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Abstract SBA-15 mesoporous silicas modified with rho-
dium were studied as catalysts for the N,O decomposition
reaction. Rhodium was deposited on SBA-15 by the Molec-
ular Designed Dispersion (MDD) method using Rh(acac);
as a precursor of active phase. The same method was used
for the deposition of Cu, Fe, Al and Ti. The SBA-15 support
modified with metals were characterized with respect to
metal loading (EPMA), structure (XRD), texture (BET),
morphology (SEM), Rh dispersion (oxygen chemisorption),
surface acidity (pyridine adsorption) and chemical nature
of introduced copper and iron species (UV—vis-DRS). The
rhodium-containing SBA-15 samples were found to be active
catalysts for the N,O decomposition reaction. Deposition of
Al on the Rh-loaded catalyst increased its activity. An
opposite effect was observed for the samples modified with
Cu and Fe.
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1 Introduction

Nitrous oxide pollution abatement is an important envi-
ronmental problem due to the high greenhouse potential
and its impact in the depletion of ozone layer [1, 2]. The
concentration of N>O in the atmosphere increases annu-
ally by about 0.2-0.3% and is caused mainly by anthro-
pogenic activities [3]. Chemical industry (e.g. production
of nitric acid, adipic acid, caprolactam) is one of the
major emitters of nitrous oxide [4]. Nowadays, the cata-
Iytic decomposition of N,O to nitrogen and oxygen seems
to be the most promising way for the limitation of nitrous
oxide emissions. Rhodium has been found to be an active
component for N,O decomposition catalysts [5-9]. Kon-
dratenko et al. [5] have reported a high activity of Pt-Rh
alloys in the nitrous oxide decomposition. Oi et al. [6]
have studied catalytic activity of rhodium deposited on
various supports (ZnO, CeO, and ZSM-5). Among the
studied catalytic systems, the best results were obtained
for the Rh/ZnO catalyst which was significantly more
active than the Co-Al oxide system as well as Cu-ZSM-5.
On the other hand, Doi et al. [8] have studied the reaction
of N,O decomposition over noble metals (Rh, Pt, Pd)
deposited on Al,Os3. The Rh/Al,O3 catalytic system was
found to be significantly more active and stable than the
other studied catalysts. Haber et al. [9] have tested alkali
metal cations (Li, Na, K, Cs) as promoters of Rh/Al,O3
catalysts. It was shown that deposition of alkali metals
significantly increased the rhodium dispersion. On the
other hand, the dispersion of rhodium was found to be
one of the key parameters influencing catalytic perfor-
mance. The mechanism of N,O decomposition over
unsupported rhodium catalyst was studied by Tanaka
et al. [7]. They suggested that desorption of oxygen,
which is the rate determining step of nitrous oxide

@ Springer


https://core.ac.uk/display/190384192?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

484

J Porous Mater (2011) 18:483-491

decomposition, proceeds mainly by recombination with
another ad-atom or with another N,O molecule.

The aim of the presented studies was evaluation of the
catalytic performance of rhodium dispersed on high surface
area, mesoporous SBA-15—type silica. This support is
characterized by a uniform hexagonal ordering of channels
with diameters in the range of 5-30 nm [10]. Since SBA-15
possesses thick pore walls, its thermal and hydrothermal
stability is higher compared to MCM-41 [11]. Such features
may provide a high potential of SBA-15 as a support for
catalytic applications. The Molecular Designed Dispersion
(MDD) [12] method, guarantying high dispersion of metals,
was used for their deposition on the SBA-15 surface. This
method consists of two steps. In a first step, metalorganic
complex reacts with the silanol group of support whereas in
a second step, the adsorbed surface complex is thermally
decomposed in an oxygen containing atmosphere, yielding
the highly dispersed metal oxide species deposited on the
silica surface. Various transition metals were successfully
deposited on different types of mesoporous silica [13, 14].
Catalysts obtained by the MDD method were found to be
more active than that obtained by impregnation methods in
various processes including e.g. DeNOx [15-17] and the
oxidative dehydrogenation of hydrocarbons [18, 19].

