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Keggin heteropolyacids (HPW) supported on niobia have been considered for both homogeneous and heterogeneous catalysis

due to its special features, like the strong Bronsted acidity, low volatility, high activity and high selectivity for various reactions in
comparison with mineral acids. Literature reports many different preparation methods for these catalysts through the addition of HPW

solutions, in either water or acid, over niobia under stirring. However not much is known about the way how HPW interacts with

the support, neither how the temperature influences this interaction. In order to contribute to expand the knowledge on this field we
report here a new way of preparing HPW supported catalysts over niobia calcined at 500 and 600 °C, followed by a theoretical study
meant to check the influence of the temperature increase on the adsorption behavior of the catalysts over the support. Our proposed

method showed to be an efficient alternative for impregnation of HPW over niobia, while the theoretical results suggest that pseudo-

hexagonal and orthorhombic are the most likely crystalline forms for these catalysts.
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INTRODUCTION

Keggin’s type heteropolyacids consist of 12 tungsten or
molybdenum ions (called polyatoms) and oxygen atoms arranged
symmetrically around a central P atom (called heteroatom), which
chemical formula is [X™M,,0,,]®". Literature reports the solid
heteropolyacids in several hydrated forms, dependent on the level of
hydration, which is defined by temperature and humidity. The most
hydrated one presents around 30 water molecules in a quite cubic
open structure, containing protons and zeolitic water. Lattice changes
happen when dehydration occurs.!%!

The polyacid have an important characteristic related to their
low charge density at the spherical surface of the molecule, avoiding
localized charges. The protons are mobile, resulting in a strong
Bronsted acidity. They also exhibit low volatility, high activity and
high selectivity for various reactions when compared to mineral
acid.?® Due to these features such compounds are used for both
homogeneous as well as heterogeneous catalysis, !¢ providing greater
efficiency and a cleaner process."” However, Keggin’s type (HPWs)
have the disadvantage of presenting low thermal stability and specific
surface area (1-10 m? g), and solubility in polar medium.'®*° These
inconveniences could be mitigated by impregnating the HPW on
supports in order to prevent leaching of the catalyst in the presence
of polar solvents, and enhance the catalytic performance. According
to the literature, the increase in catalytic activity is due to the strong
adsorption of protons from HPW on supports like alumina,?"?
titania,?**2¢ activated carbon,”’? MCM-41,%% acidic ion exchange
resins, clays,?'32% silica,?’*35 and zirconia.?*3¢37

It has been found that the use of Nb,O5.xH,O (hydrated niobium
oxide), also known as niobia, as support for the Keggin ion, showed
interesting results.***° Due to these results and the fact that Nb is an
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abundant mineral in Brazilian territory, niobia has been seen as an
interesting low cost and, eventually more efficient, option as support to
HPW by the Brazilian scientific community. Having this in mind and
willing to contribute to deepen the understanding on the interactions
between HPW and the support, we prepared, using a new method of
preparation, niobia supported HPW catalysts using 30%, 50% and
100%, respectively, of HPW supported over calcined niobia at 500
and 600 °C, temperatures not tried before in literature. The reasoning
behind this choice was to investigate the possibility of synthesizing
these catalysts at these conditions, once it’s known that, at such
temperatures, Lewis sites could be formed over the surface, fact that
would broaden the possibilities of application of these catalysts. Also,
considering that few theoretical studies are available in literature,*-**
we further performed an unprecedented theoretical study in order to
check the influence of the temperature increase on the adsorption
behavior of the catalysts over the niobia surface.

EXPERIMENTAL
Impregnation and heat treatment

Niobium oxide hydrated, Nb,0,.xH,O, code HY340, provided
by CBMM (Brazilian Society of Mining and Metallurgy), was used
as support for the impregnation of the catalysts.

