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Two SBA-15 type materials were synthesized using a low-cost route, a pure silica SBA-15 and an Al
containing SBA-15 (with a Si/Alratio of 10), where Al was added by a post-synthesis modification. The later
solid was achieved without any significant loss in the textural properties of SBA-15, besides improving

Keywords: its properties as support of catalysts. Copper impregnated catalysts were prepared through the incipient
SCR of NO wetness impregnation of the two supports. With both supports, the copper weight loading were 1, 3 and
SBA-15 6 wt%. The copper incorporation kept the support mesoporous structures, obtaining a better dispersion
XANES . . . L .

Operando of the active phase in the containing aluminium support. All the catalysts showed a moderated catalytic
Factor analysis activity in the SCR of NO with propane in presence of an excess of oxygen in the whole studied interval
Copper of temperatures and a much better performance was observed when using NH; instead of propane.

The changes of the active phases were studied by operando XAS spectroscopy. Factor analysis of in
operando XANES results with sample SiAl_6 indicate that no Cu® was detected, but only Cu'* and Cu?*.
The temperature where the Cu'*/Cu?* ratio is maximum occurs at the reaction temperature where the
observed catalytic NO conversion is also maximum.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Copper catalysts have attracted much attention in the field of NO
abatement during the last decades since the early works of Iwamoto
et al. [1,2], where they reported the high activity of Cu-ZSM-5 cat-
alysts in the direct decomposition of NO into N, and O, as well
as in the SCR of NO with hydrocarbons [3,4]. Although, Cu-ZSM-
5 catalyst displays a poor hydrothermal stability in real operation
conditions, it has been used as a “model catalyst” from which has
been generated a vast number of catalysts active in the decom-
position of NO so as in the SCR of NO with hydrocarbons. Since
then, in the scientific literature, there is a huge amount of data con-
cerning the catalytic performance of copper catalysts in the SCR
of NO with hydrocarbons, being the zeolites the main used sup-
ports. These works cover a great variety of studies including kinetics
and mechanistic studies [5-9], FTIR characterization [10-15] of
adsorbed species arisen either after adsorption of probe molecules
to estimate the copper species present in the copper catalysts or in
realistic catalytic conditions to determinate a reaction mechanism,
and studies of oxidation state of copper [5,16-23] by XAS spec-
troscopy before and after catalytic performance. To understand the
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catalytic behaviour of the copper species involved in the reaction
is necessary to knowledge the oxidation and coordination copper
ions in the supports in this way we can understand the nature of
the active centres in the working catalyst [20].

X-ray absorption spectroscopy (XAS) can be applied to inves-
tigate catalysts under real working conditions of temperature and
composition of the reactive gases. For example, Liu et al. [16] inves-
tigated on the mechanism of NO selective catalytic reduction (SCR)
by hydrocarbon over Cu-ZSM-5, focused on the oxidation state
and coordination chemistry of the exchanged Cu as the active site
during the catalytic reaction using XAS techniques. These authors
demonstrated the existence of a redox mechanism which involves
cyclic switching of the oxidation states between Cu?* and Cu'* in
an oxygen-rich gas mixture under elevated temperature. A correla-
tion between cuprous ion concentration and catalytic activity was
found in NO SCR by propene, propane and methane. Caballero et al.
[17] studied by means of X-ray absorption spectroscopy the chem-
ical state of copper in Cu/ZrO, catalysts under different reaction
conditions. The first derivative of the X-ray absorption near-edge
structure (XANES) spectra of the Cu K edge was analysed by factor
analysis (FA). This analysis provided an accurate mean of estimating
the percentages of Cu2*, Cu*, and Cu® under each reaction condition.
When the catalyst was treated at 773 K with mixtures consisting
of hydrocarbons (propane, propene or methane) plus NO, there
was a significant concentration of Cu* and Cu® species, although
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the relative concentration of Cu?* generally increased. For these
gas mixtures, it was also found that the relative concentration of
the three different oxidation states of copper was highly depen-
dent on the type of hydrocarbon. In general, the concentration of
reduced species was related to the reactivity of the hydrocarbon
(CH4 <C3Hg <C3Hg) and was particularly high with C3Hg. Finally,
the analysis showed that most copper remained as Cu?* when
the sample was heated in a hydrocarbon/NO/O, mixture at 773 K,
although some Cu* can persist under these conditions.

The ordered mesoporous materials have been tested as supports
of catalysts in the SCR of NO with hydrocarbons and ammonia
[6,24-29]. Within the family of mesoporous materials, SBA-15
materials synthesized under acidic conditions exhibit larger pore
size and thicker pore wall compared with M41S materials. The
improved hydrothermal and thermal stability makes them very
promising catalytic materials [30]. Moreover, the doping elements
such as aluminium, titanium and zirconium can be incorporated
into the silica framework to obtain materials for applications such
as catalysis and ion exchange. Recently, our group has success-
fully incorporated aluminium into a mesoporous silica with SBA-15
structure via a post-synthetic method [31]. The introduction of
Al into the structure of SBA-15 enhances its acidity which may
promote the SCR reactions [32,33]. Thus, we prepared a family of
copper catalysts based on aluminium grafted mesoporous SBA-15
silica to test in the SCR of NO with propane and ammonia. The
catalysts have been characterized by means of several techniques
and, moreover, we have characterized in situ the catalysts in modo
operando by XANES in order to know the oxidation state of copper
in the realistic conditions of catalytic performance.

