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Abstract

The acidity of niobium pentoxide calcined at 573 K has been studied by interacting water molecules and the solid acid
using 'H broad-line NMR at 4 K and MAS NMR at room temperature. 'H Broad-line NMR in ‘rigid lattice’ conditions
allows the determination of the numbers of the oxygen—protonated species (H;O0" and H,0 - - - HO species, unreacted OH
groups or excess H,O molecules) present when water molecules used as base react with a Bransted acid. With niobic acid,
the method showed a continuous increase in the hydronium ion concentration with the number of water molecules. The
ionization coefficient, determined when the ratio of the number of water molecules to that of the acidic hydroxyl groups of

niobic acid is one, is 0.2. This value is similar to the ionization coefficients found for some HY zeolites.
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1. Introduction

The acidity scale based on the Brgnsted the-
ory in the homogeneous phase, particularly in
aqueous solution, has proved to be a fundamen-
tal tool in synthetic and applied chemistry. De-
spite numerous methods for investigating the
acidity of solids, no universal acidity scale has
been established for these compounds. The het-
erogeneity of solids and the poor knowledge of
their surface do not facilitate the study of these
materials [1]. The fundamental concept behind
the Brgnsted theory is the transfer of protons
from the acid to the base. That clearly reveals
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that the acidity of a substance can only be
evaluated in the presence of a base. The choice
of a base is very important in the heterogeneous
phase, since, some acidic sites may not be
accessible. Using water molecules as the base
satisfies many requirements. The molecule is
small enough to access all acid sites and its
hardness is convenient. Reactions with water
are quantitative and in most cases equilibrated.
Moreover, the species formed can be easily
identified and their concentration determined.
Broad-line proton NMR at low temperature,
generally at 4 K, has proved to be an interesting
and powerful method for studying the surface of
Bronsted acid solids interacting with small
amounts of water [2]. This technique has made
it possible to establish an acidity scale when
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equal numbers of acid sites and water molecules
interact. The acidity scale proposed is limited to
certain solids. The aim of this study is to en-
large this acidity scale to niobium pentoxide
which presents a particular acid strength in the
presence of water molecules [3].

Niobium supported on certain oxides has
shown a remarkable promoter effect for various
reactions [4] and niobium pentoxide treated at
relatively low temperatures, 7, (423 < T, < 573
K) is an effective catalyst for various reactions
[5S-8]. Sen et al. [9,10] have investigated the
nature and structure of niobic acid. They con-
clude that this solid treated at 423 K is an
isopolyacid, and from analytical results it can be
written as HgNbO 5. On the basis of broad-line
'H NMR quantitative analysis in the 573 < I <
1273 K range, these authors state that the poly-
meric oxide form can be represented as
H,Nb,O,,. DTA and TG analysis show that
niobium pentoxide hydrate is completely dehy-
drated by heating to 573 K [5].

The surface acidity of niobic acid has been
studied by n-butylamine titration using Ham-
mett indicators, infrared spectroscopy of ad-
sorbed pyridine [5,11] and by volumetric and
gravimetric analysis of adsorbed NH, [12]. The
surface of Nb,Os-xH,O contains both Lewis
and Brgnsted acid sites [5,13]. lizuka and
coworkers showed that for niobic acid, treated
at 373 < T, < 573 K, there is a large number of
acid sites having an acid strength, H,, of —5.6.
Infrared spectroscopy of adsorbed pyridine re-
veals that the pyridinium ion band intensity at
1540 cm ™! is highest when T, = 373 K. When
T,=573 K this band almost disappears while
the bands of pyridine coordinately bonded to the
surface, at 1610, 1480 and ca. 1446 cm™!, are
still present. This last band is strongest for
niobic acid activated at 573 K. Niobic acid
calcined at 773 < 7, < 873 K is almost catalyti-
cally inactive although '"H NMR quantitative
analysis indicates that niobium oxide still con-
tains two hydroxyl groups at 7, < 1273 K [9].
The surface acidity of niobium oxide depends
on the preparation method and conditions [14].

Ushikubo and coworkers have studied the fac-
tors affecting the acid strength of niobic acid
and have been able to prepare niobic acid with
an H, of —8.2. Sulfation and phosphation re-
sulted in a significant increase of the acidity of
niobium oxide [11,12]. Guo and Qian [15]
showed that crystallized niobic acid possesses
more acid sites with higher strength than un-
crystallized, sulphated or phosphated niobic
acid.