The impregnation was made on the support with previous
calcination at 500 °C and 600 °C for 2 h at 2 °C min" under N,
flow. Before impregnation, the catalyst was maintained at 80 °C for
1 h in a rotary evaporator. Then, the systems were cooled to room
temperature and the required amount of aqueous solution containing
30%, 50% and 100% of H,PW ,0,,.nH,0O (Sigma-Aldrich) was added
dropwise, under constant stirring. After impregnation, the catalysts
were maintained under agitation for 1 h and, then, frozen during
24 h and freeze-dried following the same procedure adopted before
in a former work.*
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The catalysts were named 30HPW/Nb500 and 30HPW/Nb600
for the catalysts with 30% HPW supported on niobia calcined at 500
and 600 °C, respectively; SOHPW/Nb500 and SOHPW/Nb60O for the
catalysts with 50% HPW supported on niobia calcined at 500 and
600 °C, respectively; and 100HPW/Nb500 and 100HPW/Nb600 for
the catalysts with 100% HPW supported on niobia calcined at 500
and 600 °C, respectively.

Characterization

The surface areas were determined through N, adsorption.
Samples were desorbed in cell BET under vacuum at 150 °C for
5h with a ramp of 5 °C/min and analyzed in ASAP 2020 from
Micromeritics, V1.05 G unit 1. The X-ray diffraction (XRD) patterns
in 0-20 of the samples, without previous treatment, were performed on
a Siemens diffractometer using radiation Cu Kot at room temperature.

Infrared (FTIR) were recorded with a Bruker Vector 22
spectrophotometer. The samples were mixed with dried KBr, forming
pellets containing 1 wt% and the spectra were taken with 32 scans
at 4 cm™ of resolution.

For FT-Raman we used a Linkam TS 1500 cell spectrophotometer.
The spectra were recorded under ambient conditions, with 128 scans,
wavelength of 514nm and a 50x objective.

The 3'P MAS-NMR spectra were acquired using a spectrometer
Bruker DSX400 equipped with a standard 4 mm triple resonance
probe H-X-Y. The spinning rate was typically 10 KHz and the
repetition time was 60s. The samples were analyzed without
pretreatment.

Theoretical studies

This theoretical investigation aimed to analyze the influence of the
increased calcination temperature on HPW adsorption, and examine
which factors are involved. Above the calcination temperatures,
in which crystal structures of Nb,O; are found, three phases were
selected to perform the theoretical calculations: phase TT and T (from
450 °C to 600 °C), and phase B (800 °C). These Nb,Os phases were
chosen to perform the calculation procedures due to the availability
of crystallographic parameters which allowed for the construction
of the model. The goal of this investigation was to evaluate the
change in the adsorption behavior with increasing the temperature
of calcination of the material on the catalysts modeling, considering
the influences of hydrogen atoms on the surface of the support in
the HPW adsorption. For the construction of the calcined niobia the
crystallographic parameters shown in Table 1 were employed.

The crystal structures of the calcined niobia were constructed
(phases TT, T and B) by using the ADF software, (Amsterdam Density
Functional) - BAND 2009, where the faces of each structure (phase)
were analyzed, through the Density Functional Theory (DFT) method,
at the GGA - PBE level. For the correction of density gradient for
the exchange and correlation function, it was used a set of TZP basis.
HPW was introduced on each face with a subsequent optimization
and identification of the minimum energy, checking the symmetry
of the calcined niobia. This procedure allowed us to figure out the
favorable regions of interaction between niobia and HPW. The
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structures were optimized by using the ADF program with the Vosko-
Wilk-Nusair generalized approximation gradient (GGA/PW91) for
density gradient correction to the exchange and correlation function.*®
It was used the TZP basis set for this procedure, since the relativistic
effects are considered important for certain atoms, such as tungsten.
Thus, the calculations were performed within the relativistic scheme
with the zero-order regular approach (ZORA) in order to include
scalar effects.* The HPW adsorption was evaluated by introducing
it into two different positions in the planes (001) of each phase, TT,
T and B-Nb,Os, in order to check out the most favorable regions of
interaction. The adsorption energy of the HPW on the niobia surface
was calculated according to equation 1.

