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oxidation†
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and Liliana Pierellaa

Alkaline ANbO3 (A ¼ Li, Na, K) niobates with perovskite-type structure were prepared by a sol gel method,

characterized by XRD, BET, TG/DTA, O2-TPD, DRS UV-Vis and FTIR and evaluated as heterogeneous

catalysts for the selective oxidation of dipropyl sulfide (DPS) to its corresponding sulfoxide. The effects of

different reaction parameters were evaluated, such as catalyst weight, the solvent and oxidant nature,

reaction temperature and reuse. In order to gain better knowledge of the oxidation process, a kinetic study

of the reaction was carried out. The global pseudo first order constant, the initial reaction rate and the

apparent activation energy were calculated, and simplified reaction steps are proposed. KNbO3 showed the

highest catalytic activity and sulfoxide selectivity with a periodic trend of KNbO3 > NaNbO3 � LiNbO3.
1. Introduction

Perovskites are interesting inorganic structures, whose general
chemical formula is typically ABX3, where A and B are cations of
dissimilar sizes (the larger A-site usually is a rare earth metal
and the B-site a rst row transition metal) and X is an anion
binding to both. Although this general formula is relatively
simple, it hides an exceptional diversity of atomic arrange-
ments. When X anion is oxygen, these materials are called
oxide perovskites and have been actively studied for their ferro-
electric, magnetic, piezoelectric, magnetoresistive and super-
conductive properties.1 For alkaline metals in the A-site, the
charge balance to meet the perovskite structure is satised with
vanadium(V) and niobium(V) at the B-site.2 Lithium niobate
(LiNbO3), sodium niobate (NaNbO3) and potassium niobate
(KNbO3), well-known as alkaline niobates, have been reported
with interesting applications such as piezoelectricity, pyro-
electricity, electro-optic, and nonlinear optical behavior.3

Moreover, interesting catalytic properties have also been re-
ported,4,5 closely related to the atomic number of the metal.6,7

Lithium niobate is a well-known and transparent semi-
conductor with important technological applications mainly in
solid-state based optical devices, such as optical modulators, in
either bulk or nanostructured forms.6,8 Potassium niobate has
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also been widely reported as an interesting material for optical
and photocatalytic applications.9 Moreover, KNbO3 and
NaNbO3 have been identied as promising alternatives to
currently used piezoelectric ceramics, mainly based on lead
zirconate titanate. However, their use or the use of other
niobates as catalysts in the selective oxidation of suldes has
been scarcely reported in literature.10,11 It have been reported in
literature for sulfoxidation reactions employing mild oxidizing
agents, the use of homogeneous catalyst, such as HAuCl4-
$4H2O,12 Mo(VI) salts,13 and heterogeneous catalysts, such
as, MoO3;14 dioxo-molybdenum(VI) complex;15 heterogeneous
TiO2;16 tantalum(V) and niobium(V);17 composite oxide catalyst
LiNbMoO6,18 among others.

The chemistry of organic sulfur-containing compounds has
been widely reported due to presence of sulfoxides and other
sulfur compounds as important intermediates in several phar-
maceutical and ne chemistry reactions.19,20 The well-known
omeprazole medicine and the pronil pesticide are, among
others, two typical examples of the extensive applications of
these intermediates.21,22 Sulfoxides are generally prepared via
oxidation of the corresponding suldes using stoichiometric
amounts of organic23,24 or inorganic reagents.25,26 Sulde oxida-
tion does not only have applications in sulfoxide or sulfone
synthesis, since they can also be harnessed in decontamination
processes, as sulfoxides are less toxic than the corresponding
suldes.27 Most of these experimental procedures are expensive,
require drastic conditions, extended reaction times and low
yields of the desired products are obtained. The use of “green
oxidants” such as molecular oxygen or hydrogen peroxide in the
sulde to sulfoxide reaction is a very attractive, as these oxidants
are readily available, inexpensive and environmentally benign
with the formation of water as the only by-product.
RSC Adv., 2016, 6, 102015–102022 | 102015
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This oxidation reaction employing hydrogen peroxide as
oxidant has been shown to be one of themost attractivemethods;
however, the reaction rates are slow, therefore, to improve on this
method, further studies have been undertaken.28–30

