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Abstract

Manganese oxide catalysts supported on Al,O3 and Mg—Al,05; composite were prepared from two different precursors, manganese acetate and
manganese nitrate, with two manganese loadings. Catalytic performance was evaluated in ethanol combustion, which is a volatile organic
compound used as solvent in print industries and a potential fuel for vehicles. The most active and selective catalysts to total oxidation were those
prepared from manganese acetate. By means of a wide physicochemical characterization by X-ray diffraction (XRD), X-ray fluorescence (XRF),
X-ray photoelectron spectroscopy (XPS), temperature-programmed reduction (TPR), Raman spectroscopy, scanning electron microscopy (SEM),
and specific surface area measurements, it was found that the best catalytic performance was obtained when manganese oxide species are highly
dispersed on the catalyst surface. The formation of these surface species depends mainly on the manganese precursor and also on the support and

the manganese loading.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) and NO, are the main
contribution to the atmospheric pollution. When great volumes
of gases with low concentrations of VOC have to be treated, the
catalytic oxidation is preferred. Platinum and palladium are the
most commonly used catalysts [1]. However, metal oxides such
as manganese oxides have demonstrated a catalytic activity as
good as the one of the noble metals. Moreover, they are a
cheaper alternative and have a higher sinterised resistance [2].

Considering that the main sources of VOC are vehicles and
industries that use solvents, it is important to evaluate the
catalytic performance in ethanol combustion, due to two main
reasons: (i) this is a potential fuel for vehicles and (ii) with ethyl
acetate, they are both widely used solvents.
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Industrial application of VOC catalytic combustion
process involves great volumes of gases therefore, it is
essential to deposit the catalyst on a structured support to
avoid high-pressure drops. The most studied supports are
monoliths, which are usually made of ceramic or metal
materials, covered with a carrier, alumina, that acts as a
support of the active phase [3].

It is widely known that deposition of a metallic oxide on an
inert support leads to a catalyst with better catalytic
performance than the oxide as a bulk catalyst. In part, this is
due to the high surface area that supports present. However, the
main reason from the catalytic behaviour point of view is the
oxide specie type generated on the surface, which depends on
the dispersion of the active phase and its interaction with the
support.

In the present work, catalysts based on manganese oxides
supported on alumina and Mg—Al,O3 composite are studied.
These oxides can be used as carriers for monolithic catalysts. In
addition, the influence of the support nature (composition,
surface acidity, etc.), the precursor nature (organic, inorganic)
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and the active phase loading is studied. The catalytic
performance was evaluated in ethanol total combustion,
selected as a VOC probe molecule.

2. Experimental
2.1. Supports preparation

2.1.1. Al,O;3

An aluminium hydroxide gel was prepared by a chemical
reaction between pseudobohemite AIO(OH) and acetic
acid in aqueous alcoholic medium. The gel was stabilised
for 48 h, diluted one in two parts (w/w) in alcohol and
finally dried. The dried sample was calcined at 1000 °C for
10 min.

2.1.2. Mg-Al,O3 composite

The alumina prepared as described above was dried at
70 °C during 2 h under vacuum and then impregnated to
incipient wetness with aqueous solutions of Mg(NOj) at
50 °C. The concentration of the solution was the necessary to
obtain 10 wt% of MgO. The sample was dried at 70 °C
overnight and then calcined from room temperature to 450 °C
at a heating rate of 3 °C/min being kept at this temperature for
3h. Due to the partial dissolution of MgO when it is
impregnated with an aqueous solution, a hydroxylation was
made following the proceeding reported by Llorente et al. [4].
The support was suspended in an aqueous ammonia solution
at pH 11.9 and after being stirred for 2 h, the solvent was
withdrawn in a rotary vacuum desiccator at 50 °C, and finally
calcined at 450 °C for 3 h.

2.2. Catalysts preparation

The catalysts were prepared by impregnation to
incipient wetness of the supports (Al,O3 and Mg—Al,03),
previously dried at 137 °C for 3 h, with aqueous solutions
of Mn(NO3),-4H,O (Merck) or Mn(CH;COO),-2H,0
(Fluka). The impregnation was carried out in multiple
stages with drying in between at 100 °C for 1h. The
amount of added solution was the necessary to obtain a
manganese loading equivalent to one or three theoretical
monolayers of MnO,. Finally, the samples were dried at
70 °C overnight and calcined at 500 °C for 3 h. The obtained
catalysts were called xMn/Al,053(p) and xMn/Mg—Al,05(p),
where x=1 or 3 represents the manganese amount
(equivalent amount to one or three monolayers of MnO,)
and p=“n" or “a” for manganese nitrate or manganese
acetate, respectively.