AEads = Esys - [EN“DZO5 +EHPW] (H

where AE, is the adsorption energy; E,, is the energy of the system
after adsorption and Ey,s and E,py are the energies of the isolated
structures. After optimizing the structures, an analysis of how the
hydroxyl groups on the hydrogenated surface influence the HPW
adsorption on the calcined niobia was performed.* In order to carry
out this analysis, the hydrogenated surface of niobia was simulated by
adding hydroxyl groups over the plane (001) of phase TT, followed
by an optimization process. This analysis was important to provide
us a better comprehension of the good HPW adsorption in amorphous
phases, in comparison to crystalline phases. The AE , was computed
according to equation 1.

With regards to electronic-structure investigations, it is observed
an increased number of works that involve the Hubbard term to
the local density approximation band-structure Hamiltonian.*’ For
instance, this theory is commonly employed in order to minimize
the total ground-state energy of the electrons in a material, being
important for transition metals. The Hubbard model term is a static
Coulomb interaction for frozen orbitals, preventing the average energy
of the correlated orbitals from being pushed too high by fitting the
correct average occupation of the correlated orbitals.* This is a quite
useful approach, but for these HPW adsorption studies on niobia, its
effect is not so relevant for the systems in study.

A further analysis was performed in order to evaluate better the
hydrogen’s situation and strength after the structures minimization.
One of the most useful tools to characterize atomic and molecular
interactions, for example hydrogen bonds, is the topological analysis
using the “atoms in molecules” (AIM) theory,* a technique used to
analyze the electron density and nature of the bonds in molecular
structures. According to the AIM theory, any chemical bonding is
characterized by the existence of a bond critical point (BCP). After
the optimization calculations it was performed an analysis of the
H-bonds between HPW and niobia through the quantum theory of
atoms and molecules (QTAIM) method.*

RESULTS AND DISCUSSION
Powder X-ray diffraction (XRD)

The diffractograms in Figure 1 show that catalysts 30HPW/Nb500
and SOHPW/Nb500 presented amorphous structures, suggesting a

Table 1. Experimental crystallographic parameters (phases B and T) and calculated crystallographic parameters (phase TT) for niobia

Phase Space group a(A) b(A) c(A) b (°) Q (A3 References
B C2/c 12.740(2) 4.8830(6) 5.5609(6) 105.02(1) 334.11 [38]
T Pbam 6.175(1) 29.175(4) 3.930(1) -- 708.01 [39]
TT P6/mmm 7.191 7.191 3.831 - 171.56 [40]
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good dispersion of HPW over the support, while catalyst I00HPW/
Nb500 presented low intensity rays, pointing to the presence of
crystalline HPW at 10, 26 and 35° over the support’s surface.
Catalysts 30HPW/Nb600, SOHPW/Nb600 and 100HPW/Nb600, on
the other hand, presented diffractograms characteristics of niobia with
hexagonal structure, due to the change from the amorphous phase to
TT-Nb,O; and/or T-Nb,Os, corresponding to the pseudo-hexagonal
and/or orthorhombic structures.*’ These results are in accordance with
the observations by Jehng and Wachs®' regarding the increase in the
degree of crystallinity of the amorphous niobia during the thermal
treatment at temperatures in the range of 300 to 1000 °C, transforming
them in more stable phases.’!

40000
* HPW ¢ Hexagonal v Orthorhombic
N— 30HPW/Nb500
30000 | M 50HPW/Nb500
L3
—~ N Y S O 100HPW/Nb500
> .
2 .
>
20000 B . 30HPW/Nb600
5 * S A\
E
10000 50HPW/Nb600
. A “ A ~  100HPW/Nb600
0
T T T T T T T T T ¥ T T T

0 10 20 30 40 50 60 70 80
20 (degree)

Figure 1. XRD patterns of the catalysts
Surface area (BET) determination

As can be seen in Table 2, the increase in the calcination
temperature lead to a gradual reduction of the specific areas for
both support and catalyst. For niobia this reduction was probably
caused by the increase in crystallinity due to the phase change
from the amorphous oxide to its crystalline phases with hexagonal
or orthorhombic structures, as discussed before. For the catalysts,
we believe that this reduction in specific area was provoked by
the presence of HPW, as well as the variation on its content in the
catalysts, besides the increase in the calcination temperature.