In light of the above, we hypothesize that with the advantages
of the perovskite-type structure of alkaline niobates, it would be
possible to obtain active heterogeneous catalysts for sulde
oxidation. To better understand the different activities of the
alkaline niobates and to identify the key-parameters involved in
the catalytic oxidation of suldes employing alkaline niobates
with the perovskite structure, we present in this article Li, Na and
K niobates that have been prepared, characterized and evaluated
for the selective oxidation of dipropyl sulde. The global pseudo
rst order constant, the initial reaction rate and the apparent
activation energy are also determined.
2. Experimental
2.1. Alkaline niobates synthesis

Alkaline niobates (LiNbO3, NaNbO3 and KNbO3) were prepared
following the procedure reported by Wang et al.,31 employing the
corresponding alkaline acetates, hydrogen peroxide (H2O2) and
citric acid as starting materials. An aqueous solution of the alka-
line acetate was mixed at room temperature with a stoichiometric
amount of NbCl5 previously dissolved in H2O2 under constant
stirring. Citric acid was added under constant stirring in a molar
ratio of 3 of citric acid to metal cations. The solution was further
heated to 80 �C until gels were formed. Finally, the gels were dried
at 60 �C for 15 h and then were calcined at 600 �C for 10 h.
Fig. 1 X-ray diffraction patterns of ANbO3 (A ¼ Li, Na, K) niobates.
2.2. Characterization

X-ray powder diffraction (XRD) patterns were obtained employ-
ing a Rigaku diffractometer with Ni-ltered CuKa radiation (l ¼
1.5418 Å). Specic areas were determined using the BET method
from the nitrogen adsorption isotherms at 77 K on a Micro-
meritics apparatus model ASAP 2010. The differential thermog-
ravimetry (DTA/TG) experiments of the solids were carried out
using a Netzsch 409 PC equipment. The thermogravimetric
analyses were performed in a 11% O2/He gas mixture using
a constant sample weight of 40 mg for all experiments. The
studied temperature range was 20–1000 �C. Temperature-
programmed desorption of oxygen (O2-TPD) experiments were
performed in a TPR/TPD 2900 Micromeritics system with
a thermal conductivity detector. The samples were exposed to
oxygen for 1 h at 700 �C and then, were cooled at 20 �C. The
atmosphere was changed to a helium ow and the sample was
heated at a constant rate of 10 �C min�1, and the desorbed
oxygen was monitored with a thermal conductivity detector. The
oxygen desorbed TPD-MS experiments conrm that the evolved
gas and the helium ow only contain oxygen. The diffuse
reectance spectra (DRS UV-Vis) of the materials were recorded
using a UV-visible JASCO V 650 spectrophotometer, to which
a diffuse reectance chamber with a 50mmdiameter integrating
sphere and internal Spectralon coating is attached, in the 200–
800 nm wavelength range. Fourier-transform IR spectra (FTIR)
were recorded in a Nicolet Magna-IR 550 instrument equipped
102016 | RSC Adv., 2016, 6, 102015–102022
with a quartz sample holder with KBr windows. The niobates
were mixed with KBr to obtain a niobate–KBr ratio of 1/150.

2.3. Catalytic activity

The catalytic selective oxidation of dipropyl sulde (DPS) (97%,
Sigma-Aldrich) was carried out in a glass ask reactor (25 cm3)
with magnetic stirring immersed in a thermostated bath,
equipped with a reux condenser using a substrate/oxidant
molar ratio (R) of 1. The catalytic tests were performed by
evaluating different reaction conditions such as: reaction
temperature, weight of catalyst, nature of the oxidizing agent
(H2O2 and tert-butyl hydroperoxide) and nature of the solvent
(acetonitrile (99.5%, Cicarelli), acetone (analytical grade,
Aldrich), 2-propanol (99.5%, Aldrich), methanol (99.5%, Cicar-
elli), ethanol (99.5%, Cicarelli), 2-butanol (99.5%, Merck) and
n-hexane (97%, Riedel de Haën)). Blanck experiments were
carried out under the same reaction conditions but without
catalyst in the reaction mixture. The reactions were monitored
by taking aliquots of the reaction mixture at different reaction
times. Prior to analysis, the catalyst was separated by ltration.
Organic compounds were analyzed quantitatively by gas chro-
matography (Hewlett Packard HP-5890) with a methyl silicone
capillary column (30 m � 0.32 mm i.d.) and a ame ionization
detector (FID) and qualitatively by mass spectrometry GC-Mass
(Shimadzu QP 5050 GC-17 A) using a HP-S (25 m � 0.2 mm i.d.)
capillary column.

