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A new heteropolyacid, derived from phosphomolybdic acid containing niobium (PNbMo), was synthesized and
included in silica, alumina, and silica/alumina matrixes by sol-gel technique, in order to use it as heterogeneous
catalyst. The matrixes confer stability to the active phase, good textural and morphological properties. PNbMo
and included materials were characterized by 31P—NMR, FT-IR, UV-vis, TGA, SEM, TEM, XRD, N, physisorption,

and potentiometric titration, and tested as catalyst in the sulfoxidation of diphenyl sulfide under suitable con-
ditions. The redox activity was compared with phospomolybdic acid and correlated with the edge energy ob-
tained from UV-vis absorption spectra. The best results in diphenyl sulfide sulfoxidation were obtained with
PNbMo-SiAl-4:1 (92% conversion and 95% selectivity at 3 h) and with PNbMo-Si (92% conversion and 94%
selectivity at 4 h). The reuse of these catalysts was evaluated.

1. Introduction

Heteropolyacids (HPAs) are an important family of compounds
largely used in catalysis [1-3]. They are composed of metal oxide
clusters of early transition metals. The principal heteropolyanion is the
Keggin structure (XM;20%g), which consists of a central tetrahedron
(XO4) encircled by twelve MOg that form M3O13 (X = P°*, As®*, Si*?,
and B>*; and M = W® and Mo®") [4]. One of the main Keggin heter-
opolyacids used as acid and redox catalyst is phosphomolybdic acid
(H3PMo012049, PMA), due to its strong acid strength and oxidation
power. The substitution of one or more Mo atoms by V, which enhances
the catalytic performance of HPA, has been widely reported in the
literature [5-8]. Our research group has studied the catalytic capacity of
PMA by substitution of one Mo atom by V, Bi, La, and Y [9-11]. The
results encouraged us to employ other elements, in order to enhance the
catalytic performance of PMA.

Niobium was chosen due its position in the periodic table: Nb be-
longs to the same period as Mo, and to V group. Besides, to our
knowledge, there are no reports on Nb doped PMA in the literature.
Nevertheless, some reports indicate the of use of niobium in HPAs: for
example, Nb2Os is used as support of HPA [12-15].

* Corresponding authors.

Park et al. [16] prepared H4PW;1NbO4¢ by hydrothermal treatment
and evaluated its redox properties by electrochemical method and
UV-vis absorption. Whereas, Zalomaeva et al. [17] reported on the use
of Nb-monosubstituted Lindqvist and Keggin polyoxotungstates as cat-
alysts in the sulfide oxidation in acetonitrile, Maksmchuk et al. [18] used
Nb-monosubstituted Lindqvist polyoxotungstates in the epoxidation of
alkenes, and Ren et al. [19] described a mixed Nb/W Dawson
polyoxometalate.

Other niobium species used in catalysis are W-Nb-O and W-V-Nb-O
mixed oxides, with hexagonal tungsten bronze structure, as catalysts in
the one-pot oxidehydration of glycerol into acrylic acid [20]. Also, some
niobium catalysts (NbCls, Nb(OEt)s, mesoporous niobium silicate, Nb
(Cp)2Cl, on silica) were used in sulfide [21] and alkene [22,23] oxida-
tions with hydrogen peroxide.

Recently, Yang et al. [24] prepared multilayer-like polyoxometalates
(HNbMoOg) by calcination of a stoichiometric mixture of Li;COs,
Nb,0s, and MoO3 and subsequent acidification. This solid acid catalyst
was used in the etherification of 5-hydroxymethylfurfural.

On the other hand, HPAs could be dissolved in various reaction
media; for that reason many strategies to convert them to a heteroge-
neous catalyst have been developed by immobilization on a support
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[25], or by formation of an insoluble ionic material [4]. One strategy is
to include the HPA in a solid matrix, such as silica, titania, and alumina
[26,27], in order to turn it more stable and facilitate its isolation and
recovery from the reaction media.