2 Experimental
2.1 Samples preparation

SBA-15, which was used as a support for metal active
phases depositions, was prepared using 4 g of Pluronic
P123 triblock copolymer surfactant (EO,;—PO-(,—EO,g)
dissolved in a water solution of HCI (2 M). Subsequently, a
suitable amount of tetraethyl orthosilicate (TEOS) was
added. The mixture was stirred at 45 °C for 8 h and then
aged at 80 °C for 15 h. The solid product was separated by
filtration, washed with distillated water and dried at room
temperature. Finally, the sample was calcined in an air
atmosphere at 550 °C with a heating rate of 1 °C/min
and an isothermal period of 6 h. Detailed description of
SBA-15 synthesis as well as its characterization was pre-
sented in our previous paper [14].

Metal oxides were deposited on the SBA-15 surface by
the molecular designed dispersion (MDD) method using
suitable acetylacetonate complexes. The MDD method
consists of two steps. In a first step, metal acetylacetonate
complex (M"*(acac),) reacts with the hydroxyl group of a
silica support. In a second step, the adsorbed surface
complex is decomposed in an oxygen containing atmo-
sphere at elevated temperatures, yielding the supported
transition metal oxide catalysts [20].
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An amount of 0.40 mmol of Cu(acac),, Fe(acac)s,
TiO(acac), or Al(acac); was dissolved in 100 cm® of zeolite
dried toluene. Prior to the deposition process, SBA-15 was
dried at 200 °C for 2 h. Subsequently, the mesoporous
support (1 g) was added to the solution of acetylacetonate
complex. Then, the suspension was stirred for 1 h. After
reaction the modified SBA-15 sample was separated by
filtration, washed 5 times with toluene (25 cm3) and vac-
uum dried. All these operations were performed in dry
atmosphere. The samples modified with acetylacetonate
complexes were calcined in an air atmosphere at 550 °C for
6 h. In the next step, rhodium was deposited on the SBA-15
supports modified with metal oxides as well as on the pure
mesoporous silica. Acetylacetonate complex of rhodium—
Rh(acac);—was deposited on the surface of the mesoporous
SBA-15 silica by the MDD method as well. The loading of
the samples with noble metal was regulated using toluene
solutions containing various concentrations (0.05, 0.10,
0.20, 0.30 mmol/g) of Rh(acac);. Subsequently, the modi-
fied samples were washed, dried and calcined according to
the procedure applied for the deposition of the other metals.
The Rh-containing samples are denoted as RhX-SBA-15,
where X is the concentration of Rh(acac); in the solution
used for the noble metal deposition.

The reference sample was obtained by the incipient
wetness method using a methanol solution of Rh(acac)s.
The impregnated sample was dried sample at 120 °C
overnight and calcined at 550 °C for 6 h. The sample
obtained by the impregnation method is denoted as
Rh-imp-SBA-15.

As reference catalysts, two other samples were used: (1)
mixed Co—Mg-Al metal oxide obtained from hydrotalcite
(calcination at 800 °C). The atomic Co/Mg/Al ratio is 15/
56/29 and surface area about 76 m*/g. Detailed description
of the synthesis of this sample as well as its characteristics
was presented in our previous paper [21]; (2) zeolite Y
modified with iron by ion-exchange method using aque-
ous solution of Fe(NOj);. Zeolite, supplied by Azko
Nobel, Eka Chemicals (Sweden), is characterized by the Si/
Al molar ratio of 16. The iron loading in catalysts is
1.2 wt%, while the surface area of the modified zeolite is
741 m?/g.

2.2 Characterization methods

The concentration of transition metal oxide deposited on
the support was determined by electron microprobe anal-
ysis (EPMA, JEOL Superprobe 733).

Porosity and surface area studies were performed using
a Quantachrome Autosorb 1 MP automated gas adsorption
system. The calcined samples were outgassed overnight at
200 °C under vacuum prior to N, adsorption at —196 °C.
Surface areas were calculated according to the BET
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equation whereas pore size distributions were derived from
the adsorption isotherm using the BJH model. The total
pore volume was determined by means of the total amount
of adsorbed nitrogen at P/P, = 0.98.

