Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 11

Dalton Transactions

ARTICLE

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

Dalton Transactions

RSCPublishing

Novel Polyoxometalate Silica Nano Sized Spheres:
Efficient Catalyst for Olefins Oxidation and Deep
Desulfurization Process

Lucie S. Nogueira,” Susana Ribeiro,” Carlos M. Granadeiro,* Eulélia Pereira,”
Gabriel Feio,” Luis Cunha-Silva® and Salete S. Balula“® *

A novel method to prepare silica nano sized particles incorporating polyoxometalates was
developed leading to a new efficient heterogeneous oxidative catalyst. Zinc-substituted
polyoxotungstate [PW“Zn(HZO)O”]S' (PW{,Zn) was encapsulated into silica nanoparticles
using a cross/linked organic inorganic core, performed through successive spontaneous
reactions in water. The potassium salt of PW;;Zn and the composite formed
PW,,Zn-APTES @SiO, were characterized by a myriad of solid-state methods such as FT-IR,
FT-Raman, °'P and *C CP/MAS solid-state NMR, elemental analysis and SEM-EDS,
confirming the integrity of the PW;Zn structure immobilized in the silica nanoparticles. The
new composite showed to be a versatile catalyst for the oxidation of olefins and also to
catalyze the desulfurization of a model oil using H,O, as oxidant and acetonitrile as solvent.
The novel composite material was able to be recycled without significant loss of activity and
maintaining its structural stability for consecutive desulfurization and olefins oxidative cycles.
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Introduction

The design of novel heterogeneous catalysts easily recyclable
without loss of activity and selectivity is a challenging goal of
liquid phase oxidation catalysis. The development of eco-
sustainable catalytic systems to transform cheap compounds
into valuable intermediates for organic synthesis is an area of
interest for both laboratory and industry. Polyoxometalates
(POMs) are a class of well-defined early transition metal
oxygen clusters, which exhibit distinctive structures and various
functionalities.! POMs have received increasing attention as
oxidative catalysts due to unique combination of properties,
including thermal and oxidative stability, tuneable acidity,
redox potentials, solubility, etc.!? Transition-metal
monosubstituted polyoxotungstates contain an active center M
isolated in the tungsten oxide matrix and strongly bound
through M-O-W bridges, which may confer additional catalytic
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activity for oxidative reactions and high capacity as oxygen
transfer agents.”> * These compounds have shown to be
economical and environmentally attractive oxidation catalysts
in both research and industrial processes.” Hydrogen peroxide
is one of the most attractive oxidant, mainly because it is
environmentally clean and easily handled.® Recently, an
remarkable interest has been noticed for the application of
heterogeneous catalysts based POMs in the oxidation of various
valuable molecules (alkenes, alkanes, alcohols and sulfides) in
the presence of H,O,, mainly due to the necessity of recovering
and recycling these active catalytic compounds. Different
methodologies have been studied using silica as solid support to
immobilize POMs via dative, covalent or electrostatic binding."
™17 One of the most widely used immobilization strategy is the
electrostatic bonding to NH,-modified mesoporous silica or to
imidazolium ionic liquid immobilized on silica.In both cases
the POM is linked via anion exchange or formation of ion
pairs.'” '8 Furthermore, some heterogeneous POMs based silica
catalysts have been prepared by immobilization of POMs
through electrostatic interaction with the surface of positively
charged silica nanoparticles.'®?' Another well-known strategy
is the encapsulation of POMs into core/silica nanoparticles
using a reverse micelle and sol-gel technique.’”® In particular,
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the sol-gel method is a promising approach to heterogenize
POMs through occlusion of the POM into an inert matrix.
Immobilization of POMs by surfactant encapsulation has also
been recently explored to form supramolecular hybrid catalysts
by replacement of the counter cations from the POMs by

such as di-(11-
(DOHDA).* 27 In
general, diffusion restriction of the POM within the silica

quaternary ammonium cations,

hydroxyundecyl)dimethylammonium

matrix seems to be crucial to prevent POM leaching into
solution.

In the sequence of our recent studies concerning the
preparation of heterogeneous catalysts by incorporation of

POMs in distinct solid supports,'>!7 28-30

We propose a new
methodology to prepare POM based silica composite in situ in a
cross-linked organic/inorganic hybrid core in an effort to
establish a facile strategy to prepare uniform and well dispersed
POMs inside silica spheres. The catalytic core is formed by the
mono-substituted [PW,Zn(H,0)03,]>" (PW,Zn) linked to the
amine-organosilane (APTES) surrounded by a silica shell (Fig.
S1 in ESI). The resulting composite PW;;Zn-APTES @SiO, is
expected to combine advantages of molecular complexes and
reusable solids. The PW;Zn was judiciously chosen because
the application of this POM as catalyst for oxidative systems is
practically unexplored. There is only one published example of
the use of PW{;Zn as homogeneous catalyst for oxidation of
alcohols®! and, to our knowledge, only another report describes
the immobilization of PW;;Zn in a silica support material,
although anchored on the surface of amorphous silica.’® The
composite particles of PW;;Zn-APTES@SiO, were tested as
heterogeneous catalyst in two different catalytic systems using
H,O, as oxidant. The oxidation and epoxidation of olefins
originate oxygenated products of great interest.*> The second
catalytic system consists in its application in oxidative
desulfurization systems (ODS). In fact, the development of
efficient ODS systems is crucial for the production of ultra low
levels of sulfur fuels and, in general, POMs have shown to be
efficient catalysts for oxidative desulfurization. " 30 3436
However, the application of POMs based silica composites as
heterogeneous catalysts has been poorly explored for the ODS