3. Results and discussion
3.1. Characterization

In order to identify crystalline phases in the synthesized mate-
rials, the X-ray diffraction patterns of the prepared materials are
shown in Fig. 1. A rhombohedral structure with hexagonal axis
(JCPDS 20-631) for LiNbO3 (ref. 32) can be observed, and for
KNbO3, an orthorhombic perovskite-type structure (JCPDS
32-822) is noted with presence of K2Nb16O41 (JCPDS 14-287)33

as segregated phase. On the other hand, for NaNbO3 the
This journal is © The Royal Society of Chemistry 2016
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diffraction prole corresponds to a single-phase orthorhombic
perovskite-type structure (JCPDS 82-606).34

For the main phase in each sample, the crystallite size was
determined by the Scherrer's formula (d ¼ Kl/B cos q), where
d is the average size of the particles (considering spherical
particles), K is a dimensionless shape factor with a value of 0.9, l
is the wavelength of X-ray radiation, B is the full width at half
maximum of the diffracted peak and q is the angle of diffrac-
tion. The obtained results, using the 2q value of 42.5� (LiNbO3)
and 58� (NaNbO3 and KNbO3) to calculate the crystallite size,
are presented in Table 1. As it can be observed, lower and
similar crystal sizes were obtained for NaNbO3 and KNbO3 and
larger value for LiNbO3.

In Table 1 it is also reported the crystalline phases and the
surface area obtained from nitrogen desorption isotherms. The
lower SBET values show not a clear trend and are the expected
values for these types of crystalline structures.35,36

Fig. 2 shows the TG/DTG proles of the prepared niobates
from 25 �C to 650 �C. Although they were performed up to
Table 1 Specific area, detected crystalline phases and crystal size for
ANbO3 (A ¼ Li, Na, K) niobates

Catalysts
SBET
(m2 g�1)

Crystalline
phases

d
(nm)

LiNbO3 13 Hexagonal
rhombohedral

LiNbO3 40

NaNbO3 17 Orthorhombic NaNbO3 18
KNbO3 10 Orthorhombic KNbO3 K2Nb16O41 17

Fig. 2 TG/DTG profiles of: (a) LiNbO3; (b) NaNbO3; (c) KNbO3.

This journal is © The Royal Society of Chemistry 2016
1000 �C, no further changes were observed at higher tempera-
tures, indicative of the crystallization of LiNbO3, NaNbO3 and
KNbO3 structure26 also conrmed by XRD. Similar weight loss
can be observed for all samples, and to identify the evolved
products the evolution of 14, 18, 28, 32, 44 and 46 amu were
followed by mass spectrometry (MS). The rst weight loss about
3% between 30–100 �C corresponds to the removal of solvent in
the samples and the second of approximately 60% below 200 �C
to the loss of the free and bound water.37 At 340 �C corresponds
the decomposition of the metal carboxylate gels and the nal
weight loss, between 400 �C and 500 �C, is assigned to the
decomposition of residual organic groups.38

Considering that oxygen availability could improve DPS
oxidation, O2-TPD patterns of the solids were also carried out
(Fig. S1†). The alkaline niobates present only one broad oxygen
desorption peak around 60 �C that could be ascribed to oxygen
physically adsorbed on the surface.39 Physisorption implies
a weak oxygen bond to the surface, and in order to optimize this
property, the catalytic reaction temperature was xed around
this value. Due to TPD-MS experiments conrm that the evolved
gas in the He ow only contains oxygen, it was possible to
calculate the amount of oxygen desorbed for each niobate up to
200 �C from O2-TPD proles (Table 2). Thus, an increase in the
desorbed oxygen can be observed with the increase of the
atomic number; and a large amount of desorbed oxygen could
be associated with a larger catalytic activity.

