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Catalytic combustion of methane on substituted barium hexaaluminates
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Abstract

A sol–gel method using metallic barium, aluminum alkoxides and metal nitrates has been used to synthesize barium
hexaaluminate partially substituted by either manganese, iron or both metal ions. Theb-alumina structure was obtained by
calcination under oxygen at 1200◦C. X-ray analysis revealed that formation of a pure single phase BaMxAl12−xO19 occurred
up tox=4 for Fe,x=3 for Mn and for Fe1Mn1 in the case of mixed substituted hexaaluminates. Incorporation of Mn in excess
leads to another phase formation (manganese oxide or spinel). As far as the valence state of transition metal ions is concerned,
the introduced Fe ions were always trivalent, whereas the Mn ones were either divalent or trivalent. In the latter case, the first
Mn ions were introduced in the matrix essentially as Mn2+ and only for BaMn3Al9O19 does manganese exist exclusively
as Mn3+, the higher the Mn concentration, the higher the proportion of Mn3+. All solids were aged at 1200◦C under water
and oxygen and showed a good thermal resistance. Activity for methane combustion has been measured for fresh and aged
solids, light-off temperatures were observed in the 560–640◦C range. However, the highest activity was obtained for catalysts
containing either 3 Mn, 2 Fe or 1 Fe+1 Mn ions per unit cell. Temperature programmed reduction (TPR) under hydro-
gen has been used to correlate the catalytic activity with the amount of easily reducible species. © 2000 Elsevier Science B.V.
All rights reserved.
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stability

1. Introduction

The new regulations concerning the emission of pol-
lutants in gaseous emissions are becoming more and
more stringent. The catalytic combustion of gaseous
fuels appears to be a powerful process for environmen-
tal protection [1]. A lot of work has been performed
on the catalytic combustion of methane which is one
of the cleanest way to obtain thermal energy without
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any harmful CO, NOx or unburned hydrocarbon emis-
sions [2]. For such a catalysis, special devices are re-
quired, and due to high temperature needed for very
high efficiency output like for gas turbine [3], ther-
mally stable catalysts are required [4]. Among various
ceramics stable at high temperature in the presence of
water, hexaaluminates, also namedb-alumina for his-
torical reason [5], have been selected.

The formula of all hexaaluminates is M2O(M′O)-
6Al2O3, where M or M′ stand for alkaline or
alkaline-earth metal. The structure is lamellar and
consists of layers of spinel blocks separated by a
monolayer of oxides issued from either bulky alka-
line cations, or bulkier alkaline-earth ones [6]. Such a
lamellar structure prevents any contact between spinel
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blocks. Spinels are organized as an f.c.c. structure of
oxygen anions, where both octahedral and tetrahedral
sites are more or less filled [7]. On the other hand,
a-alumina has an h.c.p. structure of oxygen anions
with 2

3 octahedral sites occupied by aluminum cations
[7,8]. Formation ofa-alumina at the expense of other
forms (g, d, etc.) needs a restructuring of all the an-
ion layers. This is not possible forb-alumina due to
the blocking introduced by the alkaline(-earth) cation
[9]. So, transformation of alumina is not possible and
sintering is strongly hindered: these mixed oxides are
exceptionally stable [10], but they are also almost
inactive except at very high temperature. The intro-
duction of active transition metal ions in the structure
may be very worthwhile for activity [11]. But substi-
tution is not easy because of charge and radius stress
locally introduced. The aim of the present study is to
investigate the catalytic activity as well as the ther-
mal stability of barium hexaaluminate substituted at
various levels by Mn and Fe ions.

2. Preparation

A sol–gel method, derived from that already pub-
lished by Arai and co-workers [12] was used. Differ-
ent solids have been synthesized: the parent barium
hexaaluminate matrix and the solids resulting from the
substitution of 1–4 Al3+ ions per unit cell by Fe3+,
Mn3+ or both ions.

