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Abstract

MCM-41 mesoporous molecular sieves containing Nb, V, and Mo separately and together have been synthesised and chara
high-resolution transmission microscopy (HRTEM with EDX), N2 adsorption isotherms, and X-ray diffraction (XRD), and tested in
oxidative dehydrogenation (ODH) of propane in the gas phase and in theliquid-phase oxidation of cyclohexene with hydrogen peroxide. Fo
the first time, it has been documented that the incorporation of niobium during the synthesis of MCM-41 materials results in the f
of defects, the presence of which influences the selectivity in both reactions, ODH of propane to propene and epoxidation of cyclo
is proposed that defect holes, generated by niobium, are convenient for access of reagents to the active species and for making t
easier (particularly important in the liquid-phase reactions). NbO− species plays the role of an electronic promoter in multimetallosilic
NbV- and NbVMoMCM-41, where vanadium is an active species. In theabsence of vanadium, niobium species are active in both oxid
processes. The role of acidity in the catalysts used for both oxidation processes is considered.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Due to their abundance, the catalytic oxidative dehyd
genation of paraffins to olefins is a challenge since i
a promising route for the industrial production of chem
cals. Literature data suggest that V, Nb, and Mo should
attractive for such a reaction as it was demonstrated
the Thorsteinson formulation for mild oxidation of etha
to acetic acid [1]. While the role of vanadium and moly
denum was clearly evidenced to activate the alkane (v
dium) and to play both a redox and an acidobasic
on vanadium (molybdenum), the role of niobium was
clear. It appeared that a certain isolation of the active s
was necessary to find new catalysts for mild oxidation
light alkanes as observed in previous studies [2,3]. Recently
some of us discovered that doping a VPO catalyst with
bium (Nb/V = 0.01) induced defects at the periphery
(VO)2P2O7 crystals while Nb was simultaneously conce
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trating at the periphery. This fact was associated with
increase of then-butane conversion for mild oxidation
maleic anhydride [4]. On the other hand, NbMCM-41 ma
rials appeared to be active in both ODH (oxidative dehyd
genation) of propane [5] and in the liquid-phase oxidat
of cyclohexene [6]. The question arises whether the in
poration of three transition metal elements (TME) V, M
and Nb, in a special local atomic arrangement, increase
activity and selectivity of MCM-41 materials in the oxid
tion reactions and what the role of niobium species is.
answer to these questions is a goal of this study.

One must to remember that various features of the
alyst are responsible for the activity and selectivity in o
dation processes performed in gas and liquid-phases. S
of them are common for both types of reactions. Gras
[7] pointed out seven principles underpinning selective
erogeneous catalysis in the gas phase, comprising la
oxygen, metal–oxygen bond strength, host structure, redox
multifunctionality of active sites, site isolation, and pha
cooperation. Additionally, Grzybowska-Świerkosz [8] con-
sidered the role of acid-base properties of the catalyst
trolling kinetics and energetics of the sorption–desorption o

http://www.elsevier.com/locate/jcat


B. Kilos et al. / Journal of Catalysis 224 (2004) 314–325 315

sic
.
ach
tive
s

gth.
the
w-
oof
ion
si-
or

av-
d like
of
-

ata-
oth
-
rial
-

ed
io-

tely)
s in
ops

and
ct of
.

ted
ur-

)
um

r
lyb-
ta-
o,

de-

128
fol-
sed

yb-
ded
d a

om

ise
b
e
The
lled
late

h in

and

ma-
sing
-
were
was

ng a
ner–

-
sma
mer

10
o-

ed
ned

is
fe.
grid
bon

22
ine
d un-

first
d
as

ad-
min
the reaction products. Generally for ODH of alkanes, ba
catalysts seems to be more effective in the olefin formation
One should be cautious in a generalisation of this appro
It is possible to recall the systems which are quite selec
in the olefin formation by ODH, like Co or Ni molybdate
and which exhibit acidic centres of considerable stren
One can find in the literature [9] a correlation between
acid centres and catalytic activity in propane ODH. Ho
ever, the correlation of this type cannot constitute a pr
for the direct participation of acid centres in the activat
of hydrocarbons. It reflects only the fact that it is the tran
tion metal cation (Mo) which is involved in an active site f
both the oxidation and the sorption of bases.

In the case of liquid-phase oxidation, some other beh
iours of the heterogeneous catalysts must be considere
diffusion limitation, hydrophobicity of the catalysts, role
solvent, leaching of active species to the solution, and re
ducibility of metal species [10].

This paper deals with the consideration of some c
lyst features, important in partially oxidation processes, b
in gas (ODH of propane to propene) and liquid (epoxida
tion of cyclohexene) phases. Mesoporous MCM-41 mate
discovered in 1992 [11] was chosen as a host for multifunc
tional active sites located init. These sites were generat
by the incorporation of three transition metal elements (n
bium, vanadium, and molybdenum together and separa
besides silicon during the synthesis. The role of defect
the obtained materials, their relation to the hysteresis lo
in the nitrogen adsorption isotherms and to the activity
selectivity in both processes studied, as well as the effe
catalyst acidity are taken into consideration in this study

