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Abstract

The phenomenon of the sharp increase of activity in reactions of deep oxidation found for the manganese oxide–alumina
system calcined at 900–1000◦C was named as thermoactivation effect. This effect was shown to be associated with phase
transformations in this system. Peculiarities of phase transformations in the MnOx /Al2O3 system after its calcination at 950◦C
for 1–10 h were studied with XRD, TEM, XPS methods; the catalysts activity in deep oxidation ofn-pentane was measured in
a flow-circuit setup. It was found that a set of phase transformations occurred in the system, starting from the formation of the
metastable nonstoichiometric manganese–alumina cubic spinel (after 1–2 h calcination) and nonequilibrium solid solution
of Mn3+ ions in the structure of�-Al2O3 which decomposes producing high-temperature aluminas modified by manganese
ions and particles of imperfect�-Mn3O4 phase doped with aluminium ions. Increase of the calcination time to 10 h and
more results in the formation of biphasic system composed of�-Al2O3 and nanocrystalline�-Mn3O4 modified by Al3+ ions.
These transformations are associated with the maximum activity showed by catalysts calcined for 5–6 h in the reaction of
n-pentane combustion. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has been shown [1,2] that when lean gas mix-
tures are burnt by using the reverse-process technol-
ogy, one may accumulate heat in the reactor up to
rather high temperatures and utilize it. In this case,
temperature-resistant catalysts are strongly needed.
Therefore, we began to develop a combustion catalyst
with a high resistance to temperatures up to 1000◦C.
At present this catalyst is registered as IC-12-40
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(known in USA as Z-2 [3]) and commercially pro-
duced by “Katalizator” in Novosibirsk, Russia.

Numerous studies devoted to the temperature-
resistant combustion catalysts are available. The data
obtained are surveyed in reviews [4–6]. The main
purpose of these reviews was to analyse the pos-
sibility of producing the catalysts with good re-
sistance to super high temperatures and applying
them for methane combustion in various devices,
in particular, in gas turbines operating at temper-
atures up to 1400◦C. As shown in [4], the main
objects under research among the oxide systems
were the derivatives of manganese hexa-aluminates,
which contain alkali and rare-earth ions. IC-12-40
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Scheme 1.

catalyst, being a simpler binary MnOx–Al2O3 sys-
tem, is intended for operation at temperatures up to
1000◦C.

Thermal activation effect is very characteristic for
the IC-12-40 catalyst. It has been found previously [7]
that calcination of MnOx /�-Al2O3 in air at the tem-
perature range 900–1000◦C causes a sharp increase
(10-fold and more) of the activity of this catalyst in
the reaction of deep oxidation of hydrocarbons. This
phenomenon has been referred to as “thermal activa-
tion effect”. XPS data [7,8] showed that this effect is
manifested as an increase in the Mn/Al ratio on the
catalyst surface that might indicate on the process of
dispersion of the supported manganese oxide in this
temperature interval.

Studies of supported manganese–alumina catalysts
calcined at different temperatures [7–10] have shown
that at 500–800◦C solid solutions of Mn3+ in the
alumina structure are formed due to the partial dis-
solution of manganese ions. But the main part of
manganese is still in the form of�-Mn2O3 oxide
phase. Calcination of the system at higher tempera-
tures (900–1000◦C) results in the decomposition of
these solutions and formation of corundum and man-
ganese oxide nanoparticles. According to XRD and
EXAFS, the latter structure can be identified as an
imperfect spinel of the�-Mn3O4 type. The imperfec-
tion, characterized by the Mn–Mn distances which
differ from those in the ideal spinel is associated with
modification of the structure of manganese oxide
nanoparticles by Al3+ions. Formation of thermody-
namically more stable phases (corundum and spinel)
is the driving force for the phase transformation pro-
cesses in the system. The presence of manganese
atoms in the alumina structure facilitates the trans-
formation of�-Al2O3 into corundum as registered by
XRD already in the sample calcined at 900◦C (70%
of �-alumina after 900◦C and 6 h [7]).