2.3. Catalysts characterization

2.3.1. Isoelectric point (IEP)

The IEP measurements were carried out in a Zeta Meter
System 3.0 apparatus, using 30 mg of sample dispersed in a
10~ M KCl solution. The pH was adjusted with either 10~* M
KOH or HCI solutions.

2.3.2. Ammonia temperature-programmed desorption
(NH;-TPD)

A quartz tubular reactor and a thermal conductivity detector
(TCD) as detector were used. The adsorption step was carried
out in a pure ammonia flow at room temperature for 1 h. Then,
the sample was swept in pure helium for 30 min. The desorption
was performed in a pure helium flow of 30 ml min~', from
30 °C to 700 °C at a heating rate of 10 °C min~ .

2.3.3. X-ray fluorescence (XRF)
A PW 1400 Philips instrument was used. The calibration
was made with mixtures of oxides with known concentrations.

2.3.4. BET-specific surface area measurements (Sgrr)

The specific surface area of the catalysts was calculated by
the BET method from the nitrogen adsorption isotherms
obtained at 77 K. A Micromeritics Accusorb 2100E apparatus
was used.

2.3.5. X-ray diffraction (XRD)

XRD patterns were obtained by using a Rigaku diffract-
ometer operated at 30 kV and 25 mA by employing Cu Ka
radiation with nickel filter (A =0.15418 nm).

2.3.6. Laser Raman spectroscopy (LRS)
A JASCO TRS600SZP multichannel spectrometer with an
argon ion (514.5 nm) operated at 80 mW was used.

2.3.7. Temperature-programmed reduction (TPR)

The TPR was performed in a quartz tubular reactor using
a TCD as detector. A 100 mg sample was used. The reducing
gas was a mixture of 5 vol.% H,/N,, at a total flow rate of
30 ml min~'. The temperature was increased at a rate of
5°C min~" from room temperature to 700 °C.

2.3.8. X-ray photoelectron spectroscopy (XPS)

A VG Scientific Escalab 200A equipment with an Al anode,
Eo=15keV (300 W) was employed. The C 1s peak at 285 eV
was taken as reference.

2.3.9. Scanning electron microscopy (SEM)

A JEOL JSM 6301F microscope was employed. The powder
samples were pelletized and coated with a thin conductive
carbon layer. The analyses were made by means of back-
scattered electrons.

2.4. Catalytic evaluation

A quartz reactor of fixed bed at atmospheric pressure was
used. The reaction temperature, measured with a thermocouple
in the centre of the catalytic bed, was varied from 90 °C until
total conversion of ethanol was obtained. Data were obtained in
steady state. A sample of 300 mg (0.5-0.8 mm particle
diameter) diluted with glass particles of the same size in a
ratio 1:5 was used. The feed was a mixture of molar ratio
C,HsOH:0,:He = 1:20.8:78.2 at a total flow rate of
100 ml min~'. The reagents and reaction products were
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Fig. 1. Zeta potential vs. pH curves for the supports.

analyzed online by a Shimadzu GC9A gas chromatograph
equipped with a Porapak T column and a thermal conductivity
detector.

The conversion of ethanol, X(%), was defined as

EtOH;, — EtOHy

1
EtOH,, x 100

X (%) =

3. Results
3.1. Isoelectric point

Zeta potential versus pH curves are presented in Fig. 1. The
isoelectric points for the Al,O5; and Mg—Al,O3 composite are
7.94 and 8.30, respectively.

3.2. Temperature-programmed desorption of ammonia
(NH3-TPD)

The results are shown in Fig. 2. The Al,O3; TPD profile is
characterized by one strong NHj; desorption peak at about
100 °C and weaker peaks at around 250 °C and 425 °C. These
peaks were assigned to the desorption of coordinately held NH;

Table 1
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Fig. 2. Temperature-programmed desorption of ammonia for the supports.

from Lewis acid sites of different strengths [5]. The Mg—Al,O3
TPD curve presents some differences regarding to that of Al,O3
in the region of the weaker acid sites. It exhibits a splitted broad
peak with maxima at 100 °C, 140 °C, 180 °C and 220 °C. A
weaker peak at 425 °C as for Al,O; is also observed.

