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Abstract

Copper oxide and niobium pentoxide were supported on silica-alumina by two methods: co-impregnation and sequential impregnation, with
CuO:Nb2O5 ratios of 1:10 and 1:1. These new materials showed different characteristics according to the preparation method. The copper and
niobium precursors totally decomposed after treatment at 300 ◦C for 6 h. The materials prepared by sequential impregnation exhibited lower
thermal stability than the analogous ones prepared by co-impregnation based on the Nb2O5 transition phase. Whereas that transition occurs
at about 1356 ◦C in the absence of CuO, it occurs at 1340 and 1290 ◦C using the co-impregnation and sequential processes, respectively. In
addition, the materials with a CuO:Nb2O5 ratio of 1:1 and copper oxide content >2 wt% did not present that transition phase. This indicates a
strong influence of CuO over Nb2O5 crystallites. XRD studies confirmed this interaction, showing the patterns of Cu and Nb oxides (for most
of the samples prepared by both methods) and the presence of a third component (copper niobium oxide) on the samples with CuO content
�10 wt% when calcined at 800 ◦C for 6 h. FTIR, DRIFTS, and FT-Raman studies provided additional evidence of that interaction, which occurs
not only on the surface hydroxyl groups of silica-alumina, but also on the surface hydroxyl groups of niobium pentoxide. The application of
CuO/Nb2O5/SiO2-Al2O3 materials in the oxidation of diesel soot particulates is promising; mixtures of the catalyst with a model particulate
(Printex® U) lowered the oxidation temperature from 622 to 518 ◦C.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Materials containing metal oxide supports have been studied
largely because of the various interactions among the different
phases as well as their wide applications, including catalysis
[1,2]. Niobium pentoxide is one of the most widely studied ox-
ides. Despite its hydrophilic properties, the catalyst keeps its
high acidity on the surface, exhibiting enhanced activity, se-
lectivity, and stability over many other solid acids. This water-
tolerant behavior makes this catalyst an interesting alternative
for reactions in which water is involved [3]. Several roles and
applications of niobium in catalysis have been detailed recently
[4,5].

Supporting small amounts of oxides on high-specific sur-
face area matrices produces new surface species with structural
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features that control the activity and selectivity of these new
materials. The combination of two or more metal oxides on
the surface produces a complex system with multiple functions
of each oxide and often leads to new properties. As a result,
these studies have become an important research area in catal-
ysis [6–8].

Supported Nb2O5 on silica-alumina has been characterized
recently, and preliminary catalytic activity has been observed
in esterification reactions [9]. The supported material showed
greater thermal stabilization of niobium pentoxide than the pure
oxide. Supported niobium pentoxide crystallizes, forming a
mixture of only orthorhombic and monoclinic phases with ther-
mal treatments at 800 ◦C; in comparison, pure Nb2O5 forms
the first crystalline phase (hexagonal, TT) at 450 ◦C. At Nb2O5

concentrations of 2–5 wt%, isolated species may predominate,
whereas at about 10–15 wt%, a two-dimensional overlayer is
formed on the SiO2-Al2O3 surface [9]. Accordingly, different
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catalytic sites are anticipated to have distinct activities from the
bulk phases of the isolated oxides.

Copper oxide has been supported on different matrices with
applications in many areas involving environmental catalysis
[10,11], particularly for abatement of nitrogen oxide species
(e.g., NO, NO2, and N2O) or production of hydrogen from al-
cohols. The presence of the CuO phase is very important in the
activity of the various catalysts proposed for these processes
[12]. Extensive studies of CuO supported on silica-alumina
have been reported [12–16]. The dispersion of CuO on dif-
ferent supports depends on the copper content, nature of the
support, deposition method, and interaction of copper precur-
sor with the acidic sites of the support. Using the adsorption
method starting from Cu(H3CCOO)2, a monolayer was reached
with about 7–9 wt% of Cu on a commercial silica-alumina sup-
port (Grace). Also, XRD of samples containing 0.2–12 wt%
of Cu (prepared by chemisorption–hydrolysis method using
Cu(NO3)2 as a precursor) showed no bulk CuO phase for cal-
cination at 350 ◦C [16]. It has been concluded that highly dis-
persed isolated copper ions predominate on silica-alumina sur-
faces for lower contents of CuO [13–15].

Particulate matter (PM), nitrogen and sulfur oxides, and un-
burned hydrocarbons are among the main pollutants in diesel
engine emissions [17]. PM comprises fine solid or liquid parti-
cles (100 nm < diameter < 10 nm) suspended in gas. Although
PM is naturally present in the atmosphere, its production by
combustion of fossil fuels is responsible for the greatest por-
tion released into the air [18]. As a result, emission control is
of prime importance. Legislation concerning PM emissions has
steadily lowered the allowable limits [19,20]. Because of the
hazardous nature of diesel soot, the literature addresses many
issues concerning the problem and progress in the develop-
ment of devices to decrease PM emissions from engines. The
solutions proposed to meet the standards frequently involve
catalytic oxidation reactions carried out in particulate filters
[17,18]. The literature indicates that the most active oxides in
the soot combustion contain metals, which are capable of per-
forming redox cycles during the combustion process [21]. The
most frequently cited oxides are V2O5, CuO, MoO3, MnO2,
Fe2O3, WO3, La2O3, and CeO2 [22,23]. Moreover, the addition
of different promoters (e.g., K, Cs) has enhanced the activity
of the most promising catalysts, as reported in the literature
[24–26]. The presence of CuO and Nb2O5 in some prepared
materials makes them potential candidates for the soot oxida-
tion reaction.

