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Abstract

MCM-41 mesoporous molecular sieves containing Nb, V, and Mo separately and together have been synthesised and characterised
high-resolution transmission microscopy (HRTEM with EDX), Hdsorption isotherms, and X-ray diffraction (XRD), and tested in the
oxidative dehydrogenation (ODH) of propane in the gas phase and liqti@phase oxidation of cyclolxene with hydrogen peroxide. For
the first time, it has been documented that the incorporation of niobium during the synthesis of MCM-41 materials results in the formation
of defects, the presence of which influences the selectivity in both reactions, ODH of propane to propene and epoxidation of cyclohexene. |
is proposed that defect holes, generated by niobium, are convenient for access of reagents to the active species and for making the diffusi
easier (particularly important in the liquid-phase reactions). Nigpecies plays the role of an electronic promoter in multimetallosilicates
NbV- and NbVMoMCM-41, where vanadium is an active species. Iratheence of vanadium, niobium species are active in both oxidation
processes. The role of acidity in the catalysts used for both oxidation processes is considered.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction trating at the periphery. This fact was associated with an
increase of the:-butane conversion for mild oxidation to
Due to their abundance, the catalytic oxidative dehydro- maleic anhydride [4]. On the other hand, NbMCM-41 mate-
genation of paraffins to olefins is a challenge since it is rials appeared to be active in both ODH (oxidative dehydro-
a promising route for the industrial production of chemi- genation) of propane [5] and in the liquid-phase oxidation
cals. Literature data suggest that V, Nb, and Mo should be of cyclohexene [6]. The question arises whether the incor-
attractive for such a reaction as it was demonstrated with poration of three transition metal elements (TME) V, Mo,
the Thorsteinson formulation for mild oxidation of ethane and Nb, in a special local atomic arrangement, increases the
to acetic acid [1]. While the role of vanadium and molyb- activity and selectivity of MCM-41 materials in the oxida-
denum was clearly evidenced to activate the alkane (vana-tion reactions and what the role of niobium species is. The
dium) and to play both a redox and an acidobasic role answer to these questions is a goal of this study.
on vanadium (molybdenum), the role of niobium was not  One must to remember that various features of the cat-
clear. It appeared that a certain isolation of the active sitesalyst are responsible for the activity and selectivity in oxi-
was necessary to find new catalysts for mild oxidation of dation processes performed in gas and liquid-phases. Some
light alkanes as observed in preus studies [2,3]. Recently,  of them are common for both types of reactions. Grasselli
some of us discovered that doping a VPO catalyst with nio- [7] pointed out seven principles underpinning selective het-
bium (Nb/V = 0.01) induced defects at the periphery of erogeneous catalysis in the gas phase, comprising lattice
(VO)2P,07 crystals while Nb was simultaneously concen- oxygen, metal-oxygen bond strenghost structure, redox,
multifunctionality of active sites, site isolation, and phase
mspon ding author. C_ooperation. Additionglly, Grzybowskfﬁwierkosz [8] con-
E-mail addresses: ziolek@amu.edu.pl (M. Ziolek), sidered the role of acid-base properties of the catalyst con-
volta@catalyse.cnrs.fr (J.C. Volta). trolling kinetics and energesof the sorption—desorption of
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the reaction products. Generally for ODH of alkanes, basic temperature. The pH level was adjusted to 11 by dropwise

catalysts seems to be moreegffive in the olefin formation.  addition of diluted sulfuric (for Mo and V) or oxalic (for Nb

One should be cautious in a generalisation of this approach.or Nb+ V and/or + Mo) acids with vigorous stirring. These

It is possible to recall the systems which are quite selective reaction mixtures were heated again to 373 K for 24 h. The

in the olefin formation by ODH, like Co or Ni molybdates resulting precipitated products were washed with distilled

and which exhibit acidic centres of considerable strength. water and dried in air at ambient temperature. The template

One can find in the literature [9] a correlation between the in the catalysts was removed by calcination at 823 K, 1 h in

acid centres and catalytic activity in propane ODH. How- helium flow and 12 h in air under static conditions.

ever, the correlation of this type cannot constitute a proof

for the direct participation of acid centres in the activation 2.2. Characterisation techniques

of hydrocarbons. It reflects only the fact that it is the transi-

tion metal cation (Mo) which is involved in an active site for 2.2.1. X-ray diffraction (XRD)

both the oxidation and the sorption of bases. X-ray diffraction patterns were recorded between 1 and
In the case of liquid-phase oxidation, some other behav- 40° (29) on a Philips PW 1710 diffractometer (CuzKadi-

iours of the heterogeneous catalysts must be considered likeation; . = 0.154 nm) with a step size 0.02

diffusion limitation, hydrophobicity of the catalysts, role of

solvent, leaching of active spies to the solution, and re- 2.2.2. Ny adsorption/desorption

ducibility of metal species [10]. The surface areas and pore volumes of the TMCM-41 ma-
This paper deals with the consideration of some cata- terials were measured by nitrogen adsorption at 77.4 K using

lyst features, importantin partially oxidation processes, both the conventional technique @iMicromeritics 2010 appara-

in gas (ODH of propane to prope) and liquid (epoxida-  tus. Prior to the adsorption measurements, the samples were

tion of cyclohexene) phases. Mesoporous MCM-41 material degassed in vacuum at 573 K for 2 h. The pore diameter was

discovered in 1992 [11] wadosen as a host for multifunc-  determined from the adsorption branch of isotherms using a

tional active sites located iit. These sites were generated corrected algorithm (KJS-BJH) based on the Barret—Joyner—

by the incorporation of three transition metal elements (nio- Halenda (BJH) procedure.

bium, vanadium, and molybdenum together and separately)

besides silicon during the synthesis. The role of defects in 2.2.3. Chemical analysis

the obtained materials, their relation to the hysteresis loops The metal contents (Nb, V, Mo) in the calcined TMCM-

in the nitrogen adsorption isotherms and to the activity and 41 samples were determined by inductively coupled plasma

selectivity in both processes studied, as well as the effect ofemission spectroscopy (ICP) (AES-Flammes Perkin-Elmer

catalyst acidity are taken into consideration in this study.

