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Alumina-supported manganese oxides, used as catalysts for the selective catalytic reduction of NO, were
characterized by combined electron spin resonance and diffuse reflectance spectroscopies. Upon impregnation
of the acetate precursor solution, the [Mn(H2O)6]2+ complex interacts strongly with surface hydroxyls of the
γ-Al 2O3. Evidence was obtained that this anchoring reaction proceeds at a Mn/OH) 1/2 ratio up to 4.5 wt
% Mn loading, leading to a highly dispersed oxidic manganese layer. At higher loadings, the precursor
complex is deposited on the surface concurrently. Upon drying at 383 K, part of the manganese is oxidized
to higher oxidation states (Mn3+ and Mn4+), while a further increase in (average) oxidation state takes place
upon calcination at 573 K. After calcination, the manganese species are present as a mixture of Mn2+, Mn3+,
and Mn4+. At low loadings (<1 wt %), approximately equal amounts of these three oxidation states are
present, whereas Mn3+ becomes the predominant species at higher loadings. ESR reveals that at low loadings,
almost all the manganese is present as isolated species, while at 4.5 wt % Mn loading, still more than 70%
of the manganese is isolated. The decrease of the fraction of isolated manganese species at higher loadings
is accompanied by a decreased selectivity toward N2 production in the selective catalytic reduction of NO.
The fraction Mn2+ is present in an axially distorted octahedral coordination.

1. Introduction

Pure or supported manganese oxides have been used as
catalysts for a variety of chemical reactions such as oxidation
reactions,1-3 the catalytic combustion of methane4 and VOC,5

nitrous oxide decomposition,6 and ozone decomposition.5

Besides, alumina-supported manganese oxides perform very well
as catalysts for the selective catalytic reduction (SCR) of NO
with NH3.7-9

Compared to its catalytic applications, much less attention
has been paid to the characterization of supported manganese
oxides. Alumina-supported catalysts were studied by X-ray
diffraction (XRD),1,4,6,10,11temperature-programmed reduction
(TPR),4,7,11X-ray photoelectron spectroscopy (XPS),10,11 low-
energy ion scattering (LEIS),10 infrared spectroscopy (IR),12

magnetic susceptibility,13 and electron spin resonance (ESR).14,15

Recently, the characterization of alumina-supported manganese
oxides, prepared from the acetate precursor, by XRD, TPR, IR,
Raman spectroscopy, and XPS, was discussed by Kapteijnet
al.16 They concluded that the synthesis routeVia the acetate
precursor yields a highly dispersed manganese oxide phase
having a strong interaction with the support, as reflected by the
absence of X-ray diffraction lines (up to 8.4 wt % Mn), the
shift to higher temperature of the reduction peaks in TPR, and
the shift to higher binding energy with respect to the pure oxides,
as observed in XPS. In addition, it was shown using TPR that
the average oxidation state is approximately 3+ for these
catalysts.
However, some questions about the nature of the catalytically

active manganese site remain unresolved. Firstly, it is not clear

whether the manganese oxide is present in the form of one
oxidation state or in the form of a mixture of oxidic phases.
Secondly, the coordination of the manganese has not been
elucidated so far. Thirdly, it is not clear whether the Mn atoms
are present as isolated species or as two dimensional clusters.
As was observed previously,16 the manganese oxide phase is
deposited on the surface as a dispersed phase without micro-
crystallites. In this study, it will be shown that the catalytic
properties with respect to the selectivity of the SCR reaction
change considerably between 2 and 4.5 wt % Mn loading. An
explanation, assuming the presence of isolated species and two-
dimensional clusters, will be discussed.
As the abovementioned questions are important for the

elucidation of the catalytically active cycle, an extended
characterization study was performed using diffuse reflectance
spectroscopy (DRS) and ESR. ESR is able to detect paramag-
netically isolated species and gives information about the
coordination of isolated sites; consequently, it is very useful to
study low-loaded catalysts. ESR is able to detect Mn2+ and
Mn4+, whereas Mn3+ is usually not detected.17 In the UV-vis
region of the DRS spectra, the d-d transitions of Mn3+ and
Mn4+ can be seen,18,19whereas the transitions of Mn2+ are all
spin forbidden and by consequence very weak. Moreover, the
near-infrared region of the DRS spectra can be used to obtain
evidence for the anchoring of Mn ions to surface hydroxyls of
the Al2O3 support, as previously proposed on the basis of IR
studies,16 in a more quantitative way.
Therefore, combined ESR-DRS spectroscopies seem to be

suited to address the abovementioned questions.