This work deals with the preparation of the combined ox-
ides, CuO and Nb2O5, over silica-alumina support. The influ-
ence of CuO on the properties of supported niobium pentox-
ide was evaluated. The catalytic activity of the most promis-
ing materials was verified in diesel soot particulate oxidation.
For the structural characterization, X-ray powder diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS),
Raman with Fourier transform (FT-Raman), and thermal analy-
sis (TG and DTA) were used.
2. Experimental

2.1. Preparation of CuO/Nb2O5/SiO2-Al2O3 materials

Two methods were used for preparing the catalysts. In se-
ries A, the precursors were added simultaneously (co-impregna-
tion). Aqueous solutions of Cu(NO3)·3H2O (VETEC, Brazil)
and NH4[NbO(C2O4)2(H2O)2]·(H2O)n (Companhia Brasileira
de Mineração e Metalurgia, Brazil) were added to activated
silica-alumina [9] (Aldrich, 12 wt% Al2O3, 475 m2 g−1,
0.77 cm3 g−1) to obtain a 1:10 ratio (mass to volume) of solids
to water. The amount of copper and niobium oxides varied from
0.5 to 25 wt% CuO and from 5 to 25 wt% Nb2O5. Each slurry
sample was stirred at 80 ◦C until all of the water evaporated.
Then the solid was removed, ground to finer particles, placed
in a vacuum oven at 100 ◦C, and stored for further calcination
treatment.

In series B, the niobium precursor was impregnated (under
the same experimental conditions described above) and the re-
sulting solid was calcined at 600 ◦C for 3 h. Then copper was
impregnated, followed by evaporation of water at 80 ◦C. Fi-
nally, the resulting solid was dried at 100 ◦C in a vacuum oven
and stored for further calcination. The amounts of copper and
niobium oxides were varied from 0.5 to 2.5 wt% CuO and
from 5 to 25 wt% Nb2O5. Table 1 shows the nominal compo-
sition of each prepared solid; elemental analysis by ICP-AES
did not present any significant difference, as observed previ-
ously [9]. Niobic acid, Nb2O5·nH2O (HY® 340), was supplied
from CBMM. All other reagents used in this study were analyt-
ical grade and used as supplied.

2.2. XRD, spectroscopic and thermal techniques

Powder XRD was performed with a Rigaku D/Max-2A/C
diffractometer using CuKα radiation of 1.5418 Å (40 kV and
20 mA). A 2θ range from 2 to 90◦ was scanned at 1.8◦ min−1.

Table 1
Nominal composition of various CuO/Nb2O5/SiO2-Al2O3 solids

Samplea Preparation
methodb

[CuO]
(wt%)

[Nb2O5]
(wt%)

0.5Cu5Nb94.5SiAl-A A 0.5 5
1.0Cu10Nb89SiAl-A A 1.0 10
1.5Cu15Nb80SiAl-A A 1.5 15
2.5Cu25Nb72.5SiAl-A A 2.5 25
2Cu2Nb96SiAl-A A 2 2
5Cu5Nb90SiAl-A A 5 5
10Cu10Nb80SiAl-A A 10 10
15Cu15Nb70SiAl-A A 15 15
25Cu25Nb50SiAl-A A 25 25
0.5Cu0.5Nb98SiAl-B B 0.5 5
1.0Cu10Nb89SiAl-B B 1.0 10
1.5Cu15Nb80SiAl-B B 1.5 15
2.5Cu25Nb72.5SiAl-B B 2.5 25

a The figures in the formula refer to the mass percentage of the respective
oxides (CuO, Nb2O5, and SiO2-Al2O3).

b Preparation by co-impregnation (A) and sequential impregnation of precur-
sor solutions (B).
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The crystalline and phase assignments were performed compar-
ing the PDF files from International Centre for Diffraction Data
(ICDD) included in the database of the JADE 3.0 software for
XRD analysis.

FT-Raman, FTIR, and DRIFTS spectra were acquired on a
Bruker Equinox 55 spectrometer equipped with a DTGS detec-
tor. FTIR and DRIFTS spectra were obtained with 256 scans
and a resolution of 4 cm−1. The samples were calcined be-
fore the measurements, and the spectra were acquired at am-
bient conditions, except for DRIFTS. Raman spectra were ob-
tained with 1024 scans and resolution of 2 cm−1 in the hy-
drated samples packed into sample cups. The Raman laser ex-
citation (Nd:YAG) wavelength and power were 1064 nm and
126 mW, respectively, with the signal detected by a liquid
nitrogen-cooled Ge detector in a Bruker FRA 106/S module.
The spectra were baseline-corrected and smoothed using poly-
nomial functions. Infrared absorption curves were recorded in
1 wt% pellets prepared with dried KBr. DRIFTS spectra were
registered within a Harrick diffuse reflectance accessory (Pray-
ing Mantis™), equipped with a high-temperature chamber and
KBr windows. Before acquisition, each sample was heated to
300 ◦C under dry nitrogen flow for 30 min and then cooled.
The spectra were acquired as reflectance against an alignment
mirror and converted to Kubelka–Munk units after baseline cor-
rection.

TG and DTA data were obtained in a simultaneous TG-
DSC (TA Instruments model SDT 2960), with a scan rate of
10 ◦C min−1, from room temperature up to 1400 ◦C under a ni-
trogen (99.999%) flow of 110 mL min−1.

2.3. Thermal activation of the catalysts

After preparation and before many of the experimental mea-
surements, the samples were calcined in a muffle furnace (EDG
model EDG3PS) under static air conditions in porcelain cru-
cibles, at a heating rate of 14 ◦C min−1. The temperature was
either 300 or 800 ◦C. Other calcination temperatures are indi-
cated on the respective experiment.