Table 3. FT-IR vibrational modes for support and catalysts
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Table 2. BET specific areas for support and catalysts

T (°C) Surface area (m* g')

Support 30HPW/Nb  S0HPW/Nb 100HPW/Nb
25 144 . . .
500 99 90.7 86.1 68.2
600 23 254 24.1 23.1
FT-IR spectroscopy

In the FT-IR studies we performed comparisons in order to verity
the influence of content and temperature on the superficial properties
of the catalysts. For all analysis pure H,PW,,0,,.6H,0, treated at
100 °C, and niobia at 25 °C (Nb25), were used as references. As
shown in Table 3, the HPW presented vibrations in accordance with
the results reported by Kozhevnikov et al.>?

In both spectra, for catalysts and the reference samples (HPW and
niobia), signals at ~1630 cm™ were observed. This band can indicate
the presence of the H;O,* (hydroxonions), which binds 4 Keggin units,
forming the secondary structure, or can be a characteristic peak of
the niobia at ~1623 cm’!, resulting from the angular deformation of
the water molecules adsorbed, thus confirming the presence of water
molecules physiosorbed in the samples (see Table 3 and Figure 2).

The FT-IR spectra in Figure 2 show that the catalysts calcined
at 500°C were more resistant to the temperature variation, once
the shape of the spectra resembles the HPW’s, with a more
accentuated interference of the Nb bands between 400-800 cm™.
The peaks corresponding to HPW were more intense for the catalyst
100HPW/Nb500, due to the higher content of HPW.

For catalysts 30HPW/Nb600, SOHPW/Nb600 and 100HPW/
Nb600, prevailed the bands corresponding to niobia, probably due to
the structural change reported before in the DRX analysis (Figure 1).
The catalyst I00HPW/Nb600 presented a discrete signal around
~ 1081 cm’!, attributed to the vibration ,,(P-O,), analogue to HPW.

For both calcination temperatures it was not possible to identify
the peak corresponding to the deformation (O-P-O) in the region
around 595 cm!'. We believe that this was due to an overlapping of
the niobia bands present in the region around 400-600 cm™ from
the vibrations of the type Nb-O,-Nb, in bridge shape.”* Considering
that the DRX analysis (Figure 1) has shown the presence of HPW,
we believe that there was an overlapping of the FT-IR signals from
HPW and niobia.

+(H50,7) for
HPW and
W(W-0-W)  {O-P-0) 1 (W-OW) (, (W-OW) ,(W=0) ,(P-O) 0y (HOH) Nb-Op-Nb  ,Nb-O  Nb=O
water for
Nb25
Frequency (cm™)

H,PW,,0,,.6H,0 525 596 800 887 986 1080 1628 - - -
Nb25 - - - - - - 1623 498 633 912
30HPW/Nb500 - - 808 890 - 1077 1627 - - -
S0HPW/Nb500 - - 803 885 978 1077 1615 - - -
100HPW/Nb500 522 - - 889 983 1081 1625 - - -
30HPW/Nb600 - 618 - 882 - 1174 - 459 - -
SOHPW/Nb600 - 604 820 882 - 1074 1616 - - -
100HPW/Nb600 - 607 814 881 - 1081 1623 - - -
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Figure 2. FT-IR spectra of the catalysts calcined at 500 and 600 °C
FT-Raman spectroscopy

The results obtained through FT-Raman spectroscopy were
evaluated by comparing the contents of HPW added to the support
and the variation in the temperatures of calcination. The respective
spectra and frequencies are presented in Figure 3 and Table 4.

