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a b s t r a c t

Iron- and titanium-modified MCM-41 materials, prepared by direct synthesis at ambient temperature
or wet impregnation technique, were investigated using X-ray diffraction (XRD), transmission electron
microscopy (TEM), temperature-programmed reduction (TPR), UV–vis diffuse reflectance, Mössbauer and
vailable online 13 February 2009

eywords:
otal toluene oxidation
itanium- and iron-modified MCM-41

FT-IR spectroscopies. Their catalytic behavior was studied in total oxidation of toluene. Materials with
high surface area and well-ordered pore structure were obtained. The increase of the titanium content (up
to 50%) in the bisubstituted, iron and titanium containing materials leads to partial structure collapse of
the silica matrix. Finely dispersed anatase particles were also formed during the impregnation procedure.
The catalytic activity of the bisubstituted materials was influenced by the method of their preparation,
but higher catalytic stability could be achieved, compared to iron monosubstituted one. The nature of the

cusse
catalytic active sites is dis

. Introduction

Volatile organic compounds (VOCs) are the main class of air
ollutants, emitted from various industrial processes [1–8]. They

nclude over 300 compounds, such as oxygenates, aromatic and
alogen hydrocarbons. The strict regulations on the environmen-
al standards in several countries require a 40% reduction in VOCs
mission by 2010. The catalytic total oxidation has been consid-
red as the most appropriate method for VOCs removal and many
fforts have been made to design catalysts with good activity and
electivity [1–8]. The commercial catalysts for oxidation of VOC
an be classified into three categories: (1) supported noble met-
ls [3,9,10]; (2) metal oxides or supported metals [1,2,4,6,8,11,12];
3) mixtures of noble metals and metal oxides [13,14]. The noble

etals used in practice are Pt and Pd usually supported on oxides
Al2O3 or SiO2), zeolites (BEA and FAU) [3,9,10]. These catalysts gen-
rally show higher activity and selectivity toward total oxidation.
ransition metal oxides are one alternative to the noble metal-
ontaining catalysts due to their resistance to halogens, low cost

nd high catalytic activity and selectivity [2,4,6,8]. Transition metal
xides have been found to be very active, both in total and selec-
ive oxidation of hydrocarbons and their catalytic properties can be
elated to the kind of oxide species involved in the oxidation pro-
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cess [2,4,6]. The nature of the support is also important factor as the
surface area and functionality determine the nature and dispersion
of the metal oxide particles and therefore their catalytic behav-
ior [1,8]. MCM-41 silica materials, with their uniform mesoporous
channel structure and high specific surface area, are of particular
interest, as catalyst support [15–22]. A wide variety of metal ions
(Fe, Ti, V, Cr, Cu, etc.) has been introduced into the silica matrix to
obtain modified mesoporous materials with tunable catalytic prop-
erties [23–25]. It has been established, that the applied method
of modification strongly influences the state (localization, disper-
sion and oxidative state) of the loaded metal species [26–29]. Their
introduction in the host matrix could be realized during the silica
synthesis procedure as well as by various postsynthesis techniques
(impregnation and grafting) [26–30]. However, the preparation
of stable, modified materials by conventional hydrothermal syn-
thesis is usually possible at low metal loading, which strongly
restricts the application as catalysts. It has been reported that the
sol–gel technique reveals much higher ability in this aspect and
the preparation of stable monocomponent titanium [31]- or iron
[26,27]-modified MCM-41 materials has been achieved. Recently,
high catalytic activity of mixed iron and titanium oxide bulk materi-
als in oxidative decomposition of chlorobenzene has been reported
[32]. Catalytic oxidation of aromatics are in main importance
because they are emitted from diverse sources, e.g. from printing,

pressing, petrochemical industries, automobile exhaust and traffic-
related processes. Total oxidation of toluene has been studied using
different metals (Pt, Cu, Fe, V, Co and Cr) on different types of
supports (Al2O3, CeO2 and TiO2 activated carbon) [3,6,8,24]. The
Fe-containing catalysts are active in toluene oxidation but the main

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mpopova@orgchm.bas.bg
dx.doi.org/10.1016/j.jhazmat.2009.02.018
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roblem remains the stabilization of the iron species during the cat-
lytic process [8]. To the best of our knowledge no data are available
or the catalytic properties of iron- and titanium-modified meso-
orous silicas. That is why in this study we focus our attention on
he catalytic behavior of iron and titanium substituted mesoporous

CM-41 for oxidative VOCs elimination. Two techniques of sam-
les preparation (conventional impregnation and sol–gel synthesis)
ere applied. Toluene, which is the main air pollutant was tested

s a probe VOC molecule.