2.4. Catalytic tests for diesel soot oxidation

The catalyst activities were evaluated in the oxidation re-
action of standard soot produced in a fuel burner (Printex® U;
Degussa). The Printex® U was mixed with the catalyst at a mass
ratio of 1:10. The mixing process was carried out in an agate
mortar to promote tight contact between the components. The
mixture (∼15 mg) was submitted to a temperature ramp from
room temperature (∼25 ◦C) to 800 ◦C, using air (99.999% with
110 mL min−1 flow) at a rate of 10 ◦C min−1. The curve (TG-
DTA) was recorded using a simultaneous TG-DSC (SDT 2960).

3. Results and discussion

3.1. Analyses of the precursor decomposition

The structural transformations of niobium pentoxide are
highly dependent on temperature, heating time, and the type
Fig. 1. XRD patterns at different calcination conditions for: Nb2O5 at
800 ◦C/6 h (a); NH4[NbO(C2O4)2(H2O)2]·(H2O)n at 700 ◦C/3 h (b); 10%
CuO/10% Nb2O5/SiO2-Al2O3 at 300 ◦C/6 h, series A (c); 10% Nb2O5/
SiO2-Al2O3 at 300 ◦C/6 h (d); Cu(NO3)·3H2O at 300 ◦C/6 h (e).

of support in which the oxide is dispersed [27]. Silica-alumina
did not present any crystalline powder diffraction pattern in
the temperature range studied. It has been reported that when
supported on silica-alumina, Nb2O5 reaches a crystalline form
(mixture of phases T, M, and H) only after heating at or above
800 ◦C, in contrast to pure Nb2O5, which starts to crystallize
at about 450 ◦C (hexagonal phase, TT) [9]. Because this sys-
tem has two supported oxides, the thermal decomposition of
the precursors was initially examined (Fig. 1). Niobium ox-
alate gradually decomposes to niobium pentoxide under heating
treatment. Pure crystalline oxalate revealed a halo-amorphous
pattern at heating temperatures of about 300–400 ◦C for 6 h,
similar to the pattern observed for Nb2O5/SiO2-Al2O3 heated
at 300 ◦C for 6 h. The oxalate calcined at 700 ◦C for 3 h showed
a pattern similar to the niobium pentoxide treated at 800 ◦C for
6 h, which exhibited a predominantly orthorhombic phase. On
the other hand, copper nitrate degrades, forming copper oxide at
about 300 ◦C, typically exhibiting the most intense reflections
at 2θ = 35.5 and 38.7◦ (PDF 05-0661). Copper oxide and nio-
bium pentoxide supported on silica-alumina (10 wt% CuO and
10 wt% Nb2O5) calcined at 300 ◦C for 6 h displayed only the
two reflections relative to CuO, demonstrating that this is the
sole crystalline phase under these treatment conditions.

Thermal degradation of the CuO/Nb2O5/SiO2-Al2O3 sys-
tem was also followed by FTIR (Fig. 2). Niobium oxalate and
copper nitrate precursors exhibited absorption bands at about
1718, 1689, 1450, 1400, 1298, and 950 cm−1. The bands at
1450, 1298, and 950 cm−1 can be attributed to stretching vibra-
tions of N–O bonds in the Cu precursor [28]. The absorptions
at 1718, 1689, and 1400 cm−1 are assigned to two stretching
vibration modes of C=O, a stretching combination of ν(C–O)
and ν(C–C), and ν(N–H), respectively, associated with the nio-
bium precursor. Decreasing intensity of these absorption bands
after treatment at 100 ◦C for 2 h and a complete disappearance
after treatment at 300 ◦C for 6 h was observed.
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3.2. Support coverage analysis

To gain more information about the coverage behavior of
the complex mixed oxide system, the isolated supported oxides
were evaluated. The copper oxide supported on silica-alumina
system was prepared by impregnation of copper nitrate with 2,
5, 10, 15, and 25 wt% in a similar procedure as described for the
mixed-oxide catalysts. The prepared samples were calcined at
300 and 800 ◦C, and the XRD patterns were obtained (Figs. 3
and 4). After calcination at 300 ◦C, the CuO/SiO2-Al2O3 cat-
alysts showed a typical crystalline CuO phase (2θ = 35.5 and
38.7◦) for >10 wt% of copper oxide. In contrast, for calcination
at 800 ◦C, the samples with CuO loadings as low as 10 wt% ex-
hibited a crystalline phase. An additional peak was assigned to
SiO2 in the quartz form (2θ = 26.6◦) for the material calcined
at 800 ◦C.

Detailed studies have shown that copper oxide species are
well dispersed in many different types of supports, depending
on the amount of copper and the method of preparation [13].
Calcination at 350 ◦C for 4 h did not reveal any detectable crys-

Fig. 2. FTIR spectra of 25% CuO/25% Nb2O5/SiO2-Al2O3 without calci-
nation (a) and calcined at: 100 ◦C/2 h (b); 300 ◦C/2 h (c); 500 ◦C/6 h (d);
800 ◦C/2 h (e).

Fig. 3. XRD of CuO/SiO2-Al2O3 calcined at 300 ◦C/6 h with: 2% (a); 5% (b);
10% (c); 15% (d); and 25 wt% (e) of CuO, respectively.
talline phase up to 12 wt% of CuO, in agreement with scanning
electron microscopy (SEM) results [16].

The theoretical monolayer of CuO over silica-alumina
(475 m2 g−1) is about 48 wt%, calculated by considering the
face dimension (direction a–c) of the crystalline unit cell for
CuO placed on silica-alumina surface [29,30]. Based on the
XRD results, it may be inferred that samples calcined at 300 ◦C
for 6 h with CuO loadings of about 10–15 wt% correspond to
the monolayer coverage. At CuO loading �10 wt%, calcination
at 800 ◦C for 6 h produced distinct peaks related to crystalline
CuO. A qualitative indication for estimating the species at
monolayer coverage is by sample color [16,31]. The prepared
samples with 2 and 5 wt% are pale blue, the 10 wt% solid is
blue-greenish, and the 15 and 25 wt% solids are green. This
behavior has been interpreted as indicative of isolated Cu2+
species (at lower CuO content, e.g., 2 and 5 wt%) and oxo-
cation of [Cu–O–Cu]2+ (at higher CuO content, e.g., 15 and
25 wt%) [16,31]. Thus, the pale-blue and green sample colors
are indicative of sub-monolayer and above-monolayer cover-
age.