Table 1
Chemical composition

Catalyst Ba (wt.%) Al (wt.%) Mn (wt.%) Fe (wt.%) Theoretical formula

Theore-
tical

Experi-
mental

Theore-
tical

Experi-
mental

Theore-
tical

Experi-
mental

Theore-
tical

Experi-
mental

BaO·6Al2O3 17.9 15.84 42.3 40.35 – BaAl13O20.5

BaFeAl11O19 17.3 16.79 37.3 37.10 – – 7.15 6.52 BaFe0.95Al11.25O19.22

BaFe2Al10O19 16.7 15.53 32.8 31.15 – – 13.8 12.46 BaFe1.97Al10.20O19

BaFe3Al9O19 16.1 14.68 28.5 27.7 – – 20 18.15 BaFe3.03Al9.6O19

BaFe4Al8O19 15.6 15.16 24.3 25.20 – – 25.9 24.29 BaFe3.94Al8.46O19

BaMnAl11O19 17.3 17.3 38.3 37.5 6.9 6.7 – – BaMn0.97Al11O19

BaMn2Al10O19 16.7 14.52 32.9 33.38 13.4 11.70 – – BaMn1.9AlO19

BaMn3Al9O19 16.1 15.78 28.5 31.39 19.4 17.05 – – BaMn2.7AlO19

BaMn4Al8O19 15.6 15.65 24.5 24.6 25.0 25.0 – – BaMn4AlO19

BaFeMnAl10O19 16.7 17.1 35.3 39.6 7.2 7.7 7.3 7.8 BaFe1.12Mn1.12Al11.8O19

BaFeMn2Al9O19 16.1 16.0 28.6 30.1 12.9 13.1 6.6 6.1 BaFe0.94Mn2.05Al9.57O19

BaFeMn3Al8O19 15.6 14.4 24.6 26.0 18.8 18.5 6.4 6.3 BaFe1.12Mn3.20Al8.45O19

The required amounts of metallic barium and alu-
minum isopropoxide (Aldrich) were suspended into
2-propanol leading to a mixture of the two alkoxides
which are only partly soluble. The suspension was
refluxed for 3 h at 80◦C, then cooled at room tem-
perature. Hydrolysis of the metal alkoxides was per-
formed with an under-stoichiometric amount of water,
i.e., thexH2O/M(OiPr)x ratio is equal to 0.5 according
to Arai and co-workers [12]. For the iron containing
solids, the required amount of Fe(NO3)3·9H2O was
dissolved into a water/2-propanol mixture and added
during the hydrolysis step. For manganese containing
solid, Mn(NO3)2·4H2O was used. A gel was rapidly
formed; it was kept at room temperature for 15 h.
Solvents were removed by evaporation under reduced
pressure. The obtained powders were dried for a few
hours at 120◦C. They were finally calcined under flow-
ing oxygen at 1200◦C for 24 h. Such a treatment leads
to “fresh catalysts”.

3. Physicochemical characterizations

(a) Chemical analysis. Results concerning chemi-
cal analysis are reported in Table 1, where chemical
formulae are also indicated as deduced from analysis.
Elements (Al, Ba and Mn) were analyzed by atomic
absorption spectroscopy after having dissolved solid
in a mixture of concentrated acids (HF+HCl+HNO3).

(b) X-ray diffraction. X-ray diffraction (XRD) has
been used to identify the crystallographic phases and
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to calculate the unit cell parameters. In order to avoid
any shift of the diffraction peak position, all samples
were checked with an internal standard, crushed and
sieved silicon powder being the standard. Data were
processed, compared with the ICDD files, and plane
distances along with unit cell parameters were calcu-
lated by the least squares method using the positions
of 24 peaks.

(c) BET area. Specific surface area (SSA) was mea-
sured by using a dedicated fully computerized labora-
tory made BET apparatus. BET areas were calculated
by using 6–7 points of nitrogen adsorption at 77 K.
The solids were outgassed at 500◦C for 2 h before the
BET measurement.

(d) TPR measurements. Temperature programmed
reductions (TPRs) by hydrogen were performed ac-
cording to the following procedure. A known amount
(50–60 mg) of sample was put in an U-shaped quartz
reactor and pre-treated in air up to 400◦C for 1 h at a
rate of 5◦C/min, then cooled down to room tempera-
ture in an argon flow. Then a mixture of 1 vol.% H2
in Ar was admitted onto the samples and temperature
was raised at a rate of 8◦C/min up to 1000◦C and
maintained for 1 h at that temperature. Hydrogen con-
sumption was deduced from the TPR profile within an
accuracy of 6–8%.

(e) Diffuse reflectance spectroscopy. Valence
state of manganese and iron ion was monitored by
UV–Visible diffuse reflectance spectroscopy (DRS)
using a PE Lambda 9 spectrometer equipped with
an integrating sphere. Spectra were recorded at room
temperature from 200 to 2500 nm using BaSO4 as
reference.

(f) Mössbauer spectroscopy. For iron containing
solids, oxidation state along with local symmetry were
deduced from Mössbauer spectroscopy. The spectrom-
eter used a source of57Co g emitter radioisotope in-
serted in a rhodium matrix [13]. The latter was ac-
celerated at constant rate, twice in a period for which
the speed was inverted. Samples, diluted into pure
a-alumina in order to avoid too strong absorption,
were shaped into a cylindrical pellet of 16 mm in di-
ameter. Reference used here was polycrystallinea Fe.

4. Catalytic activity measurements

The catalytic activity of the different solids was
measured in the combustion of methane. Moreover,

in order to check their thermal resistance, the cat-
alysts were submitted to an accelerated aging. Dif-
ferences between catalytic properties of as-prepared
solids and aged ones associated with further physico-
chemical characterizations allowed to classify the cat-
alysts according to their thermal stability. Experimen-
tal conditions were as follows:
• Catalytic activity. Mass of catalyst: 500 mg;

pre-treatment: O2 at 400◦C for 1 h; reactants mix-
ture: 4 vol.% O2 and 1 vol.% CH4 in nitrogen as
balance; total flow rate=6.4 l h−1 corresponding to
a GHSV of 15 000–25 000 h−1.

• Aging procedure. 1200◦C; 24 h with 3 g of catalyst:
O2+H2O+N2 mixture (5 vol.%+6 vol.%+89 vol.%);
10 l h−1.

5. Results

(a) Chemical analysis. After calcination at 1200◦C,
the acidic attack is difficult and may lead to false val-
ues in the case of incomplete dissolution. The results
reported in Table 1 showed that, in every case, the
M/Ba and M/Al experimental ratios are very close to
the theoretical ones. Since oxygen has never been an-
alyzed, formulae reported here are right as far as oxy-
gen stoichiometric ratios are not considered.