2. Experimental methods
2.1. Catalyst preparation

Vanadium, niobium, and molybdenum were incorporated
into the mesoporous molecular sieves of MCM-41 type dur-
ing hydrothermal synthesiS873 K, 48 h). Sodium silicate
(27 wt% SiQ in 14 wt% NaOH; Aldrich) and niobium(V)
oxalate (CBMM, Brazil) were used as a silicon and niobium
source, respectively, and-hexadecyltrimethylammonium
chloride (25 wt%; Aldrich) wasipplied as a surfactant. For

the preparation of catalysts containing vanadium and molyb-

denum, vanadyl(IV) sulfate (BDH) and ammonium hepta-
molybdate(VI) (POCH, Poland) were sources of V and Mo,
respectively. The composition of the reactant mixture de-
pended on the assumed Si/T ratio (where-Nb, V, Mo)

M 1100) after solubilisation of the samples in$0,:HNO3:
HCI solutions.

2.2.4. High-resolution transmission el ectron microscopy
(HRTEM)

HRTEM was performed with a 200-kV Jeol JEM 2010
microscope, with a point to point resolution of 0.19 nm (co-
efficient of spherical aberratiafis = 0.5 mm), and equipped
with an EDS X-ray analyser Link-Isis. Samples are included
in an EPON resin. Very thin slices (20-40 nm) are obtained
by ultramicrotomy of the samples. The Ultramicrotome is
a Leica Ultra Cut UCT equipped with a diamond knife.
The slices are then recovered on a microscopy copper grid
(3.05 mm; 200 mesh) previously coated with a holey-carbon
film.

2.2.5. FTIR acidity measurements
Infrared spectra were recorded with a Brucker Vector 22
FTIR spectrometer (DTGS detector). Pyridine and lutidine

which was planned as 16, or/and 32, or/and 64, or/and 128,were used as basic probes. The samples were pressed un-

or/and 256. In case of bi- and trifunctional systems, the fol-

der low pressure, into a thin wafer 10-15 mg cm? and

lowing sequence of the admission of metal sources was usedplaced in the vacuum cell. The activation was performed first

niobium oxalate, vanadyl sulfate, and ammonium molyb-

in a flow of O, at 723 K for 1 h. Next, the cell was cooled

date. The gels formed from these components were loadedo RT for evacuation of oxygen. After that, the sample was
into a stoppered PP (polypropylene) bottles and heated atoutgased at 673 K for 12 h. Pyridine and lutidine were ad-

373 K for 24 h. The mixtures were then cooled to room

sorbed at 373 K. The desorption was carried out for 30 min



316 B. Kilos et al. / Journal of Catalysis 224 (2004) 314-325

at each of the following temperatures: 373, 423, 473, 523, 353 K on a Porapak Q (80—100 mesh, 2 mé-inch diame-
and 573 K. All spectra were recorded at room temperature. ter) column. Carbon balance was kept within 5% or below.
The spectra shown in this pape recalculated for the same

weight of the samples—1 mg. 2.3.2. Cyclohexene oxidation with H,O2
All prepared materials were tested in the oxidation of
2.3. Catalytic tests cyclohexene with hydrogen peroxide. The reaction was per-
formed at 318 K in the liquid-phase using acetonitrile as a
2.3.1. Propane oxidation solvent. The catalytic reactidoetween cyclohexene and hy-

The partial oxidation reactions were carried out using a drogen peroxide was carried out in a glass flask equipped
conventional fixed-bed flow reactor (diameter 16 mm) work- with a magnetic stirrer, a thermocouple, a reflux condenser,
ing at atmospheric pressure. The amount of £ ahthe and a membrane for sampling. The amount of 0.04 g of a
catalyst was loaded into a Wsie reactor made of quartztube calcined catalyst was placeddrthe flask where the solvent
and treated in a flow of N(40 cm® min~!) at 773 Kfor4h  was added. The oxidation was conducted simply by efficient
before the reaction. The reactor was equipped with a coax-stirring of a mixture of a solvent and a catalyst at 318 K.
ial thermocouple for catalytic bed temperature profiling. The After stirring for 15 min, cyclohexene (2 mmol) was added,
feed consisted of a mixture of propane/oxygen/nitrogen with followed by the dropwise addition (10 s) 8f34% hydrogen
amolar ratio 7/13/80 and a total gas flow of 17.5%min 1. peroxide (2 mmol). The first analysis was done after 30 min
Catalytic experiments were carried out in the 753-823 K from the beginning of the reaction. Samples were taken at
temperature range. Under these conditions, both externalregular time intervals and analysed by a gas chromatograph
and internal diffusion limitations were absent as evidenced GC 8000 Top equipped with a capillary column of DB-1,
from the results shown in Fig. 1. Analysis of reactants and operated with a heating program: 333 K for 15 min, ramp
products was performed by on-line gas chromatography cou-10 K min—2 to 353 K (kept for 13 min), attached to a FID.
pled to the outlet. Light hydrocarbons, oxygenated com-  For both reactions, conversion of reactants and selectivity
pounds and acids were analysed by Shimadzu GC-14B gaso products were calculated based on molar values, using the