The Nb2O5/SiO2-Al2O3 system, which has been studied in
detail elsewhere [9], also should be considered. The theoretical
monolayer for this material is about 39.6 wt% niobium pen-
toxide loading, calculated based on the dimension of 0.32 nm2

per Nb2O5 crystal unit reported in the literature [32]. However,
the experimental data based on XRD and Raman measurements
have established that the actual monolayer is 10–15 wt% Nb2O5

loading [9]. Thus, the materials with 2 and 5 wt% are below the
monolayers, and those with 15–25 wt% are above monolayer. It
should be mentioned that all of these solids are off-white when
calcined at 800 ◦C for 6 h and exhibit an amorphous XRD pat-
tern when calcined at 300 ◦C for 6 h. Before examining the
crystalline properties of the CuO/Nb2O5/SiO2-Al2O3 catalysts,
we present thermal analysis results to provide insight into the
effects of the preparation methods.

Fig. 4. XRD of CuO/SiO2-Al2O3 calcined at 800 ◦C/6 h with: 2% (a); 5% (b);
10% (c); 15% (d); and 25 wt% (e) of CuO, respectively.
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3.3. Thermal analysis of CuO/Nb2O5/SiO2-Al2O3 catalysts

The DTA curves (Figs. 5A–5C) demonstrate important dif-
ferences in the preparation procedures. As pointed out pre-
viously [9], hydrated niobium pentoxide shows a phase tran-
sition at 568 ◦C (phase T), whereas silica-alumina displays
no evidence of a crystalline phase under these experimental
conditions. Conversely, the samples with Cu and Nb precur-
sors exhibit some differences from the system containing only
Nb. Nb2O5/SiO2-Al2O3 exhibits a phase transition at about
1356 ◦C, which probably can be assigned to the formation of
phase H. Preparation involving co-impregnation (series A) with
a CuO:Nb2O5 ratio of 1:10 shows a transition phase at about
1340 ◦C (Fig. 5A). This exothermic peak decreased in area as
the amount of CuO increased up to 1.5 wt% and practically
disappeared at a CuO content of 2.5 wt% (Fig. 5A, d). This is
demonstrated by the DTA curves (Fig. 5B) of the samples with
a CuO:Nb2O5 ratio of 1:1 prepared by the same method (se-
ries A), which show no phase transition. It should be noted that
Fig. 5B was obtained under air atmosphere with the samples
dried under vacuum at 100 ◦C. The thermal oxidative decom-
position of the precursors was evident at about 300 ◦C, with
an initial water release at about 90 ◦C. This decomposition was
also observed under nitrogen flow, but as an endothermic event
in this case (not shown). Thus, it may be concluded that increas-
ing CuO content inhibits the transition phase of Nb2O5.

The DTA curves (Fig. 5C) for the samples prepared by
sequential impregnation (series B) with a CuO:Nb2O5 ratio
of 1:10 show that precalcination at 600 ◦C for 3 h totally
decomposed the niobium precursor. The degradation of the
small amount of copper nitrate occurred at about 300 ◦C, al-
though this is evident only in the DTG curve (not shown).
The endothermic peak at 90 ◦C is related to physisorbed
and chemisorbed water. The exothermic peak related to the
transition phase of Nb2O5 occurred at lower temperatures
(∼1290 ◦C) and was observed mainly for the samples with
lower CuO contents (0.5 and 1.0 wt%). These results demon-
strate the significant effect of CuO on the supported Nb2O5.
Thus, the co-impregnation method (series A) produced materi-
als with higher thermal stability than the sequential impregna-
tion method (series B).

3.4. XRD of CuO/Nb2O5/SiO2-Al2O3

Based on the thermal stability results, further detailed stud-
ies of the catalysts prepared by co-impregnation (series A) were
developed. Fig. 6 shows the XRD of the CuO/Nb2O5/SiO2-
Al2O3 materials prepared by co-impregnation (method A) and
calcined at 800 ◦C for 6 h. The samples with a CuO:Nb2O5 ratio
of 1:10 and with 0.5 and 1.0 wt% CuO exhibited an amorphous
pattern (Figs. 6a–6b). In contrast, the sample with 1.5 wt% dis-
played peaks at 2θ ∼= 23.3, 24.5, and 28.3, which are typical of
the monoclinic phase (M and H) of niobium pentoxide (Fig. 6c).
In contrast, the materials prepared with a CuO:Nb2O5 ratio of
1:1 (Figs. 6d–6g) exhibited different characteristics. No crys-
talline pattern can be detected in samples with lower CuO con-
tents (2 and 5 wt%), but different phases can be seen for those
(A)

(B)

(C)

Fig. 5. (A) DTA curves for CuO/Nb2O5/SiO2-Al2O3 prepared by co-im-
pregnation (series A) with a ratio of 1:10 CuO:Nb2O5; 0.5% (a); 1% (b);
1.5% (c); 2.5 wt% of CuO (d), respectively. (B) DTA curves for CuO/Nb2O5/
SiO2-Al2O3 prepared by co-impregnation (series A) with a ratio of 1:1
CuO:Nb2O5; 2% (a); 5% (b); 10% (c); 15% (d); 25 wt% of CuO (e), respec-
tively. Note that these curves were obtained under air (110 mL min−1). (C) DTA
curves for CuO/Nb2O5/SiO2-Al2O3 prepared by sequential impregnation (se-
ries B) with a ratio of 1:10 CuO:Nb2O5; 0.5% (a); 1% (b); 1.5% (c); 2.5 wt%
of CuO (d), respectively.

with higher CuO contents (10 and 15 wt%). Nb2O5 (2θ ∼= 24.3,
25.1) and CuO (2θ ∼= 35.5; 38.7) can be seen, along with two
new reflections at 2θ ∼= 29.9 and 30.5 not found in the patterns
of the former oxides.
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Fig. 6. XRD of CuO/Nb2O5/SiO2-Al2O3 (series A) prepared with a 1:10 ratio
of CuO:Nb2O5; 0.5% (a); 1% (b); 1.5% (c); and prepared with 1:1 ratio: 2% (d);
5% (e); 10% (f); 15 wt% of CuO (g), respectively. All samples were calcined at
800 ◦C/6 h.

