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Development of the acidity of zirconia-supported niobia catalysts
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A series of NbO,/ZrO; catalysts containing up to 2.67 wt% Nb (ca. 80% nominal surface coverage) was prepared by incipient
wetness impregnation from niobium oxalate and oxalic acid solution. The structure of the catalysts was monitored by X-ray
diffraction and Raman spectroscopy. The results indicated the presence of a surface Nb phase. No evidence for the formation of
crystalline Nb,Os species was found. The development of the acidity as a function of Nb loading was monitored by adsorption of a
basic probe molecule followed by infrared spectroscopy. The results indicated the appearance of Bronsted acid sites for a threshold
of Nb loading. The abundance of Bronsted acid sites correlated well with the isopropanol dehydration activity. The overall
behavior was very similar to that reported earlier for the WO, /ZrO, system.

KEY WORDS: niobium oxide; zirconia; niobia zirconia catalysts; acidity; isopropanol dehydration; 2,6-dimethylpyridine

adsorption; FT-IR.

1. Introduction

Supported tungsten and niobium oxides catalyze a
wide variety of reactions [1-8]. For a number of these
reactions, the catalytic performance is determined by the
acidity of the surface species [9,10]. It is thus of interest to
examine, for a given support, the development of the
acidity as a function of the type and loading of the
supported phase [11-14]. In a previous study, the
evolution of the acidity of WO,./ZrO, has been examined.
The results indicated the appearance of Bronsted acidity
for a threshold of W loading. The abundance of Bronsted
acid sites correlated well with the isopropanol dehydration
activity [15]. The purpose of the present work is to extend
our investigation to include the related NbO,/ZrO,
system. Thus, a series of NbO,/ZrO, catalysts was
prepared by incipient wetness impregnation from niobium
oxalate and oxalic acid solution. Niobium surface species
were monitored by Raman spectroscopy. The number, the
strength and the type of acidity were characterized by
adsorption of basic probe molecules followed by IR
spectroscopy. Isopropanol decomposition was used as test
reaction to assay the acidity of the solids and to seek a
correlation between acidity and catalytic performance.

2. Experimental
2.1. NbO/ZrO; catalysts synthesis

Degussa ZrO, (pore volume =~ 0.4cm?/g, BET sur-
face area = 36m?/g) was mixed with deionized water,
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dried at 393K for 24 h and calcined in air at 873 K for
24 h. Niobium deposition was carried out by incipient
wetness impregnation, with a niobium oxalate/oxalic
acid (7wt% niobium oxalate) aqueous solution. The
impregnated catalysts were then dried at 393K for 16h
and calcined in air at 723K for 16h. Five different
catalysts were prepared with Nb loadings ranging from
0.35 to 2.67 wt% Nb.

Samples will be designated as Zr Nby where y refers
to the surface density in Nb atom/nm?. The surface
coverage was calculated by assuming that each Nb,Os
occupies an area of 0.32nm’? on the basis of the
structure of crystalline Nb,Os [16]. The main character-
istics of the catalysts are reported in table 1.

2.2. Raman spectroscopy

Raman spectra were recorded with a Jobin-Yvon
Dilor-LabRam  spectrometer between 100 and
1100cm™! (resolution: 2.6cm™!). The instrument was
equipped with a He—Ne laser source (633nm) and a
CCD detector cooled by air. Samples were analyzed in a
powder form and under ambient conditions without any
pre-treatment.

Raman spectra were used to measure the relative
amount of monoclinic and tetragonal zirconia, to detect
the eventual presence of amorphous and crystalline
Nb,Os and to monitor the formation and the evolution
of Nb surface species. The percentage of the different
phases of zirconia was determined from the intensity of
the monoclinic bands at 178 and 189cm~! and the
tetragonal band at 148cm~!. The monoclinic fraction
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Table 1
Characteristics of the solids

Catalysts Zr NbO0  Zr Nb0.6  Zr Nbl.2  Zr Nb2.5 Zr Nb3.6 Zr Nb4.8

Nb,Os content (Wt%) 0.00 0.50 0.99 1.96 2.89 3.82

Nb content (wWt%) 0.00 0.35 0.69 1.37 2.02 2.67

Surface density (at. Nb/nm?) 0.0 0.6 1.2 2.5 3.6 4.8

Nominal coverage (%) 0 10 20 40 60 80
(C,») can be determined from equation (1): 3. Results

B 1(Im(178) + Im(189))
 k*1t(148) + L (Im(178) + Im(189))

Cp (1)

where k is a correction factor for the difference of
scattering cross section between monoclinic and tetra-
gonal Raman bands [17].