Sol-gel methodology allows the synthesis of micro and mesoporous
materials with specific properties [28], for example, when HPAs are
incorporated into a silica matrix, they provide stability to the Keggin
structure and hinder the solubility in the reaction medium [9,29], and
the alumina increases the catalytic activity [30].

Here, we describe the synthesis of phosphomolybdic acid doped with
Nb, a new HPA derived from PMA, and included in silica, alumina, and
two mixed silica/alumina frameworks, which confer stability to the
active phase and good textural and morphological properties. The solid
samples were characterized by several techniques (FT-IR, UV-vis,
potentiometric titration, physisorption, among others).

The new materials were examined as heterogeneous catalyst in a
sulfoxidation reaction. This reaction was selected because many sulf-
oxides are important in the synthesis of biologically active molecules
and natural products [31-33], asymmetric ligands [34], and oxygen
transfer agents [35]. For sulfide oxidation, HPA acts together with
aqueous hydrogen peroxide, instead of stoichiometric oxidants (nitric
acids, trifluoroacetic acid) [36]. Selective oxidation of diphenyl sulfide
(sulfoxidation) in an eco-friendly reaction condition, using aqueous
hydrogen peroxide as oxidant and ethanol as solvent at 25 °C, was
chosen as reaction test (Scheme 1).

2. Experimental
2.1. Catalyst synthesis
2.1.1. General
Chemicals were acquired from Aldrich, Fluka and Merck, and used

without further treatment. The reaction products were identified by
comparative thin layer chromatography (TLC).
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2.1.2. Heteropolyacid synthesis

PNbMo was synthesized by hydrothermal procedure [8] using a
stoichiometric mixture of MoOs (110 mmol), Nb,Os (5 mmol), H3PO4
85% (w/v) (0.58 mL) suspended in distilled water (150 mL). The
mixture was magnetically stirred for 6 h at 75 °C. Then, it was cooled to
room temperature, and the insoluble materials were removed by filtra-
tion. The solution was evaporated at room temperature, and finally a
dark green solid (PNbMo) was obtained.

2.1.3. Matrixes synthesis

Silica, alumina, and mixed SiAl-1:1 and SiAl-4:1 matrixes, were
prepared according to reported methodology [37] (See Supplementary
Material).

2.1.4. Synthesis of HPAs included in silica

PNbMo-Si (PNbMo included in silica) was prepared by mixing tet-
raethoxysilane (TEOS, 16 mmol) with absolute ethanol (80 mmol) under
nitrogen atmosphere at room temperature. Then, under atmospheric
conditions and stirring, a solution of PNbMo (0.75 g, 0.36 mmol) in
absolute ethanol (36 mmol) and water (1.07 mL) were added, and
continued stirring for 2 h to allow sol gelation. Finally, wet gel was aged
until dry at room temperature.

For comparative purposes, PMA included in silica (PMA-Si) was
synthesized in the same way as PNbMo-Si.

2.1.5. Synthesis of HPAs included in alumina

For PNbMo-Al (PNbMo included in alumina) synthesis, aluminum
tri-sec-butoxide (TSBAI, 16 mmol) was mixed with absolute ethanol
(174 mmol) under nitrogen atmosphere at room temperature. The
mixture was retired from the controlled atmosphere and stirred until
homogeneity. Then, hot distilled water (29.24 mL at 98 °C) was added
and magnetically stirred at 90 °C. After 0.5 h, 0.75 g (0.36 mmol) of
PNbMo was added and stirred 3 h at 90 °C. Finally, the gel was aged at
110 °C for 12 h.

For comparative purposes, we synthesized PMA included in alumina
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Scheme 1. Selective oxidation of diphenyl sulfide.

Table 1
HPA content, textural properties, and acid strength of samples.