The coordination geometry and the chemical arrangement of
the Nb species in the prepared niobates were evaluated by DRS
UV-Vis spectroscopy. In Fig. 3 a clear maximum excitation at
260 nm, characteristic of the intrinsic niobate group, followed
RSC Adv., 2016, 6, 102015–102022 | 102017



Table 2 Desorbed oxygen for ANbO3 (A ¼ Li, Na, K) niobates

Desorbed oxygen
(mmol m�2)

LiNbO3 0.027
NaNbO3 0.029
KNbO3 0.033

Fig. 3 DRS UV-Vis spectra of ANbO3 (A ¼ Li, Na, K) niobates.

Fig. 4 FTIR spectra of ANbO3 (A ¼ Li, Na, K) niobates.
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by a broad band at 300–400 nm can be observed. It is noticeable
that the broad peak at higher wavenumber appears as
a shoulder for KNbO3 and NaNbO3. This feature can be attrib-
uted to a slightly distorted NbO6 octahedra characteristic of
perovskite-type oxides, as it has been previously reported by
Turco et al.40 and Zhu et al.41 The difference in the DRS UV-Vis
spectra of the KNbO3 and NaNbO3 perovskite-type oxides with
regard to LiNbO3 can be explained by the differences in the Nb–
O–Nb angle within their crystalline structures. A stronger
delocalization of the electronic wave functions can be achieved
in the 180� of the Nb–O–Nb angle in the orthorhombic perov-
skite structure of KNbO3 and NaNbO3 compared to the nearly
125� of the Nb–O–Nb angle in a rhombohedral LiNbO3 structure
with a hexagonal axis.42

FTIR spectroscopy was employed to identify the nature of the
segregated species present in the alkaline niobates and to verify
the formation of the perovskite structure. The spectra of LiNbO3,
NaNbO3 and KNbO3 (Fig. 4) show a band at �600 cm�1 attrib-
uted to the vibrational mode in the edge-shared NbO6 octa-
hedra.43,44 In the case of KNbO3, a shoulder at 850 cm�1 was
assigned to an asymmetric enlargement of the B–O bond of the
octahedral BO6 structures indicative of the presence of the more
crystalline perovskite structure. The band at 1495 cm�1 corre-
sponds to the vibration of the CO3

2� groups45 and the band at
3600 cm�1 is assigned as the enlargement of the O–H bond in
water. As it can be observed, LiNbO3 has the cleanest surface
structure and KNbO3 the largest amount of segregated phases,
102018 | RSC Adv., 2016, 6, 102015–102022
identied as CO3
2� groups, also conrmed by XRD. In summary,

the FTIR characterization provides strong evidence of crystalline
phase formation for LiNbO3, NaNbO3 and KNbO3.

3.2. Catalytic activity

Table 3 shows the conversion (mol%) obtained in the catalytic
oxidation of DPS by the Li, Na and K niobates aer 60 min of
reaction time. It was observed that KNbO3 has a higher degree
of conversion followed by NaNbO3 and LiNbO3, indicating an
increase in DPS oxidation down the alkaline group. The selec-
tivity of DPS oxidation to prepare the sulfoxide (>95 mol%) is
noticeably larger for these alkaline niobates, with sulfone
(<5 mol%) as the only by-product observed. The larger catalytic
activity of KNbO3 can be related to the formation of surface
oxygen-containing complexes in nano-sized particles, as previ-
ously reported by Zhang et al.46 for K-substituted lanthanum
perovskites. According to Escalona et al.47 the highly symmetric
cubic perovskite structures, similar to the perovskite structure
with A and B-site vacancies, does not improve the catalytic
activity. The orthorhombic and rhombohedral structures are
the most appropriate structures for perovskite-type oxides, i.e.,
as catalysts in catalytic combustion reactions.47 On the other
hand, despite the different atomic number, Na and Li niobates
showed similar catalytic activity. This behavior could be
attributed to the amount of desorbed oxygen, which in both of
these niobates is similar as shown in the O2-TPD results. Ivanov
et al.48 have demonstrated that excess oxygen in the rhombo-
hedral perovskite structure enhances the availability and reac-
tivity of oxygenated species on the catalytic surface due to
weaker oxygen binding in this structure. Thus, LiNbO3 may
increase its catalytic activity due to the hexagonal rhombohe-
dral structure, as demonstrated by XRD, equaling the activity of
NaNbO3.

