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Abstract

The paper deals with the effect of modification with cobalt of a series of LaFe; _,Co,0O3 mixed-oxide perovskites as catalyst precursors in
the combined reforming of methane with CO, and O, for the production of syngas. The perovskite type oxides were synthesized by fine
chemical using the citrate sol—gel method and characterized by techniques such as FT-IR, BET surface area, X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), TPR and inductively coupled plasma emission spectroscopy (ICP), under the condition of as-synthesized,
reduced and used samples. The results showed that through this synthesis it is possible to obtain highly crystalline, homogeneous and pure
solids, with well-defined structures. After reduction, the stabilization by the presence of iron of highly dispersed Co metallic particles from the
cation on position B over the corresponding oxides was evidenced, decreasing deactivation by avoiding the sintering of metals and coke
formation on the surface of the catalysts.

The existence of strong Fe—Co interaction in the LaFe, ,Co,03 with x =0.4-0.6 produces a synergetic effect improving methane

conversion and H, production.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most serious problems in CO, methane
reforming is catalysts deactivation by coke. Since the
reaction is endothermic, it proceeds at high temperature,
thermodynamically favoring coke formation. Recently, CO,
reforming of methane and steam reforming combined with
partial oxidation has been studied [1-6]. Oxygen addition to
these reactions reduces carbon deposition on the catalyst
surface and increases methane conversion. Simultaneously,
economical advantages are obtained by the appropriate
combination of highly endothermic processes with the
exothermic partial oxidation of methane by decreasing the
energetic requirements of the reaction.
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Similarly, the type of catalyst used could also inhibit coke
formation [7-11]. The use of perovskite type oxides emerge
as an alternative since after reduction it is possible to
produce highly disperse metallic particles, diminishing
deactivation of the catalyst by suppressing the coke forming
reactions [1,7-9]. The catalytic activity of the mixed-oxide
perovskites can be highly improved by partial substitution
on A- and/or B-sites cations. B-cations could be partially
reduced to well disperse metallic species supported on the
A-site cation oxide, which make them ideal catalyst
precursors for a series of reactions involving metals as
active sites [1,2,7,8,12,13]. Similarly, the ease of removal or
insertion of oxygen in perovskite type mixed-oxide
materials provides an ideal framework for oxidation
catalysis [1,2,10,13].

Addition of a second transition metal cation on B-site
position such as cobalt to iron mixed-oxide perovskites
should decrease the temperature at which these important
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processes occur and increase specific conversion in methane
partial oxidation [14-16].

The combine reaction then emerges as an interesting
alternative since it improves the temperature control of the
reactor and reduces formation of cold points. Besides, it
allows the production of syngas with a broad range of H,/CO
ratios by manipulating the relative concentrations of O, and
CO, in the feed.

In this paper, we present the results of the effect of
modifying LaFeO3; mixed-oxide perovskites with cobalt to
produce a series LaFe; ,Co,0O;3 ternary perovskites with
x =0 for LaFeO3; and x=1 for LaCoO; as catalyst pre-
cursors in the combine reforming of methane in the presence
of CO, and O, for the production of syngas.

2. Experimental

The experimental procedure used for the synthesis and
characterization of the mixed-oxide perovskites are similar
to that previously reported in reference [7]. Description
follows, adequate to the new synthesized solids.

2.1. Synthesis and characterization of the precursor
perovskites

The studied mixed-oxide perovskites LaFeO;, LaFe g-
C00.203, LaFeo,6C00.4O3, LaFeo,4C00_603, LaFe()lCOo_gO:;
and LaCoO; were synthesized by fine chemical using a
modification of the citrate sol-gel method [7,17]. Adequate
amounts of the precursor of the cation at B-position were
dissolved under vigorous stirring in a solution of citric acid
(99.5 Riedel-de Haén) with an excess of ethylene glycol
(99.5 Riedel-de Haén) as the organic polydentate ligand.
The citric acid/B-cation molar ratio was 4, while it was 1.38
for ethylene glycol/citric acid. The mixture was kept at 50—
60 °C with mild continuous stirring until a clear solution was
obtained. At this point, a stoichiometric quantity of the
precursor of cation A, La(NOj3);-5H,0, was added while
keeping the mixture at 60 °C. The evaporating process
proceeded for 2 days until a viscous resin was formed. The
resin was dried at 150 °C for 24 h and calcined in air at
700 °C for 5 h.

