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Fe/MgO Formulations for the Catalytic Combustion of Methane
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Fe/MgO catalysts containing between 1.5 and 9 wt% iron were
prepared by impregnation and calcined at 1073 K for 10 h. The
solids were characterized by XRD and Raman and Mössbauer spec-
troscopies. They all showed that the solids are made up of MgFe2O4

spinel clusters and Fe3+ dispersed in the MgO matrix. The concen-
trations of MgFe2O4 and Fe3+ were calculated from the Mössbauer
data. The former increases by a factor of 23 while the latter re-
mains almost constant when the iron loading varies between 1.5
and 9 wt%. The catalytic activity correlates with the spinel weight
fraction in the Fe/MgO system. Both the SEM micrographs and
the EPMA analyses of the catalysts indicate that the solid surface is
made up of exposed patches of MgFe2O4 and MgO. This surface fea-
ture explains the plateau observed when the reaction rate constant
is plotted versus the iron loading. c© 2000 Academic Press
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oxidation.
INTRODUCTION

Since Pfefferle and Pfefferle (1) proposed catalytic com-
bustion as an efficient method for burning fuels in an envi-
ronmentally friendly way, considerable progress has been
made in materials development and engineering design.
However, a number of issues concerning high-temperature
applications are still far from being solved, despite the fact
that the first commerical unit installed in an electrical utility
has recently begun to operate (2). There is also little infor-
mation on the kinetics, mechanism, and nature of the active
sites involved in this reaction.

The preferred approach in catalytic combustion appli-
cations is the use of hybrid systems (3). The separation of
the combustion process into two well-defined zones allows a
better control of the whole system. In the high-temperature
zone the catalyst should be resistant to severe hydrother-
mal conditions (4). Spinels of different types, among other
mixed oxides, are good candidates for this application in
view of their high thermal stability (5).
1 To whom correspondence should be addressed. E-mail: nfisico@fiqus.
unl.edu.ar.
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Berg and Järås have already targeted MgO as a support
for high-temperature catalytic combustion (6), due to its
ability to maintain a larger surface area at high tempera-
ture than most other oxides employed as catalyst supports.
The addition of iron to MgO may lead to the formation of
a spinel phase. In fact, the Fe/MgO system, in both the re-
duced and oxidized forms, has already been used as catalyst.
Reduced, it has been used for ammonia synthesis. Boudart
et al. (7–9), who employed Mössbauer spectroscopy to char-
acterize this system in the reduced form, identified the pres-
ence of small metallic particles in Fe/MgO and Fe2+ clusters
in MgO. Ueda et al. (10–12) studied the catalytic perfor-
mance of Fe/MgO in the oxidized form in cross-coupling
reactions leading to the production of α,β-unsaturated
compounds. Asakura and Iwasawa (13) characterized this
system using EXAFS and XANES. They concluded that
there exist small cluster structures of MgFe2O4 in the MgO
lattice. Based on their XANES data, they also said that Fe3+

cations are present at the interface between MgFe2O4 and
the parent MgO lattice.

In this work, we report data concerning the catalytic per-
formance of Fe/MgO for the combustion of methane. Fur-
thermore, in order to give insights into the nature of the
active sites, we also report data obtained using several char-
acterization techniques.

EXPERIMENTAL

Catalyst Preparation

The catalysts were prepared by impregnation. A 0.5 M
Fe(NO3)3 · 9H2O (Merck, p.a.) solution was added to an
MgO (Alfa, p.a.) suspension in distilled water. This suspen-
sion was prepared by adding ca. 100 ml per 5 g of solid. The
amount of the Fe(NO3)3 solution used was that necessary
to obtain the desired Fe content. After the addition of the
ferric solution to the suspension, the pH value was ca. 10,
where the immediate precipitation of the hydroxide took
place. The solids prepared contained 1.5, 3, 6, and 9 wt% Fe,
which hereafter will be referred to as Fe(w)/MgO, where w
is the weight percentage. The resulting slurry was intensely
67
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stirred on a hot plate until dryness was achieved. The solid
so obtained was kept in an oven at 383 K overnight. Finally,
it was calcined in air flow at 1073 K for 10 h. An aliquot of
the support was also calcined under the same conditions.

