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Abstract

The objective of this work is to report the characterization and catalytic behavior of Co3O4, CeO2, and Co3O4–CeO2 catalysts in the
C6–C7 n-alkanes combustion. X-ray diffraction indicated that crystalline oxides of Co3O4 and CeO2 are obtained by heat treatment
temperatures higher than 600◦C. The FTIR spectra are characteristic of cobalt and/or cerium oxides. The reactions were processed
bed continuous flow reactor, at 450◦C varyingF/W ratio andn-alkanes. The results obtained showed that the catalysts give good acti
the C6–C7 n-alkanes combustion with high selectivity to carbon dioxide.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: C6–C7 n-alkanes combustion; Co3O4; CeO2; Co3O4–CeO2 catalysts
een
pro-
4].
tura
at-

ine
as

r-
ral
ch-
ides
ults
e

arth

el
he

te of
r of
the
ygen
he

s for
hy-
iox-

car-
rved

ysts

.
d
ural
1. Introduction

Cerium oxide or cobalt-containing materials have b
shown to be very useful catalysts, catalyst supports or
moters in various reactions of industrial importance [1–
The cerium oxide has been used as catalysts or struc
promoter of metal oxides. The structural promotion is
tributed to the capacity of cerium to convert to crystall
oxides with reticulation defects, which can be actuated
active sites [5,6]. CeO2 is known for its strong redox prope
ties and for its ability to catalyze the combustion of seve
hydrocarbons under rigorous conditions [7–9]. The me
anisms of hydrocarbon combustion over rare earth ox
were investigated by several authors [5,8–10]. Their res
for hydrocarbon combustion, such asn-butane and propen
at 450◦C, indicated the formation of CO2, CO, C1–C3 hy-
drocarbons. In both studies CeO2 showed catalytic activity
for that reaction which was superior to the other rare e
elements.

Cobalt oxide (Co3O4) has been studied as a mod
catalyst for the combustion of hydrocarbons [11–13]. T
Co3O4 is a normal spinel containing Co2+ and Co3+ ions
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in tetrahedral and octahedral sites, respectively. The ra
catalytic combustion of hydrocarbon per square mete
Co3O4 is independent on method of preparation and
surface area, since that the catalyst was heated in ox
above 400◦C for a few hours [14–17]. This means that t
surface properties of Co3O4 are very reproducible.

The catalytic combustion is used in several processe
the purification of waste gases. In the combustion of
drocarbons, the desired reaction products are carbon d
ide and water. The formation of secondary products (
bon monoxide and residual hydrocarbons) is too obse
[18–23].

In this work we have synthesized Co3O4–CeO2 catalysts
in order to advance the design of combustion catal
for maximum conversion and selectivity to CO2. For this
purpose we investigated the activity of the Co3O4, CeO2
and Co3O4–CeO2 catalysts in C6–C7 n-alkanes combustion
X-ray diffraction (XRD) and Fourier transform infrare
spectroscopy (FTIR) were used to investigate struct
properties of the catalysts.

2. Experimental

The Co3O4, CeO2 and Co3O4–CeO2 catalysts were

synthesized from polymeric precursors according to the
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Pechini process [24,25]. The precursor powders of Co3O4–
CeO2 were calcined in the temperature range 600 to 800◦C
for 6 hours and the Co3O4 and CeO2 at 800◦C for 6 hours.

Carbon, hydrogen, and nitrogen (CHN) contents were
termined using a Perkin–Elmer CHN analyzer model 2
X-ray fluorescent analyses were carried out on an ED
800 instrument in air in the range between 0 and 40 k
TG curve was obtained on a Perkin–Elmer instrumen
a heating rate of 5◦C min−1 in air flowing at a rate of
50 cm3 min−1. XRD patterns were obtained on a Riga
RU-200B diffractometer employing CuKα radiation. IR
spectra were performed on a FTIR Prospect MIDAC app
tus, using KBr pellets. The specific surface area of the s
ples was measured by the conventional BET method u
nitrogen as adsorbent gas.