technology.*® %7

Experimental section

Materials and methods

All the reagents used in the preparation of the POMs and the
silica composites, namely sodium tungstate dehydrate
(Aldrich), sodium hydrogen phosphate dihydrate (Aldrich), zinc
acetate dihydrate (May & Baker), nitric acid 65% (Merck),
potassium chloride (Aldrich), ethanol (Aga), tetraethoxysilane
(TEOS, Aldrich), (3-aminopropyDtriethoxysilane (APTES,
Aldrich) and ammonia 25% (Merck) were used as received.
Geraniol 98% (Aldrich), cis-cyclooctene 95% (Aldrich),
styrene 98% (Aldrich), dibenzothiophene 99% (Aldrich), 4,6-
dimethyldibenzothiophene 98% (Aldrich), acetonitrile (MeCN,
Panreac), hydrogen peroxide 30% (Riedel-de-Hden) were
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purchased from commercial suppliers and used without further
purification. Elemental analyses were performed by ICP-MS on
a Varian 820-MS at the University of Santiago de Compostela.
Infrared absorption spectra were recorded on a Jasco 460 91
Plus using KBr pellets, while the FT-Raman spectra were
recorded on a RFS-100 Bruker FT-spectrometer, equipped with
a Nd:YAG laser with an excitation wavelength of 1064 nm and
the laser power set to 350 mW. Electronic absorption spectra
were acquired on a Varian Cary 50 Bio spectrophotometer. *'P
NMR spectra were recorded on a Bruker Avance III 400 using
CD;CN as the solvent and the chemical shifts are given relative
to 85% H;PO, as external standard. Solid-state *'P MAS NMR
spectra were acquired with a 7 T (300 MHz) AVANCE III
Bruker spectrometer under a magic angle spinning of 10 kHz at
room temperature. The spectra were obtained by a solid echo
sequence with an echo delay of 15 ps, a 90° pulse of 10.5 s at
a power of 20 W, and a relaxation delay of 30 s. Potassium
phosphate (K;PO,) was used as reference. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) studies were performed at “Centro de Materiais da
Universidade do Porto” (CEMUP, Porto, Portugal) using a
scanning electron microscope JEOL JSM 6301F operating at 15
kV equipped with an energy-dispersive X-ray spectrometer
Oxford INCA Energy 350. The samples were studied as
powders and were subjected to gold sputtering before analysis.
The catalytic reactions were monitored by GC-FID performed
in a Bruker 430-GC. Hydrogen was used as the carrier gas (55
cm® s) and fused silica Supelco capillary columns SPB-5 (30
m x 0.25 mm i.d.; 25 pm film thickness) were used.

Synthesis and preparation of materials

Zinc-substituted polyoxotungstate. The potassium salt of
[PW,,Zn(H,0)05]> (PW,,Zn) was prepared according to a
previously described procedure.”® The POM was characterized by
UV-Vis spectroscopy, vibrational spectroscopy (FT-IR and FT-
Raman) and *'P NMR spectroscopy that allowed to positively
confirm the identity of the compound.

PW,,Zn-APTES @SiO, nanospheres. The silica nanoparticles
were prepared by adding a solution containing APTES (0.64
mmol) to a solution of PW;;Zn (0.054 mmol) in water (10 mL).
The mixture was then kept under stirring at room temperature
for 2 h. Then, ethanol (8.75 mL), TEOS (1.2 mmol) and
ammonia (1.5 mL) were slowly added under stirring to the
initial suspension. After stirring for 24 h at room temperature,
the mixture was centrifuged and the silica composites were
washed thoroughly with an ethanol/water 1:1 solution and dried
in a desiccator over silica gel. PW;Zn-APTES@SiO,: Anal.
found (%): W, 20.1; C, 9.3; N, 2.6; loading of PW{;Zn: 0.099 mmol
per 1 g and ratio of APTES/PW,,Zn = 19. Selected FT-IR (cm™):
3412, 2925, 1644, 1338, 1132, 1044, 944, 904, 798, 770, 690, 668,
618, 584, 574, 560, 542, 438. Selected FT-Raman (cm_l): 3302,
2918, 1607, 1454, 1412, 1310, 1231, 1142, 1048, 978, 959, 857,
754, 587, 500, 434.