The model solids, α-Fe2O3 and the MgFe2O4 spinel, were
synthesized. For the preparation of α-Fe2O3, concentrated
ammonia was added to a 0.5 M Fe(NO3)3 · 9H2O solution
in order to precipitate the Fe3+ in the hydroxide form. The
solid was filtered under vacuum and the cake obtained was
washed several times with distilled water. The hydroxide
was then dried in an oven and finally calcined at 1223 K
in air flow for 5 h. The spinel was prepared by mixing
Mg(CH3COO)2 (Merck, p.a.) and Fe(NO3)3 · 9H2O solu-
tions (both 0.5 M) in stoichiometric proportion. Then, a
1 M citric acid solution was added in an amount equivalent
to the total cations. The resulting solution was kept in an
oven at 383 K until dryness. This precursor was calcined in
air flow at 1223 K for 10 h.

Catalyst Characterization

The BET surface area of the solids was determined us-
ing a Quantachrome Nova 1000 Sorptometer. The samples
were evacuated for 3 h at 573 K before measuring the sur-
face area. In the experiments, nine relative pressure values
were selected in the range of 0.05 to 0.25 Torr.

The X-ray diffraction patterns were obtained using an
XD-D1 Shimadzu instrument with monochromator em-
ploying CuKα radiation. The scan rate was 1◦ per minute.
The diffractograms were acquired at a voltage of 30 kV and
an intensity of 40 mA.

The Raman spectra were obtained under ambient condi-
tions using a JASCO TRS-600SZ-P single monochromator
spectrophotometer equipped with an intensified photodi-
ode array cooled to about 150 K with liquid N2. The exci-
tation source was the 514.5 nm line of a Spectra 9000 Pho-
tometrics Ar ion laser. The laser power, measured at the
samples, was set at 30–40 mW.

The Mössbauer spectra were acquired with a standard
512-channel spectrometer with transmission geometry. The
samples were placed in an He closed-cycle refrigerator at
temperatures ranging from 16 to 298 K. A 57Co-in-Rh ma-
trix source of nominally 50 mCi was used. The velocity cal-
ibration was performed against a 6-µm-thick α-Fe foil. All
isomer shifts were referred to this standard at 298 K. Spec-
tra were fitted by using a least-squares nonlinear computer-
fitting program with constraints. Lorentzian lines were con-
sidered with equal widths for each spectrum component.
The baseline was fitted to a second-order polynomial, and
the velocity nonlinearity was fitted to a third-order polyno-
mial. The spectra were folded to minimize geometric effects.

The morphology of different materials was studied using

a Jeol microscope, JSM-35C model, operated at accelerat-
ing voltages of 20–25 kV. The samples were glued to the
ET AL.

sample holder using silver paint. The preparations were
covered with a thin gold layer to obtain better images. An
electron probe microanalyzer (EPMA) was used for the
chemical microanalysis of Fe(w)/MgO (w= 3, 6, and 9) and
MgFe2O4. The X-ray beam was concentrated in a volume
of about 1 µm3. Different regions of the same particle were
tested.

Catalytic Measurements

The catalytic activity of Fe(w)/MgO for methane combus-
tion was measured using a quartz microreactor, 4 mm i.d.
(6 mm o.d.) and 30 cm long, operated in plug flow mode. A
0.050 g portion of catalyst was lodged in the reactor center
part between two quartz wool plugs. The catalyst particle
size was 60–80 mesh. The oven surrounding the reactor was
30 cm long to ensure that the reactants reached the reac-
tion temperature at the catalyst bed inlet. A thermocouple
attached to the external side of the reactor wall was used
to measure the reaction temperature.