Scanning electron microscope (SEM) images were
obtained on a HITACHI S-4700 equipped with micro-
analysis system NORAN Vantage operated an accelerating
voltage of 10 kV.

The X-ray diffraction patterns of the raw clay as well as
its modifications were obtained with a Philips X’Pert APD
diffractometer using CuK, radiation.

Photoacoustic infrared spectra (FTIR-PAS) of the
modified SBA-15 samples were measured on a Nicolet 20
SX spectrometer equipped with a McClelland photoacou-
stic cell. The spectra (2000 scans) were collected in the
range of 400-4,000 cm ™! with a resolution of 4 cm™!. The
FTIR-PAS spectrometer was placed in an isolated bench,
which was purged with pure nitrogen to ensure that the
sample was completely dried.

The dispersion of rhodium was determined by oxygen
chemisorption. The Rh-containing samples of 50 mg were
reduced in a flow of hydrogen at temperature 500 °C for
2 h. Then, temperature decreased to 40 °C and the sample
was purged in a flow of pure helium for 15 min. Subse-
quently, the pulses of oxygen were introduced into the
reactor. The analysis of gases was performed by a TCD
detector (Valco) connected directly to the reactor outlet.
For the determination of the noble metal dispersion it was
assumed that one oxygen atom (O) reacts with one atom of
Rh [22, 23].

The nature of the surface acidic sites was studied by
FTIR measurements of the samples preadsorbed with
pyridine. Transmission IR spectra were recorded using
wafers in the form of self-supporting pellets of the catalyst
powder. The pellet was placed in an IR cell equipped with
KBr windows properly designed to carry out spectroscopic
measurements at different temperatures. The cell was
connected to a vacuum line allowing all thermal treatments
and adsorption—desorption experiments to be carried out in
situ. Prior to pyridine adsorption, the sample was outgassed
overnight at 200 °C under vacuum. Then, the cell was
cooled to room temperature and the catalyst was allowed to
react with pyridine for 1 h. FTIR spectra were recorded on
a Nicolet 20SXB spectrometer at different desorption
temperatures. 200 scans were taken with a resolution of
4 cm™"

The chemical nature of deposited transition metals was
studied by UV-vis-DR spectroscopy. The measurements
were performed in the range of 200-900 nm with a reso-
lution of 2 nm for the samples (2 wt%) diluted in KBr
using a Nicolet Evolution 500 spectrophotometer.

2.3 Catalytic tests

The modified SBA-15 samples were tested as catalysts for
N,O decomposition. Catalytic studies were carried out under
atmospheric pressure in a fixed-bed flow reactor (i.d., 7 mm;
1., 240 mm). The reactant concentrations were continuously
measured using a quadrupole mass spectrometer (VG
Quartz) connected to the reactor via a heated line. Prior to
the reaction, each sample of the catalyst (100 mg) was
outgassed in a flow of pure helium at 450 °C for 1 h. The
composition of the gas mixture at the reactor inlet was
[N,O] = 0.5%, [0,] = 3.5% and [He] = 96%. The cata-
lytic tests were also performed using the wet reaction mix-
ture ([N;O] = 0.5%, [0O;] =3.5%, [HO] =5% and
[He] = 91%). In both cases the total flow rate of the reaction
mixture was 40 mL/min. The reaction was studied at tem-
peratures ranging from 100 to 550 °C. The intensities of the
mass lines corresponding to all reactants and possible
products were measured at a given temperature for at least
30 min after the reaction had reached a steady-state. The
signal of the helium line served as the internal standard to
compensate possible small fluctuations in the operating
pressure. The sensitivity factors of the analyzed lines were
calibrated using commercial mixtures of gases.

