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Chemisorption of pyridine was applied as a method for studying the acidic properties of niobium 
pentoxide supported on silica, magnesia, alumina, titania, and zirconia, The infrared spectra of 
adsorbed pyridine were used to evaluate the concentration and the relative strength of BrCnsted 
and Lewis acid sites. Lewis acidity was found in all the supported niobium oxide systems, while 
BrCnsted acid sites were only detected for niobia supported on the alumina and silica supports. The 
origin and characteristics of the surface acid sites present in supported niobium oxide catalysts are 
discussed in the present study. © 1992 Academic Press, Inc. 

INTRODUCTION 

Chemisorption of pyridine followed by IR 
studies is usually a useful probe for the pres- 
ence and nature of surface Lewis acid and 
BrCnsted acid sites on a catalyst surface (l). 
According to Knozinger (2), the vibrational 
modes of pyridine that are the most affected 
through such intermolecular interactions 
are the ring-stretching modes 19b and 8a 
(originally at 1439 and 1583 cm -1, respec- 
tively (3)). These two modes are observed 
at 1440-1450 and 1580-1600 cm -~, respec- 
tively, for hydrogen-bonded pyridine, at 
1535-1550 and about 1640 cm-1 for pyridin- 
ium ion (PyH+), and at 1440-1460 and 
1600-1635 cm-~ for pyridine coordinatively 
bonded to Lewis acid sites (PyL). The hy- 
drogen-bonded pyridine is only observed 
at low evacuation temperatures (below 
473 K) (4). 

The concentration of BrCnsted and Lewis 
acid sites can be determined from the inten- 
sities of the PyH ÷ and PyL bands and their 
extinction coefficients after saturation of all 
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the surface acid sites by the method pro- 
posed by Hughes and White (5). Information 
on the strength of BrCnsted and Lewis acid 
sites can be obtained from pyridine ther- 
modesorption experiments and, in the case 
of Lewis acid sites, to some extent, from the 
position of the PyL band in the 1440-1460 
cm-~ region since the frequency usually in- 
creases with the acid strength of the Lewis 
acid sites (6-8). 

In the present investigation, pyridine ad- 
sorption studies were undertaken to learn 
more about the acidic properties of niobium 
oxide supported on SiO2, A1203, MgO, 
TiO 2 , and ZrO2. Prior acidity studies of nio- 
bium oxide supported on AIzO3 and TiO2 
revealed that such catalysts can possess 
strong acid sites, but none of these studies 
employed pyridine adsorption as a probe 
and the molecular state of the supported 
niobium oxide phases was not known 
(9-12). Raman spectroscopy characteriza- 
tion (13-15) and EXAFS (16-18) studies of 
the supported niobium oxide catalysts dem- 
onstrated that, with the exception of the 
Nb205/SiO 2 system, the supported niobium 
oxide phases were present as a two-dimen- 
sional niobium oxide overlayer on the high- 
surface-area oxide supports. The weaker in- 
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teraction between Nb205 and the SiO 2 sur- 
face resulted in the formation of a surface 
niobium oxide phase below 2 wt% Nb2Os/ 
SiO2 and the formation of bulk Nb2Os, in 
addition to the surface niobium oxide phase, 
at higher niobium oxide loadings (15, 19). 
The objective of this investigation is to de- 
termine the acidic properties of the niobium 
oxide overlayers as well as the influence of 
the different oxide substrates. 

EXPERIMENTAL 

The oxide supports employed in the pres- 
ent study are: MgO (Fluka, -80  m2/g; ob- 
tained from Mg(OH) 2 and calcined at 700°C 
for 2 h), A1203 (Harshaw, -180 m2/g after 
calcination at 500°C for 16 h), TiO2 (De- 
gussa, -50  m2/g after calcination at 450°C 
for 2 h), ZrO 2 (Degussa, -39  m2/g after 
calcination at 450°C for 2 h), and SiO2 (Cab- 
O-Sil, -275 m2/g after calcination at 500°C 
for 16 h). Hydrated niobium pentoxide, 
Nb205 • nH20, was provided by the Nio- 
bium Products Company (Pittsburgh, PA) 
with a minimum purity of 99.0%. The major 
impurities after calcining at 800°C are 0.02% 
Ta and 0.01% C1. The TiO2-, ZrO2-, SiO2-, 
and Al203-supported niobium oxide cata- 
lysts were prepared by the incipient-wet- 
ness impregnation method using niobium 
oxalate/oxalic acid aqueous solutions (aque- 
ous preparation) (13). Niobium oxalate was 
supplied by Niobium Products Company 
with the following chemical analysis: 20.5% 
Nb205 , 790 ppm Fe, 680 ppm Si, and 0.1% 
insolubles. The water-sensitive MgO sup- 
port required the use of niobium ethoxide/ 
propanol solutions, a nonaqueous prepara- 
tion, under a nitrogen environment for the 
preparation of the Nb2Os/MgO catalysts. 
Niobium ethoxide (99.999% purity) was pur- 
chased from Johnson Matthey (Ward Hill, 
MA). 

For the aqueous preparation method, the 
samples were initially dried at room temper- 
ature for 16 h, further dried at 110-120°C 
for 16 h, and calcined at 450°C (Nb205/TiO 2 
and Nb2OJZrO2) for 2 h and at 500°C 
(Nb2Os/A1203 and Nb2Os/SiOz) for 16 hun- 

der flowing air. For the nonaqueous prepa- 
ration method, the Nb2OflMgO samples 
were initially dried at room temperature for 
16 h, further dried at 110-120°C for 16 h 
under flowing N2, and subsequently cal- 
cined at 500°C for 1 h under flowing N2 fol- 
lowed by final calcination at 500°C for 1 h 
under flowing dry air. 