CH4, O2, and N2 were fed using mass flow controllers.
To avoid excessive thermal effects and water condensation
downstream of the reactor, the methane concentration was
limited to 2% v/v. The oxygen concentration was 100% in
excess of the stoichiometric value to ensure complete ox-
idation to CO2 and H2O. The typical hourly space veloc-
ity was 480,000 h−1. To achieve steady state, the reactor
was kept at each temperature for 30 min before conversion
measurements. The analysis of the reacting stream was car-
ried out using an online chromatograph equipped with a
Porapak Q column and a TCD. The carbon balance was in
all cases within a 5% tolerance. The conversion values re-
ported here represent the average for three gas samples an-
alyzed. The reaction rates were calculated using conversion
data obtained by operating the reactor in differential mode.
The maximum value of methane conversion achieved
was 12.9%. This corresponds to runs performed with the
most active catalysts at the highest reaction temperature
(948 K).

RESULTS

X-Ray Diffraction and Raman Spectroscopy Data

The XRD data of the Fe(w)/MgO catalysts, with w= 1.5,
3, 6, and 9%, present the support reflections as shown in
Table 1, in addition to three weak ones corresponding to
the iron-containing phase. An increase in the intensity of
the latter ones with the amount of supported Fe can be ob-
served. The pattern of the 1.5 wt% iron sample only shows
the support reflections.

By comparing the diffractograms of the Fe/MgO series
with the ones corresponding to the model solids, we can

conclude that the three additional signals observed in the
patterns of the Fe/MgO samples belong to MgFe2O4; the
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TABLE 1

Structural Characteristics of Fe/MgO Catalysts and the Model Compounds

Main XRD reflections, a Raman bands
2θ (deg) (cm−1)

Sg
c

Solid MgO MgFe2O4
b α-Fe2O3 MgFe2O4 α-Fe2O3 (m2 · g−1)

α-Fe2O3 — — 33.16 (100) — 498, 612 —
MgFe2O4 — 30.13 (35), 35.50 (100), 56.98 (31) 33.22 (6) 472, 542, 638, 714 — 0.6
Fe(1.5)/MgO 42.94 (100), 62.29 (51) — — (Fluorescence only) — 37.3
Fe(3)/MgO 42.94 (100), 62.32 (49) 30.13 (1), 35.54 (3), 57.01 (1) — 473, 553, 643, 716 — 31.1
Fe(6)/MgO 42.94 (100), 62.35 (47) 30.13 (3), 35.47 (9), 57.07 (2) — 477, 551, 651, 715 — 26.7
Fe(9)/MgO 42.94 (100), 62.29 (46) 30.07 (4), 35.47 (16), 57.04 (4) — 479, 552, 652, 716 — 19.6

a The relative intensities are indicated in parentheses.

b Another intense signal of MgFe2O4 which appears at 62.54◦ (relative intensity, 47%) overlaps a strong MgO signal.

c Surface area.

other two important spinel signals, which should be ob-
served at 2θ = 43.13 and 62.54◦ (relative intensities 26 and
47%, respectively), overlap the MgO ones. α-Fe2O3 is not
detected by XRD in Fe/MgO, its main signal being absent
(2θ = 33.16◦). Since the Fe/Mg ratio is higher for the model
spinel compound than for the Fe(w)/MgO series, it is possi-
ble to detect the presence ofα-Fe2O3 by XRD as segregated
phase in the former, but not in the latter.

From these results we could conclude that catalysts are
made up of spinel and MgO only. Let us see what Raman
spectroscopy can show us about this system.

The Raman spectrum corresponding to α-Fe2O3 presents
(Table 1) two very weak signals at 612 and 498 cm−1. For
MgFe2O4 three main Raman signals are detected at 714,
542, and 472 cm−1, with a small shoulder at 638 cm−1 on
the first one. The support, just like for the sample with a
1.5% Fe content, does not present Raman signals but does
show fluorescence. The other catalysts of the Fe/MgO series
clearly show the spinel fingerprint. The Fe(3)/MgO sam-
ple presents some fluorescence, on which the spinel signals
are mounted. In the Fe(6)/MgO sample, the fluorescence
has sharply decreased and completely disappeared in the
Fe(9)/MgO sample. The absence of α-Fe2O3 bands in the
Fe/Mg system does not preclude the presence of the iron
oxide since its Raman spectrum is very weak. Note that the
spectrum of the spinel model compound does not show the
bands of α-Fe2O3 despite the fact that the oxide was clearly
seen by XRD.

