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Abstract

Oxidative properties of MCM-41 molecular sieves containing niobium in the framework or/and in the extra framework
positions were studied by means of-FIPR, FTIR+ NO, ESR techniques and were tested in the oxidation of dibutyl sulphide
with hydrogen peroxide. The application of various Nb-sources in the synthesis of NboMCM-41 materials allows the estimation
of a role of oxalate ions in the generation of active centres. The activity of Nb-containing mesoporous molecular sieves in the
oxidation of thioethers with b, requires the presence of Nb=@pecies in the framework. The growth of a concentration
of niobium (from SyNb = 32 to SyNb = 16) results in the decrease of the number of active centres due to the release of
oxygen during the activation procedure. Niobium species in the extra framework positions of MCM-41 catalysts are not active
in the dibutyl sulphide oxidation with D, unless they are leached to the solution. Oxidative centres on the catalyst surface
cause the formation of nitrite/nitrate species after the adsorption of NO. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Niobium-containing MCM-41; H-TPR; ESR; NO adsorption — FTIR; Oxidation of thioethers

1. Introduction reoxidation of the reduced metal ion, and (iii) cat-
alytic oxygen transfer. The latter is the reaction of
The synthesis of redox molecular sieves with large an oxygen donor, e.g. #D,, with an organic sub-
pore diameters and a various chemical composition is strate in the presence of a metal catalyst. The active
in the field of interest of many research groups. It is oxidant in such processes may be an oxometal or per-
due to the application of these sieves in the catalytic oxometal species depending on the nature of a metal
oxidation widely used in the production of fine chem- element in the catalyst. However, some elements,
icals [1-3]. The development in the synthesis of the such as vanadium, reacts via oxometal or perox-
molecular sieves allows tailoring of them and optimi- ometal intermediates depending on the substrate. In
sation of the catalyst—substrate interaction. The most the peroxometal pathway there is no change in the
important is a proper choice of metal and oxidant oxidation state of the metal ion during the reaction
according to the oxidation mechanism involved. (metal ion act as a Lewis acid increasing of the ox-
Catalytic oxidations can be divided into three ba- idising power of the peroxo group). This pathway is
sic categories [2,4]: (i) free-radical autooxidation, heterolytic in nature and requires oxygen donors such
(ii) oxidation of coordinated substrates followed by as HO, or RO;H. Early transition metal ions, like
Ti(IV), Mo(VI) and W(VI), exhibit a tendency to the
* Corresponding author. Tel:48-61-829-1243. peroxometal pathway. Olefin epoxidation, sulphoxi-
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alcohol oxidation proceed according to this way. In The presence of Nb—O and Nb" species was
the oxometal pathway, the metal ions — usually late designed on the basis of ESR, NO/FTIR studies [8],
and/or many first-row transition elements (Cr, Mn, Fe) and the oxidative properties in catalysis. Formerly,
— undergoes a two-electron reduction and is subse- NboMCM-41 materials were prepared from Nb-oxalate
quently reoxidised by the oxygen donor (for instance used as a niobium source. It is known that oxalate

molecular oxygen). In both pathways, it is often dif-
ficult to differentiate between a heterolytic, Mars—van
Krevelen-type mechanism, and competing homolytic
pathways via alkoxy and alkylperoxy radical in-
termediates. It is probable that niobium-containing
catalysts act like vanadium one, i.e. react via ox-

ions can form complexes which play a role of the
oxidising centres [10,11].

To avoid the doubts concerning the origin of the
active oxygen in NboMCM-41 sieves, the preparation
of the materials using various Nb-sources (niobium
chloride and niobium ammonium-oxalate complex)

ometal or peroxometal intermediates, depending on was undertaken [12]. In this paper, we present the
the substrate. characterisation of physicochemical properties of the
The framework substituted titanium silicalite prepared materials by means of FTIR;-HPR, and
(TS-1), discovered by Enichem scientists in 1983 ESR techniques and their activity in the oxidation of
[4], expanded the application of the heterogeneous dibutyl sulphide with hydrogen peroxide. Moreover,
catalysts in the liquid phase oxidation. Metal, in the the materials obtained via niobium-impregnation of
molecular sieves, introduced to the extra framework MCM-41 and silica were investigated to distinguish
position by a cation exchange is easily leached during between the role of the framework and extra frame-

the reaction carried out in a liquid phase. The incor-
poration of the metal ion into the framework allows
the protection from a leaching process. Recently,

mesoporous molecular sieves containing various tran-

sition metals in the framework were synthesised.
Among them niobium silicalite MCM-41 materials

were prepared [5-7]. The incorporation of Nb(V)
instead of Si(IV) in MCM-41 mesoporous molecu-

work niobium species.