(b) Structure of reference matrix. Structure of
BaAl12O19 was only obtained after calcination at
1200◦C with an SSA of 11 m2/g. However, very small
amounts of barium aluminate BaAl2O4 were observed
by XRD. The barium aluminate phase is no longer
observed after a subsequent air calcination at 1300◦C
during 24 h, the only phase observed here was the
hexaaluminate one with an SSA of 7 m2/g. However,
the structure experimentally observed is always that
referred in the ICDD files as BaO·6.6Al2O3. Accord-
ing to the stoichiometric Ba/Al=6 ratio of the initial
alkoxides, this would correspond to a structure where
BaO should be in excess outside, and according to
the temperature of calcination, should not escape the
X-ray analysis. In fact according to previous studies,
there is a broad range of composition forb-Al2O3
which will be discussed further (vide infra).

(c) Structure of iron containing solids. XRD spec-
tra also evidenced the BaAl13.2O21.8 (BaO·6.6Al2O3)
structure. Some very small amounts ofa-Al2O3 were
sometimes detected. However, a few weak peaks were
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ascribed to the presence of another phase namely
BaAl12O19 (BaO·6Al2O3). In fact, the two hexa-
aluminate structures are identical and correspond to
slight difference of aluminum concentrations (see
thereafter). Calculations of unit cell parameters were
done essentially on thea parameter because it is most
affected by the introduction of foreign cations.

For the fresh catalysts, the introduction of increas-
ing amounts of Fe3+ cations inside the bulk leads to an
increase of botha andc parameters. For thea parame-
ter the increase is strongly evidenced for the first cation
introduced, then it increases slowly and smoothly. A
more regular increase is observed for thec parameter
since an almost linear increase with the iron loading
is observed. For aged solids, no simple trends of both
a andc parameters could be deduced. Nevertheless, a
global increase of the values of both parameters with
the iron content was observed.

Mössbauer spectroscopy analysis showed that iron
ions are substituting aluminum as only Fe3+ since
Fe2+ ions are not detected. Moreover, only octahedral
sites are occupied by iron and tetrahedral sites are free
of Fe3+ species.

In conclusion, the introduction of Fe3+ cations
bulkier than the Al3+ ones leads to a slight expan-
sion of the unit cell volume. Until 4 Fe3+ ions per
unit cell, the hexaaluminate structure is preserved and
there is non-iron species outside of the matrix.

(d) Structure of manganese containing solids. In the
case of the solids containing 1, 2 or 3 Mn3+ ions per
unit cell and calcined under oxygen at 1200◦C only
the b-Al2O3 structure was observed, and no interme-
diate barium aluminate was detected contrary to the
non-substituted matrix.

The three solids gave diffraction patterns identical
to that of the support. Only the position of diffrac-
tion peaks were shifted, the larger the Mn content, the
higher the shift. Like for iron containing solids, the
variation of thea parameter increases almost linearly
with the number of foreign cations from 0 to 3. When
aged, the three solids do not show any significant mod-
ification of their a parameter. The same is not true
for c because the solids expand only moderately inc
as the manganese loading increases in either fresh or
aged states: variations ofc are not very relevant here.

For the BaMn4Al8O19 solid, Mn was not fully in-
corporated in the hexaaluminate structure and the sam-
ple is polyphased. Besides the regular hexaaluminate

structure, some other phases were detected like BaO,
Al2O3 and Mn2O3 and the extra peaks are rather large.
This means that substitution of Mn inside the hexa-
aluminate structure is limited, or that the reaction is
not complete for kinetics reasons.

(e) Structure of solids containing both iron and
manganese: BaFeMnxAl1−xO19. The mixed solids
have been prepared with a substitution level of 1
Fe3+ ion per unit cell and variable amount of man-
ganese. The three solids containing up to 4 cations
seem to behave like those containing only man-
ganese. Up to 3 cations per unit cell (1 Fe+2 Mn),
only one phase is observed which is that correspond-
ing to BaAl13.2O20.8. Very minute amounts of the
other hexaaluminate BaAl12O19 along with traces of
a-alumina, BaAl2O4 and another phase related to the
spinel structure are detected. However, for the solid
BaFeMn3Al8O19 at least two phases are evidenced,
the hexaaluminate structures and the spinel one.

The evolution of the unit cell parameters is similar to
that observed for only manganese containing solids:c
does not change very much whereasa increases almost
linearly up to 3 cations per unit cell (1 Fe+2 Mn)
leading to a global 1.55% of expansion, the same value
as for solid containing 3 Mn per unit cell. However, for
the last solid which is not homogeneous, calculations
indicate clearly that there is a sharp decrease fora and
an increase forc (Table 2).

Mössbauer spectroscopy measurements show the
same trend as for solids containing only iron: only
Fe3+ ions occupying octahedral sites are detected. The
presence of manganese ions does not strongly modify
the valence state and the location of iron.

(f) Specific surface areas. BET areas of fresh and
aged substituted hexaaluminates are reported in Table
3. Introduction of foreign cations does lead to a loss
of the thermal stability. On the contrary and as far
as Mn-substituted hexaaluminates are concerned, the
SSA values are larger than that of the parent barium
hexaaluminate. After aging, the substitution by man-
ganese does not induce extra sintering. The same is
also true for iron but to a lower extent.