3.3. X-ray fluorescence

Theoretical and experimental manganese content values are
shown in Table 1. In the case of the catalysts with a manganese
loading equivalent to one theoretical monolayer, the values
determined experimentally (approximately 11 wt% Mn) are in
reasonable agreement with the theoretical values. For the
catalysts with higher manganese loading, the manganese
content (about 20 wt% Mn) is quite lower than the expected
one, regardless on the precursor and the support.

3.4. Specific surface areas (Sger)
Specific surface areas are presented in Table 1. Al,O5; and

Mg—Al,O5; composite supports have the same surface area.
Supported manganese catalysts prepared from manganese

Elemental composition from XREF, specific surface areas (Sggr), hydrogen consumption from TPR and catalytic activity

Catalyst Mn content (Wt% Mn) Sper (M?/g) Hydrogen consumption Catalytic activity

Theoretical Experimental pmol Hy pmol Hy/mg Mn Tso Tso
ALO3 - - 102.5 - - - -
Mg-AlL,O; - - 102.5 - - - -
1Mn/Al,O5(n) 12.45 11.3 87.9 133.8 11.2 235 250
3Mn/Al,O3(n) 373 227 64.0 206.0 8.3 217 235
1Mn/Mg-Al,O3(n) 12.45 11.2 85.2 121.7 10.7 220 242
3Mn/Mg-Al,O3(n) 373 18.5 59.3 208.8 10.5 217 235
1Mn/Al,05(a) 12.45 10.0 101.4 88.8 8.7 192 215
3Mn/Al,05(a) 373 19.2 98.6 135.0 6.9 177 200
1Mn/Mg-Al,03(a) 12.45 11.8 97.9 92.5 7.8 184 212
3Mn/Mg-Al,O3(a) 373 19.9 97.9 130.4 6.4 192 220

Tso and Tgg: reaction temperatures corresponding to 50% and 80% of ethanol conversion, respectively.
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Fig. 3. X-ray diffractograms for the Al,O; support and the xMn/Al,O3(p)
catalysts. (¢) MnO, PDF file 24-735; (@) Mn,O; PDF file 24-508; (ll) Mn,O3
PDF file 18-803.

nitrate show a decrease of the specific surface area when
manganese loading increases. The specific surface area of the
catalysts prepared from acetate very slightly decreases when
manganese loading increases.

3.5. X-ray diffraction

Figs. 3 and 4 show the X-ray diffractograms for the xMn/
Al,O5(p) and xMn/Mg—Al,03( p) catalysts and their respective
supports. The diffraction lines of the Al,O; support were
identified as transition phases 6-Al,O5 (PDF file 35-121) and &-
Al,O3 (PDF file 4-877). Mg—Al,Oj3 support presents similar X-
ray diffractogram to that of the Al,O5. Other diffraction lines
were not observed. The diffractograms of the supported
manganese catalysts exhibit several differences depending on
the precursor, on the manganese loading, and also on the
support. The diffractograms of the catalysts with lower
manganese loading conserve the diffraction lines of the support
and exhibit additional lines corresponding to manganese
oxides. For 1Mn/Al,O3(n), these lines were identified as
MnO, phase (PDF file 24-735) while with manganese acetate as
precursor, they were assigned to Mn,03 (PDF file 24-508). On
the Mg—Al,O; support, the additional lines were identified as
Mn,O; (PDF files 24-508 and 18-803). At higher manganese
loadings, support influence was not observed, but the crystal-
linity was very different depending on the precursor. With
nitrate as precursor, the formation of crystalline Mn,O5; (PDF
file 24-508) and the most intense diffraction line of the support

3Mn/Mg-AlQ (a)

3Mn/Mg-ALO,(n)

Intensity (a.u.)
®
[ ]
®
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Fig. 4. X-ray diffractograms for the Mg—Al,O5; support and the xMn/Mg—
Al,O3(p) catalysts. Symbols as in Fig. 3.

were observed. With acetate, the crystallinity is very low and
the resulting manganese oxide could be Mn,0O5; (PDF file 18-
803).