. Experimental

.1. Synthesis

The silica MCM-41, the monosubstituted TiMCM-41 and
eMCM-41 materials and the bisubstituted titanium- and iron-
ontaining sample (TiFeMCM-41) were prepared at room temper-
ture by the procedure described in our previous papers [27,33].
etraethyl orthosilicate (TEOS, Aldrich) and tetraethyl orthotitanate
Ti(OEt)4, Aldrich) were used as silica and titania source, respec-
ively. Typically, 5.2 ml of TEOS was mixed with 10.4 ml propan-2-ol,
ml of Ti(OEt)4 and 0.9 g of Fe(NO3)3·9H2O. The clear solution was
ooled down to 283 K and poured directly to the solution containing
.5 g N-hexadecyltrimethylammoniumbromide (C16TMABr) and
0 ml of conc. ammonia solution (25 wt.%) in 125 ml water. The
recipitated suspensions were stirred for 2 h and aged overnight
t room temperature. Because of its ammonia content the pH of the
ynthesis mixture was highly alkaline (about 12) and the synthe-
is products were washed with distilled water until neutral pH was
eached. After drying at 333 K, the template removal was carried out
t 813 K in air with a heating rate of 1 K/min. For comparison a sam-
le with higher amount of Ti (Si/Ti = 2) was synthesized by the same
rocedure. It was denoted as Ti(2)FeMCM-41. Titania impregnated
eMCM-41 sample (Ti/FeMCM41) was prepared by dispersing 1.5 g
f FeMCM-41 in 100 ml propan-2-ol and adding 1.3 g of titanium
sopropoxide to achieve 25 wt.% TiO2 loading. The slurry was dried

hile stirring at ambient temperature, than dried at 373 K for 1 h.
iO2 formation was achieved by a heat treatment at 725 K in air for
h (2 K/min).

.2. Characterization

X-ray diffractograms were recorded by Philips PW 1810/1870
iffractometer applying monochromatized Cu K� radiation (40 kV,
5 mA).

TEM images were taken by using a MORGAGNI 268D TEM
100 kV; W filament; point-resolution = 0.5 nm).

Nitrogen physisorption measurements were carried out at 77 K
sing Quantachrome NOVA Automated Gas Sorption Instrument.
he pore-size distributions were calculated from the desorption
sotherms with the BJH method.

Chemical composition of the samples were determined by
tomic absorption spectroscopy (AAS).

Diffuse reflectance spectra of the samples in the UV–vis region
ere registered using a Jasco V-570 UV–vis spectrophotometer

quipped with NV-470 type integrating sphere. A BaSO4 disk was
sed as reference. All spectra were recorded under ambient condi-
ions.

The reducibility of the modified samples was investigated by

emperature programmed reduction (TPR) technique in H2/Ar flow
10:90, 20 ml/min) using a conventional TPR apparatus equipped
ith a heat conductivity cell and a trap for removal of released
ater. The reducibility of the metal oxide species was estimated by
easuring the hydrogen uptake of the samples.
Materials 168 (2009) 226–232 227

The Mössbauer spectroscopic measurements (MS) were made
on Wissenschaftliche Elektronic GmbH instrument, operating in a
constant acceleration mode (57Co/Cr source, �-Fe standard). The
following parameters of hyperfine interactions of spectral com-
ponents were determined by computer fitting: isomer shift (IS),
quadrupole splitting (QS), line widths (FW) and component relative
weights (G).

FT-IR spectrum was recorded from KBr pellets (99 wt.% of KBr)
on a Brucker Vector 22.