(g) Diffuse reflectance spectroscopy. The solids
containing 1–3 Mn ions per unit cell show essentially
the same spectrum which is typical of the MnO6
chromophore (Fig. 1). Two bands at 250 and 450 nm
are observed. The 250 nm band is relatively intense
and should correspond to a charge transfer between
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Table 2
Crystallographic phases observed by XRD, BET areas and unit cell parametersa

Catalyst XRD of fresh state XRD of aged state BET area
(m2/g)
(F–A)

Unit cell
parametera
(Å) (F-A)

Unit cell
parameterc
(Å) (F–A)

BaO·6 Al2O3 HAI+BA HAI+HAII 11–9 5.586 (F) 22.725 (F)
BaFeAl11O19 HAI+HAII +AA HA I+HAII +AA 14–12 5.609–5.600 22.746–22.778
BaFe2Al10O19 HAI+HAII +AA HA I+HAII +AA 12–9 5.612–5.599 22.748–22.818
BaFe3Al9O19 HAI+HAII +AA HA I+HAII +AA 10–7 5.612–5.627 22.755–22.753
BaFe4Al8O19 HAI+HAII +AA HA I+HAII +AA 6–5 5.613–5.613 22.778–22.682
BaMnAl11O19 HAI+AA HA I+ AA 20–15 5.625–5.625 22.761–22.761
BaMn2Al10O19 HAI+BA+AA HA I+BA+AA 14–11 5.647–5.647 –
BaMn3Al9O19 HAI HAI 14–9 5.661–5.661 –
BaMn4Al8O19 HAI+BA+Mn2O3 HAI+BA+Mn2O3 10–6 5.674–5.674 –
BaFeMnAl10O19 HAI+HAII +AA HA I+HAII +AA 15–11 5.652–5.657 22.560–22.861
BaFeMn2Al9O19 HAI+HAII +AA+BA+SP HAI+HAII +AA+BA+SP 11–9 5.675–5.672 22.846–22.821
BaFeMn3Al8O19 HAI+HAII +SP HAI+HAII +SP 7–4 5.629–5.678 23.734–22.848

a HAI and HAII stand for hexaaluminate BaAl13.2O20.8 and BaAl12O19; BA, AA and SP stand for barium aluminate BaAl2O4, a-Al2O3

and spinel, respectively;a-Al2O3 peaks are always very weak; F and A stand for fresh and aged.

oxygen anion and manganese cation because no d–d
transitions are possible at such energies for the first
series of transition metal ions. The band at 450 nm,
of lower intensity, is related to Mnx+ ions. Consider-
ing the numerous oxidation states of manganese (+2,
+3, +4, +6, +7), only the 3+1 leads to a spectrum
consisting of a single band at ca. 450–500 nm [14] for
oxygenated ligand giving the MnO6 chromophore. It
is related to the unique spin-allowed d–d transition
for a d4 electronic configuration in an octahedral
field. Thus DRS confirms without ambiguity that
manganese does enter the hexaaluminate network and
that both symmetry and oxidation state are relevant
to Mn+3. However, the band intensity is not truly
proportional to the number of introduced cations.

For solids containing iron only, DRS is of little
help because no features are observed. All solids
are light-brown and show a strong charge transfer at
250 nm whose intensity is almost constant. However,
no absorption is observed in the near infrared range.

Table 3
TPR values: number of M (Mn and/or Fe) ions reduced atθ1=500◦C and atθ2=1000◦Ca

BaFe1 BaFe2 BaFe3 BaFe4 BaMn1 BaMn2 BaMn3 BaMn4 BaFeMn1 BaFeMn2 BaFeMn3

θ1 0.15 0.42 0.29 0.23 0.055 0.28 0.32 0.36 0.35 0.29 0.40
θ2 0.78 0.2 1.4 3.2 0.21 1.20 3 2.9 1.5 1.97 3.2

a At θ1=500◦C only the reduction of M3+ to M2+is assumed (Mn2+ or Fe2+); at θ2=1000◦C, the reduction of Fe2+ into Fe0 is
assumed, whereas the Mn2+ ions are not affected.

This is another clue that ferrous ions are unlikely. In
the presence of Fe2+ ions, some characteristic bands
should have been observed.

For the solids containing both kinds of ions, ab-
sorptions of Mn3+ and Fe3+ ions are superimposed
that make the spectra difficult to interpret. The charge
transfer of Fe3+ (or Mn3+) is still present at 250 nm,
a strong shoulder at 450 nm is still observed due to
manganese ions and no absorption is observed in the
near infrared. Thus, trivalent ions are observed by this
technique.