2. Experimental
2.1. Catalysts

Niobium was incorporated to the mesoporous
molecular sieves of MCM-41 type during the syn-

lar sieves generates an excess positive charge in thepegis carried out due to the description presented

framework. In the earlier papers [8,9], we proposed
that it is balanced by hydroxyl groups, rather not by

in [5,6,12]. Three various niobium sources were ap-
plied for the synthesis: niobium-oxalate, chloride and

non-framework anions because cation exchange prop-4mmonium-oxalate complex. Moreover, the impreg-

erties were found for these materials. The following
equation was proposed for the dehydroxylation of
NbMCM-41 molecular sieves:

OH OH
Si-O\I/O-Si ~~~~ o Si-0\|/O—Sl
Si-O/Nb\O-Sx ----- 0o Si-O/NKO-S

(<

0
Si-0\|/O-Si ----- O Si- CN?/O-&
Si-O/Nb\O-Sl ~~~~~ 0 §i-07  O-Si

nation of siliceous MCM-41 and amorphous silica
with niobium-oxalate and chloride were conducted.
The catalysts used in this work, their compositions,
and pore volumes are given in Table 1.

2.2. Ho-TPR

The temperature-programmed reduction (TPR) of
the samples was carried out using/Ar (10 vol.%)
as reductantflowrate = 32 cn®min—1). The sam-
ple of 0.04g was filled in a quartz tube, treated in
a flow of helium at 723K for 1 h and cooled to the
room temperature. Then, it was heated at a rate of
10Kmin~! to 1300K under the reductant mixture.
Hydrogen consumption was measured by a thermal
conductivity detector in the PulseChemiSorb 2705
(Micromeritics) apparatus.
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Table 1
Symbols, composition and physical properties of the catalysts used in this work
Catalyst Nb-source/preparation Si/Nb Total pore volume
(ecm*g~1) (BJH —des.)
MCM-41 - - 1.19
Nb(O)MCM-41-16 Nb(V) oxalate synthesis 16 1.37
Nb(O)MCM-41-32 Nb(V) oxalate synthesis 32 1.55
Nb(Oc)MCM-41-32 Nb(V) ammonium oxalate complex synthesis 32 1.52
Nb(Cl)MCM-41-32 Nb(V) chloride synthesis 32 1.10
Nb(O)/MCM-41-16 Nb(V) oxalate impregnation 16 0.58
Nb(O)/MCM-41-32 Nb(V) oxalate impregnation 32 0.66
Nb(Cl)/MCM-41-32 Nb(V) chloride impregnation 32 1.04
Nb(O)/Si%-32 Nb(V) oxalate impregnation 32 -

2The last number denotes the total Si/Nb ratio.

2.3. FTIR measurements 2.5. Oxidation of thioeters with
hydrogen peroxide

Infrared spectra were recorded with the Vector
22 (Bruker) FTIR spectrometer. The samples were The catalytic reaction between thioethers and hy-
pressed, under low pressure, into thin wafers-a0 drogen peroxide was carried out in a glass flask
mgcnm? and placed in the vacuum cell, where they equipped with a magnetic stirrer, a thermocouple,
underwent all activation and adsorption treatments. a reflux condenser and a membrane for sampling.
Spectra were registered at the room temperature (RT).A calcinated catalyst of 0.04g was placed in the
The spectrum without any sample (“background flask, where methanol was added. The oxidation
spectrum”) was scanned and was evidently subtractedwas conducted simply by efficiently stirring at first
from all recorded spectra. Before the measurements,of a mixture of methanol (MeOH) and the cata-
the samples were activated at 723K under vacuum. lyst at 303 K. After stirring for~1h, 96%n-dibutyl
The IR spectra of the activated samples were sub- sulphide (-Bu,S — 2mmol) was added, followed
tracted from those registered after NO adsorption at by the dropwise addition of 31% hydrogen perox-
RT followed by various treatments. The reported spec- ide (2mmol) to achieve the stoichiometry under
tra are the results of this subtraction. Only the spectra Eq. (2),
shown in the 850-1000cm region are original
without subtraction of the spectrum after activation.

