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Institut für physikalishe Chemie, Univeristät München, Sophienstr. 11, 80333 München, Germany

Received October 6, 1998; revised January 13, 1999; accepted January 14, 1999

Adsorption of CO on VAPO-5 and VMgAPO-5 has been studied
by IR spectroscopy. No carbonyl species were formed with V5+ sites
on oxidized VAPO-5. Mild reduction (673 K) of the sample with
hydrogen generated V4+ sites which did not form stable complexes
with CO at ambient temperature. At 85 K, however, two V4+–CO
species were detected, characterized by bands at 2200 (A species)
and 2194 cm−1 (B species). In these complexes CO is bonded via
a σ-bond only. Deeper reduction (773 K and above) led to the for-
mation of V3+ sites, predominantly at the expense of the A species.
These cations formed two kinds of carbonyl complexes (bands at
2197 and 2186 cm−1) in which a weak π-back bonding is realized.
As a result, the carbonyls were more stable than the V4+–CO species
and could be detected even at room temperature. The V3+ sites were
fully oxidized by oxygen even at 85 K thus forming V4+ and V5+

species. At higher reoxidation temperatures (up to 373 K) the major
part of the V4+ sites was also oxidized to V5+. CO adsorption on
VMgAPO-5 results in the formation of Mg2+–CO species producing
intense bands at 2187 and 2179 cm−1 which were superimposed on
the Vn+–CO bands. For this reason the oxidation–reduction behav-
ior of vanadium on this sample could not be studied in detail. It
was found that some V4+ sites (producing a band at 2204 cm−1 at
low temperature CO adsorption) were generated during the evacu-
ation at 673 K. Deeper reduction with hydrogen created new sites
(most probably V3+) which were characterized by a carbonyl band
at 2197 cm−1. The nature of the Vn+–CO bonds as well as the effect
of different factors on its strength are discussed. Some conclusions
on the reduction–oxidation behavior of vanadium in the VAPO-5
and VMgAPO-5 are also presented. c© 1999 Academic Press
1. INTRODUCTION

Supported vanadium oxides are known to be efficient
catalysts in a number of selective catalytic oxidations and
reductions, such as oxidation of methanol, methane and
alkenes, oxidation and ammoxidation of aromatic hydro-
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carbons, and selective catalytic reduction of NOx (1–5). The
different catalytic behavior of supported vanadium cata-
lysts is explained on the basis of the nature and distribution
of the vanadium species, which are affected by the acid–
base character of the support and the vanadium loading
(6). Recently, it was reported that V-containing molecular
sieves, such as V-silicalite, VAPO-5, and VMgAPO-5 mate-
rials, are highly selective for the oxidative dehydrogenation
of ethane (7), propane (8, 9), and ethylbenzene (10). During
the last years, great efforts have been made to determine
the nature and the redox behavior of the vanadium species
in the VAPO-5 materials (8, 11, 12).

Previously, different aluminophosphates containing van-
adium (VAPO-5) or vanadium and magnesium (VMgAPO-
5) have been prepared and characterized by different tech-
niques (7, 8). These materials have shown high activity and
selectivity in the oxidative dehydrogenation of propane
(VAPO-5) and ethane (VMgPO-5). It was established
that the major part of vanadium was incorporated in the
structure. For the Mg-containing samples two kinds of Mg
species were established: framework and extra-framework
(charge-balancing cations) species. TPR of all samples
displayed peaks with maxima at about 773 K. ESR revealed
that calcined VAPO-5 contained negligible amounts of
V4+, whereas higher amounts of V4+ were observed for
the magnesium-containing samples. Reduction generated
V4+ in all samples and the highest concentration of these
cations was detected for samples reduced at 673 K. For all
samples reversible reduction–reoxidation was found.

It is of interest to study the VAPO-5 and VMgAPO-5
materials by infrared spectroscopy of adsorbed CO since
the expected results could provide additional information
on the properties of the samples and may be compared with
the data obtained by other techniques. The infrared spectra
of adsorbed CO provide information about the oxidation
and coordination state of the surface cations, their loca-
tion, etc. (13). Surprisingly, there are only a few available
studies on CO adsorption on vanadium-containing samples
(14–24). There is general agreement that V5+ ions do not
form stable complexes with CO even at low temperature be-
cause of their high coordination saturation and the covalent
character of the V–O bond (15–17). Most authors (15, 16,
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18, 19) proposed that V4+–CO type carbonyls absorb in
the range 2212–2180 cm−1; these species are easy to re-
move by evacuation. Bands below 2192 cm−1 have been
observed only after low-temperature CO adsorption (11).
A number of authors (15, 18–22) have attributed the ab-
sorption region of 2190–2178 cm−1 to V3+–CO carbonyls.
These bands are difficult to eliminate by evacuation (23)
which indicates some participation of a back π -bonding in
the V3+–CO bond.