Mössbauer Spectroscopy

The Mössbauer parameters (hyperfine magnetic fields,
isomer shifts, and quadrupole splitting) corresponding to
the MgFe2O4 model sample at 298 K and at 16 K are in
good agreement with the ones reported for the bulk spinel
(14). The observed sextuplet spectrum (Fig. 1) can be fitted
three sextuplets, two of them assignable to Fe3+ located
trahedral and octahedral sites in the spinel structure
while the third one has Mössbauer parameters coincident
with those of α-Fe2O3 detected by XRD (Table 1). Consid-
ering the oxide parameters, it was estimated that the spinel
phase contained ca. 20% segregated oxide.

In the spectra of the Fe/MgO catalysts at room tempera-
ture, the signal is composed of a doublet and a sextuplet in
every case. Figure 1A shows the spectra corresponding to
Fe(1.5)/MgO and Fe(9)/MgO as representative of the series.
The sextuplet may be assigned ot the MgFe2O4 species. The
doublet may be due either to α-Fe2O3 or to very small crys-
tals of the spinel showing superparamagnetic relaxation,
or paramagnetic isolated Fe3+ ions, dispersed in the MgO
matrix. The spectra of the same catalysts at 16 K (Fig. 1B)
confirm the existence of MgFe2O4 in the solid. If the central
signal belongs to very small crystallites when the tempera-
ture is lowered, the doublet area should decrease with the
increase of the sextuplet area. If the composition of these
small crystallites were MgFe2O4, only two sextuplets would
remain. On the other hand, if they were α-Fe2O3 crystals,
a new one would appear. However, neither happens. Be-
sides, the Mössbauer parameters of this central signal are
almost identical for all the samples. Thus, everything indi-
cates that this signal is due to Fe3+ ions dispersed in the
MgO lattice. According to these results, the catalysts are
made up of zones with MgFe2O4 structure and Fe3+ ions
dispersed in the MgO matrix. The amount of spinel in the
catalysts increases with higher iron loading, as shown in
Table 2. The most reliable percentages of each species are
those measured at low temperature, since under these con-
ditions, the probable differences in the recoil free factors are
minimal.

The moles of Fe3+ and MgFe2O4 per gram of catalyst
were calculated by taking into account that the only de-
tectable species in the catalysts are MgO, Fe3+ dispersed
in the support matrix (whose ionic charge is balanced by
oxide ions), and MgFe2O4. The quantification obtained by

the Mössbauer spectroscopy (Table 2) was used. These cal-
culations show that the amount of Fe3+ stays essentially
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FIG. 1. Mössbauer spectra of Fe(1.5)/MgO, Fe(9)/MgO, and the mo

constant while the spinel amount increases by a factor of
23 (Fig. 2). This seems to indicate that at low iron concen-
trations, finely dispersed Fe3+ ions are formed and as the
iron load increases above ca. 1%, the spinel phase starts
to develop. Therefore, it seems that a threshold concentra-
tion of iron must be reached to form the spinel in the MgO
matrix.

TABLE 2

Atomic Percentage Corresponding to Iron as Spinel and as Fe3+

Calculated from the Mössbauer Spectra for Fe/MgO

Catalyst

T (K) Species Fe(1.5)/MgO Fe(3)/MgO Fe(6)/MgO Fe(9)/MgO

298 MgFe2O4 — 51± 2 64± 3 77± 4
Fe3+ 100 49± 1 36± 2 23± 2

16 MgFe2O4 18± 2 50± 5 65± 4 79± 5

Fe3+ 82± 5 50± 2 35± 1 21± 1
el compound MgFe2O4, (A) at room temperature and (B) at 16 K.