(h) TPR experiments. The TPR profiles concerning
the reduction of fresh BaFexAl12−xO19 are given in
Fig. 2 and are characterized by two reduction zones.
The reduction starts at 300–350◦C suggesting a re-
ducibility behavior independent on the Fe content.
Then there is a first maximum at 570◦C for x=1 or 2
which shifted to 710◦C for x=3 or 4. A second maxi-
mum appears at 950◦C, whatever be the iron concen-
tration in the solid and its intensity increases with the
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Fig. 1. Diffuse reflectance spectra of BaMnxAl12−xO19 catalysts:
(A) x=1, (B) x=2, (C) x=3 and (D)x=4.

iron loading. During the plateau at 1000◦C, a contin-
uous consumption of hydrogen is observed and it in-
creases with the amount of iron. Hydrogen consump-
tion according to the temperature has been calculated
for the four samples but due to the shape of the pro-
files, values are not fully reliable. This is easy to per-
form for the BaFe1Al11O19 sample, and difficult or al-
most impossible for the other three samples. The first
reduction peak has been ascribed to Fe2+ formation
and at 1000◦C a total reduction into Fe0 has been as-
sumed. The number of Fe3+ ions reduced at 500◦C
has been calculated and the catalytic activities have
also been calculated at that temperature.

For BaMnxAl12−xO19 (Fig. 3) the reduction was
expected to be limited to Mn2+ ions formation be-
cause Mn2+ species are not reducible even at 1000◦C.
It seems that two species are present, one being
reduced near 600◦C, whereas the reduction of the
second one starts at 800◦C and has a maximum at
1000◦C. The numbers of reduced ions has been cal-
culated at 500 and at 800◦C. The BaMn1Al12O19
solid is poorly reducible because 21% of Mn is re-
duced at 1000◦C, 5.5% before 800◦C and only 4%
at 500◦C (Table 3). The non-reducibility may be
accounted for the presence of Mn2+ ions escaping
analysis. Cations of high valence are not stable at high

Fig. 2. TPR under hydrogen of fresh BaFexAl12−xO19 catalysts.
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Fig. 3. TPR under hydrogen of fresh BaMnxAl12−xO19catalysts: (a)x=1, (b) x=2, (c) x=3 and (d)x=4.

temperature: this is true for the+4, +6 and+7 oxi-
dation states of manganese. The only oxidation state
that can be present is Mn2+, which is non-detectable
by DRS due to spin-forbidden transitions of very
low intensities. Rather intense Mn3+ d–d transitions
completely obscure the eventual presence of Mn2+
transitions. When octahedrally coordinated, and with
a high spin state as is usual, the species has a radius
of 0.87 Å, which should induce a lot of stress due to
non-matching of both charge and radius. Thus, it is
postulated that for BaMn1Al12O19 solid, Mn enters
the structure essentially as divalent cation.

For the other two solids (BaMn2 and BaMn3), the
number of Mn ions reduced per unit cell before 500◦C
is almost the same (0.28 and 0.32). Calculation for
reduction up to 1000◦C leads to values of 1.21 and
3, respectively. Thus when manganese ions are intro-
duced into hexaaluminate, the fraction of reducible
ions increases with manganese content. One conclu-
sion deduced from the TPR results is that the higher
the Mn content introduced into the hexaaluminate
structure, the larger is the Mn3+ cation concentra-
tion. Finally, in BaMn3Al8O19, which can be totally
reduced, manganese is exclusively present as Mn3+
octahedrally coordinated ions.

A TPR study has been also performed on fresh
BaFeMnxAl11−xO19 (Fig. 4). Generally speaking, the
hydrogen consumption increases with the manganese
loading. But the catalysts contain 2 cations of dif-

ferent reducibility. For solids containing 1 or 2 Mn
ions per unit cell, TPR profiles are almost similar,
meaning same cation properties. A first sharp peak
is observed at 485◦C (BaFeMnAl10O19) or at 435◦C
(BaFeMn2Al9O19) and a wide one whose maximum
is located at 925 or 1000◦C. It is important to note
that the temperature corresponding to the peaks for
BaMnxAl12−xO19 and located in the 600–700◦C
range is now not observable. But it does appear for
the last sample BaFeMn3Al8O19, meaning a different
behavior as long as manganese reducibility is consid-
ered. The number of ions reduced into M2+ is given
in Table 3 which shows also that the total reduction
of iron is never achieved: maximum looks like those
corresponding to solids containing manganese alone.

6. Catalytic activity measurements

The fresh and aged solids were tested in the cat-
alytic combustion of methane (Figs. 5–7) and a general
increase in the catalytic activity when increasing the
amount of active cations is observed. However, some
differences appear due to variations of surface areas.

The matrix itself is not inactive since conversions
of 10 and 20% are observed at 700 and 750◦C, re-
spectively, a full conversion is obtained near 800◦C.
The T10, T50 and T90 temperatures corresponding to
10, 50 and 90% conversion are reported in Table 4
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Fig. 4. TPR under hydrogen of fresh BaFeMnxAl11−xO19 catalysts.

for fresh and aged catalysts. The BaMn3Al9O19 solid
in the aged state is more active than the fresh solid
containing only 1 Mn per unit cell. The same is also
observed for iron substituted hexaaluminates, where
the introduction of 2 Fe3+ ions per unit cell leads to
a solid which is more active in the aged state than
the fresh BaFe4Al8O19. For catalysts containing both

Fig. 5. Catalytic combustion of CH4 over fresh BaFexAl12−xO19 catalysts.

cations, BaFeMnAl10O19 is practically equivalent to
BaMn3Al9O19, either in fresh state or in aged one
(Table 4).