According to the literature® the FT-Raman spectra of HPW
present vibrations related to the respective structural bonds at 1100,
990, 900 and 550 cm’, corresponding to: P-O stretch, symmetric
vibration ;(W=0,), and deformations W-O_-W and O-P-O,
respectively. Figure 3 shows the symmetric vibration ;(W=0,) at
~1006 cm, for concentrations 30 and 50% and at ~1010 cm™ for
100% of HPW content for the samples calcined at 500 °C. The catalyst
100HPW/NDb500, presented a small shoulder at ~906 cm™! originated
from vibration (W-O.-W) as also observed by Khder et al.>* The bands
between 700-800 cm! were not detected, probably because they are
overlapped by the support bands in this region. The bands at 220
and 665 cm’!, referring to intact HPW over the support surface, are
present in these catalysts.

The catalyst I00HPW/Nb600 presented the vibration ,(W=0,)
at ~1029 cm. This shift related to the former catalysts is probably
due to the temperature of calcination. For catalysts 30HPW/Nb600
and SOHPW/Nb600, it was not possible to detect, through the Raman
spectra (Figure 3), the signals related to the presence of HPW.

The FT-Raman spectra presented also the characteristic bands
of niobia with absorption between 850-1000 cm’!, corresponding
to the octahedral structure of NbO; highly distorted with bonds
Nb=0 terminals.>>>¢ The bond Nb-O present in the region around
500-700 cm™, belongs to the octahedral structure slightly distorted
of NbOq. This bond is also present in species NbO, and NbO,.*®

Table 4. Frequency (cm™) of FT-Raman spectra of the catalysts
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According to Jehng and Wachs®! the bands between 400-800 cm!
are attributed to the symmetric and asymmetric stretching modes
of the bonds Nb-O-Nb, and its associated deforming modes show
up in the region of low wave length, between 200-300 cm™. We
believe that the signal around ~180 cm™ has been shifted due to
the presence of HPW.

According to Janik et al.,”” HPW loses crystallization water at
low temperatures (<200°C). From this temperature over, the water
lost is due to the deprotonation of the acid. So, at 600°C, probably
the species present in the solid are Nb,O5, WO, and P,O;.

As in the FT-IR study (Figure 2), it was not possible to detect
the signal ,(W=0,), which confirms the presence of HPW, for the
catalysts 30HPW/Nb600 and SOHPW/Nb600 in the FT-Raman
spectra (Figure 3).
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Figure 3. FT-Raman spectra of the catalysts
3P MAS NMR

According to Kumar et al.,** an appropriate and very efficient
method to elucidate the structure and check the stability of HPW is
the solid state 'P NMR spectroscopy, once features like purity and
degree of hydration change in the environment around the transition
metal central atom and formation of [EM—OH,]n + [H, ,]"* species
are due to interactions between the support and the HPW.

Our *'P MAS RMN results confirmed the presence of HPW over
the support, suggesting that our impregnation method was efficient. In
the *'P NMR spectra, presented in Figure 4, it’s possible to see that,
except for catalysts 30HPW/Nb600 and 100HPW/Nb600, there are
2 different chemical environments for *'P. In the spectra for catalysts
calcined at 500 °C and for catalyst SOHPW/Nb600, there is the signal
around —14.3 ppm, suggesting that the HPW is strongly adsorbed to

HPW - - ] ] _
Nb25 205 - ; ; _
30HPW/Nb500 - 221 ; ; _
SOHPW/Nb500 - 221 ; ; ]
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- - 719 831 - - 1029 -
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the support, due to the enlargement of the peak between the HPW
species, finely dispersed over the support.®

The signal around —13.0 ppm (for 30HPW/Nb500 and SOHPW/
Nb500) is characteristic of HPW weakly adsorbed, without
decomposition of the Keggin anion through thermic treatment*
or due to distorted species of HPW interacting with the support.
As observed by Kozhevnikov er al.,” these species could be poly
condensate materials of PW,.