FIG. 2. Dependency of the amount of MgFe2O4 formed in the

Fe/MgO catalysts on the iron loading. The moles indicated are referred to
1 g of catalyst.
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Which iron-containing phase is the active one? This ques-
tion will be addressed after reporting the catalytic data
obtained.

Micrographs and EPMA

The micrographs of magnesia powder calcined at 1073 K
(1,500 and 4,000×magnification) are shown in Fig. 3A. It
can be seen that the particles of the support present a
“flake” structure. Some flake agglomerates on the top of
the particles are also observed. These agglomerates are ran-
domly distributed. Magnesia supported iron (w= 3, 6, and
9 wt%) shows the same “flake” structure and agglomerates
as MgO, as seen in the micrograph of Fe(9)/MgO powder
(Fig. 3B).

The electron probe microanalysis of Fe(9)/MgO reveals
a significant heterogeneity in the composition of the parti-
cles (Table 3). The ratio of Mg/Fe increased when the vol-
ume analyzed was mainly formed by “flake” agglomerates,
suggesting that the main component of these agglomerates

is Mg. This effect was also observed in particles of Fe(6)/
M

temperature range of 848–948 K is plotted in Fig. 4 versus

gO. the iron loading. These data show that the addition of iron
FIG. 3. Micrographs of (A) the support MgO and (B) F
TION OF METHANE 171

TABLE 3

Semiquantitative Elemental Probe Microanalysis (EPMA) Results

Sample Mga Fea Mg/Feb

Fe(6)/MgO 89 11 11.21
89 11 11.21
85 15 7.85

Fe(9)/MgO 81 19 5.91
78 22 4.91
71 29 3.39
80 20 5.54

MgFe2O4
c 13 87 0.21

a Relative amounts in wt%.
b Atomic ratio.
c The MgFe2O4 stoichiometric compound has an Mg/Fe ratio of 0.5.

Catalytic Measurements

The raw kinetic data obtained at one fixed reactant con-
centration (CH4= 2% v/v, O2= 8% v/v, balance N2) in the
e(9)/MgO, both with 1,500 and 4,000×magnification.
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FIG. 4. Methane combustion rate as a function of the iron loading.
Symbols: (h) 848 K, (j) 873 K, (s) 898 K, (d) 923 K, and (∇) 948 K.
Feed: CH4, 2% v/v, O2, 8% v/v, balance N2.

to MgO catalyzes the total methane oxidation, while the
support itself is inactive under the reaction conditions here
reported. As the iron loading increases, the catalytic activ-
ity is enhanced but a saturation value is achieved at every
temperature when the iron content is 6% or more. Note
that the specific surface area decreases monotonically with
increasing iron content (Table 1).

The spinel was also catalytically tested in order to com-
pare its activity with the one corresponding to the saturation
value at the highest temperature (948 K). This experiment is
hard to perform without uncertainty due to the low surface
area of the spinel (Table 1). Thus, it was carried out em-
ploying 1.006 g of spinel and a space velocity of 63,500 h−1.
At 948 K, a reaction rate value of 0.9 µmol · s−1 ·m−2 was
determined for the spinel, which differs by ca. 10% from
the saturation value observed at this temperature (Fig. 4).

If the raw kinetic data were plotted versus the spinel
concentration calculated from the Mössbauer spectra, the
same trend would be obtained, as expected from the linear
relationship between the concentration of this species and
that of total Fe (Fig. 2). No correlation is obtained, however,
if the same plot is made against the Fe3+ concentration. This
seems to indicate that the active sites are located on the
spinel phase.

Before further discussion, the possibility of mass trans-
fer limitations should be checked. Hickman and Schmidt
(15) worked at residence times between 10−4 and 10−2 sec-
onds in their study on methane direct oxidation to explore
synthesis gas generation, finding significant mass transfer
effects. Although their conditions and catalytic configura-
tion (Pt monolith, a very active catalyst, methane concen-
tration higher than 16%) are quite different from ours, the
contact times employed in our experiments were similar.
In order to quantitatively check the importance of the pore

diffusion limitations, the Weisz-Prater modulus can be ap-
plied:8= rCH4 L2/DeCH4CCH4 . The parameters in this mod-
ET AL.

ulus were calculated assuming the most unfavorable condi-
tions:

rCH4 = 1.28× 10−9 mol · s−1 cm−3 (xCH4 = 12.9%)

L = 4.2× 10−3 cm

De CH4 = 1.503 cm2 · s−1

CCH4 = 2.572× 10−7 mol · cm−3

( p̄CH4 = 2kPa;T = 948.15 K).