The intrinsic activities of the various catalysts
(mol CH4 converted per hour and per square meter)
are given in Figs. 8–11. When compared to the
barium hexaaluminate parent, the introduction of
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Fig. 6. Catalytic combustion of CH4 over fresh BaMnxAl12−xO19 catalysts.

active cations, like iron or manganese, enhances the
activity by ca. two orders of magnitude. Table 4
shows this behavior and indicates also that activi-
ties are roughly similar whatever be the nature of
the cation, provided substitution levels are identi-
cal. However, there is a global increase of intrinsic

Fig. 7. Catalytic combustion of CH4 over fresh and aged BaFeMnxAl11−xO19 catalysts.

activity with cation loading. Nevertheless, there is no
linear relationship and the cations firstly introduced
seem to be more efficient. For the solids containing
both iron and manganese, the additivity of the ac-
tivities seems only valuable for the low substitution
levels.
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Table 4
Catalytic activity expressed asT10, T50 and T90 in ◦C and as intrinsic activity (10−5 mol CH4 converted per hour and per square meter)
for both fresh (F) and aged (A) solids

Solid T10 (F–A) T50 (F–A) T90 (F–A) Ea (kJ mol−1) (F–A) Intrinsic activity at 500◦C

BaAl12O19 700 (F) ≈770 (F) ≈800 (F) n.a. 0.035

BaFeAl11O19 515–545 635–665 740–760 92–95 2.8
BaFe2Al10O19 495–520 605–640 705–755 79–100 4.7
BaFe3Al9O19 510–540 625–665 730–760 85–91 5.1
BaFe4Al8O19 520–540 640–705 745–775 86–110 6.4

BaMnAl11O12 470–575 610–700 730–800 – 2.5
BaMn2Al10O19 460–470 590–610 720–760 – 4.4
BaMn3Al9O19 425–460 560–590 670–700 – 6.0
BaMn4Al8O19 440–495 555–605 680–730 – 6.6

BaFeMnAl10O19 440–460 560–570 675–710 80–85 5.0
BaFeMn2Al9O19 440–520 565–640 670–740 85–85 6.2
BaFeMn3Al8O19 460–515 580–650 705–770 80–80 8.0

Fig. 8. Intrinsic activity of fresh BaFexAl12−xO19 catalysts.

7. Discussion

7.1. Structure

It is clear that the sol–gel method previously
described by Arai and co-workers [12] is very worth-
while for preparing substituted hexaaluminates. How-
ever, the structure experimentally observed is always
referred in the ICDD files as BaO·6.6Al2O3. Accord-

ing to the stoichiometric Ba/Al=6 ratio of the initial
alkoxides, this would correspond to a structure where
BaO should be in excess outside, and according to the
temperature of calcination should not escape the X-ray
analysis. Previous studies have shown the existence
of a broad range of composition forb-Al2O3, and two
main structures seem to exist [15]. One notedb or
phase I corresponds to 0.9BaO, 6Al2O3 (alumina-rich
phase), whereas the other notedb′, or phase II corres-



P. Artizzu-Duart et al. / Catalysis Today 59 (2000) 163–177 173

Fig. 9. Intrinsic activity of fresh BaMnxAl12−xO19 catalysts.

ponds to 1.3BaO, 6Al2O3 (alumina-poor phase). Thus
in our case the solid may correspond to a solid solu-
tion of 30 mol% ofb′ into 70% ofb or to a mixture
of both phases: only the latterb′, being predominant,
is detected by XRD.a-alumina was never detected.

Fig. 10. Intrinsic activity of BaFeMnxAl11−xO19 catalysts.

Similar experiments performed withg-alumina have
shown that the corindon phase is the only structure
obtained at 1200◦C with an SSA of 4 m2/g [16].
In the present study, only traces ofa-Al2O3 were
sometimes observed.
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Fig. 11. Intrinsic activities of BaMxAl12−xO19 catalysts. Comparison between solids containing 1 Fe, 1 Mn, 1 Fe+1 Mn and 1 Fe+2 Mn
per unit cell. Broken lines correspond to theoretical values corresponding to the sum of the activities of the corresponding monosubstituted
hexaaluminates.

The unit cell parameters (Table 2) calculated for
the support after calcination at 1200◦C are identical
to those obtained by Arai et al. Moreover, thea and
c values correspond quite well with that recently re-
ported by Groppi et al. [17] for BaMn1Al12O19 for
which the magnetoplombite structure is referred with
a=5.594 Å andc=22.76 Å. Recently also Kutty and
Nayak [18] noted thata parameter slightly decreased
with increasing Ba/Al ratio (from 1/7.4 to 1/4.5) and
should have a value of 5.60 for Ba/Al=1/6.6, whereas
c increased much more rapidly from 22.78 to 22.95 Å
and should have a value of 22.78 Å close to the value
found in the present work (22.74 Å).

Almost pure single phased solids are obtained. Only
in two cases the XRD diagrams reveal the presence
of large amounts of another phase: solids expected to
contain 4 Mn or 3 Mn+1 Fe ions per unit cell (see
Table 2). Thus hexaaluminate structure can accommo-
date 3 cations (either Fe3+ or Mn3+) without segre-
gation and can tolerate eventually 4 Fe3+ ions. When
manganese is present, stress seems to be more intense.