2.3. Infrared spectroscopy

Infrared (IR) spectra were recorded with a Nicolet
710 FT-IR spectrometer (resolution: 4cm~'). Samples
were pressed into discs (=10 mg/cm?) and activated in
vacuum at 723K for 1h. This was followed by a
treatment in Oy (Pequilibium = 13.3kPa) for 1h, and
finally evacuated for 1h at 723 K.

The acidic properties (type and abundance) of the
samples were monitored by the use of two basic probe
molecules (pyridine and 2,6-dimethylpyridine). Pyridine
or 2,6-dimethylpyridine (Lutidine) were introduced at
R.T. (P = 133 Pa) followed by thermal desorption from
373 to 573 K.

2.4. Catalytic activity

The isopropanol decomposition activity measure-
ments were carried out in a fixed-bed flow reactor. A
mass of ca. 40 mg of sample was pre-treated at 723 K for
1h in 10% O,/He (ca. 60 mLmin~'). The reactor was
cooled to the reaction temperature and the system was
purged by flowing ultra high purity (UHP) N, (ca.
60 mL min~") for 45 min. The reaction was performed at
473K and at atmospheric pressure with N, (ca.
60mL min~') as carrier gas and a partial pressure of
isopropanol Pispropanol = 1.23 kPa. Reactants and pro-
ducts were analyzed with an on-line G.C. (Perkin-Elmer
Sigma 200) equipped with a capillary column (Porapak-
T) and an FID detector. The rate of propene formation
was calculated from equation (2).

K C
~ w100 @
where r is the rate of propene formation in molh~!' g~!,
Fy is the propan-2-ol molar flux in molh~!, W the mass
of catalyst and C is the % conversion to propene.

r

3.1. Raman spectroscopy

Figure 1 shows the Raman spectra of ZrO, and
NbO, /ZrO, catalysts, between 140 and 1100 cm™!. The
Raman spectrum of the zirconia support indicates the
presence of two different crystalline forms: monoclinic
with characteristic peaks at 176 and 188cm™', and
tetragonal with peaks at 144 and 263 cm™' [18,19]. The
monoclinic fraction of the support accounted for ca.
90% of the crystalline phases and was little affected by
Nb addition. These results were consistent with XRD
data. In the 800-1100cm™! region, the Raman spectra
of NbO,./ZrO; catalysts show a weak and broad band at
875cm~! which shifts to 920cm~' with increasing Nb
loading. This band was previously attributed to the
surface Nb phase [20]. The Raman spectrum of
amorphous Nb,Os (also called niobic acid) exhibits a
band at, approximately, 650cm~! [16]. This band was
not observed in our Raman spectra, suggesting that no
significant formation of niobic acid occurs for the
loadings examined in the present study. However,
because of the partial overlap between the peak
characteristic of niobic acid and that for the zirconia
support at 635cm~!, the presence of niobic acid cannot
be ruled out.

3.2. Infrared spectroscopy

3.2.1. Hydroxyl region

Figure 2 shows the infrared spectra for representative
catalysts in the hydroxyl region (between 3900 and
3400 cm™'). The infrared spectrum of the ZrO, support
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Figure 1. Raman spectra of Nb/ZrO, catalysts between 100 and
1100cm~".
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shows two peaks at 3777 cm ™! and 3676 cm™!, attributed
to isolated hydroxyls (type I) and bridged hydroxyls
(type II) respectively [21,22]. Spectra of Nb/ZrO,
indicate a preferential consumption of the more basic
hydroxyl groups (peak at 3777cm™'), followed by a
decrease in the intensity of the more acidic OH (peak at
3676 cm™!) for higher Nb content. Figure 2 also shows
that Nb addition leads to the appearance of a new band
located at 3730cm™!, which increases in intensity and
shifts to lower wave numbers with increasing Nb
content.