2. Experimental Section

2.1. Materials. The catalysts were prepared by incipient
wetness impregnation of a Ketjen CK300γ-Al2O3 support (SBET
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) 200 m2 g-1, pore volume 0.5 cm3 g-1, and particle size 150-
250 µm) with an aqueous solution of (CH3COO)2Mn‚4H2O.
Subsequently, the catalysts were dried in stagnant air overnight
at 383 K, followed by calcination in O2 at 573 K for 1 h and at
773 K for 3 h. Due to the limited solubility of the precursor,
the impregnation was performed in several steps with drying
in-between (except for the 0.5 wt % catalyst). In this way,
samples were prepared ranging from 0.5 to 8 wt % Mn loading.
For several dried samples, the calcination procedure was
evaluated by spectroscopy.
The gases used were all supplied by Air Liquide. During

the experiments, the samples were fixed in a quartz flow cell
containing an optical Suprasil window for DRS and a capillary
side arm for ESR. After all treatments, the cell was discon-
nected from the flow system and sealed, and subsequently,
spectra were taken.
2.2. Characterization Techniques.UV-vis spectra of the

aqueous solution of the precursor Mn(CH3COO)2‚4H2O were
recorded on a Perkin-Elmer Lambda 12 spectrophotometer in
the 200-900-nm range. The spectra exactly match the pub-
lished spectra of the [Mn(H2O)6]2+ complex.20

DRS spectra were recorded on a Varian Cary 5 UV-vis-
near-IR spectrophotometer at room temperature in the range
200-2500 nm. A Halon white reflectance standard was
subtracted as background. From all absorption spectra, the
Kubelka-Munk function was automatically calculated. Further
spectral processing was performed using the software package
GRAMS/386 (Galaxy Industrial Corp.).
ESR spectra were recorded on a Bruker ESP 300E instrument,

mainly in the X band at a microwave power of 200µW with a
double-rectangular TE104 mode cavity, connected to liquid
nitrogen or helium cooling equipment. Besides, a few spectra
were recorded in the Q band and K band. The software allows
double integration of the spectra and therefore the calculation
of spin densities, using (CH3COO)2Mn‚4H2O/KCl mixtures,
with spin densities ranging from 1019 to 1021 spins g-1, as
reference materials. Typically, the samples were measured at
140-150 K, but some were measured down to 20 K. Before
recording the spectra, the samples were flushed with He to
remove weakly adsorbed oxygen. Spectral simulations were
performed with the software package QPOW.21

2.3. Catalytic Tests. The selectivity toward N2 production
for the selective catalytic reduction of NO with NH3 of 1-8 wt
% Mn/Al2O3 samples was determined at 523 K, using a standard
flue gas mixture. The experimental details of the equipment
and procedure were described previously.7,8

3. Results
3.1. Diffuse Reflectance Spectroscopy. Dried and Cal-

cined Samples. As an example, the spectra of the 0.5 wt %
Mn/Al2O3 catalyst as a function of calcination temperature are
shown in Figure 1. A spectrum of the calcined Al2O3 support
is presented as well. The freshly dried sample exhibits a Mn
band at 21 700-22 000 cm-1, partly covered by strong but
unresolved charge-transfer bands at 35 000-40 000 cm-1 (not
shown).18 In the near-infrared region, overtones of the acetate
precursor (2ν of the C-H vibration) are observed at 5820 and
5940 cm-1.22 Moreover, the first overtone (2ν) of molecularly
adsorbed water (6800 cm-1) can be seen, accompanied by a
combination band (ν + δ) at 5200 cm-1.23

Upon calcination at 373 K, the band of molecularly adsorbed
water disappears. The acetate decomposes between 473 and
573 K (Figure 1b). At 573 K, the Mn band has shifted toward
21 000 cm-1. Moreover, the first overtones of surface hydroxyls
of the Al2O3 support are resolved in the region 7100-7360
cm-1.22

Upon calcination at 773 K (Figure 1c), the intensity of the
Mn band has increased considerably and is centered at 21 200
cm-1, with a weak shoulder around 25 000 cm-1. The surface
hydroxyls are well pronounced in the spectrum at 7210, 7290,
and 7360 cm-1, assigned to the overtones of acidic, neutral,
and basic hydroxyls, respectively.24

The spectra of higher loaded (2-7 wt %) samples show
comparable changes during calcination. The Mn band, observed

Figure 1. DRS spectra of 0.5 wt % Mn/Al2O3 after (a) drying at 383 K (s), (b) calcination in O2 at 573 K (---), and (c) calcination at 773 K (‚‚‚).
DRS spectrum ofγ-Al 2O3 (d) after calcination at 773 K (- - --).