Introduction of foreign bulkier cation leads to an
expansion of unit cell because both Fe3+ and Mn3+
cations are larger than the Al3+ ones. Due to the
structure of hexaaluminate consisting of aluminum

spinel layers separated by BaO planes, incorporation
of cations can occur in tetrahedral or octahedral sites
of oxygen close packing, aluminum ions occupying
both types of sites. In addition, Fe3+ substitution leads
to changes in thea parameters which are more impor-
tant than for thec parameter. The same phenomenon is
observed for manganese for which the modifications
of thea values are more pronounced. This behavior is
connected with the radii values of the 3 cations.

In octahedral symmetry, the radii of Al3+, Fe3+
and Mn3+ ions are 0.53, 0.65 and 0.65 Å, respec-
tively [19,20]. Tetrahedral symmetry values are 0.39
and 0.49 Å for aluminum and iron ions, respectively
(Mn3+ ion does exist in tetrahedral symmetry). Thus
introduction of Fe3+ (Mn3+) increases the M–O dis-
tance for the MO6 chromophore. On the other hand
if Fe3+ ions enter tetrahedral sites, expansion of bond
distances should be much more pronounced. For iron
containing hexaaluminate, expansions of unit cell pa-
rameters fora andc are limited to a maximum of 0.48
and 0.23%, respectively (when solid contains 4 cations
per unit cell). For solids containing manganese, ex-
pansion ofa is equal to 1.56% for the solid contain-
ing 4 ions Mn per unit cell. For solids containing 1
Fe and 2 Mn (3 cations), expansion ofa parameter is
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also as high as 0.87%. Thus, despite identical radii,
introduction of manganese causes much more stress,
that is evidenced for the solid BaMn4Al8O19, in which
extra-phases are present.

Effect of manganese is too important and another
cause should be found to explain this particularly im-
portant effect of aging. The latter must be another va-
lence state of manganese. When considering TPR of
the four fresh solids containing manganese only, some
intriguing results are obtained.

The total reduction percentage is not 100% ex-
cept for the BaMn3Al9O19. On the contrary, the
BaMnAl11O19 seems to be non-reducible because
only 21% of Mn is transformed into Mn(II) state. This
is not consistent with the exclusive presence of Mn3+.
On the contrary, if Mn2+ ions present in the precursor
enter a position in the aluminate network, they may
survive during the calcination step and may not be
oxidized into Mn3+. But Mn2+ is larger and should
expand the unit cell too much, as experimentally
observed. For 1, 2, 3 or even 4 introduced cations,
expansion is more important for Mn than for Fe. In
conclusion substituting Al by Mn leads to a solid
containing both Mn2+ and Mn3+ ions. DRS study
also showed that increasing the metal loading leads
to an increase of absorption due to Mn3+. Cations
introduced first enter the hexaaluminate structure as
Mn2+ ions probably forming locally the MnAl2O4
spinel. Increase of the Mn loading may lead to more
Mn3+ species in place of Al3+ in the hexaaluminate
structure.

The case of the substitution by iron is more sim-
ple because iron enters the network only as Fe3+ ions
and Fe2+ ions have never been observed. Such a con-
clusion is also confirmed by Mössbauer spectroscopy
meaning that during the synthesis step, iron, which
is in a trivalent state at the very beginning, does en-
ter the hexaaluminate network as a trivalent one and
that no decomposition occurs even at 1200◦C. When
cation concentration increases, the values of botha
andc parameters increase and the distribution of Fe3+
ions among the various types of sites is changed as
previously published [21].

For two substituted barium hexaaluminates a phase
segregation is observed. That is the case of solids
containing 4 cations per unit cell and essentially
manganese. It is quite strange that both trivalent ions
(Mn3+ and Fe3+) having identical radii behave dif-

ferently. It should be remembered that iron leads to
hexaferrite structure, whereas manganese does not.
So it might be concluded that manganese is only
partially soluble in barium hexaaluminate contrary
to iron which may be considered as totally soluble.
Between BaAl12O19 and BaFe12O19, a lot of inter-
mediate compositions with Al+Fe=12 might exist
with a similar structure.

7.2. Activity

The support itself is not inactive even if its activity
is rather weak, the value of the apparent activation en-
ergy is 95 kJ mol−1. The activity has been explained
by a parallel reaction like oxidative coupling leading
to some traces of ethylene that burns instantaneously
[22]. When transition metal ions are introduced substi-
tuting the aluminum ones, the activity increases along
with metal concentrations. However, when comparing
the behaviors of BaMnxAl12−xO19, BaFexAl12−xO19
and BaFeMnxAl11−xO19, some differences are ob-
served, either between cations for same metal load-
ing, or for different loadings for same cation. Values
of light-off (T50) as well as those of intrinsic activ-
ities are given in Table 4. Only 30◦C separates the
half conversion temperatures for fresh and aged best
catalysts like BaMn3Al9O19, BaFe2Al10O19 and only
10◦C for BaFeMnAl10O19. BaFeMnAl10O19 must be
called thermostable catalyst, because severe aging has
almost no effect on the catalytic activity, the TPR pro-
file, the distribution of the cations in the different sites
and the SSA value.

For solids containing manganese, activity also in-
creases with the manganese content. However, in the
fresh state and for equivalent substitution levels, the
catalytic activities of Mn-substituted hexaaluminates
are close to those of the corresponding Fe-substituted
samples.