The IR spectra were recorded on an Ana- 
lect fX-6160 FTIR spectrometer with a reso- 
lution experimentally determined as better 
than 2 cm -1. The catalysts were pressed 
into thin wafers (20-30 mg/cm -2) and acti- 
vated in situ in the IR cell (vacuum, 425°C, 
1 h). The cell was cooled to 200°C and the IR 
spectrum was recorded. Pyridine was then 
introduced into the cell at 5 Tort and con- 
tacted with the catalyst for 30 s. Physically 
adsorbed pyridine was subsequently de- 
sorbed by maintaining the sample in vacuum 
for 15 min, and the IR pyridine adsorption 
spectrum was then recorded. The concen- 
trations of BrCnsted and Lewis acid sites 
were calculated from the intensities of 
PyH + and PyL bands and their extinction 
coefficients (the determination of the coef- 
ficients is described below). Pyridine ther- 
modesorption experiments were also made 
in order to study the acid strength of the 
Lewis sites. Pyridine was desorbed by hold- 
ing the catalyst at 350°C in vacuum for 
15 min. The cell was then cooled to 200°C 
and the IR spectrum was again recorded. 
The PyL band intensity was measured and 
the Ades/Ao ratio was calculated (A 0 and Ade s 
are the intensities of PyL band before and 
after desorption, respectively). The value of 
AdeJA o represents the fraction of Lewis acid 
sites still containing adsorbed pyridine after 
the desorption at the "standard" conditions 
(350°C, 15 min) and is taken as a measure of 
the acid strength of the Lewis acid sites (7). 
For all the investigated catalysts the corre- 
sponding Ad~/A o ratio for the PyH + band 
was found to equal 0. 

The integrated extinction coefficient of 
the 1450 cm- J PyL band was determined by 
experiments in which measured amounts of 
pyridine were adsorbed on an AI203 support 
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containing only Lewis acid sites (the PyH ÷ 
band was not observed). The integrated in- 
tensity of the 1450 cm- 1 band increased lin- 
early with the amount of adsorbed pyridine. 
The slope of the line was taken as the extinc- 
tion coefficient and the value of 1.11 cm 
/zmol- ~ was obtained for the 1450 cm- 1PyL 
band (20). 

The integrated extinction coefficient of 
the 1540 cm-1 PyH ÷ band was determined 
by adsorbing measured portions of pyridine 
on HY zeolite, Si/AI = 2.6, which was acti- 
vated at 450°C under the conditions that pre- 
vented dehydroxylation (PyL band was ab- 
sent). The value of 0.73 cm /zmo1-1 was 
obtained for the extinction coefficient of the 
1540 cm -1 PyH + band. 

RESULTS 

Acidic properties o f  the oxide supports: 
Silica, magnesia, alumina, titania, zirconia, 
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FIG. 1. Infrared spectra of pyridine adsorbed on 
Nb2Os/SiO 2 catalysts with niobia loading: (a) 0 wt%, 
(b) 2 wt%, (c) 4 wt%, (d) 6 wt%, (e) 8 wt%, (f) l0 wt%, 
(g) 12 wt%. 
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FiG. 2. Infrared spectra of pyridine adsorbed on 
Nb2Os/MgO catalysts with niobia loading: (a) 0 wt%, 
(b) 5 wt%, (c) 10 wt%, (d) 15 wt%. 

and niobia. The IR spectra of pyridine ad- 
sorbed on the oxide supports are presented 
in Figs. 1-5, and the Lewis acid site (LAS) 
and the BrCnsted acid site (BAS) concentra- 
tions as well as the Ades/A o ratios for the 
1450 cm-J PyL band are tabulated in Table 
1. Lewis acid sites are present on the alu- 
mina, niobia, titania, and zirconia supports, 
but not on the silica and magnesia supports. 
BrCnsted acid sites are absent for all the 
oxide supports activated at 350°C, but nio- 
bia activated at 200°C does possess 
BrOnsted acid sites (see Table 1). There are 
no Lewis or BrCnsted acid sites detectable 
by pyridine chemisorption for niobia cal- 
cined at 500°C, but Lewis and BrOnsted acid 
sites are detected on niobia samples acti- 
vated at 200°C. These results are consistent 
with the previous determinations for pyri- 
dine chemisorbed on hydrated niobia at dif- 
ferent temperatures reported by Tanabe and 
co-workers (21). The strength of the Lewis 
acid sites present on the pure oxide supports 
investigated in this study increases in the 
order Zr < Ti < Nb< AI and is reflected in 
the shift of the 1450 cm- ] PyL band position 
(see Fig. 6). 

Acidic properties o f  niobia/silica. The IR 
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FIG. 3. Infrared spectra of pyridine adsorbed on 
Nb2Os/A1203 catalysts with niobia loading: (a) 0 wt%, 
(b) 3 wt%, (c) 5 wt%, (d) 8 wt%, (e) 12 wt%, (f) 19 wt%. 
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FIG. 4. Infrared spectra of pyridine adsorbed on 
Nb2Os/TiO2 catalysts with niobia loading: (a) 0 wt%, 
(b) 5 wt%, (c) 10 wt%. 
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Fro. 5. Infrared spectra of pyridine adsorbed on 
NbzO5/ZrO2 catalysts with niobia loading: (a) 0 wt%, 
(b) 1 wt%, (c) 5 wt%, (d) 10 wt%. 