3.6. Laser Raman spectroscopy (LRS)

The spectra are shown in Figs. 5 and 6. All present a broad
band centred at 588 cm~!. On this band, other bands and
shoulders, which intensities and positions mainly depend on
the precursor, are observed. The spectra of the catalysts
prepared from the nitrate precursor exhibit a weak band at
665 cm ™' which intensity decreases slightly with the increase
of the manganese loading. The support influence is not
appreciable. Catalysts prepared on Al,O; and impregnated
with acetate present a Raman band at 644 cm ™' which intensity
notably increases with the manganese loading. On the contrary,
in the spectra of the catalysts prepared on Mg—Al,05 support
the band is centred at 652 cm™' and the intensity slightly
increases with the manganese loading. The assignation of these
bands is not a straightforward task since diverse manganese
oxide phases present signals in the 640-660 cm ™' region [6,7].
Kapteijn et al. [7] reported Raman spectra of Al,O3-supported
manganese oxide with a main band centred at 650-653 cm ™'
when manganese nitrate was used as precursor, and a broader
band centred at 637 cm ™' for the catalysts prepared from
manganese acetate. On the basis of an average stoichiometry
from XPS, they assigned these bands to the highly dispersed
Mn,0j; phase. In a study about manganese oxide supported on
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Fig. 5. Raman spectra for the xMn/Al,O5( p) catalysts.

several supports (Al,O3, ZrO,, TiO, and Si0,), Radhakrish-
man et al. [8] detected Raman bands at 661 cm ™! for MnO,/
Al,O;5 and to 664 cm ™' for MnO,/SiO,. They assigned them to
dispersed manganese oxide species but they could not assure
the oxidation state of the manganese oxide. These different
results demonstrate that the Raman bands position and
intensity of the supported manganese oxides depend on the
precursor and the manganese loading as well as on the support
nature.

3.7. Temperature-programmed reduction

The TPR profiles are presented in Fig. 7. The catalysts
prepared from nitrate exhibit two reduction signals. The first
one (at 340-360 °C) slightly shifts to lower temperatures with
the increase of manganese loading. The second signal is a
single peak which appears at 430 °C for low manganese loading
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Fig. 6. Raman spectra for the xMn/Mg—Al,O5( p) catalysts.
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Fig. 7. Temperature-programmed reduction profiles.

and at 465-470 °C when the manganese loading increases. The
intensity of the second signal increases with the manganese
content. The catalysts prepared from acetate present a main
reduction signal at 420 °C which intensity increases with the
manganese loading. Furthermore, other less intense signals at
low reduction temperature are observed.

The hydrogen consumption is shown in Table 1. As
expected, it increases with the increase of manganese loading.
The catalysts prepared from nitrate consume more hydrogen
than those prepared from acetate. When the hydrogen
consumption per manganese mass unit (uwmol H,/mg Mn) is
considered, the catalysts prepared from nitrate consume, in
average, approximately 10.2 wmol H,/mg Mn while those
prepared from acetate consume 7.5 pmol Hpy/mg Mn.

3.8. X-ray photoelectron spectroscopy

The results are presented in Table 2. The Mn/Al and Mn/
(Al + Mg) atomic ratios strongly vary depending on the
precursor. With nitrate as precursor, these atomic ratios
decrease with the increase of the manganese loading. In
contrast, with acetate as precursor, they increase with the
manganese loading. The values for the catalysts on Mg—Al,O3
are higher than those on Al,O3 considering equal manganese
loading and precursor. The Mg/Al atomic ratio for the Mg—
Al,O; support is about 0.3 and this ratio increases to
approximately 0.4 for the catalysts prepared from nitrate and
to 1.15 for those prepared from acetate. The catalysts prepared
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Table 2
Atomic ratios and binding energies (E}) from XPS
Catalyst Mn/Al Mn/ Mg/Al E, Mn
(Al+Mg) 2p32 (eV)
Al,O3 - - -
Mg-Al, O3 - - 0.287 -
1Mn/Al1,05(n) 0.027 - 652
3Mn/Al,O3(n) 0.017 - 650
1Mn/Mg-Al,03(n) 0.052 0.034 0.524 652
3Mn/Mg-Al,O5(n) 0.042 0.031 0.350 648
1Mn/Al,03(a) 0.095 - 643-647
3Mn/Al,O3(a) 0.209 - 648
1Mn/Mg-Al,03(a) 0.145 0.075 0.917 647
3Mn/Mg-Al,05(a) 0.253 0.106 1.390 645.5

from nitrate present a higher binding energy of Mn 2p3,, peak
than those prepared from acetate.