The aim of this work is to study the surface carbonyls
formed after CO adsorption on V-containing aluminophos-
phates subjected to different oxidation–reduction pretreat-
ments. In order to monitor all sites and to prevent eventual
reactive CO adsorption, the measurements were performed
exclusively at low temperature, i.e., 85 K.

2. EXPERIMENTAL

2.1. Preparation of the Samples

The VAPO-5 and VMgAPO-5 materials were synthe-
sized as described elsewhere (8). Briefly, Al2O3/P2O5/V2O5/
MgSO4/H2O/Et3N gels with appropriate molar composi-
tions were heated in teflon-lined stainless-steel autoclaves
at 473 K for 16 h and then centrifuged, washed, and dried
at 353 K. Finally, the samples were calcined at 823 K for
5 h in air. Highly crystalline materials were obtained with
exclusively AFI structure in all the cases. Some character-
istics of the samples as well as the sample notations that we
shall use further on in the text are presented in Table 1.

2.2. Methods

IR spectroscopy studies were carried out with a Bruker
IFS-66 apparatus at a spectral resolution of 1 cm−1 and
collected 128 scans. Self-supporting wafers (ca. 10 mg
cm−2) were prepared from the sample powders and heated
directly in the IR cell. The latter was connected with a
vacuum/sorption apparatus with a residual pressure less
than 10−3 Pa. Before the measurements all samples were
activated for 1 h in a flow of oxygen at 673 K followed
by 1 h evacuation at the same temperature. Reduction of

TABLE 1

Some Characteristics of the Investigated Samples

Vanadium Magnesium Crystallite
content content Crystallinity SBET sizes

Sample (wt%)a (wt%)a (%)b (m2 g−1) (µm)c

VAPO-5 1.22 — 89 277 0.9–0.3
VMgAPO-5 0.53 2.68 71 185 12.5–8

a Vanadium and magnesium content in calcined samples, as wt% of V

and Mg atoms.

b Crystallinity after calcination at 823 K, referenced to uncalcined
AlPO4-5.

c Obtained by SEM.
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the samples was carried out for 1 h in a flow of hydrogen
at the respective temperature followed by evacuation
at 673 K for 1 h. A specially constructed cell allowed
the IR measurements to be performed at both ambient
temperature and 85 K.

3. RESULTS

3.1. Sample VAPO-5

3.1.1. Hydroxyl coverage and adsorption of CO at ambi-
ent temperature. In the ν(OH) region there is only a weak
band at 3675 cm−1 with a slight tailing toward lower fre-
quencies. This band characterizes isolated OH groups. The
reduction causes a slight decrease of the intensity of this
band. This is attributed to the higher treatment tempera-
tures during the reduction.

No carbonyl species were detected after CO adsorption
at room temperature either on the oxidized sample or on
the sample reduced at 673 K. However, on samples reduced
at higher temperatures (773 and 883 K) adsorption of CO
causes the appearance of one band with a very low intensity
at ca. 2195 cm−1 having a shoulder at ca. 2185 cm−1. Both
bands slowly decrease with time and vanish at low equilib-
rium pressures. The intensity of the bands is higher when
the prereduction temperature is higher.

3.1.2. Low-temperature CO adsorption on oxidized
sample. Exposure of oxidized VAPO-5 at 85 K to CO
(100 Pa equilibrium pressure) results in the appearance
of a strong band at 2139 cm−1 which is typical for physi-
cally adsorbed CO (Fig. 1, spectrum a). In addition, a less
intense band at 2169 cm−1 with a tail toward lower frequen-
cies is also visible. In the ν(OH) region the hydroxyl band
completely disappeared (the difference spectra showed a
negative peak at 3678 cm−1) and a new broad band at
3496 cm−1 emerged. Thus, the shift of the O–H stretching
modes,1ν(OH), caused by H-bonded CO was−182 cm−1.