The solids were characterized before and after catalytic
tests by mass and surface physico-chemical techniques such
as inductively coupled plasma emission spectroscopy (ICP)
using a Perkin-Elmer ICP/5500 instrument to analyze the
chemical compositions (Fe, Co and La) of the synthesized
solids. Oxygen was determined by coulometric titration
converting the oxygen to carbon oxides after passing over
carbon at 1120 °C. The IR spectra of the final product were
recorded in a Perkin-Elmer 283 spectrometer in the range
1200-400 cm™'. The surface areas were measured by a
single-point BET procedure using nitrogen—argon adsorption
at —196 °C with an N,/Ar ratio of 30/70 on a Micromeritics
Model ASAP 2010. X-ray diffraction (XRD) experiments

were conducted using a Siemens D-8 advanced diffractometer
with a Cu Ko radiation for crystalline phase detection
between 20° and 90° (26) and under temperature program
reduction in H, atmosphere (3 L/h) from room temperature to
800 °C. JCPDS-ICDD standard files software was used to
determine the phases. The metallic crystallite sizes were
calculated using metal (10 1) reflection and the Scherrer
formula [18,19] with Warren’s correction for instrumental
line broadening dv = 0.9x/[(8> — B*)'*cos6], where
A =1.54056 A and the line broadening at 44°, 26, is
B =0.09°, by means of TOPAS P Profile Fitting Program
from Brucker Analytical X-Ray System. The reducibility of
these precursor mixed-oxide perovskites was studied by
TPR and in situ XRD. The TPR was carried out in a Thermo-
Quest TPD/TPR 1100 system using 0.07 g of the sample in
8 vol.% H,/92 vol.% Ar stream (20 mL/min). The tempera-
ture was raised from room temperature to 120 °C at a rate of
10 °C/min, then holding it for 15 min to remove any
adsorbed water, and raised again up to 900 °C for 2 h. The
X-ray photoelectron spectroscopy (XPS) analyses were
performed with a VG ESCALAB 220 XL spectrometer. The
monochromatized Al Ko (1486.6 V) source was operated
at 80 W. The residual vacuum at the analysis chamber was
always better than 5 x 10® Torr. For the XPS analyses, the
reduction treatments were conducted in situ using H, as
reducing agent and left 9 hat 500 °C (heating rate 2 °C/min).
Auto-coherent references were used: La 3d (La3+, 529 eV),
Co 2p (Co>*, 780.2 eV), Fe 2p (Fe’*, 710eV) and O s
(529.3 eV). The binding energy of C 1s (284.6 eV) was used
as an internal standard.

2.2. Activity test

The variation of the activity/selectivity patterns as a
function of the composition of the mixed-oxide precursors,
the influence of activation procedure and reaction parameters
were monitored using 200 mg of catalyst in a 20-mm i.d.
quartz reactor at atmospheric pressure operated in a fixed-bed
continuous flow system with CH,/CO,=1 for the CO,
reforming and CH4/CO,/O, =4/1/2 for the combine re-
forming. Argon was used as diluent, 750-850 °C, and
24Lh™"' ¢! hourly space velocities. Before the catalytic
tests, the solids were reduced in H, flow (20 mL/min,
T=700 °C, 8 h). After reduction, the system was swept with
Ar for 15 min and adjusted to reaction temperature. The water
produced during reaction, was condensed before passing
the reactants and products to the analyzing system, which
consisted of an on-line gas chromatograph (Perkin-Elmer
Auto System XL) equipped with a TCD detector and provided
with a Carbosieve SII 80/100 column (12 x 1/8 0.d. SS), as
previously described [1]. The CH4 and CO, conversions are
defined as the CH4 and CO, converted per total amount of CHy
and CO, fed, respectively. The selectivity for product ““i”” was
calculated based in carbon balance and defined as S; (%) = N;/
(NCHy(c) + NCO,(c))100, where NCH4(c) and NCO,(c) are
the amounts of methane and carbon dioxide converted.
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Table 1
Chemical composition of synthesized mixed-oxide perovskites
Perovskites La (%) Co (%) Fe (%) O (%)

