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A B S T R A C T

A series of Ni-based perovskite-type oxides LaNiO3, La0.8Ca0.2NiO3 and La0.8Ca0.2Ni0.6Co0.4O3, were

synthesized as catalyst precursors both bulk and built-in a highly ordered mesoporous SBA-15 silica-

host with the aim of using them as heterogeneous catalysts in syngas production by the methane dry

reforming with CO2. The solids were characterized by means of FT-IR, XRD, BET surface area and TPR

techniques. All synthesized oxides showed a perovskite-type structure. Incorporation of the oxides into

the mesoporous silica-host generates a higher metal–support interaction increasing the Ni reduction

temperature. A decrease in CH4 and CO2 conversion was observed when a second cation in A- and/or B-

site was added to the bulk perovskite. The built-in of these solids in the SBA-15 mesoporous silica-host

allows working at lower temperature with an increase in conversions and selectivity towards syngas

which represent an attractive perspective for industrial application.
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1. Introduction

Among all processes to transform methane to syngas, the CO2

dry reforming of methane produces the lower molar ratio of H2/CO,
suitable to be transformed to more valuable products through
various chemical processes such as Fischer Tropsch synthesis and
oxo-synthesis. An alternative application of the dry reforming is
the thermochemical storage and transmission of renewable energy
sources. Specifically, the process Solchem [1] and the CLEA project
[2] used the reaction of methane reforming with CO2 and its
reverse methanation reaction as a mean of converting solar energy
into chemical energy, which is easier to store and carry. Besides,
this reaction consumes CO2 a greenhouse gas processing it to
higher added value products [3–6].

Recently interest has arisen in perovskite-type oxides as
precursors in the catalytic dry reforming of CH4 with CO2 [7–
10]. These solids have high thermal and hydrothermal stability as
well as high mechanical strength among other properties.
However, the potential application of these oxides is limited by
its small surface area, lower than 10 m2/g [11] and the high
reaction temperatures necessary to carry out the reforming due to
its endothermicity [9–11].

One way to remedy this problem is to disperse the perovskite-
type oxide in a medium that possesses a high specific surface area,
thermal stability and prevent the sintering of the metal [12].
* Corresponding author. Fax: +58 0212 6051265.
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Energy consumption in the process of reforming of methane can be
significantly reduced by optimizing the design of highly active and
selective catalysts; the ordered SBA-15 mesoporous silica meets
these features. Applications of ordered mesoporous silica as hosts
for the preparation of mesoporous catalysts with chemically
functionalized surfaces have been investigated [13–15].

We have previously reported the catalytic performance of a
series of binary and ternary Ni-based perovskite-type oxides for
dry reforming of methane [9–11,16–18]. Results showed that
perovskite systems are good precursors for the dry reforming
reaction since, in most cases, they present better catalytic
properties quantified in terms of activity, selectivity and stability,
comparable even with a catalyst commercially used in steam
reforming [9]. The good performance shown by these systems in
the reforming reaction has been attributed to the in situ formation
of highly dispersed systems (metal particles from B-site cations/A-
site cations oxides) as a result of drastic structural changes being
experienced by the network of the original crystalline perovskite-
type synthesized material after reduction. However, the specific
surface area of these catalysts did not meet the requirements
needed for industrialization.

The objective of the present work was to investigate the
performance of perovskite-type oxides dispersed in an ordered
SBA-15 mesoporous silica-host as catalyst precursors for the CO2

reforming of CH4 to syngas in order to increase surface area,
prevent carbon formation and reduce the high temperatures
needed for the reforming reaction lowering energy consumption.
AA0BB0O3 (A = La3+, A0 = Ca2+, B = Ni and B0 = Co) perovskite-type
oxides were used as catalysts precursors both bulk and built-in a
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Fig. 1. FT-IR spectrum of SBA-15 mesoporous silica-host.
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SBA-15 mesoporous silica-host. Correlations between the effect of
partial substitution of cations in A and/or B sites of the precursor
perovskite and the catalytic activity and stability of in situ created
Ni and Co nanoparticles in the mesoporous silica-host are
discussed.

