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a  b  s  t  r  a  c  t

Ultrasound  effect  in  the  synthesis  of  catalysts  of  cobalt  oxides  prepared  starting  from  the  coprecipitation
method  of a hydrotalcite  structure  was  evaluated  in  this  work  and  characterized  by DRX,  FRX,  BET,  TPR  and
TPO.  It is  found  that  catalytic  conversion  of butanol  on  the  Co–Mg–Al  mixed  oxides  prepared  by  ultrasound
method  (10  min)  is  higher  than  that  on  the Co–Mg–Al  mixed  oxides  prepared  by  conventional  treatment
(24  h).  The  surface  area  and  the  butanol  oxidation  are  linearly  related  to  the  content  of the  hydrotalcite-
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like  phase  in  the  precursor,  which  resulted  in  highly  dispersed  Co  (Co2+),  MgO and  A12O3 particles  in the
final  catalyst.  Similarly,  the  use  of  ultrasound  in  the  synthesis  reveals  a benefic  effect  in so  far  as  similar
solids  are  obtained  in much  less  time.  The  catalysts  show  greater  activity  and  selectivity  to  CO2 and  H2O
than  the  commercial  ones.
ixed oxide
utanol oxidation
OCs

. Introduction

Volatile organic compounds (VOCs) are important group of air
ollutants. VOCs include any organic compound present in the
tmosphere. Vehicle emissions, power generation and solvents
missions are considered to be the major sources of VOCs [1,2]. The
erm VOCs encompasses all the volatile organic compounds capa-
le of producing photochemical oxidants by means of reactions
rovoked by solar light, in the presence of nitrate oxides [3].

Nowadays, the majority of the industrialized countries have
ncorporated measures of control through legislation which would
end to limit the environmental impact and the risks that these
ompounds might occasion on human health. In order to reduce the
OCs a series of technologies are proposed that could be applied in
ccordance with the diverse concentrations, categories and sources
f contaminants [3,4].

Thermal combustion and reversible physical processes are ben-
ficial when the concentration of the contaminant is relatively high.
n the contrary, catalytic oxidation is the best option to eliminate
rganic compounds present in the gaseous phase in very low con-

entrations. The presence of a catalyst permits working at lower
emperatures than those employed in thermal oxidation (between
50 and 400 ◦C), which represents an important economic benefit
5,6].

∗ Corresponding author. Tel.: +57 1 3165000; fax: +57 1 3165220.
E-mail address: smorenog@unal.edu.co (S. Moreno).
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© 2010 Elsevier B.V. All rights reserved.

Numerous works evaluate the behaviour of some catalysts,
among others, those based in noble metals (Au, Pt, Pd) [7–9] and
transition metals, particularly Cu [2],  Co [10], Fe, Mn  [5,11–13]
among others; these latter ones having the additional advantage
of having a lower cost and a greater thermal resistance. However,
their limited activity at low temperatures does not make them
competitive in comparison with noble metal catalysts.

In order to overcome this inconvenience it is necessary to
design catalysts in which the formation of highly dispersed metal-
lic species is favoured, that improve the catalytic properties and
prolong the useful life of the catalysts. Hydrotalcites are presented
as precursors of mixed oxides, with an enormous potential for the
generation of well dispersed, active and very stable catalysts.

These materials have motivated a great interest in catalysis
as anion interchangers [5,13],  catalytic supports and because of
their basic properties, they have been employed in aldol condensa-
tion reactions [14,15] methanol synthesis [16], dehydrogenation
of isopropanol, dehydrogenation of alkenes [17,18] among
others.

Also, the interest in the application of calcined hydrotalcites
(oxides) as catalysts in the environmental field is very important.
For example, the materials resulting from the calcination of hydro-
talcites based on copper and/or cobalt are very active and selective

in the decomposition reaction of nitrogen oxides [19–21] as well
as in the decomposition of sulphur oxides [22,23]. When tran-
sition metals are incorporated within the hydrotalcite structure,
materials are obtained which are used equally as catalysts or as
catalytic supports in redox reactions such as the selective oxida-

dx.doi.org/10.1016/j.cattod.2010.11.088
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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X-ray diffraction patterns of the uncalcined solids (Fig. 1)
showed the typical diffractograms of hydrotalcite-like materials
(JCPDS 14-191). The sharp and intense peaks at 2� ≈ 11◦, 23◦, and
34◦ correspond to the (0 0 3), (0 0 6), and (0 0 9) planes, indicating
a well-formed crystalline layered structure with a rhombohedral

Fig. 1. Powder X-ray diffraction patterns of hydrotalcite samples depending of aging
treatment.