Sample HPA content (% w/w) Specific surface area (Sggr) (mz/gr) Pore volume (cmg/gr) Pore size Eo
A) (mV)
PMA 100 19 0.02 4 822
PNbMo 100 7 0.01 7 768
SiO, 0 760 0.35 19 126
PMA-Si 15 702 0.30 20 377
PNbMo-Si 18 498 0.26 21 358
Al,03 0 280 0.20 28 195
PMA-Al 14 339 0.32 37 86
PNbMo-Al 16 347 0.32 4 74
SiAl-1:1 0 299 0.76 101 295
PMA-SiAl-1:1 12 267 0.70 107 269
PNbMo-SiAl-1:1 16 303 0.45 59 185
SiAl-4:1 0 302 0.70 93 354
PMA-SiAl-4:1 10 289 0.50 73 377
PNbMo-SiAl-4:1 20 262 0.90 140 379
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Fig. 1. 3'P-NMR spectra of PNbMo (left) and PMA (right).

(PMA-AI) in the same way as PNbMo-AlL

2.1.6. Synthesis of HPAs included in the mixed silica-alumina matrixes

PNbMo-SiAl-1:1 was prepared by mixing TEOS (8 mmol), TSBAI (8
mmol), and absolute ethanol (127 mmol) under nitrogen atmosphere at
room temperature. The mixture was retired from the controlled atmo-
sphere and stirred until homogeneity. Then, hot distilled water (15.15
mL at 98 °C) was added and magnetically stirred at 90 °C. After 0.5 h,
0.75 g (0.36 mmol) of PNbMo was added and stirred 3 h at 90 °C.
Finally, the gel was aged at 110 °C for 12 h. For PNbMo-SiAl-4:1 syn-
thesis, TEOS (13 mmol), TSBAI (3.25 mmol), and absolute ethanol (99
mmol) were mixed under nitrogen atmosphere. The mixture was retired
from the controlled atmosphere and stirred until homogeneity. Then hot
distilled water (6.70 mL at 98 °C) was added and magnetically stirred at
90 °C. After 0.5 h, 0.75 g (0.36 mmol) of PNbMo was added and stirred
for 3 h. Finally, the gel was aged at 110 °C for 12 h.

For comparative purposes, we synthesized PMA included in PMA-
SiAl-1:1 and PMA-SiAl-4:1 mixed oxides.

Finally, all solids were washed with ethanol and the final amount of
HPA (Table 1) in the samples was calculated considering the final mass
of the catalysts, the HPA mass used in the synthesis and not-incorporated
HPA (remaining in the washing liquor).

2.2. Catalyst characterization

The 3!P-NMR spectrum of PNbMo, in deuterated aqueous solution,
was registered in Bruker Avance 300 equipment at a frequency of 121
MHz.

The UV-vis spectrum of solution of PNbMo in ethanol was measured
with a Perkin Elmer Lambda 35 UV-vis double beam spectrophotom-
eter, in the range 200—1100 nm at room temperature.

Thermogravimetric analysis (TGA) of bulk PNbMo was carried out
with Shimadzu 50 equipment, in aluminum plate and air flow. The
heating rate was 5 °C/min from 20 to 600 °C.

Fourier transform infrared spectra (FT-IR) were acquired using

Bruker Vertex 70v equipment. The solid samples were ground and mixed
with KBr, and pellets were formed. The measuring range was 400—4000
cm L.
X-ray diffraction (XRD) patterns were recorded by means of a PAN-
alyical X’Pert Pro 3373/00 device, using Cu Ka radiation (A =1.5417 f\),
Ni filter, 20 mA and 40 kV in the high voltage source, scanning angle
(20) from 5° to 40°, scanning rate 2° (20)/min.

Absorbance (a.u.)
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Fig. 2. UV-vis spectra of ethanolic solution of PNbMo and PMA.

Scanning electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS) analysis was made with a Philips 505 scanning
electron microscope using an accelerating voltage of 25 eV. The solid
samples were metallized with Au. The chemical composition of the
materials was analyzed by X-ray scattering.

PNbMo was also analyzed by transmission electron microscopy
(TEM), in a JEOL 100 CX instrument, working at 100 kV. The sample
was ultrasonically dispersed in ethanol and placed on a Formar® grid.