TABLE 1 

Acidic Properties of Supported Niobium 
Oxide Catalysts 

Catalyst Amount  of  L A S  Ades/A 0 Amount  of  BAS 
(/zmol/g) (p.mol/g) 

Niobic  acid 152 0.33 57 
(act. 200°C) 

Niobic  acid 0 0 0 
(cal. 500°C) 

SiO 2 0 0 0 
2% Nb2Os/SiO 2 22 0 0 
4% Nb2Os/SiO 2 41 0 0 
6% Nb2Os/SiO 2 60 0 20 
8% Nb~Os/SiO 2 66 0.10 33 

10% Nb2Os/SiO 2 56 0 21 
12% Nb2Os/SiO 2 45 0 11 

A1203 199 0.53 0 
3% Nb205/AI203 221 0.54 0 
5% Nb2Os/AI203 263 0.55 0 
8% Nb2Os/AI203 184 0.50 10 

12% Nb2Os/A1203 130 0.47 38 
19% Nb2Os/AI203 154 0.38 54 

TiO 2 126 0 0 
5% Nb2Os/TiO 2 80 0 0 

I0% Nb2Os/TiO 2 70 0 5 

MgO 0 0 0 
5% Nb2Os/MgO 72 0 0 

10% Nb2Os/MgO 96 0 0 
15% Nb2Os/MgO 77 0 7 

ZrO 2 73 0 0 
1% Nb2Os/ZrO 2 57 0 0 
5% Nb2Os/ZrO 2 29 0 0 

10% Nb2Os/ZrO2 42 0 4 
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FIO. 6. Infrared absorption frequencies for the 1450 
cm- i PyL band as a function of the amount of deposited 
niobia. The horizontal line represents the position of 
the PyL band for bulk Nb205. 

spectra of pyridine adsorbed on the niobia/ 
silica catalysts are presented in Fig. 1. Silica 
itself shows neither BrCnsted nor Lewis acid 
sites, but the addition of niobia to the SiO2 
surface creates Lewis acid sites, as well as 
BrCnsted acid sites at higher loadings. The 
acid site concentrations (in micromoles per 
gram of sample) as a function of niobium 
oxide loadings are listed in Table 1 and plot- 
ted in Fig. 7. For low loadings of niobium 
oxide, the concentration of LAS increases 
linearly with the number of Nb atoms. As- 
suming that only Nb atoms are responsible 
for Lewis acid sites in this catalyst and com- 
paring the amount of LAS determined spec- 
troscopically with the amount of Nb atoms 
present in 1 g of a catalyst suggest that in 
the range from 2 to 6 wt% Nb2OJSiO2 the 
Lewis acid concentration is relatively stable 
and corresponds on average to -14% of the 
total Nb atoms deposited on the silica sup- 
port. Consequently, approximately 1 out of 
7-8 Nb atoms contributes to the Lewis acid- 
ity detectable in the IR spectrum after che- 
misorption ofpyridine. Such a low contribu- 
tion of the Nb atoms to Lewis acidity at low 
loadings of niobia, when the dispersion of 
Nb:O5 is high, results from a relatively low 

concentration of the surface niobia species, 
which are successively and to a great extent 
replaced by particles of crystalline niobia 
with much inferior acidic properties. For 
higher loadings this ratio becomes much 
lower (changing from 1:I1 for 8 wt% 
Nb2OJSiO2 to 1 : 20 for 12 wt% Nb2OJSiO2 
because of the large Nb205 particles formed 
at these high loadings (15, 19)). The only 
nonzero Ades/Ao value (see Table 1 for pyri- 
dine thermodesorption data) found for the 
8 wt% sample may be a result of a PyH ÷ 
band integration error, which in this case 
allows an estimate of the amount of Lewis 
acid sites with an accuracy -+5/zmol/g. 

The deposition of niobia on silica also cre- 
ates BrCnsted acid sites, which appear only 
at higher loadings (above 4 wt% NbzOJ 
SiO: ; see Figs. 1 and 7). The amount of such 
BrCnsted sites is relatively low: only 4.4% 
of all Nb atoms contributes to the BrCnsted 
acidity for the 6 wt% Nb2Os/SiO2 sample, 
5.5% for the 8 wt% Nb2Os/SiO2 sample, 
2.8% for the 10 wt% Nb205/SiOz sample, 
and 1.2% for the 12 wt% Nb205/SiO2 
sample. 

Acidic properties of  niobia/magnesia. 
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FIG. 7. Amount of Lewis acid sites as a function of 
the amount of deposited niobia. 
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The IR spectra of pyridine adsorbed on nio- 
bia/magnesia catalysts are presented in Fig. 
2. The magnesia support does not reveal 
BrCnsted or Lewis acid sites, but deposition 
of niobia on the MgO surface creates new 
Lewis acid sites, and does not produce 
BrCnsted acid sites (see Figs. 2 and 7). The 
observed traces of BAS for 15 wt% Nb2Ofl 
MgO are probably due to crystallites of nio- 
bia. The concentration and strength of 
Lewis acid sites are shown in Table 1. The 
amount of LAS created by the niobia addi- 
tion corresponds to 19.1% of the Nb atoms 
deposited for the 5 wt% Nb205/MgO sam- 
ple, to 12.8% for the 10 wt% Nb2Os/MgO 
sample, and to only 6.8% for the 15 wt% 
Nb205/MgO sample. In spite of the fact that 
in the case of niobia/magnesia catalysts a 
larger fraction of the Nb atoms contributes 
to Lewis acidity compared with niobia/silica 
catalysts, the acid strength of the former 
appears to be relatively low. This is reflected 
in the position of the 1450 cm- 1 PyL band, 
which is a linear function of the amount of 
Nb atoms and attains a value characteristic 
of niobia (1446.3 cm-l)  at very high niobia 
loading (see Fig. 6). 

Acidic properties of niobia/alumina. The 
IR spectra of pyridine adsorbed on niobia/ 
alumina catalysts are presented in Fig. 
3. The alumina support does not possess 
BrCnsted acid sites, but contains strong 
Lewis acid sites (PyL band at 1449 cm-l).  
The addition of niobia to the A1203 surface 
affects the characteristics of the Lewis acid 
sites and also creates new BAS at higher 
niobia loadings (see Figs. 3 and Table 1). 