Table 1
Lattice parameters a and c and textural properties of hydrotalcites.

Solid Lattice parameters BET (m2 g−1) Pore volume (cm3 g−1)

a (nm) c (nm)

HT Co CT 0.3063 2.351 61 0.2317
HT  Co US 0.3065 2.346 83 0.3372
A. Pérez et al. / Catalysi

ion of hydrocarbons and in the total oxidation reactions of volatile
rganic compounds [5,24–27].

The catalytic activity of the hydrotalcites depends essentially
n the M2+/M3+ ratio, on the different cations that make up the
etwork, on the nature of the compensation anions, and among
thers on the activation temperature [5,27].

The ultrasound (US) was used to increase the metallic dis-
ersion and to allow a considerable decrease the time in the
odification process without deterioration of the final material

roperties. Mg–Al hydrotalcite prepared under sonication pre-
ented an increase in the specific surface area and the number of
efect sites in the solid, leading to a higher basicity [18,28,29].

In this work, Co hydrotalcites using ultrasound as an aging
ethod were synthesized as precursors of the mixed oxides to

utanol total oxidation.

. Experimental

.1. Synthesis of catalysts

The synthesis of Co hydrotalcites was obtained using the simul-
aneous co-precipitation technique (conventional treatment CT) at

 constant pH [30], a solutions of Mg(NO3)2·6H2O (Fluka, >99%),
o(NO3)2·6H2O (Panreac >99%) and Al(NO3)3·9H2O (Panreac, 98%)
ere mixed in a 3:1 molar ratio M2+/M3+. This solution was added
ropwise to 0.2 M K2CO3 (Panreac, 99%) solution under vigor-
us stirring at 333 K. The pH was kept at 10 through addition of
ppropriate quantities of 1.5 M NaOH (Prolabo, 98%) solution, the
recipitate obtained were aged for 24 h.

For the samples prepared under ultrasound (US), the solution
ith the precipitate is aged for 10 min  under the ultrasound effect
aintaining a frequency of 50 kHz (ultrasound bath Unique, model
ltracleaner 14000). This procedure was carried out at room tem-
erature, and the gels obtained were not aged.

The precipitate was then separated by high-speed centrifuga-
ion, washed in deionized water to remove the alkali metals and
itrate ions until pH 7 was reached, and dried in oven at 353 K for
2 h. The resulting hydrotalcite were calcined at 723 for 16 h to
btain the mixed oxide (MO).

.2. Characterization

The X-ray diffraction was carried out with a SHIMADZU LAB-X
RD-6000 difractometer with a Cu anode (� = 1.54056 Å), using a
tep size of 0.02◦ 2� and a velocity of 1◦ min−1. TPR-H2 profiles were
aken by means of a CHEMBET 3000 (QUANTACHROME) equip-

ent fitted with a thermal conductivity detector, following already
eported methodologies. The samples (<250 �m)  were previously
egasified at 400 ◦C for 1 h in Ar and reduced with a heating ramp of
0 ◦C/min using 10% (v/v) H2/Ar at 0.38 mL/s. The TPO analysis was
arried out using Micromeritics Autochem 2920 equipment. Before
roceeding with the oxidation, the samples were pre-reduced to
00 ◦C with a H2 of 10 mL/min current for 2 h. The BET specific sur-
ace areas were measured by nitrogen adsorption at 77 K using an
utomatic volumetric apparatus (Micromeritics ASAP 2020). Sam-
les were previously degassed for 8 h at 473 K and 10−3 Torr.