2. Experimental methods

2.1. Catalyst preparation

Vanadium, niobium, and molybdenum were incorpora
into the mesoporous molecular sieves of MCM-41 type d
ing hydrothermal synthesis (373 K, 48 h). Sodium silicate
(27 wt% SiO2 in 14 wt% NaOH; Aldrich) and niobium(V
oxalate (CBMM, Brazil) were used as a silicon and niobi
source, respectively, andn-hexadecyltrimethylammonium
chloride (25 wt%; Aldrich) wasapplied as a surfactant. Fo
the preparation of catalysts containing vanadium and mo
denum, vanadyl(IV) sulfate (BDH) and ammonium hep
molybdate(VI) (POCH, Poland) were sources of V and M
respectively. The composition of the reactant mixture
pended on the assumed Si/T ratio (where T= Nb, V, Mo)
which was planned as 16, or/and 32, or/and 64, or/and
or/and 256. In case of bi- and trifunctional systems, the
lowing sequence of the admission of metal sources was u
niobium oxalate, vanadyl sulfate, and ammonium mol
date. The gels formed from these components were loa
into a stoppered PP (polypropylene) bottles and heate
373 K for 24 h. The mixtures were then cooled to ro
.

,

:

t

temperature. The pH level was adjusted to 11 by dropw
addition of diluted sulfuric (for Mo and V) or oxalic (for N
or Nb+ V and/or+ Mo) acids with vigorous stirring. Thes
reaction mixtures were heated again to 373 K for 24 h.
resulting precipitated products were washed with disti
water and dried in air at ambient temperature. The temp
in the catalysts was removed by calcination at 823 K, 1
helium flow and 12 h in air under static conditions.

2.2. Characterisation techniques

2.2.1. X-ray diffraction (XRD)
X-ray diffraction patterns were recorded between 1

40◦ (2θ) on a Philips PW 1710 diffractometer (Cu-Kα radi-
ation;λ = 0.154 nm) with a step size 0.02◦.

2.2.2. N2 adsorption/desorption
The surface areas and pore volumes of the TMCM-41

terials were measured by nitrogen adsorption at 77.4 K u
the conventional technique ona Micromeritics 2010 appara
tus. Prior to the adsorption measurements, the samples
degassed in vacuum at 573 K for 2 h. The pore diameter
determined from the adsorption branch of isotherms usi
corrected algorithm (KJS-BJH) based on the Barret–Joy
Halenda (BJH) procedure.

2.2.3. Chemical analysis
The metal contents (Nb, V, Mo) in the calcined TMCM

41 samples were determined by inductively coupled pla
emission spectroscopy (ICP) (AES-Flammes Perkin-El
M 1100) after solubilisation of the samples in H2SO4:HNO3:
HCl solutions.

2.2.4. High-resolution transmission electron microscopy
(HRTEM)

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

2.2.5. FTIR acidity measurements
Infrared spectra were recorded with a Brucker Vector

FTIR spectrometer (DTGS detector). Pyridine and lutid
were used as basic probes. The samples were presse
der low pressure, into a thin wafer∼ 10–15 mg cm−2 and
placed in the vacuum cell. The activation was performed
in a flow of O2 at 723 K for 1 h. Next, the cell was coole
to RT for evacuation of oxygen. After that, the sample w
outgased at 673 K for 12 h. Pyridine and lutidine were
sorbed at 373 K. The desorption was carried out for 30
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at each of the following temperatures: 373, 423, 473, 5
and 573 K. All spectra were recorded at room temperat
The spectra shown in this paperare recalculated for the sam
weight of the samples—1 mg.

2.3. Catalytic tests

2.3.1. Propane oxidation
The partial oxidation reactions were carried out usin

conventional fixed-bed flow reactor (diameter 16 mm) wo
ing at atmospheric pressure. The amount of 1 cm3 of the
catalyst was loaded into a U-type reactor made of quartz tub
and treated in a flow of N2 (40 cm3 min−1) at 773 K for 4 h
before the reaction. The reactor was equipped with a c
ial thermocouple for catalytic bed temperature profiling. T
feed consisted of a mixture of propane/oxygen/nitrogen w
a molar ratio 7/13/80 and a total gas flow of 17.5 cm3 min−1.
Catalytic experiments were carried out in the 753–82
temperature range. Under these conditions, both exte
and internal diffusion limitations were absent as eviden
from the results shown in Fig. 1. Analysis of reactants
products was performed by on-line gas chromatography
pled to the outlet. Light hydrocarbons, oxygenated co
pounds and acids were analysed by Shimadzu GC-14B
chromatograph—temperature programmed—with two
detectors equipped with three columns: Durapak (for hy
carbons separation), Carbowax 20M and AT 1200 (for o
genate separation—aldehydes, ketones, and acids, re
tively). The Durapak (n-octane on Porasil C; 80–100 mes
4 m; 1/8-inch diameter) and Carbowax (20 wt% on Ch
mosorb P-AW-DMCS; 60–80 mesh, 4 m; 1/8-inch diameter)
columns were settled in parallel and were working at 36
on the first FID detector. The originality of the settling w
to adapt the gas analysis with the intercalation of the peak
of the different products. The AT 1200 column working
393 K was connected to the second FID detector. A D
GC 121MB chromatograph with TCD detector was used
order to separate O2, N2, and CO at 353 K on a Tamis 5
(60–80 mesh, 2 m; 1/4-inch diameter) and CO2 and H2O at