n. e. n. e n e. n e.
LaFeO; 57.22 55.12 - - 23.00 22.26 19.77 20.55
LaFe( §C0( 203 57.07 54.78 4.84 5.03 18.35 17.49 19.72 18.56
LaFe( 6C0¢ 403 56.93 54.54 9.66 9.83 13.73 13.09 19.67 17.70
LaFe( 4Co¢ 603 56.78 53.05 14.45 14.27 9.13 8.49 19.62 19.81
LaFe( 2,Coy 303 56.64 45.78 19.22 15.90 4.55 5.76 19.57 19.07
LaCoO; 56.50 52.49 23.97 23.79 — — 19.52 18.23

n.: nominal values and e.: experimental values.

3. Results and discussion
3.1. Perovskite synthesis and ICP analysis

Table 1 shows the series of synthesized mixed-oxide
perovskites and their chemical composition. The experi-
mental values for each element are, within experimental
error, very similar to the theoretical values, indicating a
close coincidence between experimental and nominal
molecular formula for the mixed-oxide perovskites asses-
sing the benefits of the citrate sol-gel method to produce
highly crystalline and homogeneous structures. However, it
is important to point out that with the exception of
LaFe( 4Co( O3 and LaFeO; most mixed-oxide perovskites
showed an oxygen deficiency in the structure.

3.2. IR, surface area and X-ray diffraction

IR and XRD analysis were performed to assess the
formation of the perovskite structure. The IR spectra for all
solids showed two broad bands characteristics of ABO;
mixed-oxide centered at 400 and 600 cm ™. Their positions
are in good agreement with those reported in the literature
[20]. Table 2 gives values of the observed position for the IR
bands and the BET specific surface area measured after
calcination. For the IR results, it can be observed that v,
increases as Co substitutes Fe indicating that Co—O bond is
stronger than that of Fe—O. As seen from Table 2, most of the
synthesized solids showed areas higher than 3 m%g, the
usual value obtained when mixed-oxide perovskites are
prepared by other methods. In agreement with Bedel et al.
observation [10], the specific surface areas of the perovskites

Table 3

Table 2
BET specific surface area and IR bands position

Perovskite Area (m?/g) IR band position
vy (cm™") v (em ™)

LaFeO; 6 553 401
LaFe( gCo(»03 4 577 380
LaFeo_6C00.4O3 3 598 396
LaFeOACoO,GO»q 7 609 428
LaFe( ,Co 303 5 613 430
LaCoO; 4 599 427

correspond mainly to the geometrical surfaces of the
spherical particles, characteristic of nonporous grains. A
clear relationship between the observed specific areas and
the degree of substitution of iron by cobalt was not observed.
However, a tendency to smaller surface areas in going from
LaFeO3 to LaCoO5 was observed (Table 2).

For the binary perovskites, the room temperature XRD
analyses reveal the presence of very crystalline orthorhom-
bic LaFeO; (JCPDS-ICDD 15-0148) and rhombohedral
LaCoO; (JCPDS-ICDD 48-0123) structures. All ternary
mixed-oxide perovskites could also be indexed with
orthorhombic or rhombohedral symmetry depending on
the Fe—Co composition. The different types of structure
obtained for all ternary mixed-oxide perovskites are listed in
Table 3.

The XRD analyses of the as-synthesized solids at room
temperature revealed the perovskite structure as the main
phase for all synthesized solids with high crystalline and
well-defined symmetry. It was observed that for the high Co
containing perovskites the more intense peaks are doublets,
characteristic of the LaCoOj5 structure with formation of

In situ XRD results: symmetry, phases and average size of Co (Fe) after reduction

Solid Symmetry” 26° () T of degradation (°C) Main phases after reduction Particle size (nm)
LaFeO, e} 32.221 800 Fe®, La,05, LaFeOs, 51.9
LaCoq»Feg 03 o) 32.696 800 La,0;, Co°, Fe’, Fe,05 413
LaCoy 4Feq 605 o 32.928 700-800 La,05, Co°, Fe’, 54.3
LaCoq ¢Fey 403 R 32.954 600-700 La,0;, Co°, Fe’, 422
LaCop gFeo .03 R 33.125 600-700 La,0s, Co’, Fe’ 28.3
LaCoO, R 33.174 300-400 La,0;, Co°, 13.6

JCPDS-ICDD: Co° (01-1254), Fe® (01-1252), Co’~Fe® (65-6829), La,05 (05-0602), LaFeO3 (JCPDS-ICDD 15-0148) and LaCoO5 (JCPDS-ICDD 48-0123).