3 Results and discussion

The grafting of acetylacetonate complexes on the SBA-15
mesoporous silica surface was proven by the PAS-FTIR
measurements. Figure 1 shows the spectra of the samples
modified with Rh(acac); complex (non calcined) and for
comparison also the spectra recorded for the pure SBA-15
support. For the samples modified with Rh(acac); new
bands at around 1,380, 1,525 and 1,570 cm”! appeared.
The symmetric deformation vibrations of CHjz groups of
acetylacetonate ligand are represented by the peak centered
at 1,380 cm~!. The band at 1,525 cm™! s assigned to
asymmetric stretching vibration of ring C=C=C species,
while the peak centered at 1,570 cm™! is attributed to
symmetric stretching vibrations of ring C=0 groups in
acetylacetonate ligands [13, 15]. The appearance of the
bands characteristic for acetylacteonate vibrations is
accompanied by the change in the intensity of bands
characteristic of silanol groups. The band, related to iso-
lated hydroxyl groups, is present in the spectrum of the
pure SBA-15 support at 3,745 cm™'. The modification of
SBA-15 with Rh(acac); complex resulted in a decrease in
the intensity of this band and an appearance of wide peak
centered at about 3,400 cm™' specific for the hydroxyl
groups involved in H-bonding [15]. The obtained results
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Fig. 1 PAS-FTIR spectra of SBA-15 and its modifications with
Rh(acac);

indicate that the proton of the surface silanol group inter-
acts with acetylacetonate ligand. It should be noticed that
only part of surface hydroxyl groups is involved in the
formation of H-bond with Rh(acac); complexes. The
mechanisms of the interaction of acetylacetonate com-
plexes of various metals with the surface of mesoporous
silicas were presented in our previous papers [13, 15, 24].

The XRD patterns of SBA-15 and its modification with
rhodium (Rh0.30-SBA-15) are presented in Fig. 2. The
XRD patterns show the characteristic two-dimensional
hexagonal structure (p6mm), where each pore is further
surrounded by six pores [25]. It should be noted that
deposition of rhodium did not produced any new reflexes
characteristic of this metal or its compounds [26]. There-
fore, it could be concluded that the size of rhodium species
deposited on the SBA-15 support is below detection level
of the XRD method.
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=
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Fig. 2 XRD patterns of SBA-15 and its modification with rhodium
(Rh-0.30-SBA-15)
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Fig. 3 N, adsorption—desorption isotherms of SBA-15 and its
modification with rhodium (Rh-0.30-SBA-15)

The nitrogen adsorption—desorption isotherm and BJH
pore size distribution determined for SBA-15 and its
modification with rhodium (Rh0.30-SBA-15) are presented
in Fig. 3. The both samples exhibited type IV adsorption—
desorption isotherm, which is typical of mesoporous
materials. The samples are characterized by the uniform
pore size distribution with the most possible diameter of
7.8 nm.

The content of deposited metals and textural parameters
of the SBA-15 based samples (after calcination) are shown
in Table 1. The pure SBA-15 support was characterized by
a relatively high surface area and pore volume of 580 m%/g
and 0.61 cm’/g, respectively, which slightly decreased
after the rhodium deposition by the MDD method.
Impregnation of the silica support with rhodium (sample
Rh-imp-SBA-15) resulted in a decrease of surface area to
505 m*/g. A significant decrease in the textural parameters
was observed also after the deposition of other metals,
probably due to their higher loading.

Figure 4 presents the correlation between the concen-
tration of Rh(acac); in the solutions used for the modifi-
cation of the mesoporous support and the Rh-loading in the
samples. It should be noted that for the solutions containing
0.05 and 0.10 mmol of Rh(acac);, a majority of rhodium
complex molecules was bounded to the surface of the
mesoporous support whereas the effectiveness of the rho-
dium deposition on SBA-15 was significantly lower for
more concentrated solutions of Rh(acac)s.