.3. Catalytic evaluation

The solids were evaluated in the catalytic oxidation of butanol

hich is an alcohol representative of oxygenated VOCs and

ogether with ethyl acetate, constitutes one of the principal compo-
ents of the effluent gases which come from the printing of flexible
aterial industry. For the catalytic evaluation a fixed bed reactor at

tmospheric pressure was used, and the conversion was evaluated
y 176 (2011) 286– 291 287

according to the temperature. 200 mg  of catalyst and a total flow of
100 mL/min with a VOC concentration of 1000 ppm were used.

Prior to all catalytic tests, the samples were heated in a flowing
in air (10 mL/min) at 350 ◦C for 3 h as a standard pretreatment fol-
lowed by cooling down to the reaction temperature to 100 ◦C. The
reactive and products of the reaction were analyzed in a Varian CP-
3800 gas chromatograph equipped with CTR1 6’columns Porapak
Q 80 -100 mesh 2,5m.

3. Results and discussion

3.1. Hydrotalcites characterization
Fig. 2. Powder X-ray diffraction patterns of mixed oxides with conventional and
ultrasound treatment x: HT; +:Co3O4; O: Periclase.
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Table 2
Textural and redox properties of mixed oxides.

Solid BET (m2/g) Pore volume (cm3/g) H2 consumption Total O2 uptake (cm3/g) STP

e I (m
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MOCo CT 164 0.2209 0.0
MOCo US 201 0.4552 0.1

ymmetry (3R). It is remarkable that the use of ultrasound, allows
ydrotalcite synthesis in much less time. Then the use of ultra-
onic treatment for the hydrotalcite synthesis seems to be suitable.
he cell parameters were calculated assuming a 3R polytype with

 hexagonal cell [10,22], taking into account the positions of the
eaks due to diffraction by the (0 0 3) plane to determine the c

arameter, c = 3d(0 0 3); and the position of the (1 1 0) reflection
o calculate the a parameter, a = 2d(1 1 0); the values are included
n Table 1. No remarkable differences were observed between c
arameters whatever the aging treatment given to the samples.

Fig. 3. N2 adsorption/desorption isotherms of mi
mol/g) Zone II (mmol/g)

0.3854 18.6
0.5129 25.3

Following the same trend, the values for the a parameter were
almost constant, 3.06 Å, characteristic of the molar ratio 3 in the
starting solutions (M2+/M3+ = 3). It should be noted that when the
ultrasound is used narrow and symmetric diffraction lines are
observed, suggesting an improvement of the sample crystallinity.
Based on evaluated FWHM values, the hydrotalcite crystallinity

was  significantly improved by ultrasound treatment. In general, the
acoustic effect in the solid Co US allows having a lower FWHM value
(FWHM0 0 1 = 0.614◦) than the solid with conventional treatment
(FWHM0 0 1 = 0.813◦).

xed oxides. (a) MOCo CT and (b) MOCo US.
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reduction peak because the reduction temperature of cobalt species
in Co–Al spinel-type mixed oxide is lowered of 800 ◦C. This could
be explained considering a particle size effect, a smaller particle
size imply a lower reduction temperature, as it could see in textu-
A. Pérez et al. / Catalysi

The nitrogen adsorption/desorption behaviour of the hydro-
alcites samples is reported. In both cases, the nitrogen sorption
ollows an isotherm of type IIb, according to the classification pro-
osed by Rouquerol et al. [31], and a H3-type hysteresis loop for
he desorption. Comparatively to the type IV, the isotherms of type
Ib do not present a plateau at high P/P0 values, and the clay min-
rals adopt generally these characteristics (anionic clays) [32,33].
he curve shape comes from nitrogen physisorption taking place
etween the aggregates of particles, and the closing of the desorp-
ion part is accompanied by a pronounced decrease in the adsorbed
olume (at a relative pressure P/P0 0.45). This corresponds to the
lling of small mesopores [31].

The hydrotalcite prepared with ultrasound exhibits greater
extural properties. Indeed the specific surface area of HTCoUS
83 m2/g) is higher than that of HTCoCT (61 m2/g) and the pore vol-
me  increase from 0.232 cm3 g−1 for HTCoCT to 0.337 cm3 g−1 for
TCoUS). Similar results have been observed on Mg–Al hydrotalcite
y Kovanda et al. [34].