The total catalyst acidity was obtained by potentiometric titration by
suspending the solid (0.025 g) in 45 mL of acetonitrile and titrating with
a solution of n-butylamine in acetonitrile (0.025 N). The electrode po-
tential (mV) variation was measured using the 794 Basic Titrino device
with a Solvotrode electrode.

The specific surface area (Sggr), pore volume, and the mean pore
diameter of the included catalysts were determined by nitrogen
adsorption/desorption. The samples were previously degasified for 700
min at 100 °C below 30 mm Hg, and the isotherms were obtained at -196
°C using Micromeritics ASAP 2020 equipment.

2.3. Catalytic activity

For the diphenyl sulfide oxidation test, catalysts (12 mg of bulk
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Fig. 3. FT-IR spectra of PNbMo and PMA.
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Fig. 4. FT-IR spectra of matrixes and included PNbMo.

PNbMo or PMA; 266 mg of included HPA), diphenyl sulfide (1 mmol),
ethanol (8 mL), and aqueous H205, 35% (w/v) (1.5 mmol) were mixed
in a glass reactor and stirred at 25 °C.

The reaction advance was examined by gas chromatography: sam-
ples of the reaction mixture (0.1 mL) were withdrawn after each hour,
treated with dichloromethane (0.5 mL) and distilled water (0.5 mL). The
organic layer was dried on anhydrous NaySOy, filtered off, and analyzed
by gas chromatography in a Shimadzu 2014 with a Supelco column
(SPB-1, 30 m x 0.32 mm x 1 pm) and a flame ionization detector.

3. Results and discussion
3.1. Characterization

The 3'P-NMR spectrum of PNbMo (Fig. 1) shows a major chemical
shift at -3.16 ppm that can be associated with the Keggin unit of phos-
phomolybdate (the characteristic signal of PMA is at -3.88 ppm). It can
be observed that the signal shifts to downfield by the presence of an
atom different to Mo. The peak at -1.59 ppm can be assigned to lacunar
species PMoq; [38].

The UV-vis spectrum of PNbMo solutions is shown in Fig. 2. For
comparative purposes, the spectrum of PMA is also included. The band
assigned to oxygen-metal transfers at 210—260 nm can be seen in both
spectra, and the band at 240—500 nm is assigned to octahedral Mo into

PMA

Intensity (a.u.)

15 20 25 30 35 40 45 50
2 Theta

Fig. 5. XRD patterns of PNbMo, PMA, and Nb,Os.

Keggin structure [39,40]. From these spectra it is possible calculate the
absorption edge energy, which can be correlated with the redox prop-
erties of the HPA [41]. The edge energy for PNbMo is 3.22 eV, lower
than the value calculated for PMA (3.36 eV), due to stabilization of the
lowest unoccupied molecular orbital (LUMO) by the d-orbitals of
niobium. A similar effect was observed by the replacement of molyb-
denum by vanadium in PMA [10].

The curve obtained by TGA (Supplementary Material, Fig. S1) shows
that PNbMo has a weight loss of 12.6% between 20 °C and 200 °C, which
corresponds to physisorbed water and allow calculating the hydration
number of HPA (13 for PNbMo). From 200 °C to 450 °C, there is a small
weight loss (1.45%) that corresponds to constitution water. The absence
of major weight loss indicates that until 600 °C, the structure of HPA is
thermally stable [42].

The FT-IR spectrum of PNbMo (Fig. 3) presents four bands at 1063
em™},962 cm™!, 871 ecm™}, and 780 cm ™!, which are in agreement with
the characteristic bands of Keggin structure PMA: 1064 em! (P-Oa),
962 cm~! (Mo = 0d), 871 em! (Mo-Ob-Mo), 780 em! (Mo-Oc-Mo),
where Oa connects the central tetrahedral P with Mo atoms, Ob links
MoOg octahedra by the corners, Oc shares the octahedra edges, and Od
are terminal atoms, bonded to one Mo atom [43]. This confirms that the
synthesized PNbMo presents Keggin structure. A shoulder is observed
for the P-Oa band, which could be assumed as a parameter of Mo-Oa
interaction (a strong interaction corresponds to a weak stretching) [44].
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Fig. 6. SEM x1000 (left) and TEM (right) micrographs of PNbMo.