3.2.2. Pyridine adsorption

Figure 3 shows the infrared spectra of adsorbed
pyridine at 423K between 1700 and 1400cm~'. The
support and supported catalysts exhibit four peaks at
1608, 1575, 1488 and 1447 cm™!, which can be attributed
to pyridine coordinatively bound to Lewis acid sites. By
increasing the Nb loading from 0 to 4.8at./nm’ the
band at 1608 cm~! shifts to 1611 cm~!. A close inspec-
tion of the spectrum of Zr Nb4.8 indicates the presence
of a very weak and broad band at ca. 1540 cm~', which
could be associated with pyridine adsorbed on Bronsted
acid sites to form pyridinium ions.

3.2.3. Lutidine adsorption

Pyridine adsorption results suggested the presence of
Bronsted acidity for high Nb content. Bronsted acidity
may also be present for lower Nb loading but may not
be sufficiently strong to protonate pyridine. Lutidine
(2,6-dimethylpyridine), which is more basic than pyr-
idine, is a very sensitive probe molecule to detect
relatively weak Bronsted acidity [23,24]. Figure 4
shows the infrared spectra of adsorbed Lutidine at
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Figure 2. FTIR spectra of Nb/ZrO, catalysts in the hydroxyl region.
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Figure 3. FTIR spectra of Nb/ZrO, catalysts after pyridine desorp-
tion at 423 K.

423K between 1700 and 1590cm~'. The peak at ca.
1610cm™~" can be attributed to lutidine coordinatively
bound to Lewis sites. The doublet at ca. 1650 and
1630cm™~! is associated with Iutidine adsorbed on
Bronsted acid sites to form lutidinium ions. Pure
zirconia and catalysts up to 0.6at. Nb/nm* did not
exhibit any significant Bronsted acidity. At higher
loading, Nb deposition brings about the formation of
Bronsted acid sites. Figure 5 shows the evolution of the
lutidinium peak as a function of Nb loading following
desorption at 423 and 523 K. After desorption at 423 K,
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Figure 4. FTIR spectra of Nb/ZrO, catalysts after lutidine desorption
at 423K.
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Bronsted acid sites were detected for loadings higher
than 0.9at. Nb/nm?. Following desorption at 523K,
only solids containing more than 1.7 at. Nb/nm? exhibit
Bronsted acidity sufficiently strong to retain lutidine.
The abundance of these sites linearly increases with
increasing Nb content.

3.3. Catalytic activity

Decomposition of isopropanol is a well-established
test to evaluate the acidity of a solid. Dehydration to
propene is known to occur on acidic catalysts [15,25,26],
and dehydrogenation to acetone seems to occur on
solids that have redox properties. Under our experi-
mental conditions, the zirconia support was found to
give a very low rate of propene formation
(6.8 x 10°molh~!g™"). The NbO,/Zro, catalysts
used in this study did not exhibit any dehydrogenation
activity. Figure 6 shows the conversion of isopropanol
as a function of Nb loading, after subtraction of the
contribution of the zirconia support. The plot shows
two distinct regions. Catalysts with Nb loadings less
than 1.2at./nm? exhibit little or no activity. As the Nb
loading was increased from 2.5 to 4.8 at./nm? the rate of
propene formation increased sharply from 0.85 x 1073
to 2.86 x 103 molh~' g~

4. Discussion
4.1. Development of the acidity of NbOy/ZrO, catalysts

The acidic properties of niobium oxides supported on
silica, alumina, magnesia, titania and zirconia have been
examined by Datka er al. [14]. The evolution of Lewis
and Bronsted acid sites was monitored by adsorption of
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Figure 5. Evolution of the lutidinium peak area after desorption at
423K (O) and 523K (H).
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Figure 6. Activity of Nb/ZrO, catalysts for propan-2-ol dehydration
at 473 K.