Catalytic olefins oxidations. The oxidation reactions of cis-
cyclooctene (i), geraniol (iii) and styrene (v) (Scheme 1) were

This journal is © The Royal Society of Chemistry 2012
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carried out in MeCN, in a borosilicate 5 mL reaction vessel,
with addition of aqueous H,O, (30 wt. %), in the presence of
potassium salt of the zinc-substituted POM PW,Zn or the
composite PW,Zn-APTES@SiO,. The oxidation of geraniol
was studied at room temperature and protected from light,
whereas the oxidative reactions of cis-cyclooctene and styrene
were studied at 70 °C. In a typical experiment, the catalyst
(3 pmol of PW;Zn or 30 mg of PW,,Zn-APTES @SiO,) was
added to 1 mmol of substrate in MeCN (1.5 mL) under stirring.
The reaction was started by addition of H,O, to the reaction
mixture, 4.5 mmol for the oxidation of (iii) and (v) and 1 mmol
for the oxidation of (i). The reactions were followed by GC
analysis and stopped when a complete conversion of the
substrate was observed or when the product yields remained
constant after two successive GC analyses. At regular intervals,
an aliquot was taken directly from the reaction mixture with a
microsyringe, diluted in MeCN, centrifuged (when necessary)
and injected into the GC or GC-MS equipment for analysis of
starting materials and products. When the composite catalyst
was used, it was filtered off at the end of reactions, washed with
MeCN several times to remove the remaining substrate,
reaction products and oxidant. The recovered catalyst was dried
at room temperature overnight and reused in a new reaction
under identical experimental conditions, with readjustment of
all quantities, without changing the molar ratios and reaction
concentrations. Blank reactions were performed for all
substrates, confirming that no oxidation products are obtained
unless the catalyst and H,O, are present.

Catalytic oxidative desulfurization process (ODS). The
oxidative desulfurization studies were performed using a model
oil containing dibenzothiophene (DBT, ix in Scheme 1) and
4,6-dimethyldibenzothiophene (4,6-DMDBT, x in Scheme 1) in
n-octane as the representative refractory sulfur-compounds in
diesel. The ODS experiments were carried out under air
(atmospheric pressure) in a closed borosilicate 5 mL reaction
vessel, equipped with a magnetic stirrer and immersed in a
thermostatically controlled liquid paraffin bath at 50 °C. The
ODS studies were performed using the heterogeneous catalyst
PW,,Zn-APTES@SiO, in a biphasic system formed by the
model oil and MeCN. In a typical catalytic reaction, 30 mg of
PW,,Zn-APTES @SiO, (containing the equivalent of 3 pmol of
PW,,Zn) were added to 0.75 mL of MeCN and 0.75 mL of
model oil. This mixture was stirred for 10 min until the initial
extraction equilibrium was reached. An aliquot from the upper
oil phase was taken. The catalytic reaction was initiated by the
addition of the oxidant H,O, (75 puL). The DBT and the 4,6-
DMDBT contents in the model oil were quantified periodically
by GC analysis using tetradecane as standard. At the end of
each ODS process the heterogeneous catalyst PW;,Zn-
APTES@SiO, was recovered by filtration, washed several
times with MeCN, dried at room temperature overnight and
then reused in a new ODS cycle under the same reaction
conditions as before.

This journal is © The Royal Society of Chemistry 2012
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Scheme 1 Chemical structure of the substrates investigated and their
respective oxidation products.

Results and discussion

Catalyst characterization

The PW,,Zn-APTES@SiO, composite was prepared through
the initial formation of a cross-linked organic/inorganic hybrid
core and the subsequent formation of a silica shell by the
alkaline hydrolysis of TEOS. The POM-containing silica
spheres were characterized by several characterization
techniques including vibrational spectroscopy (FT-IR and FT-
Raman), solid-state *'P and '*C CP/MAS NMR spectroscopy,
elemental analysis, scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS). The vibrational
spectroscopy data of the composite material is exhibited in Fig.
1. The FT-IR spectrum of PW;Zn-APTES @SiO, exhibits the
main bands associated with the silica framework stretches,
namely the intense band located at 1044 cm™ assigned to the
v,5(Si-O-Si) stretch, as well as the v,(Si-OH), v,(Si-O-Si) and
5(Si-O-Si) stretching modes located at 944, 798 and 438 cm’l,
respectively.®” ** These intense bands mask some of the bands
associated with the zinc phosphotungstate vibrational modes.
Nevertheless, comparing the spectrum of the composite with
the typical bands of silica frameworks, it is possible to observe
the presence of two bands located at 904 (sh.) and 770 cm’! that
should correspond to the v, (W-O,-O) and v, (W-O.-0O)
stretches of the POM, respectively.® *' The presence of the
POM in the composite is more evident in the FT-Raman
spectrum since the intense silica bands that overlap and mask
the POM bands in FT-IR are less active in Raman.?* The FT-
Raman spectrum of the PW;;Zn-APTES@SiO, is mainly
composed by some of the typical POM stretching modes,

namely the Vas(P'Oa)a Vas(w'od)a Vs(w'od) and Vas(w'ob'o)