chromatograph—temperature programmed—with two FID responses factors for all products of the reactions.
detectors equipped with three columns: Durapak (for hydro-

carbons separation), Carbowax 20M and AT 1200 (for oxy-

genate separation—aldehydes, ketones, and acids, respe@ Results

tively). The Durapak#-octane on Porasil C; 80-100 mesh,

4 m; 1/8-inch diameter) and Carbowax (20 wt% on Chro- 3.1. Characterisation of the catalysts

mosorb P-AW-DMCS; 60—-80 mesh, 4 ny,8inch diameter)

columns were settled in parallel and were working at 363 K 3.1.1. Chemical analysis

on the first FID detector. The originality of the settling was  Table 1 exhibits the composition of the materials used
to adapt the gas analysis withetintercalation of the peaks  hased on ICP analysis. The data clearly show that the amount

of the different products. The AT 1200 column working at of metals in the final material differs from that in the gel. It
393 K was connected to the second FID detector. A Delsi has been indicated in our previous works [12,13] that the

GC 121MB chromatograph with TCD detector was used in cation size and oxidation state of metal cation do not de-
order to separate HN2, and CO at 353 K on a Tamis 5A  termine the facility for transition metal inclusion into the

(60-80 mesh, 2 m; M-inch diameter) and Cand O at  mesoporous structure of MCM-41 type during the synthe-
sis in a simple way. Under the synthesis conditions applied

137 . in this work, the use of the same atomic amount of metals
2124 in Nb, V, and Mo sources for preparing one transition metal
c containing MCM-41 lead to the following order for metal
211+ incorporation efficiency: Nb- V > Mo. If two (Nb, V) or
§10_ three (Nb, V, Mo) metals are introduced together during the
S - synthesis, the V content is enhanced in comparison to one
g 94 metal-containing samples. Niobium seems to be responsible
5 for this feature. If V is introduced together with Nb, more
g 81 vanadium is incorporated into the final mesoporous material
o than if only V together with Si source is used. The introduc-

[y - NbMCM-41-32 tion of Mo into the framework together with Si is extremely
6 : i : i : i : i : i difficult (Si/Mo ratios> 2000) under the conditions applied
0.10 0.15 0.20 0.25 0.30 in this work. The use of a higher amount of Mo source leads
Catalyst weight, g to a higher content of Mo, but no more than0.01 part of

Mo used in the reagent mixture is located in the final mater-
Fig. 1. Control about diffusion limitation. ial.
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Table 1
The chemical composition of the samples (obtained from ICP analysis)
Catalysf Assumed atomic ratios Atomic ratios
Si/Nb Silv Si/Mo VINb Mo/Nb Mo/V
NbMCM-41-32 Si/Nb= 32 26 - — - - -
NbMCM-41-64 Si/Nb= 64 45 - — - - -
NbMCM-41-128 Si/Nb= 128 129 - - — — -
VMCM-41-32 SilV=32 - 259 - - - -
VMCM-41-128 SilV=128 - 1950 - — - -
MoMCM-41-32 Si/Mo= 32 - - > 2000 - - -
MoMCM-41-128 Si/Mo= 128 - - > 2000 - - —
NbVMCM-41-51 Si/Nb= 256 216 272 - [t} — -
SilV =64
VINb = 4/1
NbVMCM-41-64 Si/Nb= 128 129 879 - 8 — -
SilV =128
NbVMoMCM-41-9.8 Si/Nb= 128 134 133 1712 2 .08 008
SilV =32
Si/Mo =16
VINb = 4/1
Mo/V =2/1
NbVMoMCM-41-19.7 Si/Nb= 256 230 255 > 2000 Q9 < 0.06 < 0.06
SilV =64
SilMo = 32
VINb = 4/1
Mo/V =2/1

@ The last number in the catalyst symbol denotes Si/T assumed ratidy Tof transition metal atoms.

It is worthy of note that in the case of a low Si/Nb ratic NbMCM-41-128> NbVMCM-41-51> NbVMoMCM-41-
in the gel (NbMCM-41-32 or 64), the real Si/Nb ratio in the 19.8.
final material is lower than that assumed. It can suggestthat The N, adsorption/desorption isotherms are of type IV
not all of Nb is in the Si-O—Nb framework but part of Nbis in the IUPAC classification (typical of MCM-41 materials),
localised in the extraframework position. As a consequence, Fig. 2. The steps of capillary condensation in primary meso-
a chemical analysis gives rise to a lower Si/Nb ratio than pores are clearly pronounced and steep. By contrast, the
assumed, indicating that part of Si from the reactant mixture isotherms of the samples prepared with high concentrations
was not placed into the final material. A similar feature was of transition metal elements (Figs. 2A(a and b) and 2B(a
observed for Co-MCM-41 [14]. If Si/Nbk= 128 is used in and b)) featured prominent hysteresis loopg gtg = 0.9-1
the gel, the obtained material has the identical Si/Nb ratio. indicating a considerable macroporosity or intergranular

porosity. It is well known that this outcome is produced

3.1.2. X-ray diffraction and low-temperature nitrogen by such macropores that are connected through windows of
adsorption smaller size (so-called bottleneck pores). For most niobium-