.2. Mixed oxides characterization

When the samples are calcined, all the X-ray diffraction pat-
erns turn out to be similar (Fig. 2), a small amount of hydrotalcite
emains and broad peaks are present.

The diffractograms do not show signals corresponding to crys-
alline phases of aluminum oxide (Al2O3), suggesting that Al is in
n amorphous phase and/or is part of the lattice with Co and Mg.
he aluminum incorporation in solid solution with Mg,  depends
n the calcination temperatures and the relationship M2+/M3+. As
uch, it has been reported that hydrotalcites of Mg–Al relationships

2+/M3+ = 3 (same as used in this study) where at temperatures
elow 1000 ◦C the Al forms homogeneously the structure of MgO,
hile at higher temperatures the Al changes from octahedral to

etrahedral to form the spinel structure. Similarly, the XRD indi-
ated the presence of the hydrotalcite phase (after calcination). This
esult can be explained by the solid exposition of the atmosphere
nd the consequently the possible reconstruction of the hydrotal-
ite in the presence of water and CO2. This effect is more noticeable
n the case of solids with content Mg  due to their growing tendency
o carbonation.

The broadness of diffraction peaks can be also explained by the
resence of a mixture of three oxide spinel phases very difficult to
ifferentiate by XRD [20]: Co3O4 (JCPDS 421467), CoAl2O4 (JCPDS
40160) and Co2AlO4 (JCPDS 380814).

The specific surface area, pore volume and average pore diam-
ter of mixed oxides are presented in Table 2.

The N2 isotherms (Fig. 3) were of type IV for the two  samples,
ypical of mesoporous materials, with the hysteresis loop associ-
ted with capillary condensation in the mesopores. The hysteresis
ype showed that the aggregates of plate-like particles formed non
niform slit shaped pores [33]. For the sample with ultrasound
reatment (US), there was a significant difference in the isotherm
hape at high relative pressures (P/P0 > 0.45) showing ultrasound
lso changed the shape and/or size of the pores.

The samples with a conventional treatment (24 h) have a lower
pecific surface area than the sample of US treatment. It should be
aken into account that, the CT sample was submitted, after copre-
ipitation, to an aging time of 24 h at 333 K, which prolongs the
rystallization process and produces a decrease of the surface area
f the mixed oxide obtained by calcination.

Thus, ultrasound not only accelerated the crystal formation but

ispersed small particles as well as it reduced the aggregation dur-

ng nucleation and crystal growth, giving rise to a large increase in
he specific surface area.

Fig. 4 shows that the average pore size consistently decreased
ith ultrasound treatment. The sample with ultrasound exhibited
Fig. 4. Pore size distributions for mixed oxides conventional and ultrasound treat-
ment.

the most narrow pore size distribution, whereas the distributions
patterns for conventional treatment were much broader. This sug-
gests that hydrotalcite treated with ultrasound was  more uniformly
packed together compared to hydrotalcite treated for 24 h. Hydro-
talcite with ultrasound could be selected for use as support due to
its narrow pore size distribution.

TPR patterns of mixed oxides are shown in Fig. 5. The H2 con-
sumption (Table 2) can be assigned to the reduction of cobalt
species since Mg–Al mixed oxide is not easily reduced in the studied
temperature range. Reduction of the both samples proceeds in two
steps with maxima at 398 ◦C and 935 ◦C for MOCo CT and 400 ◦C and
775 ◦C for MOCo US. The first peak can be attributed to the reduc-
tion of Co3O4: Co3+ ions are first reduced to Co2+ ions followed by
reduction of Co2+ ions to metallic Co. The reduction of pure Co3O4
used as a reference sample takes place in the same temperature
range (200–400 ◦C) [35]. The second peak is ascribed to reduction
of the same species but in Co–Al spinel-type mixed oxide [36]. The
use of ultrasonic treatment during the hydrotalcite modifies the
redox properties of the corresponding mixed oxides because (i) a
higher H2 consumption is observed (Table 2) and (ii) a significant
shift to lower temperature is observed for the high temperature
Fig. 5. TPR-H2 for the mixed oxides: ultrasound effect.