The MDD method used for the deposition of metals on
the surface of the mesoporous silica support guaranteed
their high dispersion. Figure 5 presents the correlation
between the Rh-loading and dispersion of this noble metal
on SBA-15. It should be noted that the increasing Rh-
loading resulted in a gradual decrease of the rhodium dis-
persion. However, for the highest loading of noble metal



J Porous Mater (2011) 18:483-491

487

Table 1 Textural parameters and metals loading in SBA-15 materials

Sample Rh (wt%) Ti or Al (Wt%) Cu or Fe (wt%) SBET (mz/g) Vo (cm3/g) D (nm)
SBA-15 580 0.61 7.8
Rh0.05-SBA-15 0.40 575 0.60 7.8
Rh0.10-SBA-15 0.86 563 0.57 7.8
Rh0.20-SBA-15 1.10 554 0.55 7.8
Rh0.30-SBA-15 1.49 539 0.53 7.8
Rh-imp-SBA-15 1.52 505 0.48 7.8
Ti-SBA-15 4.57 [Ti] 518 0.55 7.8
Al-SBA-15 1.17 [Al] 555 0.58 7.8
Cu-SBA-15 1.65 [Cu] 572 0.60 7.8
Fe-SBA-15 2.20 [Fe] 543 0.59 7.8
Rh-Ti-SBA-15 0.80 4.40 [Ti] 497 0.45 7.8
Rh-AI-SBA-15 0.89 1.00 [Al] 531 0.52 7.8
Rh-Cu-SBA-15 0.67 1.16 [Cu] 524 0.51 7.8
Rh-Fe-SBA-15 0.62 1.49 [Fe] 509 0.48 7.8
0.3 100
Rh-SBA-15 Rh dispersion
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€
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Fig. 4 Correlation between concentration of Rh(acac); in solutions
and the loading of the samples with rhodium

deposited by the MDD method its dispersion did not drop
below 70%. Deposition of similar amount of rhodium by
the impregnation method resulted in its significant lower
dispersion, which did not exceed 60%.

SEM image (Fig. 6a) reveals that the parent SBA-15
sample consists of wheat-like macrostructures aggregated
with rope-like domains. After rhodium deposition (Fig. 6b)
a partial degradation of macroscopic structure was
observed. It should be noted that any rhodium clusters have
not been found on the silica surface, what suggest a very
high dispersion of this metal in the SBA-15 sample.

Rh loading [mmol/g]

Fig. 5 Correlation between loading and dispersion of rhodium in the
SBA-15 samples

The surface acidity of the SBA-15 support was gener-
ated by the deposition of aluminium and titanium oxides.
The nature of acidic sites was studied by pyridine
adsorption. Figures 7 present the FTIR spectra in the
region of 1,400-1,700 cm ™" after adsorption of the probe
molecule on the SBA-15 materials. Pure SBA-15 meso-
porous silica shows a small peak at about 1,445 cm ™!,
which is attributed to hydrogen-bonded pyridine [27, 28].
However, outgassing of the sample at temperature 250 °C
resulted in a disappearance of this band. The spectrum
recorded for the Al-containing sample after the sorption of
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Fig. 6 SEM images of SBA-15 (a) and its modification with
rhodium—Rh-0.30-SBA-15 (b)

pyridine and outgassing at 100 °C contains three well
resolved maxima at about 1,545, 1,490 and 1,455 cm™!
related to the chemisorbed forms of pyridine. The bands at
1,545 and 1,455 cm ™" are assigned to pyridine adsorbed on
the Bronsted and Lewis acidic sites, respectively [29, 30].
The peak at 1,490 cm ™' is attributed to the adsorbed pyr-
idine species on both Bronsted and Lewis acidic centres.
An increase in outgasing temperature to 175 °C resulted in
a decrease of intensity of the band centred at 1,455 cm™!
and an appearance of new maxima at about 1,445 cm™".
This new band is characteristic of hydrogen-bonded pyri-
dine [27, 31]. The bands related to pyridine adsorbed on
both Brgnsted and Lewis acidic centres as well as hydro-
gen-bonded pyridine are present in the spectrum of the
sample outgassed at temperature 350 °C. Therefore, it
could be concluded that acidic sites generated by the
deposition of aluminium on the SBA-15 surface are char-
acterized by a relatively high acidic strength. Modification
of SBA-15 with titanium oxide resulted in formation of
Lewis acidic sites (band at 1,455 cm_l), which show
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Fig. 7 FTIR spectra of the SBA-15 based catalysts preadsorbed with
pyridine. L, B and H—bands related to the presence of Lewis and
Bronsted acid sites as well as hydrogen bonded pyridine, respectively

significantly lower acidic strength comparing to sites
present in the Al-containing sample.