J. Name., 2012, 00, 1-3 | 3



Dalton Transactions

1048, 978, 959 and 857 cm’,
respectively.'> *! A small shift to lower wavelengths relative to
the isolated POM is observed, especially in the bands assigned
to the v(W-Oy) stretches, probably due to the interaction
between the POM and the support as previously reported.'” #?
The FT-Raman spectrum also exhibits some bands assigned to
the APTES modes, including a broad band located at
approximately 2918 cm’! assigned to the v,(C-H) and v{(C-H)
stretching, the bands at 1454 and 1412 cm™ arising from the
CHj; scissoring and CN stretch, respectively, and a band at 1310
cm! from the w(C-C) stretching.“’ 4 The vibrational
spectroscopy results obtained for the PW;,Zn-APTES @SiO,
composite are in good agreement with the values described in
the literature for transition-metal substituted POMs
immobilized in silica matrices.'” *?

vibrations located at

A

PW, Zn-APTES@SIO,-ac

PW, Zn-APTES@SIO,

PW_ Zn

| PRI LU [ Sy [ ) S [ [ |
2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

PW_Zn-APTES@SiO,-ac

PW, Zn-APTES@SIO,

PW, Zn

== v 7t 7 -0 %77 ]
2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Fig. 1 FT-IR (A) and FT-Raman (B) of PW,Zn, and the POM-containing
silica nanospheres before, PW,Zn-APTES @SiO,, and after catalysis (ac),
PW,,Zn-APTES @SiO;-ac.
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The amount of PW;;Zn per gram of composite (0.099
mmol) was quantified by elementary analysis. The amount of
APTES was also calculated to be 1.9 mmol, what indicate the
presence of a high excess of APTES compared with PW,Zn in
the hybrid core of silica particles (ratio APTES/PW,Zn = 19).

The presence and structural integrity of the POM in the
silica matrix was also evaluated by *'P solid-state NMR
spectroscopy. Fig. 2 exhibits the *'P MAS NMR spectra of
PWZn and PW,;Zn-APTES @SiO, composite. The spectrum
of PW,Zn exhibits a main peak at -14.55 ppm and two smaller
peaks at -13.25 and -16.02 ppm. The main peak is assigned to
the PW{,Zn units while the smaller ones may result from
different degrees of hydration of the same units since the *'P
MAS NMR signals of heteropolyanions are known to be very
sensitive to the hydration effect.*> * A fourth peak is also
observed in the spectrum (6 = -11.40 ppm) with even smaller
intensity than the previous ones and that should correspond to a
small amount of [PW;,O3]” anions formed during the
synthesis of PW, \Zn. >4

After the incorporation in the silica matrix, the *'P MAS
NMR studies indicate that PW,;Zn is distributed over two
different environments, one with the typical two peaks at -11.55
and -13.00 ppm (similar to free PW;;Zn, and a second
environment with broad peak centred at -1.05 ppm. This latter
peak is typical of  silica-supported Keggin-type
phosphometalate anions.** > 46 *® The down-field shift relative
to isolated POMs is a result of the deshielding effect on the
phosphorous atoms.*® The broadness of the peak is due to the
different orientations of PW;Zn units within the silica matrix,
leading to slightly different around the
phosphorous atoms and a larger dispersion of the *'P signal.
Moreover, integration of *'P signals shows that the support-
interacting PW{,Zn units are the predominant species in the
composite material.

environments

PW, Zn-APTES@SiO,-ac

PW, Zn-APTES@SIO,

PW, Zn

40 20 0 20 40
3 (ppm)
Fig. 2 3'p MAS NMR spectra of PW;Zn, and the silica-based composite

before, PW,,Zn-APTES @SiO,, and after catalysis,
PW1 1ZH-APTES@Si02-aC.

This journal is © The Royal Society of Chemistry 2012
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The PW,Zn-APTES @SiO, composite was also studied by
BC CP/MAS NMR spectroscopy. The spectrum of the
composite before catalytic use (Fig. 3) exhibits three peaks
located at 43, 22 and 10 ppm. The peaks are assigned to the C3,
C2 and C1 carbon atoms, respectively, of the aminopropyl
group.* and indicate that these groups remain intact in the final
composite material.®® Moreover, the absence of '*C signals
from the ethoxy carbons (ca. 18 and 60 ppm) points out to the
practically complete hydrolysis and/or condensation reactions
of APTES.**>! The '*C CP/MAS results are in good agreement
with the values reported in the literature for APTES in siliceous
supports.>

czugo\ 1 3
o817 N N,
C,HsO' “

PW, Zn-APTES@SiO,-ac

PW, Zn-APTES@SIO,

60 40 20 0 -20 -40
Wavenumber (cm™)

Fig. 3 °C CP/MAS NMR spectra of the PW,Zn-APTES @SiO, before and
after catalysis (ac); inset shows the chemical structure of APTES with
carbon numbering of the aminopropyl group.