2. Experimental
2.1. Catalysts preparation

2.1.1. Reactants

The silicon source was a sodium silicate solution (Na;Si307
with 27% SiO, and 14% NaOH from Aldrich). Aluminium was
incorporated with aluminium chloride (AICl3-6H,0) from Aldrich.
The non-ionic surfactant was triblock poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide) copolymer Pluronic
P123 (M,y =5800, EO5P0O7gEO,g) from Aldrich. Analytical grade
sodium hydroxide from Prolabo and tetramethylammonium
hydroxide (TMAOH) 25 wt% solution in water from Aldrich were
also used. The source of copper was Cu(NO3),-3H,0 supplied by
Merck.

2.1.2. Catalysts preparation

The support synthesis has been carried out according to the
procedure described by Gémez-Cazalilla et al. [31]. In a typical
synthesis, 5 g of Pluronic were added to 200 mL of 0.4 M H,SO4 solu-
tion and stirring until a clear solution was obtained. Then, 0.2 g of
NaOH and 13.3 mL of sodium silicate solution were added at room
temperature with magnetic stirring. The resulting gel mixture was
stirred for 5 days at room temperature; the final pH was about
1. The solid product was recovered by filtration, washed several
times with water and dried overnight at 333 K. Finally, the mate-
rial was heated in air at a heating rate of 10 Kmin~! to 823K and
maintained at this temperature for 6 h. The pure mesoporous silica
is labelled as Si. Alumination of this pure silica Si-SBA-15 mate-
rial was carried out by mixing the appropriate volume of aqueous
solution 1.2 M of AlCl3-6H,0 with 25 mL of TMAOH 5.5 wt% solu-
tion in water to obtain a Si/Al molar ratio of 10. The resulting acid
solution (pH 3.5-4) was heated to 353 K until a clear solution was
obtained (ca. 1 h). Then 1.5 g of the pure silica Si-SBA-15 was added
at room temperature and this mixture was maintained at 353 K for

3 h. After filtration, washing with water and drying at 333K, the
products were calcined with a heating rate of 10 Kmin~! to 823K
and maintained at this temperature for 6 h. The aluminated support
was labelled as SiAl.

Catalysts with copper loading ranging between 1 and 12 wt%
were prepared by means of wet incipient impregnation method.
Thus, 2 g of aluminated support was put in contact with an aqueous
solution of copper(Il) nitrate. After impregnation, the catalysts were
dried at 333 Kand calcined at 623 K (2 Kmin~!, heating rate) during
4 h. The copper catalysts were labelled as Si_x or SiAl.x where x
is referred to copper loading and Si and SiAl are referred to the
composition of the support.

2.2. Catalysts characterization

The Al and Cu contents of the support and catalysts were
measured by atomic absorption spectroscopy using a Varian
SPECTRAA50. Powder XRD measurements were performed on a
Siemens D5000 automated diffractometer, over a 20 range with
Bragg-Brentano geometry using the Cu Ka radiation and a graphite
monochromator. X-ray photoelectron spectroscopy (XPS) studies
were performed with a Physical Electronics PHI 5700 spectrometer
equipped with a hemispherical electron analyzer (model 80-365B)
and Al an Mg Ko (1486.6eV and 1253.6eV, respectively) X-ray
sources. Short acquisition time of 10 min was used to examine
C 1s, Cu 2p XPS regions in order to avoid, as much as possible,
photoreduction of Cu?* species. Nevertheless, a Cu%* reduction
in high vacuum during the analysis cannot be excluded [34].
High-resolution spectra were recorded at 458 take-off-angle by a
concentric hemispherical analyzer operating in the constant pass
energy mode at 29.35eV, using a 720 mm diameter analysis area.
Charge referencing was done against adventitious carbon (C 1s at
284.8 eV). The pressure in the analysis chamber was kept lower
than 5 x 10~6 Pa. PHI ACCESS ESCA-V6.0 F software package was
used for data acquisition and analysis. A Shirley-type background
was subtracted from the signals. Recorded spectra were always
fitted using Gauss—Lorentz curves in order to determine more accu-
rately the binding energy of the different element core levels.

N, adsorption-desorption isotherm at 77 K was obtained using
an ASAP 2020 model of gas adsorption analyzer from Micromerit-
ics, Inc. Prior to N, adsorption, the samples were evacuated at
473K (heating rate 10 Kmin~1) for 1h. Pore size distribution and
pore volume were calculated with the BJH method. Temperature-
programmed reduction with hydrogen (H,-TPR) of catalysts was
studied between room temperature and 673 K, using an Ar/H, flow
of 40 cm3 min~! (10 vol.% of H) and a heating rate of 10 Kmin~'.
The water produced in the reduction reaction was trapped by
passing the gas flow through a cold finger at 193 K. Hydrogen
consumption was monitored by an on-line gas chromatograph pro-
vided with a TC detector.

Copper surface area and dispersion were calculated by N,O
decomposition method [35,36]. This method is based in the for-
mation of a monolayer of Cu,0 by oxidation of Cu® with a flowing
of N, O according to the reaction:

2Cu® +N,0 — Cuy0 + N,

Before analysis, the CuO phase is reduced by a H,-TPR in a flow
mixture of 10 vol.% Hy/Ar at 5 Kmin~! up to 673 K, taking place the
next reaction:

CuO + Hy — Cu + H,0

Then, the catalyst is purged in He and cooled down to 333 K. The
oxidation of CuP to Cu* is carried out by the chemisorption of N,O
(5vol.% N,O/He) at 333 K during 1 h:

2Cu® +N,0 — Cuy0 + N,



80 M.J.0. Rico et al. / Catalysis Today 158 (2010) 78-88

In sequence, the catalyst was again purged in an Ar flow and
cooled to room temperature. After this, s-TPR was carried out sim-
ilarly to TPR, raising the temperature up to 723K on the freshly
oxidized Cu,0 surface in order to reduce Cu,0 to Cu.