The spectra in the skeletal region (400-1300¢n BuzS+ H202 — Bu;SO+ H20 (2)
were also scanned for the samples mixed with KBr
(1 mg of sample and 200 mg of KBI). The reaction mixtures were analysed each 30min
with Chrom-5 chromatograph equipped with a packed
2.4. ESR study column of Apiezon L (10wt.%) on Chromosorb W

operated at 443K and a flame ionisation detector
The ESR measurements were conducted after evac-(FID). The first analysis was done after 10 min from

uation of the catalyst at various temperatures (RT to the beginning of the reaction.
723K), and after calcination in the presence of oxy-  Moreover, the reaction was conducted in the homo-
gen at 723 K. ESR spectra were recorded at 77 K on geneous phase, i.e. in the methanol solution of nio-
a RADIOPAN SE/X 2547 spectrometer. The patterns bium-oxalate (the concentration of Nb in the solution
were obtained atesg = 8.9 GHz. Theg-value was was equivalent to that one which could be obtained
calculated according to the commonly used equation: if the whole niobium from 0.04g NbMCM-41-16 is
g =hv/ugB. leached to the reaction solution).
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3. Results prepared using various niobium sources and apply-
ing the Si/Nb ratio in the synthesiss 32. Profiles
3.1. Ho-TPR (@) and (b) exhibit a similar shape which can be

divided into two parts: a low temperature (LT) and
In order to analyse the reducibility of niobium-con- a high temperature (HT) regions. In the LT range
taining catalysts the temperature-programmed reduc- (up to 1000K) an increasing hydrogen consumption
tion (H2-TPR) of the samples were performed. Fig. 1 occurs leading to a broad peak covering more than
displays the H-TPR profiles of various catalysts. In  one reduced species, with a maximum ~a870 K
part A, one can compare the profiles of the materials (sample a) and 930K (sample b). In the HT range
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Fig. 1. H-TPR profiles of A — NbMCM-41-32 synthesised with various Nb-sources; B — materials wjtibSE 16; C — MCM-41
impregnated with various Nb-salt® — Nb-impregnated silica. The profiles represent the following materials: (a) Nb(O)MCM-41-32; (b)
Nb(CI)MCM-41-32; (c) Nb(Oc) MCM-41-32; (d) Nb(O)MCM-41-16; (e) Nb(O)MCM-41-16 calcined at 723K in the presence of oxygen;
(f) Nb(O)/MCM-41-32; (g) Nb(CI)/MCM-41-32; (h) Nb(O)/Si®32.
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(above 1000K) the consumption of hydrogen starts the siliceous matrix (MCM-41) and extra framework
at a lower temperature on the sample (a) than (b) niobium species.
indicating that the HT reduced niobium species is  The shape of the HTPR profile does not depend
easier reducible when niobium-oxalate is used in the on the amount of niobium-oxalate used for the im-
synthesis of NboMCM-41-32 sample (profile a). The pregnation of MCM-41. When $Nb = 16 ratio
material prepared from niobium ammonium-oxalate was applied, the TPR profile was the same as that of
complex presents a very poor TPR profile (c). It is Nb(O)/MCM-41-32, the only difference was a lower
noteworthy that this sample exhibits an additional temperature of the maximum reduction (915K) and
crystal phase observed in the XRD pattern [12], so its the higher intensity of the peak.
surface properties can be different from the ones of When silica is used as a support for niobium the
the other materials. H>-TPR profile (Fig. 1D) differs from these performed

According to our earlier assumption [13], LT peaks in Fig. 1C. A broad peak with a maximum a910 K
origin from the reduction of extra framework niobium covers almost the whole range of the temperatures
species, whereas HT signals are due to the reductionand could be due to the reduction of various niobium
of framework niobium. In both cases more than one species presenting various oxidative state or various
niobium species are detected during the reduction. surroundings.
In the HT region it is more visible when the sample As mentioned above, the high concentration of Nb
is prepared from niobium-oxalate with Blb = 16 in the Nb(O)MCM-41-16 sample allows distinguish-
(Fig. 1B, profile d). Various BtTPR peaks in HT re-  ing three B-TPR peaks in the HT region (Fig. 1B, d).
gion can be due either to the various steps of niobium They are also registered at a little lower temperature
reduction, or to the reduction of various Nb-species on the calcined sample (Fig. 1B, e).
in the framework, or to the both cases. The border
between the temperatures required for the reduction 3.2. FTIR study
of extra framework and framework niobium species
was estimated on the basis 05-HIPR profiles of the Infrared spectroscopic study was applied for the
samples prepared via the impregnation of siliceous characterisation of the catalyst surface. It allows the
MCM-41 with niobium salts (Fig. 1C). Both profiles characterisation of the active centres which interact
exposed in part C exhibit one very sharp peak with with NO molecules used as a probe for Lewis acid
the maximum at 920 and 943 K (for niobium chloride sites and also for electron donor centres [14,15]. More-
and oxalate used for the synthesis, respectively). This over, in the 850-1000 cr range one can estimate
peak goes down to the base line at around 1000 K. The the skeletal perturbations caused by the incorporation
impregnated samples posses niobium species only inof cations other than Si (e.g. niobium) into the lattice
the extra framework position. There is not a signifi- [16,17], or by the skeletal interaction with the extra
cant difference in the intensity of both peaks presented framework cation or adsorbed molecules [18-23].
in Fig. 1C. So, the nature of the niobium source does Fig. 2 displays the FTIR spectra of the samples evac-
not effect the number of Nb and its reducibility in the uated at 723K (spectra A—C, a) and after NO adsorp-
impregnated molecular sieves. On the contrary, the tion at RT (spectra A—-C, b). Evacuated NbMCM-41
peak due to the reduction of extra framework niobium mesoporous molecular sieves exhibit more than one
species in the Nb(CI)MCM-41-32 sample synthe- IR bands in the region of 900—1000ch) whereas
sised from NbGJ exhibits a much higher intensity all materials show only one band-966cnT?) in
than that one observed on the material synthesisedthis range if not evacuated (measured in the wafer
from niobium-oxalate (Fig. 1A, profiles a and b). The with KBr — Fig. 3). Literature proposes various
higher amount of extra framework niobium species interpretations of the origin of the discussed bands
in Nb(CI)MCM-41-32 results in the decrease of the [24-26]. However, it is now generally accepted that
pore volume as indicated in Table 1. the band at~960cnT?! is due to a Si-O vibra-