All the materials synthesised within this work exhibit a containing materials an additional uncommon type H4 hys-
well-ordered hexagonal mesoporous structure of MCM-41 teresis is observed ip/pgo = 0.5-1 (Figs. 2A(a) and 2B(a
type with one system of pores (ca. 4 nm of diameter) and and b)). On the base of the analysis of TEM micrographs,
a very high specific surface area (ca. 1006gm') [12]. Lin et al. [16] assigned this hysteresis loop péipg = 0.5—
Table 2 summarises structural/textural data of all materi- 1.0, to structural defect holes amid the nanochannels. The
als basing on XRD and low-temperature nitrogen adsorption TEM images shown below confirmed this assignment also
experiments. The calcined TMCM-41 materials gave well- for Nb-containing MCM-41 samples studied in this work.
defined hexagonal XRD patterns with a main peakéat-2
2° and up to three signals in the region 3-8he introduc- 3.1.3. High-resolution transmission el ectron microscopy
tion of metals slightly decreasése unit cell parameter and Fig. 3 shows the micrographs of the chosen catalysts.
this decrease depends on the amount of metal introduced. ItA zoom of the hexagonal channels of MCM-41 is given.
is noteworthy that all niobium-containing materials exhibit MCM-41 (Fig. 3a) shows hexagonal channels with a size
the presence of extraframework crystal phases,(bor of about 4 nm. HRTEM micrographs indicate the presence
NaNb4O;11)—Table 2. The orders for the amounts of crystal of defects dispersed in materials containing niobium. They
phases can be estimated on the base of XRD peak intensityare absent in the samples without Nb. For NboMCM-41 ma-
shown in [13]. For NbOs it is NboMCM-41-32> NbMCM- terials, the amount of defects decreases with the decrease of
41-64> NbVMoMCM-41-9.8, whereas for N&NbsO11 the niobium loading (from Si/Nb= 26 to Si/Nb= 129 in the fi-
following order can be determined: NbVMCM-41-64 nal material). The structural defects are observed in areas
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Textural/structural parameters from low-temperatugeablsorption/desorption and XRD results

Catalyst Surface area (BET) Pore diameter (BJH-RJS) Wall thicknesé (K.]S)b Unit cell (ag) Extraframework phase
(m?g~h (nm) (nm) (nm)

MCM-41 1090 402 087 457 -

NbMCM-41-32 960 6 099 429 N, O

NbMCM-41-64 1040 >34 102 434 N O5

NbMCM-41-128 930 P5 104 433 NaNbsO11

VMCM-41-32 1070 394 085 438 -

VMCM-41-128 1090 08 084 447 -

MoMCM-41-32 1040 04 094 455 -

MoMCM-41-128 1100 40 082 439 -

NbVMCM-41-51 970 362 100 451 NaNbsO11

NbVMCM-41-64 970 296 098 431 NaNb,O11

NbVMoMCM-41-9.8 1020 D5 094 436 NipOsg

NbVMoMCM-41-19.7 1020 7 090 446 Traces NaNbgO11

& 4o = 2d100(1/+/3); w = (8/(1+/3))d100v/ (0 V) /A + pV); t = ag — w/1.05; ag = unit cell, w-pore diameter;-wall thickness.

b BJH method modified by Kruk, Jaroniec, and Sayari (KJS) [15].
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MCM-41-32; (B) (a) NbVMCM-41-51; (b) NbVMoMCM-41-9.8.

where Nb is detected by EDX. EDX investigations show
that niobium species are not dispersed homogeneously. One
can suggest that a kind of niobium nests is formed on the
surface of niobium-containing MCM-41 materials. The con-
centration of Nb as well as the size of defect holes shoul
determine a level of isolation of niobium species. There is
no doubt that after dehydroxylation of the sample Nb&nhd
Nb* species are formed. They were identified in our earlier
papers [17-19]. One can relate them to the Sgpecies as-
sociated with the defects observed by Dzwigaj et al. [20]
in V-MCM-41 samples. NB species play the role of Lewis
acid centres whereas NbGshould be active in the electron

dium species are also shown in HRTEM of NbVMoMCM-
41-9.8 besides large defect holes containing niobium species.

3.1.4. Acidity measurements

In order to evaluate the amount and type of acidic sites,
infrared spectroscopy (FTIR) of adsorbed bases has been ap-
plied. Pyridine (pk = 8.8) interacts with Lewis acid sites
(LAS) giving rise to characteristic IR bands-atl610 (usa
mode) and~ 1445 cmt! (v19p mode). The intensity of the
v19p band is related to the number of LAS taking into ac-
count thate1450~ 1.5 pmot1 [22].

The FTIR study of pyridine adsorbed at 373 K followed
by 30 min desorption at the same temperature allows us to
estimate the Lewis acidity of the catalysts. The presence of
IR bands at~ 1610 (uga mode) and~ 1445 cmr! (v1gp
mode) characterises Lewaxcid centres. Fig. 4 compares
chemisorption of pyridine on NboMCM-41 samples with var-
ious niobium contents. The stability of chemisorbed pyridine
can be referred to the strength of Lewis acid sites and can be
estimated on the basis of FTIR spectra after evacuation at
various temperatures. It isedrly evidenced that the higher
d the niobium content, the higher the strength of Lewis acid
sites. Consideration of the materials (containing mono- and
multimetals) exhibiting almost the same niobium content
(Table 1) allows us to propose the following order of Lewis
acid strength estimated on the basis of chemisorbed pyri-
dine shown in Fig. 5: NbVMoMCM-41-9.8> NbVMCM-
41-64> NbMCM-41-128.

FTIR spectra (Fig. 5) exhibit the bands due to pyridine

transfer, important in partia| oxidation processes (e_g_, [21]) Coordinatively bounded to residual Lewis acid sites after out-

It is possible that in case of rather low niobium loading,
a kind of isolation of Nb—hydroxyl pairs should be achieved
(in the hydroxylated material) in the defect holes (or in their

surrounding).