PIONDAI 3 250KV X1000_10um.

Fig. 8. SEM x1000 (left) and TEM (right) micrographs of PNbMo-Al.

Fig. 4 shows the 1500—400 cm ! region of the FT-IR spectra of
matrixes and included PNbMo: PNbMo-Si, PNbMo-Al, PNbMo-SiAl-1:1,
and PNbMo-SiAl-4:1. The characteristic signals of pure matrixes can be
observed and the PNbMo bands (indicated by gray lines) are overlapped
with those of the matrix. Al,O3 has the characteristic bands of the
boehmite structure: vO-H 3300—3500 cm'l, 8H20 1635 cm'l, and §0-H
1070 cm™ . The band at 620 cm™! of y-alumina [45,46] was not observed.
SiOy has the characteristic bands of the amorphous silica structure:
v0-Si-0 1100 em™, 50-Si-0 800 and 1196 cm™, vSi-OH 950 cm™, 5Si-OH
1640 cm’l, and 50-H 3500 cm’! [27]. In the spectra of the SiAl mixtures,
the bands corresponding to both materials can be observed: 3400, 1635,
1100, and 800 em™. (Full spectra are in Fig. S2 in Supplementary
Material)

X-ray diffraction patterns of PNbMo and PMA are presented in Fig. 5.

The characteristic peaks of Keggin structure in the intervals 6.5—-10°,
16.5-23°, and 25—36° 20 are identified [47]. For comparison, NbyOsg
pattern is included in the figure.

In X-ray diffraction patterns of included catalysts (Supplementary
Material, Fig. S3) the PNbMo signals are masked by the matrixes pat-
terns, which indicates a high dispersion. PNbMo-Si diffraction pattern is
typical of an amorphous material, for PNbMo-Al the peaks appear at
near 15°, 30°, 40°, and 50° 20, corresponding to the boehmite structure
[30,48]. PNbMo-SiAl-1:1 and PNbMo-SiAl-4:1 present the same shape of
an amorphous material, because the broad bands of the silica masked
the alumina and PNbMo signals.

The SEM and TEM images of PNbMo morphology are shown in Fig. 6.
This HPA forms agglomerates of different sizes.

Figs. 7, 8, 9, 10 show the SEM and TEM micrographs of catalysts,
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Fig. 10. SEM x1000 (left) and TEM (right) micrographs of PNbMo-SiAl-4:1.
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Fig. 11. Potentiometric titration with n-butylamine of PNbMo and PMA.

where laminar silica morphology and irregular morphology of alumina
can be observed for PNbMo-Si and PNbMo-Al respectively [49]. For
mixed silica-alumina materials, irregular morphology and size are
appreciated in both catalysts. However, an increase in size is observed
when the amount of Si is higher.

The total acidity of PNbMo was obtained by potentiometric titration
with n-butylamine (Fig. 11). The maximum strength is indicated by the
initial potential (Eg = 768 mV), and the total number of acid sites is
given by the value of meq amine/g solid in the plateau. PNbMo has very
strong acid sites, but a little lower than PMA (E; = 822 mV).

The acid strength and the number of acid sites of PNbMo decrease
when it is included in the matrixes (Table 1, Fig. 12). This could be

400
K
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oty A PNbMo-SiAl-1:1
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Fig. 12. Potentiometric titration with n-butylamine of included PNbMo
and matrixes.

associated with the proton mobility of PNbMo within the framework.
The curves are similar to those of the pure matrixes, and the same
behavior was found for included PMA (Supplementary Material,
Fig. S4). The acid strength of SiO, and SiAl-4:1 increases when the HPA
is included in them, but when the HPA is included in Al;O3 or SiAl-1:1
matrix, the acid strength of the matrix decreases.