A small shoulders above 1000K in Fig. 1C can be tional mode perturbed by the presence of metal ions
attributed to the reduction of a niobium species formed in a neighbouring position. Some authors use this
as a result of a kind of solid state interaction between band for evidence of the incorporation of metal into
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Fig. 2. FTIR spectra recorded in the vacuum IR cell: (a) samples after evacuation at 723K, 3 h; (b) after NO adsorption at RT.

the siliceous framework (Si—-O-T) [16,17]. Sarkany a shifted band depends on the properties of cations

[21-23], Sobalik et al. [19,20] and Broclawik et al.
[18] proposed the investigation of the properties of
extra framework cations on the basis of IR bands in
the 850-1000 cm' region. The interaction of cations
with antisymmetric T-O-T vibration results in a
shift of a band at 1020-1100 crh (position char-
acteristic of unperturbed vibration) to the “transmis-
sion window” situated between two strong bands of
T-O-T antisymmetric and symmetric vibrations, i.e.
in the range at 850—1000 cth The position of such
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Fig. 3. FTIR spectra of (a) Nb(O)MCM-41-16; (b) Nb(O)MCM-

41-32; (c) Nb(O)/MCM-41-16. The spectra correspond to a mixture
of 1 mg of the sample into 200 mg of KBr.

and should be influenced by the cation position.

The comparison of the spectra presented in Figs. 2
and 3 allows the observation of changes caused by
the dehydroxylation of Nb(O)MCM-41-16 after evac-
uation at 723 K. The non-activated sample exhibits
only one IR band at 966 cn} (Fig. 3), whereas the
evacuated material presents two weak bands%i5
and ~980cnt! (Fig. 2A). It is most probably due
to the transformation of niobium species during the
evacuation. According to our earlier statement [8], the
dehydroxylation leads to the formation of two kinds
of framework niobium, N and NbO™. The influ-
ence of these two various Nb-species on Si—O vibra-
tion is different and therefore more than one IR band
is registered. The band at955 cnt! is asymmetric
suggesting that it composes of two (or more) submax-
ima. They are evidenced in the Nb(O)MCM-41-32
sample (Fig. 2B, a). Apart from these two IR bands
well visible in Nb(O)MCM-41-16 the third one at
926 cnm ! is registered on Nb(O)MCM-41-32. If the
band at~960cnT?! origins from the interaction of
NbOH in the framework (see hydroxylated sample,
Eqg. (1)) with T-O-T skeletal vibrations, the other two
bands should be due to the dehydroxylated forms of
niobium in the framework. They are well detected af-
ter NO adsorption. Fig. 4 displays the FTIR spectrum
in the N—-O stretching zone after NO adsorption on
Nb(O)MCM-41-16. One can see two bands (1808 and
1629 cnml) ascribed to Nb*NO?+ and NbG~NO*~
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Nb(O)MCM-41-16 after NO adsorption at RT.
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position (in the region 930-975 crh) and the change

in their intensity in CuZSM-5 zeolites. This effect
depends on the cation charge, its coordination and the
nature of adsorbate. The strong influence was noted
in [18], when NO was applied as an adsorbate. The
changes registered in spectra b (Fig. 2A—C) after NO
adsorption are in favour of the various localisation of
Nb in the materials synthesised with niobium-oxalate
and MCM-41 impregnated with this salt.