The morphology and chemical composition of the PW;;Zn-
APTES@SiO, was studied by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS). SEM
images (Fig. 4) show that the composite material is composed
by uniformly dispersed silica nanospheres with approximately
350 nm in diameter, and EDS confirms the presence of PW{;Zn
in the silica nanospheres. In addition to the intense peak of
silicon, EDS
phosphorous, tungsten and zinc that constitute the POM.

spectrum clearly indicates the presence of

Catalytic olefins oxidation

The oxidation of cyclooctene (i), geraniol (iii) and styrene (v)
was performed using the heterogeneous catalyst PW;;Zn-
APTES @SiO, that was prepared by the immobilization of the
active center PW,Zn using a cross/linked organic inorganic
core (the organosilane APTES and the POM PW,;Zn). The
catalytic studies were carried out with H,O, as oxidant and
MeCN as solvent. In the absence of catalyst there was no
conversion for the oxidation of the substrates studied.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 SEM images of PW,Zn-APTES@SiO, (a) before and (c) after
catalysis and the corresponding EDS spectra (b, d).

The three distinct substrates were selected to evaluate the
catalytic performance of the new composite PW;;Zn-
APTES@SiO, and its efficiency was compared with the
homogeneous catalyst PW,Zn. Fig. 5 displays the conversion
data obtained for the oxidation of the various substrates after 24
h. It can be observed that the heterogeneous PW;;Zn-
APTES @SiO, presents similar or even higher catalytic activity
than the homogeneous PW;Zn. Furthermore, the kinetic profile
of the homogeneous and heterogeneous catalysts were
compared and are presented in Fig. S2 in ESI for the oxidation
of cyclooctene and in Fig. 6 for the oxidation of geraniol and
styrene. A complete conversion was achieved in the presence of
the composite after 24 h of reaction for the oxidation of styrene
and geraniol. It is possible to observe that for geraniol oxidation
the composite shows a better activity from the first minutes of
reaction. In fact, after 10 min the conversion for geraniol
oxidation was 72 % in the presence of the composite and 27%
in the presence of the homogeneous PW;,Zn. Only after 6 h of
reaction, similar conversion data was achieved using the
PW/,Zn and the composite (93% for PW;;Zn and 99% for the
composite). The kinetic profiles for styrene oxidation (Fig. 6)
demonstrates that the catalytic activity between PW;Zn and the
composite PW{;Zn-APTES @SiO, is similar in the first 6 h of
reaction and a significant superior conversion was achieved
using the heterogeneous catalyst after 24 h (100% for the
composite and 77% using the homogeneous PW;,Zn). The
increased catalytic activity found for the composite compared
with the homogeneous in the presence of an excess of H,O,
oxidant is probably due to the higher stability of the active
center PW;;Zn promoted by its encapsulation in silica
nanoparticles. For the oxidation of cyclooctene an equal molar
amount of substrate/oxidant was used and in this case a similar
activity between homogeneous and heterogeneous catalysts was

only achieved after 24 h (79% for the composite and 74% for

J. Name., 2012, 00, 1-3 | 5
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PW,,Zn, Fig. S2 in ESI) and only 1,2-epoxycyclooctane (ii in
scheme 1) was formed. The stability of the homogeneous
PW,,Zn at the end of reaction was investigated by *'P NMR
and two single peaks were found at 4.3 and -10.5 ppm (Fig. S3
in ESI). The peak at -10.5 ppm corresponds to PW;Zn in
CD;CN solution as presented in Figure S3 and the peak at 4.3
ppm can be identified as the Venturello complex by comparison
with literature data.” 3* This last peroxocomplex must be the
catalytic active species.

100 -
80 -

=

T 60 -

(<]

[

g 407

c

o

© 20
0

Cyclooctene Geraniol Styrene

B PW,,Zn ® PW,,Zn-APTES@SIO,

Fig. 5 Conversion data obtained for the oxidation of different substrates
after 24 h of reaction using the homogeneous PW;Zn and the heterogeneous
PW,,Zn-APTES @SiO; catalyst.

100 - -2
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~ 80 A
z !
2
>
§ 60 A
c
o
g, 40 A
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2 20
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N0 . . . . . .
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100 -
& 80 -
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2
® 60 -
[
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o 40 4
2 —e— PW,,Zn-APTES@SiO,
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52 —&— PWy,Zn
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0 . . : : ,
0 4 8 12 16 20 24
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Fig. 6 Comparison of kinetic profiles for the oxidation of geraniol (top) and
styrene (bottom), between the homogeneous (open symbols) and
heterogeneous (solid symbols) catalysts, using H,O» as oxidant and MeCN
as solvent.
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Geraniol (iii) is an allylic alcohol that offers several
possible positions for oxidative attack, namely at the two
double bonds, at the allylic carbon centers and at the carbon of
the CH,OH group. However, the oxidation of this substrate
catalyzed by PW;Zn and the composite with H,O, at room
temperature only forms the 2,3-epoxygeraniol (iv in Scheme 1).
Few recent works have been published reporting the
epoxidation of geraniol using similar experimental conditions
to this work, by various heterogeneous catalysts based on
POMs immobilized onto mesoporous silica materials
functionalized with amine groups.'™ '” In these cases, complete
epoxidation of geraniol was achieved only after 24 h of reaction
for the best catalysts and in the presence of mono-substituted
silicotungstates induction periods of several hours were found.
Higher catalytic performance was found using iron-substituted
phosphotungstates encapsulated into silica nanoparticles and in
this case 96% of conversion was achieved after 3 h of reaction;
however, three different products were produced.”> Most of the
work that has been published for the oxidation of geraniol
catalyzed by Keggin type POMs was for homogeneous
systems. For metal mono-substituted phosphotungstates and
borotungstate selective oxidation of geraniol to 2,3-
epoxygeraniol reported under similar experimental
conditions used in this work.'* 2> 5 However, in the presence
of PW,Zn-APTES @SiO, catalyst was obtained better catalytic
performance and higher selectivity for less reaction time.