Fig. 7. Expanded XRD of CuO/Nb2O5/SiO2-Al2O3 (series A) prepared with
a 1:1 ratio of CuO:Nb2O5 with 10% (a) and 15 wt% of CuO (b), respectively.
All samples were calcined at 800 ◦C/6 h.

To examine these reflections in detail, an expanded XRD
curve (20◦ < 2θ < 40◦) was plotted (Fig. 7). The peaks were
assigned to the respective Nb2O5 and CuO oxide phases. Those
two new reflections confirmed the presence of copper niobium
oxide (CuNb2O6), according to the PDF 45-0561. At lower cal-
cination temperatures (300 ◦C for 6 h) and lower CuO content
(0.5–5 wt%), no peaks were recorded in the XRD, confirming a
halo-amorphous pattern. However, for CuO content �10 wt%,
only peaks at 2θ = 35.5 and 38.7 were present, characteristic of
crystalline CuO, and no reflections from Nb2O5 or CuNb2O6
were observed (not shown). This finding was expected, because
bulk Nb2O5 is amorphous under these conditions and the tem-
perature is not high enough for CuNb2O6 formation. It can
be concluded that increasing the amount of copper oxide over
10 wt% favored the formation of a mixed-oxide phase between
Cu and Nb at higher calcination temperatures (800 ◦C for 6 h),
whereas at lower temperatures (300 ◦C for 6 h), the only crys-
talline phase observed was at CuO content >5 wt%.

Considering the experimental results of the isolated sup-
ported oxides and the samples of CuO/Nb2O5/SiO2-Al2O3 ob-
tained by co-precipitation, it can be inferred that the mono-
Fig. 8. FTIR spectra of CuO/Nb2O5/SiO2-Al2O3 (series A) prepared with a 1:1
ratio of CuO:Nb2O5; 2% (a); 5% (b); 10% (c); 15% (d); 25 wt% of CuO (e),
respectively. All samples were calcined at 800 ◦C/6 h.

layer for these materials is 5–10 wt% of both supported oxides.
Another qualitative indication is provided by the color of the
samples. The samples with 0.5–5 wt% CuO are white-grayish,
whereas those with 10–25 wt% CuO are gray-blackish. Because
CuO is a black solid, the material turns blacker as the crystalline
copper oxide content increases. This finding is supported by
the fact that XRD revealed no CuO phase in materials with a
CuO:Nb2O5 ratio of 1:10 (i.e., CuO content of 0.5–2.5 wt%)
calcined at either 300 or 800 ◦C.

Based on these results, and mainly on the thermal analysis,
co-impregnation is considered the most promising method, pro-
ducing materials with higher thermal stability for the transition
phase of niobium pentoxide. In addition, the samples with a
CuO:Nb2O5 ratio of 1:1 exhibit the best behavior, because they
present no phase transformation at temperatures up to 1400 ◦C
and provide the possibility of controlling the species generated
on the silica-alumina surface by calcination either at lower tem-
peratures (300 ◦C for 6 h) or higher temperatures (800 ◦C for
6 h). Thus, the samples with a CuO:Nb2O5 ratio of 1:1 were fur-
ther characterized by FTIR, DRIFTS, and Raman spectroscopy.

3.5. FTIR, DRIFTS, and Raman spectroscopy of
CuO/Nb2O5/SiO2-Al2O3

The FTIR spectra for the samples prepared by co-impregna-
tion and calcined at 800 ◦C for 6 h are shown in Fig. 8. As
observed earlier for the Nb2O5/SiO2-Al2O3 system [9], the
main peaks of silica-alumina were predominantly νas(Si–O) ∼
1100 cm−1 with a shoulder at ∼1200 cm−1, external ν(Si–
O−) ∼ 930 cm−1, νs (Si–O) ∼ 805 cm−1, external δ(Si–O−) ∼
576 cm−1, and δ(Si–O–Si) ∼ 467 cm−1, along with water (at
3454 and 1602 cm−1). A closer look reveals important char-
acteristics of the supported oxides. The band at 576 cm−1

shifted to 548 cm−1, indicating that Nb and Cu react with Si–
OH groups to form new surface species. This band shift is
associated with substitution of the stronger O–H bonding for
Si–O–Nb or Si–O–Cu, weakening the Si–O bond. Other ab-
sorptions related to Nb–O bonding were also observed due to
the presence of Nb2O5. The original wavenumbers of these
Nb–O bondings, 666 and 620 cm−1, were shifted to 692 and
625 cm−1.
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Fig. 9. DRIFTS spectra of CuO/Nb2O5/SiO2-Al2O3 (series A) prepared with
a 1:1 ratio of CuO:Nb2O5; 2% (a); 5% (b); 10% (c); 15% (d); 25 wt% of CuO
(e), respectively. All samples were calcined at 800 ◦C/6 h.

