups, whereas the second (weaker) type is due to
the removal of molecular water. Since, for pure alumina, no
band appears in this region (31), the two bands appearing in
the case of our samples are due to the two distinct Lewis
sites of titania.

For all samples studied both bands shift (for about 10-15
cm ') toward higher frequency as the desorption tempera-
ture increases. In the case of the TAx supports the first
band appears at 1160 cm~' and the second one appears as
a shoulder around 1200 cm~!, whereas for the TAxV7.5
catalysts both bands appear at higher wavenumbers (at
1185 and 1235 cm™, respectively). For both series of sam-
ples the position of these bands as well as their /(34/[5s ratios
were found to be independent of the alumina content.
The variation of the intensity of these two bands with the
alumina content, for the TAx supports and the TAxV7.5
catalysts, is plotted in Fig. 11. It is seen that, for both series
of samples, the intensity of the bands decreases as the
alumina content increases; this decrease is more pro-
nounced for the 1160 cm ™! band in the case of the supports.
One may also observe that the addition of vanadium
strongly suppresses the intensity of the low wavenumber
band, while it leaves unaffected the intensity of the high
wavenumber one.

For the TA10Vy catalysts the bands appear at around

35 — .
—&— 1160cm”’ TAx \
Z 28+ | —— 1190cm” TAXV7.5
wy
g —88- 1200cm” TAx
E 214 —0O 1240em” TAXV7.5
1
8
g 14+
Z 7t
0 t —t— f————
0 5 10 15 20 25
wt% Al O,
FIG. 11. Variation of the normalized intensity of the 1160, 1190,

1200, and 1240 cm~' absorbance bands (expressed as intensity per m* of
sample) with the alumina content for the TAx supports and the
TAxV7.5 catalysts.
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1180 and 1235 cm'; these values are higher than those of
the corresponding TA10 support (1163 and 1200 cm™',
respectively). In addition, both bands shift toward higher
frequency (from 1163 to 1185 cm ™' and from 1200 to 1240
cm™') as the vanadium content increases from 0 to 10.5
wt% V,0s. The intensity of the low wavenumber band
decreases continuously as the vanadium loading increases,
contrary to the high wavenumber one whose intensity was
found to be constant, independent of the vanadium load-
ing. Finally, vanadium was found to influence the [3,/155
ratios of both bands; they slightly increase with the V,0s
content. In addition, these ratios had higher values in the
case of the TAxV7.5 catalysts than in the corresponding
TAx supports.

Region 1250-1290 cm™'. A band at 1260 cm™' appears
in the IR spectrum of the TAS82 support; it appears as a
shoulder for the TA20 and not at all for lower alumina
contents. This band is due to the symmetric deformation
of ammonia (§,NH;) coordinatively bonded to one type
of the Lewis-acid sites of alumina (14, 27, 31, 34).

In the case of the TAxV7.5 catalysts two absorbance
bands are generally observed in this region. One appears
only for the TA82V7.5 catalyst at 1265 cm™'; thus it is
somehow shifted as compared to that of the corresponding
TAS82 support. The other band appears in the form of a
shoulder around 1290 cm™! for the catalysts containing 5
to 20 wt% Al,Qs, although it is quite possible that it also
exists for the TA82V7.5 catalyst but is masked by the more
intense 1265 cm™! band. A shoulder around 1290 cm™' has
been reported in several studies of V,0s/AlL,O; catalysts
(21, 35). Since it has never been observed for V,0s/TiO,
catalysts (26, 28), we attribute the 1290 cm™! shoulder ap-
pearing in our TAxV7.5 samples to the presence of Lewis
sites associating both alumina and vanadium. Finally in
the case of the TA10Vy catalysts only the shoulder around
1290 cm™! is observed.

Region 14301470 cm™'. For all samples studied one
absorbance band is observed in this region; it is due to the
asymmetric deformation of ammonium ions chemisorbed
on Brgnsted sites (26, 27, 36, 37).

This band appears at 1455 cm™! for the TAx supports
with the exception of TA2, for which it appears as an ill-
shaped band around 1470 cm™'. The desorption tempera-
ture had no influence on the position of this band. The
variation of the intensity with the alumina content is pre-
sented in Fig. 12. As the alumina content increases from
2 to 20 wt% an important decrease of the intensity is
observed, whereas a further increase of alumina to 82 wt%
leaves the intensity unaffected. The [130/I,s ratios for the
alumina-poor supports (TA2 and TAS) were higher
(0.7 = 0.1) than those of the alumina rich ones (0.4 = 0.1).
These ratios are in all cases lower than those of the bands
due to Lewis acidity.