HRTEM micrograph (Fig. 3c) of VMCM-41-32 shows
the presence of vanadiumespes located into the channels
without modification of the size (3.8 nm). Dispersed vana-

gasing at 423 K. The intensity of these bands diminishes in
the sequence shown above. Itis clear that the presence of Mo
and/or V (to a lower extent) besides niobium increases the
acidity. Taking into account that Lewis acidity on MOMCM-

41 and VMCM-41 is negligible (very low intensity of Py-IR
bands at 1610 and 1445 cafter low-temperature, 373 K,
evacuation—not shown here) one can state that vanadium
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Fig. 3. HRTEM images of (a) SIMCM-41, (b) NboMCM-41-3@;) VMCM-41-32, (d) MOMCM-41-32, (e) NbVMoMCM-41-9.8.

and molybdenum in multimetaldilicate samples promote ples (VMCM-41 and MoMCM-41) exhibit a low number of
Lewis acidity located on niobium species. LAS like NbMCM-41-128. The comparison of the materi-

Table 3 presents the numbdrlewis acid centres in the  als with the same number of niobium (NbVMoMCM-41-
samples studied. Vanadium or molybdenum-containingsam-9.8; NbVMCM-41-64; NbMCM-41-128) shows the same
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Fig. 4. FTIR spectra recalculated to 1 mg of the materials: (A) Nb-
MCM-41-32; (B) NoMCM-42-64; (C) NbNCM-41-128 after adsorption of
pyridine at 373 K (a) and desorption at 373 K (b); 423 K (c); 473 K (d);
523 K (e); 573 K (f).

1449

Absorbance, a.u.

1700 1600 1500 1400 1300
Wavenumber, cm™

Fig. 5. FTIR spectra recalculated to 1 mg of the materials: NbVMo-
MCM-41-9.8 (a); NbVMCM-41-64 (b)NbMCM-41-128 (c) after pyridine
desorption at 423 K.

Table 3

Number of LAS calculated per 1 g of the catalyst calculated from IR
bands obtained after pyridine s@ption and desorption at 373 K450~

1.5 umol~1 [22])

Sample Number of LA 1017
NbMCM-41-32 158
NbMCM-41-64 145
NbMCM-41-128 29
VMCM-41-32 59
VMCM-41-128 23
MoMCM-41-32 20
MoMCM-41-128 18
NbVMCM-41-51 46
NbVMCM-41-64 135
NbVMoMCM-41-9.8 163
NbVMoMCM-41-19.7 83

niobium enhances also the aamtration of Lewis acid cen-
tres and that these sites are located near niobium species.
Most probably V and Mo make the isolation of pairs of Nb
species easier which in consequence gives rise to the forma-
tion of Nb™, NbO™~ pairs upon dehydroxylation. The first
one plays the role of LAS.

Pyridine interacts also with Brgnsted acid sites (BAS)
resulting in the appearance of a band near 1550 %m
which is accompaniedytwo others near 1640-1620 crh
Moreover, hydrogen-bound pyridine gives rise to IR bands
at 1445 and 1596 cnt and weak Lewis-bound pyridine
is characterised by a band at1575 cnt! [23]. Pyri-
dine adsorption allows the estimation of Brgnsted acidity
only in NbVMoMCM-41-9.8 characterised by weak bands
at 1640 and 1546 crt (Fig. 5). However, for the other
materials, pyridine did not detect BAS. Therefore, 2,6-
dimethylpyridine (2,6-lutidine, Lu pK= 7.25), which is
a stronger base than pyridine, due to a donor effect of

sequence in the number of LAS as that presented above formethyl groups, has been also used in the acidity study.
the Lewis acid strength. Therefore, one can conclude thatLuH™ species (lutidinum) shows IR bands in the 1630-
the presence of molybdenum and/or vanadium together with 1650 cnt! range characteristic of lutidine adsorbed on BAS
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ied in this work. Since it is known that high selectivities
to propene are favoured at high reaction temperatures on
most often studied vanadium-containing catalysts [26—28],
propane oxidation has been mainly performed in this work
at the temperature range 753-823 K.

Catalytic data for propane ODH are reported in Table 4.
The results are compared for approximately 6% propane
conversion reached at various temperatures (758—-813 K) de-
pending on the catalysts. The stability of the reaction is
obtained after ca. 1 h time on stream. It is clearly shown
that the presence of niobium in the material promotes the
selectivity to propene, which is the highest (above 60%)

- . - . - . - . for the materials containing a low amount of niobium; i.e.,

1700 1600 1500 _11400 1300 niobium species are isolated. High niobium-loaded samples

Wavenumber, cm (NbMCM-41-32 and NbMCM-41-64) give rise to a lower
Fig. 6. FTIR spectra recalculated to 1 mg of the materials: NbVMo- propeng selectivity (ca. 5.5 ar&'ﬂ%, r.eSpeCtlvely)’ whereas
MCM-41-9.8 (a); NbVMOMCM-41-19.7 (b): NbVMCM-41-51 (c) after those with V or Mo but without niobium transform propane
lutidine desorption at 473 K. to propene at a low selectivity (ca. 29 and 36%).
For the samples with almost the same niobium content the

[24,25]. Both MOMCM-41 samples and VMCM-41-128 do  Séguence of propene selectivity is as follows: NoMCM-41-
not show the IR bands assigned to LiHBransted acidity ~ 128(Si/Nb= 129)> NbVMoMCM-41-9.8(Si/Nb= 134)>

of NbMCM-41-128 is negligible. All other materials exhibit NPVMCM-41-64(Si/Nb= 129). Taking into account the
BAS with various concentrations determined by IR band témperature at which ca. 6% conversion of propane is
intensity. Fig. 6 compares the FTIR spectra of Iutidine ad- réached one can indicate the rsesequence in the catalyst
sorbed and desorbed at 473 K on multimetals-containing activity. Itis worthy of note that among these three samples
samples. The intensity of bands at 1628 and 1648con NbMCM-41-128 exhibits the lowest Lewis and Brgnsted
NbVMoMCM-41-9.8 with a higher metal content is higher ~acidity.