2. Experimental

2.1. Catalyst synthesis

2.1.1. Synthesis and characterization of SBA-15 mesoporous silica-

host

Highly ordered SBA-15 mesoporous silica was synthesized
according to the method described by Wang et al. [15]. A typical
synthesis procedure is as follows: 12 g of TCP EO20PO70EO20

triblock polymer (Aldrich) with a molecular weight of �5800 g/
mol was dissolved in 60 mL of HCl (35–37%) and 350 g of distilled
water with stirring at 40 8C for 2 h to make a homogeneous clear
solution. Then 29.5 g of the tetraethylorthosilicate (TEOS) was
added into that solution and left for 48 h at 40 8C with vigorous
stirring to form a solid precipitate, which was filtered and washed
with distilled water until pH 7. The solid product was recovered,
dried at 50–70 8C for 5 h and calcined at 520 8C for 6 h in air flow.

The SBA-15 mesoporous silica-host was characterized by FT-IR
spectroscopy in a Perkin Elmer spectrometer, in the range of 4000–
400 cm�1, using potassium bromide (KBr) pellets with a sample/
KBR ratio of 1:3. 75 scans were recorded at 20 8C with a resolution
of 4 cm�1.

XRD analysis at low angles was used to determine the
hexagonal ordering of the mesoporous silica using a diffractometer
Bruker Model D8 Advance, using nickel-filtered Cu Ka radiation
with l = 1.5406 Å, in the range of 0.5–58 (2u).

Samples were characterized by N2 adsorption/desorption
isotherms to obtain the textural properties of the solid at liquid
nitrogen temperature in an automated physisorption instrument
(Micromeritics Tristar 3300). Prior to the analysis, the samples
were outgassed in vacuum at 300 8C overnight.

2.1.2. Synthesis and characterization of perovskite-type catalyst

precursors

The studied perovskite-type oxides LaNiO3, La0.8Ca0.2NiO3 and
La0.8Ca0.2Ni0.6Co0.4O3 were synthesized by fine chemical using a
modification of the citrate sol–gel method investigated first by
Pechini, as described elsewhere [9]. Adequate amounts of the
precursor of the cation at B-site were dissolved under vigorous
stirring in a solution of citric acid (99.5 Riedel-de Haën) with an
excess of ethylene glycol (99.5 Riedel-de Haën) 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 8C with mild continuous stirring until a clear
solution was obtained. At this point, a stoichiometric quantity of
the precursor of A-cation, La(NO3)3�5H2O, was added while
keeping the mixture at 60 8C. The evaporating process proceeded
for 2 days until a viscous resin was formed. The resin was dried at
150 8C for 24 h and calcined in air at 700 8C for 5 h.

Perovskite-type oxides loaded into SBA-15 mesoporous silica-
host were synthesized by the method described by Yin et al. [12].
Alcoholic solutions of the precursor cations under the nitrate form
(La, Ca, Ni and/or Co) were dissolved in the minimum amount of
ethanol (solution 1) to obtain the perovskite with a 10% (w/w) Ni in
the catalyst. Citric acid was added to solution 1 until a citric acid/
cations molar ratio equal to 1 (solution 2). Subsequently, the
solution 2 was added to SBA-15 mesoporous silica, left to dry for
24 h and calcined at 600 8C for 6 h in an air flow (30 mL/min). SBA-
15 loaded perovskite solids are referred as LaNiO3/SBA-15,
La0.8Ca0.2NiO3/SBA-15 and La0.8Ca0.2Ni0.6Co0.4O3/SBA-15.
The crystalline phase detection of the as-synthesized perovs-
kites were determined using a Philips diffractometer model PW
1830 using Cu Ka radiation with l = 1.5406 Å, between 108 and 808
(2u) and compared with JCPDS standard files software using the
program database PCPDFWIN. Surface areas were measured by a
multiple-point BET procedure using nitrogen–argon adsorption at
liquid nitrogen temperature with 30% N2 in Ar in a Micromeritics
Tristar 3300 system. The reducibility of these precursor mixed-
oxide perovskites was studied by TPR analysis performed in a
Thermo-Quest TPD/TPR 1100 system using 0.07 g of the sample in
10% H2 in Ar stream (20 mL/min). The temperature was raised from
room temperature to 1000 8C at a rate of 10 8C/min.

2.2. Activity test

The variation of activity/selectivity patterns as a function of the
composition of the mixed-oxide precursors, the influence of
activation procedure and reaction parameters were monitored
between 600 and 700 8C with a 24 L h�1 g�1 hourly space velocities
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 feed molar ratio CH4/CO2 = 1, using argon as diluents
gas with CH4/CO2/Ar = 1:1:8, as previously described [9].