2.3. Catalytic activity measurements

Prior to the catalytic test the samples were pretreated for 1 h
in air up to 723 K. Toluene oxidation was studied at atmospheric
pressure using a fixed-bed flow reactor, air as carrier gas and 30 mg
sample (particle size 0.2–0.8 mm) diluted with 60 mg glass beads of
the same diameter previously checked to be inactive. The air stream
passed through a saturator filled with toluene and equilibrated at
273 K (ptoluene = 0.9 kPa). The activity was determined in the temper-
ature interval of 623–723 K at WHSV of 1.2 h−1. On-line analysis of
the reaction products was performed using HP-GC with a 25 m PLOT
Q capillary column. The turnover frequency (TOF) was calculated as
the converted number of toluene molecules per an iron atom per
a second. Only in the case of monocomponent Ti material the cal-
culations were done per Ti atom. In some runs, after removing the
catalyst from the reactor, the coke was analyzed by thermogravime-
try using a SETARAM TG-DTG 92 thermobalance. Coked samples
were heated from room temperature to 873 K under air flow with
a temperature increase of 10 K/min.

3. Results and discussion

3.1. Physico-chemical characterization of the samples

Small angle XRD patterns (Fig. 1) of parent silica material exhibit
reflections typical of hexagonally arranged pore structure, which is
almost preserved after the modification. The shift of the position
of the (1 0 0) reflection for the modified materials in comparison
with the parent one could be assigned to the incorporation of the
metal ions in the silica framework. Higher degree of titanium incor-
poration could be concluded in the case of bisubstituted directly
synthesized material, where more distinguished shift of the SAXS
reflection to smaller 2�, in comparison with pure MCM-41 (Fig. 1)
is observed. Partial silica matrix collapse can be assumed only
for Ti(2)FeMCM-41, where the disappearance of the (1 0 0) reflec-
tion confirms the long range ordering decrease of the structure.
In the wide-angles region no characteristic reflections of any iron
and/or titanium containing species are registered, which suggests
their predominant incorporation into the MCM-41 silica frame-
work. Only in the case of Ti/FeMCM-41 wide reflections of anatase
phase are observed.

TEM images of the modified MCM-41 silica materials (Fig. 2)
confirm the preservation of the support mesoporous structure. In
accordance with XRD data (Fig. 1) the dark spots in the TEM image,
which are distinguished for Ti/FeMCM-41 could be assigned to the
presence of anatase particles, probably below 10 nm.

In Fig. 3, nitrogen physisorption isotherms and pore size distri-
bution of the parent and modified silica materials are presented.
The corresponding calculated parameters are listed in Table 1. The
isotherm of parent MCM-41 silica is of type IV (IUPAC classifica-

tion), with a sharp capillary condensation step at about 0.25 p/p0,
characteristic of mesoporous materials with narrow pore size distri-
bution. After the modification, the isotherms preserve their shape,
indicating the mesoporous structure preservation. Only in the case
of the sample with the highest titanium content, Ti(2)FeMCM-41,
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Fig. 1. XRD patterns of the studied samples.

Fig. 2. TEM images of the sol–gel prepared (A) and the impregnated (B) bisubstituted samples.

Fig. 3. Nitrogen adsorption/desorption isotherms (the curves are shifted in y-direction in order to prevent overlapping) of the initial, monosubstituted (A) and bisubstituted
(B) materials.
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Table 1
Physico-chemical properties of the studied samples.

Samples Si/Fe Si/Ti Fe cont.a (mmol/gcalc) SBET (m2/g) PDb (nm) Pore vol.b (cm3/g) a0
c (nm)

SiMCM-41 – – – 1198 2.3 1.0 3.94
FeMCM-41 20 – 0.78 984 2.3 0.92 3.95
Ti/FeMCM-41 20 4 0.62 880 2.2 0.62 3.83
TiFeMCM-41 20 10 0.68 852 2.5 0.91 3.95
Ti(2)FeMCM-41 20 2 0.48 573 2.3 0.71 –
TiMCM-41 – 10 – 907 2.6 0.90 4.06

a Related to 1 g calcined at 1273 K.
b Pore diameter and pore volume calculated by BJH method (desorption branch).
c Cell parameter (a0 = 2d100(3)−1/2).
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ing their coordination spheres to octahedral with adsorbed water
molecules.