than that on NbVMoMCM-41-19.7. Molybdenum in the Taking into consideration the activity at the same re-
neighbourhood of niobium and vanadium in MCM-41 mate- action temperature (Table 5), one can conclude that vana-
rial seems to increase the number of BAS as shown in [2] for diumis responsible for a high propane conversion, especially
the Mo, V/TiO, system. The MOMCM-41 sample presents a as it is combined only with silicon in the MCM-41 struc-
medium strength of Brgnsted acidity (estimated on the ba- ture (VMCM-41-32 shows the highest propane conversion).
sis of lutidine desorption temperature) among the samplesHowever, the total oxidation products (CO and §Q@re-

Absorbance, a.u.

studied. dominate on that catalyst. Also MOMCM-41 material shows
high propane conversion. Contrary to that, the materials con-

3.2. Catalytic tests taining only niobium and silicon indicate the lowest propane
conversion but the highest propene selectivity, especially

3.2.1. Catalytic activity in oxidative dehydrogenation of when the Nb concentration is low.

propane

Propene, CO, and COwere the main (and under con- 3.2.2. Oxidation of cyclohexene
ditions applied in this work—the only) reaction products Recently, niobium-containingesoporous molecular sie-
formed during the oxidation of propane on the catalysts stud- ves of MCM-41 type have been recognised as very active

Table 4

Propane conversion and selectivity to propene for propane ODH (after 1 h time on stream)

Catalyst Reaction temperature (K) 3l@g conversion (%) Selectivity (%) £Hg yield (%)
C3Hg Cco CO

MCM-41 758 61 228 441 331 12

NbMCM-41-32 813 5} 551 132 317 36

NbMCM-41-64 821 & 567 153 280 37

NbMCM-41-128 819 & 663 149 188 44

VMCM-41-32 783 64 289 376 334 19

MoMCM-41-32 783 63 356 299 344 22

NbVMCM-41-64 803 61 478 157 364 29

NbVMoMCM-41-19.7 793 &4 659 125 216 4.2

NbVMoMCM-41-9.8 813 & 609 134 257 37
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Taplg 5 _

Activity for ODH of propane at 813 K (after 1 h time on stream)

Catalyst Propane conversion (%) 1/' e
NbMCM-41-32 66 @ 2, o_. O/ . O/
NbMCM-41-64 46 3
NbMCM-41-128 60 . " OR
VMCM-41-32 155

MoMCM-41-32 111

NbVMCM-41-64 96

NbVMoMCM-41-19.7 128

NbVMoMCM-41-9.8 60

Fig. 7. Scheme of the oxidation afdohexene with hydrogen peroxide.

Table 6

Results of cyclohexene oxidation at 318 K ities were obtained depending on the catalyst. Of course, the

selectivity is determined to some extent by the conversion
level. For the indication that it is not the only reason for the
conversion (%) Epoxide Diol  Others difference in the selectivity, the results obtained on niobium-

Catalyst Maximum Selectivity (%)

MCM-41 149 105 765 130 impregnated material (Nb/MCM-41) are also shown. The
NbMCM-41-32 755 57.6 241 184 cyclohexene conversion on this sample (59.9%) is almost the
NbMCM-41-64 708 s8r 248 165 same as that on NbVMCM-41 (59.1%), but the selectivity to
NbMCM-41-128 298 178 822 0 : X )

VMCM-41-32 538 77 516 407 cyclohexaned}o.l domlnatgs on the Iat.ter material, vyh_ereas
MoMCM-41-32 104 58 895 47 on that containing only niobium species, the selectivity to
NbVMCM-41-64 591 89 773 138 epoxide is high. The observed difference is caused by vana-
NbVMOMCM-41-19.7 412 120 588 292 dium leaching to the solutionna the performance of the
NbVMoOMCM-41-9.8 430 6.8 683 248