These data point toward interaction of copper with niobium,
forming species such as Nb–O–Cu on the silica-alumina sur-
face. Because of the lower electronegativity of Cu compared
with Nb, the shift is directed to higher wavenumbers by the for-
mation of stronger Nb–O bonding. The main vibrations of CuO
(at 476, 537, and 588 cm−1) [33] are not evident in the studied
spectra, even though their influence on the energy of the closest
bands of the materials cannot be discharged. Consequently, the
interaction of Cu and Nb species on the silica-alumina surface
probably occurs through the formation of Si–O–Nb, Si–O–Cu,
and Nb–O–Cu bonds.

To confirm the precursor reactions on the support surface,
DRIFTS spectra of the samples calcined at 800 ◦C for 6 h were
obtained in the OH vibration region. It was previously shown
that niobium pentoxide reacts increasingly and in a selective
manner through hydroxyl functionality on the silica-alumina
surface [9]. Pure CuO calcined at 300 ◦C displayed a wide
band with no evidence of a specific surface hydroxyl. Nio-
bium pentoxide showed a spectrum that is highly dependent
on the calcination conditions. Under calcination at 800 ◦C for
6 h, the strongest absorption occurred at 3430 cm−1, with a
smaller wide band at 3670 cm−1. Silica-alumina presented an
intense peak at 3740 cm−1 (isolated silanols) and a broad band
centered at 3596 cm−1 (hydrogen-bonded silanol). The spectra
of CuO/Nb2O5/SiO2-Al2O3 (Fig. 9) show a pattern similar to
that previously observed for Nb2O5/SiO2-Al2O3 [9]. The iso-
lated hydroxyls (3740 cm−1) from silica-alumina surface are
the first sites that react with Cu and Nb precursors, and they
are consumed as the concentration of metal increases. How-
ever, compared with the same niobium content level in the
Nb2O5/SiO2-Al2O3 catalyst (sample with 25 wt% of Nb2O5),
the silanols were not completely neutralized in the presence of
copper oxide. This result, coupled with the displacement of the
Nb–O–Nb bands in the IR spectra, confirms that at least part
of the copper oxide was connected to the niobium species and
not directly to the support. Even though some water was ad-
sorbed on the silica-alumina surface (represented by the broad
band at 3596 cm−1), this band decreased in intensity as the
amount of the precursors increased. Finally, considering the
formation of copper niobate (detected by XRD) and the data
Fig. 10. Raman spectra of CuO/Nb2O5/SiO2-Al2O3 (series A) prepared with
a 1:10 ratio of CuO:Nb2O5; pure CuO (a); 0.5% (b); 1.0% (c); 1.5 wt% of
CuO (d), respectively. All samples were calcined at 800 ◦C/6 h, except CuO
(300 ◦C/6 h).

obtained by FTIR and DRIFTS, there is sufficient evidence of
the strong interaction between Cu and Nb on the silica-alumina
surface.

Raman spectroscopy can reveal additional information about
the direct interaction between Cu and Nb. The spectra of the cat-
alysts without copper (Nb2O5/SiO2-Al2O3) calcined at 800 ◦C
for 6 h obtained under hydrated conditions showed very broad
bands for the samples with 2, 5, and 10 wt% Nb2O5, character-
istic of the presence of isolated and/or bidimensional niobium
species [9]. On the other hand, the samples with 15, 20, and
25 wt% displayed absorptions assigned to the presence of dif-
ferent bulk phases of niobium pentoxide, such as orthorhombic
(T) and monoclinic (M, H) phases [9].

Raman spectra of the hydrated catalysts containing 2, 5, 10,
15, and 25 wt% of supported CuO on silica-alumina were ob-
tained at 300 and 800 ◦C for 6 h. The results indicated only a
very weak signal of bulk CuO (∼295 cm−1) for the samples
with 15–25 wt% CuO calcined at 300 ◦C for 6 h (results not
shown). No bands could be detected for the samples calcined
at 800 ◦C for 6 h. This may indicate some limitations of the
experimental apparatus used in this investigation, because the
absorption intensity of CuO is not as strong and is quite within
the limit of the signal produced by silica-alumina support. Sim-
ilar effects were observed for CuO supported on ceria using the
same kind of spectrometer [34].

On the other hand, Raman spectra of the samples with a
CuO:Nb2O5 ratio of 1:10 calcined at 800 ◦C for 6 h and ob-
tained under hydrated conditions (Fig. 10) showed bands that
can be attributed mainly to different niobium pentoxide vi-
brations. Considering that crystalline CuO showed band vi-
brations at 295 (most intense), 350, and 636 cm−1 [35], and
these were not detected in the CuO/SiO2-Al2O3 calcined at
800 ◦C for 6 h, no large contribution from CuO can be expected
on the spectra of CuO/Nb2O5/SiO2-Al2O3 catalysts, even for
the broad band between 500 and 700 cm−1 (Fig. 10a). The
bands are assigned based on similarities of the earlier study of
Nb2O5/SiO2-Al2O3 catalysts [9]. The hydrated spectra of the
catalyst material with 0.5 wt% CuO and 5 wt% Nb2O5 were
very similar to those of the 5 wt% Nb2O5/SiO2-Al2O3 mater-
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Table 2
Possible species present on silica-alumina surface, according to CuO and
Nb2O5 contents prepared by co-impregnation of precursor solutions

Catalyst
compositiona

Calcination (◦C) Type of speciesb

CuO/Nb2O5/SiO2-Al2O3 1:10 ratio
0.5–1.0 300 or 800 I-CuOx and/or Nb2Ox and/or P-Nb2Ox