Fig. 1. Control about diffusion limitation.
l

s

c-

353 K on a Porapak Q (80–100 mesh, 2 m; 1/4-inch diame-
ter) column. Carbon balance was kept within 5% or belo

2.3.2. Cyclohexene oxidation with H2O2

All prepared materials were tested in the oxidation
cyclohexene with hydrogen peroxide. The reaction was
formed at 318 K in the liquid-phase using acetonitrile a
solvent. The catalytic reaction between cyclohexene and h
drogen peroxide was carried out in a glass flask equip
with a magnetic stirrer, a thermocouple, a reflux conden
and a membrane for sampling. The amount of 0.04 g
calcined catalyst was placed into the flask where the solve
was added. The oxidation was conducted simply by effic
stirring of a mixture of a solvent and a catalyst at 318
After stirring for 15 min, cyclohexene (2 mmol) was add
followed by the dropwise addition (10 s) of∼ 34% hydrogen
peroxide (2 mmol). The first analysis was done after 30
from the beginning of the reaction. Samples were take
regular time intervals and analysed by a gas chromatog
GC 8000 Top equipped with a capillary column of DB
operated with a heating program: 333 K for 15 min, ra
10 K min−1 to 353 K (kept for 13 min), attached to a FID.

For both reactions, conversion of reactants and select
to products were calculated based on molar values, usin
responses factors for all products of the reactions.

3. Results

3.1. Characterisation of the catalysts

3.1.1. Chemical analysis
Table 1 exhibits the composition of the materials u

based on ICP analysis. The data clearly show that the am
of metals in the final material differs from that in the gel
has been indicated in our previous works [12,13] that
cation size and oxidation state of metal cation do not
termine the facility for transition metal inclusion into th
mesoporous structure of MCM-41 type during the synt
sis in a simple way. Under the synthesis conditions app
in this work, the use of the same atomic amount of me
in Nb, V, and Mo sources for preparing one transition m
containing MCM-41 lead to the following order for met
incorporation efficiency: Nb> V � Mo. If two (Nb, V) or
three (Nb, V, Mo) metals are introduced together during
synthesis, the V content is enhanced in comparison to
metal-containing samples. Niobium seems to be respon
for this feature. If V is introduced together with Nb, mo
vanadium is incorporated into the final mesoporous mat
than if only V together with Si source is used. The introd
tion of Mo into the framework together with Si is extreme
difficult (Si/Mo ratios> 2000) under the conditions applie
in this work. The use of a higher amount of Mo source le
to a higher content of Mo, but no more than∼ 0.01 part of
Mo used in the reagent mixture is located in the final ma
ial.
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Table 1
The chemical composition of the samples (obtained from ICP analysis)

Catalysta Assumed atomic ratios Atomic ratios

Si/Nb Si/V Si/Mo V/Nb 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 Si/V= 32 – 259 – – – –
VMCM-41-128 Si/V= 128 – 1950 – – – –
MoMCM-41-32 Si/Mo= 32 – – > 2000 – – –
MoMCM-41-128 Si/Mo= 128 – – > 2000 – – –
NbVMCM-41-51 Si/Nb= 256 216 272 – 0.8 – –

Si/V = 64
V/Nb = 4/1

NbVMCM-41-64 Si/Nb= 128 129 879 – 0.08 – –
Si/V = 128

NbVMoMCM-41-9.8 Si/Nb= 128 134 133 1712 2 0.08 0.08
Si/V = 32
Si/Mo = 16
V/Nb = 4/1
Mo/V = 2/1

NbVMoMCM-41-19.7 Si/Nb= 256 230 255 > 2000 0.9 < 0.06 < 0.06
Si/V = 64
Si/Mo = 32
V/Nb = 4/1
Mo/V = 2/1

a The last number in the catalyst symbol denotes Si/T assumed ratio; T= ∑
of transition metal atoms.
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It is worthy of note that in the case of a low Si/Nb ra
in the gel (NbMCM-41-32 or 64), the real Si/Nb ratio in th
final material is lower than that assumed. It can suggest
not all of Nb is in the Si–O–Nb framework but part of Nb
localised in the extraframework position. As a conseque
a chemical analysis gives rise to a lower Si/Nb ratio th
assumed, indicating that part of Si from the reactant mix
was not placed into the final material. A similar feature w
observed for Co-MCM-41 [14]. If Si/Nb= 128 is used in
the gel, the obtained material has the identical Si/Nb rati

3.1.2. X-ray diffraction and low-temperature nitrogen
adsorption

All the materials synthesised within this work exhibit
well-ordered hexagonal mesoporous structure of MCM
type with one system of pores (ca. 4 nm of diameter)
a very high specific surface area (ca. 1000 m2 g−1) [12].
Table 2 summarises structural/textural data of all mat
als basing on XRD and low-temperature nitrogen adsorp
experiments. The calcined TMCM-41 materials gave w
defined hexagonal XRD patterns with a main peak at 2θ ∼
2◦ and up to three signals in the region 3–8◦. The introduc-
tion of metals slightly decreasesthe unit cell parameter an
this decrease depends on the amount of metal introduc
is noteworthy that all niobium-containing materials exhi
the presence of extraframework crystal phases (Nb2O5 or
Na2Nb4O11)—Table 2. The orders for the amounts of crys
phases can be estimated on the base of XRD peak inte
shown in [13]. For Nb2O5 it is NbMCM-41-32> NbMCM-
41-64> NbVMoMCM-41-9.8, whereas for Na2Nb4O11 the
following order can be determined: NbVMCM-41-64>
t

NbMCM-41-128> NbVMCM-41-51� NbVMoMCM-41-
19.8.