In Fig. 6, the TPR profiles of the modified materials are presented.
All iron containing samples show a well pronounced TPR peak

Table 2
Redox properties of titanium- and iron-modified MCM-41 materials.

Samples H2 uptakea (mmol/gcalc) Extent of reductionb (%) Cc (wt.%)

SiMCM-41 – – –
FeMCM-41 0.42 100 1.11
Ti/FeMCM-41 0.31 100 0
TiFeMCM-41 0.21 62.0 6.60
Ti(2)FeMCM-41 0.19 79.7 8.83
TiMCM-41 0.05 7.9 4.65

a Calculated from the area of the TPR curve in the range of 373–1073 K.
Fig. 4. FT-IR spectra of the initial and modified samples.

partial structure collapse (Table 1) could be assumed, which is in
ccordance with the XRD measurements. The impregnated sample,
i/FeMCM-41, exhibits a simultaneous decrease in the pore volume
nd average pore diameter, indicating a partial pore blocking due
o the deposition of anatase particles.

In Fig. 4, the FT-IR spectra of parent and modified materials are
ompared. The asymmetric stretching vibrations of Si–O–Si from
he silica matrix appear at about 1090 cm−1. The slight shift of this
and to lower wavenumbers is observed for the sol–gel synthe-
ized materials. The band at 968 cm−1 probably arises from both
i–O–H and Si–O–M stretching vibrations. The simultaneous shift
f the band at 1090 cm−1 and the band at 968 cm−1 to the lower
avenumbers is usually ascribed to the presence of tetrahedrally

oordinated metal ions in the silica matrix [21]. The negligible
hanges in the spectrum of Ti/FeMCM-41 in comparison with the
nitial MCM-41 silica confirm the lower degree of titanium incor-
oration into the silica matrix.

The UV–vis spectra (Fig. 5) of both monosubstituted materi-
ls exhibit a broad absorption peak in the 210–250 nm region
ttributable to isolated, tetrahedrally coordinated metal species
20,21,31,34]. According to [20,34], the bands at about 350 nm,
hich are detected for all iron-modified materials, most proba-

ly arise from the presence of oligomeric FeOx species and finely
ispersed hematite like nanoparticles, respectively. The intensive
bsorption band at about 330 nm for Ti/FeMCM-41 indicates the
ormation of anatase particles and confirms the results obtained by

RD and TEM measurements (see above).

Mössbauer spectroscopy is applied for more detailed charac-
erization of the iron species. The spectra of all studied materials
onsist only of doublet-lines. Their optimal mathematical treat-
Fig. 5. UV–vis spectra of the mono- and bisubstituted materials.

ment represents two doublet components with different relative
weight. The determined hyperfine parameters of the two sets of
doublets (Table 2) show the presence of high spin Fe3+ ions in
tetrahedral (Dbl 1) and octahedral (Dbl 2) oxygen coordination,
respectively. According to [19,35–37], Dbl 1 can be assigned to iron
species isomorphously incorporated into the silica framework. The
interpretation of Dbl 2 is more complicated. On one hand, its param-
eters could be indicative for the presence of finely dispersed iron
oxide nanoparticles (D < 10 nm) with superparamagnetic behav-
ior. On the other hand, according to [37], Dbl 2 could also be
assigned to Fe3+ ions incorporated in the silica framework, complet-
b Calculated from the H2 uptake related to the total amount of iron (see Table 1)
and titanium (1.39 mmol/g), assuming that 1 mmol H2 is needed for the reduction
of 2 mmol Fe3+ to Fe2+ and 2 mmol Ti4+ to Ti3+ for the Fe-containing samples and
TiMCM-41, respectively.

c Amount of coke formed during the 240 min reaction at 613 K.
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Fig. 6. TPR profiles of various modified samples.