1.5–2.5 300 I-CuOx and A-Nb2O5
1.5–2.5 800 I-CuOx and C-Nb2O5

CuO/Nb2O5/SiO2-Al2O3 1:1 ratio
2–5 300 or 800 I-CuOx and/or Nb2Ox and/or P-Nb2Ox

10–25 300 C-CuO and A-Nb2O5
10–25 800 C-CuO, C-Nb2O5, and C-CuNb2O6

Nb2O5/SiO2-Al2O3
2–10 800 I-Nb2Ox and/or P-Nb2Ox

15–25 800 C-Nb2O5

CuO/SiO2-Al2O3
2–10 300 I-CuOx

15–25 300 C-CuO
2–5 800 I-CuOx

10–25 800 C-CuO and C-SiO2 (quartz)

a Catalyst contents are expressed in wt%.
b A—amorphous, C—crystalline, I—isolated, P—polymerized.

ial, that is, a very broad band indicating the presence of either
isolated or bidimensional well-dispersed species on the surface,
because no crystalline phase was detected by XRD. For the
sample with 1 wt% CuO (10 wt% Nb2O5) broad bands were ob-
served at ∼975, ∼922, and ∼660 cm−1. The shoulder at about
975 cm−1 has been attributed to the presence of isolated NbO4

species on different supports (e.g., SiO2, MCM-41) [36]. The
band at ∼922 cm−1 might be attributed to Nb=O present in
a highly distorted octahedral species, although a possible con-
tribution of SiO− functionality cannot be ruled out, because
DRIFTS results confirmed that not all hydroxyl groups were
neutralized by the reaction with the precursors. The broad band
centered at ∼660 cm−1 has been attributed to Nb–O–Nb poly-
hedra (600–700 cm−1) present in such species as NbO6, NbO7,
and NbO8 of the bulk pentoxide [9,37]. For the sample with
1.5 wt% CuO (15 wt% Nb2O5), the Raman spectra were simi-
lar to those of 1 wt% CuO, but the bands increased in intensities
because of the higher niobium pentoxide content. Similar be-
havior was observed for the systems with Nb2O5/SiO2-Al2O3

[9].
The influence of CuO on the surface species formed on

the CuO/Nb2O5/SiO2-Al2O3 catalysts are further demonstrated
on the materials with a CuO:Nb2O5 ratio of 1:1. No Raman
bands could be detected for the hydrated samples. This may
be attributed to inhibition of Nb2O5 absorption through the in-
teraction with CuO, because without CuO or with lower CuO
contents, distinct bands were present in the spectra. Thus, all
data obtained in this report point to the formation of distinct
species on the silica-alumina surface according to the CuO and
Nb2O5 contents and calcination temperatures. Based on the
experimental results, the possible species for the catalysts of
CuO/Nb2O5/SiO2-Al2O3, Nb2O5/SiO2-Al2O3, and CuO/SiO2-
Al2O3 are summarized in Table 2.
Fig. 11. DTG curve for Printex® U (reference material for diesel particulate
oxidation) under air (110 mL min−1) at a heating rate of 10 ◦C min−1.

3.6. Catalytic test for diesel soot oxidation

The evaluation of catalytic activity was carried out in a
model oxidation reaction of PM from diesel engines. It should
be mentioned that the comparison of experimental results is not
always straightforward, because of the differences in catalyst
tests methodologies (e.g., model PM, ratio of soot to catalyst,
conditions of gas flow, oxygen/air, and type of contact between
catalyst and soot).

The activities were tested on the materials with a CuO:Nb2O5
ratio of 1:1, and the combustion process was simulated by
studying the profile of the DTG curve obtained during the
reaction of the catalyst mixed with diesel soot (Printex® U)
under oxidative conditions. Comparing the temperature of the
maximum mass loss, which is related to the oxidation process,
allows evaluation of catalyst performance [38,39]. The mixture
was prepared with the catalysts treated at either 300 or 800 ◦C
for 6 h.

To evaluate the activity of the materials, we measured the
activity of each oxide separately, along with the behavior of
diesel soot. In all cases, a mixture of Printex® U with the ma-
terial was done with a Printex® U:catalyst mass ratio of 1:10.
Fig. 11 shows the DTG curve of the Printex® U, displaying dis-
tinct peaks at maximum temperatures of about 532, 566, 600,
and 622 ◦C. These events are associated with the initial oxi-
dation step of organic compounds adsorbed on the particulates
(532 ◦C), their complete oxidation (566 and 600 ◦C), and oxi-
dation of particulates (622 ◦C). The literature reports the stan-
dard temperature of oxidation for diesel soot as 600 ◦C [40].
Actually, this temperature depends on the exact chemical com-
position of the source soot, as well as on the method used to
produce it. Because the highest rate for our Printex® U sample
shows a mass loss at about 622 ◦C, we used this temperature to
compare the performance of the tested materials.

The addition of the catalyst to Printex® U produces a vari-
able decrease in the maximum temperature of the mass loss
(Tox), which is interpreted as the oxidation of the organic
residues adsorbed on the soot, and of the PM itself. Fig. 12
shows the behavior of the mixtures and the effect of the tem-
perature decrease. Note that silica-alumina showed no appre-
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Fig. 12. DTG curves for the mixtures of 1:10 Printex® U:CuO/Nb2O5/SiO2-
Al2O3 (air at 110 mL min−1 and rate of 10 ◦C min−1). The catalysts are: sil-
ica-alumina (a); Nb2O5 (b); CuO (c); 2% (d); 5% (e); 10% (f); 15% (g); 25 wt%
of CuO (h) prepared by series A (1:1 ratio CuO:Nb2O5), respectively, and cal-
cined at 300 ◦C/6 h. Maximum temperatures (Tox) are listed for each catalyst.