The reactions ofn-hexane (n-C6) andn-heptane (n-C7)
combustions were carried out in a fixed bed continuous fl
reactor. The process occurred at atmospheric pressure
temperature in the catalytic bed of 450◦C and using aF/W

ratio (molar flux of reactant per mass of catalyst) in
range from 1.01 to 1.35 mol g−1 h−1. The catalysts use
were Co3O4, CeO2 and Co3O4–CeO2 calcined at 800◦C
for 6 hours. The samples of catalysts (30 mg) were initia
activated at 450◦C under a dynamic air atmosphere
30 mL min−1 during 1 hour. The reaction products we
collected in a special microsyringe and analyzed in a CG
gas chromatograph coupled in a QP5000 mass spectrom
(Shimadzu).

3. Results and discussion

The results summarized in Table 1 indicate that pr
tically no organic materials were found in Co3O4, CeO2
and Co3O4–CeO2 oxides calcined above 600◦C for 6 hours.
The analytical results from X-ray fluorescent analyses in
cate the composition Co3O4, CeO2 and Co3O4–CeO2. The
TG/DTG curves of the precursor material of Co3O4–CeO2
are shown in Fig. 1. Three weight losses can be observ
40, 170 and 465◦C, corresponding to the decomposition
citric acid present in the solution polymerized, decomp
tion of residual organic substances and solid-state react
respectively. The decomposition of this material termina
until 550◦C.

The XRD pattern of Co3O4, CeO2 and of the various
Co3O4–CeO2 oxides calcined at 600, 700 and 800◦C are
shown in Fig. 2. The diffractograms of the Co3O4–CeO2

Table 1
Analytical results for Co3O4, CeO2 and Co3O4–CeO2 oxides

Oxides Heat treated (◦C) C (%) H (%) N (%)

Co3O4 800 0.11 0.12 0.02
CeO2 800 0.06 0.07 0.01
Co3O4–CeO2 600 0.39 0.07 0.05
Co3O4–CeO2 700 0.34 0.07 0.05
Co3O4–CeO2 800 0.18 0.20 0.04
r

t

,

consist of all the diffraction lines of Co3O4 and CeO2 phases
having different degrees of crystallinity depending on
calcination temperature. These diffractograms present a
strong peak at ca. 3.12, due to the(1 1 1) planes of CeO2.
Six peaks were also identified as peaks characteristi
CeO2, with distance and respective Miller indexes at 2
(2 0 0), 1.91 (2 2 0), 1.63 (3 1 1), 1.35 (4 0 0), 1.24 (3 3 1),
and 1.21(4 2 0). Seven peaks were also identified as pe
characteristic of Co3O4, with distance and respective Mille
indexes at 4.68(1 1 1), 2.85(2 2 0), 2.43(3 1 1), 2.34(2 2 2),
2.02(4 0 0), 1.56(5 1 1), and 1.43(4 4 0) suggesting a coba
oxide with structure spinel type and cerium oxide w
fluorite structure type. The degree of crystallinity increa
with the calcination temperature.

FTIR spectra of Co3O4 and of the various Co3O4–CeO2
oxides calcined at 600, 700 and 800◦C are showed in
Fig. 3. The spectra show two bands: one in the region 5
560 cm−1 (ν1) and other in 685–665 cm−1 (ν2) that can be
assigned to bonds in the internal structural of spinel Co3O4

Fig. 1. TG/DTG curves of polymeric precursor of Co3O4–CeO2.

Fig. 2. XRD powder patterns of Co3O4, CeO2 and Co3O4–CeO2 catalysts.
Where: (a) Co3O4, (b) CeO2, (c) Co3O4–CeO2 calcined at 600◦C, (d)
Co O –CeO calcined at 700◦C and (e) CoO –CeO calcined at 800◦C.
3 4 2 3 4 2
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Table 2
Conversion and selectivity to CO2 of the reaction ofn-hexane andn-heptane combustion over Co3O4, CeO2 and Co3O4–CeO2 catalysts at 450◦C varying
theF/W ratio