In our previous studies copper and iron deposited on
SBA-15 have been found to be catalytically active com-
ponents in the decomposition of N,O [28]. Therefore, we
decided to test the catalysts containing simultaneously
rhodium and these transition metals. The chemical nature
of transition metals species deposited on the surface of
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Fig. 8 UV-vis-DR spectra of mesoporous SBA-15 silica modified
with copper and iron

SBA-15 was studied by UV-vis-DR spectroscopy. Results
of these studies are shown in Fig. 8. The original spectrum,
recorded for the Cu-containing sample, was fitted by two
bands. The first maximum at about 265 nm is related to
charge-transfer between mononuclear Cu”" ion and oxy-
gen whereas the peak at around 365 nm can be ascribed to
charge-transfer between cluster Cu”" and oxygen in [Cu—
O-Cul],, surface species [13, 32, 33]. The spectra recorded
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Fig. 9 Results of catalytic tests for a series of the rhodium modified
SBA-15 (a), Rh-Ti-SBA-15 and Rh-Al-SBA-15 (b), Rh-Fe-SBA-15
and Rh-Cu-SBA-15 (c¢) as well as the comparison of catalytic activity

for the Fe-containing sample were fitted with two bands
centered at about 230 and 300 nm, respectively. The first
maximum is related to the isolated Fe>™ cations, while the
second one corresponds to small oligonuclear (FeO),, spe-
cies [13, 34, 35]. Therefore, it could be concluded that
transition metals deposited on the surface of SBA-15 are
present in the form of isolated cations as well as oligomeric
metal oxide species. Bands characteristic for bulky metal
oxide clusters were not found.

The results of the studies of SBA-15 modified with
rhodium in the role of catalysts for N,O decomposition are
presented in Fig. 9a. The conversion of N,O began at
temperature as low as 200 °C. At higher temperatures the
performance of catalysts depended on Rh-loading.
Increasing loading of rhodium led to an increase in activity
of the catalysts. For the most active catalyst (Rh0.30-SBA-
15), the total N,O conversion was obtained at 450 °C
whereas for the other catalysts complete elimination of
nitrous oxide from reaction mixture was achieved at tem-
peratures higher by at least 50 °C. It should be noted that
activity of the Rh0.30-SBA-15 catalyst prepared by the
MDD method was significantly higher than that measured
for the sample obtained by the impregnation method (Rh-
imp-SBA-15) though both these catalysts contain the
similar loading of rhodium (1.49 and 1.52 wt%, respec-
tively). The difference in the catalytic performance is
probably related to various dispersion of the catalytically
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Fig. 10 Turn-over-number (TON) for decomposition of N,O per-
formed at temperature 400 °C for a series of the Rh-containing
catalysts

active component deposited on the silica support (cf.
Fig. 5). It should be mentioned, that apart from N, and O,
no other reaction products were observed.

The values of turn-over-number (TON) determined for
the decomposition of N,O at temperature of 400 °C for a
series of the catalysts with various loading of rhodium are
presented in Fig. 10. It was assumed that each rhodium
atom, which is exposed on the catalyst surface (availabile
for the N,O molecules) plays a role of active site. The
number of active sites was determined by oxygen chemi-
sorption. The TON values only slightly depend on the
noble metal loading. Therefore, it could be concluded that
catalytic activity of rhodium in the form of isolated species
as well as small aggregates is very similar. Haber et al. [9]
suggested that dispersion of rhodium deposited on Al,O5
support strongly influenced the activity of the catalysts.
However, it should be noted that, in this case, the
Rh-dispersion was in the broad range of 15-88%. Probably,
in the case of poorly dispersed rhodium, this metal exists in
the form of bulky clusters and only part of Rh atoms is
exposed on the surface of the active phase. On the other
hand, an application of the MDD method for the deposition
of rhodium guaranteed high dispersion of this metal and
exposition of majority of Rh atoms on the catalyst surface.