To obtain a better correlation of the catalytic activity with the
structural behavior of these materials, a kinetic study of the
This journal is © The Royal Society of Chemistry 2016



Table 3 Conversion, selectivity and kinetic parameters of DPS oxidation with ANbO3 (A ¼ Li, Na, K) niobatesa

Catalysts Conversion (mol%)

Selectivity (mol%)

Ea (kJ mol�1) k (10�2) (min�1) r0 (10
�3) (mol g�1 min�1)Sulfoxide Sulfone

LiNbO3 55.1 96.2 3.8 5.9 4.5 9.1
NaNbO3 55.4 96.1 3.9 5.8 3.8 7.6
KNbO3 77.1 94.9 5.1 3.0 5.5 11.0

a Reaction conditions: sulde (4.0 mmol), 35% (w/v) H2O2 (4.0 mmol). Solvent: acetonitrile. Reaction time: 60 min. Catalyst amount: 20 mg.
Temperature: 60 �C.
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oxidation of DPS was performed. The suitable t of the experi-
mental data with a pseudo rst order reaction, allowed us to
determine the global pseudo rst order constant and the initial
reaction rate. The apparent activation energy (Ea) was calculated
using the Stationary Point Method.49 The obtained values are
listed in Table 3 and in all cases the correlation coefficients were
higher than 0.9. The global constant (k) and initial reaction rate
(r0) resulted similar for the LiNbO3 and NaNbO3 which agree
with the catalytic behavior observed, and a higher value was
obtained for the KNbO3, reected in a higher nal DPS
conversion. The estimated apparent activation energy values are
much lower than those reported by Trikalitis and Pomonis50 for
perovskites in the reaction of propylene production. This
important nding also supports the potential use of these
alkaline niobates as catalysts for sulde oxidation.

To determine the optimal reaction conditions, the most
active niobate, KNbO3 was selected to evaluate different reac-
tion parameters. Firstly, the effect of the catalyst amount was
studied and the obtained results are presented in Fig. 5.

At 60 min of reaction, DPS conversion values increases
signicantly from 54.0% to 77.1% when the catalyst mass
increases from 10 to 20 mg. An increased concentration of
KNbO3 decreases degree of conversion with almost no changes
in the sulfoxide selectivity (>94%), indicative of a similar reac-
tion mechanism.51 The optimal weight of catalyst can be
explained considering the reports of Choudhary et al.52 and Qi
Fig. 5 Effect of catalyst weight on DPS conversion for KNbO3 (reac-
tion conditions: R ¼ 1. Temperature: 60 �C. Reaction time: 60 min).

This journal is © The Royal Society of Chemistry 2016
et al.53 who indicate that at higher catalyst loading, hydrogen
peroxide decomposition rates also increase, according to reac-
tion (1).

H2O2 / H2O + 0.5O2 (1)

Considering that H2O2 decomposition and DPS oxidation
occur simultaneously, the decreased availability of the oxidant
explains the decrease in conversion level when the catalyst
loading is raised to 20 mg. The non-catalytic reaction carried out
under similar reaction conditions indicates a very low conver-
sion rate, obtaining a nal conversion of 5 mol% aer 60 min.