2.3. Catalysis

Catalysts were tested in the SCR of NO by using a Pyrex glass
tube microreactor (6.85 mm o.d.) working at atmospheric pressure
in a steady-state flow mode and with a catalytic charge of 150 mg
of pelletised solids, sieved to 0.3-0.4 mm, in all cases without dilu-
tion. Samples were pre-treated at 623 K in situ for 2 h under a He
flow (30cm3 min—'). The gas reaction mixture was composed of
1000 ppm NO, 1000 ppm NH3 or propane and 2.5 vol.% O, (balanced
with helium). In some tests, 13 vol.% H, O, passing helium through
a saturator with deionized water and 56 ppm of SO,, was added to
the feed stream. The flows were independently controlled by chan-
nel mass flowmeters (Brooks) and a total flow rate of 75 cm? min~!
was used in the feed. The space velocity (GHSV) was 1886h~1;
in these conditions, both external and internal diffusional limita-
tions were absent. The reaction was studied from 373 to 823 K. The
analysis of reactants and products was monitored by using the on-
line quadrupole mass spectrometer described above. In previous
experiments, variation in the amount of catalyst with a total flow
rate maintaining the space velocity constant produced no modifi-
cation of conversion values. No influence of the particle diameter
was found either.

2.4. XAS-In operando: SCR-NH3 and SCR-NH3 +H,0

XAS spectra were recorded at the BM25 beam line (SPLINE)
of the ESRF synchrotron (Grenoble, France). The spectra were
acquired in transmission mode using a modified Specac infrared-
transmission cell with Kapton windows that allow “operando”
treatment of the sample under controlled gas mixtures and temper-
atures. The sample was placed in a stainless steel holder directly in
contact with the gas mixture atmosphere and resistively heated.
The samples were pressed as self-supported wafers in a stan-
dard 13 mm diameter, using the optimum weight to maximise the
signal-to-noise ratio in the ionisation chambers. For energy cal-
ibration, a standard Cu foil was introduced after the ionisation
chamber (I) and measured simultaneously. Typical EXAFS spectra
of Cu K edge were recorded from 8905 to 9730 eV, with a variable
step energy value, and a minimum 0.5 eV step across the XANES
region (8970-9010eV). For the reaction treatments, NO, NH3 and
0, (1000 ppm, 1000 ppm and 2.5% respectively) were diluted in He,
using mass flow controllers for dosing the gases to the cell and a
total flow of 115 mL min~!. The effect of a flow of 10 wt% of H,O was
also studied, using a Fresenius “Orchestra” perfusor for injecting the
water onto the NO/NH3/0;/He mixture, being all the pipes from this
point up to cell heated at 353 K to avoid water condensation. The
catalysts were pre-treated in He from room temperature to 773 K,
and cooling down in He, after that the mixture was introduced in
the cell at room temperature and then heated to the desired tem-
perature (from RT to 773 K) using a ramp of 10 Kmin~!. Analysis
of the XANES spectra was performed using Factor Analysis on the
derivatives of the original spectra, according with the procedure
already described [17].

3. Results and discussion
3.1. Catalysts characterization

The small-angle powder XRD patterns of calcined Si and SiAl
materials are shown in Fig. 1a. Both the samples exhibit XRD pat-

Table 1

Textural parameters of supports and copper catalysts.
Catalyst Sper (M2 g~ 1) Vp (cm3g1) dp (nm)
Si 333 0.38 3.1
Si-1 298 0.34 32
Si3 261 0.29 3.1
Si-6 259 0.30 3.2
SiAl 262 0.27 29
SiAl1 243 0.25 3.0
SiAl3 229 0.24 3.0
SiAlL6 202 0.21 3.0

Table 2

Copper dispersion, metallic surface and particle size determined by means of N,O
decomposition reaction and particle size determined by means of Scherrer equation.

Catalyst Dcy® (%) Scu? (m? CugCu1) day? (nm)
Si-1 54% 363.1 19
Si_3 11% 771 8.8
Si_6 9% 61.8 109
SiAl_1 99% 670.9 1.0
SiAl_3 57% 383.6 1.8
SiAl_6 15% 100.0 6.8

2 N0 decomposition reaction.

terns with a very intense diffraction peak at 26=1.14° and three
other weak peaks at 20=1.95°, 2.23°, and 2.99° and diffraction
peaks at 1.15°, 2.00°, 2.28° and 3.02° for Si and SiAl materi-
als, respectively, which can be indexed in a system of hexagonal
symmetry as (100), (110), (200) and (210) diffraction planes,
respectively. The XRD diffraction peaks can be indexed to a hexag-
onal lattice with a digg spacing close to 8.0nm, corresponding
to a unit cell parameter ay of 8.9nm, based on the formula
ap=2dy90/+/3. After alumination, the XRD patterns indicate that
all this support retains the characteristic patterns of the hexagonal
mesostructure.

The main textural parameters of supports and copper catalysts
are compiled in Table 1. As it is shown, the incorporation of alu-
minium to the Si support involves a decrease of the Sggr, main
pore size and pore volume values, according to Gémez-Cazalilla
et al. [31], this fact could be indicative of the incorporation of the
aluminium into the pore surface of the Si support. The aluminium
could be incorporate by partial substitution of Si atoms. The value
of the inorganic wall thickness of the material, calculated from the
main pore diameter and XRD data, increases from 5.85 to 5.99 nm
when the aluminium is incorporated into the Si solid, therefore,
this change in the wall thickness could also point out the incorpo-
ration of the aluminium into the pore surface of the Si material. On
the other hand, the Si and SiAl supports display a monomodal pore
size distribution. After deposition of CuO on the supports, it was
caused a lowering of both pore volume and specific surface of Si
and SiAl as the copper loading is increased.