The concentration of the LAS increases 
with niobia loading to 5 wt% NbzOJAI203 
and then decreases. This is due to concur- 
rent and opposite processes: disappearance 
of Lewis A1 sites and creation of Lewis 
Nb sites. Therefore, in order to estimate 
the lower limits for the second process, it is 
tentatively assumed that niobia is a neutral 
component of the niobiaJalumina catalyst 
and that it does not contribute to the 
acidity. With this assumption it is possible 
to calculate the hypothetical amount of 

LAS originating only from the alumina 
support for each niobia/alumina catalyst. 
These hypothetical amounts of Lewis acid 
sites expressed in micromoles per gram of 
sample are as follows: 193 (199 × 0.97) 
for 3 wt% Nb205/A1203, 189 (199 x 0.95) 
for 5 wt% Nb2Os/A1203, 183 (199 x 0.92) 
for 8 wt% Nb2Os/A1203, 175 (199 x 0.88) 
for 12 wt% Nb2Os/A1205, and 161 (199 x 
0.81) for 19 wt% Nb205/A1203. It is possi- 
ble now to evaluate the excess Lewis acid- 
ity due to the amount of the deposited Nb 
atoms by taking the difference between the 
amount of LAS determined spectroscopi- 
cally (from Table 1) and the hypothetical 
amount of LAS of the alumina support. 
Thus for the 3 wt% Nb205/A1203 catalyst 
the niobia contribution to the LAS equals 
12.4%, for 5 wt% Nb2Os/AI203 catalyst it 
is 19.7%, and for 8 wt% Nb2Os/AI205 it is 
essentially equal 0% (0.2%). Consequently 
for 3 wt% NbzOs/AI203 at least one out of 
eight Nb atoms contributes to Lewis acid- 
ity, for 5 wt% at least one out of five Nb 
atoms has its share in Lewis acidity, and 
for 8 wt% NbzOs/A1203 there is still a very 
small contribution of Nb atoms to the 
number of LAS detected since the calcu- 
lated values represent lower limits. For 
higher niobia loadings on alumina negative 
values for this Nb atomic contribution oc- 
cur, and this means that for catalysts with 
higher niobia loading more Lewis acid sites 
disappear than are created by the addition 
of niobium oxide. It is also possible that 
these negative values of excess Lewis acid- 
ity stem from an overestimation of the 
hypothetical amounts of Lewis acid sites 
contributed by alumina at high loadings of 
niobia when the specific surface area of 
niobia/alumina catalysts is markedly de- 
creased. The strength of the Lewis acid 
sites on niobiaJalumina catalysts is rela- 
tively high (see Table 1 for thermodesorp- 
tion data) and is a function of the LAS 
concentration (see Fig. 7). Interestingly, 
the same concentration-dependent pattern 
is also reflected in the behavior of the 1450 
cm -l PyL band (see Fig. 6). Eventually, 
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FIG. 8. Comparison of the 1450 cm -1 PyL band pro- 
files in IR spectra of: (a) A1203 , (b) 4 wt% NbzOJSiO2 
multiplied by 5/4 to correspond to 5 wt% NbzOs/A1203, 
(c) 5 wt% NbzOs/AI2Os, (d) sum of (a) and (b). 

both the strength of LAS and the position 
of the 1450 cm- ~ PyL band for the 19 wt% 
Nb2Os/AI205 catalyst approaches the value 
found for bulk niobia. 

The hypothesis that the increase in the 
amount of Lewis acid sites upon deposition 
of low loadings of niobia on the alumina 
support originates from the combination of 
new Nb Lewis acid sites as well as already 
existing AI Lewis acid sites can be further 
confirmed from the IR spectra. Comparison 
of the 1450 cm- ~ PyL band in the IR spec- 
trum of pyridine adsorbed on 5 wt% niobia/ 
alumina with the1450 cm-1 PyL band in the 
IR spectra of pyridine adsorbed on the alu- 
mina support and 4 wt% niobia/silica shows 
that the niobia/alumina PyL band is very 
similar to the linear combination of the PyL 
bands present in the IR spectra of the alu- 
mina and 4 wt% niobia/silica systems (see 
Fig. 8). This result supports the assumption 
that the 5 wt% niobia/alumina catalyst con- 
tains both AI Lewis acid sites (the same as 
in alumina) and Nb Lewis acid sites (the 
same as in the 4 wt% niobia/silica and plain 
niobia systems). 

A similar approach can be applied in ana- 
lyzing the nature of the decreased acid 
strength of Lewis sites in the niobia/alumina 

catalysts at high niobia contents. Figure 9 
shows the IR PyL band for pyridine ad- 
sorbed on (a) alumina, (b) niobia (act. 
200°C), (c) niobia/silica (the spectrum for 
4 wt% niobia/silica has been multiplied by 
19/4 to correspond to the 19 wt% niobia 
loading spectrum), and (d) 19 wt% niobia/ 
alumina. The PyL band in the spectrum of 
pyridine adsorbed on the 19 wt% NbzOJ 
A1203 catalyst appears very similar to the 
hypothetical spectrum of pyridine adsorbed 
on the 19 wt% NbzOs/SiO2, which indicates 
that the 19 wt% niobia/alumina catalyst pos- 
sesses the same type of Lewis acid sites as 
the niobia and niobia/silica systems (i.e., Nb 
Lewis acid sites). The band characteristic of 
the A1 Lewis acid sites is absent, suggesting 
that all A1 Lewis acid sites have been substi- 
tuted with Nb Lewis sites. The substitution 
of A1 Lewis acid sites by weaker Nb Lewis 
acid sites explains the observed decrease 
of the acid strength of LAS in the niobia/ 
alumina catalyst with increasing niobia 
content. 

BrCnsted acidity on niobia/alumina cata- 
lysts appears at higher niobia loadings (see 
Table 1). For the 8 wt% NbzOJAlz03 cata- 
lyst only 1.7% of Nb atoms can be associ- 
ated with the appearance of BrCnsted acid 
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FIG. 9. Comparison of the 1450 cm -~ PyL band pro- 
files in IR spectra of: (a) AI203 , (b) Nb205 , (c) 4 wt% 
Nb2Os/SiO 2 multiplied by 19/4 to correspond to 19 wt% 
Nb:Os/AI203, (d) 19 wt% Nb2Os/AI~O 3. 
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sites. For the 12 and 19 wt% Nb2OJAl203 
catalysts the fraction of Nb atoms contribut- 
ing to the BrCnsted acid sites corresponds 
to the values 4.2 and 3.8%, respectively. It 
should be noted that the calculated amounts 
of BAS have been obtained by integrating 
the corresponding PyH + band and this pro- 
cedure for this series of samples may result 
in an overestimation of these values by 5-10 
p.mol/g and produce an apparent discrep- 
ancy from a visual inspection of the PyH + 
band in Fig. 3. 