Catalysts F/W (mol g−1 h−1) Conversion (%) Selectivity to CO2 (%)

n-hexane n-heptane n-hexane n-heptane

Co3O4 1.01 9.82 40.33 10.72 44.04
1.35 20.41 66.45 14.18 46.17

CeO2 1.01 6.07 24.95 8.22 33.76
1.35 7.49 24.39 8.97 29.21

Co3O4–CeO2 1.01 12.88 52.9 13.42 55.14
1.35 19.44 63.3 19.46 63.37
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Fig. 3. IR absorption patterns of Co3O4 and Co3O4–CeO2 catalysts.
Where: (a) Co3O4, (b) Co3O4–CeO2 calcined at 600◦C, (c) Co3O4–CeO2
calcined at 700◦C and (d) Co3O4–CeO2 calcined at 800◦C.

[26]. Cerium oxide shows no absorption bands in the spe
range in study (1250–550 cm−1). Specific surfaces area
(SSA) for Co3O4, CeO2 and Co3O4–CeO2 catalysts calcined
at 800◦C are 3.1, 49.8 and 25.5 m2 g−1, respectively.

The Co3O4, CeO2 and Co3O4–CeO2 catalysts showed
catalytic activity for reaction. The reaction ofn-hexane and
n-heptane combustion over Co3O4–CeO2 catalyst reached
a degree conversion, in the range from 13 to 19%
from 53 to 63%, respectively, as showed in Table 2. T
activity this catalyst is different from that of specific activi
of Co3O4 and CeO2 (Table 2). The adsorption of then-
alkanes in the oxide surface is usually the determining
in the catalytic reaction occurring at a sufficiently hi
temperature [27]. TheF/W ratio also affects the result o
combustion, therefore the amount the reactant adsorbe
the oxide surface influence directly in the conversion
the hydrocarbons. The conversion and selectivity to C2
increase with increaseF/W ratio as shown in Table 2. I
the maximumF/W ratio, Co3O4 shows the highest activity
therefore, as was expected, the calcination at 800◦C resulted
in low SSA. The activity of CeO2, which has a major SSA i
about an order of magnitude lower. The reaction products

Co3O4–CeO2 catalyst were carbon dioxide, with selectivity
in the range from 13 to 19% ton-hexane combustio
and 55 to 63% ton-heptane combustion (Table 2), carb
monoxide, water and C3–C4 hydrocarbons. In Table 2
is showed the selectivity to carbon dioxide over Co3O4 and
CeO2 catalysts.

Although the mechanism of complete hydrocarbons o
dation over oxides is not known in detail it is generally a
cepted that some surface oxygen species are the mai
tive sites [16,28]. Oxygen bulk mobility (O2− conductiv-
ity) seems to play also an important role. Both, bulk pr
erties and surface properties are determining the cata
activity. On the spinel surface of Co3O4 two kinds of ac-
tive sites are present, Co2+ ions being responsible for pa
tial oxidation and Co3+ ions for total oxidation. According
with several authors [14,16,17,28], oxygen octahedrally
ordinated around a strong electron acceptor, i.e., trans
metal ion in its (higher) relatively unstable valence (Co3+),
can be considered as the most active. On the CeO2 sur-
face, has been shown [29] that the reduction of CeO2, i.e.
(Ce4+ → Ce3+) is not due to a direct release of O2 to the
gas phase, but through a surface reaction with a hydro
bon. On the Co3O4–CeO2 catalyst, the activity enhanceme
for hydrocarbons oxidation in relation to the pure cob
and cerium oxides seems to be due to phase cooper
[13,26,28].

4. Conclusions

This work suggests that in then-hexane andn-heptane
combustion the cooperation between Co3O4 and CeO2
phases in the system Co3O4–CeO2 generate a good ca
alytic activity in comparison with the pure cobalt a
cerium oxides. The activity to combustion of these hyd
carbons under the conditions studied decrease in the ord
n-heptane> n-hexane. The system Co3O4–CeO2 provides
too high selectivity to CO2 in comparison with the Co3O4
and CeO2 individual oxides.
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