A gradual decrease in the equilibrium pressure leads to
a quick disappearance of the band assigned to physisorbed
species (2139 cm−1). Difference spectra have shown that
this band has a pronounced high-frequency shoulder and a
weaker one at low frequency. This complex contour of the
band is due to hindered rotation modes (25). At lower pres-
sures, the intensity of the band at 2169 cm−1 also decreases
and the original spectrum of the surface OH groups is grad-
ually restored. Hence, the band at 2169 cm−1 is attributed
to CO H-bonded to surface hydroxyls (26). All bands are
removed after 1 min evacuation at 85 K.

3.1.3. Low-temperature CO adsorption on sample re-
duced at 673 K. Adsorption of CO at 85 K on the 673-K
reduced sample results again in the appearance of the

bands due to physically adsorbed CO (2139 cm−1) and CO
H-bonded to the surface OH groups (2169 cm−1) (Fig. 1,
spectrum b). In this case, however, two more bands are
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observed at higher frequencies, their maxima being located
at 2200 and 2194 cm−1. These bands are readily observed at
very low pressures, when all of the physically adsorbed CO
and CO attached to OH groups is removed (Fig. 2). Both
bands decrease in intensity under dynamic vacuum but it
is the band at 2194 cm−1 that is more sensitive to evacu-
ation. The 2200 cm−1 band is removed from the spectrum
only after prolonged evacuation at 85 K. The fact that both
bands were not detected on the oxidized sample as well
as their nonsynchronous change in intensity permits us to
assign them to CO adsorbed on two kinds of reduced Vn+

sites. The low stability of the carbonyls implies that CO is
bound to the cationic sites via a σ -bond only (13).

3.1.4. Low-temperature CO adsorption on sample re-
duced at 773 K. Adsorption of CO at 85 K on the sample
reduced at 773 K leads to the same spectra in the 2180–
2100 cm−1 region as those described above (Fig. 1, spec-
trum c). The only difference is that the band characteriz-
ing physically adsorbed CO is more intense. However, the
differences in the higher frequency region (relative to the
spectra recorded with the sample reduced at 673 K) are
more important (see Fig. 3a). First, the band at 2194 cm−1

is much more intense, whereas the 2200 cm−1 band has lost
some intensity. Second, a new, relatively intense band at
2186 cm−1 is clearly observed.

As in the cases described above, evacuation leads to fast
disappearance of the 2139 and 2169 cm−1 bands. The next
band that starts to vanish (Fig. 3b) is that at 2194 cm−1
FIG. 1. FTIR spectra of CO (100 Pa equilibrium pressure) adsorbed
at 85 K on VAPO-5 pretreated at different conditions. Oxidized sample
(a), and samples reduced at 673 (b), 773 (c), and 873 K (d).
NOV, AND KNÖZINGER

FIG. 2. FTIR spectra of CO adsorbed at 85 K on VAPO-5, prere-
duced at 673 K. Equilibrium pressure of 100 (a), 20 (b), and 10 (c) Pa CO,
evacuation of the sample for short times (d–h), and time evolution of the
spectra under dynamic vacuum (i–l).

followed by the bands at 2200 and 2186 cm−1. A new band
at 2197 cm−1 which is very resistant toward evacuation and
which has been masked by the 2194 and 2200 cm−1 bands
is now clearly visible (see Fig. 3a). After further evacuation
the band at 2186 cm−1 disappears from the spectrum and
the broad band at 2197 cm−1 is the principal one observed
after prolonged evacuation.

Since the stretching frequency of CO adsorbed on a
definite cation typically increases with the cation’s Lewis
acidity, it is evident that the 2186 cm−1 band cannot be at-
tributed to another kind of σ -bonded Vn+–CO species.
The somewhat higher stability of the respective carbonyls
(compared to the Vn+–CO species) implies the formation
of a weak π -back bonding, which suggests a lower oxi-
dation state of the cation coordinating CO. Taking into
account that the respective sites are created at higher
reduction temperature only, we attribute the 2186 cm−1

band to Vm+–CO species, where m< n. The same consider-
ations are valid for the band at 2197 cm−1 when comparing
it with the 2200 cm−1 band.