Acidic properties of niobia/titania. The 
titania support (see Figs. 4 and 6) has some 
very weak Lewis acid sites, Their acid 
strength is lower than that in alumina and 
niobia (AaeJAo = 0, and lower frequency of 
the 1450 cm-~ PyL band). The deposition of 
niobia on titania (see Table 1 and Fig. 7) 
replaces weak Ti Lewis acid sites by only 
slightly stronger Nb Lewis acid sites (the 
frequency of PyL band shifts from 1444 
cm 1 characteristic of Ti Lewis acid sites to 
only 1445 cm -f, which is still below the 
value characteristic of Nb Lewis acid sites 
(Fig. 6)). The possible explanation is that for 
the 10 wt% NbzOJTiO2 catalyst the amount 
of bulk-like niobia structures on the surface 
is still rather low. The decrease of the PyL 
band intensity with increasing niobia load- 
ing (Fig. 7) suggests that the Nb deposition 
removes more Ti Lewis acid sites than cre- 
ates new Nb-sites. The same behavior was 
also observed in the niobia/alumina system 
for higher loading of niobia (Fig. 7). The rate 
of decrease in the amount of LAS, however, 
is smaller for the 10 wt% Nb2OJTiO2 cata- 
lyst than for the 5 wt% Nb2Os/TiO2 catalyst 
( -7 .4  and -12.2% with respect to the 
amount of Nb atoms, respectively). 

Acidic properties of niobia/zirconia. The 
IR spectra of pyridine adsorbed on niobia/ 
zirconia catalysts are shown in Fig. 5. The 
change in the LAS concentration upon de- 
position of niobia on zirconia as a function 
of niobia loading is presented in Table 1 and 
Fig. 7. The pure zirconia support, as well as 
niobia/zirconia catalysts, reveals essentially 
only Lewis acidity. The amount of LAS de- 

creases with the amount of deposited Nb 
atoms, but the loss in LAS is more rapid at 
low niobia loadings. The loss in LAS with 
respect to the amount of deposited Nb 
atoms are -21.3% for the 1 wt% Nb2Os/ 
ZrO2, - 11.7% for the 5 wt% NbzOJZrO2, 
and -4 .1% for the 10 wt% Nb2Os/ZrO2. 
The position of the 1450 cm ~ PyL band is 
initially at 1444 cm-~, characteristic of the 
zirconia support, decreases to 1443 cm- ~ for 
5 wt% Nb2Os/ZrO 2, and then increases to 
1446 cm i for I0 wt% NbzOs/ZrOz, which 
is characteristic of niobia. This behavior 
suggests that the LAS observed for the nio- 
bia/zirconia system are weaker at low niobia 
loadings (below a monolayer coverage) than 
with the LAS on bulk zirconia, but subse- 
quently become stronger at high niobia load- 
ings (above a monolayer coverage). 

DISCUSSION 

Molecular structures of surface niobium 
oxide overlayers. The supported niobium 
oxide catalysts investigated in this work 
span a broad range of niobia loadings, which 
correspond to below and above monolayer 
surface coverages. The evidence for surface 
niobium oxide overlayers on the oxide sup- 
ports is provided by XPS analysis, XRD 
measurements, and Raman spectroscopy 
(15, 19). Below the monolayer coverage, the 
XPS studies reveal a linear relationship be- 
tween the (Nb/Me) surface ratios and (Nb/ 
Me) bulk ratios due to the formation of the 
two-dimensional niobium oxide overlayer. 
A departure from linearity at higher loadings 
suggests the transition from a two-dimen- 
sional niobia overlayer to three-dimensional 
crystalline phase. This finding is further con- 
firmed by XRD and Raman spectroscopy 
measurements. Both of these analytical 
methods detect traces of crystalline Nb205 
particles at approximately the same niobia 
loadings, and Raman spectroscopy also di- 
rectly monitors the surface niobium oxide 
overlayer (15, 19). The collective applica- 
tion of these experimental techniques pro- 
vides the following values for monolayer 
coverage in the different supported niobium 
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oxide catalysts: -19  wt% in Nb~Os/AI203, 
- 7  wt% in Nb2OflTiO2, and - 5  wt% in 
Nb2OflZrO2. Monolayer coverage is never 
achieved for the niobia/silica and niobia/ 
magnesia systems because of the coex- 
istance of crystalline niobia (niobia/silica) 
and bulk niobates (niobia/magnesia) almost 
from the very first steps of the niobia depo- 
sition. 

Recent in situ Raman spectroscopy stud- 
ies of the supported niobium oxide catalysts 
(15, 19) provide additional insights into the 
molecular structures present in these sys- 
tems and, thus, also into the origin of Lewis 
and BrCnsted acidity. It has been found that 
the surface niobia species present at low 
loadings of niobia on the alumina, titania, 
and zirconia supports are characterized by 
highly distorted NbO 6 octahedral units, 
while at higher niobia loadings the second 
type of the surface niobia species, with less 
distorted NbO 6 octahedral units, becomes 
predominant. A highly distorted NbO 6 octa- 
hedral structure has also been proposed for 
niobia deposited on the S i O  2 support for nio- 
bia loadings lower or equal to 2 wt%. The 
amount of surface niobia species in the nio- 
bia/silica and niobia/magnesia catalysts, as 
revealed by Raman measurements, appears 
to be very low. In fact, for the niobia/magne- 
sia system the major components, even at 
very low niobia loading, are magnesium or 
calcium niobates rather than the surface nio- 
bia species; however, a small amount of 
these species can also be detected at higher 
niobia loadings. Similar bulk metal oxide 
compounds have also been found for the 
molybdena/magnesia and tungsta/magnesia 
systems (22). 