Nitrogen adsorption/desorption isotherms of mixed frameworks and
HPAs included in them are shown in Figs. 13, 14 . They present type II
curves, characteristic of solids with large pores or nonporous [50].
Meanwhile, silica, PNbMo-Si, and PMA-Si are type I isotherms (Sup-
plementary Material, Fig. S5), indicating a microporous material. A
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lower Sggr value than that of pure silica is probably due to pore blocking
for the PNbMo inside the silica structure. On the other hand, pure
alumina and HPA-Al present type IV isotherms (Supplementary
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Material, Fig. S6), characteristic of mesoporous materials. The specific
surface area (Spgr) of matrixes and included PNbMo catalysts is listed in
Table 1.

3.2. Catalytic activity

Diphenyl sulfide conversion (Scheme 1) was used to evaluate the
catalytic performance of the new HPA doped with Nb. In a blank test, no
conversion is observed when the reaction occurs in the absence of a
catalyst, and only 15% conversion is reached with NboOs after 24 h of
reaction (Fig. 15.a).

The incorporation of niobium in the Keggin structure results in a
higher diphenyl sulfide conversion with respect to PMA. This agrees
with the lower absorption edge energy calculated for PNbMo with
respect to PMA obtained from UV-vis spectra, a result similar to that
found when vanadium is incorporated in PMA structure [10].

The best results are obtained with PNbMo at 7 h (94% conversion
and 94% diphenyl sulfoxide selectivity); at longer reaction times the
selectivity to sulfoxide decreases (70% at 24 h), because it suffers the
oxidation to diphenyl sulfone. Meanwhile, PMA produces only 36% of
conversion at 7 h (100% diphenyl sulfoxide selectivity) but 98% of
conversion and 94% of selectivity after 24 h (Table 2 and Fig. 15.a and
b).

Then, the catalytic activity of included HPA was tested. The results
show that the PNbMo catalysts produce higher values in diphenyl sulfide
conversion than PMA catalysts (Table 2, Fig. 16.a). The matrixes without
HPA inclusion were tested under the same reaction conditions. No
conversion was observed using SiO; after 24 h, but when Al,O3 was
used, 82% conversion and 65% selectivity were obtained. The mixed
matrixes produced lower conversion and high selectivity (up to 95%)
(Supplementary Material, Figure S7).

With respect to niobium-containing catalysts, high diphenyl sulfide
conversion (near 100%) was reached after 5 h for all of them. However,
at this time, the selectivity toward diphenyl sulfoxide was moderate
(Table 2, Fig. 16.b) due to the subsequent oxidation of diphenyl sulf-
oxide to diphenyl sulfone. Taking into account the conversion and
selectivity, the best results were obtained at 4 h with PNbMoSi (92%
conversion and 94% selectivity), and at 3 h with PNbMo-SiAl-4:1 (92%
conversion and 95% selectivity).

PNbMo-Si and PNbMo-SiAl-4:1 were selected to evaluate the reuse in
the same reaction conditions. They were isolated from the reaction
medium, washed with ethanol, dried under vacuum for the reuse. Tak-
ing into account the optimal reaction time for each catalyst, a slight
decrease in the catalytic activity was achieved in the reuse of PNbMo-
SiAl-4:1 at 3h: the conversion decreased from 92% to 82% in the

100 o Ll o t 4 i 3 ; 7
1 > ®
90 -
80+
70 | 2
60 -
50 » PNbMo
] & PMA
40
304
20
104
L s e | .
0 1 2 3 4 5 6 7 24
Time (h)

Fig. 15. Diphenyl sulfide conversion (a) and diphenyl sulfoxide selectivity (b) using bulk catalysts. Reaction conditions: catalyst (12 mg), diphenyl sulfide (1 mmol),

ethanol (8 mL), and aqueous H,05, 35% (w/v) (1.5 mmol), at 25 °C.
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Table 2
Diphenyl sulfide conversion and diphenyl sulfoxide selectivity obtained with the catalysts”.