The NO interaction with the niobium-containing
mesoporous molecular sieves of MCM-41 type
could be detected in the FTIR spectra in the
1300-2200 cm? region (Fig. 5). The adsorption of
NO at RT on the samples with Slb = 32 prepared
from various niobium sources leads to the formation
of various IR bands (Fig. 5A—C). The nitrosyl species
(v(NO)*™) reported in many papers can be registered
in 1800-1819 cm? region [27,28] or at 1740 cnt
(PtNO™) [29] or also at the other positions. The band
at~1806 cnt! (Fig. 5B and C) can be assigned to NO

complexes, respectively. They confirm the above dis- adsorbed on the framework niobium cations whereas,
cussed behaviour. The existence of the three bandsthat at~1815cnT! to NO chemisorbed on the extra

in the region at 900-1000 cth suggests that either
the material is not fully dehydroxylated during the

framework niobium cationic species (Fig. 5D). The
origin of a band at 1630 crit is not clear enough be-

evacuation or that there are more than two types of cause in this region traces of water can also give rise to
niobium species. One cannot exclude that the third IR a band. We assigned the band in this region to the in-
band is due to peroxide or superoxide species which teraction of the framework NbOwith NO (a kind of

gives rise to a band in the 1100-850chrone.

Inthe case of the impregnated sample, Nb(O)/MCM-

ONO™ species could be generated). In this paper, we
would like to stress the formation of nitrate, nitrite and

41-16, the IR spectrum (Fig. 2C, a) reveals more bands N2O3 species which can prove the oxidative properties

with various intensities, indicating various strength of
the niobium species interaction with the skeletal vi-
brations. It is noteworthy that in this sample, niobium

of the surface. A broad band at1880 cn1! develops
under evacuation at 373K showing that this species
is slowly formed on the surface. This feature allowed

atoms occupies the extra framework position. The us to attribute this band to stretching modes g0y
IR spectrum suggests the existence of various extraresulting from the NO molecule oxidation. A similar

framework NB* and/or NbG* cations interacting
with various strength with skeletal T-O-T vibrations.
Significant differences in the IR spectra were found
after NO adsorption at RT on the sample having
Nb in the skeletal and the extra framework posi-
tion (Nb(O)MCM-41-16 and Nb(O)MCM-41-32)
and Nb only in the extra framework position
(Nb(O)/MCM-41-16). In the first case, the NO ad-
sorption results in the shift and the growth of the

behaviour was found on Ce-, Sn-, and Sm-ZSM-5
zeolites [15]. Taking the assumption of Hadjiivanov
et al. [30] such results could provide evidence for
the existence of an active oxygen or oxygen ion due
to some niobium form. The next oxidation step after
N2Os generation is the formation of nitrito and ni-
trato species observed in the region below 1600tm
The major evidence for their formation at RT is ob-
served on Nb(O)MCM-41-32 sample (Fig. 5A). In

skeletal IR band intensities, whereas in the second the case of Nb(CI)MCM-41-32 these species appear
one, the intensity decreases after the adsorption of after heating at 373K during evacuation (Fig. 5B,

NO. Broclawik et al. [18] showed that the adsorbed

b). They are weakly visible at RT even using an ex-

molecules cause the shift of the skeletal IR band panded scale (Fig. 5B, a). The Nb(Oc)MCM-41-32
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Fig. 5. FTIR spectra recorded in the vacuum IR cell: A — Nb(O)MCM-41-32; B — Nb(CI)MCM-41-32; C — Nb(Oc)MCM-41-32; D —
Nb(Cl) / MCM-41-32. (a) After NO adsorption at RT; (b) followed by evacuation at 373K, 0.5h.

sample exhibits a little more informative FTIR spec- Nb(O)MCM-41-32> Nb(Oc)MCM-41-32
trum in the nitrito—nitrato region when it is plotted in > Nb(Cl)MCM-41-32
the expanded absorbance scale (Fig. 5C). -

Taking into account the formation of nitrito—nitrato  The sample prepared via impregnation of MCM-41
species after NO adsorption at RT, the following order with NbCls (Fig. 5D) does not exhibit IR bands below
could be proposed: 1600 cnt?! after NO adsorption at RT and evacuation
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at 373 K. This sample presents a very intensive band atsieves one can expect the existence of paramagnetic

1815 cnt ! which can be assigned to NO chemisorbed

Nb*+ exhibiting 10 hyperfine lines witly = 1.89

on an extra framework niobium species. The position [16,31-33]. It could be more than 10 lines if a defect is

of this band at a higher wavenumber (1815 éiythan
that registered on the material with niobium in the
framework (1806 cnT?l) is caused by a weaker in-
teraction of extra framework niobium cations with NO

located on Nb—©G-Nb unit due to two Nb nuclei [16].