% R: rhombohedral and O: orthorhombic.
® Evolution of the most intense peak at 29 °C.
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As Synthesized

Reduced

After Reaction
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Fig. 1. XRD pattern of LaFe 4Cog ¢03. Mixed-oxide perovskite (a) LaCog ¢
Fe( 405, (b) Fe,03, (¢) Lay03, (d) Coo, (e) Fe®, (f) LaFeO3;, (g) CoO and
(h) L3202C03.

La—Co spinel type intermediates, indicating the existence of
a more complex structure.

As an example, the X-ray diffraction pattern of
LaCo ¢Fe( 405 as-synthesized, reduced and after reaction
is shown in Fig. 1. After reduction, structural breakdown of
the perovskite occur producing Co’, Fe® and La,Os.
However, the mayor phases detected after reaction were
La,0,C0O;5 and LaFeO; perovskite. This LaFeO5 perovskite
phase was observed for all studied series after reaction,
which is not surprising due to the oxidative character of the
reactants in the reforming reaction (CO, and O,) and to the
facility of iron to oxidize (g0 = —0.33 V).

3.3. TPR and in situ XRD studies

The reduction of the perovskite type oxides was also
followed by TPR and in situ XRD analysis for all solids. For
the binary mixed-oxide perovskites, it is observed that
LaFeO; perovskite start reducing at 800 °C and it is not
completely reduced even after 900 °C (Fig. 2). LaCoO;
perovskite shows a first hydrogen consumption peak at
around 380 °C, attributed to reduction of Co3+species to
Co?*. The second hydrogen consumption peak is observed at
around 580 °C, assigned to reduction of Co** species to Coo,
in agreement with a stepwise reduction.

A similar reduction behavior is also shown by the ternary
mixed-oxide perovskites. A first peak observed at low
temperature between 300 and 500 °C, while the second peak

LaFeO,

LaCo,Fe O,

LaCo, Fe, O,

LaCo, Fe O,

LaCo,Fe, O,

I I 1 I I 1 1
0 200 400 600 800 1000 1200

Temperature (°C)

Fig. 2. TPR profile of LaFe,Co,_,O; mixed-oxide perovskite type series.

appears at around 560 °C. The temperature at which the
second peak is observed varies with the iron content in the
structure: as the amount of iron increases the reduction
temperature also increases.

The reduction profiles for Fe—Co with x > 0.4 and the
progressive shift to higher temperatures as x increases is
mainly due to the partial reduction of Fe** to Fe”, induced by
the presence of Co” particles. An activated Fe reduction
assisted by Co” particles seems to exist, which favors Fe-Co
solid solutions formation after reduction. However, it is
important to point out that this Fe—Co phase formation was
detected mainly after reduction but no necessarily after
reaction, where formation of an iron perovskite LaFeO3 was
observed, depending on the oxidation character of the
reaction mixture (CO, or O,).

These results were corroborated by in situ X-ray
diffraction analyses. The binary perovskite LaCoO; showed
a change between 300 and 400 °C, since the most intense
signal corresponding to the perovskite structure shifted to
lower 26 values. For the ternary oxides with x = 0.2 and 0.4,
the degradation temperature increases notably with the most
intense peak shifting only after 600 °C, while those solids
with x = 0.6 and 0.8 degradation starts at 700 °C. Finally, the
LaFeOj3 binary perovskite, starts to reduce only after 2 h at
800 °C, indicating that an increase in the reduction facility
of iron perovskite is attained when Fe is replaced by Co. As
an example, the in situ X-ray diffraction of LaCo ¢Fe( 403 is
shown in Fig. 3.
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Fig. 3. In situ X-ray diffraction of LaCog ¢Fe( 403 mixed-oxide perovskite
P: perovskite LaCog ¢Fe( 403, L: La;03, O: Co;04, F: LaFeO;, H: Fe’, C:
Co° and M: Co0O-Co,05; (#) time in hours at a given temperature.