Catalyst Time (h) Conv. (%) Sel. (%) Catalyst Time (h) Conv. (%) Sel. (%)

PMA 1 2 100 PNbMo 1 4 100
2 4 100 2 26 100
3 8 100 3 26 100
4 13 100 4 71 99
5 29 100 5 83 99
6 31 100 6 87 98
7 36 100 7 94 94
24 98 94 24 97 70

PMA-Si 1 4 100 PNbMo-Si 1 27 100
2 18 100 2 56 929
3 29 100 3 81 96
4 41 99 4 92 94
5 53 929 5 96 88
6 62 99 6 98 83
7 72 98 7 98 76
24 99 85 24 99 42

PMA-Al 1 63 93 PNbMo-Al 1 76 91
2 74 92 2 90 87
3 76 91 3 91 86
4 77 91 4 96 81
24 76 92 24 100 59

PMA-SiAl-1:1 1 17 100 PNbMo-SiAl-1:1 1 40 95
2 34 100 2 72 920
3 57 98 3 84 86
4 68 96 4 93 81
5 82 95 5 96 76
6 86 93 6 29 71
24 99 84 24 100 -

PMA-SiAl-4:1 1 22 100 PNbMo-SiAl-4:1 1 31 99
2 52 99 2 74 97
3 76 95 3 92 95
4 87 97 4 100 68
5 98 93 5 100 -
6 929 92 6 100 -
24 100 82 24 100 -

@ Reaction conditions: catalyst (bulk: 12 mg or included: 266 mg), diphenyl sulfide (1 mmol), ethanol (8 mL), aqueous H205, 35% (w/v) (1.5 mmol) at 25 °C.

100 i v f—— 100 —
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0 T T T T T T T T 0 T T T T T T T l
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Fig. 16. Diphenyl sulfide conversion (a) and diphenyl sulfoxide selectivity (b) using included HPA. Reaction conditions: catalyst (266 mg), diphenyl sulfide (1

mmol), ethanol (8 mL), and aqueous H;0,, 35% (w/v) (1.5 mmol), at 25 °C.

reuse, and the selectivity toward diphenyl sulfoxide was 95% and 97%,
in the first and second run, respectively. While, a bigger decrease was
obtained with PNbMo-Si in the reuse after 4 h: the conversion dropped
from 92% to 71%, and the selectivity was 94% and 99% in the use and
reuse, respectively.

These results show that both matrixes are efficient for the inclusion
PNbMo, allowing the use as recyclable catalyst in the selective sulfox-
idation of diphenyl sulfide. Moreover, mixed framework SiAl-4:1,

present better performance in the reuse.
4. Conclusions

A heteropolyacid (PNbMo) derived from PMA doped with niobium
was synthesized by hydrothermal method. The Keggin structure was
confirmed by FT-IR, XRD, and 31p_.NMR characterization. The catalytic
activity was tested in the diphenyl sulfide sulfoxidation, compared with
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PMA and correlated with the absorption edge energy calculated from
UV-vis spectra.

The heteropolyacids were included in silica, alumina, and mixed
silica/alumina matrixes by sol-gel technique, in order to convert PNbMo
to a heterogeneous catalyst. The solids were widely characterized, and
the catalytic performance was tested. Silica and mixed frameworks
conferred stability, hindered the solubility, and provided good textural
and morphological properties. The redox property of the heteropolyacid
was maintained when it was included in a matrix, and good results were
achieved in the diphenyl sulfide sulfoxidation using aqueous H3Oq,
under mild reaction conditions. The best results were obtained with
PNbMo-SiAl-4:1 (92% conversion and 95% selectivity at 3 h) and with
PNbMo-Si (92% conversion and 94% selectivity at 4 h). The reuse of the
catalysts with best performance was evaluated, and only a slight
decrease in the conversion was detected. These catalysts are promising
for the sulfoxidation of more complex sulfides.
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