The N2 adsorption/desorption isotherms are of type
in the IUPAC classification (typical of MCM-41 materials
Fig. 2. The steps of capillary condensation in primary me
pores are clearly pronounced and steep. By contrast
isotherms of the samples prepared with high concentrat
of transition metal elements (Figs. 2A(a and b) and 2
and b)) featured prominent hysteresis loops atp/p0 = 0.9–1
indicating a considerable macroporosity or intergranu
porosity. It is well known that this outcome is produc
by such macropores that are connected through window
smaller size (so-called bottleneck pores). For most niobi
containing materials an additional uncommon type H4 h
teresis is observed inp/p0 = 0.5–1 (Figs. 2A(a) and 2B(a
and b)). On the base of the analysis of TEM micrograp
Lin et al. [16] assigned this hysteresis loop, atp/p0 = 0.5–
1.0, to structural defect holes amid the nanochannels.
TEM images shown below confirmed this assignment a
for Nb-containing MCM-41 samples studied in this work.

3.1.3. High-resolution transmission electron microscopy
Fig. 3 shows the micrographs of the chosen cataly

A zoom of the hexagonal channels of MCM-41 is give
MCM-41 (Fig. 3a) shows hexagonal channels with a s
of about 4 nm. HRTEM micrographs indicate the prese
of defects dispersed in materials containing niobium. T
are absent in the samples without Nb. For NbMCM-41 m
terials, the amount of defects decreases with the decrea
niobium loading (from Si/Nb= 26 to Si/Nb= 129 in the fi-
nal material). The structural defects are observed in a
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Table 2
Textural/structural parameters from low-temperature N2 adsorption/desorption and XRD results

Catalyst Surface area (BET) Pore diameter (BJH-KJS)b Wall thicknessa (KJS)b Unit cell (a0) Extraframework phas
(m2 g−1) (nm) (nm) (nm)

MCM-41 1090 4.02 0.87 4.57 –
NbMCM-41-32 960 3.66 0.99 4.29 Nb2O5
NbMCM-41-64 1040 3.64 1.02 4.34 Nb2O5
NbMCM-41-128 930 3.65 1.04 4.33 Na2Nb4O11
VMCM-41-32 1070 3.94 0.85 4.38 –
VMCM-41-128 1090 3.98 0.84 4.47 –
MoMCM-41-32 1040 3.94 0.94 4.55 –
MoMCM-41-128 1100 4.10 0.82 4.39 –
NbVMCM-41-51 970 3.62 1.00 4.51 Na2Nb4O11
NbVMCM-41-64 970 3.96 0.98 4.31 Na2Nb4O11
NbVMoMCM-41-9.8 1020 3.95 0.94 4.36 Nb2O5
NbVMoMCM-41-19.7 1020 3.97 0.90 4.46 Traces Na2Nb4O11

a a0 = 2d100(1/
√

3); w = (8/(π
√

3))d100
√

(ρV )/(1+ ρV ); t = a0 − w/1.05; a0 = unit cell,w-pore diameter,t-wall thickness.
b BJH method modified by Kruk, Jaroniec, and Sayari (KJS) [15].
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Fig. 2. Low temperature nitrogen adsorption/desorption isotherms: (A
(a) NbMCM-41-32; (b) NbMCM-41-64; (c) VMCM-41-32; (d) Mo
MCM-41-32; (B) (a) NbVMCM-41-51; (b) NbVMoMCM-41-9.8.

where Nb is detected by EDX. EDX investigations sh
that niobium species are not dispersed homogeneously
can suggest that a kind of niobium nests is formed on
surface of niobium-containing MCM-41 materials. The co
centration of Nb as well as the size of defect holes sho
determine a level of isolation of niobium species. Ther
no doubt that after dehydroxylation of the sample NbO− and
Nb+ species are formed. They were identified in our ear
papers [17–19]. One can relate them to the SiO− species as
sociated with the defects observed by Dzwigaj et al. [
in V-MCM-41 samples. Nb+ species play the role of Lew
acid centres whereas NbO− should be active in the electro
transfer, important in partial oxidation processes (e.g., [2
It is possible that in case of rather low niobium loadi
a kind of isolation of Nb–hydroxyl pairs should be achiev
(in the hydroxylated material) in the defect holes (or in th
surrounding).

HRTEM micrograph (Fig. 3c) of VMCM-41-32 show
the presence of vanadium species located into the channe
without modification of the size (3.8 nm). Dispersed va
e

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

3.1.4. Acidity measurements
In order to evaluate the amount and type of acidic si

infrared spectroscopy (FTIR) of adsorbed bases has bee
plied. Pyridine (pKb = 8.8) interacts with Lewis acid site
(LAS) giving rise to characteristic IR bands at∼ 1610 (υ8a

mode) and∼ 1445 cm−1 (υ19b mode). The intensity of th
υ19b band is related to the number of LAS taking into a
count thatε1450≈ 1.5 µmol−1 [22].