etween 500 and 870 K. The calculated hydrogen uptake (Table 2)
or FeMCM-41 corresponds to one electron transfer, i.e. Fe3+ ions
ould be reduced only to Fe2+ state up to 870 K [35,37]. The lower
ydrogen uptake, which is registered for bisubstituted directly
ynthesised materials in comparison with FeMCM-41, could be
ssigned to the more difficult reduction of the iron species in the
ase of the former materials (Fig. 6, Table 2). Changes of the iron
nvironment, probably due to the formation of –Ti–O–Fe– type
pecies, can be responsible for this decreased reducibility. The
ydrogen uptake at lower temperature and higher degree of reduc-
ion (about 100%) that is found for Ti/FeMCM-41 (Fig. 6B) could
e assigned to the presence of easily reducible iron oxide species

n it. This effect confirms the limited formation of –Ti–O–Fe– type
pecies during the impregnation technique. The calculated extent
f reduction for TiMCM-41 is significantly lower in comparison to
ll iron-containing samples (Table 2).
.2. Catalytic activity for toluene oxidation

In Fig. 7A, the temperature dependencies of toluene oxidation
n various modified MCM-41 materials are presented. CO2 is the

able 3
össbauer parameters for the modified MCM-41 materials.

ample Components

iFeMCM-41 Db 1–Fe3+ tetra
Db 2–Fe3+ octa

iFeMCM-41, after catalytic experiment Db 1–Fe3+ tetra
Db 2–Fe3+ octa

i(2)FeMCM-41 Db 1–Fe3+ tetra
Db 2–Fe3+ octa

i(2)FeMCM-41, after catalytic experiment Db 1–Fe3+ tetra
Db 2–Fe3+ octa
Db 3–Fe2+

eMCM-41 Db 1–Fe3+ tetra
Db 2–Fe3+ octa

eMCM-41, after catalytic experiment Db 1–Fe3+ tetra
Db 2–Fe3+ octa

i/FeMCM-41 Db 1–Fe3+ tetra
Db 2–Fe3+ octa

i/FeMCM-41, after catalytic experiment Db 1–Fe3+ tetra
Db 2–Fe3+ octa

somer shift related to iron (IS); quadropole splitting (QS); full line width at half maximum
Materials 168 (2009) 226–232

only registered product in all cases. For the monosubstituted sam-
ples, the titanium containing one exhibits lower catalytic activity
and it remains almost unchanged with time on stream (Fig. 7B).
In contrast, a well-defined trend to catalytic activity decrease is
registered for FeMCM-41 (Fig. 7B). Among the modified materi-
als, Ti/FeMCM-41 possesses the best catalytic activity and stability.
Lower catalytic activity but higher stability in comparison with
FeMCM-41 is observed for bisubstituted materials, prepared by
direct synthesis. A well-pronounced increase in the catalytic activ-
ity with time on stream is registered for these samples as well.
The catalytic activity significantly decreases with the increase of
the titanium content, which could be due to the lower BET sur-
face area and the high degree of structure collapse in this case (see
XRD, N2 physisorption data). The hydrogen pretreatment at 723 K
leads to an increase in the catalytic activity of TiMCM-41 and to
its decrease for the iron containing materials (Fig. 7B). Only in the
case of Ti/FeMCM-41 a negligible effect of preliminary reduction is
observed.

After the catalytic tests some structural changes of the sam-
ples could be observed. The Mössbauer spectra (Table 3) exhibited
increasing relative part of the octahedrally coordinated iron ions,
which could be ascribed to their partial release from frame-
work positions. These changes are negligible for TiFeMCM-41 that
confirms the favorable effect of titanium incorporation for the sta-
bilization of iron ions in framework positions. The appearance
of a new doublet component with a higher isomer shift, that is
registered only for the sample with a partial structure collapse,
Ti(2)FeMCM-41, could be ascribed to Fe2+ ions. The DTG analysis
in air of the materials used in catalytic tests, point to the presence
of non-desorbed products, which can be found in higher amount
on the samples possessing lower catalytic activity (Table 2). For-
mation of coke precursors, probably due to the oligomerization of
intermediate products of the total toluene oxidation is expected
[35,38]. This coke deposition could be considered as a reason for
the reduction transformations of the samples during the catalytic
tests (Table 3).