We will report the study of the acidity of
niobic acid using proton NMR techniques and
in comparison with HY zeolites and other ox-
ides.

2. Experimental

Niobium pentoxide hydrate, Nb,Os-xH,0O
(Niobia HY-340 AD /1123 from CBMM Labo-
ratory, Brazil) was provided by Nissho Iwai
Corporation, Japan. The surface area of the
sample treated at 573 K, measured by nitrogen
adsorption at 77 K, is 158 m? g~!. The desorp-
tion process presents a hysteresis produced by
mesopore effects. The pore distribution shows
that the mean radius of the mesopores is 22 A.
About 0.6 g of sample in a glass ampoule were
evacuated at room temperature to 10~ Pa, then
heated at a rate of 24 K h™! up to 573 K and
held at this temperature for at least 2 h. The
number of protons on the calcined sample was
determined from the 'H MAS NMR spectrum
by measuring the area under the curve, includ-
ing the sidebands, and using distilled water as
the absolute reference. The number of protons
per gram of sample is 1.6 X 102!, By comparing
this number with the theoretical number of pro-
tons per gram of H,NbsO,, 1.5X 10, we
conclude that niobic acid evacuated at 573 K
contains two hydroxyl groups, confirming the
results of Ref. [9].

The NH,Y zeolites for comparison were pro-
vided by UOP. The non-dealuminated zeolite,
denoted NDY, after thermal treatment contains
47.7 bridging OH groups per unit cell, residual
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Na* cations and no silanols [16]. The dealumi-
nated zeolite, denoted DY for the H-form, was
dealuminated by an aqueous solution of
(NH,),SiF,. DY contains 35.8 bridging OH
groups and 1.5 silanols per unit cell [17]. The
characteristics of the samples are shown in Table
1. The acidic form of the zeolite was obtained
by pumping a 5 mm thick layer of powder
(shallow bed conditions) at room temperature to
1072 Pa, followed by activation under vacuum
at a rate of 12 K h™! up to 675 K and held at
this temperature for 16 h.

For all samples, water vapour was introduced
at a constant temperature of 300 K in several
steps, at pressures much lower than saturation,
the amount of water was determined gravimetri-
cally. The sample was held at 373 K overnight
to ensure homogeneous distribution of the ad-
sorbed water molecules and then sealed in thin
5 mm o.d. NMR tubes.

"H MAS NMR experiments at room tempera-
ture are performed on a Bruker MSL-400 spec-
trometer with a home-made 5 mm probe. The
rotation frequency of the sealed tubes is 3500-
4500 Hz. Chemical shifts are expressed with
respect to liquid TMS as external reference
using the usual conventions.

The broad-line 'H NMR spectra were
recorded at 4 K on a home-made continuous
wave 60 MHz spectrometer with phase detec-
tion and signal accumulation. The spectra are
absorption derivatives. They are theoretically
symmetrical with respect to the centre and, in
practice, the two parts of each experimental
spectrum are averaged; for this reason we show
only half of each spectrum. In both cases, 'H

MAS and broad-line NMR, the weak residual
signal of the probe is subtracted from the total
signal.

The simulated spectra of broad-line '"H NMR
spectra correspond to the weighted sum of the
oxyprotonated species involved and for which
magnetic configurations are calculated [18-23).
(i) H,0, an r-distant 2-spin configuration; (ii)
H3O+, a magnetic configuration with three r-
distant spins at the vertices of an equilateral
triangle; (iii) H,O - - - HO or distorted H,0, a
magnetic configuration with 3 spins at the ver-
tices of an isosceles triangle, where r is the
base and r’ the equal sides; (iv) OH, a 2-spin
configuration or a pure Gaussian and/or a pure
Lorentzian function. Each of the corresponding
functions (except the Gaussian and the
Lorentzian ones) is convoluted by a Gaussian
which takes into account the interaction be-
tween the protons of the configuration and those
belonging to neighbouring configurations and
also those of the non-zero spin nuclei in the
environment (**Nb or *’Al). When the effect of
these non-zero spins is small the parameter of
each Gaussian is related to a distance X, which
is close to the shortest distance between a pro-
ton of the configuration considered and a proton
outside it. The numerical base takes into ac-
count the total number of protons in the sample,
which is equal to the number of hydroxyl groups
plus twice the number of water molecules intro-
duced. Since, the number of independent param-
eters for each simulation is high, certain con-
straints are applied. We impose the condition
that the water molecules introduced do not dis-
sociate to produce additional OH groups. In