The FTIR study of pyridine adsorbed at 373 K follow
by 30 min desorption at the same temperature allows u
estimate the Lewis acidity of the catalysts. The presenc
IR bands at∼ 1610 (υ8a mode) and∼ 1445 cm−1 (υ19b

mode) characterises Lewisacid centres. Fig. 4 compar
chemisorption of pyridine on NbMCM-41 samples with v
ious niobium contents. The stability of chemisorbed pyrid
can be referred to the strength of Lewis acid sites and ca
estimated on the basis of FTIR spectra after evacuatio
various temperatures. It is clearly evidenced that the high
the niobium content, the higher the strength of Lewis a
sites. Consideration of the materials (containing mono-
multimetals) exhibiting almost the same niobium cont
(Table 1) allows us to propose the following order of Lew
acid strength estimated on the basis of chemisorbed
dine shown in Fig. 5: NbVMoMCM-41-9.8� NbVMCM-
41-64> NbMCM-41-128.

FTIR spectra (Fig. 5) exhibit the bands due to pyrid
coordinatively bounded to residual Lewis acid sites after
gasing at 423 K. The intensity of these bands diminishe
the sequence shown above. It is clear that the presence o
and/or V (to a lower extent) besides niobium increases
acidity. Taking into account that Lewis acidity on MoMCM
41 and VMCM-41 is negligible (very low intensity of Py-I
bands at 1610 and 1445 cm−1 after low-temperature, 373 K
evacuation—not shown here) one can state that vana
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Fig. 3. HRTEM images of (a) SiMCM-41, (b) NbMCM-41-32,(c) VMCM-41-32, (d) MoMCM-41-32, (e) NbVMoMCM-41-9.8.
e

am-

f
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e

and molybdenum in multimetallosilicate samples promot
Lewis acidity located on niobium species.

Table 3 presents the number of Lewis acid centres in the
samples studied. Vanadium or molybdenum-containings
ples (VMCM-41 and MoMCM-41) exhibit a low number o
LAS like NbMCM-41-128. The comparison of the mate
als with the same number of niobium (NbVMoMCM-4
9.8; NbVMCM-41-64; NbMCM-41-128) shows the sam
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Fig. 4. FTIR spectra recalculated to 1 mg of the materials: (A)
MCM-41-32; (B) NbMCM-42-64; (C) NbMCM-41-128 after adsorption o
pyridine at 373 K (a) and desorption at 373 K (b); 423 K (c); 473 K (
523 K (e); 573 K (f).

sequence in the number of LAS as that presented abov
the Lewis acid strength. Therefore, one can conclude
the presence of molybdenum and/or vanadium together
r

Fig. 5. FTIR spectra recalculated to 1 mg of the materials: NbVM
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
bands obtained after pyridine adsorption and desorption at 373 K (ε1450≈
1.5 µmol−1 [22])

Sample Number of LAS× 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 concentration of Lewis acid cen
tres and that these sites are located near niobium spe
Most probably V and Mo make the isolation of pairs of N
species easier which in consequence gives rise to the fo
tion of Nb+, NbO− pairs upon dehydroxylation. The fir
one plays the role of LAS.

Pyridine interacts also with Brønsted acid sites (BA
resulting in the appearance of a band near 1550 cm−1,
which is accompanied by two others near 1640–1620 cm−1.
Moreover, hydrogen-bound pyridine gives rise to IR ba
at 1445 and 1596 cm−1 and weak Lewis-bound pyridin
is characterised by a band at∼ 1575 cm−1 [23]. Pyri-
dine adsorption allows the estimation of Brønsted aci
only in NbVMoMCM-41-9.8 characterised by weak ban
at 1640 and 1546 cm−1 (Fig. 5). However, for the othe
materials, pyridine did not detect BAS. Therefore, 2
dimethylpyridine (2,6-lutidine, Lu pKb = 7.25), which is
a stronger base than pyridine, due to a donor effec
methyl groups, has been also used in the acidity st
LuH+ species (lutidinum) shows IR bands in the 163
1650 cm−1 range characteristic of lutidine adsorbed on B
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Fig. 6. FTIR spectra recalculated to 1 mg of the materials: NbVM
MCM-41-9.8 (a); NbVMoMCM-41-19.7 (b); NbVMCM-41-51 (c) afte
lutidine desorption at 473 K.

[24,25]. Both MoMCM-41 samples and VMCM-41-128 d
not show the IR bands assigned to LuH+. Brønsted acidity
of NbMCM-41-128 is negligible. All other materials exhib
BAS with various concentrations determined by IR ba
intensity. Fig. 6 compares the FTIR spectra of lutidine
sorbed and desorbed at 473 K on multimetals-contain
samples. The intensity of bands at 1628 and 1648 cm−1 on
NbVMoMCM-41-9.8 with a higher metal content is high
than that on NbVMoMCM-41-19.7. Molybdenum in th
neighbourhood of niobium and vanadium in MCM-41 ma
rial seems to increase the number of BAS as shown in [2
the Mo,V/TiO2 system. The MoMCM-41 sample present
medium strength of Brønsted acidity (estimated on the
sis of lutidine desorption temperature) among the sam
studied.