3.9. Scanning electronic microscopy
The SEM micrographs acquired by means of backscattered
electrons mode are shown in Fig. 8. The obtained imaging is

dependent on atomic number contrasts among the different
constituents of the sample. The bright zones represent heavy

g 110um

elements while the dark zones correspond to light elements.
Thus, the bright zones can be assumed as manganese oxide
species and the dark ones as the support.

3.10. Catalytic activity

The results of catalytic activity in ethanol combustion are
presented in Figs. 9 and 10 and Table 1. As it is observed in
Fig. 9, the catalysts prepared from manganese acetate are
markedly more active than those prepared from manganese
nitrate in the whole range of reaction temperatures. The
oxidation reaction starts at 130-150 °C on the -catalysts
prepared from nitrate and at temperatures below 100 °C on
those prepared from acetate. Comparing 75y and Ty, reaction
temperatures corresponding to 50% and 80% conversion,
respectively, a difference of 25-40 °C is observed for both
supports and the same manganese loading.

Regarding to the manganese loading, the higher activity of
the catalysts supported on Al,O3; was obtained with the higher
manganese loading. By contrast, the catalysts supported on
Mg-Al,O3 did not show much influence of the manganese
loading and even, the 3Mn/Mg-Al,05(a) catalyst was slightly
less active than the 1Mn/Mg—Al,O5(a) catalyst. Regarding to

Fig. 8. SEM micrographs for (a) 3Mn/Al,O3(n); (b) 3Mn/Al,O3(a); (¢) 3Mn/Mg—Al,03(n); and (d) 3Mn/Mg—-Al,05(a) catalysts.
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Fig. 10. Yield to CO, as a function of reaction temperature.

the support effect, it was observed that the catalysts with low
manganese loading were more active when the support was
Mg-Al,O3; composite. At higher manganese loadings, there
was not effect of the support when impregnating with nitrate,
but in the case of acetate, the highest activity is obtained on
Al,O3. In fact, the most active catalyst is 3Mn/Al,03(a).

4. Discussion

The transition alumina 6-8-Al,05 used as support in this
work was prepared following a very interesting method since a
relatively high-specific surface area was obtained despite the
high calcination temperature (1000 °C). The modification of
the alumina with a second oxidic phase has been evaluated in
several cases giving very promising results [9,10]. In this work,
an Mg—Al,O3; composite was prepared from the same alumina
used as support. The composite resulted texturally and

structurally similar to the original alumina. This fact greatly
facilitates the subsequent comparison between the supports.

Generally, the mixed oxides present different surface
characteristics from those of the pure oxides. In fact, a
modification of the isoelectric point and some differences in the
weaker acid sites were observed. The change of the acid—base
properties can allow to a modification of the anchoring centres
for the surface oxide species constituting the active phase of the
catalyst. Thus, a higher dispersion and stability of the supported
oxide layer could be achieved and the catalytic behaviour could
be affected.

The dispersion of the surface oxide species and its
interaction with the support are also determined by the
precursor salt employed during the impregnation, the nature of
the solvent, the solution pH, among other variables. Further-
more, the loading of active phase deposited on the support can
affect the catalytic activity. A low loading (lower than the
theoretical monolayer) can generate very active, non-crystal-
line surface oxide species. However, a low-concentration of
these species will give very low overall activity. On the
contrary, very high loading leads to the formation of a
crystalline oxide layer similar to the bulk oxide, disappearing in
this way, the effects of a supported oxide. Then, the choice of an
optimal loading of active phase requires a compromise solution.
In this work, we study the influence of the precursor and the
manganese loading on the nature and the dispersion of the oxide
phase supported on Al,O5 and the Mg—Al,O3 composite as well
as the effect of these variables on the catalytic performance.