Moreover, oxygen radical species as well as a defect
hole centre are possible to be formed during heating or
irradiation. Previously [8], we have found the forma-

molecules (the IR band is closer to the band of NO gas tion of oxygen radicals on the NboMCM-41-32 sample

phase (1880 crmt)). It is noteworthy that the intensity
of the band from the nitrosyl complegNb?*NO?~)
is several times higher on the impregnated material

and we assigned them to the framework Nbformed

as a result of the dehydroxylation (Eqg. (1)). In this
paper, we studied the influence of the Si/Nb ratio and

than on the sample synthesised with niobium source Nb-source using for the synthesis on the ESR spectra.
even the Si/Nb ratio is the same (Fig. 5). It indicates The results are shown in Fig. 6. Nb(O)MCM-41-32

that only a small part of niobium in the framework is

sample evacuated at 723K displays one sharp ESR

accessible for the adsorbed molecules. It must be duesignal (¢ = 2.0025 and a weak hyperfine structure

to the wall thickness which was estimated [12] in the
following order:

Nb(C)MCM-41 > Nb(O)MCM-41
> Nb(O¢c)MCM-41
The smallest wall thickness in Nb(Oc)MCM-41 allows

the exposition of the highest number of Nb-species for
the interaction with the adsorbed molecules.

3.3. ESR study

Various paramagnetic species could exist on
niobium-containing materials. If niobium is incorpo-
rated into the framework of MCM-41 mesoporous

A

‘|’200

9=2.0027

Intensity, a.u.

b

9=2.0025

310

mT

(Fig. 6A, b). A sharp signal represents the defect
centre which is a hole mainly localised on an oxy-
gen atom and near a niobium atom. So, it would be
assigned to Nb—O species [8,31,32]. However, one
cannot exclude the participation of carbon radicals
in the sharp ESR signal. The latest can be generated
by heating of the residual template. A similar ESR
spectrum was registered when the mesoporous sieve
was produced from Nbgl(Fig. 6A, a).

The ESR spectrum of the Nb(O)MCM-41-16 sam-
ple (SYNb = 16, i.e. a higher concentration of Nb
than in the samples characterised byN& = 32)
(Fig. 6B, c) varies from those in Fig. 6A. It includes
the signals withg = 2.0010; 2.0049 and 2.039 at-
tributed on the basis of [34] to £ radical, and

Intensity, a.u.

mT

Fig. 6. ESR spectra recorded at 77 K. A — the samples evacuated at 723K, 2h; (a) Nb(CI)MCM-41-32; (b) Nb(O)MCM-41-32; B —
Nb(O)MCM-41-16; (c) evacuated at 723K, 2h; (d) after heating at 723K, 0.5h in the presence of oxygen.
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another one witly = 1.987 assigned in the literature
to the lattice defects [35] formed by the desorption
or dissociation of oxygen (in [34] due to photo ir-
radiation under vacuum). The decrease of the signal
intensity with Q@ introduction and heating at 723K
(Fig. 6B, d) was caused by the readsorption of oxygen
on the surface of the sample. The described behaviour
can be explained by the high concentration of Nb—O
species in Nb(O)MCM-41-16 which results in the eas-
ier release of oxygen than that from the sample with
Si/Nb = 32. Theg;; = 2.039 of O~ radicals well
correlates with that calculated by Che and Giamello
[34] for O, interacting with M+ cations. Therefore,
one can suppose that with a high Nb cont@&ifNb =

16), the partial reduction of NI to Nb** occurs
under evacuation leading to the interaction witsrO

3.4. Catalytic activity

The activity of Nb-containing catalysts in the oxi-
dation processes was tested in the reaction of dibutyl
sulphide with hydrogen peroxide. This process occurs
according to the following reaction:

RiI-S-R H%‘?Z R1—SO-R (sulphoxide
1

H%(BZ R1—SO—R, (sulphone
2

(3)
wherek1 > k.

Using the stoichiometric molar ratio of B8:Hy
O2=1 and a highly active catalyst one can obtain
a high selectivity to sulphoxide due tQ > ko. It
is worthy to notice that the reaction proceeds also
in the methanol solution without the catalyst. How-
ever, the process is slow and the conversion of8Bu
slowly increases with time of stirring (Fig. 7a). In
the homogeneous system, when Nb(V)-oxalate dis-
solved in methanol is applied as a catalyst, 90%
of BupS conversion is reached after 1 h of stirring
(Fig. 7d), but the induction period for the growth
of the activity is required. After c.a. 1h, the selec-
tivity to sulphoxide was 95%. The application of a
heterogeneous catalyst, Nb(O)MCM-41-32 (Fig. 7€)
allows reaching of 99% conversion of B without
the induction period and 98% selectivity to sulphox-
ide. The Nb(O)MCM-41-32 used was synthesised
from Nb(V)-oxalate. The increase of niobium content
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Fig. 7. Dibutyl sulphide conversion in the oxidation with®, at
303 K: (a) without the catalyst; (b) Nb(O)/MCM-41-32; (c) Nb(O)-
MCM-41-16; (d) in the methanol solution of niobium-oxalate; (e)
Nb(O)MCM-41-32.