The XRD patterns of the Si_x and SiAl_x catalysts show, besides a
very broad band at 20-30° 26, typical of unstructured silica groups,
diffraction peaks corresponding to the presence of CuO particles
(Fig. 1b). As it is shown, the catalysts based on Si support show
more intense diffraction peaks than their counterparts. Moreover,
the intensity of the peaks increases with the copper loading. By
this technique no new crystalline oxide phases formation between
CuO and aluminium species are detected. Thus, it could be con-
cluded that the presence of Al increases the dispersion of the CuO
particles over the support. A first rough estimation of the CuO par-
ticle dimensions was performed from the broadening of the peak
at 35° by the Scherrer formula. The Scherrer equation has been just
applied to Si_x since the broadening of the peak of the SiAl_x cat-
alysts prevents the analysis of the particle size. CuO particle sizes
between 50 and 60 nm have been obtained (Table 2).
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Fig. 1. Powder XRD patterns of Si and SiAl supports (a), Si_x and SiAl_x catalysts (b).

The free copper surface area and particle size of the individual
copper crystallites can be measured by a large number of tech-
niques, being the reaction of N;O decomposition method widely
accepted to determinate the particle size, copper dispersion and
copper surface area. Thus, copper dispersion (D¢, ), defined as the
ratio of Cu exposed at the surface to total Cu present, was calcu-
lated from the amount of H, consumed in the TPR analysis. Hy
consumption (from TPR) can also be used to calculate the copper
metal surface area (Scy ) and the average particle size (d,y ) by means
of the following assumptions and equations:

The area per copper surface atom in (100), (110), and (111)
planes are 0.065, 0.092, and 0.056 nm?, respectively [37] An equal
abundance of these three planes give an average copper surface
atom area of 0.071 nm?, equivalent to 1.4 x 10!° copper atoms per
square meter. By assuming a spherical shape of the copper metal
particles, Scy, and d,y can be expressed as, respectively,

Na
Scu (M2 gy 1) =Moly, -SF- ——2&
Cu Cu H, 1O4CM Wey
6000
day (nm) = ———
av ) Scu - Pcu

where Moly,, SF,Na, Cv, Wy, and pcy are moles of hydrogen exper-
imentally consumed per unit mass of catalyst (wmol H, g1 cat),
stoichiometric factor (2), Avogadro’s number (6.022 x 1023 mol—1),
number of surface Cu atoms per unit surface area, Cu content (wt
%), and the density of copper (8.92 gcm3).

The Cu percentage dispersion, metal surface area, and average
particle size are given in Table 2. It was shown that the disper-
sion and metal area of copper are decreased with copper loading
whereas average particle size is increased with copper loading. This
effect is more marked for the catalysts based on Si support. On the
other hand, the SiAl_.1 shows the highest Cu dispersion and Sc,
exposed. This might indicate the maximum number of dispersed
copper sites that are available on the catalyst surface. Thus, increas-
ing the copper loading, the dispersion and metal area are decreased,
and average particle size is increased beyond this loading due to for-
mation of CuO crystallites. This is in good agreement with XRD data
in the sense of increasing the particle size with the copper loading.
Therefore, the aluminium doped mesoporous silica dispersed the
copper oxide in a higher extension than pure mesoporous silica.
In literature, it is observed an increase of the dispersion with the
copper loading up to a determinate level which depends on the sup-
port and the method of preparation of catalysts. Thus, Komandur
et al. [38] reported beyond 2.7 wt% a decrease of copper disper-
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Fig. 2. H,-TPR curves of Si_x (a) and SiAl_x (b) catalysts.

sion in the case of copper supported on ZrO,. This copper loading
which the maximum copper dispersion is reached, is increased up
to 5 wt% when mixed Al,03-ZrO, oxides are used as supports [39].
These authors reported similar results for Cu supported on mixed
TiO,-ZrO, oxides [40].

The reduction of Cu species was studied by H,-TPR experiment.
The reduction profile provides information on the dispersion of
metal species over the support and the interaction between the
metal ions and the support [41]. The TPR profiles of Si_x and SiAl_x
catalysts are shownin Fig. 2a and b, respectively. The catalysts show
different H, consumption profiles depending on either the support
or Culoading. Thus, the Si_x catalysts show two well resolved reduc-
tion peaks whereas SiAl x catalysts, depending on the Cu loading,
may show one or two reduction peaks. This suggests the presence of
different copper species on the supports. The SiAl_x catalyst shows
an unique reduction peak at 453 K and both SiAl_3 and SiAl_6 cata-
lysts shows two reduction peaks, the first at 453 K and the second
one at 476 and 469K for SiAl_3 and SiAl_6 catalysts, respectively.
The intensity of both reduction peaks is increased with the copper
loading, being the peak at low temperature ascribed to highly dis-
persed surface CuO species and the peak at higher temperature is
attributed to bulk-like CuO particles, therefore, it can be concluded
the CuO is highly dispersed in the SiAl_1 catalyst, as the previous
XRD data shown since this catalyst did not show any diffraction
peak attributable to crystalline CuO. This behaviour of supported
CuO has been already reported by several authors. Chary et al.