Lewis acidity. The pyridine adsorption re- 
suits for the Nb2Os/AIzO 3 catalysts reveal 
that the new Nb Lewis acid sites appear 
on the Nb2Os/AIzO3 catalysts at low niobia 
loadings, achieve their maximum for the 5 
wt% niobia/alumina sample, and then disap- 
pear at higher niobia loadings (see Fig. 7). 
However, the amount of LAS at the highest 
niobia loading of this study, which corre- 
sponds to monolayer coverage (19 wt% 

Nb205/A1205), is still very high and about 3 
times greater than the value that would be 
expected for bulk niobia as the major com- 
ponent of the system above monolayer 
coverage. The above behavior seems to 
be directly related to the structural 
transformation of surface niobia species de- 
tected for this system in the Raman experi- 
ments. The amount of Lewis acid sites in the 
niobia/titania and niobia/zirconia catalysts 
decreases nonlinearly with niobia loading, 
which suggests that the new LAS are formed 
in these systems as well (see Fig. 7). A linear 
decrease of the LAS concentration with 
loading would mean that the LAS existing 
on the surface of the support disappear pro- 
portionally to the fraction of the surface oc- 
cupied by the deposited niobia. In the case 
of the niobia/zirconia systems there is also 
a slight increase in Lewis acidity for niobia 
loading above monolayer coverage due to 
bulk Nb205 (see Fig. 7). Thus, at least to 
some degree, the Lewis acid sites present 
in these systems can be attributed to the 
surface niobium oxide phase on TiO2 and 
Z r O  2. The direct estimation of the amount 
of Lewis acid sites from our IR pyridine 
adsorption data cannot be carried out here 
for the reasons previously discussed. The 
presence of the surface niobia/magnesia 
compounds in the case of the supported nio- 
bia/magnesia system and the bulk niobia 
phase in the case of niobia/silica system 
complicates such an evaluation since the 
Lewis acidity observed in the niobia/magne- 
sia and niobia/silica series has its origin with 
these types of surface compounds or bulk 
metal oxide structures. It is possible, how- 
ever, that in the case of the niobia/silica 
series of catalysts these surface structures 
also contribute, at least to some degree, to 
the Lewis acidity observed at very low load- 
ings of niobia. 

The appearance of Lewis acidity in binary 
mixed bulk metal oxide systems can be ex- 
plained and predicted in many cases by the 
existing theoretical models (23-25), but 
very little is still known about the rules that 
govern this phenomenon for the surface 
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metal oxide species (i.e., supported niobium 
oxide catalysts). Recently, Connell and 
Dumesic (26) have proposed a model to ex- 
plain the formation of Lewis acid sites for 
ions deposited on metal oxide supports. 
Their model, which is an extension of Ta- 
nabe's concept for diluted mixed binary 
bulk metal oxides, successfully explains the 
creation of Lewis acid sites for metal oxides 
doped with SiO2 (27), but it is less effective 
for other systems. The model assumes that 
the formal charge on the deposited cation 
(in our case Nb +5) is balanced by the coordi- 
nating surface lattice oxygen ions and that a 
cation is coordinatively undersaturated if it 
has a coordination number lower than that 
of Si ions in SiO2. The authors also make an 
additional constraint about the matrix ox- 
ide, which requires that the supporting ox- 
ide must be free from strong basic oxygen 
anions. The application of the Connell and 
Dumesic model to the systems investigated 
in the present study leads to the following 
predictions about Lewis acidity: new Lewis 
acid sites should be created in the niobia/ 
alumina, niobia/titania, and niobia/zirconia 
systems, and there should be no new Lewis 
acid sites due to the surface niobia species 
in the niobia/silica and niobia/magnesia cat- 
alysts. It should be noted that Tanabe's 
model gives essentially the same predictions 
except for the niobia/magnesia system for 
which the presence of Lewis acid sites is 
postulated. Both models have strictly local 
character, and neither of these approaches 
take into consideration the quantitative 
change in the number of acid sites with the 
increase of concentration (especially sur- 
face concentration) of the admixed minor 
component. 

Comparison of our IR pyridine adsorption 
results with the theoretical model predic- 
tions for Lewis acid sites appears to be satis- 
factory. The appearance of LAS in the 
NbzOJA1203, Nb2Os/TiO2, and Nb2OJ 
A1203 catalysts is in accordance with the 
expectations. A similar conclusion for the 
Nb2Os/SiO z and NbzOs/MgO systems can- 
not be drawn for the above-cited reasons. 

Moreover, it should be stressed, once again, 
that the direct comparison of the LAS con- 
centrational dependence with the theoreti- 
cal predictions is simply unfeasible since 
none of the existing theories are able to pro- 
vide such detailed estimations. 

Additional information on the properties 
of the Lewis acid sites can be obtained 
from an analysis of their acid strength. The 
relative strength of the Lewis acid sites can 
be determined from the thermodesorption 
experiments and the position of the PyL 
band. The analysis of the thermodesorption 
data collected for our catalysts reveals that 
the strongest Lewis acid sites exist on the 
surface of niobia/alumina (see Table 1). 
Upon increasing the niobia loading the 
sites become weaker and eventually at 
monolayer coverage their strength ap- 
proaches, within experimental error, the 
strength of LAS of bulk niobia. The second 
position in this ranking should be assigned 
to the niobia/silica system, since the other 
catalysts exhibit an Aoes/Ao ratio that 
equals zero and cannot be easily ranked. 
It is possible, however, to get some further 
insight into this classification by analyzing 
the dependence of the 1450 cm-1 PyL band 
position on the amount of the deposited 
Nb atoms (see Fig. 6). It appears that the 
highest frequency shift is reflected in the 
position of this band for the niobia/alumina 
catalysts and then the niobia/silica cata- 
lysts. The straight line in Fig. 6 represents 
the position of the 1450 cm -1 PyL band 
for pure niobia. Below this line are the 
1450 cm -1 PyL band positions for the 
niobia/magnesia and niobia/titania cata- 
lysts, and at the very bottom of this figure 
are the band positions for the niobia/zirco- 
nia system. For higher niobia loadings all 
these "frequency curves" converge to the 
value characteristic of bulk niobia. Surpris- 
ingly, it also appears that the frequency 
curves resemble quite well the functional 
dependence established between the 
amount of the Lewis acid sites and the 
loading (Fig. 7), but this similarity may 
only be coincidental. The question as to 
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how the acid strength of surface acid sites 
changes with their concentration has not 
been yet addressed by any theoretical 
model. 