3.2. Catalytic tests

3.2.1. Catalytic activity in oxidative dehydrogenation of
propane

Propene, CO, and CO2 were the main (and under co
ditions applied in this work—the only) reaction produc
formed during the oxidation of propane on the catalysts s
ied in this work. Since it is known that high selectiviti
to propene are favoured at high reaction temperature
most often studied vanadium-containing catalysts [26–
propane oxidation has been mainly performed in this w
at the temperature range 753–823 K.

Catalytic data for propane ODH are reported in Table
The results are compared for approximately 6% prop
conversion reached at various temperatures (758–813 K
pending on the catalysts. The stability of the reaction
obtained after ca. 1 h time on stream. It is clearly sho
that the presence of niobium in the material promotes
selectivity to propene, which is the highest (above 60
for the materials containing a low amount of niobium; i.
niobium species are isolated. High niobium-loaded sam
(NbMCM-41-32 and NbMCM-41-64) give rise to a low
propene selectivity (ca. 55 and57%, respectively), wherea
those with V or Mo but without niobium transform propa
to propene at a low selectivity (ca. 29 and 36%).

For the samples with almost the same niobium conten
sequence of propene selectivity is as follows: NbMCM-
128(Si/Nb= 129)> NbVMoMCM-41-9.8(Si/Nb= 134)>
NbVMCM-41-64(Si/Nb= 129). Taking into account th
temperature at which ca. 6% conversion of propane
reached one can indicate the reverse sequence in the cataly
activity. It is worthy of note that among these three samp
NbMCM-41-128 exhibits the lowest Lewis and Brønst
acidity.

Taking into consideration the activity at the same
action temperature (Table 5), one can conclude that v
dium is responsible for a high propane conversion, espec
as it is combined only with silicon in the MCM-41 stru
ture (VMCM-41-32 shows the highest propane conversi
However, the total oxidation products (CO and CO2) pre-
dominate on that catalyst. Also MoMCM-41 material sho
high propane conversion. Contrary to that, the materials
taining only niobium and silicon indicate the lowest propa
conversion but the highest propene selectivity, espec
when the Nb concentration is low.

3.2.2. Oxidation of cyclohexene
Recently, niobium-containingmesoporous molecular sie

ves of MCM-41 type have been recognised as very ac
Table 4
Propane conversion and selectivity to propene for propane ODH (after 1 h time on stream)

Catalyst Reaction temperature (K) C3H8 conversion (%) Selectivity (%) C3H6 yield (%)

C3H6 CO CO2

MCM-41 758 6.1 22.8 44.1 33.1 1.2
NbMCM-41-32 813 6.6 55.1 13.2 31.7 3.6
NbMCM-41-64 821 6.6 56.7 15.3 28.0 3.7
NbMCM-41-128 819 6.6 66.3 14.9 18.8 4.4
VMCM-41-32 783 6.4 28.9 37.6 33.4 1.9
MoMCM-41-32 783 6.3 35.6 29.9 34.4 2.2
NbVMCM-41-64 803 6.1 47.8 15.7 36.4 2.9
NbVMoMCM-41-19.7 793 6.4 65.9 12.5 21.6 4.2
NbVMoMCM-41-9.8 813 6.0 60.9 13.4 25.7 3.7
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Table 5
Activity for ODH of propane at 813 K (after 1 h time on stream)

Catalyst Propane conversion (%)

NbMCM-41-32 6.6
NbMCM-41-64 4.6
NbMCM-41-128 6.0
VMCM-41-32 15.5
MoMCM-41-32 11.1
NbVMCM-41-64 9.6
NbVMoMCM-41-19.7 12.8
NbVMoMCM-41-9.8 6.0

Table 6
Results of cyclohexene oxidation at 318 K

Catalyst Maximum Selectivity (%)

conversion (%) Epoxide Diol Others

MCM-41 14.9 10.5 76.5 13.0
NbMCM-41-32 75.5 57.6 24.1 18.4
NbMCM-41-64 70.8 58.7 24.8 16.5
NbMCM-41-128 29.8 17.8 82.2 0
VMCM-41-32 53.8 7.7 51.6 40.7
MoMCM-41-32 10.4 5.8 89.5 4.7
NbVMCM-41-64 59.1 8.9 77.3 13.8
NbVMoMCM-41-19.7 41.2 12.0 58.8 29.2
NbVMoMCM-41-9.8 43.0 6.8 68.3 24.8
Nb/MCM-41-32 59.9 54.9 45.1 0

catalysts in the oxidation of cyclohexene [29–31]. As
reaction is usually carried out in the liquid-phase, the qu
tion arises whether it is a homogeneous or heterogen
process; i.e., whether leaching of metal to the solution oc
curs. This question was answered previously by perform
special experiments [6]. The reactions carried out under
mogeneous conditions (by dissolving of the same amou
niobium oxalate in acetonitrile as that used for the synth
of NbMCM-41 catalysts) proceed with a very low activ
and high selectivity to cyclohexanediol. After few hours
stirring the catalyst, NbMCM-41, in the presence of hyd
gen peroxide followed by the filtration of the catalysts,
reaction was carried out in the solution leached from soli
after admission of cyclohexene. It shows only residual ac
ity. There was no activity when the sample was first stir
with cyclohexene for 5 h, and after removal of the catalys
hydrogen peroxide was added to the solution. Thus one
state that niobium leaching to the solution is negligible an
it does not influence significantly the activity and selectivity
in the oxidation of cyclohexene in acetonitrile. Contrary
that, vanadium leaching from MCM-41 by hydrogen per
ide is very high [31]. These features must be considere
the discussion of the results presented in this work.