Replacing these data,8 = 6× 10−8¿ 1. The same order
of magnitude is obtained for O2. If in the smaller pores one
assumes a Knudsen regime, the 8 values are still very low.
These calculations confirm the absence of mass transport
limitations.

Another issue to be considered, given the combustion
exothermicity, is the temperature gradient inside the cata-
lyst particles. Combining the continuity and energy equa-
tions, and taking into account that the maximum conversion
achieved was 12.9%, and particle size 60–80 mesh, we ob-
tained1T= 12.7◦C. For the average conversion value (5%)
used in our rate calculations, this temperature increase went
down to 4.9◦C.

DISCUSSION

The diffraction patterns and particularly the Raman spec-
tra clearly show the presence of the MgFe2O4 spinel in
Fe/MgO. However, an overall picture of the solid struc-
ture and a quantification of the different iron species were
obtained using Mössbauer spectroscopy. At low Fe content
(ca. below 1 wt%) Fe3+ cations are finely dispersed in the
MgO matrix while at higher metal concentrations the spinel
phase develops. From about 1 wt% up to 9 wt% Fe, the
spinel concentration increases linearly as shown in Fig. 2,
while the Fe3+ concentration remains essentially constant.

This picture of the Fe/MgO system in the oxidized form
is consistent with the findings of Boudart and co-workers
(7–9) who studied this system but in its reduced form. They
detected Fe2+ clusters in MgO and found that the concen-
tration of these clusters only varied a little with the total
iron loading, up to 40%. In agreement with our results,
Fe cations seemingly tend to form a solid solution with the
magnesium oxide before forming the main phase, having to
overcome a threshold concentration. According to Boudart
and co-workers (7–9) the phases present in the Fe/MgO
catalysts in their reduced form are Fe2+ cations dispersed
in MgO (FeO–MgO solid solution) and Fe◦, while in the
oxidized form, according to our results there would be Fe3+

cations dispersed in MgO and MgFe2O4.
Asakura and Iwasawa (13) studied the Fe(5%)/MgO

system in its oxidized form. They found small clusters of
MgFe2O4 in the MgO lattice and explained the high ac-

tivity obtained with these catalysts by the combination of
coordinately unsaturated basic O2− sites and acidic Fe3+
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sites. According to these authors, these acidic Fe3+ would
be cations with low coordination number, located at the in-
terface between MgO and the MgFe2O4 clusters. However
in our case, the catalytic behavior of the Fe/MgO system
for methane combustion does not correlate with the Fe3+

concentration in the MgO matrix (vide infra). On the other
hand, there is a nonlinear relationship between the reaction
rate and the spinel concentration.

The most straightforward explanation for the catalytic
behavior of the Fe/MgO series with iron concentration,
namely the complete coverage of the catalyst surface with
the active site, is supported by neither SEM micrographs
(Fig. 3) nor EPM analyses (Table 3). They show that even
the Fe(9)/MgO catalyst contains islands of MgO decorat-
ing the catalyst surface. These results reveal a noticeable
surface heterogeneity in the Fe/MgO catalysts, being more
important in the most concentrated sample (9%). This het-
erogeneity is expressed in an enrichment of Mg in different
zones of the samples. The origin of the MgO islands and of
this heterogeneity is discussed below.