3.1.5. Low-temperature CO adsorption on sample re-
duced at 873 K. The overall situation with this sample is
similar to that with the sample reduced at 773 K. However,

the bands at 2194 and 2186 cm−1 gained some intensity,
whereas that at 2200 cm−1 disappeared (Fig. 4 and Fig. 5,
spectrum a).
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FIG. 3. (a) FTIR spectra of CO adsorbed at 85 K on VAPO-5, prered
evacuation of the sample for short times (d–h), and time evolution of the s
FIG. 4. FTIR spectra of CO adsorbed at 85 K on VAPO-5, prereduced
at 873 K. Equilibrium pressure of 100 (a) and 30 Pa CO, evacuation of the
sample for short times (c–d), and time evolution of the spectra under
dynamic vacuum (e–k).
ced at 773 K. Equilibrium pressure of 100 (a), 20 (b), and 10 (c) Pa CO,
ctra under dynamic vacuum (i–n). (b) Difference spectra from (a).

FIG. 5. FTIR spectra of CO adsorbed at 85 K on VAPO-5. Sample
reduced at 873 K after adsorption of CO (100 Pa) (a), followed by evacua-

tion at 85 K (b), subsequent introduction of 100 Pa O2 (c), and evacuation
(d), followed by introduction of 100 Pa CO (e). The sample was heated for
15 min in 10 kPa O2, evacuated, cooled to 85 K, and subjected to 100 Pa
of CO (f).
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FIG. 6. Variation of the intensity of the different vanadium carbonyl b

Oxidized sample (1); sample reduced at 673 (2), 773 (3), and 873 K (4), an

During the evacuation it is again the 2194 cm−1 band
that disappears first, followed by the band at 2186 cm−1. A
careful inspection of the different spectra indicates that a
small fraction of sites characterized by a carbonyl band at
2200 cm−1 are generated with time. This is most probably
caused by an oxidation of some Vm+ sites to Vn+ by minute
amounts of oxygen entering into the IR cell, or by reaction
of Vm+ sites with V5+ giving Vn+.

3.1.6. Low-temperature CO adsorption on reoxidized
sample. It was of interest to test the stability of the reduced
vanadium species in the presence of oxygen. Therefore, the
sample reduced at 873 K was evacuated (a residual CO band
at 2197 cm−1 with a shoulder at 2186 cm−1 are characteristic
of the spectrum; see Fig. 5, spectrum b) and then exposed
to 20 Pa oxygen at 85 K. This caused the disappearance
of the bands at 2197 and 2186 cm−1 and the appearance
of a band at 2200 cm−1 which is not stable toward evacua-
tion (Fig. 5, spectra c, d). To monitor all of the Lewis acid
sites existing on the surface after this treatment, oxygen was
evacuated and 100 Pa CO introduced to the sample (Fig. 5,
spectrum e). It is evident that the species characterized by
the band at 2187 cm−1 have disappeared. The deconvolu-
tion spectra (see also Fig. 6, step 5) show that the band at
2197 cm−1 which is stable against evacuation also vanished,
and only two carbonyl bands, at 2194 and 2200 cm−1, are
detected.

When the re-oxidation was performed at a higher tem-
perature, namely 373 K, subsequent adsorption of CO
(Fig. 5, spectrum f) reveals an additional decrease of the
population of the sites characterized by bands at 2194 and

2200 cm−1. The variations of the intensities of the different
bands at various oxidation–reduction steps are shown in
Fig. 6.
ands (100 Pa CO at 85 K) depending on the pretreatment of the VAPO-5.
reoxidized at 85 (5) and 293 K (6).

3.2. Sample VMgAPO-5

3.2.1. Hydroxyl coverage and adsorption of CO at room
temperature. The hydroxyl coverage of this sample is sim-
ilar to that of VAPO-5. In the ν(OH) region one band char-
acteristic of isolated OH groups is detected at 3677 cm−1.
Here again the reduction causes an decrease in the intensity
of the OH band.

Adsorption of CO at ambient temperature on the sample,
either oxidized or reduced at 673 K, does not lead to for-
mation of surface carbonyl species. A weak band at about
2198 cm−1 was observed with the samples reduced at 773
and 873 K. Note, however, that its position cannot be ex-
actly determined because of its very low intensity.