reaction in the homogeneous liquid-phase. In the homoge-
neous system, the main reaction product is cyclohexanediol
formed according to the second reaction pathway shown in
catalysts in the oxidation of cyclohexene [29-31]. As the Fig. 7. The intermediate for its formation is epoxide. How-
reaction is usually carried out in the liquid-phase, the ques- ever, in the liquid-phase homogeneous system, it is not sta-
tion arises whether it is a homogeneous or heterogeneousilised enough and is easily transformed to cyclohexanediol.
process; i.e., whether leackyiof metal to the solution oc-  Epoxide is stabilised on Lewis acid centres, which were de-
curs. This question was answered previously by performing tected on NboMCM-41 samples rich in niobium and having
special experiments [6]. The reactions carried out under ho-a large number of defects. It is also strongly held on, e.g.,
mogeneous conditions (by dissolving of the same amount of NboVMoMCM-41-9.8, presenting the strongest Lewis and
niobium oxalate in acetonitrile as that used for the synthesis also Brgnsted acidity and a large number of defects. More-
of NbMCM-41 catalysts) proceed with a very low activity over, too strong Br@ansted acidity of the latter material causes
and high selectivity to cyclohexanediol. After few hours of the epoxide ring opening to become easier, increasing cyclo-
stirring the catalyst, NboMCM-41, in the presence of hydro- hexanediol selectivity [10].
gen peroxide followed by the filtration of the catalysts, the ~ Among NbMCM-41 samples both NbMCM-41-32 and
reaction was carried out in ¢hsolution leached from solid NbMCM-41-64 indicate a high cyclohexene conversion
after admission of cyclohexene. It shows only residual activ- (higher for the first one) and the highest epoxide selectivity.
ity. There was no activity when the sample was first stirred Fig. 8 shows that the selectivity to epoxide decreases with
with cyclohexene for 5 h, andtar removal of the catalyst the reaction time, most probably due to the modification of
hydrogen peroxide was added to the solution. Thus one canthe catalyst surface by water formed from hydrogen perox-
state that niobium leaching tbé solution is negligible and  ide. It has been shown earlier [6] that the admission of water
it does not influence significtly the activity and selectivity ~ to the reaction medium causes the blockade of Lewis acid
in the oxidation of cyclohexene in acetonitrile. Contrary to sites and forms Brgnsted acid sites which make the epox-
that, vanadium leaching from MCM-41 by hydrogen perox- ide ring opening and its transformation to cyclohexanediol.
ide is very high [31]. These features must be considered in Higher initial activity on NoMCM-41 materials than that on
the discussion of the results presented in this work. VMCM-41 one causes a higher consumption of hydrogen
The results of cyclohexene oxidation with hydrogen per- peroxide at the beginning of the reaction and results in the
oxide in acetonitrile as the re@@n medium performed on  lowering of O, concentration, which inhibits the further
the catalysts applied in this work are summarised in Table 6. interaction of BO, with epoxide.
MoMCM-41 materials exhibit the lowest activity. However, In the liquid-phase oxidation, the diffusion limitation is
it is necessary to point out that the content of molybdenum a very important feature if the heterogeneous catalysts are
in these materials is very low. Most of the other samples applied [19]. The defect holes especially visible in NbMCM-
show a high conversion of cyclohexene, but various selectiv- 41-32 and NbMCM-41-64 and not observed in VMCM-41-

Nb/MCM-41-32 599 549 451 0
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100__ - images (Fig. 3) and thanks to that better interchannel con-
. 907 D\D':‘ﬂlﬂ\ . nections can be achieved making the reagent transport easier.
S 80 e o In the absence of vanadium, which is the active element in
=2 70 ‘\j- the multimetallosilicates, niobium species constitutes active
% 60 A12‘\5.\9 centres for the activation of alkane in the gas-phase oxida-
o ] o tion. Niobium species interacts with hydrogen peroxide in
3 50'_ a liquid-phase alkene oxidation. Moreover, niobium species
g 40—_ NbMCM-41-32 creates acidity of MCM-41 r_narigls (Fig. 4, Table 3).
X 30 O NbMCM-41-64 It has bgen docume'nted in thI'S paper that defgct holes are
S 20 v VMCM-41-32 dispersed in the materlals contammg niobium (Fig. 3). They
14 are not present in the samples without Nb. For NboMCM-
10Ntk 41 samples, the amount of defects decreases with dimin-
" ished niobium loading. The defts are associated with the
0 5 10 15 20 25 30 35 40 45 existence of a large type H4 hysteresis looppdpo be-
Reaction time, h tween 0.5 and 1.0 (Nadsorption/desorption isotherms) the
Fig. 8. Epoxide selectivity reached in the reaction of cyclohexene with hy- shape of which may be Correl_ated with the size of defe,CtS
drogen peroxide on MCM-41 materials. (one can compare HRTEMs (Fig. 3) and nitrogen adsorption
isotherms (Fig. 2) for NboMCM-41-32 and NbVMoMCM-
o 80+ 41-9.8). Lin et al. [16] applying the combination of special
e~ 70_‘ .__.’O’g synthesis conditions obtained similar defects in MCM-41
.5 | - 6.—/0/0/ and AIMCM-41 materials and assigned them to the struc-
? 60 '“_.,o/" /O/O' tural defect holes amid the nanochannels. Contrary to their
°>’ 1 b4 o® o * work, the formation of a void defect structure shown in this
5 501 e o/o’o_O / work does not require the application of a special synthe-
S 1680 *-K ; L .
o 4040 e sis procedure, because the presence of a niobium source in
S 1 /*,*/* the gel causes the defect holes in the final calcined material.
% 30+ *—X These holes lead to the intermection between linear chan-
5 20__ */*/* > NbMCM-41-32 nels. The latter causes a better interchannel diffusion, impor-
R / 5 NbMCM-41-64 tant in catalysis. It is worthy of note that structural defects
O 104, — VMCM-41-32 are observed in areas where Nb is detected by EDX. There-
0 1 - fore., the defect holes make the accessibility to Nb species
0 5 10 15 20 25 30 35 40 45  Casie

The comparison of the catalytic results for the ODH of
propane (Table 4) with HRTEM images (Fig. 3) indicates
Fig. 9. Activity of the catalysts in the oxidation of cyclohexene with hydro-  that the selectivity to propene strongly depends on the pres-
gen peroxide. ence of defects in the catalyst. However, there is not a simple

relationship between the amount of defects in NboMCM-41
32 seem to play a crucial role in the initial activity of the (increasing with Nb content) and the propene selectivity (de-
materials. Fig. 9 shows the high initial activity of the sam- creasing with Nb content). During the dehydroxylation of
ples in which defects induce the accessibility of the active NoMCM-41 materials Niy (LAS) and NbO™ species are
species (both Nb-containing samples), and indicates muchformed [18,25]. The latter may activate propane for its trans-
lower activity of VMCM-41-32. The difference between cy- formation to propene in the absence of vanadium, which is
clohexene conversion for both kinds of samples (with and an active species, or promote electron transfer when it is
without niobium) decreases with the reaction time due to presentin the neighbourhood of vanadium. If Nb concentra-
vanadium leaching to the solution and the performance of tion is higher niobium dimers are formed and the selectivity
the reaction in the homogeneous system. turns into the total combustion products together with the in-

crease of activity.