[39] studied the copper phases present over Al,03-ZrO, support
by means of H,-TPR. They concluded that at low copper load-
ing (<5wt%), the CuO are present as well-dispersed CuO species
and crystalline copper oxide species at high Cu loadings (>10 wt%).
These same results were reported [43] studying the dispersion of
CuO over ZrO,. Gervasini et al. [42] reported the presence of fine
dispersed CuOy particles and CuO aggregates as function of copper
loading on SiO,-Al, 03 support. On the other hand, the intensity of
the two peaks is relatively comparable which could entail a same
distribution of the two kinds of CuO particles on the SBA-SiAl sup-
port.

The Si_x catalysts also display two H, consumption peaks. These
peaks are assigned to CuOy species (peak at 453-561 K) and bulk-
like CuO particles (peak at 520-560K), respectively. The intensity
of both peaks is increased and they are shifted at higher temper-
atures with the copper loading. Furthermore, the intensity of the
reduction peak at high temperature becomes greater than the peak
at lower temperature, therefore, being more abundant the bulk-
like CuO particles than the highly dispersed CuOy particles. This is
in good agreement with the XRD patterns of these catalysts since
they showed well-defined features of crystalline CuO. Finally, the
data reported so far by XRD analysis, N,O decomposition reaction
and H,-TPR experiments show the promoter effect of aluminium
in the dispersion of CuO phases.

Finally, the surface composition and chemical state of the cata-
lysts have been studied by means of XPS analysis. The XPS analysis
confirmed the exclusive presence of Cu(Il) species on all the cat-
alyst surfaces. The bands presented clear spin-orbit split Cu 2py,
and Cu 2p3), peaks along with their shake-up satellites which are
known to be characteristics of Cu(Il) systems [42,44]. These satel-
lites have been attributed to shake-up transitions by ligand — metal
3d charge transfer. This charge transfer cannot occur in Cu* com-
pounds or Cu® because of their completely filled 3d shells [44].
Furthermore, generally, the lower binding energy (932.2-933.1eV)
and absence of shake-up peaks are characteristics of Cu'* ion [28].
The binding energy values of Cu 2p3, peaks are listed in Table 3 for
the two families of copper catalysts. Si_x catalysts only show a con-
tribution of the Cu 2ps, peak at about 934 eV. On SiAl_1 was also
detected a unique contribution of the Cu 2p3/, peak whereas SiAl 3
and SiAL6 catalysts show two contributions. The low energy peak
(933.8 eV) can be associated with CuO while the high-energy peak
(935.1) can be indicative of a charge transfer from the metal ion
toward the support oxide. Kim et al. [45] ascribed this contribution
to the formation of CuAl,04 phase. These values of core level Cu
2p are in accordance with those reported in literature for dispersed
CuO [5,44,46]. Another spectroscopy feature characteristic of the
presence of Cu?* is the value of the intensity ratio of the satellite
peak to the corresponding photoelectronic peak (Isat/Ipp ). This value
is close to 0.5 for CuO [44,47]. It has been reported that this inten-
sity ratio is sensitive to the coordination environment, the higher
the intensity the lower the coordination number of Cu?* cations
[47]. In the catalysts studied, it was found to be about 0.5 only for
Cu6_Si sample (see Table 3). This sample was which displayed a
better crystallinity as XRD pattern shown. Conversely, the Isat/Ipp
ratio was lower for all the other catalysts mainly the SiAl x catalysts.
Low Isat/Ipp values suggest the presence of CuO in a highly dispersed
amorphous state. It is known that nanosized particles have proper-
ties different from the bulk oxides, and this mixed oxidation state
could be the result of the defective structure of the small clusters
[40].

Depending on the chemical composition of the support, we
might distinguish different sites on the surface of the pure silica
or silica-alumina support, respectively. Thus, strong acidic groups
(-Si-OH-AI-) or weakly acidic ones (-Si-OH) together with Lewis
sites related with defective aluminium sites could be present and
anchored the copper species. In this way, depending on the Cu load-
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Table 3
XPS data of Si_x and SiAl x catalysts.

Catalyst BE Cu 2p3), BE Cu shake up

Isat/Ipp Cu/Si Cu/Al

Si-1 9338 9433
si3 934.0 942.9
Si.6 933.9 941.7
SiAL1 933.4 9437
SiAL3 932.8 (60%) 935.2 (40%) 9437
SiAL6 933.0 (59%) 935.1 (41%) 9437

0.336 0.010 =
0.351 0.018 -
0.507 0.049 -
0.141 0.012 0.148
0.311 0.040 0.255
0.219 0.040 0.261

ing, different Cu-support interactions occurred leading to Cu-phase
dispersed in a different way. The surface Cu/Si and Cu/Al ratios are
compiled in Table 3 for the two families of catalysts. For the Si_x
catalysts, it is observed an increase of Cu/Si ratio with the increase
of copper loading. The fact that the amount of exposed copper
increased up to 6 wt% of loading without a decrease of this ratio
may indicate that the Si support could accept a higher copper load-
ing and uniformly disperse it on the mesoporous silica surface. On
the other hand, this behaviour is not found with the SiAl_x catalysts
since such Cu/Si ratio reaches its maximum for SiAl_3 catalyst and
was not increased further. Moreover, when the copper loading is
increased up to 3 wt¥%, it is noticeable the increase of Cu/Si ratio
with the copper loading for SiAl_3 compared to Si_3 catalyst (see
Table 3). This is in good agreement with the XRD patterns since
Si_3 catalyst already showed more intense reflection peaks corre-
sponding to CuO diffraction planes than SiAl_3 catalyst, pointing
out a poor dispersion of copper species and the formation of bigger
CuO crystals. On the other hand, when copper loading is increased
up to 6 wt%, it has not been measured an increase of the Cu/Si ratio.
This could be due to a fraction of dispersed copper species are prob-
ably located inside of the pore network and they are not detectable
by XPS. Although, the formation of larger CuO crystallites could
not be ruled out since the XRD analysis also confirm detection of
bulk CuO in the sample with 6 wt%. A low dispersion of copper
oxide is also noticed at higher Cu loadings by the N,O decompo-
sition method described above. Thus, the present XPS results are
in good agreement with the dispersion of copper determined by
N, 0 decomposition method and XRD results. Therefore, it is again
demonstrated the beneficial effect of the presence of aluminium to
disperse the copper species due to the essential role of acid sites on
formation of CuO-active sites.