Figure 2. DRS spectra ofγ-Al 2O3-supported manganese oxides after
calcination in O2 at 773 K;γ-Al 2O3 (s s), 0.5 wt % Mn (s - -), 2
wt % Mn (s), 4.5 wt % Mn (‚‚‚), and 7 wt % Mn (- - --).
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in the range 20 900-22 000 cm-1, is reflected at these loadings
in the form of a shoulder of the band at 40 000 cm-1. Usually
the rise in intensity, as observed between 573 and 773 K for
the 0.5 wt % loaded sample, proceeds at approximately 573 K
for the higher loaded samples. The main difference between
the spectra of higher loaded samples and the 0.5 wt % loaded
sample is found in the intensity of the Mn band and the bands
of the surface hydroxyls (Figure 3). For a low concentration
of absorbing centers, the Kubelka-Munk law predicts a linear
correlation betweenF(R∞) and this concentration. Hence, a
quantitative evaluation of the spectra is possible. Figure 3 shows
the intensities of the Mn band and of the surface hydroxyls as
a function of Mn loading. Up to 4.5 wt % loading, the intensity
of the Mn band increases linearly with loading; it should be
mentioned that at higher loadings, the Kubelka-Munk law is
no longer valid. The bands (from 6900 to 7600 cm-1) of the
overtones of the surface hydroxyls were integrated after subtrac-
tion of a linear background. For the highest loadings, this
method is less accurate (see Figure 2). Clearly, the integrated
intensity of the hydroxyls decreases linearly with loading up to
4.5 wt % Mn; beyond this loading, the intensity remains
constant. Thus, the increase of the Mn absorption band is
accompanied by a decrease of the OH peaks in the near-infrared
region.
Reduced Samples.During reduction, the color of the sample

progressively changes from pale pink to brown (depending on
Mn loading) before reduction to white after reduction at 930
K. The spectral range of the Mn band of 2 wt % Mn/Al2O3

during reduction by H2 is shown in Figure 4. Before reduction,
the sample was dehydrated in O2 at 573 K: the spectrum shows
a band in the range 21 500-22 800 cm-1 (band 1). Moreover,
a very weak feature is observed around 25 000 cm-1. Upon
reduction at 473 K, the maximum of band 1 is at 21 900 cm-1.
The weak band already found after dehydration becomes a band
with a maximum at 25 600 cm-1 (band 2). The intensity of
the entire spectrum is reduced in this range. Upon reduction at
573 K, the entire spectrum is considerably less intense. The
maximum of band 2 is slightly more pronounced. The
maximum of band 1 is shifted slightly upwards. After reduction
at 673 K, the intensity of the entire spectrum is significantly
reduced. Both bands can still be observed, at a slightly higher
wavenumber. At 930 K, only one very weak but sharp band
with a maximum at 23 700 cm-1 is observed, shown more
clearly in the insert of Figure 4.
3.2. Electron Spin Resonance. Dried and Calcined

Samples. As an example, ESR spectra of 0.5 wt % Mn/Al2O3

at different stages of calcination are shown in Figure 5. The

dried sample shows a broad signal withg ) 2.0119 exhibiting
“wings” on both sides, and a poorly resolved six-line hyperfine
structure with splitting constantA ) 78.1((3.9)× 10-4 cm-1.
The latter signal appears to be isotropic, suggesting an octahedral/
tetrahedral symmetry of the paramagnetic Mn ion. A small Fe3+

impurity is visible atg ) 4.3. Upon calcination at 573 K, the
values ofg andA slightly change (2.0189 and 78.1((3.9)×
10-4 cm-1, respectively). Fine structure lines are found at
higher and lower field, indicating a change to axial symmetry.
After calcination at 773 K, both the hyperfine and the fine
structure become better resolved. The spectrum is characterized
by ag value of 2.0012 and a hyperfine splitting constantA of
82.3((4.1)× 10-4 cm-1. A rough estimate of the zero-field
splitting parameterD, extracted from the distance between the
central sextet and the outer sextets,25 yields a value of

Figure 3. Integrated intensities of DRS bands in the OH region (0)
and line heights of the DRS band Mnn+ region (b) after calcination at
773 K in O2 as a function of Mn loading. Figure 4. DRS spectra of 2 wt % Mn/Al2O3 after calcination at 773

K (---), reduction by H2 at 573 K (s), 673 K (‚‚‚), and 930 K (s - -).
In the insert: details of the spectrum after reduction at 930 K.