Table |
Characteristics of niobic acid treated at 573 K and of anhydrous non-dealuminated (NDY) and dealuminated (DY) HY zeolites
Sample Preparation (NMR) Si/AlNa* OH per [NbsO1,2~ or
per unit cell unit cell ‘anhydrous’ zeolite

Acidic OH Silanols
Niobic acid ‘HY-340’ from CBMM - - 2 -~
NDY ‘Y64’ from UOP 2.4 8.3 477 0
DY (NH,),SiF, 4.4 Negligible 358 1.5




34 P. Batamack et al. / Catalysis Today 28 (1996) 31-39

addition, the distances r found must lie in the
range corresponding to the various oxygen—pro-
ton species identified; this is always the case.
For each configuration the value of X must be
greater than (or at least equal to) that of r and
r.

In the following the concentrations, n;, of the
species adsorbed (H,0) or formed (H,O",
H,O - - - HO) will be expressed relative to ei-
ther the unit cell (n,/uc) or per Bransted acid

site (n;/bas).

3. Results
3.1. Niobic acid

3.1.1. "H MAS NMR at 300 K

The 'H MAS NMR spectra are shown in Fig.
1. The spectrum of the anhydrous sample (Fig.
la) presents two signals, one at 2.9 ppm, 1120
Hz wide at half-height, and a small broad shoul-
der at around 8 ppm with strong sidebands. The
number of protons per gram of this sample is
1.6 X 102, Upon hydration, the exchange signal
appears. The chemical shift of this signal varies
from 6.4 ppm for H,Nb.O,, - 1H,O (Fig. 1c) to
5.1 ppm for the fully hydrated sample,
H,NbsO, - 10.6H,0 (Fig. 1f). At the same
time, the width of the signal at half-height
decreases from 4.6 to 1 KHz. A weak signal at
1.5 ppm is also observed at low hydration (Fig.
1b) but not in samples containing more than one
water molecule per H,Nb,O, ¢ unit.

3.1.2. 'H broad-line NMR at 4 K

Fig. 2 shows the variation of some 4 K broad
line '"H NMR spectra with increasing water
concentration: H,Nb,O,, - 0.54H,0,
H,NbO,s-2.3H,0 and H,NbsO- 4.8H,0.
The shape of the spectrum depends significantly
on the water content. The spectrum of the anhy-
drous sample, not shown here, is poorly re-
solved and the fit is achieved with a two-spin
line describing the magnetic interaction of the
hydroxyl groups of the sample. All the other

Fig. 1. '"H MAS NMR spectra of niobium oxide samples: non-
loaded niobium oxide, a; H,NbgO,4-0.27H,0, b; H,NbsO -
1.06H,0, ¢; H;NbsO,4-2.3H,0, d; H,NbsO,s-4.8H,0, e¢;
H,;NbgO,¢-10.6H,0, f; asterisks denote spinning sidebands.

spectra consist of three maxima (at about 1.7, 6
and 10.5-11 X 10™* T) which are well resolved
for low water loading. All the spectra indicates
hydronium ions and H,O ---HO species. In
addition to these two species the spectrum of
sample H,Nb. O, - 0.54H,0, presents the lines
of hydroxyl groups (Fig. 2a). For the samples
containing more than 2 water molecules per
H,Nb,O,, the signal of the acidic OH groups
is no longer visible, but that of water molecules
not interacting is observed (Fig. 2b and Fig. 2¢).
Table 2 summarizes the concentrations of the
different oxyprotonated species obtained for
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each sample and Table 3 gives the distance
parameters used to simulate the spectra. Fig. 3
shows that ny o+/bas increases monotonically
in the water concentration range studied. It
seems, nevertheless, that the H,O" concentra-
tion tends to a constant value for ny o/bas >
5.3. The ionization coefficient is ca. 0.2 when
ny,o/bas =1 (the number of water molecules
per acid site) and for ny o/bas=35.3 the ion-
ization coefficient is 0.5.

3.2. HY zeolites

We will briefly recall the results of Y zeolites
for the purpose of the discussion. Refs. [16] and
[17] present the details of these results.