3.2.2. Low-temperature CO adsorption on an oxidized
sample. Adsorption of CO at 85 K on the VMgAPO-5 re-
sults in a spectrum which is definitely more complex than
that recorded for the VAPO-5 sample. A strong band at
2139 cm−1 having a pronounced low-frequency shoulder is
due to physically adsorbed CO (Fig. 7). The difference spec-
tra reveal the existence of one high frequency shoulder as
well. The band caused by CO H-bonded to surface hydrox-
yls is observed at 2170–2168 cm−1. Simultaneously with the
appearance of this band a red shift of the OH stretching
mode from 3677 to 3525 cm−1 (1ν(OH) ≈ −150 cm−1) is
observed.

Three more bands are detected at higher frequencies
(Fig. 8, spectrum a): namely, an intense band at 2179 cm−1

and two weaker ones with maxima at 2204 and 2187 cm−1.
It is the band at 2179 cm−1 that is most sensitive to evacua-
tion; it rapidly decreases as the equilibrium CO pressure de-
creases and it slightly shifts at low coverages toward higher

frequencies. The next band disappearing after evacuation
is that at 2187 cm−1. The 2204 cm−1 band is highly resistant
toward evacuation at this temperature.
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FIG. 7. FTIR spectra of CO adsorbed at 85 K on oxidized VMgAPO-
5. Equilibrium pressure of 2 (a), 0.4 (b), 0.2 (c), and 0.1 (d) hPa CO;
evacuation of the sample for increasing times (e–j) and under dynamic
vacuum (k–m).
FIG. 8. FTIR spectra of CO adsorbed at 85 K on VMgAPO-5 oxidized
(a) and reduced at 873 K (b). The spectra are taken after a short evacua-
tion of CO.
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3.2.3. Low-temperature CO adsorption on reduced sam-
ples. The spectra of CO adsorbed on the reduced
VMgAPO-5 differ from those recorded for the oxidized
samples mainly in the 2210–2160 cm−1 region. With in-
creasing temperature of reduction the band at 2204 cm−1

decreases and is not observed on the sample reduced at
873 K (Fig. 8, spectrum b). Simultaneously, a new band
at 2197 cm−1 develops. Although highly resistant toward
evacuation, this band disappears from the spectrum after
prolonged pumping. The band at 2169 cm−1 is reduced in
intensity which is consistent with the lower hydroxyl cover-
age of the reduced samples. It seems that the intensities of
the bands at 2179 and 2187 cm−1 do not depend on the sam-
ple pretreatment, which suggests that they are not due to
Vn+–CO species. According to data from the literature (27)
we assign these bands to two kinds of Mg2+–CO carbonyls.

4. DISCUSSION

4.1. Sample VAPO-5

The positive charge of the cations and the strength of
the σ -donor bond with CO decreases in the sequence
V4+>V3+>V2+ and would thus lead to a decrease in ab-
sorption frequencies and the stability of carbonyls. Due
to their high charge, the V4+ ions cannot undergo π -back
bonding with adsorbed CO; i.e., the carbonyl complexes of
V4+are characterized by aσ -donor bond only. The charge of
the V3+ ions is still high and the d-electron density is low, so
that the formation of a π -back bond is expected to be weak
and that of V3+ carbonyls to be unstable and to decom-
pose during evacuation at ambient temperature. Strength-
ening of the V–CO bond due to π -back donation can be
expected with V2+ cations because of their low charge. This
would cause both a decrease in absorption frequency and
a strengthening of the vanadium–carbon bond in the V2+–
CO complexes.

Since the results obtained in this study with VAPO-5
are more comprehensible, the discussion about the differ-
ent vanadium carbonyls will be based, preferentially, on
this sample. Our results are in agreement with the gen-
eral view that V5+ species do not form carbonyl complexes.
CO adsorption on VAPO-5 reduced at 673 K produces two
bands (at 2200 and 2194 cm−1) which can be assigned to
V4+ carbonyls. These assignments are in agreement with
the spectral region (2212–2180 cm−1) at which different au-
thors (15, 16, 18, 19) have proposed V4+–CO species to
absorb. This is also consistent with ESR data indicating a
high concentration of V4+ in samples thus treated (8). The
stability of these carbonyls is low and they can be detected
at low temperatures only. This is in agreement with the
above proposed considerations and indicates that in this

case only a σ -bond is formed between V4+ and CO. As
expected, the species characterized by a band at higher fre-
quency (2200 cm−1) form stronger σ -bonds and are more



        
178 CONCEPCIÓN, HADJIIVA

stable. It is known that the molar extinction coefficient of
the C–O stretching mode does not strongly depend on the
σ -bond strength (28). Hence, in this case, the intensity of
the IR bands can be used for an estimation of the relative
concentration of the respective species. Thus, the carbonyls
producing a band at 2200 cm−1 are of lower concentration.