All catalysts calcined at 500 °C and the catalyst SOHPW/Nb600,
presented the peaks at —14.3, —14.4 e —14.6 ppm characteristics of
[PW,,0,0]*, suggesting a strong adsorption due to the enlargement of
the peak between the HPW species.” One signal of low intensity at
-15 ppm, was observed for the catalyst 30HPW/Nb600, and former
attributed by Essayem et al.*® and Uchida ef al.® to the crystalline
HPW where all poly-anions are equally H-bonded through the H;O,*,
former visualized in the FT-IR spectra at ~1630 cm™ (Figure 2).

In the spectrum of catalyst SOHPW/Nb600 we can also see the
signal at 1.0 ppm corresponding to the presence of the orthophosphate
diester, which is apparently a flaw in the HPW structure provoked
by the rising of the temperature. The signals at —14.4 and —16 ppm
observed for catalyst I00HPW/Nb500 can be attributed, respectively
to the species [PW,,0,,]?and to the presence of the Keggin unit.’’

Catalyst I0OOHPW/Nb600 presented one single peak centered at
—15.5 ppm, typical of intact HPW, that would be strongly adsorbed
over the niobia surface. Mastikhin et al.®! propose that the presence
of this signal suggests distortion in the crystalline structure, probably
due to the presence of flaws in the HPW crystals deposited in pores
of the support.

Theoretical studies

For the HPW adsorption on different phases, the acid was
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introduced into two different positions in the faces (001) of each
phase (Figure 5). In position 1, HPW was placed so that all hydrogen
atoms stay as far as possible from the surface. On the other hand,
in position 2, one of the hydrogen atoms in HPW directly interacts
with the surface.

The HPW geometries in contact with the crystalline phases of the
niobia were optimized and the final electronic energy of the system
was obtained. Table 5 shows the relative energies of the adsorbed
systems.

The increase of the calcination temperature of polymorphic
materials yields increasingly crystalline phases. For the niobia,
by increasing the calcination temperature, the first crystalline
phase to appear is TT (pseudohexagonal), which generally takes
place from 450 °C, followed by phase T (orthorhombic), around
600 °C and phase B (Monoclinic), around 800 °C.* The theoretical
results have shown that the system with the adsorbed acid on the
TT-Nb,O; phase surface is more stable, followed by T-Nb,O; and
B-Nb,Os, respectively. An increased energy is then related, with the
increasing of the material crystallinity and, according to these data,
the adsorption process is favored in milder conditions of temperature,
with HPW being better adsorbed in phase TT.

The direct interaction of the hydrogen with oxygen atoms on the
surface, held in position 2, could lead to stronger and more stable
interactions. Surprisingly, the adsorption when HPW is in position 1
is more favorable compared to position 2 for all phases. In view of
this scenario, the higher instability of the Nb,Os/HPW (pos2) system,
in relation to Nb,Os/HPW (pos1), may be due to steric effects present
between the surface and HPW(pos2), overcoming the influence
of the hydrogen interaction performed. This can be inferred due
to the fact that the minimum energy of HPW adsorption on this
disposal takes place at upper distances in relation to position 1
(Table 6).
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Figure 5. Illustration of the HPW adsorption on the TT-Nb,Os phase in position 1 (left): Nb,O/HPW (posl), and position 2 (right): Nb,Oy/HPW (pos2). Red:

oxygen, pink: niobium, gray: tungsten, orange: phosphorus, white: hydrogen

Table 5. Relative adsorption energies (Er,,,), in kcal mol”!, for the adsorbed
HPW on dehydrogenated phases

Phase Er,(posl) Er,(pos2)
TT 0 15.90
T 30.19 40.11
B 4242 49.18

Table 6. Distances (in A) between the surfaces and HPW relating to the
geometry of the minimum energy of adsorption

Phase dy il A) (pos]) dyrl(A) (pos2)
TT 3.29 4.08
T 3.20 4.01
B 3.12 3.90

In order to evaluate the influence of a hydrogenated phase on
the HPW adsorption, the hydrogen atoms were added to the face
(001) of TT-Nb,Os, which presented the best result in our theoretical
calculations. The results are described in Table 7.