MATRALIS ET AL.
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FIG. 12. Variation of the normalized intensity of the 1450 cm™!
absorbance band (expressed as intensity per m® of sample) with the
alumina content for the TAx supports and the TAxV7.5 catalysts.

In the case of the TAxV7.5 catalysts this band appears
at around 1435 cm™'. As compared to the corresponding
supports it is now shifted toward lower wavenumbers and
is much more intense. As the alumina content increases
(from 2 to 82 wt%) the band shifts to higher wavenumbers
(from 1430 to 1445 cm™'). As seen from Fig. 12 the intensity
of the band strongly diminishes as the alumina content
increases up to 10 wt% and then it remains practically
constant for a further increase of the Al,O; content to 82
wt%. An inspection of the same figure (Fig. 12) clearly
shows that the deposition of a fixed amount of vanadium
on the TAx supports provokes an important increase on
the intensity of this band.

In the case of the TA10Vy catalysts this band shifts
progressively from 1453 to 1430 cm™! as the V,0s loading
increases from 0 to 10.5 wr%. The variation of the intensity
with the vanadium content is plotted in Fig. 13; a continu-
ous increase with the V,0;s loading is observed. The ratio
T30/ I>s remains practically constant (0.36 * 0.06) for vana-

Normalized Intensity
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FIG. 13. Variation of the normalized intensity of the 1450 cm™!
absorbance band (expressed as intensity per m® of sample) with the
vanadium loading for the TA10Vy catalyst.
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dium loadings in the range 0 to 9 wt%; it becomes consider-
ably higher (0.62) for the maximum vanadium loading (10.5
wt% V205).

For both series of catalysts (TAxV7.5 and TA10Vy) a
slight shift of this band toward lower frequencies with an
increase of the desorption temperature was observed. As it
was the case for the TAx supports, the I3,/ 1,5 ratios always
had lower values than those of bands due to Lewis acidity.

Region 1660-1680 cm™'. For the TAx supports a small
shoulder around 1660 cm™' appears when the desorption
temperature is 25°C: it generally disappears for higher tem-
peratures. This shoulder becomes more important in the
case of the TAxV7.5 catalysts, whereas its intensity was
found to increase with the vanadium loading in the
TA10Vy series. Its position was independent of the desorp-
tion temperature as well as of the content of both alumina
and vanadium.

Absorbance in this region is due to the symmetric defor-
mation of ammonium ions (§NH{) (37, 38). Although
no band in this region has been reported for unsupported
V,05 (26, 27, 39), one has been observed for the V,05/
TiO, and V,0s/Al,0; catalysts (28, 31, 38). Taking into
consideration that this band is visible for the TAx supports
and becomes more important when vanadium is present
(TAxV7.5), as well as the fact that its intensity increases
with the vanadium loading (TA10Vy), we attribute this
band to the presence of Brgnsted sites on the surface of
both supported vanadium and uncovered support.

DISCUSSION

Structure of V>,0+/TiO>-Al,O5 Catalysts

Bulk V,0s is present in the TAOV7.5 sample as evi-
denced by both XRD analysis and its IR spectrum which
was almost identical to that of bulk V,Os.

The presence of only 2 wt% Al,O; on the support was
found to induce important changes on the structure of
supported vanadium. The XRD pattern of the TA2V7.5
sample shows that now only a part of supported vanadium
is in the form of crystalline V,0s. This is also corroborated
by the IR spectrum; only a shoulder at 1021 cm ™! (charac-
teristic of V=0 in bulk V,0s) is visible for this catalyst.
The remaining part of vanadium is transformed to an XRD
amorphous phase characterized by the IR band centered
at 997 cm !, This shifting of the stretching vibration of the
(V=0)"* double bond to lower frequencies indicates a
weakening of this bond. Two effects may contribute to the
weakening of the V=0 bond. The first is a structural
transformation. According to Centi et al. (22), this may be
due to a change from the highly distorted pseudopyramidal
coordination of vanadium in the V,0Os to nearly octahedral
coordination. This is consistent with the observed loss of
crystallinity and the formation of an amorphous supported
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phase (40). The second effect is an electronic one. The
weakening of the double bond may also be due to the
presence of neighboring V** ions (22, 25, 41, 42), which
were detected by XPS on the surface of our samples.