The nature of the solvent is important on the reaction
outcome, reaction kinetics and product selectivity, as previously
reported by Corma et al.54 The effect of the solvent was studied
using KNbO3, the better catalyst for the oxidation of DPS, using
different protic and aprotic solvents. The DPS conversion
(mol%) as a function of the solvent dielectric constant shown in
Fig. 6 indicates a close relationship of sulde conversion with
solvent polarity, with no dependence on the aproticity or pro-
ticity of the solvent. This behavior indicates an increase in
substrate concentration at the catalytic surface as the polarity of
the solvent increases, as previously reported by Saux and Pier-
ella.55 The low conversion of DPS in n-hexane is due to the low
miscibility of H2O2 in low polarity organic solvents.
Fig. 6 Effect of solvent nature on DPS conversion for KNbO3 (reaction
conditions: R ¼ 1. Catalyst amount: 20 mg. Temperature: 60 �C.
Reaction time: 60 min).

RSC Adv., 2016, 6, 102015–102022 | 102019



Fig. 8 Reuse cycles for KNbO3 (reaction conditions: R ¼ 1. Catalyst
amount ¼ 20 mg. Temperature: 60 �C. Reaction time: 60 min).
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To study the effect of the nature of the oxidant, tert-butyl
hydroperoxide (TBHP) was selected to compare with the envi-
ronmental friendly and extensively used hydrogen peroxide.
Under similar experimental conditions, it was found that using
TBHP as the oxidant results in a DPS conversion level decrease
from 77.1 to 11.9 mol% and the dipropyl sulfoxide (the product
of interest) selectivity decreases from 94.9 to 83.8%. Moreover,
considering that H2O2 produces only water and TBHP more
toxic by-products, we conrmed that hydrogen peroxide is the
most attractive and environmental friendly oxidant.

The effect of the reaction temperature on KNbO3 activity in
DPS oxidation using a stoichiometric sulde/oxidant molar
ratio is shown in Fig. 7. A noticeable increase in conversion is
observed up to 60 �C, and decreases at 80 �C. With regard to
selectivity, at lower reaction temperatures the major product
was sulfoxide; however, when the temperature was increased,
the sulfoxide product decreased whereas sulfone production
increased. At room temperature the DPS conversion was only
12.3% and increased to 43.4 and 77.1% as the temperature
increased to 40 �C and 60 �C, respectively, with almost no
change in sulfoxide selectivity (>94%). At 80 �C DPS conversion
was slightly lower due to hydrogen peroxide consumption in
a parallel auto-decomposition reaction (reaction (1)) that is
favored at higher temperatures.

The recycled catalyst activity is an attractive property to
reduce process costs and to follow environmental regulations.
Again, KNbO3 was selected to evaluate the reusability of these
materials. The recycling study was carried out by ltration of the
catalyst aer the reaction was nished; followed by calcination
in air at 500 �C for 8 h to remove residual organic species that
could be adsorbed on the catalyst surface. The catalyst recycling
was carried out four times under the same reaction conditions,
and the conversion (mol%) of DPS as a function of the cycle is
shown in Fig. 8.

A slight decrease is observed between the rst and second
reaction cycle with the conversion level remaining unchanged
up to the fourth cycle. This behavior could be an evidence of
Fig. 7 Effect of reaction temperature on DPS conversion for KNbO3

(reaction conditions: R¼ 1. Catalyst amount: 20 mg. Reaction time: 60
min).

102020 | RSC Adv., 2016, 6, 102015–102022
leaching of some active species aer the rst use, a nding
supported in a report by Mutreja et al.56 that shows that some
active potassium species could leach from impregnated potas-
sium catalysts. To evaluate this hypothesis, the oxidation with
fresh catalyst was performed and aer 10 min of reaction time,
the catalyst was completely removed via ltration and the
reaction system was le to continue reacting for 60 additional
minutes. Aerwards, DPS conversion increases only in 13.4
mol%. This result conrms the previous hypothesis of active
species lixiviation during the rst use of the catalyst and there
are responsible for the observed homogeneous behavior. Based
on these results, it is proposed that some potassium species
that have remained segregated post-KNbO3 synthesis are not
embedded in the crystalline structure and could leach upon
contact with a high dielectric constant solvent, such as aceto-
nitrile, a solvent with a high dielectric constant that can solu-
bilize ionic potassium species.