Deeper reduction of the samples creates two new vana-
dium sites, the respective carbonyl bands being located at
2197 and 2186 cm−1. These bands are highly resistant to-
ward evacuation at 85 K and can be detected (although
with very low intensities) even at room temperature. Let us
consider the 2194–2186 cm−1 pair of bands. The 2186 cm−1

band has a lower frequency, but the respective species are
more stable. However, with cations forming predominantly
σ -bonds with CO, the higher the stability of the carbonyls,
the higher their stretching frequency. This implies that the
two bands cannot be assigned to carbonyls of vanadium
cations having the same oxidation states. The higher stabil-
ity and the lower frequency of the 2186 cm−1 band species
suggests some back π -donation. Hence, this band is due to
carbonyls formed with the participation of vanadium ions in
an oxidation state lower than 4. Thus, the band at 2186 cm−1

is attributed to V3+–CO species.
Analogous considerations hold when one compares the

pairs of bands at 2200 and 2197 cm−1. Hence, the band at
2197 cm−1 may be assigned to another kind of V3+–CO
species. The higher stability and the higher frequency of the
2197 cm−1 species relative to those of the species charac-
terized by a band at 2186 cm−1 indicates that, in the former
case, the σ -bond between V3+ and CO is stronger. Another
confirmation of the assignment of the 2197 and 2186 cm−1

bands to V3+–CO species is their disappearance after ox-
idation of the sample even at 85 K. Note that no reliable
conclusions about the relative concentration of the V3+ sites
can be made in this case since the formation ofπ -back bond-
ing enhances the molar extinction coefficient of CO.

The results obtained demonstrate that the spectral re-
gions of V4+–CO and V3+–CO compounds superimpose.
Hence, to distinguish between both kinds of species, one
has to consider, in addition to the stretching frequencies,
other factors such as stability of the species and their ease
of oxidation.

Our result evidenced two kinds (A and B) of V4+ sites on
reduced VAPO-5 which manifest different redox behavior.
The A species are of lower concentration. They are easily
reduced to V3+ at temperatures higher than 673 K and dis-
appear completely after 873 K reduction. On the contrary,
the concentration of the B species increases with the reduc-
tion temperature at least up to 873 K. At low temperature
and in the presence of oxygen the V4+A species are gener-
ated from V3+, whereas oxidation of the B species to V5+
evidently occurs even at 85 K (see Fig. 7, step 5). Thus, it may
be concluded that a higher oxidation state is more typical
for the vanadium cations corresponding to B species.
NOV, AND KNÖZINGER

One of the possible assignments of the A and B species
is to extra-framework and to framework vanadium, respec-
tively. However, the amount of extra-framework vanadium
on our VAPO-5 sample is too low to produce carbonyl
bands so intense as observed after CO adsorption (8). For
that reason we are of the opinion that both kinds of species
arise from a different incorporation mechanism of vana-
dium in the framework of AlPO4-5 structure, i.e., in posi-
tions of Al3+ or P5+.

Unfortunately, we cannot give an exact interpretation of
the two kinds of V3+–CO species. One may infer that the
A species (V4+ cations detected by a band at 2200 cm−1),
being stronger Lewis acids, could generate V3+ cations af-
ter reduction which are characterized by a stronger acidity
(CO band at 2196 cm−1). Accordingly, the 2194 cm−1 species
should produce V3+ cations characterized by carbonyls de-
tected at 2186 cm−1. However, our results support another
possibility, i.e., both kinds of V3+ ions are produced by re-
duction of the A-type V4+ species.

The created V3+ cations are strongly reducing species
and react readily with oxygen even at 85 K, thus produc-
ing V4+. Based on the spectra of adsorbed CO, we can-
not draw any conclusions on a direct oxidation of some of
V3+ to V5+. It is evident, however, that at higher temper-
ature of re-oxidation, namely at 373 K, a significant part
of V4+ is converted into V5+ species. Finally, the fact that
the reduction–oxidation treatments do not affect the back-
ground spectrum of the sample implies that, in general, the
structure of VAPO-5 is preserved during the experiments.