during the preparatior{Si/Nb = 16) leads to the
decrease of the activity (Fig. 7c), but the selectivity
to sulphoxide is the same as on Nb(O)MCM-41-32.
One should remind that the Nb(O)MCM-41-16 sam-
ple exhibits the secondary mesoporous system [12]
and the lower pore size and pore volume than those
of Nb(O)MCM-41-32. Therefore, the difference in
the activity between both samples could be correlate
with the diffusion effect. However, it is not the only
feature affecting the activity because the oxidative
properties of Nb(O)MCM-41-16 increases after heat-
ing the sample in the presence of oxygen at 723K
(Fig. 8). This behaviour should be correlated with
the changes of paramagnetic properties (observed in
the ESR spectra) after the calcination of the activated
sample at 723K in the presence 05.0

The experiments carried out on the mesoporous
materials (MCM-41) impregnated with Nb-oxalate
(Si/Nb = 32 and 16) confirmed our earlier sug-
gestion that only Nb incorporated to the lattice is
responsible for the oxidation activity. Fig. 7b exhibits
the conversion of BgS on the impregnated material
(Nb(O)/MCM-41-32). It is the same as in the reac-
tion without the catalyst (Fig. 7a). However, when
Nb-species formed after the impregnation are not
strongly held on the surface of MCM-41 (e.g. when
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Fig. 8. Dibutyl sulphide conversion in the oxidation with,®h

at 303K on Nb(O)MCM-41-16 — the effect of calcination in the
presence of oxygen. (a) The sample activated at 723K in oven;
(b) the sample calcined in the presence of oxygen at 723 K.

NbCls is used for the impregnation), the leaching
of Nb to the solution could occur and the reaction
proceeds in the homogeneous phase.

The nature of Nb-source plays an important role in
the oxidative properties of the material not only if a
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Fig. 9. Dibutyl sulphide conversion in the oxidation with,®h

at 303K — the effect of Nb-source used in the synthesis of
the catalyst. (a) Nb(CI)MCM-41-32; (b) Nb(Oc)MCM-41-32; (c)
Nb(O)MCM-41-32.
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Nb-salt is applied for the impregnation, but also for
the synthesis of niobio-siliceous mesoporous catalyst.
Fig. 9 demonstrates this behaviour. The highest activ-
ity is observed when niobium(V)-oxalate is used for
the synthesis (Fig. 9c) and the lowest in the case of
NbCls used as Nb-source (Fig. 9a). This indicates that
oxalate ions play an important role in the generation
of the centres active in the oxidation withh&b.

When the cation exchange (Ni, Cu) in Nb(O)MCM-
41-32 material was carried out, the extra lattice nickel
or copper cations interact with the framework Nb—O
species resulting in the deactivation of the catalyst in
the oxidation of ByS.

4. Discussion

The catalytic sulphoxidation of thioethers with hy-
drogen peroxide requires the electrophilic properties
of the catalyst necessary to activate the oxidising
agent. Moreau and coworkers [36,37] described the
high activity of TS-1 and Ti-beta catalysts in this pro-
cess. They have found that the oxidation of thioethers
with H2O, involves the nucleophilic attack of the sul-
phur atom on the oxygen atom of a hydroperoxo-Ti
complex coordinated by a molecule of the solvent.
The structure of NboMCM-41 materials, which were
discovered as highly active catalysts in the oxidation
of thioethers with HO; [8,38], differs from those of
TS-1 and Ti-beta mainly due to the various oxida-
tion state of Nb(V) and Ti(lIV) incorporated into the
framework. The characterisation of the Nb-containing
mesoporous catalysts carried out in this work allows
us to define some features responsible for the activity
of NboMCM-41 materials in the thioethers oxidation.