After catalytic tests, the catalysts do not show any change in
the B.E. of the copper as well as Cu/Si atomic ratio indicating these
results that the catalysts are very stable under the catalytic condi-
tions.

3.2. Catalytic activity

3.2.1. Selective catalytic reduction of NO with propane

The copper catalysts have been tested in the SCR of NO with
propane and ammonia as reducing agents in excess of oxygen. It is
well known that for a given feed (oxygen, hydrocarbon and NO), the
NO conversion depends on several experimental parameters. Thus,
for instance, the temperature at the maximum activity is a func-
tion of the type of hydrocarbon, the active cation and the support
[48]. On the other hand, the presence of oxygen is essential to NO
reduction. Therefore, there are two reaction pathways competing
for the propane oxidation which might be considered as:

C3Hg +2NO + 40, — N, +3C0;, +4H,0 (1)
C3Hg + 50, — 3C0O, +4H,0 (2)

Under our experimental conditions, the detected reaction prod-
ucts were Ny, CO, and NO, traces. Neither nitrous oxide nor
CO formation was observed in the studied temperature range
(623-823 K). Thus, the selectivity towards N, and CO, was of 100%
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Fig. 3. NO and C3Hs conversion as a function of the reaction temperature for Si_x
catalysts. Si_1 (¢), Si_3 (W) and Si_6 (a) Experimental conditions: NO (1000 ppm),
C3Hg (1000 ppm), O; (2.5 vol.%); total flow 75 mlmin~1.

in the whole range of temperature. Fig. 3 displays the NO conver-
sion and C3Hg as function of temperature in the range of 573-823 K
for the Si_x.

The maximum NO conversion to N, corresponding to Si_x was
reached for the Si_1 catalyst at 773 K and at higher temperatures,
NO conversion is depleted, leading a typical volcano-shape curve.
The Si_3 and Si_6 catalysts show lower NO conversion and increase
with the temperature along the temperature tested. On the other
hand the conversion of propane increases with the temperature
since the C3Hg oxidation by O, (reaction (2)) is prevailed over reac-
tion (1). In fact, the SCR reaction could be explained by a reaction
in which two oxidants compete for a limited available amount of
reductant. In any case, it was not reached the 100% propane conver-
sion for the all Six catalysts, even at the higher temperatures tested.
It is noteworthy to point out that Si_1 catalyst, among the Six cat-
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Fig.4. NO and C3Hg conversion as a function of the reaction temperature for Si_x cat-
alysts. SiAl_1 (a), Si_3 (W) and SiAl_6 (#). Experimental conditions: NO (1000 ppm),
C3Hs (1000 ppm), O, (2.5 vol.%); total flow 75 mImin~!.

alysts, showed the highest copper dispersion and the highest NO
conversion. These results suggest that the reactivity for NO reduc-
tion by C3Hg is strongly depend on the copper species produced
upon calcination of catalysts. It is known that bulk-like CuO parti-
cles possesses higher reactivity for C3Hg combustion reaction than
CuO clusters or CuOy does [42] and less reactivity for NO reduction
for SCR of NO with hydrocarbons [15]. This fact was also found to
copper-MFI catalysts [49] since non-isolated copper ions (copper
oxides) were more active for the C3Hg-0, than for the C3Hg—-NO
reaction which occurred on isolated ions.

Conversely, the maximum NO conversion (~25%) correspond-
ing to SiAl x catalysts was reached for the SiAl_3 catalyst at 773K
(Fig. 4). Whereas SiAl_1 catalyst shows a linear trend of increase
NO conversion with the temperature in the whole range of tem-
perature tested, the SiAl_3 and SiAl_6 catalysts displays a typical
volcano-curve of NO conversion. The copper loading increase from
3 to 6 wt% does not have a positive effect into the NO conversion,
in fact, at lower temperatures (lower than 773 K) the SiAl_6 cat-
alyst shows a better catalytic activity than SiAl_1 catalyst but at
higher temperatures the catalytic behaviour of SiAl_1 surpass the
SiAl_6 catalyst. This fact could be related with the formation of big-
ger CuO aggregates observed by XPS and the data obtained by the
N, O decomposition method. In relation to the propane conversion,
SiAl_1 catalyst did not reach the complete oxidation of propane to
CO, whereas SiAl_3 and SiAl_6 catalysts almost reach the complete
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Fig. 5. NO conversion as a function of the reaction temperature for SiAl_3 catalyst
catalyst as function of feed composition: standard (¢), 10vol.% H,O (), 56 ppm
SO, (a) and H,0 with SO, (x). The rest of experimental conditions were the same
mentioned in Fig. 3.

oxidation of propane at 823 K. Thus, the CuOy species dispersed
onto the SiAl_3 catalysts which are related to the particle size, mea-
sured by means of N,O decomposition method and the superficial
copper determined by XPS, seems to be adequate to reach the high-
est catalytic activity amongst the tested catalysts. It is noticeable to
highlight that the properties of Si_1 and SiAl_3 catalysts are quite
similar if the results of N;O decomposition method are bearing in
mind. This suggests that one of the most important properties of the
copper catalysts to be active in the SCR of NO with propane is the
dispersion of copper species on the surface of support. However,
the role of support is not limited to exert influence in the active
phase dispersion but it also exerts a basic role in the superficial
characteristics of the catalysts. On contrary, Si_1 and SiAl_3 cata-
lysts should show the same catalytic performance. As the XPS data
shown, the core Cu 2p signal of Si_1 catalyst only showed a con-
tribution ascribed to Cu?* in CuO, whereas SiAl_3 catalyst showed
two contributions, one of them ascribed to CuO and the other one
due to the charge transfer from metal to oxidic support. Thus, CuO
species with different local coordination could be present on the
surface of the catalyst base on XPS data, influencing in the catalytic
behaviour.