For all solids, the observed phases after reduction at
800 °C were: Co” and Fe” dispersed on a La,05, Fe,O3, CoO
or Co,O3; matrix depending on the starting perovskite
composition. Higher iron amount containing perovskites
were more difficult to reduce.

M.R. Goldwasser et al./Catalysis Today 107—108 (2005) 106-113

The ease of reduction for this series was:

LaCoO3; > LaFe;,Coyg0O3; > LaFej4Co 03 >
LaFe(¢Cop 403 > LaFe(3Cop,03; > LaFeOs;.

XRD analysis was also used to determine the metal particles
size of the crystallites by means of the Scherrer formula
[18,19] using peaks at around 44—45°, 26, which corresponds
to the most intense peak for Co" (44.216) and Fe° (44.354).
The decomposition temperature, main phases present after
reduction and particle size for all studied solids are presented
in Table 3.

For all mixed-oxide perovskites, a decrease in particle
size is observed as Co is incorporated to the structure.
Perovskites with higher iron content and orthorhombic
symmetry show bigger iron particle sizes as compared to
cobalt rich perovskites. This result is not surprising since it is
expected that higher iron content should lead to a decrease in
dispersion. Similarly, iron rich perovskites degrade at higher
temperatures (Table 3) which could lead to metal sintering.
The lower particle size shown by LaCog,FeygO5 is
attributed to the fact that under the used reduction conditions
the iron species are not completely reduced, so the particle
size determination was carried out on a mixture of metallic
and oxides particles. As previously mentioned, for the less
iron containing mixed-oxide perovskites the formation of a
Fe—Co solid solution seems possible since the metallic
particles of both metals appear at the same 26 angle.
Formation of a dioxomonocarbonate phase, La,0,COj3, was
also observed. It has been established that catalysts modified
by lanthanum ions are characterized by the presence of the
La,0,CO3 phase on the surface increasing the thermal
stability of the catalysts. This layer is in fast equilibrium
with the carbon dioxide in the gas phase during reaction, and
has also been claimed as responsible for inhibiting formation
of deactivating coke [7,21-24].

Fe2p
/ Co2p Fresh
Fresh 780.0 (eV) 710.3 (eV)
Co2p Fe2p
/
Reduced
Reduced 778.3 (eV) " 706.7 (eV)
810 800 790 80 770 740 730 720 710 700
(A) Binding Energy (eV) (B) Binding Energy (eV)

Fig. 4. XPS spectra of (A) Co 2p and (B) Fe 2p for LaCog 4Fe( 605 mixed-oxide perovskite fresh and reduced.
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3.4. X-ray photoelectron spectroscopy analyses

X-ray photoelectron spectroscopy analyses was carried
out for LaFeOs, LaFey ¢Cop 403 and LaCoO5; mixed-oxide
perovskites as-synthesized and after reduction to character-
ize the reducibility of B-site cations of the perovskite,
surface species and chemical state of oxygen [25-29].
Depending on the studied perovskite, the presence of
doublets characteristic of: La 4d (La3+, 104.5 eV), Co 2p
(Co’*,780.2 eV) and Fe 2p (Fe**, 710 eV) were observed on
the fresh samples, together with two bands corresponding to
O 1s at 529 and 531.5 eV.

After the reduction treatment the LaCoO; binary
perovskite was completely destroyed. The XPS spectra
showed a variation of the La 4d signal and the Co 2p doublet
is placed at around 778.6 eV. This value corresponds to that
reported for Co” (778.6 eV). Again, some bands attributed to
the presence of carbonates were observed. No carbon rests
bands were present.

The binary LaFeOjs perovskite shows two components
for Fe 2p, one at 711 eV attributed to the species Fe>* and
the other at 707 eV, corresponding to the presence of
Fe® species, indicating that the perovskite structure is not
completely reduced. Only one O 1s signal was observed
after reduction and no evidence of carbon rests were
detected.