The catalysts prepared in this work showed an excellent
behaviour in ethanol combustion (Figs. 9 and 10 and Table 1).
The highest catalytic activity of the catalysts prepared from
manganese acetate is manifested by a 25-40 °C difference in
the reaction temperature lower than the corresponding one to
the catalyst prepared from manganese nitrate. This temperature
difference becomes important when great gaseous effluent
volumes to be preheated in an actual process are considered.

The ethanol combustion occurs through an intermediate,
acetaldehyde, which is a volatile organic compound more
noxious for human health than ethanol. Then, a relevant aspect is
the selectivity to total oxidation (yield to CO,). As shown in
Fig. 10, the catalysts prepared from manganese acetate are more
selective to CO, than those prepared from nitrate. Clearly, the
acetate precursor generates more active and selective manganese
oxide species than that obtained from manganese nitrate.

The differences observed when the active phase loading and
the support are varied indicate that these factors influence on
the definition of the catalyst surface and consequently, on the
catalytic performance. This influence is less important than that
of the manganese precursor.

With the aim to explain the catalytic activity results and to
determinate the most convenient surface architecture of the
manganese oxide for the ethanol combustion, an exhaustive
physicochemical characterization of the catalysts was carried
out.

Firstly, the nature of the supported manganese oxide
attempted to be identified by means of XRD. In the
diffractograms of the catalysts with low manganese content,
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the diffraction lines of low intensity corresponding to the
manganese oxides indicate that the supported oxide layer is
amorphous or the crystallites are very small. At high
manganese loading, the diffractograms present differences
depending on the precursor. Evidently, the manganese
precursor has an important influence on the definition of the
supported manganese oxide layer. The nitrate precursor favours
the formation of a crystalline manganese oxide, probably as
microcrystals, which can be detected by XRD. The poor
definition of the diffractograms of the catalysts prepared from
acetate indicates that the manganese oxide would be found as
dispersed surface manganese oxide species.

This is corroborated by the results from Raman spectro-
scopy, which is a particularly useful technique to study
supported oxide species. Even if the Raman band assignation to
a determined manganese oxide presents great difficulty, the
detected bands in the spectra of our catalysts prepared from
acetate can be assigned to manganese oxide species dispersed
on the surface.

Another useful technique to obtain information about the
dispersion of the supported active phases and their interaction
with the support is the temperature-programmed reduction. In
fact, the low-temperature reduction signals in the TPR profiles
of the catalysts prepared from acetate would correspond to the
reduction of the dispersed manganese oxide species. This
observation is in line with the results of XRD and Raman
spectroscopy. In the TPR profiles of the catalysts prepared from
nitrate, the second reduction signal increases and broadens with
the increase of the manganese loading. This would be due to a
higher concentration of Mn,O; crystallites and/or to a size
growth of these crystallites as it has been deduced from the
XRD results. Considering the similarity of the hydrogen
consumption per manganese mass unit values, it can be
proposed that similar manganese oxide species exist in the
catalysts prepared from nitrate regardless on the manganese
loading and the support.

The TPR study can also be useful to obtain hints about the
oxidation state of the supported manganese oxide. It is expected
that the manganese oxides in different oxidation states show
differences in the reduction curves and/or the hydrogen
consumption. Actually, the catalysts prepared from acetate
consume less hydrogen than those prepared from nitrate. This
indicates that the MnO, species obtained from the acetate
precursor have a lower average oxidation state than that of the
microcrystalline Mn,O3 phase resulting of the nitrate precursor.
The XPS results are in agreement with this observation. The
lower binding energy of Mn 2p in the catalysts prepared from
acetate indicates a lower oxidation state [7]. The low hydrogen
consumption during the reduction could be considered as a low
oxygen amount available in the surface MnO, species which
indicates the existence of oxygen vacancies. The oxygen
vacancies are recognised as adsorption—desorption centres for
oxygen from the gaseous phase and consequently, they would
act as active centres in oxidation reactions.

As the catalysis is a surface phenomenon, the surface
properties of the catalysts can be more important than the
bulk composition and characteristics. Therefore, surface

characteristics of the catalysts such as specific surface area
and the dispersion of the active phase on the surface were
determined.