The results of catalytic tests for the samples containing
simultaneously rhodium and aluminium or titanium are
shown in Fig. 9b. The deposition of aluminium increased
the activity of the SBA-15 based catalyst, while the pres-
ence of titanium (Rh-Ti-SBA-15) practically did not
influence the catalytic performance of the sample.
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Modification of the SBA-15 support with alumina resulted
in the formation of both Lewis and Bronsted acidic sites.
While, for the Ti-modified silica mainly Lewis centres
were found. Therefore, it could be suggested that surface
Bronsted acidic sites activate the Rh-containing catalysts in
the N,O decomposition process. On the other hand, it
should be noted that amount of titanium deposited on SBA-
15 is more than four times higher than aluminium, what
resulted in a significant decrease in surface area and pore
volume of the Ti-containing sample. Therefore, it seems
possible that the limitation of textural parameters is
responsible for the lower activity of the Rh-Ti-SBA-15
catalysts.

The activity of the catalysts containing rhodium and
copper as well as rhodium and iron was significantly lower
than the Rh0.10-SBA-15 sample (Fig. 9¢). In this case the
formation of catalytically inactive Rh—Cu as well as Rh—Fe
surface species cannot be excluded.

The studies of the influence of water vapour (about 5%)
introduced into the reaction mixture on the catalytic per-
formance of the Rh0.30-SBA-15 sample are presented in
Fig. 9d. Introduction of water vapour into the reaction
mixture decreased the effectiveness of the N,O decompo-
sition process in the presence of this catalyst, however, it
should be noted that the activity (measured for the wet
reaction mixture) of Rh0.30-SBA-15 is much higher than
activity of the reference catalysts—Co-Mg—Al mixed
metal oxide (HTCo15-800) and iron modified Y zeolite
(Fe-Y) determined for the dry reaction mixture.

4 Conclusions

The Molecular Designed Dispersion method applied for the
deposition of metals on SBA-15 resulted in a very high
dispersion of the catalytically active components on the
support surface. The correlation between the rhodium
loading and its dispersion was found. An increase in the Rh
loading caused a decrease in its dispersion. Deposition of
aluminium and titanium oxides generated acidic sites on
the SBA-15 support. For Al-SBA-15 both Lewis and
Bronsted acidic sites were found, while Lewis acidic cen-
tres dominated in Ti-SBA-15. Copper and iron deposited
on the SBA-15 support by the MDD method were present
in the form of isolated cations as well as oligomeric metal
oxide species.

Rhodium deposited on the SBA-15 support by the MDD
method was found to be catalytically active in the N,O
decomposition process. The catalytic performance depen-
ded on the rhodium loading as well as the presence of other
metals. An increase in noble metal loading resulted in an
activation of the catalysts in the reaction of N,O decom-
position. Modification of the Rh-containing catalysts with
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aluminium increased its activity, while an opposite effect
was observed for the samples modified with copper or iron.

Open Access

This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

L.

2.

11.

12.

13.

14.

J. Perez-Ramirez, G. Kapteijn, J.A. Moulijn, Appl. Catal. B 44,
117 (2003)

A. Takigawa, A. Matsunami, N. Arai, Y.Z. Peng, Energy 30, 475
(2005)

R.F. Weiss, J. Geophys. Res. 86, 7185 (1981)

. G.M. Marnellos, E.A. Efthimiadis, I.A. Vasalos, Appl. Catal. B

46, 523 (2003)

. E.V. Kondratenko, R. Kraehnert, J. Radnik, M. Baerns, J. Perez-

Ramirez, Appl. Catal. B 298, 73 (2006)

. J. Oi, A. Obuchi, G.R. Bamwenda, A. Ogata, H. Yagita,

S. Kushiyama, K. Mizuno, Appl. Catal. B 12, 277 (1997)

. S. Tanaka, K. Yuzaki, S. Ito, H. Uetsuka, S. Kameoka, K.