The results of cyclohexene oxidation with hydrogen p
oxide in acetonitrile as the reaction medium performed o
the catalysts applied in this work are summarised in Tab
MoMCM-41 materials exhibit the lowest activity. Howeve
it is necessary to point out that the content of molybden
in these materials is very low. Most of the other samp
show a high conversion of cyclohexene, but various sele
s

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

ities were obtained depending on the catalyst. Of course
selectivity is determined to some extent by the conver
level. For the indication that it is not the only reason for
difference in the selectivity, the results obtained on niobiu
impregnated material (Nb/MCM-41) are also shown. T
cyclohexene conversion on this sample (59.9%) is almos
same as that on NbVMCM-41 (59.1%), but the selectivity
cyclohexanediol dominates on the latter material, whe
on that containing only niobium species, the selectivity
epoxide is high. The observed difference is caused by v
dium leaching to the solution and the performance of th
reaction in the homogeneous liquid-phase. In the hom
neous system, the main reaction product is cyclohexan
formed according to the second reaction pathway show
Fig. 7. The intermediate for its formation is epoxide. Ho
ever, in the liquid-phase homogeneous system, it is not
bilised enough and is easily transformed to cyclohexane
Epoxide is stabilised on Lewis acid centres, which were
tected on NbMCM-41 samples rich in niobium and hav
a large number of defects. It is also strongly held on, e
NbVMoMCM-41-9.8, presenting the strongest Lewis a
also Brønsted acidity and a large number of defects. M
over, too strong Brønsted acidity of the latter material cau
the epoxide ring opening to become easier, increasing c
hexanediol selectivity [10].

Among NbMCM-41 samples both NbMCM-41-32 a
NbMCM-41-64 indicate a high cyclohexene convers
(higher for the first one) and the highest epoxide selecti
Fig. 8 shows that the selectivity to epoxide decreases
the reaction time, most probably due to the modification
the catalyst surface by water formed from hydrogen pe
ide. It has been shown earlier [6] that the admission of w
to the reaction medium causes the blockade of Lewis
sites and forms Brønsted acid sites which make the e
ide ring opening and its transformation to cyclohexaned
Higher initial activity on NbMCM-41 materials than that o
VMCM-41 one causes a higher consumption of hydro
peroxide at the beginning of the reaction and results in
lowering of H2O2 concentration, which inhibits the furth
interaction of H2O2 with epoxide.

In the liquid-phase oxidation, the diffusion limitation
a very important feature if the heterogeneous catalysts
applied [19]. The defect holes especially visible in NbMC
41-32 and NbMCM-41-64 and not observed in VMCM-4
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Fig. 8. Epoxide selectivity reached in the reaction of cyclohexene with
drogen peroxide on MCM-41 materials.

Fig. 9. Activity of the catalysts in the oxidation of cyclohexene with hyd
gen peroxide.

32 seem to play a crucial role in the initial activity of th
materials. Fig. 9 shows the high initial activity of the sa
ples in which defects induce the accessibility of the ac
species (both Nb-containing samples), and indicates m
lower activity of VMCM-41-32. The difference between c
clohexene conversion for both kinds of samples (with
without niobium) decreases with the reaction time due
vanadium leaching to the solution and the performanc
the reaction in the homogeneous system.

4. Discussion

The results presented in this paper let one consider
ious functions of niobium located in MCM-41 structur
separately and together with the other transition me
(V and/or Mo) in partial oxidation processes. Niobium pla
the role of structural promoter, creating a large amoun
defect cavities in the channel system observed in HRT
images (Fig. 3) and thanks to that better interchannel c
nections can be achieved making the reagent transport e
In the absence of vanadium, which is the active elemen
the multimetallosilicates, niobium species constitutes ac
centres for the activation of alkane in the gas-phase ox
tion. Niobium species interacts with hydrogen peroxide
a liquid-phase alkene oxidation. Moreover, niobium spe
creates acidity of MCM-41 materials (Fig. 4, Table 3).

It has been documented in this paper that defect hole
dispersed in the materials containing niobium (Fig. 3). T
are not present in the samples without Nb. For NbMC
41 samples, the amount of defects decreases with di
ished niobium loading. The defects are associated with th
existence of a large type H4 hysteresis loop atp/p0 be-
tween 0.5 and 1.0 (N2 adsorption/desorption isotherms) t
shape of which may be correlated with the size of defe
(one can compare HRTEMs (Fig. 3) and nitrogen adsorp
isotherms (Fig. 2) for NbMCM-41-32 and NbVMoMCM
41-9.8). Lin et al. [16] applying the combination of spec
synthesis conditions obtained similar defects in MCM
and AlMCM-41 materials and assigned them to the str
tural defect holes amid the nanochannels. Contrary to t
work, the formation of a void defect structure shown in t
work does not require the application of a special syn
sis procedure, because the presence of a niobium sour
the gel causes the defect holes in the final calcined mate
These holes lead to the interconnection between linear cha
nels. The latter causes a better interchannel diffusion, im
tant in catalysis. It is worthy of note that structural defe
are observed in areas where Nb is detected by EDX. Th
fore, the defect holes make the accessibility to Nb spe
easier.