Summarizing the catalytic performance and physicochemical
analysis of the modified materials, the simultaneous participation
of Fe3+–Fe2+ and Ti3+–Ti4+ redox ion couples is expected in the case
of FeMCM-41 and TiMCM-41, respectively. According to Mars-van-
Krevelen mechanism, which is usually realized during the toluene
oxidation [39–42], the participation of oxygen from the solid cata-

IS (mm/s) QS (mm/s) FWHM (mm/s) G (%)

0.27 1.01 0.58 35
0.38 1.04 0.52 65

0.22 1.02 0.48 34
0.39 1.03 0.51 66

0.29 1.01 0.64 36
0.38 1.11 0.58 64

0.29 0.97 0.61 34
0.35 1.20 0.62 54
1.07 2.17 0.35 11

0.22 1.08 0.47 33
0.38 1.02 0.50 67

0.22 1.14 0.56 26
0.38 1.15 0.59 74

0.28 0.81 0.50 33
0.38 1.01 0.59 67

0.27 1.05 0.55 30
0.38 1.09 0.63 70

(WHM); relative weight of the partial components in the spectra (G).
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Fig. 7. Catalytic activity vs. temperature (A) and time on stream at 673 K (B

yst is of key importance. In this aspect, the higher catalytic activity
f FeMCM-41 could be assigned to the easier release of oxygen from
he modified silica lattice, probably due to the higher polarization of
he Fe–O–Si bond in comparison to the Ti–O–Si one. This assump-
ion is supported by the easier reducibility of the iron-modified

CM-41 (see TPR data). The intermediate catalytic activity that was
bserved for the directly modified bisubstituted materials in com-
arison with their monosubstituted analogues could be ascribed to
he presence of hardly reducible active sites, probably type Fe–O–Ti
see TPR data). The electron transitions types of Fe2+–Ti4+ and
e3+–Ti3+ could be suggested in them during the redox process.
hese transitions seem to be favored for the hydrogen pretreated
aterials (Fig. 7B). The facilitated effect of the formed Fe–O–Ti

pecies on the catalytic stability should also be stressed (Fig. 7B). In
he case of monosubstituted iron containing material (FeMCM-41)
he catalytic activity decrease could be assigned to the partial iron
elease from the tetrahedral position (Table 3), most probably with
he formation of hematite like nanoparticles. Such hematite like
anoparticles seem to be also formed in the impregnated sample,
i/FeMCM41, and this is confirmed by the decreased relative part of
he tetrahedrally coordinated iron species in the Mössbauer spec-
ra after the catalytic test (Table 3). These transformations could be
ue to the influence of the reaction and pretreatment media or the
ater formed in the reaction, leading to the formation of hematite-

ike nanoparticles. Their deposition on the anatase phase could be
reason for the increased catalytic activity. Here, the titania sup-
ort effect on the hematite like nanoparticles, resulted in facilitated
xygen release from the iron oxide species, could be suggested and
t is confirmed by the sample’s easier reducibility (see TPR data).

. Conclusion

The method of MCM-41 modification with iron and/or titanium

nfluences the state of the metal species in the silica matrix. For-

ation of Fe3+ and Ti4+ ions in tetrahedral position is registered
or all materials prepared by direct sol–gel synthesis. Partial struc-
ure collapse of the silica matrix is observed with the increase in
he titanium content (up to 50%). The introduction of titanium
he modified materials before and after pretreatment in hydrogen at 723 K.

in the iron-modified MCM-41 by impregnation technique leads
to additional formation of finely dispersed anatase nanoparticles.
The highest catalytic activity is observed for the sample obtained
by impregnation procedure. Bisubstituted materials obtained by
direct sol–gel synthesis possess lower catalytic activity, but higher
stability in total toluene oxidation in comparison with the mono-
substituted iron material. Simultaneous participation of iron-,
titanium- and mixed iron–titanium active sites is assumed.
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