The reaction mixture was fed at a total flow rate of 80 mL/min.
Before the catalytic tests, the solids were reduced in H2 flow
(20 mL/min, T = 700 8C, 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 Clarus 500) equipped
with a TCD detector and provided with a Carbosieve SII 80/100
column (12 ft, 1/8 in. o.d. SS), as previously described [16]. The CH4

and CO2 conversions are defined as the CH4 and CO2 converted per
total amount of CH4 and CO2 fed, respectively. The selectivity to CO
was calculated based in carbon balance and defined as
SCO ð%Þ ¼ hCO=½hCH4ðcÞ þ hCO2ðcÞ� � 100; while hydrogen selectivity
was calculated as SH2

ð%Þ ¼ ½hH2
=2hCH4ðcÞ� � 100, where hCO and

hH2
are the moles of CO and hydrogen produced and hCH4ðcÞ and

hCO2ðcÞ are the amounts of methane and carbon dioxide converted,
as described elsewhere [17]. Stability tests were performed at
700 8C for 24 h.

3. Results and discussion

3.1. FT-IR and XRD analysis of SBA-15 mesoporous silica

Evidence of SBA-15 mesoporous silica synthesis was followed
by FT-IR and low angle XRD analysis. Fig. 1 shows the FT-IR
spectrum of SBA-15 mesoporous silica. Characteristic bands are



Fig. 2. XRD pattern of SBA-15 mesoporous silica-host at low angles.

Fig. 3. XRD patterns of perovskite-type oxides loaded into the SBA-15 mesoporous

silica-host at low and high angles.
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observed at 466, 807, 960 and 1085 cm�1 corresponding to
vibrations of Si–O–Si bonds. The band at 466 cm�1 is attributed to
rocking vibrations, the 807 cm�1 band for bending and at
1085 cm�1 due to stretching vibrations of these bonds. The
960 cm�1 band is assigned to Si–OH silanols groups present in the
mesoporous structure. Additionally, a band around 1630 cm�1 due
to the presence of TCP hydroxyl groups (–OH) was observed [19].

XRD pattern of SBA-15 mesoporous silica at low angles is shown
in Fig. 2. Three diffraction peaks are present: a very intense one at
2u = 1.18 and two weak peaks at 2u = 2.18 and 2u = 2.78 respec-
tively, corresponding to a hexagonal arrangement characteristic of
this type of mesoporous solids [20,21], confirming formation of the
highly ordered mesoporous structure.

Fig. 3 shows the XRD patterns of perovskite-type oxides loaded
into the SBA-15 mesoporous silica-host at low and high angles. It
is observed that as Ni3+ and/or La3+ are partially substituted by
Fig. 4. XRD patterns at higher angles of as-synthesized and after calcined perovskite-ty

La0.8Ca0.2NiO3; (c) La0.8Ca0.2Ni0.6Co0.4O3; (d) LaNiO3/SBA-15; (e) La0.8Ca0.2NiO3/SBA-15;
Co3+ and/or Ca2+, the intensity of the perovskite peaks decrease.
For LaNiO3/SBA-15 a decrease in the intensity of the diffraction
peaks of the hexagonal arrangement and shifting to higher angles
is observed. This could be due to both confinement of the
perovskite-type oxide within the mesoporous channels of SBA-15
structure and to the dilution effect brought about by adding the
perovskite phase [22,23]. In addition, the partial substitution of
cations in A- and B-sites for La0.8Ca0.2NiO3 and La0.8Ca0.2Ni0.6-

Co0.4O3 loaded in the silica-host, produced a distortion of the
pores of the mesoporous structure, since the peaks characteristic
of the hexagonal structure are not observed.

XRD patterns at higher angles of as-synthesized and after
calcined perovskites type oxides both bulk and loaded into the
SBA-15 mesoporous silica-host are shown in Fig. 4. Main peaks
characteristic of ABO3 perovskite structure are clearly shown. A
decrease in the intensity of the peaks of the perovskite built-in the
mesoporous silica-host was observed due to the confinement of
the oxide in the mesoporous channels.

3.2. Textural characterization

The textural characteristics of the support and catalysts have
been evaluated from the corresponding N2 adsorption/desorption
isotherms. Table 1 summarizes the textural properties of the
solids.

Fig. 5 presents the isotherms of SBA-15 mesoporous silica-
host; a typical type IV isotherm is observed showing the
hysteresis loop characteristic of mesoporous solids. The
observed inflection in the region P/Po � 0.5 is usually attributed
to the presence of tubular-shaped capillaries opening at both
ends. Similarly, an increase in the N2 adsorbed volume at P/
Po < 0.3 is associated with the presence of microporosity in the
solid [24]. The mesoporous size distribution obtained by the BJH
method resulted very narrow for this solid, as shown in the
insert of Fig. 5.