Figure 5. ESR spectra (X band) of 0.5 wt % Mn/Al2O3 after (a) drying
at 383 K, (b) calcination in O2 at 573 K, and (c) 773 K.
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550((27.5)× 10-4 cm-1. This signal is superimposed on a
broad isotropic signal (wings), already present in the spectra of
the dried sample. Computer simulations indicate that the
spectrum cannot be constructed by assuming only one para-
magnetic species.
At higher loadings, both the hyperfine structure and the fine

structure are much less resolved, with values ofg andA not
being significantly different from those determined at 0.5 wt
% loading. The broad, isotropic signal, superimposed by the
central sextet, also remains unchanged at higher loadings. Some
additional spectra of a 2 wt %Mn/Al2O3 sample were recorded
in the Q band and K band. From these spectra, it was possible
to determineA more exactly, but they yielded no new fine
structure. These spectra were also recorded down to liquid He
temperature; however, no qualitative changes with temperature
were observed.
The total intensity of the ESR signal provides more quantita-

tive information. Isolated paramagnetic species follow the
Curie-Weiss law, giving a linear relation between the intensity
of the signal and the reciprocal temperature:

in which ø ) magnetic (molar) susceptibility,C ) Curie
constant, andθ ) Weiss constant.
Hence, recording spectra at different temperatures provides

evidence as to the presence of isolated paramagnetic species.
The intensities of the ESR signals of 0.5-7 wt % Mn/Al2O3,

measured between 140 and 330 K, were double integrated over
the total magnetic field range. The values obtained by integra-
tion have uncertainty limits of(5%. The reciprocal intensity
was plotted against temperature (Figure 6). Clearly, straight
lines can be fitted up to 4.5 wt % Mn loading. Assuming that
these straight lines may be extrapolated to lower temperatures
(spectra in the Q band and K band at 20 K do not show different
features), this means that at least part of the manganese is present
as isolated paramagnetic species. By extrapolation, the values
of θ can be obtained, reflecting the deviation from ideal
magnetic behavior. If species are perfectly isolated,θ is close
to 0. The obtained values are comparable for the 0.5-4.5 wt
% loaded samples and deviate less than 25 K from 0. In
contrast, at 6 wt % loading, a straight line can be fitted, but the
value ofθ is far from 0, indicating that the manganese species
show no Curie-Weiss behavior. At the highest loading, all
manganese species are magnetically influenced by each other
and no linear dependency is observed.

The amount of spins per mole of manganese at different Mn
loadings was determined, according to eq 2, using calibration
mixtures of manganese acetate, diluted by KCl. Mn ions can
be observed by ESR as Mn2+ (S ) 3/2) and Mn4+ (S ) 5/2).
The spin quantum numberS determines the intensity of the
signal of 1 mole of paramagnetic atoms; by consequence, the
ESR signal of 1 mol of Mn4+ is 7/3 times the ESR signal of 1
mol of Mn2+;

in which NMnn+ andNref ) amount of spins of Mnn+ and the
reference sample, respectively,AMnn+ and Aref ) integrated
intensity of the ESR signal of Mnn+ and the reference sample,
respectively,gMnn+ andgref ) g value of Mnn+ and the reference
sample, respectively,SMnn+ andSref ) spin quantum number of
Mnn+ and the reference sample, respectively. Figure 7 shows
the molar fraction of paramagnetic Mn speciesVs the Mn
loading for three cases: two extreme cases in which all
paramagnetic species are supposed to be Mn2+ or Mn4+,
respectively, and one intermediate case in which a ratio of Mn2+/
Mn4+ ) 1 is assumed. As a Mn3+ average oxidation state was
estimated from TPR,16 a molar ratio Mn2+/Mn4+ ) 1 would
represent the fraction of paramagnetic manganese species most
reasonably. At 0.5 wt % Mn, about two-thirds of the manganese
present is accessible by ESR. Clearly, the signal per mole of
manganese decreases sharply from 0.5 to 4.5 wt % loading and
remains constant at higher loadings.
Reduced Samples.ESR spectra of the 0.5-4.5 wt % Mn/

Al2O3 samples were recorded after reduction at increasing
temperatures. The hyperfine structure and fine structure in the
spectra of dehydrated samples become less resolved during the
reductive treatment, whereas no new absorption lines are
observed. After reduction at 930 K, the spectra consist of one
isotropic signal. As an example, the spectrum of 2 wt % Mn/
Al2O3 is shown in Figure 8. The intensity of the signal strongly
increases with reduction temperature. As the amount of Mn2+

increases upon reduction, these higher ESR signals are in
agreement with eq 2. Besides, the increased amount of Mn2+

will result in relatively less diluted Mn2+ species, explaining
the disappearance of the fine structure and hyperfine structure.
As the spectra of the reduced samples have the same structure

Figure 6. Curie-Weiss plots (1/intensity ESR signal vs temperature)
of calcinedγ-Al 2O3-supported manganese oxides: 0.5 wt % Mn (0),
2 wt % Mn (+), 4.5 wt % Mn (4), 6 wt % Mn (]), and 7 wt % Mn
(O). Figure 7. Molar fraction paramagnetic Mn of calcinedγ-Al 2O3-

supported manganese oxides as a function of Mn loading if all the
ESR signal is due to Mn2+ (0), Mn4+ (O), and a 1:1 mixture of Mn2+

and Mn2+ (b).