For the BaMn2Al10O19 and BaMn3Al9O19 cata-
lysts, aging has a limited effect because light-off tem-
peratures are only displaced by 20–30◦C. In addition,
the aged solid BaMn3Al9O19 shows an activity higher
or comparable to those of solids containing 1 or 2
Mn3+ per unit cell. Two opposite effects occur: SSAs
and transition metal ions content. So an optimum has
to be observed.

For the four Fe-substituted solids, the changes in
catalytic activity were not associated with changes in
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the apparent activation energies. This means that irre-
spective of whether iron is present or not, the limiting
step remains the same.

As far as conversions are concerned, the solid
BaFe2Al11O19 is the most active, and increasing the
iron content is not valuable. This is partly due to BET
areas that decrease almost linearly when iron content
increases. A low concentration of foreign cations is
beneficial for activity by increasing actives species,
but at the same time some stress is produced due to
the larger size of Fe3+ ions compared to that of Al3+
ones. If the iron concentration is too high, a too strong
constrain is induced leading to a loss of area after
aging. Since the active sites are located at the surface,
sintering leads to a decrease of the catalytic activity.
This is true for fresh and aged catalysts. The increas-
ing number of active cations is counterbalanced by
lowering the SSA.

For comparing all the solids irrespective of the dif-
ferent BET areas, superficial activity is much more re-
liable because it does not take area modifications into
account. Similar results have been obtained by Groppi
et al. [23] with iron doped barium hexaaluminate even
if they used another method of synthesis which is the
precipitation of carbonates [17].

At a given temperature, the activity increases with
cation content but is not proportional to it. Thus for the
solid containing 4 Fe3+ ions per unit cell, the activity
in the fresh state was only 2.4 times that corresponding
to the monosubstituted sample. The same is true for
aged solids. After aging, the loss in catalytic activity
corresponds to the BET area loss. Thus, sintering is
the only effect of aging: the number of surface active
sites decreases but their nature is not modified since
the intrinsic activity is not changed.

The latter class of solids is concerned with
BaFeMnxAl11−xO19. For the BaMnFeAl10O19 solid,
the intrinsic activity is exactly the sum of the activities
of the two monosubstituted catalysts. Thus a statisti-
cal distribution of iron and manganese is expected to
occur and the formation of Fe–O–Mn species seems
unlikely. On the contrary, whenx=2 or 3 activities
are not the sum of activities of BaFeAl11O19 and 2
or 3 times that of BaMnAl11O19. This means that
when the cations concentration is low (1 Fe+1 Mn)
each species behave independently from the other. In
other words, there is the same surface trivalent ions
concentration: Fe is only as Fe3+, whereas Mn is

present in two valence states Mn2+ and Mn3+. There
is no mutual influence. However, as Mn concentration
increases, it seems that some species are escaping
the surface, like for BaMnxAl12−xO19, because in-
trinsic activity is not fully proportional to the cation
concentration. This may be connected to the TPR re-
sults showing that reducibility increases not linearly
with the cation concentration. For solids containing
manganese, some species are also not reducible at
below 500◦C. When too much manganese is inserted
in the matrix, the number of surface active species
is reduced. Other structural studies are necessary for
elucidating real positions of each cation in the bulk
and possibly on the surface.

8. Conclusion

Synthesis of barium hexaaluminate via metal alkox-
ides hydrolysis is an efficient method for obtaining
pure single phased solids with a rather well-developed
SSA. Introduction of Mn+ ions during the hydroly-
sis step leads to a gel very homogeneous in Ba, M
and Al. Further calcination at 1200◦C leads to the ex-
actly desired structure. Substitution of aluminum by
iron or manganese ions, having the same charge (+3),
the same local symmetry (Oh) and comparable radius,
is possible at least for 3 ions per unit cell. Introduc-
tion of a fourth Mn ion is not allowed because of an
increasing constraint which destabilizes the structure.
Part of manganese is present as Mn2O3 which is out-
side the hexaaluminate structure. Concerning the va-
lence state of ions introduced, it seems that both Mn+2

and Mn+3 are present, and the lower the manganese
concentration, the higher the Mn2+ content. Only one
kind of Mn ion (Mn3+) seems to be present in the
BaMn3Al9O19 solid. For iron containing solids, up
to 4 Fe3+ cations may be introduced without desta-
bilization of the structure. Finally, when both Fe and
Mn cations are present, one iron cation limits the in-
troduction of manganese to 2 cations only. However,
all solids show exceptional thermal resistance because
aging at 1200◦C does not induce any structure change
and does not lead to a drastic loss of SSA.

Catalytic activity in methane combustion is very
low for the BaAl12O19 matrix. However, introduction
of active ions, like Fe3+ or Mn3+, enhances strongly
the activity. Optimum was found for BaFe2Al10O19,
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BaMn3Al9O19 and BaFeMnAl10O19; the three solids
have a light-off temperature close to 560–600◦C. Both
cations are active but it seems that iron is a little bit
more active due to the presence of Mn2+ ions in mixed
oxides, as deduced from the determination of the in-
trinsic activities. For these three catalysts, aging has no
effect except some surface area lowering and they may
be selected as valuable candidates for high temperature
catalytic combustion. In Japan, some hexaaluminates
have been effectively used by Arai et al. [24] for cat-
alytic gas turbines application, the honeycomb being
constituted by pure Mn-substituted hexaaluminate.
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