For styrene oxidation catalyzed by the homogeneous
PWZn or the composite PW;,Zn-APTES@SiO,, the only
product formed in the first 6 h of reaction was the benzaldehyde
(vi in Scheme 1); however, after 24 h, 2-hydroxy-1-
phenylethanone (viii) was also formed in the presence of both
catalysts. In addition, using the composite, benzoic acid (vii)
was also formed in a minor amount. Table 1 shows the product
distribution and the catalytic performance obtained for styrene
oxidation after 24 h of reaction in the presence of the
homogeneous and heterogeneous catalysts. The oxidation of

was

styrene to benzaldehyde with H,O, catalyzed by
polyoxotungstates is already well documented in the
literature.’*® The mechanism proceeds initially by the

interaction of H,O, with the POM, generating active species,
which may be hydroperoxo or bridging peroxo species. Then,
styrene binds to one of the metal-peroxo bonds to produce a
peroxometallocycle, and in the next step styrene oxide is
formed. A further nucleophilic attack of H,O, on the styrene
oxide originates benzaldehyde.’® *® The formation of benzoic
acid from oxidation of benzaldehyde is well documented.®®
Recently, our research group also observed the formation of 2-
hydroxy-1-phenylethanone in similar experimental conditions,
and it was confirmed that it is originated from the oxidation of
styrene oxide. The formation of styrene oxide was not observed
in the present work probably due to its fast oxidation in the
presence of excess of H,0,.°' Some reports can be found in the
literature for the oxidation of styrene using heterogeneous
catalysts based in POMs immobilized in solid supports.'! 3 6*
% Hu er al. reported the preparation of heterogeneous catalysts
obtained through the impregnation of transition metal-
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monosubstituted Keggin-type POMs (XMW, ,039; X = P, Si
and M = Co, Ni, Cu, Mn) in Schiff-base modified SBA-15.%
The oxidation of styrene was also performed with H,O, as the
oxidant and MeCN as the solvent, although the highest
conversion value was only 57% after 12 h of reaction,
significantly lower than the catalytic results presented in this
work. Patel and co-workers describe the catalytic oxidation of
styrene in the presence of zirconia-supported POMs, in which,
despite a complete conversion of styrene, the necessary reaction
times are much longer than those found in the present work.

Table 1 The selectivity of the various products obtained from styrene oxidation
catalyzed by PW;,Zn and PW,Zn-APTES @SiO; after 24 h of reaction.

Selectivity (%) Conversion
vi vii viii (%)
PWZn 80 0 20 20
PWHZH-APTES @ SiOz
1* cycle 54 31 15 100
2" cycle 75 11 14 67
3"cycle 71 21 8 96

The recyclability of PW{,Zn-APTES @SiO, was studied for
the cases where the heterogeneous catalyst showed similar or
even higher performance than the homogeneous PW,,Zn, i.e.
geraniol and styrene oxidation. The composite was recovered
from the reaction mixture by centrifugation, washed several
times with MeCN and dried at room temperature to be used in a
fresh reaction under identical experimental conditions (using
the same ratio of catalyst : substrate : oxidant : solvent). Fig. 7
shows the reusability of the composite for the oxidation of both
substrates. For the oxidation of geraniol no loss of activity was
noticed between the consecutive cycles. For styrene oxidation,
a small decrease of activity was noticed from the first to the
second cycle; however, the activity is then enhanced for the
third cycle. Some difference of selectivity for the various
products formed could also be observed between the different
catalytic cycles (Table 1). Higher selectivity for benzaldehyde
is achieved during the second and the third cycles.

100

80

Conversion (%)

20

Geraniol Styrene

m 1stcycle m 2Mcycle 3 cycle

Fig. 7 Activity data obtained for the oxidation of geraniol and styrene after
24 h of reaction when catalysed by the heterogeneous PW,,Zn-
APTES @SiO, for three consecutive cycles.
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Oxidative desulfurization process (ODS)

The efficiency of PW;Zn-APTES@SiO, as heterogeneous
catalyst for oxidative desulfurization process (ODS) was
investigated using a model oil containing dibenzothiophene
(DBT, ix in Scheme 1) and 4,6- dimetyldibenzothiophene (4,6-
DMDBT, x in Scheme 1). These ODS studies were performed
in a biphasic system formed by equal amount of model oil and
MeCN used as extracting solvent. The ODS process of the
model oil occurred in two distinct stages. The first corresponds
to the initial extraction of the DBT and 4,6-DMDBT from the
oil to the solvent by stirring the biphasic system for 10 min at
50 °C. After the initial extraction equilibrium has been reached,
the second step corresponds to the catalytic stage and it is
started by the addition of the oxidant H,O,. In this stage, the
sulfur refractory compounds (DBT and 4,6-DMDBT) were
oxidized into sulfoxides and/or sulfones. These products remain
in the MeCN phase since they are much more soluble in this
organic polar phase than in the model oil. A blank reaction was
performed using the same model oil and the same experimental
conditions but in the absence of the catalyst PW;,Zn-
APTES @SiO,. In this case no oxidation of DBT or 4,6-
DMDBT was detected.