NMnn+ ) Nref

AMnn+

Aref

gref
gMnn+

Sref(Sref + 1)

SMnn+(SMnn+ + 1)
(2)

øMn
n+ ) C

T- θ
∝ IMn

n+ (1)
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as the reference compound Mn(CH3COO)2‚4H2O, it is assumed
that they still consist of isolated species that experience minor
spin-spin coupling (decreased fine and hyperfine structures)
but that give rise to the same ESR intensity as isolated Mn atoms
in the reference compound.
An indication of the total amount of isolated manganese

species is obtained from the ESR signals after reduction, when
all manganese species are reduced to ESR-active Mn2+. In
addition, a quantitative distribution of oxidation states of
calcined samples is obtained using two conclusions drawn from
TPR patterns:16

(1) After calcination, theaVerageoxidation state of the cata-
lysts is 3+; hence, Mn2+ and Mn4+ are present in a 1/1 ratio.
(2) After reduction at 930 K, all manganese species are

present as Mn2+.
Table 1 shows the molar amount of paramagnetic manganese

species present before and after reduction at 930 K according
to the above-stated assumptions. For the calcined 0.5 wt %
loaded catalyst, about two-thirds of the amount of manganese
present was observed by ESR, whereas almost all the manganese
is detected after reduction. Hence, it is reasonable to state that
almost all the manganese species are isolated and that one-third
was present as isolated Mn3+ after calcination. For the 2 wt %
loading, a much lower fraction of paramagnetic species is
observed after calcination, whereas more than 80% is detected
by ESR after reduction. This means that the amount of isolated
manganese species is slightly lower compared with the 0.5 wt
% sample, while the relative content of Mn3+ is considerably
larger. At 4.5 wt % loading, the amount of paramagnetic species
after calcination is low, while the reduced samples give rise to
strong ESR signals, which shows that most of the manganese
is present as Mn3+ and that this fraction is mainly isolated.
3.3. Catalytic Tests. In the Introduction, the aim to find a

relation between the structure of the catalysts and the selectivity
toward N2 production for the SCR reaction was underlined. The
selectivity is mainly determined by the ratio at which the
following possible reactions proceed:

As reaction 3 is desired, the selectivity is defined as the
following ratio of product concentrations:

Figure 9 shows the selectivities during catalytic tests at 523
K of the 1-8 wt % Mn/Al2O3 catalysts. Up to 2 wt % Mn
loading, the selectivities are higher than 96%. Above this
loading, the selectivities drop strongly and almost linearly with
loading, leading to a very poor selectivity at 8 wt % Mn load-
ing.

4. Discussion

4.1. Interaction of Manganese Ions with Support. UV-
vis spectroscopy shows that [Mn(H2O)6]2+ is the precursor
molecule present in the impregnation solution. Hence, a metal-
support interaction has to arise from a reaction of this complex
with surface hydroxyls of theγ-Al 2O3 support. The solution
has a pH in the range 6.7-7.5, depending on the concentration
of the precursor salt. Kapteijnet al.16 stated that upon
impregnation, acidic hydroxyls (slightly positively charged) have
an electronic interaction with the oxygen atom of the water
molecules of the hexaaquo complex. As soon as these hydroxyls
are consumed, the (slightly negative) basic hydroxyls react with
the positively charged Mn ions. According to the present spectra
of the overtones of the surface hydroxyls (Figure 2), there is
no preference of the hexaaquo complex to react with acidic or
basic hydroxyls. Hence, both interactions described by Kapteijn
et al.can be confirmed, but they proceed simultaneously rather
than in sequence.
After drying at 393 K, theγ-Al 2O3 support contains about

10-11 OH groups nm-2.24 If every Mn ion would react with
1 OH of the support, the hydroxyls would be consumed at 16.8
wt % Mn loading. If the reaction would proceed at a 1/2 ratio,
complete depletion of hydroxyls would be reached at 8.4 wt %
loading. Figure 3 clearly shows that the amount of hydroxyls
has decreased by about 50% at 4.5 wt % Mn loading. Hence,
the assumption that the reaction of Mn ions with surface
hydroxyls takes place at a 1/2 ratio is proven quantitatively now
by DRS results, and multilayer formation can be excluded up
to that loading. Up to 4.5 wt % Mn loading, surface hydroxyls
are titrated by the Mn complex, giving rise to a linear decrease

Figure 8. ESR spectrum (X band) of 2 wt % Mn/Al2O3 after reduction
in H2 at 930 K.