pyridine followed by IR spectroscopy. Lewis acidity was
found for all systems, whereas significant Bronsted
acidity was only developed for the Nb/Al,O3 catalysts.
In the latter case, Bronsted acid sites were detected after
a critical Nb loading. Similar behavior was observed, in
the present study, for the Nb/ZrO, system. This is at
variance with the results of Datka et al. [14] where no
appreciable Bronsted acidity was measured for the
Nb/ZrO, solids. The apparent discrepancy can be
readily explained if one takes into consideration the
more basic character of the lutidine molecule used in the
present study. This will allow the detection of weaker
Bronsted acid sites that cannot protonate pyridine. The
observed behavior of the Nb/ZrO, is similar to that
reported for the W/ZrO, where Bronsted acidity was
also detected after a threshold of W loading [4,12,15].

Infrared results also indicated the formation, on
increasing Nb loading, of a new hydroxyl band located
at ca. 3730cm~!. Based on Pyridine adsorption data,
this peak was attributed by Burcham et al. [27] to weakly
acidic (or non-acidic) Nb-OH or bridged Zr-OH-Nb
species.

Figure 7 shows the variation of the catalytic activity
and the abundance of Bronsted acid sites determined
from lutidine adsorption experiments following desorp-
tion at 523K, as a function of Nb content. One can
clearly see that a direct relationship exists between
isopropanol conversion and the abundance of Bronsted
acid sites. The Bronsted acid sites of the zirconia
support and the low loading catalysts are either inactive
or weakly active for isopropanol decomposition. The
onset of significant activity coincides with the appear-
ance of Bronsted acidity and evolves in a parallel
fashion with increasing Nb content. Thus, the decom-
position of propan-2-ol on NbO,/Zro, catalysts appears
to be directly related to the presence and abundance of
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Figure 7. Correlation between Bronsted acidity () and catalytic
activity for propan-2-ol dehydration (&) over Nb/ZrO, catalysts.

Bronsted acid sites as monitored by Lutidine adsorp-
tion. These findings are in accord with those reported in
our previous study of WO, /ZrO, system [15].

4.2. Molecular structure of Nb species, nature of active
site

Raman study of the NbO,/ZrO, samples indicated
that for nominal coverage up to 80%, the Nb phase is
present essentially as a surface species. No clear
indications for the presence of bulk niobic acid (band
at 660 cm~') were found. Similarly, no bands that could
be assigned to crystalline Nb,Os [16] were detected. The
surface species is evidenced, on our catalysts, by a weak
and broad band at 875cm™!, which shifts to 920cm™!
with increasing Nb loading. The molecular structure of
NbO, /ZrO, catalysts following in situ dehydration has
been examined by Wachs and coworkers [27]. Their
results indicated the presence of isolated monomeric Nb
species for low Nb loadings (ca. 20% coverage) and
polymeric Nb species for high Nb content (near
monolayer coverage). By comparing the reported
structure of Nb species with the observed isopropanol
decomposition activity and the abundance of Bronsted
acid sites, one can infer that monomeric species do not
exhibit Bronsted acidity and thus are essentially inactive.
The catalytic activity appears to be associated with
polymeric Nb species. As previously noted in the case of
the WO, /ZrO, system, the development of Bronsted
acidity with increasing Nb loading may be explained by
proton stabilization by delocalization of the negative
charge over the Nb cluster.

5. Conclusions

The development of the acidity series of NbO,/ZrO,
catalysts containing up to 2.67wt% Nb (ca. 80%
nominal surface coverage) as a function of Nb loading
was monitored by adsorption of a basic probe molecule
followed by infrared spectroscopy. The results indicated
the appearance of Bronsted acid sites for a threshold of
Nb loading. The abundance of Bronsted acid sites
correlated well with the isopropanol dehydration
activity. The overall behavior was very similar to that
reported earlier for the WO, /ZrO, system.
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