Phase transformations that occur in the systems as
a function of calcination temperature (after 6 h calci-
nation time) are presented in Scheme 1 according to
data of EXAFS, XRD, TEM and chemical analysis
[8–10], where square brackets are used for designa-
tion of the solid solutions of the definite structures. As
evident from this scheme, firstly the transformation of
�-MnO2 into �-Mn2O3 is only observed in the tem-
perature region of 500–800◦C (stage 1). At this stage,
some Mn3+ ions may be dissolved within the struc-
ture of�-Al2O3 [9]; however, this does not cause the
noticeable change of the alumina crystal lattice pa-
rameters. At calcination temperatures of 900–1000◦C
(stages 2 and 3) transformations of�-Mn2O3 and
�-Al2O3 into �-Mn3O4 and�-Al2O3 (�-Al2O3) take
place, respectively. As a result, solid solutions based
on the structures of tetragonal spinel of�-Mn3O4 and
�-Al2O3 are formed. Raising the temperature over
1000◦C (stage 4) leads to the formation of crystalline
phases of�-Al2O3 and cubic aluminium–manganese
spinel of variable composition.

Note that by washing off the active component from
the corundum surface with acidified KI solution, we
succeeded to determine the composition of the active
clusters by means of chemical analysis. The compo-
sitional data agree well with the data of differential
phase dissolving analysis [10].

The aim of this work was to study the peculiari-
ties of phase transitions in the MnOx–Al2O3 catalytic
system using XRD, TEM and XPS.

2. Experimental

The support,�-Al2O3 (S = 156 m2/g, total pore
volume ∼0.45 cm3/g), was purchased from Siberian
Catalyst. It was impregnated to incipient wetness
with a solution of Mn(NO3)2·6H2O (chemical purity
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grade) to adjust the content of the active component,
�-MnO2, in the final catalyst to 10 wt.%. The sam-
ples were kept at ambient temperature for 12–14 h,
then dried in an oven at 120◦C for 6 h. Then the first
series of samples were placed in a furnace at room
temperature and heated to 950◦C for 1 h and kept at
this temperature for a present time period (1–10 h).
The dried catalysts of the second series were calcined
at 700◦C for 4 h, and then put into a furnace heated
to 950◦C and kept at this temperature from 1 to 6 h
(time interval between the samples was 1 h).

The activity of each catalyst was measured in a
flow-circuit setup for the model reaction ofn-pentane
combustion at 300◦C. The inlet and outlet concen-
tration of n-pentane were 0.1 and 0.05 vol.%, respec-
tively.

XRD analysis was performed on a DRON-3
(Russia) and URD-6 (Germany) X-ray diffractometers
on Cu K� or Co K� radiation and graphite monochro-
mator. XPS characterization of the samples was done
with a VG ESCALAB (VG Scientific, GB) electron
spectrometer. Emission of electrons from the samples
was achieved by soft X-ray irradiation (Mg K�), so
that the mean free path,λ, equalled 20–30 Å depend-
ing on the analysed line. Hence, the available depth of
the subsurface catalyst layer was∼3λ or 60–90 Å. The
element ratios were determined from integer intensi-
ties of corresponding peaks with account of the atomic
sensitivity factors. The substraction of background
was performed by using Shierly’s procedure [11].

TEM studies were performed with a JEM-2010
(Japan) microscope operating at 200 kV accelerating
potential. Samples for TEM work were prepared from
ethanol slurry followed by deposition of a drop of
suspension onto the holey carbon films.

The surface area was measured by the BET method
using nitrogen adsorption at 77 K and(p/p0)eq =
0.178 in a “Sorpty-1750” setup.

3. Results and discussion

3.1. XRD and TEM studies

XRD analysis indicates that after a 4 h calcination
at 700◦C the catalyst consists of biphasic system,
MnOx–Al2O3 [7]. However, as shown recently [9], at
this temperature some of the manganese atoms (Mn3+)

are dissolved in the structure of�-Al2O3 thus produc-
ing a solid solution. According to the XRD pattern
of the sample calcined at 950◦C for 4 h (Fig. 1), the
system consists of�-Al 2O3 + �-Al 2O3 + �-Mn3O4

∗
phases. A similar sample calcined for 3 h has the
same phase composition. As shown in [10], the phase
Mn3O4

∗ is a solid solution of Al3+ions (10–15 at.%)
within the micrograined structure of Mn3O4.