Table 7. Relative adsorption energies (Er,,,), in kcal mol’!, for the adsorbed
HPW on phase TT (hydrogenated and dehydrogenated)

Phase TT Er,(posl) Er,(pos2)
Hydrogenated 0 8.25
Dehydrogenated 9.93 25.83

Hydrogenated phases are characteristic of a treatment with a
milder temperature, generating amorphous phases. According to
the experimental values, mild treatments resulted in a better HPW
adsorption, and this tendency is confirmed by means of our theoretical
procedures. Once the HPW adsorption on the surface of hydrogenated
TT-Nb,O; phase happens, our findings point out lower energy values
than those without the presence of hydroxyl groups.

Keeping in mind that the HPW adsorption on the catalyst surface
is preferably in position 1, AIM calculations were performed in this
system in order to assess the influence of the support on the acid
character of the HPW hydrogens. The computed results by using the
AIM methodology are described in Table 8. It is important to notice
that for ionic character: DelSqRho > 0; -G/V > 1; G+V > 0 and for
covalent character: DelSqRho < 0; -G/V < 1; G+V < 0. The more
pronounced ionic character in the O-H bond of HPW is related to
the higher acidity of this compound.

Table 8. Binding forces of acid protons on HPW in position 1 (G is the Ki-
netic Energy; V is the Potential Energy; DelSqRho is the Laplacian of Rho
(electron density))

DelSqRho G+V -G/V
HPW/H1 -1.5579 -0.4540 0.1245
HPW/H2 -1.5579 -0.4540 0.1245
HPW/H3 -1.5522 -0.4486 0.1189
Phase B/HPW/H1 -0.9588 -0.2861 0.1396
Phase BZHPW/H2 -1.0500 -0.3121 0.1372
Phase B/HPW/H3 -0.8880 -0.2560 0.1173
Phase T/HPW/H1 -1.5203 -0.4477 0.1312
Phase T/HPW/H2 -1.5622 -0.4600 0.1313
Phase T/HPW/H3 -1.7582 -0.5065 0.1167
Phase TT/HPW/H1 -1.7089 -0.5055 0.1341
Phase TT/HPW/H2 -1.8079 -0.5374 0.1372
Phase TT/HPW/H3 -2.6618 -0.7709 0.1203
Species** DelSqRho G+V -G/V
Phase TT/HPW/H1 -1.5027 -0.4383 0.1250
Phase TT/HPW/H2 -1.4486 -0.4248 0.1285
Phase TT/HPW/H3 -1.4682 -0.4244 0.1191

*Dehydrogenated surfaces. **Hydrogenated surfaces.

AIM studies revealed that the O-H bond strength of the adsorbed
acids decreases with increasing the crystallinity of the support. These
results corroborate with the adsorption energy values, since the
interaction between the oxygens on the surface and HPW is less intense
in more crystalline phases, making the hydrogen more susceptible to
react with isopropanol. Despite the higher acid character of the HPW
hydrogens occurs under the influence of more crystalline supports, the
low number of adsorbed molecules on their surfaces could, in principle,
explain the lower performance of these catalysts experimentally.

According to the AIM calculations, the acidity of the HPW
hydrogens increases with the crystallinity of the support. In phases
of lower crystallinity, the hydrogens are more strongly bonded to the
acid, but as the HPW adsorption is higher in these phases, there is a
better catalytic performance. By analyzing the hydrogenated surfaces
of phase TT, we also realized this tendency. As the adsorption was
better on these surfaces, the covalent character increased according to
the AIM calculations, in relation to the dehydrogenated phase TT.62¢3

CONCLUSIONS

Our work corroborates the dropping method as efficient for the
impregnation of HPW over niobia as shown by the analysis of the
combination of the XRD, FT-IR, FT-Raman and 3'P NMR results
obtained. The theoretical results point to the pseudo-hexagonal and
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orthorhombic as the most likely crystalline forms for these catalysts
calcinated at 600 °C in accordance with the XRD results and, also,
suggest that the approach of HPW to the support positions the 3 acidic
protons away from the OH groups of the niobia surface.
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