Incorporation of the perovskite-type oxide, inside the meso-
porous channels of the SBA-15 silica-host generates a distortion of
the mesoporous shape and changes in the shape of the isotherms
are observed; the hysteresis loop being clearly present only for
LaNiO3/SBA-15. For La0.8Ca0.2NiO3/SBA-15 and La0.8Ca0.2Ni0.6-

Co0.4O3/SBA-15, the adsorption–desorption isotherms did not
show the typical features of the mesoporous; however, a slight
hysteresis was observed at high N2 relative pressure, being closer
to that of macroporous solids (Fig. 6). Moreover, the important
raise of the amount of N2 adsorbed in the range of relative
pressures < 0.3 was not observed. This fact could be explained by
the partial blocking of the porous network by the presence of large
perovskite-type crystallites. The most important changes observed
when loading the perovskite-type oxides inside the mesoporous
channels of the SBA-15 silica-host could be attributed to: (i)
pe oxides: (A) bulk and (B) built-in SBA-15 mesoporous silica-host. (a) LaNiO3; (b)

(f) La0.8Ca0.2Ni0.6Co0.4O3. Phases: (*) LaNiO3; (&) NiO; (*) La2O3; (~) CaO.



Table 1
Textural properties of as-synthesized solids.

Catalyst precursor BET surface area

(m2/g)

External surface area

(m2/g)

Microporous area

(m2/g)

Pore volume

(cm3/g)

Microporous volume

(cm3/g)

Pore diameter

(nm)

SBA-15 620 246 374 0.58 0.11 4.0

LaNiO3/SBA-15 81 70 11 0.18 0.01 8.6

La0.8Ca0.2NiO3/SBA-15 65 51 14 0.16 0.01 12.5

La0.8Ca0.2Ni0.6Co0.4O3/SBA-15 23 22 1 0.15 – 26

Fig. 5. Adsorption/desorption isotherm and pore size distribution of SBA-15

mesoporous silica-host.
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decrease of the internal and external surface area, (ii) increase of
the pore diameter and (iii) decrease of the pore volume.

The first two observations are a consequence of the incorpora-
tion of the oxide into the silica-host channels which leads to a
distortion of the mesoporous shape, increasing its size. A decrease
of pore volume (iii) is usually a consequence of obstruction of the
mesoporous of the silica-host by the crystallites of the perovskite-
type oxide when loaded. However, partial sintering of the SBA-15
mesoporous silica during the thermolysis process to originate the
hosted perovskite is not discarded. As suggested by Valange et al.
[25], the whole system can be considered as almost completely
mesoporous with numerous interconnections, which is in agree-
ment with the observed increase in pore diameter shown in
Table 1. Further work has to be carried out in order to reach a more
concise explanation.

The observed results are in agreement with those seen by XRD
analysis of the loaded perovskites-type oxides at low angles
(Fig. 2), showing that the intensity of the diffraction peaks of the
hexagonal structure decreased. A similar result has been reported
by Albuquerque et al., for CaO supported on mesoporous silica [21].
Fig. 6. Adsorption/desorption isotherm of perovskite-type oxides incorporated into

SBA-15 mesoporous silica-host.
3.3. TPR studies

Fig. 7 shows the TPR profiles of perovskite-type oxides: (A) bulk
and (B) loaded into a SBA-15 mesoporous silica-host. Analysis of
the reduction profiles for all samples showed formation of several
peaks, corresponding to different Ni and/or Co intermediate
species through a two-step mechanism in which the Ni3+ and
Co3+ are reduced to Ni2+ and Co2+ followed by reduction to Ni0 and
Co0.

During the reduction of LaNiO3 (Fig. 7A, a); a signal at 325 8C
indicates formation LaNiO2.75 without total destruction of the
perovskite-type structure [11]. The second peak at 484 8C
corresponds to La2Ni2O5 phase, and the third at 540 8C reducing
to Ni0 and La2O3. Based on these results, the main reduction steps
could be written as follows:

LaNiO3þ0:25H2 ! LaNiO2:75þ0:25H2O (1)

4LaNiO2:75þH2 ! La4Ni3O10þNi0þH2O (2)

La4Ni3O10þ4H2 ! 2La2O3þ3Ni þ 4H2O (3)