TABLE 1: Detected Paramagnetic Manganese Species
before and after Reduction at 930 K

fraction of paramagnetic Mn

loading/wt % before reductiona after reduction

0.5 0.67 0.97
2 0.29 0.82
4.5 0.13 >0.70

aWhen a Mn2+:Mn4+ ratio of 1:1 is assumed.

4NO+ 4NH3 + O2 f 4N2 + 6H2O (3)

4NO+ 4NH3 + 3O2 f 4N2O+ 6H2O (4)

2NH3 + 2O2 f N2O+ 3H2O (5)

Figure 9. Selectivity toward N2 production in the selective catalytic
reduction of NO at 523 K as a function of Mn loading.

S)
[N2]

[N2] + [N2O]
(6)
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of the bands of the OH overtones (Figure 3) with Mn loading.
Above 4.5 wt % loading, deposition of the Mn hexaaquo
complex as well as reaction with the surface hydroxyls takes
place, causing a less than linear decrease of the bands of the
OH overtones.
It should be noted that the use of the acetate precursor may

be important for the obtained dispersion of the manganese.
Alumina-supported manganese oxides, preparedVia impregna-
tion from the nitrate solution, yield XRD lines at lower loadings
(>2 wt %)10,14thanVia impregnation from the acetate precursor
(>8.4 wt %).11,16 An important difference between these
impregnation solutions is the acidic pH of the nitrate solution
Vs the neutral pH (6.7-7.5) of the acetate solution. Possibly,
this neutral pH provides the condition at which most of the
hydroxyls participate in the anchoring process. Baltana´set al.1

prepared catalystsVia the nitrate precursor and added a NH4-
OH solution directly after impregnation, inducing simultaneously
an increase in pH and precipitation of MnOH, resulting in a
better dispersed oxidic manganese layer, not detectable by XRD
up to 4.8 wt % loading.
4.2. Oxidation State and Coordination Manganese Spe-

cies. The average oxidation state of the calcined catalysts is
about Mn3+, irrespective of the Mn loading.16 The ESR spectra
show that not all manganese is present as a 3+ species because
Mn3+ exhibits no ESR signal.17 Hence, next to Mn3+, both
Mn2+ and Mn4+ species must be present to account for the
average oxidation state, and the observed ESR spectrum must
be due to one or both of these species. In Table 2, some ESR
parameters are presented of reference compounds. Mn2+

species, in various coordinations, have been much more
extensively studied than Mn4+ species. Two general spectral
differences between the two oxidation states are evident. Firstly,
the reportedg values for Mn4+ are slightly less than 2, whereas
those of Mn2+ are slightly above 2. Secondly, the value ofA
ranges from 65× 10-4 to 71× 10-4 cm-1 for Mn4+ and from
75.7× 10-4 to 91.6× 10-4 cm-1 for Mn2+. By consequence,
both theA andg values observed in the recorded ESR spectra
can likely be assigned to Mn2+. However, spectral simulation
indicated that the recorded spectra do not result from one
paramagnetic species. As the average oxidation state of the
samples is 3+,7,16 the observed Mn2+ signal is possibly
superimposed on a Mn4+ signal.
The appearance of broad wings around the central absorption

in the ESR spectra of Mn2+ containing materials was observed
previously by other authors.15,26-28 The wings are due to
dipole-dipole interactions,15 and as a result, they are predomi-
nant in the spectra of higher loaded samples. Besides, they
become the predominant feature in the spectra of low-loaded
samples during reduction as the amount of Mn2+ increases
(Figure 8), in line with the spectral changes reported on reduced
MnOx/Al 2O3 by Baltanás et al.15

Table 3 presents some literature data on the absorption bands
of d-d transitions of Mn ions in different environments. From
this table, it is clear that Mn3+ and Mn4+ show mainly one d-d

transition, while Mn2+ shows up to six transitions (although
only three of them are visible in solids)25,29which are all spin
forbidden and by consequence very weak. As the literature data
show almost all band maxima to be located in the 20 000-
25 000-cm-1 range, assignment of the bands observed in Figure
1 is rather cumbersome.
TPR data show that reduction of MnOx/Al 2O3 catalysts,

prepared via the acetate precursor, proceeds in a broad tem-
perature range (480-900 K).16 Hence, it may be assumed that
after reduction at 930 K for 2 h, all species are completely
reduced to Mn2+ and the very weak band at 23 700 cm-1 (Figure
4d) can thus be assigned to the4A1 r 6A1 transition in Mn2+.30