No crystalline V,05 was detected in the TAxV7.5 sam-
ples with alumina content higher than 2 wt%.

As the Al,O, content increases to 10 wt% the broad IR
band gradually shifts from 997 to 974 cm™'. Roozeboom ef
al. (43) studied the vanadium species supported on various
carriers by Raman spectroscopy; they concluded that the
970 cm™! band is due to surface vanadate species present
as a two-dimensional monolayer. According to Griffith and
Lensniak (44) the band at 950-970 cm™!, observed with
polyvanadate ions containing ca. 10 vanadium atoms, origi-
nates from their distorted configuration.

The IR band for the samples with the higher alumina
loadings (TA20V7.5 and TA82V7.5) appears at 986 cm ',
Miyata er al. (42) have attributed this band also to the
presence of an amorphous two-dimensional vanadium ox-
ide phase; they have observed this band for both V,0s/
TiO, and V,05/ Al,O; systems with low vanadium contents.

We may thus conclude that adding alumina on the titania
support, while keeping constant the loading of vanadium,
provokes a drastic decrease of the V,Os crystallinity. For
alumina contents higher than 2 wt% Al,O; supported vana-
dium is in the form of an amorphous two-dimensional
phase. Recent studies of V,0s/TiO, and V,05/ Al,O; cata-
lysts, based mostly on Raman (LRS) and *'V NMR spectro-
scopies (45, 46), have shown that this amorphous dispersed
phase is composed of both monomeric vanadyl and poly-
meric vanadate species. The relative abundance of these
two structures varies with the surface concentration of
vanadia. At low surface concentrations the monomeric
vanadyls predominate. As the surface concentration of
vanadia increases polymeric vanadate species are formed
at the expense of the monomeric vanadyls.

No bulk V,0s could be detected by XRD for all the
samples of the TA10Vy series. For vanadium loadings in
the region 4.5 to 7.5 wt% V,0Os the FTIR spectra of the
samples exhibit essentially one broad band at ca. 974 cm™!
indicating the presence of a two-dimensional amorphous
vanadium phase. For high vanadium loadings (samples
TA10V9 and TA10V10.5) one can observe, besides a slight
shift of the main IR band to 986 cm™', the progressive
appearance of a small shoulder at 1021 cm™'. Thus for
these loadings a very small portion of supported vanadium
forms crystalline V,0Os.

Oxidation State of Vanadium Species

Concerning the oxidation state of supported vanadium,
our XPS results showed the presence of both V** and V>*
supported species on the surface of the V,05/TiO,-ALO;
catalysts and, furthermore, that the ratio V¥*/V5* strongly
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depends on the composition. It is known from the literature
(mostly from studies using XPS, ESR, and chemical titra-
tions) that V** species are stabilized on both V,05/TiO,
and V,0s/Al,O; systems (23, 24, 31, 47-52). Although the
stabilization of V** species, strongly interacting with the
carrier, on supported vanadia catalysts and the localization
of these species on the surface of the support are well
shown in the literature, the precise mechanism of their
formation during calcination under aerobic conditions is
not yet clear.

As shown in Fig. 4 the ratio V**/V3* decreases as the
vanadium loading increases in the TA10Vy series. A simi-
lar behavior has been reported in the case of V,0s/TiO,
catalysts (24, 52). This is most probably due to the fact that
as the loading of vanadium increases the ratio (vanadium
strongly interacting with the support)/(total vanadium) de-
creases.

What seems to be of considerable interest is the behavior
of the TAxV7.5 series. As seen from Fig. 3 the ratio V*/
V3* can be controlled by the composition of the support
while keeping constant the total loading of vanadium. The
possibility to tune the ratio V4*/V3* to a desired value by
suitable selection of the support composition may prove
very useful for those vanadia-catalyzed reactions where
the relative distribution of V** and V°* species influences
the activity and/or the selectivity. The selective oxidation
of o-xylene (50) and the selective catalytic reduction of
NO with NH; in the presence of SO, (6, 8) are typical
examples of such reactions.