The relationship between acid strength 
and the average electronegativity of the in- 
vestigated metal oxide or metal ions of bi- 
nary oxide systems is thought to be fairly 
well resolved in the literature (27, 28). How- 
ever, correlations between the electronega- 
tivity of the cations and the strength of acid 
sites in many mixed oxides appear to be 
rather poor (28). Sanderson's electronega- 
tivity equalization method (29) is usually ap- 
plied to calculate average electronegativi- 
ties of metal oxides or in its modified version 
to evaluate the electronegativity of an atom 
in a molecule (30). This approach usually 
reproduces some trends that can be ob- 
served, but does not provide real and reli- 
able data for solid metal oxides (31) and is 
mainly used because of its simplicity. The 
application of this method to our systems 
with Sanderson's electronegativity scale 
published in 1967 (32) results in the follow- 
ing dimensionless values for the average 
electronegativities of the metal oxides in- 
vestigated in the present study: SiO2 (2.751), 
Nb205 (2.507), AI203 (2.503), TiO 2 (2.383), 
Z r O  2 (2.289), and MgO (2.217). For pyridine 
the average electronegativity equals 2.433. 
From simple comparison of these values the 
conclusion can be made that silica should 
be the best candidate for the creation of 
strong Lewis acid sites, but that obviously 
is not true. 

The above discrepancy can only be ex- 
plained in terms of the theory proposed by 
Parr and Pearson (33). According to their 
theory, the coordinatively bonded complex 
between a pyridine molecule (electron do- 
nor) and a Lewis acid site (electron ac- 
ceptor) should be the strongest if the frac- 
tional number of electrons transferred from 
the former to the latter is the greatest. This 
is in turn related to the ratio of the difference 
between the absolute electronegativities 
(Mulliken's definition) of both reaction part- 
ners to the doubled sum of the parameters 

defining their absolute hardness (the first de- 
rivative of the absolute electronegativity). 
Therefore, to have a strong interaction be- 
tween a Lewis acid site and pyridine, not 
only the difference between the correspond- 
ing electronegativities must be positive 
(which corresponds to the thermodynami- 
cally favored situation with AG < 0), but 
also the sum of their hardness parameters 
must be relatively low. The high absolute 
hardness of silica is probably the reason why 
Lewis acid sites cannot be detected by the 
chemisorption of pyridine. Unfortunately, 
there is still not enough data, especially for 
solid phases, to perform here more detailed 
estimations. Van Genechten and Mortier 
(31) have recently shown that the real values 
of the average electronegativity for different 
polymorphs of SiO2 are actually greater than 
expected and depend upon the type of crys- 
tallographic structure. 

BrCnsted acidity. In the present study the 
BrCnsted acidity has been found for two se- 
ries of catalysts: niobia/silica and niobia/alu- 
mina. It has also been previously found that 
BrCnsted acid sites appear on the surface of 
bulk niobium pentoxide (21). The theoreti- 
cal predictions concerning the appearance 
of BAS in binary metal oxide systems can 
be obtained from the model considerations 
proposed by Tanabe et al. (24) and in the 
case of the silica support from the model 
proposed by Kataoka and Dumesic (34). 
The presence of BAS on the surface of the 
niobia/silica catalysts was essentially pre- 
dicted in (34) for octahedral coordination 
of Nb atoms. Unfortunately, this prediction 
cannot be confirmed or discarded because 
the BrCnsted acidity found for our niobia/ 
silica samples at high niobia loadings (start- 
ing from above 4 wt%) originates from the 
bulk niobia phase rather than the surface 
niobia species. Surface BrCnsted acidity of 
this type has been found, however, for the 
niobia/alumina system. It also begins at high 
surface coverages of niobia (from 8 wt% up). 
The appearance of BrCnsted acidity in this 
system is in contrast to the predictions of 
Tanabe's model, which by its very nature is 
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unable to give the right answer. Predicting 
correctly the appearance of LAS, the model 
eliminates at the same time the appearance 
of BAS. In other words, Tanabe's model 
never predicts the simultaneous appearance 
of both types of acidity. For all the other 
supported niobium oxide catalysts investi- 
gated in this work only some traces of 
BrCnsted acidity have been detected at very 
high niobia loadings, which correspond to 
small Nb205 particles present above mono- 
layer coverage. The absence of BAS for nio- 
bia/titania and niobia/zirconia is consistent 
with the predictions obtained from the theo- 
retical model proposed by Tanabe. 

The "creation of new BrCnsted acid 
sites" means that some new hydroxyls are 
formed upon supporting niobia on alu- 
mina or that some hydroxyls already exist- 
ing on niobia or alumina become sufficiently 
acidic to protonate pyridine. The quantum- 
mechanical calculations carried out by 
Bernholc et al. (12) show that the alumina 
support lowers the proton removal energy 
of W-OH, Nb-OH, and Ti-OH by stabili- 
zation of the negatively charged state ob- 
tained by abstraction of the proton. This 
might be an argument in favor of the sup- 
ported metal oxide origin of BrCnsted acid- 
ity. Nevertheless, if this were the case the 
increase of the amount of BAS should al- 
ready begin at low surface niobium oxide 
coverages, since there is enough supporting 
metal oxide to perform this stabilization 
function. Therefore, such an explanation for 
the origin of BrCnsted acidity can be elimi- 
nated. The possibility that the support hy- 
droxyls become acidic enough to protonate 
pyridine by the interaction with the sup- 
ported metal oxide can also be discarded 
since nothing should happen to these hy- 
droxyls upon exposure to a reducing atmo- 
sphere. Yet, the experiments with pyridine 
chemisorption performed for MoO3/AI203 
(35, 36) or MoO3/TiO2 (37) show that upon 
reduction the BrCnsted acidity is completely 
suppressed. 