On the other hand, SiAl_3 catalyst has been tested in presence of
water and SO, in the feed. These results are plotted in Fig. 5, show-
ing a lowering of NO conversion if water is co-fed. This drop in NO
conversion has been already reported [50,51]. The effect of water
in the catalytic conversion is attributed to the adsorption of water
on the active sites, being this adsorption reversible. On contrary,
the NO conversion is increased when SO, is fed, this effect could
be related to the reductor character of SO, which could contribute
to the reduction of Cu?* to Cu* acting to the suitable Cu2*/Cu* ratio
(vide infra).

It has been studied the effect of various experimental param-
eters on the catalytic activity of SiAl_6 at 723 K. Thus, it has been
tested different reactant compositions varying the composition of
one of the components of the feed (O, NO or C3Hg) maintaining
the rest constant.

The dependence of NO conversion on the oxygen content
was studied using a mixture containing from 0 to 3.8vol.% O,
and [NO]=[C3Hg]=1000 ppm. The NO conversion increases up to
2.5vol.% and then decreased (Fig. 6a). Therefore, the presence of
oxygen promotes the SCR of NO by propane in the studied temper-
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ature range, but the reaction is zero order in oxygen. Interestingly,
this catalyst does not display null conversion of NO in absence of
oxygen. Pietrogiacomi et al. reported similar results for CuOx/ZrO,
catalysts [52], although those catalysts were assayed with propene
instead propane. The enhanced rate by addition of excess oxygen
has been related with several important factors of this reaction such
as the oxidation of carbonaceous deposits, the recuperation of the
Cu?* oxidation state, the oxidation of NO to NO, and the formation
of partially oxygenated hydrocarbons [53].

The dependence of NO conversion with the propane and NO
content is plotted in Fig. 6b and c. Thus, the NO conversion at 723 K
(Fig. 6b) is dependent on the partial pressure of propane, increas-
ing with the propane concentration in the feed up to a value close
to 30% for a concentration of 4000 ppm of propane. These results
mean that for achieving a high degree of reduction of NO a slight
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Fig. 7. Influence of GHSV in the NO conversion for SiAl_6 catalyst.

excess of propane is necessary. The evolution of NO conversion as a
function of the NO composition in the feed at 723 K (Fig. 6¢) shows
a strongly decay in the NO conversion when the NO concentration
is doubled and then it is practically maintaining up to 4000 ppm
of NO. On the other hand, the evolution of the NO conversion as
a function of the space velocity (GHSV values ranging between
940 and 3770h~1) reveals that the NO conversion is strongly
affected by this parameter, because a sharp decrease is observed
when the total flow is multiplied by two and then is maintained
(Fig. 7).

Finally, the catalytic stability was studied with the SiAl_3 catalyst
at 773 K during 24 h and any relevant deactivation was observed.

3.2.2. Selective catalytic reduction of NO with ammonia

Now the SCR of NO of the best catalyst (SiAl_6) is studied using
NH3 instead propane. As expected the observed conversion of NO is
much higher when using NH3 instead propane (see Fig. 8). The ther-
mal pre-treatment also affects to the catalytic performance. When
the pretreatment was performed at 723 K, the catalyst achieves a
conversion of NO near to 100% at 575 K, a much lower reaction tem-
perature than that observed with propane. However, if the sample
is pre-treated at 623 K, the observed NO conversionis lowerat 575K
(55%) and a maximum conversion of about 65% is observed at 625 K.
In order to know “in situ” the modifications that undergoes the
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Fig. 8. NO conversion as a function of the reaction temperature for SiAl.6
petreated at 623 K (M) and 723 K (®). Experimental conditions: NO (1000 ppm), NH3
(1000 ppm), O, (2.5 vol.%); total flow 75 mlmin~!.
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Fig. 9. Cu K edge XANES spectra of the SiAl_6 catalyst recorded “in operando” during the treatment in NO/O,/NHj3 (left), and first derivative curves of these XANES spectra
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active phase during the catalytic reaction, XAS experiments have
been designed with the sample SiAl_6 that showed the best catalytic
performance,