Influence of the V,05 Content on the Acidity

It is well established that V,0s exhibits essentially
Brgnsted acidity (14, 26, 27). In the case of our catalysts,
the deposition of V,0s5 on the TiO,-Al,0; mixed supports
influences the position of absorbance bands due to the
symmetric deformation of ammonia (8 NH;) characteristic
of Lewis acidity. This mode of vibration gives IR bands
appearing in a large region; namely, from 932-938 cm™!
for gaseous NH; to 1300 cm ™! for ammonia coordinatively
bonded to strong acid sites. As the strength of the acid
site increases the band is shifted toward higher frequencies
(35, 53, 54). The bands due to the two types of Lewis acid
sites on TiO,, appearing at 1160 and 1200 cm ™! in the case
of the support, are shifted to around 1190 and 1240 cm !,
respectively, after the deposition of V,0Os. The same effect
is observed in the case of TA10Vy catalysts; as the V,0s
content increases these two bands are shifted toward higher
frequencies. The influence of V,0s on the position of the
band around 1260 cm™! (characteristic of ammonia bonded
to Lewis acid sites on the alumina surface) is not so evident
since, with the exception of samples containing the maxi-
mum amount of alumina, it appears as a shoulder whose
position cannot be accurately determined. In the
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TA82V7.5, however, this band is shifted toward a higher
wavenumber than the corresponding band of the TAS82
support. In addition the catalysts TAxV7.5 and TA10Vy
exhibit a shoulder around 1290 cm ™! which does not appear
in the case of the supports. Thus, the addition of V,05
provokes the shifting of the bands due to the §NH; mode
of vibration toward higher frequencies. This clearly proves
that vanadium increases the strength of the Lewis-acid
sites.

This conclusion is further corroborated by the evolution
of the intensity ratios I,0/I,s of the band around 1600 cm™!
(characteristic of Lewis sites on titania and alumina) with
the V,0Os content in the TA10Vy catalysts. The observed
continuous increase of this ratio with the vanadium content
indicates that an increasing proportion of ammonia mole-
cules remain bonded on the surface after desorption at
higher temperature. Thus, an increasing proportion of
Lewis-acid sites become stronger as the V,Os content in-
creases. An additional confirmation comes from the com-
parison of the ratios I,3y/I,s for the 1600 cm™' band of
the catalysts TAxV7.5 with those of the corresponding
supports TAx. Regardless of the alumina content the ratio
of the catalysts is always higher than that of the correspond-
ing supports. The same behavior is observed with the 7,59/
Is ratios of the other bands characteristic of Lewis acidity.

Both types of results (namely, the shifting and the inten-
sity ratios of bands corresponding to Lewis acidity) clearly
demonstrate that, although vanadium oxide has by itself
essentially protonic acidity, its deposition on the TiO,—
ALO; supports provokes an increase of the electron ac-
ceptability of the surface, thus inducing the formation of
stronger Lewis-acid sites than those existing on the surface
of the supports.

The stronger Lewis acidity of the catalysts as compared
to that of the corresponding supports may be the result of
two mechanisms: Vanadium might either influence a vici-
nal Lewis site, located on the uncovered support surface,
and render it a stronger acid site, or it might directly partici-
pate, through its interaction with the components of the
support, in the creation of new strong Lewis-acid sites.
The evolution of the intensities of the bands (due to the
presence of Lewis sites), as well as the appearance of new
bands, with the V,05 content will be useful in order to
clarify this point.

In the case of the TA10Vy catalysts, the intensity of the
band around 1600 cm™! continuously increases with the
vanadium content. In addition this intensity is higher in
the case of the TAxV7.5 catalysts than that of the corre-
sponding supports TAx (Fig. 10). Thus, the band around
1600 cm™! cannot be attributed exclusively to Lewis sites
on the uncovered support; indeed, if this was the case
then the intensity should diminish with an increase of the
vanadium loading. It is probable that this increase of the
Lewis acidity is due to the creation of new sites resulting
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from the interaction between supported phase and support.
The first to propose this hypothesis were Sobalik et al. (16,
55) who also observed for V,05/Al,O; catalysts an increase
of the intensity of the 1600 cm™' band with the vanadium
content. They attributed this phenomenon to the creation
of new Lewis sites from the interaction of vanadium with
alumina. Dines et al. (38) observed the same phenomenon
in the case of V,05/TiO, catalysts. They proposed that the
Lewis acid sites on the surface of these catalysts are due
at least in part to coordinatively unsaturated vanadium
ions on the surface as well as to exposed TiO,. It is, thus,
reasonable to assume, for the TAxV7.5 and TA10Vy cata-
lysts, that the band around 1600-1620 cm™! is due to both
the Lewis sites of the mixed support (which remains uncov-
ered) and to the new strong Lewis sites resulting from the
interaction V-Al and V-Ti.