FTIR study in the skeletal range angd-HPR mea-
surements helped to localise the position of Nb (in
the framework or in the extra framework sites). The
Si—O-Si vibrations observed in the 1020-1100¢m
range are perturbed in the various manner depending
on the location of the niobium cations (framework or
extra framework) and their interaction with Si—O-Si
vibrational mode [18-23]. The appearance of two IR
bands in the transmission window (850-1000¢jn
on the Nb(O)MCM-41-16 sample evacuated at 723K
indicates the presence of two various Nb-species in-
teracting with T-O-T vibration. We propose that they
are NbO™ and Nb in the framework which shift
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a band (1020-1100cm) of a skeletal vibration of ~ ammonium-oxalate complex) could play a role in the
Si—O with variousAv depending on the strength of formation of the active centres during the synthesis of
the interaction, determined by the ion charge. The NbMCM-41.
discussed Nb-species origin from the framework, The activity of Nb-containing mesoporous molec-
because the chemisorbed molecules (NO) raise theular sieves requires the presence of Nb—@ the
intensity of the perturbed vibrational bands. It can oc- framework. The siliceous MCM-41 impregnated with
cur only when niobium is localised in the framework niobium-oxalate is inactive in the oxidation of &3
(Si—O-Nb), because its interaction with NO molecule The incorporation of Ni or Cu cations via a cation
lengthens Nb—O bond and shortens Si—O bond caus-exchange procedure to Nb(O)MCM-41-32 material
ing the increase of the perturbation effect. This effect causes the deactivation of the catalyst in relation to
runs in an opposite way if Nb is localised outside the the oxidation of ByS. Metal cations in the extra
framework (as in the impregnated samples). This is framework position blockage the Nb=Ciramework
because the strong interaction of Nb-extra framework species. The formation of this species during a tem-
species with the adsorbate (NO) weakness its interac-perature activation depends on the concentration of
tion with the skeletal T-O-T vibrations reducing the Nb in the framework. If this concentration is high
intensity of the perturbed IR bands. (Si/Nb = 16), the HT treatment (723 K) of the sam-
The existence of various types of framework and ple causes the release of oxygen from neighbouring
extra framework Nb-species was confirmed by the re- Nb—O~ species leading to the defect formation (reg-
sults of the H-TPR studies. The samples prepared istered in the ESR spectra — Fig. §, = 1.89).
from Si- and Nb-sources exhibit both extra frame- It is a reason for a lower Nb(O)MCM-41-16 ac-
work and framework positions, both occupied by var- tivity in the oxidation of ByS than that of the
ious Nb-species, which present various possibility of Nb(O)MCM-41-32 sample. When the defected ma-
the reduction. Framework Nb-species are reduced atterial is calcined in the presence of oxygen at 723K,
a higher temperature than that of the reduction of the activity of Nb(O)MCM-41-16 significantly in-
the extra framework niobium cations. The reduction creases (Fig. 8). The chemisorbed oxygen rebuilt the
temperature depends on a kind of Nb-salts used for Nb—O~ framework species active in the BsH H>0»
the synthesis of NoMCM-41 materials. It is lower for reaction.
the framework Nb, if the sample is prepared from  The concentration of niobium in the framework
niobium-oxalate than when Nb&is used for the syn-  affects the reduction of Nb as proved in the ESR
thesis of mesoporous sieves. The role of the nature of study. The higher Nb conteriSi/Nb = 16) the eas-
an anion in the Nb-source on the properties of the final ier reduction of niobium during the activation under
material is proved by the HTPR experiments. vacuum or in a He flow.
A nature of Nb-source influences also the oxidis-
ing properties of NbMCM-41 sieves in relation to
the adsorbed molecules, e.g. NO. Fig. 5 displays the 5. Conclusions
formation of nitrito—nitrato species (IR bands below
1600 cnt!) depending on the Nb-source used in the e The H-TPR study and FTIR measurements in the
synthesis and allow the formulation of the following transmission window of the skeletal range (850—

order: 1000cnt1) with NO as a probe molecule allow
the distinguish between Nb in the framework and
Nb(O)MCM-41-32> Nb(Oc)MCM-41-32 in the extra framework positions in the mesoporous
> Nb(CI)MCM-41-32 molecular sieves of MCM-41 type.

e The activity of Nb-containing mesoporous molecu-
This order is in the agreement with the activity in the lar sieves in the oxidation of thioethers with®&
n-dibutyl sulphide oxidation (Fig. 9) and also with requires the presence of Nb=Ospecies in the
the physical parameters of the materials; namely, a framework.
pore size and a pore volume. It is noteworthy that e Extra framework cationic niobium-species in
the oxalate ion (in both niobium-oxalate and niobium MCM-41-16 sieves are not active in the £
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oxidation with HO2, unless they are leached to
the solution during the reaction.
e Oxalate ions present in the Nb-source used in

the synthesis of mesoporous sieves seems to

influence the formation of the oxidative centres in
NbMCM-41 materials.

e A HT activation of NoMCM-41 materials with a
high niobium contentSi/Nb = 16) leads to the
disappearance of a part of Nb=Gspecies due to
the release of oxygen and the formation of the de-
fects. This process is reversible and after oxygen
treatment at a HT the oxidative activity is restored.

e There is a good correlation between the activity of
the catalysts in the oxidation of B8 with HyO,
and the formation of nitrito—nitrato species after the
adsorption of NO on the materials (detected by a
FTIR technique).
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