The specific surface areas strongly depend on the manganese
precursor. For the catalysts prepared from nitrate, the specific
surface area decreased with the increase of the manganese
loading almost in the same proportion on both supports. By
contrast, the catalysts prepared from acetate practically
maintained the specific surface areas of the supports. Probably,
the impregnation with manganese nitrate provokes a blocking
effect of the support pores causing a reduction of the specific
surface area. This blocking effect can be produced by
accumulation of manganese oxide in the pore mouth or
perhaps, the conditions for the impregnation with nitrate
(concentration of the precursor salt in the solution, solution pH,
drying temperature, etc.) could provoke a sealing of the support
pores because of the alumina dissolution [11]. When
manganese acetate was used as precursor, drastic decreasing
of the specific surface area was not observed. Probably, the
higher solution pH (6.7-7.5 [7]) or the nature of the precursor
salt hindered the pore sealing conserving the surface area. The
low-specific surface area of the catalysts prepared from nitrate
can partially explain the low activity of the catalysts. However,
this consideration is not enough to explain the results with
different manganese loadings. A more suitable way to compare
the catalytic performance is considering the dispersion of the
manganese oxide layer and its interaction with the support.

The surface atomic ratios Mn/Al and Mn/(Al + Mg)
determined by XPS give an idea of the dispersion of the
manganese oxide layer. The higher values observed for the
catalysts prepared from acetate indicate that the acetate
precursor produces a higher dispersion of the MnO, species.
The SEM micrographs corroborate this observation.

In order to evaluate the effect of the support and the
manganese loading on the dispersion of the supported oxide
layer, the results obtained with each precursor will be
analyzed separately since they do not follow the same
tendency. With the nitrate precursor, the atomic ratios Mn/Al
and Mn/(Al + Mg) decrease with the increase of the
manganese loading. This would be due to a lower manganese
amount on the surface or a lower manganese dispersion. If the
decrease of the specific surface area with the increase of
manganese loading occurs because of the pore sealing as
discussed above, part of the manganese can be retained within
the pore and cannot be accessible to the measurement by XPS.
Another possible explanation is that the consecutive deposi-
tions of manganese can allow to the growth of the surface
manganese oxide aggregates without increasing the surface
coverage. In this case, the aggregates can grow until forming
manganese oxide crystals. In fact, only the catalysts with
higher manganese loading prepared from nitrate show
crystalline XRD patterns. With the acetate precursor, the
atomic ratios Mn/Al and Mn/(Al + Mg) increase with
the manganese loading in a proportion that depends on the
support nature. On Al,O3, the ratio Mn/Al practically doubles
its value as occurs with the manganese content determined by
XRF. This indicates that the manganese oxide is more
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dispersed on the surface than when manganese nitrate is used
as precursor. On the contrary, on Mg—Al,Os, the atomic ratio
Mn/(Al + Mg) increases in lower proportion than the
manganese content determined by XRF. This shows that
when the manganese loading on Mg—Al,O; increases, the
manganese aggregates tend to grow instead of increasing the
surface coverage as occur on Al,05. Considering the notable
increasing of the atomic ratio Mg/Al when manganese acetate
is used as precursor, it can be deduced that manganese covers
preferentially the Al atoms. This indicates that the anchoring
sites of manganese to the surface are associated to the support
aluminium atoms. Otherwise, when manganese nitrate is used
as precursor, the support effect is less significant. The
differences in the isoelectric point and/or the surface acid—
base properties of the supports would be the cause of the
supported manganese oxide dispersion.

On the bases of the characterization results, it can be
deduced that the catalytic performance is associated to the
nature of the surface manganese oxide species. As it was
proposed in [12], the dispersed manganese oxide species able to
hold defects such as oxygen vacancies are the responsible of the
good catalytic performance.

5. Conclusions

The nature and characteristics of the supported manganese
oxide phase strongly depend on the manganese precursor used,
and to a lesser extent, on the support and the manganese loading.

With manganese acetate as precursor, highly dispersed
manganese oxide species are obtained on the surface. These
species are easily reducible and could present oxygen
vacancies. With manganese nitrate as precursor, the formation
of microcrystalline Mn,Oj is favoured.

The catalytic performance in the ethanol combustion on the
catalysts prepared from manganese acetate is notably higher
than that on the catalysts prepared from manganese nitrate. This
can be attributed to the highly dispersed manganese oxide
species generated on the surface when the manganese acetate
precursor is used.
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