The absolutely new observation is the appearance
of XRD peaks corresponding to well-crystallized
phase of Mn2−xAl1+xO4 cubic spinel in the XRD
patterns of the samples calcined for 1–2 h at 950◦C
(see Fig. 1), although earlier studies [9,10] showed
that cubic spinel is formed only at temperatures above
1000◦C and remains stable under extended heating.
Nevertheless, in the present case the increase of cal-
cination time lead to disappearance of the imperfect
metastable cubic spinel phase. It is known from liter-
ature [12,13] that well-crystallized phases of nonstoi-
chiometric binary oxides with “protospinel” structure
could be formed on the basis of�-Al2O3 at a limited
temperature range. Indeed, in magnesium–alumina
system such nonstoichiometric phases had proven to
be stable till 1000◦C and to decompose to stoichio-
metric spinels and�-Al2O3 at elevated temperature
[13]. The presence of particular extended defects
in the structure of these materials [14] seems to be
a reason for their relative stability. Annealing of
the defects leads to the structural decomposition of
“protospinels”. It seems likely that in our system the
nonstoichiometric defect spinels are formed as inter-
mediate protospinels. Owing to their metastability,
the formation of the�-Al2O3 phase can start at a
relatively low temperatures.

According to the JCPDS data [15], the manganese–
alumina phase found in the 10%MnOx /Al2O3 sample
calcined at 950◦C for 1 h was identified as Mn2AlO4;
after a 2 h calcination, the phase composition re-
mained almost the same—Mn1.8Al1.2O4. As the sam-
ple was calcinated for 3 h, reflections of this phase
disappeared, at the same time the broad peaks of
�-Mn3O4 imperfect tetragonal phase arised and re-
mained practically unchanged after a 4 h calcination
of the sample (Fig. 1). The support consisted pre-
dominantly of�-Al2O3 and small amount of�- and
�-Al2O3 modified by Mn3+ ions.

In the XRD patterns of the samples calcined for
5 h and longer, the support is of�-Al2O3 whereas
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Fig. 1. XRD patterns of the catalyst calcined at 950◦C for different time intervals.

the active component is represented by broad,
low-intensity reflections of manganese oxide. As
shown earlier [9,10], these reflections correspond
to an imperfect Al3+-doped �-Mn3O4 spinel with
a particle size of about 60 Å. The samples cal-
cined at 950◦C for 8 and 10 h are character-
ized by a gradual disappearance of the modified
�-Al2O3 phase; the phase of manganese oxide
is dispersed; and the support is represented by
corundum.

Extended (10 h and longer) calcination of the cat-
alysts at 950◦C in air indicates that particles of
�-Mn3O4 show the same particle size (∼60 Å) as
those in the samples calcined for 5 h. Surprisingly, the
particle size of the active phase does not change even
after the 800 h calcination of sample at 950◦C in air
[16]. It seems reasonable to suppose that prolonged
calcination facilitates the transformation of the imper-
fect spinel particles modified by Al3+ ions yielding
small micrograined crystals of�-Mn3O4 doped with
Al atoms. It is likely that the latters are located pre-
dominantly in the vicinities of the micrograin bound-
aries in �-Mn3O4 particles and act as a structural
sintering preventing barrier against annealing of the
oxide nanocrystals.