Fig. 13. DTG curves for the mixtures of 1:10 Printex® U:CuO/Nb2O5/SiO2-
Al2O3 (air at 110 mL min−1 and rate of 10 ◦C min−1). The catalysts are: 2%
(a); 5% (b); 10% (c); 15% (d); 25 wt% of CuO (e) prepared by series A (1:1 ratio
CuO:Nb2O5), respectively, and calcined at 800 ◦C/6 h. Maximum temperatures
(Tox) are listed for each catalyst.

ciable oxidation activity (Tox ∼ 614 ◦C). Pure Nb2O5 presented
a small shift (Tox ∼ 562 ◦C) in the temperature oxidation of
Printex® U, whereas pure CuO showed the greatest displace-
ment (Tox ∼ 436 ◦C). Even though copper oxide is the most ac-
tive, there have been no reports of systems using just this oxide,
probably for technical and/or economic reasons. The literature
reports that Nb2O5 is not active for graphite oxidation [41]. The
CuO/Nb2O5/SiO2-Al2O3 catalysts calcined at 300 ◦C for 6 h
were tested in the oxidation of Printex® U and showed good
activity (Fig. 12). The greater displacement at oxidation tem-
perature occurred in the 25 wt% CuO catalyst (Tox ∼ 518 ◦C).
The average mass loss for all samples was about 10 wt%, indi-
cating no significant errors in the mixture preparation.

To verify the most active catalysts for the Printex® U oxida-
tion, CuO/Nb2O5/SiO2-Al2O3 solids calcined at 800 ◦C for 6 h
were also tested under the same conditions (Fig. 13). A higher
oxidation temperature (Tox) was observed for all catalysts cal-
cined at 800 ◦C, confirming the greater activity for the catalysts
Table 3
Thermal characteristics of CuO/Nb2O5/SiO2-Al2O3 calcined at 300 or 800 ◦C
when mixed with Printex® U

Catalysta Onset (◦C) Tox (◦C) Offset (◦C) O.R. (◦C)b

2/300 519.06 547.45 566.53 47.47
5/300 527.12 550.43 569.47 42.35
10/300 519.37 550.17 563.35 43.98
15/300 433.62 541.32 562.24 128.62
25/300 458.34 518.76 539.81 81.47
2/800 536.33 590.01 611.07 74.74
5/800 523.11 560.7 571.54 48.43
10/800 512.84 551.05 554.27 41.43
15/800 501.08 536.48 541.05 39.97
25/800 507.97 542.96 557.19 49.22

The values are related to the onset, offset, maximum (Tox) and range of oxida-
tion (O.R.) for Printex® U.

a Catalyst loading (wt%)/calcination temperature (◦C).
b O.R. = oxidation range.

calcined at 300 ◦C. Moreover, a better comparison can be made
not only with the Tox, but also with other characteristics of the
thermal profile, such as onset temperature and oxidation range.
Table 3 shows that the temperature range in which the cata-
lysts are active is wider for those calcined at 300 ◦C than for
those calcined at 800 ◦C. Another interesting feature is that the
15 wt% CuO/Nb2O5/SiO2-Al2O3 catalyst has the lowest onset
temperature activation of the series (∼433 ◦C) and the highest
temperature oxidation range (∼128 ◦C).

The isolated supported oxides (i.e., CuO/SiO2-Al2O3 and
Nb2O5/SiO2-Al2O3 calcined at 300 ◦C) were also evaluated
for soot oxidation (Fig. 14). It was observed that the pres-
ence of CuO leads to more active materials. The sample with
25 wt% CuO/SiO2-Al2O3 lowered the soot oxidation temper-
ature to ∼571 ◦C, and 25 wt% Nb2O5/SiO2-Al2O3 showed no
significant temperature shift (Tox ∼ 618 ◦C). These data con-
firm that the high activity of CuO/Nb2O5/SiO2-Al2O3 is due to
the copper species, and that the niobium species have a mod-
erate promoting effect on the process. Actually, the results are
promising because they were obtained in the absence of any tra-
ditional chemical promoters, such as alkaline metals [24–26].
The addition of various alkaline metal elements to the best cat-
alysts is the subject of current investigations, results from which
will be reported in the near future.

Based on the proposed composition of the species from
the CuO/Nb2O5/SiO2-Al2O3 catalysts calcined at 300 ◦C for
6 h (Table 2), the presence of crystalline CuO and amorphous
Nb2O5 on the surface of silica-alumina is the determining factor
for optimum catalyst activity. Besides, the presence of mixed-
oxide phases between Cu and Nb might be responsible for part
of the active species for the observed soot oxidation.

4. Conclusion

New catalytic materials based on CuO/Nb2O5/SiO2-Al2O3
were prepared under different methods, oxide loadings, and
calcination conditions. Their characterizations indicate that the
most promising materials were generated by co-impregnation
of the precursors with a 1:1 CuO:Nb2O5 mass ratio. The ac-
tive phases are very distinct, according to the loading of oxides
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Fig. 14. DTG curves for the mixtures of 1:10 Printex® U:25 wt% CuO/SiO2-
Al2O3 (a) and 25 wt% Nb2O5/SiO2-Al2O3 (b) under air at 110 mL min−1

and rate of 10 ◦C min−1. The catalysts were calcined at 300 ◦C/6 h. Maximum
temperatures (Tox) are listed for each catalyst.

and calcination temperatures. At lower temperatures (300 ◦C
for 6 h) and over 5 wt% CuO, the crystalline copper oxide
predominates, whereas at higher temperatures (800 ◦C for 6 h)
and over 10 wt% CuO, there is a mixture of the CuO, Nb2O5,
and CuNb2O6 crystalline species. A promising application of
CuO/Nb2O5/SiO2-Al2O3 materials on the oxidation of diesel
soot particulates was revealed by evaluating their activities by
studying the thermal behavior of mixtures of catalyst and a
model particulate material (Printex® U). The catalysts calcined
at 300 ◦C for 6 h presented higher activity than those calcined
at 800 ◦C for 6 h. The best catalyst (25 wt% CuO/25 wt%
Nb2O5/SiO2-Al2O3, calcined at 300 ◦C for 6 h) in the oxida-
tion of diesel soot lowered the oxidation temperature from 622
to 518 ◦C.
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