The band around 1290 cm ™!, appearing for the TAxV7.5
and TA10Vy catalysts but not for the TAx supports, is
(because of its high wavenumber value) characteristic of
very strong Lewis-acid sites. Bands in this region have been
reported only for V,05/Al,0; catalysts (21, 35, 55). In
addition, the position of this band in the catalysts is sub-
stantially higher than that of the alumina support (around
1260 cm!). Sobalik er al. (16) have demonstrated that
vanadium ions shift this band toward higher frequencies.
They also found that as the oxidation state of vanadium
decreases to +4, an increasing proportion of ammonia
molecules remains chemisorbed onto these Lewis sites
after desorption treatment at high temperature. This
strongly suggests the participation of the V** ions, detected
in our sample by XPS, in the creation of new Lewis-acid
sites. Based on these facts we attribute the band at 1290
cm™' to the new strong Lewis sites formed by the strong
interaction of the low-valence vanadium ions with the alu-
mina component of the mixed TiO,-AlLO; support.

The band appearing for the TAxV7S5. and TA10Vy cata-
lysts at 1240 cm™! has only been observed in the case of
V,05/TiO; catalysts (26, 28, 29). On pure TiO; this band
appears at a lower frequency, namely, at 1200-1225 cm™*
(32). Busca (28) attributed this band to Lewis sites formed
by coordinatively unsaturated vanadyl groups isolated on
the surface of titania. Thus, here again, the observed in-
crease of the strength of Lewis acidity of the catalysts, as
compared to that of the corresponding supports, is due to
the formation of new stronger acid sites.

Finally, the intensity of the band around 1190 cm™! de-
creases with the V,0s content (series TA10Vy). This
clearly shows that this band is only due to NH; chemisorp-
tion on Lewis sites of the uncovered titania surface in the
support. Busca (28) arrived to the same conclusion by
comparing spectra obtained after adsorption of NH; with
those obtained after adsorption of CO on V,05/TiO, cata-
lysts. They reported that the intensity of both the §NHj;
band around 1190 cm™! and the band due to CO chemi-
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sorbed on uncovered TiO, diminish as the vanadium con-
tent increases. Thus, concerning these Lewis sites on tita-
nia, although the direct participation of vanadium is
excluded, its addition contributes to the strengthening of
these sites probably by some electron withdrawal effect.

We may, thus, conclude that the observed stronger Lewis
acidity of the catalysts, as compared to that of the corre-
sponding supports, is the result of the application of both
mechanisms. New stronger Lewis sites are formed with the
direct participation of vanadium, and preexisting Lewis
sites on the uncovered support are strengthened due to
the influence exerted by vicinal supported vanadium.

The influence of vanadium on the total concentration
of Lewis-acid sites is difficult to ascertain. The intensity of
the 1600 cm™! band increases with the vanadium content
in the TA10VYy series. In addition the intensity of this band
for the TAxV7.5 catalysts is generally higher than that of
the corresponding TAx supports. Thus, the presence of
vanadium induces the increase of the concentration of the
Lewis sites responsible for the appearance of this band.
However, as we have already seen, the evolution of the
intensity of the other bands, characteristic of Lewis acidity,
with the vanadium content does not follow the same trend;
the intensity of the 1190 cm™! band decreases, that of the
1240 cm~! band remains practically constant, whereas that
of the 1290 cm™! band cannot be accurately determined
since it appears as a shoulder. However, since the observed
changes in the intensities are rather small, the influence
of vanadium on the total concentration of Lewis sites can
practically be considered as negligible.