Let us consider the different stages of the impregnation
process. When MgO is in contact with water, the total con-
version to hydroxide is thermodynamically favored. When
the iron nitrate solution is mixed with the magnesium hy-
droxide suspension, the iron hydroxide precipitation oc-
curs. Ferric ions in aqueous solution have a tendency to hy-
drolysis and/or complex formation. At pH higher than ca. 2,
polynuclear species are formed, equilibrium is reached
more slowly, and colloidal gels develop (16). The equilib-
rium system of the different complexes in aqueous solution
was solved, for both iron and magnesium, after the suspen-
sion was mixed with the ferric solution (17). In every case
(preparation of the whole series of catalysts), a pH of 9.3
was obtained while the calculated concentration of all the
complexes was very small.

According to these results, during the impregnation pro-
cess, when the ferric solution gets in contact with the mag-
nesium hydroxide suspension, the total precipitation of the
Fe3+ cation takes place. At the same time, in order to sat-
isfy the electroneutrality in solution (presence of the nitrate
anions) an equivalent amount of Mg2+ is solubilized. Ferric
hydroxide precipitates on Mg(OH)2 in the form of a slow
nucleation gel. During the drying process, a final deposition
of Mg(NO3)2 on the solid takes place. In the calcination
stage, the former becomes MgO, covering the impregnated
Fe, thus forming islands on the catalyst surface.

The shape of the activity curves (Fig. 4) can now be ratio-
nalized. In view of the above analysis when the Fe loading
increases, the amount of reprecipitated MgO also goes up.
These two factors have opposite effects on the catalytic ac-
tivity and may lead to the plateaus observed in these plots.
The crystallite size values for both species estimated from
the XRD data agree with this reasoning. For MgFe2O4 in

Fe/Mg, the crystallite size increases from 267 to 344 Å (sam-
ples with 3, 6, and 9% iron; in the 1.5% sample the spinel
TION OF METHANE 173

phase is not detected by XRD), whereas for the bulk spinel
it is 473 Å. For MgO this increase is also observed, ranging
from 298 to 409 Å. In brief, from an iron loading of 6% and
higher the increase in the amount of impregnated iron does
not improve the activity due to the reprecipitation of MgO
on the catalyst surface.

The reaction rate equation may be written as

r = kF(T, p̄O2 , p̄CH4),

where k is the surface reaction rate constant. This magni-
tude is a function of the amount of active sites (w) through
the preexponential factor (A) of the Arrhenius equation:

r = A(w) exp
(−Ea

RT

)
F(T, p̄O2 , p̄CH4)

When the plateau is reached (Fig. 4) at each temperature,
the following results:

rmax= A(wmax) exp
(−Ea

RT

)
F(T, p̄O2 , p̄CH4)

At constant temperature and partial pressure of the re-
actants the ratio r/rmax reflects the behavior of A/Amax.

Figure 5 shows that this ratio correlates with the amount
of spinel measured in each catalyst sample. No correlation
was found, however, when the amount of Fe3+ was plot-
ted in the abscissa. Therefore, Fig. 5 is consistent with the
role played by the spinel phase as loci of the active sites for
methane combustion.

The MgO is necessary only to provide enough specific sur-
face (which the spinel alone cannot develop) and to form
the spinel, but it would not participate in the reaction. In
favor of this statement we have the result of the measure-
ment of the spinel catalytic activity.

FIG. 5. Evolution of the methane combustion rate referred to the
maximum at each temperature as a function of the spinel amount per

gram of catalyst. Symbols: (j) 873 K, (s) 898 K, (d) 923 K, and
(∇) 948 K.
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CONCLUSIONS

• Fe/MgO calcined at 1073 K is made up of MgFe2O4

crystallites that develop when the iron loading is higher
than ca. 1 wt%. They coexist with Fe3+ cations dispersed in
the MgO matrix.
• Between 1.5 and 9 wt% iron loading, the Fe3+ weight

fraction remains almost constant while the spinel concen-
tration increases by a factor of 23.
• The methane combustion rate increases with the spinel

weight fraction but reaches a plateau at ca. 6 wt% Fe loading
(Fig. 4). This is due to the partial solubilization of Mg2+

which reprecipitates upon drying, decorating the catalyst
surface (Fig. 3 and Table 3).
• All the experimental data reported here favor the hy-

pothesis that the active sites are located on the spinel phase.
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