3.2.1. 'H MAS NMR at 300 K

The signals of acidic bridging OH groups
pointing toward the sodalite cavities and the
supercages characteristic of HY zeolites are pre-
sent in the spectra of both anhydrous samples
[24]. The signal of silanol groups detected for
DY is negligible for NDY. Upon hydration a
Lorentzian signal corresponding to chemical ex-
change between the oxyprotonated species
(H,O0, bridging OH groups, and hydronium ions)
is visible for both compounds. It is interesting
to note that, in addition to the Lorentzian signal,
there is a Gaussian signal at 6.5 ppm due to
water on Lewis acid sites on the spectra of DY
when the number of water molecules per acid
site, ny o/bas, is less than 1/3. This signal is

no longer visible when ny o/bas>1/3. It is
probably hidden by the Lorentzian line which is
at about 7 ppm and whose half-height is 1600
Hz when n is about 1. When ny_/bas > 1 the
exchange signal shifts to low values of the
chemical shift and the line-width is reduced.
However, the 6.5 ppm Gaussian line observed at
low water loadings is not present. There is a
small signal at about 10 ppm for both samples
when ny o/bas > 1. This signal is due to
[Al(H,0)(** [25]. The number of hexacoordi-
nated Al atoms is always less than 2 per unit
cell. Very little dealumination always occurs
when ny o/bas> 1 in the rehydrated samples
[26]. Dealumination is also favoured by homog-
enization of the samples.

3.2.2. 'H broad-line NMR at 4 K

Simulation of the spectra of both samples
showed that when ny o/bas <1 all water
molecules interact with the bridging OH groups
to give hydronium ions and hydrogen-bonded
species (H,O - - - HO). In this range the concen-
tration of hydronium ions increases with the
amount of adsorbed water. In the case of DY, in
addition to ‘free’ acidic OH groups, a contribu-
tion of 3%—4% of silanol groups (in the anhy-
drous sample) not interacting with water
molecules as shown by proton MAS NMR im-
proves the simulations. For ny o/bas=1 no
‘free’ acidic groups are observed and the species
identified are H,O" and H,O - - - HO. At higher
hydration levels there are ‘free’ water molecules.

Table 2
Number of oxygen-protonated species per H,NbgO ¢ unit after adsorption of the number of water molecules per H,Nb,O,, unit
Number of Number of Number of Number of Number
adsorbed water H,0" ions H,0---HO ‘free’ acidic of water
molecules groups OH groups molecules
0.0 0.0 0.0 2,00 +0.20 0.0
0.54 £ 0.05 0.13 £ 0.02 0.43 + 0.05 1.45 £ 0.16 0.0
1.06 £ 0.05 0.23 +£0.03 0.82 +£ 0.09 0.95 + 0.09 0.0
23+0.1 0.39 £ 0.05 1.57+0.17 0.0 0.33 + 0.04
38+0.2 0.58 £ 0.07 1.47 £ 0.15 0.0 1.74+0.2
48+0.2 0.83 £ 0.09 1.18 £0.12 0.0 2.8+03
7.6 103 0.94 + 0.09 1.06 £ 0.11 0.0 56+05
106 +£0.5 1.00 £ 0.10 1.00 £ 0.10 0.0 8.6+ 08
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For NDY, the concentration of H,O" ions is
almost constant from ny o/bas=1 to 3. The
ionization coefficient is 0.2. Fig. 2 shows the
dependence of ny o+/bas on ny o/bas for
NDY. For DY (Fig. 3), a plateau is observed
when 1 < ny o/bas < 2. Here also, the ioniza-
tion coefficient in the horizontal section is 0.2.
The concentration of hydronium ions increases
significantly when ny_,/bas > 2. For example,
the ionization coefficient is 0.44 when
ny o/ bas = 4.4.

4. Discussion

Zeolites present acidic hydroxyl groups at
4.5-5.5 ppm while niobic acidic hydroxyl
groups are at 2.9 and ca. 8 ppm. Nevertheless,
as has been already said, the chemical shift is
not a measure of the acidity, since, it depends
not only on the ionic character of the bond but
also on the environment (influence of hydrogen
bonds, for instance). Moreover, the acidity does
not depend only on the ionic character of the
OH bond but also on its polarisability in the
presence of a proton-acceptor. After hydration,
the mean chemical shift of the exchange signal
between the proton of species present varies
from about 5 to 7 ppm for the three compounds.
At low water loadings, when ny o/bas <1
there is a signal at 1.5 ppm for niobic acid
samples. This signal is masked by that of the

Table 3
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acidic hydroxyl groups on the non-loaded sam-
ple and may be due to impurities. These hy-
droxyl groups represent about 4 per cent of the
total number of protons in the H,NbO-
0.27H,0 sample.