The activity of NboMCM-41 materials is determined also,

4. Discussion to some extent, by the surface acidity. With the increase of

Nb content the strength of Lewis acidity improves. This is

The results presented in this paper let one consider var-evident in Fig. 4, which indicates the enhancement of the
ious functions of niobium located in MCM-41 structures temperature necessary for pyridine desorption with the in-
separately and together with the other transition metals crease of Nb content. The stronger Lewis acidity causes a
(V and/or Mo) in partial oxidation processes. Niobium plays stronger chemisorption of propene (the ODH product) which
the role of structural promoter, creating a large amount of induces the following reaction steps leading to the total com-
defect cavities in the channel system observed in HRTEM bustion products. Thus, too strong acidity of the catalyst

Reaction time, h
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decreases propene selectivity and enhances of the activity. .o 60 NbVMCM-41-64
Too low acidity is inconvenient of due to lowering of the c:: 55 ]

activity. The combination of multimetals (Nb, V, Mo) in .g

the MCM-41 materials allows the achievement of niobium @ 50-

isolation (Si/Nb= 230, in NboVMoMCM-41-19.7) and the % 45

optimum acidity generated additionally by the presence of 3 = NbVMoMCM-41-9.8
molybdenum is obtained. It has been found earlier [2] that S 40-

a small quantity of molybdenurauses a high modification Py 35.

of acidity. Vanadium in the materials studied seems notto §

be responsible for propene selectivity because V species is S, 30 NbMCM-41-128

well dispersed in the samples (see HRTEM micrographs— ©

Fig. 3), in agreement with the results reported in the liter- 2520 " 40 60 80 100 120 140
ature (e.g., [32,33]). Meanwhile, recently [21] it has been Number of LAS x10"7

demonstrated that the propane ODH reaction involves one-
electron reduction of two ¥ centres to ¢+ using one Fig. 10. Relationship between Lewis dity and cyclohexene conversion in
electron from each of two lattice oxygens. For that process, ¢ reaction with hydrogen peroxide at 318 K.

two V atoms are required in neighbourhood, whichis notthe  The presence of Bransted acid centres is disadvantageous
case of the samples applied in this study. However, when iso-for the liquid-phase oxidation of cyclohexene. It induces the
lated NbO™ species are located in the surrounding 6fV  epoxide chemisorption resultrin ring opening and cyclo-
it promotes the electron transfer making the propene selec-hexanediol formation. Lewis acidity enhances the cyclohex-
tivity higher (one can compare the results in Table 4 for ene conversion. The linear relationship between cyclohexene
VMCM-41-32 and NbVMCM-41-64). It is worthy of note  conversion and the number of Lewis acid sites is observed
that according to our earlier study [13] only about half of (Fig. 10) for the samples containing almost the same amount
niobium is located on the surface (the other inside the walls), of niobium.
whereas vanadium is dispersed on the surface of the ma- The results presented in this paper show a multifunctional
terial. Moreover, niobium sgries are agglomerated in the character of niobium specidscated in the framework of
surrounding (or inside) defect holes, as shown in this paper. MCM-41 materials. Studies are in progress in order to better
Therefore, despite a much higher total amount of niobium in characterise the catalysts caining various combinations of
comparison with that of vanadium the real V/Nb ratio on the metal contentin MCM-41 matrixral their local interaction.
surface is higher than that calculated from the total amount On this basis, one can expect the optimisation of the cata-
of both metals (Table 1). lysts effective in both types of oxidation processes.
There is no evidence in our study for the role of ex- To conclude, one can state that niobium species in mul-
traframework niobium phases observed by XRD (Table 2) timetallosilicate MCM-41 magdrials can play the role of
for the propane ODH (Tables 4 and 5). One cannot find electronic promoter, particularly important in the ODH of
any clear relationship of acily and/or selectivity and the ~ propane, and/or structural promoter (creates defect holes),
presence and/or nature of extraframework niobio-oxygenatemaking the access of reagents to the active species easier
crystal phases. (mainly indicated in the liquid-phase oxidation). In the ab-
Contrary to the propane ODH reaction, in the oxidation Sence of vanadium, niobiumsgies acts as the active centres
of cyclohexene, the increase of Nb content causes the endn the both reactions studied. Moreover, niobium generates
hancement of selectivity to epoxide if NoMCM-41 samples Lewis acidity in the catalysts.
are used (Table 6). Multimetallosilicate materials (NbV- and
NbVMoMCM-41) exhibit very low epoxide selectivity due
to leaching of vanadium to aastitrile medium. Vanadium
ir'! homoge-neous system catalyses mainly the cyclohexane- one of us is indebted to the EC for financial support
diol formation. through Postfellowship Contract HMPT-CT-2000-00163.
In contrast to the gas-phase oxidation, in the liquid-phase, The polish State Committee for Scientific Research (KBN—
the diffusion effect is more important for the catalytic re- Grant 3 TO9A 100 26: 2004-2006) is acknowledged for

action. Therefore, in the epoxidation of cyclohexene, the financial support. Acknowledgment is made to the CBMM
activity and epoxide selectivity are related to the amount of (Brazil) for supplying niobium(V) oxalate.

defects proportional to the concentration of Nb. The easy
access to the active niobium species located mainly in the
surrounding (or inside) the defect holes seems to limit the
regction rate.. It gives q relatively high initial rgaction rate [1] E.M. Thorsteinson, T-P. Wilson, F.G. Young, P.H. Kasai, J. Catal. 52
(Fig. 8) causing a lowering of the second reaction step lead- ~ * (197g) 116.
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