Therefore, the band observed at 20 000-22 500 cm-1 in all the
other spectra can be assigned only to the5T2g r 5Eg transition
in Mn3+/Al 2O3

19,31 and/or the4T2 r 4A2 transition in Mn4+/
Al 2O3.18 The DRS spectrum of the dried, uncalcined catalyst
(Figure 1a) shows this band, indicating that oxidation of the
Mn2+ ion of the precursor already proceeds during drying, and
not only during calcination. However, the band becomes more
intense during calcination, as more Mn2+ ions are oxidized to
higher oxidation states. During calcination, the band is centered
at 21 000-21 300 cm-1, in-between the reported values of Mn3+

and Mn4+ on an Al2O3 support.
The gradually decreasing intensity of the spectrum during

reduction corresponds fairly well to the TPR results,16 which
show broad reduction peaks, covering almost the entire tem-
perature range.
Most of the ESR studies on Mn2+-containing materials report

an octahedral or an axially distorted octahedral coordination of
Mn2+ ions.14,18,24-26,32-34 Wichterlováet al.34 report an ESR
signal of Mn2+ in a distorted tetrahedron atg) 4.27. Literature
data presented in Table 2 suggest the coordination of the Mn2+

ions observed in the recorded ESR spectra to be most reasonably
described as axially distorted octahedral.
4.3. Fraction of Isolated Manganese Species: Quantita-

tive Distribution of Oxidation States. The Curie-Weiss plots
in Figure 6 show that up to 4.5 wt % Mn loading, at least part
of the manganese species is present in the form of isolated
species. The high molar fraction of paramagnetic manganese

TABLE 2: ESR Parameters of Mn-Containing Reference Compounds

Mnn+ loading environment symmetry g 10-4A/cm-1 10-4D/cm-1 ref

Mn2+ 1-6 wt % γ-Al 2O3 tetrahedral/octahedral 2.00 76.6 br distribution 14
Mn2+ γ-Al 2O3 octahedral 86.8 270-1350 26
Mn2+ 4.3 wt % Al2O3 cubic 2.0023 86.9 15
Mn2+ 0.1-1.7 wt % Na-A; Li-A octahedral 2.006 89.0 100 27
Mn2+ 3 mol% MnOH ZSM tetrahedral 4.27 34
Mn2+ 1 ppm MgO polycrystalline axial 2.0064 81.2 52-85 28, 32
Mn4+ 0.001-0.1 atom % R-Al 2O3 axial 1.9937 71.1 18
Mn4+ MgO polycrystalline 1.9970 70.7 -1957 32
Mn4+ 0.1% MgO-LiO axial 1.995 70.0 280 33

TABLE 3: Absorption Maxima of d -d Transitions of
Mn-Containing Reference Compounds

Mnn+ environment absn max/cm-1 transition ref

Mn2+ MnO 16 400 4T2 r 6A1 30
20 800 4T2 r 6A1

23 800 4A1 r 6A1

Mn2+ Mn(Ac)2‚4H2O 18 500 4T2 r 6A1 35
22 700 4T2 r 6A1

24 740 4A1 r 6A1

Mn3+ Al2O3 18 700 5T2g r 5Eg (⊥) 19
20 600 5T2g r 5Eg (|)

Mn3+ CsMn(SO4)‚2.12H2O 21 000 5T2g r 5Eg 29
Mn3+ Mn-APO-34 20 400 5T2g r 5Eg 36
Mn4+ Al2O3 21 300 4T2g r 4A2g 18
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after reduction (Table 1) indicates that up to 4.5 wt % loading,
the fraction of isolated manganese is indeed very high, ap-
proaching 100% at 0.5 wt % Mn loading. Moreover, from the
fact that the intercept with thex axis is comparable for the low-
loaded samples, it is concluded that the paramagnetically active
manganese species behave comparably for these samples. At
higher loadings, no linear fit can be obtained, meaning that all
paramagnetic manganese species are influenced by neighboring
sites. The loading above which isolated species are no longer
present coincides with the loading above which manganese ions
no longer interact exclusively with surface hydroxyls of the
support (Figure 3). Note that even at loadings beyond 5 wt %,
the manganese dispersion remains high, as no microcrystallites
are observed by XRD and as XPS data point toward a strong
metal-support interaction.16 It is assumed that two-dimensional
layers of manganese oxides are formed at these higher load-
ings.16