Figs. 4 and 5 show the XPS spectra for the ternary
LaFe( ¢Co( 403 mixed-oxide perovskite as-synthesized and
reduced. The observed Co 2p doublet is placed at 778.6 eV
(Fig. 4A), indicating again that the perovskite structure was
destroyed; traces of oxides were also observed. The value
obtained for the Fe 2p doublet at around 706 eV (Fig. 4B)
indicate that after reduction iron on this solid is present
mainly as Fe’ (706.5 eV).

A/ La4d

104.5 (eV)

Ladd
104.4 (eV)
Reduced
T T T
115 105 95
(A) Binding Energy (eV)

Table 4
Bulk and surface stoichiometry of the reduced perovskites

Perovskite La Co Fe (6] Co/La Fe/La La/O

LaFeO;3
Surface 1.00 - 0.26 1.15 - 0.26 0.87
Bulk 0.96 - 0.96 3.11 - 1.0 0.31
LaCoy 4Fe( 603
Surface 1.00 0.07 0.13 1.05 0.07 0.13 0.95
Bulk 0.96 0.40 0.57 2.69 0.4 0.59 0.37
LaCoO3
Surface 1.00 0.23 - 1.23 0.23 - 0.81
Bulk 0.92 0.99 - 2.80 1.1 - 0.33

Fig. 5 shows the La 4d and O Is spectra for
LaFe¢Cop405. The La 4d signal of the fresh sample
shows two less well-resolved peaks than those observed after
reduction, corroborating the change of La from the
perovskite structure to that of La,Os; and confirming the
presence of La in two different environments (Fig. SA).

For the O Is signal, on the fresh perovskite, two bands are
observed which suggest the contribution of oxygen in
different chemical environments on the perovskite surfaces
[25]. The band at 529 eV is attributed to oxygen’s of the
oxides structure (O*~ species) while that place at 531.5 eV is
assign to less electron-rich species such as carbonates or
other oxides [9] (Fig. 5B); after reduction, the peak at higher
binding energy disappears. The C 1s band observed at
289 eV corroborates the presence of carbonates rests.

Table 4 shows the bulk and surface stoichiometry
obtained for all solids. It is observed that only the cations
in position B of the mixed-oxide perovskites (Co and Fe) are
reduced to their zero oxidation state. Similarly, an
enrichment of La in the surface is observed. The (O)/(La)

O1ls
529 (eV)
Fresh
O ls
X 5 B%)
Reduced

550 540 530 520

(B) Binding Energy (eV)

Fig. 5. XPS spectra of (A) O 1s and (B) La 4d for LaCo 4Fe( O3 mixed-oxide perovskite fresh and reduced.
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Table 5
Combined reforming of methane in the presence of CO, and O,

Perovskite XCH4 (%) XCO5 (%) Ho/CHyconvy H2/COgmolary
LaFeO; 34 7 0.25 1.78
LaCog,Fepg0; 51 -2 1.13 0.88
LaCog 4Fen 03 80 76 3.21 1.81
LaCog¢Fep40; 81 77 1.37 1.96
LaCoggFep,03 65 43 3.15 1.75
LaCoO; 84 48 1.34 0.82

t,=24h, WHSV =24 L/(h g), CHy/CO, =1, CH/O,=2, W =200 mg,
T, = 800 °C and Tyeq = 700 °C (8 h).

ratio indicates an oxygen deficiency for these solids being
more marked for the LaFeO; binary perovskite, in
agreement with TPR and XRD analyses.

3.5. Activity results

The results of the catalytic test for the combined
reforming of methane with CO, and O, are shown in
Table 5. In the experimental conditions used the catalytic
conversion could be due to partial oxidation of methane,
CO,; reforming or combination of combustion and steam
reforming. Several possibilities have to be considered to
analyze the observed results:

First possibility

C“4+ 12 02<—>CO+2”2 H:/CH4:2 XCH4:XC02 (l)

CH4 + CO; < 2CO + 2H, H,/CO=13 2)

2CH4+CO2+1/2 O, & 3CO+4H,

Second possibility

CH4 +202 Ad C02+ 2H20 Hz/ CH4 =1 (3)