XRD studies of samples calcined at 950◦C
for 1 and 2 h revealed the presence of a cubic
manganese–alumina spinel with a composition close
to Mn2AlO4 spinel but the observed phase is proven
to be unstable. Therefore, it was suggested that this
observed phase might have a particular microstruc-
ture. TEM data obtained for this samples showed that
along with�-Al2O3 particles and small amount of the
manganese oxide they contained spinel microcrystals
having a particular microstructure. Its most important
peculiarity is the presence of specific defects which
appear as a result of vacancy coalescence in the
nonstoichiometric spinel during its formation. Typi-
cal micrograph of this structure is shown in Fig. 2,
where defects in the form of pseudohexagonal closed
loops are arrowed. Similar defects were observed
earlier [13] in the structure of the nonstoichiomet-
ric magnesium–alumina spinel, but in a much lower
concentration, and in�-Al2O3 produced by thermal
decomposition of well-crystallized boehmite [14].
The mechanism of the formation of such particular
defects in the nonstoichiometric spinels is assumed
to be the ordering of cation vacancies on the dislo-
cation walls. It seems reasonable to expect that the
observed manganese–alumina cubic spinel which is
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Fig. 2. Micrograph of 10%MnOx–Al2O3 calcined 1 h at 950◦C. Characteristic pseudohexagonal loops are marked by arrows.

formed as a result of the chemical transformation
of �-Mn2O3 and diffusion of Al3+ possesses a lack
of bivalent (Mn2+) cations and, hence, high concen-
tration of the cation vacancies. As evident from the
micrograph of 10%MnOx /Al2O3 calcinated for 3 h

Fig. 3. Micrograph of 10%MnOx–Al2O3 catalyst calcined 3 h at 950◦C.

at 950◦C (Fig. 3), this temperature regime initiates
the transformation of the nonstoichiometric spinel
to �-Al2O3 and nanocrystalline�-Mn3O4

∗. These
conclusions derived from TEM micrographs are in a
good accordance with those derived from XRD.
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Scheme 2.

Based on the XRD and TEM data, the phase trans-
formations that occur in the manganese–alumina
as a function of calcination time can be pre-
sented in Scheme 2, where(Mn2−xAl1+xO4+δ)

and [�-Al 2O3–Mn3+] are intermediate phases,
[�-Mn3O4–Al3+] corresponds to the particles of
nanostructured manganese oxide doped with alu-
minium atoms. The latter was designated in [10] as
�-Mn3O4

∗.

3.2. XPS results

To obtain data on the surface concentration of dif-
ferent elements in the catalysts, XPS experiments have
been carried out. Fig. 4 shows O/Al, Mn/Al and C/Al
ratios for samples calcinated at 950◦C for different
time. As evident from this figure, the O/Al ratio ex-
hibits a maximum after 2–4 h calcination. The XRD
and TEM data suggest that the phase of imperfect cu-
bic spinel of Mn3−xAl xO4+δ type forms exactly in
this time interval. As it was mentioned above, high
concentration of vacancies in this phase indicates that
Mn ions are mainly in Mn3+ state. When the calcina-
tion time increases more than 4 h, Mn ions are reduced
partially up to Mn2+ state. As a result, there is some
oxygen loss in the aluminium–manganese spinel that
is evident from the decrease in the O/Al ratio. Gradual
character of the Mn reduction was observed also in
[9].

It seems likely that a growth of Mn/Al ratio during
the first hours of the calcination is associated with
diffusion of Mn ions into the structure of alumina
support. In addition, the total specific area, initially
defined by the�-alumina support, decreases (see
Fig. 5) due to the formation of manganese-modified

Fig. 4. O/Al, Mn/Al, and C/Al ratios as functions of the calcination
time at 950◦C.

high-temperature�- and �-aluminas. Formation of
�-Al2O3 with a low surface area occurs after calci-
nation of the system for 4 h (see Fig. 5); this process
is accompanied by diffusion of Mn ions onto the

Fig. 5. Dependence BET surface area (in m2/g) versus time (in h)
for 10%MnOx–Al2O3 calcined at 950◦C.
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surface of the support particles; these ions have been
dissolved previously in the bulk of alumina structure.
The latter is a reason for some increase in Mn/Al
ratio. Only after 8 h of the calcination, the coales-
cence of the nanoparticles of manganese-containing
phase takes place, and Mn/Al ratio begins to
reduce.