The evaluation of the vanadium influence on the
strength of the Brgnsted sites will be based on the intensity
ratios I;30/1;s of the band appearing in the region 1430-
1470 cm™! characteristic of protonic acidity. For the series
of catalysts TA10VYy this ratio remains practically constant
for a loading up to 9 wt% V,0s; it increases for a further
increase of the vanadium content. Thus, the strength of
Brgnsted acid sites is not modified (increased) for vana-
dium loadings lower than 9 wt%. However the observed
changes in the [;3y/];5 ratios are rather small. So, it seems
that, contrary to the influence of vanadium on the strength
of Lewis sites, the observed strengthening of Brgnsted sites
is not so important. It should also be noted that for all
samples studied the ratios /,30/ 155 of bands due to Brgnsted
sites are always lower than those of bands due to the
existence of Lewis sites; this suggests that the strength of
Brensted sites is inferior to that of Lewis-acid sites.

The concentration of Brgnsted-acid sites, in contrast, to
that of Lewis sites, is markedly influenced by the vanadium
loading. Indeed, the intensity of the 1430 cm™! band
strongly increases as the V,0s loading increases in the
TA10Vy catalysts (Fig. 13). The same trend is observed
for the other band (1660 cm™') characteristic of Brgnsted
acidity. In addition, the intensity of this band is much
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higher in the case of the TAxV7.5 catalysts as compared
to that of the corresponding TAx supports (Fig. 12). These
results clearly demonstrate that vanadium greatly enhances
the total surface concentration of Brgnsted acid sites of

the V,05/TiO,-Al,O; catalysts.

Influence of the Al,O5 Content on the Acidity

No significant influence of the alumina content on the
strength of acid sites (Lewis and Bregnsted) was observed
for both the TAx supports and the series of TAxV7.5
catalysts. In contrast, the surface concentration of both
kinds of acid sites is highly influenced by the alumina con-
tent. Indeed the intensities of the IR bands characteristic
of both Lewis and Brgnsted acidity greatly decrease with
the increase of the alumina content up to 10 wt% and then
they remain practically constant for a further increase of
the alumina content up to 82 wt%. This behavior is common
to both the TAx supports and the TAxV7.5 catalysts (Figs.
10, 11, and 12).

Finally, concerning the role of these mixed carriers, our
results showed that the composition of the TiO,~ALO;
supports can regulate important properties of the V,0s5/
Ti0,-Al,0; catalysts, such as the fraction of surface vana-
dium species stabilized as V**, or the surface concentration
of both Lewis- and Brgnsted-acid sites. This fact, along
with their improved textural and mechanical properties,
as compared to those of pure titania (6, 7), make their use
attractive for supported vanadia catalysts. Their beneficial
effect has already been reported for the SCR of NO by
NH; in the presence of SO, (6-9) and their use seems to
be promising also for other vanadia—catalyzed reactions,
especially where a modification of acidic or redox proper-
ties is needed in order to improve the catalytic behavior.

CONCLUSIONS

The main objective of this work was to investigate the
influence of the composition of the V,05/TiO,-ALO; cata-
lysts on their acidity (based on the study of chemisorbed
NH,; by FTIR) and on the structural properties (as revealed
by the results of the physicochemical characterization using
XRD, XPS, and IR).

The most important conclusions are the following:

(i) Both V* and V** supported species were detected
on the surface of the V,05/TiO,—Al,O; catalysts. The ratio
V4 /V3* depends on the vanadium content, whereas for
constant vanadium loading it can be regulated by the com-
position of the mixed TiO,-Al,O; support.

(ii) The deposition of vanadium on the mixed TiO,-
AlL,O; supports increases the strength of the Lewis-acid
sites. This was found to be due to both the formation of new
stronger sites, with the direct participation of supported
vanadium, and to the strengthening of preexisting Lewis
sites on the uncovered support from vicinal supported va-
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nadium species. The strength of Brgnsted sites was found
to slightly increase for vanadium loadings higher than 9
wt% V205.

(iii) The surface concentration of Brgnsted-acid sites on
the V,05/Ti0,-AlL,0O; catalysts is greatly enhanced as the
loading of vanadium increases. In contrast, the surface
concentration of Lewis-acid sites is not significantly af-
fected by the deposition of vanadium.

(iv) For constant vanadium loading, the surface density
of both kinds of acid sites is greatly influenced by the
composition of the mixed TiO,-AlLO; support, especially
in the composition range of 0 to 10 wt% ALO;. The
strength of both Lewis- and Brgnsted-acid sites was found
to be practically independent of the alumina content in
the composition range studied.
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