290 A. Pérez et al. / Catalysis Today 176 (2011) 286– 291

F
s

r
M
s
g
c
t
i

p
[
t
s
p

a
f
r

3

s
b
a
m
t

i

Table 3
Parameters for evaluating the total oxidation of butanol.

Solid T50% conv. % Butanal T CO2
a

ig. 6. (a) Butanol conversion versus temperature and (b) selectivity to CO2 for the
amples MOCo CT and MOCo US.

al properties, a higher surface specific area value is obtained for
OCo UC, indicating probably the formation of smaller particles

ize in this sample. For the solid Co US, the total amount of hydro-
en consumed during the reduction is higher comparing to the
onventional treatment also, the TM for the solid is located at low
emperatures allowing to have cobalt species which are involved
n the reaction at lower temperatures more disposed.

The TPO profiles of the mixed oxides of cobalt present only one
eak at 308 ◦C which is assigned to the oxidation of Co2+ at Co3+

37,38]. Furthermore it appears that the mixed oxide obtained from
he hydrotalcite synthesized by applying ultrasounds, the oxygen
torage are higher than the hydrotalcite prepared by a conventional
rocedure (Table 2).

Oxygen storage capacity increase as well as specific surface
rea and H2 consumption enhancement is respectively observed
rom TPO, SBET and TPR-H2 measurements, result that are directly
elated to a good dispersion of metals on calcined solids.

.3. Catalytic test

It is first noticeable in Fig. 6a is that the oxide obtained from the
imple hydrotalcite (only Mg–Al) presents low catalytic activity,
eing that it does not contain potentially active sites for oxidation

◦
nd the conversion of 27% at 300 C can be subject possibly to ther-
al  effects involved in the reaction or the intrinsic basic properties

hat the Mg  could has in the material.
It can be observed in Fig. 6a the effect of the presence of cobalt

n the hydrotalcite to obtain more active oxides, result that indi-
MOCo CT 189 12 178
MOCo US 189 7 169

a Starting temperature in the production to CO2.

cates a beneficial effect by the incorporation of this metal. Also,
the effect of ultrasound on the solid with cobalt is showed. The
catalytic activity of the mixed oxide MOCo US is slightly better.
These results clearly show that, as can be expected, the total num-
ber of active sites increases when increasing the oxygen storage
of the solid. Also, H2 consumption could describe the best activity
showed by ultrasound treatment; the zone at lower temperatures
(150–450 ◦C) corresponds to the range of temperature in which the
catalytic test is carried out and where a higher H2 consumption is
associated to a better catalytic activity.

The selectivity curves to CO2 for MOCo CT and MOCo US cata-
lysts have been included in Fig. 6b. As it can been seen a remarkable
conversion calculated from the CO2 signal for the solid with ultra-
sound sample reaches approximately 120% at 250 ◦C. This result is
directly related to the adsorption of CO2 and the VOC on the cata-
lyst surface [39] and may  be accounted for by the fact that there is
a better dispersed cobalt on the surface as result from ultrasound
treatment as it could be inferred by the specific surface area results,
which is in line with the best activity towards the oxidation of
butanol.

The solid with ultrasound present lower selectivity to butanal
(Table 3), revealing a greater selectivity to total oxidation towards
CO2 and H2O. From these results, it is evident that the hydrotalcites
used as precursors for the obtaining of mixed oxides and making
use of ultrasound as a method of aging, obtaining excellent catalysts
in oxidation reactions of VOCs.

4. Conclusion

The characterizations confirm the success of the synthesis of
hydrotalcites as precursors of mixed oxides using ultrasound as an
aging method, given the same structural properties and in some
cases, have improved allowing solids with better characteristics in
only 10 min  of treatment time in comparison with those reached
during the conventional 24 h treatments. The hydrotalcites used
as precursors for the obtaining of mixed solids are excellent cat-
alysts in the oxidation reactions of COVs with high selectivity
towards products of total combustion, showing that ultrasound is
an effective and novel technique to get solids with better catalytic
properties.
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