Fig. 8 shows the results obtained for the desulfurization
process of DBT and 4,6-DMDBT. For DBT the main extraction
occurred in the initial extraction step, before addition of H,O,.
After 10 min of stirring at 50 °C, 84% of the initial DBT in the
model oil was extracted into the MeCN phase. A lower
extraction yield (38%) was observed for 4,6-DMDBT. This
distinct behavior between the two sulfur compounds can be
caused by the higher solubility of the DBT in the MeCN and
also by the steric hindrance of the methyl groups in 4 and 6
positions of 4,6-DMDBT that is expected to have a slower
diffusion rate and thus a slower extraction.

After the addition of H,0,, the oxidation of DBT and 4,6-
DMDBT occurred in the presence of PW{,Zn-APTES @SiO,,
probably in the MeCN phase since sulfones or sulfoxides were
not detected in the oil phase. The consumption of non-oxidized
DBT and 4,6-DMDBT in the extracting solvent leads to a
continuous transfer of these compounds from the oil phase to
the extracting phase. The desulfurization curves displayed in
Fig. 7 demonstrate that after the addition of the oxidant, there is
an induction period in the first 2 h. This behavior must be
related with the mechanism of the ODS process, possibly with
the formation of active catalytic species by interaction of the
oxidant with the terminal bonds WY'=0 or with the substituted
Zn-OH, (water behave as a labile ligand). This first step
generates peroxo species that can then oxidize the sulfur
compounds into sulfones and/or sulfoxides.®*® After 2 h, the
efficiency of the ODS process catalyzed by PW;,Zn-
APTES @Si0, increases and a fast desulfurization is observed
for DBT and 4,6-DMDBT. In fact, after 3 h, the model oil
contained only 10 ppm of DBT and 56 ppm of 4,6-DMDBT.
The oxidation of this last sulfur compound seems to be more
difficult, possibly because its extraction from the model oil is
slower than for DBT. This is corroborated by previous reports
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of a lower reactivity for the oxidation of 4,6-DMDBT than
DBT. The difference in reactivity has been explained by the
steric hindrance caused by the methyl groups in 4,6-DMDBT,
hindering the interaction of this sulfur compound with active
catalytic species and the oxidant.®*””> Complete desulfurization
of DBT was achieved after 4 h, while 4,6-DMDBT is near
totally removed from oil after 5 h (Fig. 8).

oom !
b 1
= ['!m
9 : ;
< 80 U a --#--DBT
° e
c il W el |
£ olm = 46-DMDBT
5 i 8
o (4] -,
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g 209 4 \\ .
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00" 1,0 2,0 3,0 40 5,0
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Fig. 8 Desulfurization of substrates showing the initial extraction stage
(before the dashed line) and the catalytic stage (after the dashed line), at 50
°C.

The PW,,Zn-APTES @SiO,
investigated for three consecutive ODS cycles. The solid
catalyst was recovered after each ODS cycle by simple
filtration followed by washing with MeCN, drying at room
temperature, and then reutilization in a new ODS system in the
same experimental conditions. Fig. 9 displays the kinetic profile
of DBT desulfurization for the three consecutive cycles. It is
possible to observe that the highest extraction of DBT from oil
in consecutive cycles occurred during the initial extraction step.
However, comparing the catalytic stage of the three ODS cycles
it is possible to notice that the induction period is only observed
during the first cycle and a complete desulfurization of DBT is
rapidly achieved for the consecutive cycles. In fact, the kinetic
profile for DBT desulfurization is similar for the consecutive
cycles and complete extraction of DBT is achieved after 2 h,
instead of the 3 h necessary during the first ODS cycle (Fig. 9).

recyclability of the was

100 1

fe:
(=3

60

—o— 1stcycle

—&— 2 cycle
20 | 3rd cycle

Leaching test

DBT desulfurization (%)

0.0 1.0 20 3.0 4.0
Time (h)
Fig. 9 Kinetic profile for DBT desulfurization for three consecutive ODS
cycles, at 50 °C.
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Fig. 10 presents the desulfurization of 4,6-DMDBT for the
different ODS cycles at various reaction times. Also for this
sulfur compound, the induction period observed during the first
ODS cycle is not observed for the remaining cycles. Higher
desulfurization is observed for 1, 2 and 3 h of reaction during
the second and the third cycles, indicating that the catalyst is
more active after the first cycle. This is probably explained by
some modification of the initial composite into a more active
catalytic composite during the induction period of the first
cycle. Apparently, this new active form is stable to washing and
drying of the catalyst, so no further induction period occurs in
subsequent cycles.
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Fig. 10 Desulfurization data obtained for 4,6-DMDBT for three consecutive
ODS cycles, at 50 °C.