To gain a deeper insight of this catalytic oxidation and based
on our interpretation of the experimental results and the iden-
tication of the oxidant products, simplied reaction steps are
proposed for the catalytic DPS oxidation by KNbO3 (Scheme 1). It
has been previously reported46,57 that the catalytic activity of
perovskite-type catalysts for soot combustion is related to surface
oxygen species, which migrate from within the perovskite
structure to form surface oxygen-containing complexes in nano-
sized particles. Based on this statement, the catalytic activity for
DPS conversion can be related to these supercial oxygen
species. We propose that the sulfur atom of the sulde generates
a nucleophilic attack to an electrophilic center producing the
corresponding sulfoxide and an oxygen vacancy, as previously
reported.11 Therefore, the large amount of desorbed oxygen ob-
tained in the O2-TPD experiments can be associated with the
highest catalytic activity for KNbO3, a perovskite-type oxide. The
importance of desorbed oxygen from the surface of the catalysts
for oxidation catalytic reactions was also analyzed by G. Pecchi
et al.58 and Fino et al.59 Further, hydrogen peroxide restores
the oxygen in the perovskite structure and generates water as
This journal is © The Royal Society of Chemistry 2016



Scheme 1 Simplified reaction pathway for the oxidation of a sulfide to
the corresponding sulfoxide and sulfone in an aqueous medium using
hydrogen peroxide as the oxidant on a potassium niobate perovskite-
type oxide.

Paper RSC Advances
by-product. The sulfoxide can be the nal product, or generates
the corresponding sulfone. The sulfone formation involves the
interaction of the sulfoxide with the niobate by nucleophilic
attack through the oxygen of the sulfoxide, by an H2O2 nucleo-
philic attack via a SN2 mechanism.60,61
4. Conclusions

All of the prepared alkaline niobates tested in this study show
catalytic activity for sulde oxidation in the presence of hydrogen
peroxide as the oxidant. The observed activity depends mainly on
the nature of the alkaline metal and is related to the formation of
oxygen vacancies. The catalytic activity follows an atomic number
dependent order, namely: KNbO3 > NaNbO3� LiNbO3. The global
constant, reaction rate and apparent activation energy were
determined and the obtained values agreed with the catalytic
results. The highest catalytic activity was obtained for KNbO3,
which ismainly attributed to the large amount of desorbed oxygen,
and the amount of electron delocalization that increases as the
Nb–O–Nb angle approaches 180� and promotes sulde oxidation.
The optimal experimental reaction conditions for DPS oxidation
were at 60 �C with H2O2 as the oxidant, 20 mg of catalyst and
acetonitrile as the solvent. Additionally, KNbO3 can be successfully
used as an easily recyclable catalyst up to four times with minimal
leaching of potassium species only during the rst reaction cycle.
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49 B. Jankovic, B. AdnaCević and S. Mentus, Chem. Eng. Sci.,
2008, 63, 567–575.

50 P. N. Trikalitis and P. J. Pomonis, Appl. Catal., A, 1995, 131,
309–322.

51 M. R. Maurya, A. K. Chandrakar and S. S. Chand, J. Mol.
Catal. A: Chem., 2007, 274, 192–201.

52 V. R. Choudhary, N. S. Patil, N. K. Chaudhari and
S. K. Bhargava, Appl. Catal., A, 1995, 131, 309–322.

53 B. Qi, X. H. Lu, D. Zhou, Q. H. Xia, Z. R. Tang, S. Y. Fang,
T. Pang and Y. L. Dong, J. Mol. Catal. A: Chem., 2010, 322,
73–79.

54 A. Corma, P. Esteve and A. Mart́ınez, J. Catal., 1996, 161, 11–
19.

55 C. Saux and L. Pierella, Appl. Catal., A, 2011, 400, 117–121.
56 V. Mutreja, S. Singh and A. Ali, Renewable Energy, 2014, 62,

226–233.
57 Z. Li, M. Meng, F. Dai, T. Hu, Y. Xie and J. Zhang, Fuel, 2012,

93, 606–610.
58 G. Pecchi, B. Cabrera, E. J. Delgado, X. Garćıa and
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