The dependence of ny o+/bas on ny o/bas
is different for the three compounds (Fig. 3).
The shape of these curves seems to be related to
the nature of the defects and the structure of the
compounds. DY contains defects evidenced by
both 'H and '*Xe NMR experiments. The na-
ture of these defects is not definitely identified
and depends on how the sample is treated [27-
29]. Batamack and coworkers showed that the
defects in DY are probably tricoordinated alu-
minum partially bonded to the zeolite frame-
work. These Lewis-type framework defects re-
sult from the treatment with a solution of am-
monium hexafluorosilicate [29]. A possible
mechanism explaining the increase in the num-
ber of hydronium ions when ny_,/bas > 2 was
proposed. In the presence of two water
molecules per Brensted acid site, a network of
hydrogen bonds between water molecules and
connecting Brgnsted and Lewis acid sites weak-
ens the acidic OH bonds, which favours the
formation of hydronium ions. Defects of a dif-
ferent nature in some MFI and mordenite zeo-
lites show similar behaviour to those in DY
[30,31]. For niobic acid, the concentration of
H,0" ions increases continuously with the con-
centration of adsorbed water molecules at least,

Distance parameters (in pm) used for simulation of H,NbsO - xH,O spectra

No. of adsorbed Hydroxonium ions H,0---HO Acidic OH H,0
water molecules (isosceles symmetry) groups groups molecules
Peftﬂszéow rt2 r+5  X+5 r+2 r+5  X+5  ri2 X+5 r+t2  X+5
uni
0.54 + 0.05 162 167 218 164 258 265 195 195

Gaussian 244
1.06 £ 0.05 161 169 223 158 224 253 192 192
23+0.1 158 169 216 158 229 233 157 233
3.8+0.2 158 169 216 158 229 233 157 204
48+ 0.2 157 168 215 158 231 236 157 204
7.6+0.3 156 167 220 157 229 240 158 198
10.6 + 0.5 157 168 219 157 232 243 158 197
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Fig. 2. a. Half derivative 'H NMR broad-line spectrum of
H,NbgO,4-0.54H,0 sample. (a) the weighted contributions of
OH groups, (b) the weighted contributions of H,O - - - HO species,
(c) the weighted contribution of H,O" ions, (- - -) experimental
and (—) fitted spectra. b: Half derivative '"H NMR broad-line
spectrum of H,NbgO,4-2.3H,0 sample. The weighted contribu-
tion of each oxygen-protonated species is shown on the spectrum.
(- - -) Experimental and (—) fitted spectra. c¢: Half derivative 'H
NMR broad line spectra of H,NbgO:7.6H,O sample. The
weighted contribution of each oxygen—protonated species is shown
on the spectrum. (- - -) Experimental and (—) fitted spectra.

0 5 10 15

0.6 nH3O+/bas

0.51 o o
0.4 A
0.31 e} A

0.2 Ap
Ao‘Ag) R
0.11

. OéR nHz‘O/b as
) 1 2 3 4 5 6

Fig. 3. Variation of ny ¢+ /bas with adsorbed nHzo/bas for
samples: O niobic acid, o NDY and a DY.

in the range studied. It appears that an asymp-
tote is reached for ny; /bas > 5.3. A first ex-
planation consists in saying that the continuous
increase in the number of H,O™ ions per acid
site is due to dilution by the addition of water
molecules. In fact, it is well known that in an
aqueous solution the dilution of weak and
medium electrolytes increases the ionization co-
efficient. A second explanation takes into con-
sideration the fact that the surface acidity of
hydrated niobium pentoxide treated at 573 K
consists mainly of Lewis acid sites [5]. As in
DY, the connection between Bronsted and Lewis
acid sites through hydrogen bonds results in an
increase in the hydronium ions concentration.
The results of the simulation of the broad-line
spectra (Table 1) show that the number of hy-
drogen-bonded species (OH - - - H,0) decreases
while that of hydronium ions rises when the
water concentration increases. Furthermore, in
Table 2 the distance parameter, X, of water
molecules diminishes when the water content of
the sample is increased, proving the proximity
of these molecules to the others. Let us recall
that X is the average shortest distance between
protons and /or other nuclei of distinct magnetic
configurations. The plateau observed in DY
when 1 <ny ,/bas <2 does not occur in nio-
bic acid. This means that, according to this
second hypothesis, the synergy between
Brgnsted and Lewis acids sites seems to be
stronger in niobic acid. This may be favoured
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by the relative small surface area of niobic acid
and, consequently, by the proximity of the acid
sites.