The comparison of the catalytic results for the ODH
propane (Table 4) with HRTEM images (Fig. 3) indica
that the selectivity to propene strongly depends on the p
ence of defects in the catalyst. However, there is not a sim
relationship between the amount of defects in NbMCM
(increasing with Nb content) and the propene selectivity (
creasing with Nb content). During the dehydroxylation
NbMCM-41 materials Nb+ (LAS) and NbO− species are
formed [18,25]. The latter may activate propane for its tra
formation to propene in the absence of vanadium, whic
an active species, or promote electron transfer when
present in the neighbourhood of vanadium. If Nb concen
tion is higher niobium dimers are formed and the selecti
turns into the total combustion products together with the
crease of activity.

The activity of NbMCM-41 materials is determined als
to some extent, by the surface acidity. With the increas
Nb content the strength of Lewis acidity improves. This
evident in Fig. 4, which indicates the enhancement of
temperature necessary for pyridine desorption with the
crease of Nb content. The stronger Lewis acidity caus
stronger chemisorption of propene (the ODH product) wh
induces the following reaction steps leading to the total c
bustion products. Thus, too strong acidity of the cata
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decreases propene selectivity and enhances of the ac
Too low acidity is inconvenient of due to lowering of th
activity. The combination of multimetals (Nb, V, Mo) i
the MCM-41 materials allows the achievement of niobi
isolation (Si/Nb= 230, in NbVMoMCM-41-19.7) and th
optimum acidity generated additionally by the presenc
molybdenum is obtained. It has been found earlier [2]
a small quantity of molybdenumcauses a high modificatio
of acidity. Vanadium in the materials studied seems no
be responsible for propene selectivity because V speci
well dispersed in the samples (see HRTEM micrograph
Fig. 3), in agreement with the results reported in the li
ature (e.g., [32,33]). Meanwhile, recently [21] it has be
demonstrated that the propane ODH reaction involves
electron reduction of two V5+ centres to V4+ using one
electron from each of two lattice oxygens. For that proc
two V atoms are required in neighbourhood, which is not
case of the samples applied in this study. However, when
lated NbO− species are located in the surrounding of V5+,
it promotes the electron transfer making the propene se
tivity higher (one can compare the results in Table 4
VMCM-41-32 and NbVMCM-41-64). It is worthy of not
that according to our earlier study [13] only about half
niobium is located on the surface (the other inside the wa
whereas vanadium is dispersed on the surface of the
terial. Moreover, niobium species are agglomerated in t
surrounding (or inside) defect holes, as shown in this pa
Therefore, despite a much higher total amount of niobium
comparison with that of vanadium the real V/Nb ratio on
surface is higher than that calculated from the total amo
of both metals (Table 1).

There is no evidence in our study for the role of e
traframework niobium phases observed by XRD (Table
for the propane ODH (Tables 4 and 5). One cannot
any clear relationship of activity and/or selectivity and th
presence and/or nature of extraframework niobio-oxyge
crystal phases.

Contrary to the propane ODH reaction, in the oxidat
of cyclohexene, the increase of Nb content causes the
hancement of selectivity to epoxide if NbMCM-41 samp
are used (Table 6). Multimetallosilicate materials (NbV- a
NbVMoMCM-41) exhibit very low epoxide selectivity du
to leaching of vanadium to acetonitrile medium. Vanadium
in homogeneous system catalyses mainly the cyclohex
diol formation.

In contrast to the gas-phase oxidation, in the liquid-ph
the diffusion effect is more important for the catalytic
action. Therefore, in the epoxidation of cyclohexene,
activity and epoxide selectivity are related to the amoun
defects proportional to the concentration of Nb. The e
access to the active niobium species located mainly in
surrounding (or inside) the defect holes seems to limit
reaction rate. It gives a relatively high initial reaction ra
(Fig. 8) causing a lowering of the second reaction step le
ing to cyclohexanediol formation.
.

-

-

-

Fig. 10. Relationship between Lewis acidity and cyclohexene conversion
the reaction with hydrogen peroxide at 318 K.

The presence of Brønsted acid centres is disadvantag
for the liquid-phase oxidation of cyclohexene. It induces
epoxide chemisorption resulting in ring opening and cyclo
hexanediol formation. Lewis acidity enhances the cycloh
ene conversion. The linear relationship between cyclohe
conversion and the number of Lewis acid sites is obse
(Fig. 10) for the samples containing almost the same am
of niobium.

The results presented in this paper show a multifunctio
character of niobium specieslocated in the framework o
MCM-41 materials. Studies are in progress in order to be
characterise the catalysts containing various combinations o
metal content in MCM-41 matrix and their local interaction
On this basis, one can expect the optimisation of the c
lysts effective in both types of oxidation processes.

To conclude, one can state that niobium species in m
timetallosilicate MCM-41 materials can play the role o
electronic promoter, particularly important in the ODH
propane, and/or structural promoter (creates defect ho
making the access of reagents to the active species e
(mainly indicated in the liquid-phase oxidation). In the a
sence of vanadium, niobium species acts as the active cent
in the both reactions studied. Moreover, niobium gener
Lewis acidity in the catalysts.
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