It is of interest to discuss the properties of the surface
hydroxyl groups. The O–H stretching frequency of the iso-
lated hydroxyl groups on our sample (3675 cm−1) is close
to the band position of both V–OH (29) and P–OH (30)
groups. An additional criterion that can be involved for a
correct assignment is the acidity of the hydroxyls. In gen-
eral, the P–OH groups are expected to be more acidic
than the V–OH ones. According to literature data (30)
P–OH groups on phosphated zirconia manifest a red shift of
−135÷−175 cm−1 after low-temperature CO adsorption.
In the present case we have measured a similar shift, i.e.,
−182 cm−1. This allows us to assign the isolated OH groups
on the VAPO-5 sample to P–OH hydroxyls.

4.2. Sample VMgAPO-5

The stretching frequency of the OH groups on the
VMgAPO-5 is similar to that recordered for VAPO-5. In
addition, the acidity of both kinds of hydroxyls, as measured
by low-temperature CO adsorption, is also similar. Thus,
we conclude that the surface hydroxyls on the VMgAPO-5
samples represent isolated P–OH groups.
The low temperature CO adsorption on VMgAPO-5 re-
sulted in the appearance of two Mg2+–CO bands at 2187 and
2179 cm−1 whose intensities do not depend on the sample
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pretreatment. We tentatively assign the band at 2187 cm−1

to species formed on extra-framework Mg2+ cations (which
is consistent with their lower concentration) and the band at
2179 cm−1 to framework Mg2+. The existence of two kinds
of Mg2+ in the samples was earlier proved by independent
techniques (31).

Contrary to the results obtained for VAPO-5, the vac-
uum treatment of the VMgAPO-5 leads to the creation of
some V4+ species (carbonyl band at 2204 cm−1). Their low
concentration suggests that they are formed via the auto-
reduction of extra-framework vanadium. The existence of
V4+ in these samples after calcination treatment is con-
sistent with earlier observations by other techniques (7).
Deeper reduction leads to the disappearance of this band
and a new band at 2197 cm−1 emerges. This behavior sug-
gests the latter band is due to V3+–CO species. Unfrotu-
nately, due to the strong intensity of the Mg2+–CO bands,
it was not possible to carry out a detailed analysis of the
Vn+–CO bands produced on the VMgAPO-5 sample.

5. CONCLUSIONS

• Mild reduction of VAPO-5 with hydrogen (673 K) gen-
erates two kinds of V4+ sites which can be detected by CO
only at low temperature by bands at 2200 and 2194 cm−1.
In these complexes CO is coordinated via a σ -donor bond.
• Deeper reduction of VAPO-5 with hydrogen (773 K

and above) leads to the formation of V3+ sites. These cations
form two kinds of carbonyl complexes (bands at 2197 and
2186 cm−1) in which a weak π -back bonding is realized. As
a result, the V3+–CO carbonyls are more stable than the
V4+–CO species and can be detected at room temperature.
• The V3+ sites in VAPO-5 are fully oxidized by oxygen

even at 85 K thus forming V4+ and eventually V5+ species.
At higher reoxidation temperatures (up to 373 K) the major
part of the V4+ sites is also oxidized to V5+.
• Some V4+ sites are created on VMgAPO-5 during the

evacuation of the samples at 673 K. These sites can be
monitored by CO only at low temperature by a band at
2204 cm−1. Deeper reduction with hydrogen creates a new
kind of sites (most probably V3+) which is characterized by
a carbonyl band at 2197 cm−1.
• The spectral regions in which V4+–CO (at least 2204–

2194 cm−1) and V3+–CO (2197–2186 cm−1) species are de-
tected, superimpose. Hence, other factors (stability, reac-
tivity toward oxygen) have to be considered in addition to
the carbonyl stretching frequency to distinguish both kinds
of species.
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(1991).

2. Kung, H. H., Ind. Eng. Chem. Prod. Res. Dev. 25, 171 (1986).
3. Dadyburjor, D. B., Jewur, S. S., and Ruckenstein, E., Catal. Rev. Sci.

Eng. 19, 293 (1979).
4. Wainwright, M. S., and Foster, N. F., Catal. Rev. Sci. Eng. 19, 211 (1979).
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J. Catal. 152, 1 (1995).
9. Bellussi, G., Centi, G., Perathoner, S., and Trifiró, F., in “Catalytic
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