The change in C/Al ratio with calcination time is
also presented in Fig. 4. Carbon on the catalyst sur-
face (and in the bulk as well) is mainly localized on
the defects, therefore, carbon may be considered as
a label associated with defects in the catalyst phases.
Change of C/Al ratio with time reflects the dynamics
of the phase and chemical transformations which oc-
cur in the system. Calcination of samples at 950◦C for
2 h causes simultaneous changes in C/Al. The initial
increase in C/Al seems to be caused by the formation
of the imperfect spinel phase of Mn3−xAl xO4+δ type.
After calcination of this system for 4 h the imperfect
spinel disappears and the C/Al ratio drops off. Further
growth of the ratio is likely to be a result of the forma-
tion of nanoparticles of manganese-containing phase
on the surface of the support after its transformation
from �- to �-Al2O3. It should be noted that C/Al ratio
changes in the similar way with that of Mn/Al after
5 h calcination of the catalyst.

3.3. Discussion

Thus, XRD, TEM and XPS studies revealed in de-
tail the phase transformation of manganese–alumina
catalyst upon calcination at 900–1000◦C. For the first
2 h of the sample calcination, the active diffusion of
manganese ions into the structure of�-alumina and
aluminium ions into the bulk of manganese oxide is
observed. Active interaction between aluminium and
manganese oxides at temperatures above 900◦C may
be due to two reasons. Firstly, it is well known that
both oxides undergo the structural transformations in
this temperature range (�-Mn2O3 and�-Al2O3 trans-
form into �-Mn3O4 and �-Al2O3, respectively) that
strongly increase their reactivity during solid-phase in-
teraction. Second point lies in the fact that structure
of �-Mn3O4 is similar to that of�-Al2O3 (tetragonal
spinel type) that facilitate also the process of the in-
teraction between these two oxides.

Diffusion of Mn ions leads to the formation of
metastable solid solutions of manganese ions in the

structure of�- and�-aluminas; whereas migration of
Al ions into the structure of manganese oxide is char-
acterized by the formation of the intermediate phase
of Mn3−xAl xO4+δ type. Undoubtedly that at the
second calcination step ordered manganese–alumina
phase of cubic spinel type should be formed due to
the release of the oxygen excess from the structure of
intermediate phase. However, we observed nanocrys-
talline aggregates of�-Mn3O4 phase modified by
Al ions in the sample calcined at 950◦C for 3 h and
cooled to the room temperature. To shed the light on
this phenomenon we plan to perform further structural
study of this system by using in situ high-temperature
XRD. We suggest that equilibrium solid solution
on the basis of cubic manganese–alumina spinel is
formed at the temperature of 900–950◦C. But one
can expect that this solid solution is metastable at
the room temperature as evident from the phase dia-
gram of quasi-binary aluminium–manganese system
[17]. Therefore, metastable solid solution is decom-
posed after cooling with appearance of small iso-
lated particles of Al-doped�-Mn3O4 phase on the
surface of �-alumina support. Such nanostructural
arrangement of the catalyst seems to be responsi-
ble for the optimum catalytic activity in the reaction
of n-pentane combustion (these data are given in
Fig. 6). Coalescence of the active Mn-containing
phase upon further calcination (over 6 h) gives rise
to the decrease of the catalytic activity of this
system.

Fig. 6. Activity of 10%MnOx–Al2O3 for the combustion of
n-pentane in air (300◦C, Co= 0.05 vol.%, X = 50%). The zero
abscissa point corresponds to the catalyst calcinated in air at 700◦C
for 4 h.
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4. Conclusion

The features of phase transformations in the
MnOx /Al2O3 system during its calcination at 950◦C
for 1–10 h was studied with XRD, TEM and XPS
methods. It was found that a set of phase transfor-
mations has occurred in the system starting from the
unexpected formation (after 1–2 h calcination) of im-
perfect cubic manganese–alumina spinel with a high
concentration of vacancies as well as metastable solid
solution of manganese ions in the�-alumina structure.
After further calcination, cubic spinel phase trans-
forms into nanocrystalline aggregates of�-Mn3O4
phase modified by aluminium ions, whereas solid so-
lution is decomposed with the formation of�-Al2O3
and isolated nanoparticles of�-Mn3O4 doped with Al
ions and supported on the surface of�-alumina. Such
structural arrangement of the active phase is related
to the maximum activity exhibited by this catalyst in
the reaction ofn-pentane combustion.
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