3.3. In operando Cu K edge XANES spectra

The catalytic activity was not measured during XAS experi-
ments, and although the composition of the feed was the same

used in the previous catalytic test, the space velocity was slightly
different in addition to the reactor geometry, and some differ-
ences in the catalytic performance are expected, but the objective
of these experiments is to know the evolution of the chemical
state of copper species in a more or less similar catalytic system.
Fig. 9-left shows the Cu K edge XANES spectra of the SiAl_6 catalyst
recorded “operando” during the treatment in NO/O,/NH3 at differ-
ent reaction temperatures. In this figure, the changes in the shape
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Fig. 10. Cu K edge XANES spectra of the SiAl_6 catalyst recorded “in operando” during the treatment in NO/O,/NH3/H, 0O (left), and first derivative curves of these XANES

spectra (right).
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of the curves registered at different reaction temperatures can be
clearly observed. The most appreciable feature is the decrease of
the pre-peak at around 8984 eV. Anyway, as discussed previously
by some of us [17], the first derivative curves of these XANES spectra
(Fig. 9-right) is more sensitive than integral curves, and the changes
produced in the chemical state of the copper phase are more easily
detected. The position of the principal peaks obtained for refer-
ences of Cu'* and Cu?* are indicated also in Fig. 9. Obviously, an
increase in the intensity of peaks at these energies for the catalysts
subjected to different treatments is a clear indication of the for-
mation of these species. Thus, the Cul* is the predominant species
in the sample at the beginning of reaction (RT) and the intensity
of this peak remains predominant until 573 K. From 573 to 773K,
the relative proportion between the intensities of Cu'* and Cu2*
varies, getting the Cu?* species more importance. At the end of the
SCR-NH3, the catalyst presents a first derivative for the spectrum
that reveals a mixture of the species Cu'* and Cu2* in a similar pro-
portion, due to the comparable intensity of the pointed out peaks.
The XANES spectrum and its corresponding first derivative curve
of the sample at room temperature, after the pre-treatment in He
at 773K, is similar to that observed in Fig. 9 at room temperature
using a mixture of NO, O,, and NH3

Fig. 10 (left and right) shows similar qualitative assessments as
Fig. 9, for the reaction NO/O, /NH3 + H, 0 at temperatures: from 473
to 773 K. The changes produces in the XANES spectra integral curves
seem to be, in this case, smoother than the previous reaction, being
more difficult to distinguish the chemical state of the copper in the
different treatments. However, from the derivative curves of these
spectra is possible to follow more clearly the presence of Cu'* and
Cu?* species. In this case at the beginning of the reaction (room tem-
perature) the peak corresponding to the Cu?* has a higher intensity,
showing clearly the more oxidative character of the reacting mix-
ture, due to the presence of water. Increasing the temperature, the
curves reveal an enhancement in the Cu'* intensity and a parallel
decrease in the height of the Cu* peak from room temperature to
573 K. At this point the proportion of Cu'* starts to be lower again
and the intensity of the peak associate to the Cu?* increases with
successive treatments.

3.3.1. Factor analysis of first derivative spectra

Although a visual inspection of the derivative curves of XANES
spectra gives us an estimation of the Cu*/Cu?*, a quantitative evalu-
ation of the relative concentration of each oxidation state of copper
is possible by using the Factor Analysis technique [17]. In our case,
we should firstly remark that no Cu® was detected, but only Cu!*
and Cu?*, being their relative intensities plotted in Fig. 11 (left
and right) for the derivative spectra in Figs. 9 and 10, respectively,
including the result obtained for the pre-treatment with helium
(773 K), where copper is basically as Cu'*. As can be observed, for
the SCR-NHj (Fig. 11) the proportion of Cu!* remains stable nearby
0.7, from room temperature to 573K, After this temperature, a
monotonous decrease in the presence of Cul* is registered, reach-
ing a minimum value ca. 0.4 at the highest temperature (773 K).
By other way for the reaction with H,O (Fig. 11) the percentage of
Cu'* at room temperature is approximately 30% and begins to rise
when the temperature comes higher, getting its maximum value
(ca. 50%) at 573 K. Once this temperature is overtaken, the copper
phase gets more oxidized, increasing the proportion of Cu?* until
the end of the reaction (773 K).

In both reactions, the temperature where the percentage of
Cu'* is maximum, is at ca. 573K, is the temperature where the
observed catalytic NO conversion is also maximum (see Fig. 8).
Depending on the gas mixture, the proportion of Cul* has a dif-
ferent behaviour with the temperature, being all the cases, lower
for the reaction with water, reflecting the more oxidising character
of the water. It is worthy to note that, as expected, when water is
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Fig. 11. Factor analysis of the first derivative spectra of Figs. 9 and 10.

present, the observed catalytic conversion is also lower (not shown
in this work), what indicates a clear relation between the Cu* and
catalytic activity. It is also important to note that the stability of
such Cu* species, has been previously correlated, with the range of
stability of NO3~ species in Cu/ZrO, de-NOy catalysts [54].

4. Conclusions

Copper (1, 3 and 6 wt%) supported catalysts based on pure SBA-
15 and Al containing SBA-15 were prepared and tested in the SCR of
NO using propane or NH3 as reducing agent. In both supports, the
impregnated materials showed copper to be present as CuO clus-
ters, which size increases with the increase of the copper loading.
XPS analysis revealed that, in the SiAl_3 and SiAl_6 catalysts, the
copper also formed a spinel-like structure CuAl,04. All the cata-
lysts showed a moderated catalytic activity in the SCR of NO with
propane in presence of an excess of oxygen in the whole stud-
ied interval of temperatures. The influence of the total flow the
propane, NO and oxygen concentration were studied. Also the SO,
and H, 0 influence on the SCR-NO was studied. The SO, presence
produced an increase in the NO conversion, this effect could be
related to the reductor character of SO, which could contribute to
the reduction of Cu2* to Cu* acting to the suitable Cu'*/Cu2* ratio.
The observed catalytic performance is much better when NHs is
used, attaining a NO conversion of about 100% at lower reaction
temperature with the catalyst SiAl_6. Factor analysis of operando
XANES results with sample SiAl_6 indicate that no Cu® was detected,
but only Cu'* and Cu?*. The temperature where the percentage
of Cu'*/Cu?* is maximum, is at ca. 573 K, temperature where the
observed catalytic NO conversion is also maximum.
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