Catalyst materials stability

The structural stability of the PW;,Zn-

APTES @SiO, composite was evaluated by several techniques.

integrity and

The catalyst was recovered after a ODS catalytic cycle
(PW{,Zn-APTES @Si0,-ac, where ac stands for after catalysis)
and studied by vibrational spectroscopy (FT-IR and FT-
Raman), elemental analyses, 3'p MAS NMR and SEM/EDS.
The vibrational spectroscopy data of the composite after
catalysis (Fig. 1) still exhibit the main bands associated with the
PW/Zn stretching modes together with the bands assigned to
the silica framework (in FT-IR) and APTES (in FT-Raman). A
decrease in the intensity of the bands associated with the POM
stretches is observed, which should be due to some leaching
that may have occurred. This is more evident in the FT-Raman
spectrum, where the relative intensity of the peaks associated
with v, (W-Oy) and vy(W-O,) vibrations is reduced after
catalytic use. The elemental analysis results of PW;;Zn-
APTES @SiO,-ac indicate a POM loading of 0.093 mmol per 1
g of material. Such a value represents a leaching of only 6% of
PW,,Zn after the ODS cycle. To investigate the identity of the
leached species, the *'P NMR analysis was performed using the
resulting solution after catalytic use. This liquid NMR spectrum
is presented in Fig. S3 in ESI and no phosphorus signal was
detected. Furthermore, the catalytic activity of the leached
species was investigated by removing the solid catalyst after the
first hour of reaction and following the ODS system until 4 h.

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 shows that no catalytic desulfurization was achieved in
the absence of the solid. This result indicates that the 0.17 pmol
of the leached species are not catalytic active and do not present
phosphorous in their structure.

Analyzing the solid catalyst PW;,Zn-APTES @SiO,-ac
after the 4 h of ODS use by *'P MAS NMR (Fig. 2), the
spectrum exhibits a single broad peak centred at 0.04 ppm.
After catalysis, the PW{;Zn molecules seem to be distributed in
a single chemical environment. As previously discussed, this
environment should correspond to PW;;Zn units interacting
with the inner silica surface. The >'P MAS NMR results suggest
that the PW;;Zn fragments that were in more central positions
and experiencing less interactions with silica (hence with
similar chemical shifts to the “free” PW,,Zn) have been
displaced to positions closer to the inner silica interface after
the ODS cycle. The '*C CP/MAS NMR spectrum of the
composite after catalytic use (Fig. 3) presents three main peaks
assigned to the C3 (43 ppm), C2 (21 ppm) and C1 (9 ppm)
carbon atoms of the aminopropyl group. The chemical shifts are
nearly identical with the ones before catalysis, suggesting that
the structure of the aminopropyl groups of APTES remains
essentially unaffected after catalytic use. The smaller peaks
observed in the spectrum are most likely due to the presence of
solvent molecules (MeCN) along with DBT and 4,6-DMDBT
oxidation products. The integrity of the composite was also
evaluated by SEM/EDS (Fig. 4). The SEM images of PW,Zn-
APTES@SiO,-ac show that no significant changes in the
morphology was observed after catalysis. The EDS spectra
before and after catalysis display identical profiles, indicating
the existence of P, W and Zn from the POM, in addition to
silicon from the silica matrix and APTES.

Conclusions

A novel silica nanoparticles incorporating [PW,Zn(H,0)O3]>
were successfully prepared by the initial formation of a cross-
linked the
polyoxometalate and an amine-organosilane, followed by the
formation of a silica shell through the hydrolysis of TEOS. The
obtained PW;Zn-APTES@SiO, was characterized by several
techniques, namely vibrational spectroscopy (FT-IR and FT-
Raman), *'P MAS NMR spectroscopy, SEM and EDS. The
results show that the material is formed by uniform silica

organic-inorganic  core = composed by

nanoscale spheres with approximately 350 nm in diameter and
containing the POM/APTES hybrid dispersed in the silica
matrix. The nanocomposite presented to be a versatile and
robust heterogeneous catalyst for the oxidation of various
olefins and also for the oxidative desulfurization of a model oil,
using H,0, as the oxidant and MeCN as The
the the
and homogeneous catalysts show that, in

solvent.

comparison between catalytic performance of
heterogeneous
general, the incorporation of the POM in the silica spheres has
led to an enhancement of the catalytic activity. The stability and
robustness of the heterogeneous catalyst could be confirmed by

different catalytic tests and several characterization techniques.

This journal is © The Royal Society of Chemistry 2012

Dalton Transactions

Following the promising results obtained in this work, other
novel POM-supported silica composites will be prepared by the
method herein described and tested in catalytic oxidations.
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