The acidity scale, so far established using
broad-line proton NMR, is on the basis of equal
numbers of water molecules and Brgnsted acid
sites of the solid in interaction. When the acid
strength of the hydroxyl groups of the solid is
strong enough, dissociation occurs and the ion-
ization coefficient can be determined from the
concentrations of the different oxyprotonated
species [2]. This is the case of DY and NDY
zeolites and niobic acid. The higher the ioniza-
tion coefficient, the stronger the acid. We found
that for these compounds the ionization coeffi-
cient is ca. 0.2. This means that the mean
acidities of the three compounds at this level of
hydration are similar, but they are less acidic
than H-ZSM-5 zeolite SiOH(AID)-H,0 (0.3),
H-Mordenite zeolite SiOH(Al) - H,O (0.33),
H,Sb,0,, - 2H,0 (0.4), sulphated zirconia (0.5)
and Nafion-H - H,0 (1) [2]. The numbers in
brackets represent the ionization coefficients.

This method is so powerful that it can even
differentiate solid acids when dissociation does
not occur. In this case, only the species in which
acidic OH groups hydrogen-bonded to adsorbed
water molecules (OH --- H,O species) are

P. Batamack et al. / Catalysis Today 28 (1996) 31-39

formed. We have to bear in mind that the direct
dipolar magnetic interaction is proportional to
1/r3, where r is the distance between two
neighbouring protons. This means that the tech-
nique is very sensitive to the geometry of the
species. We can, therefore, determine with ac-
curacy the H-H distances in the proton mag-
netic configurations and deduce the hydrogen
bond strength. Here also, solid acids are com-
pared when ny o/bas = 1, assuming the O-H
distance in the solid is 100 pm. The shorter the
hydrogen bond, the greater the acid strength.
Table 4 shows the acidity scale of solids, in-
cluding cases when dissociation occurs or not,
and that of OH groups not interacting with
water molecules (silanol groups in zeolites).

5. Conclusion

Room temperature '"H MAS NMR and 4 K
broad-line NMR study of the surface acidity of
hydrated niobium pentoxide treated at 573 K
show that the number of hydroxyl groups on the
anhydrous sample is low (2 H atoms per
[NbgO,J*7). The variation of hydronium ion
concentration with the number of adsorbed wa-
ter molecules is different for niobic acid, dealu-

Table 4

Acidity scale of some solids

Sample Number of Number of r r 0-0 (pm)
H,0" per H,0 - - - HO per (pm) (pm) distance
initial OH: initial OH from r and
ionization ryH,0---0
coefficient assumed C,,

Sulfated zirconia (second acidity) 0 0

Zeolite silanols 0 0

Superficial OH groups on amorphous TiO, 0 1 143 265 285

H,AIP,0,,- 2H,0 0 1 163 216 242

HY zeolite SiO(H)Al 0.2 0.8 162 232 259

Niobic acid 158 169 188

H-ZSM-5 zeolite SiO(H)AL 0.3 0.7 163 236 276

H-mordenite SiO(H)AL 0.33 0.67 165 247 263

H,Sb,0,, - 2H,0 0.4 0.6 164 21 247

Sulfated zirconia (mean acidity) 0.5 0

Nafion 1 0

Sulfated zirconia (first acidity) 1 0
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minated HY zeolite (DY) and HY zeolite with-
out defects (NDY). For niobic acid, ny o+ in-
creases monotonically with ny . For DY, there
is a gradual increase until the number of water
molecules per Brgnsted acid site, ny o/bas,
equals 1; it is then constant when 1 < ny o/bas
<2 and for ny o/bas>2, the number of hy-
dronium ions increases significantly. For NDY,
the situation is similar to DY when ny ,/bas <
1 but, when ny, o/bas > 1 the number of H,0"
ions is almost constant. These differences are
attributed to the combined effect of dilution and
the synergy between Brgnsted and Lewis acid
sites present in niobic acid and DY. The dilu-
tion factor by itself is not sufficient to weaken
the acidic OH groups and increase the ioniza-
tion coefficient. This seems to happen for the
NDY without defects. Only weak hydrogen
bonds are formed between water molecules.
When ny o/bas = 1, the ionization coefficient
is ca. 0.2 for all three compounds; at this water
content, the acidities of these compounds are
similar. According to the broad-line '"H NMR
results, at full hydration 50% of the acid sites of
niobic acid are ionized, revealing that only one
of the two acid sites of niobium oxide is particu-
larly strong. This behaviour is similar to that of
diprotic acids in solution.
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