Forcalcined samples, the amount of paramagnetic manganese
as a function of loading (Figure 7) shows that the fraction of
manganese species present as isolated paramagnetic species
decreases sharply for loadings increasing from 0.5 to 4.5 wt %.
In contrast, forreduced samplesthe amount of paramagnetic
manganese slightly decreases as a function of loading. This
shows that, for calcined samples, the fraction of ESR-silent
Mn3+ sharply increases with Mn loading. The results cor-
respond fairly well to those from ESR studies by Lo Jaconoet
al.,14 who showed that at low loadings (0.5 wt %) about 35%
of the manganese was present as Mn2+. At higher loadings,
the absolute signal of Mn2+ did not increase, whereas the relative
content of Mn3+ increased significantly. Hence, it appears that
only a limited amount of manganese can be stabilized as Mn2+

on the Al2O3 surface. Additional manganese is oxidized to
Mn3+ and to a lesser extent to Mn4+.
In summary, it can be concluded that at manganese loadings

of less than 1 wt %, practically all manganese species are
isolated on the Al2O3 support and that after calcination, the ratio
Mn2+:Mn3+:Mn4+ is approximately 1:1:1. At increased loading,
two-dimensional layers of manganese are formed in addition
to isolated species and the fraction Mn3+ becomes much larger.
At 6 wt % and higher loadings, no Mn species are isolated and
dispersed two-dimensional layers cover the Al2O3 surface.
The selectivity of the catalysts in the selective catalytic

reduction of NO decreases significantly with the Mn loading.
Apparently, catalysts containing mainly isolated Mn species (0.5
wt %) on the surface are exclusively active for the desired
reaction (3). At 2 wt % Mn loading, not all Mn species are
isolated but the selectivity is still close to unity, showing that
active sites for the desired reaction do not have to be perfectly
(magnetically) isolated species. This idea is supported by the
fact that at 7 wt % loading, hardly any isolated Mn species are
present (Figure 6), whereas the desired reaction still proceeds
at a certain rate. However, the general trend is that increasing
amounts of two-dimensional manganese oxide layers, present
at higher loadings, cause an increasing contribution of the
undesired reactions (4) and (5). Hence, the selective reaction
(3) proceeds over (magnetically) isolated Mn species and very
small clusters, whereas reactions 4 and 5 require larger Mn
ensembles. From a selectivity point of view, the Mn loading
of this type of catalysts should not exceed 2 wt %.
4.4. Reaction Scheme for the Preparation Al2O3-Sup-

ported Manganese Oxides.The Mn(H2O)6 complex is the
precursor molecule present in an aqueous solution of manganese
acetate. During impregnation and subsequent drying, the
reaction of this complex with both the acidic and basic hydroxyls
of theγ-Al2O3 support can be represented as follows:

Upon calcination, further oxidation of the manganese occurs:

It should be noted that Mn3+ is the average oxidation state after
calcination and that its relative content increases with increasing
Mn loading.

5. Conclusions

From this study by ESR and DRS of alumina-supported
manganese oxides, prepared from the acetate precursor, the
following conclusions can be drawn:
During impregnation of the aqueous precursor solution, the

[Mn(H2O)6]2+ complex reacts with the surface hydroxyls of the
Al2O3 support. Evidence was obtained for a stoichiometry of
Mn/OH ) 1/2 for this reaction. At loadings above ap-
proximately 5 wt %, the reaction with surface hydroxyls is
accompanied by deposition of the precursor complex.
The preparation method yields a highly dispersed catalyst with

a high percentage (above 70%) of isolated species up to 4.5 wt
% manganese loading. Part of the manganese is oxidized to
higher oxidation states upon drying at 383 K, while a significant
increase in the average oxidation state takes place during further
calcination at 573 K. The manganese oxides obtained are
present as a mixture of Mn2+, Mn3+, and Mn4+. At low
loadings, these oxidation states are present in a ratio of around
1:1:1, while at higher loadings Mn3+ is the dominant species.
The fraction Mn2+ is present in an axially distorted octahedral
coordination.
The observed decrease in selectivity for the selective catalytic

reduction of NO as a function of Mn loading in these materials
corresponds to the general trend of decreasing content of
magnetically isolated Mn species with loading. However, sites
exclusively active for the desired reaction toward N2 production
do not have to be perfectly isolated. At increasing content of
dispersed two-dimensional manganese oxide layers, the contri-
bution of undesired reactions strongly increases. Hence, larger
Mn ensembles are apparently necessary for the unselective
reaction pathway.
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