The appearance of the new BrCnsted acid 
sites can be explained by an interpretation 

based on model cluster calculations of the 
charges on protons and the proton abstrac- 
tion energies for hydroxyl groups in zeolites 
(38, 39). This interpretation assumes, when 
referred to our case, that the creation of 
BrCnsted acid sites requires both A1 and Nb 
atoms. The BrCnsted acid sites are bridging 
hydroxyl groups, A1-OH-Nb. The results 
of the model cluster calculations for zeolites 
show that AI-OH-Si bridging hydroxyls 
possess higher positive charges and lower 
proton abstraction energies than those of 
Si-OH or A1-OH, which makes the bridging 
hydroxyls more acidic. In addition, it has 
been shown that these effects are stronger 
if there are more Si tetrahedra than AI tetra- 
hedra in the second coordination shell with 
respect to the A1-OH-Si bridging hydroxyl 
(39). That refers only to Si atoms because 
AI tetrahedra in zeolites are never neighbors 
to each other (LCwenstein's exclusion rule). 
This implies that A1-OH-Nb bridging hy- 
droxyls should be more acidic when there 
are more Nb atoms in the vicinity of the 
Nb atom in the bridging group. The above 
conclusion is consistent with our pyridine 
adsorption experiments, which reveal that a 
critical concentration of surface niobia spe- 
cies is required to create the BAS (to make 
the bridging hydroxyls acidic with respect 
to pyridine). The bridging structures are 
broken upon reduction and that accounts for 
the loss of BrCnsted acidity. The appearance 
of BAS coincides with the structural trans- 
formation of surface niobia species, which 
takes place at higher niobia loadings and that 
has been revealed by Raman measurements 
(19). The possibility that the bridging hy- 
droxyls may be created between the Nb 
atoms belonging to different niobia layers 
cannot be excluded, but the elucidation of 
this problem will require more data from 
additional quantum-mechanical model clus- 
ter calculations of such layered structures. 

The CO2 adsorption experiments per- 
formed for the niobia/alumina system reveal 
that there are almost no absorption bands 
for CO2 chemisorbed on the surface of the 
19 wt% NbzOs/A1203 catalyst (13). Since it 
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has been proven by Tanabe and co-workers 
(21) that plain niobia has no basic hydroxyls, 
this suggests that basic hydroxyls are not 
left on the alumina surface and that the sup- 
port is completely covered by the surface 
niobium oxide overlayer. It is possible, 
however, that there are still some exposed 
patches of the alumina surface free from 
basic hydroxyls, but with enough A1 Lewis 
acid sites to account for the observed high 
Lewis acidity. Of course, it could also mean 
that for catalysts with niobia loading below 
approximately 8 wt% there are one-layered 
niobia structures and above this value multi- 
layered niobia structures of niobium oxide 
on the surface of the supporting oxide. Prob- 
ably, this is the structural change that is 
reflected in the in situ Raman spectra of 
the niobia/alumina system. Such structural 
changes could also explain the appearance 
of the BrCnsted acidity generated by these 
unique multilayered NbO 6 octahedral units 
of the alumina-supported niobium oxide at 
high niobia loadings (above ~½ monolayer). 
The absence of these multilayered surface 
niobia clusters on the other supports investi- 
gated in this study could account for the 
absence of the related BrCnsted acid sites 
(the bridging Nb-OH-AI fragments in one- 
layered niobia clusters are not acidic enough 
to protonate pyridine). 

CONCLUSIONS 

The IR spectra of chemisorbed pyridine 
reveal Lewis acidity in all the investigated 
catalysts composed of niobia supported on 
silica, magnesia, alumina, titania, and zirco- 
nia. The observed Lewis acidity can be as- 
sociated not only with the LAS already ex- 
isting on a support, but also with the surface 
niobium oxide species (with the exception 
of the niobia/magnesia and niobiaJsilica sys- 
tems). The resulting Lewis acid sites are 
usually weaker than the Lewis acid sites 
initially present on the oxide supports. The 
presence of the new Lewis acid sites can 
be explained in terms of local coordinative 
unsaturation of the dopant Nb cations due 
to specific interactions between the cations 

and the support. The general predictions 
from the models that apply Pauling's elec- 
trostatic bonding rules (24, 26, 27) have been 
experimentally confirmed, but no theoreti- 
cal explanation for the surface coverage de- 
pendence of the Lewis acidity found for the 
supported niobium oxide catalysts currently 
exists. At monolayer coverage, however, 
the acidic characteristics of the Lewis acid 
sites approach the acidic properties of the 
Lewis acid sites of bulk niobium oxide. The 
relationship between the loading of the sup- 
ported metal oxide and the LAS acid 
strength is also not addressed by these the- 
ories. 

Significant concentrations of BrCnsted 
acid sites are only present for two systems 
(niobia/silica and niobia/alumina), but only 
in the latter case are they due to the surface 
niobia species. BrCnsted acidity appears at 
a critical surface coverage of the supported 
niobium oxide species (-½ monolayer), in- 
creases linearly with further increase in sur- 
face coverage, and achieves its maximum 
before monolayer coverage. There is a di- 
rect relationship between the critical con- 
centration and the structural transformation 
of the surface metal oxide species. The 
BrCnsted acidity is most probably associ- 
ated with the creation of bridging hydroxyls 
formed between the surface niobium oxide 
species and the alumina support. None of 
the existing theories predict BrCnsted acid- 
ity in the niobia/alumina system and or ad- 
dress the problem of its specific behavior 
upon increasing the surface niobium oxide 
coverage. 
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