Kunimori, Catal. Today 63, 413 (2000)

. K. Doi, Y.Y. Wu, R. Takeda, A. Matsunami, N. Arai, T. Tagawa,

S. Goto, Appl. Catal. B 35, 43 (2001)

. J. Haber, M. Nattich, T. Machej, Appl. Catal. B 77, 278 (2008)
. Y. Chen, Y. Huang, J. Xiu, X. Han, X. Bao, Appl. Catal. A 273,

85 (2004)

E. Zhao, J. Feng, Q. Huo, N. Melosh, G.H. Fredrickson, B.F.
Chmelka, G.D. Stucky, Science 279, 548 (1988)

P. Van Der Voort, M. Baltes, E.F. Vansant, JM.G. White,
Interface Sci. 5, 209 (1997)

P. Kustrowski, L. Chmielarz, R. Dziembaj, P. Cool, E.F. Vansant,
J. Phys. Chem. B 109, 11552 (2005)

E. Van Bavel, P. Cool, K. Aerts, E.F. Vansant, J. Phys. Chem. B
108, 5263 (2004)

16.
17.
18.

19.

20.
21.
22.

23.
24.

25.
26.

27.
28.

29.
. D.S. Muggli, J.F. Falconer, J. Catal. 191, 318 (2007)
31.
32.
33.

34.

. L. Chmielarz, P. Kustrowski, R. Dziembaj, P. Cool, E.F. Vansant,

Appl. Catal. B 62, 369 (2006)

Y. Segura, L. Chmielarz, P. Kustrowski, P. Cool, R. Dziembaj,
E.F. Vansant, Appl. Catal. B 61, 73 (2005)

L. Chmielarz, P. Kustrowski, R. Dziembaj, P. Cool, E.F. Vansant,
Micropor. Mesopor. Mater. 127, 133 (2010)

P. Kustrowski, L. Chmielarz, R. Dziembaj, P. Cool, E.F. Vansant,
J. Phys. Chem. A 109, 9808 (2005)

P. KusStrowski, L. Chmielarz, J. Surman, E. Bidziniska, R.
Dziembaj, P. Cool, E.F. Vansant, J. Phys. Chem. A 109, 330
(2005)

J.C. Kenvin, M.G. White, M.B. Mitchell, Langmuir 7, 1198
(1991)

L. Chmielarz, P. Kustrowski, A. Rafalska-£asocha, R. Dziembaj,
Thermochim. Acta 395, 225-236 (2003)

T. Paryjczak, K.W. Jozwiak, J. Goralski, J. Chromatogr. 166, 65
(1978)

S.E. Wanke, N.A. Dougharty, J.Catal. 24, 367 (1972)

1.V. Babich, Y.V. Plyuto, P. Van Der Voort, E.F. Vansant, J. Coll.
Interface Sci. 189, 144 (1997)

S. Chylit, L. Haugland, E.A. Blekkan, Micropor. Mesopor. Mater.
111, 134 (2008)

R.S. Mulukutla, T. Shido, K. Asakura, T. Kogure, T. Iwasawa,
Appl. Catal. A 228, 305 (2002)

R.T. Hughes, H.T. White, J. Phys. Chem. 71, 2192 (1967)

L. Chmielarz, P. Kustrowski, M. Kruszec, R. Dziembaj, P. Cool,
E.F. Vansant, J. Por. Mat. 12, 18 (2005)

A K. Aboul-Gheit, Solid State Ionics 101-103, 893 (1997)

E.P. Parry, J. Catal. 2, 371 (1963)

M. Ramakrishna Prasad, G. Kamalakar, S.J. Kulkarni, K.V.
Raghavan, J. Mol. Catal. A 180, 109 (2002)

S. Velu, K. Suzuki, M. Okazaki, M.P. Kapoor, T. Osaki,
F. Ohashi, J. Catal. 194, 373 (2000)

M.V. Landau, E. Dafa, L.M. Kaliya, T. Sen, M. Hereskowitz,
Micropor. Mesopor. Mater. 49, 65 (2001)

. R.A.Reimer, S.C. Slaten, M. Seapan, M.W. Lower, P.E. Tomlinson,

Environ. Progr. 13, 134 (1994)

@ Springer



	SBA-15 mesoporous silica modified with rhodium by MDD method and its catalytic role for N2O decomposition reaction
	Abstract
	Introduction
	Experimental
	Samples preparation
	Characterization methods
	Catalytic tests

	Results and discussion
	Conclusions
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