CH4+CO; <> 2CO +2H, Hy/ CO =1 xCO2~0

2 CH4 +2 0y & 2CO +2H; +2 H,O

Simultaneously
2 CH4 +20; < 2 CO + 2 H>+2 H,O H,/CHy = 1.6 4
CH, + H,0 < CO+3 H> Ho/ CO = 1.6 )
3 CH4 +20, < 3CO + 5 Hy + HO
CO; + H, © CO + H,0 (RWGS) ©6)

For the studied solids, the higher activity is shown by those
with a higher Co content: LaCoOj3, LaCog¢Feq 403 and
LaCog 4Fe 605. For LaCoq ¢Feq 403, the H,/CO ratio was
close to 2, which indicates that reactions (1) and (2) are
the main occurring reactions. This catalyst showed also a
higher surface area than the rest of the solids. However, the
observed deviation of the experimental values of the
(Ho/CHy(conyy) ratio respect to the theoretical indicate that
a series of possible reactions such as reactions (3), (5) and
(6) are taken place. The Hyp/CHy(cony) ratios equal or higher
than 3 indicate that syngas is produced by the steam refo-
rming reaction (reaction (5)) from the water obtained by

methane combustion (reaction (3)). Over LaFeOs;, a typical
oxidation catalyst, the Hy/CHy(cony) ratio smaller than 1
indicate that the reverse water gas shift reaction (reaction
(6)) is taken place, which consume hydrogen and is favored
at high temperature.

For the higher iron containing mixed-oxide perovskites,
LaFeO; and LaCog,Feyg0s;, methane conversion was
always higher than that of CO,, which indicates that on
those catalysts methane combustion is favored (reaction
(3)).

The results shown in Table 5 indicate that the partial
substitution of iron by cobalt in the B-site position of the
perovskite, highly improved their catalytic activity produ-
cing a marked promoter effect on the catalysts. Zhong et al.
[30] using LaFe;_,A,O3 mixed-oxide perovskites showed
that the specific activity of the catalysts in the oxidation of
methane is higher than that of LaFeOs, and the extension of
the effect depends on the nature of A-cation. Similarly,
Provendier et al. [14] on Fe-Ni perovskite show the
stabilization of Ni by Fe. These authors propose that Fe
controlled the reversible migration of Ni during reaction
forming alloys which hinder the Ni sintering.

4. Conclusions

All synthesized solids showed homogeneous and highly
crystalline perovskite type structure as evidenced by X-ray
diffraction and IR analyses.

TPR results show that substitution of Fe by Co favors iron
reduction probably due to an activated Fe reduction induced
by Co. XRD results suggest the presence of a strong Fe—Co
interaction for the x = 0.4-0.6 ratio, in agreement with Bedel
et al. observations [10].

XPS results revealed the existence of different oxygen
species with different chemical environments on the
perovskite surfaces.

The simultaneous oxidative and CO, reforming reaction
of methane notably diminish coke formation, increasing
syngas production. The addition of oxygen to the
CH,4 + CO, system decreases the reaction temperature and
the energy consumption, indicating that the partial oxidation
(exothermic) reaction promotes the dry (endothermic)
reaction, in agreement with Tomishige et al. results for
Ni/Al,O3 and Pt/Al,Oj catalysts [31] and for NiO-MgO
solid solution catalyst [32].

The partial substitution of iron by cobalt in the B-site
position of the perovskite produces a significant promoter
effect enhancing the catalytic activity of the solids. After
reduction, highly dispersed Co particles stabilized by iron
over the corresponding oxide are observed, decreasing metal
sintering and coke formation on the catalyst surface.

The catalytic results show that the combine reaction
proceeds initially by methane combustion followed by CO,
and H,O reforming. The heat liberated by the methane
combustion favors the reforming reaction. Substitution of Fe
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by Co inhibits methane combustion increasing both CO,
conversion and the Ho/CHy(cony) ratio.

A synergic effect seems to exist for the 0.4-0.6 Fe/Co
molar ratio since LaFe Cog 4O5 and LaFe( 4Cog O3 under
optimize experimental conditions show high activity and
selectivity with a H/CO ~2 molar ratio, probably due to a
higher oxygen concentration on the perovskite surface as
evidence from ICP and XPS analyses.
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