When LaNiO3 perovskite-type oxide is hosted in the mesoporous
silica (Fig. 7B, d) a new peak at 348 8C is observed corresponding to
nickel oxide (NiO) from the Ni precursor salt during synthesis
which was not forming part of the perovskite structure. This
reduction peak is generally observed at temperatures between 200
and 270 8C. The other two maxima at 414 and 622 8C, correspond-
ing to the reduction of Ni3+ to Ni2+ and Ni2+ to Ni0 respectively,
follow a reduction scheme similar to that proposed for the bulk
perovskite. However, the fact that the reduction of the perovskite
occurs at higher temperatures (maxima at 414 and 622 8C) and the
broadening of the signal, indicate a strong interaction between the
Ni from the perovskite and the SBA-15 mesoporous silica-host.

TPR profile of La0.8Ca0.2NiO3, both bulk (Fig. 7A, b) and loaded
into the SBA-15 silica-host (Fig. 7B, e) shows that the partial
substitution of La3+ by Ca2+ in the perovskite structure assists the
process of reduction, compared to that of LaNiO3 perovskite, as
confirmed by the shifting of the temperature of the reduction
maxima to lower values (411 and 570 8C). This effect can be
attributed to the replacement of La3+ by Ca2+ (smaller charge and
ionic radius than La3+), which generates instability to the
perovskite structure, increasing the mobility of oxygen in the
system and facilitating their elimination as water during the
reduction process. In order to maintain certain stability, the
structure could change the Ni ions oxidation states to higher values
or form an oxygen deficient perovskite structure such as
La0.8Ca0.2NiO3�d. In both cases the resulting structure is more
easily reducible. This effect has been previously reported by our
group for bulk perovskite-type oxides [9,10,26].

Similarly, the presence of Ca2+ in the perovskite seems to reduce
the Ni–SBA-15 interaction since for La0.8Ca0.2NiO3/SBA-15 reduc-
tion signals appeared at lower temperatures.

TPR profile of La0.8Ca0.2Ni0.6Co0.4O3 bulk (Fig. 7A, b) shows two
reduction signals at 443 and 600 8C. As before, these signals are due
to a two-step reduction of the perovskite structure corresponding
to Ni3+ to Ni2+ (first step) and the reduction of these last species to



Fig. 7. TPR profiles of perovskite-type oxides: (A) bulk and (B) built-in SBA-15 mesoporous silica. (a) LaNiO3; (b) La0.8Ca0.2NiO3; (c) La0.8Ca0.2Ni0.6Co0.4O3; (d) LaNiO3/SBA-15;

(e) La0.8Ca0.2NiO3/SBA-15; (f) La0.8Ca0.2Ni0.6Co0.4O3/SBA-15.
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Ni0 (second step). However, as we have previously reported [26]
Co3+ species present in the perovskite oxide can simultaneously be
reduced to Co2+ at that temperature. An overlap in the profile is
observed for peaks maxima at 579 and 659 8C which could
correspond to the reduction of Ni2+ to Ni0 and Co2+ to Co0. The
reduction temperatures achieved for this precursor reveal a
possible Co–Ni metal interaction, since these temperatures are
between those recorded in previous work for LaCoO3 and LaNiO3

precursors [11].
Finally, the small maximum observed at higher temperature

(724 8C) is attributed to Ni2+ ions and/or Co2+ occupying positions
inside the channels of the mesoporous solid which difficult its
reduction.

For La0.8Ca0.2Ni0.6Co0.4O3/SBA-15 a strong interaction seems to
exist between the perovskite and the mesoporous silica-host
resulting in a poorly defined reduction profiles. Formation of a
single (or even multilayer) Ni2+ (or Co2+) silicate along the calcined
step is not discarded. Suh et al. [27] reported that formation of
nickel silicate on the catalyst increases the total surface area of the
catalysts, and reduces the nickel particle size as well as its
reducibility. Nickel silicate also makes the silica surface rough, thus
reducing the pore opening of the support. Similarly, we have found
this type of interaction when working with Co/HMS [28].

3.4. Activity results

Catalytic results obtained in the dry reforming of CH4 with CO2

after 24 h on stream are shown in Table 2. Values for the CH4 and
CO2 conversion, H2 produced by CH4 converted and H2/CO
experimental product ratios are shown. Under the used experi-
mental conditions, all the catalyst systems were active for the
studied reaction, with CH4 conversions above 55%. Similarly,
steady-state conditions for these systems were rapidly reached,
remaining constant for up to 24 h on stream as shown in Fig. 8.
Table 2
Catalytic results of perovskite-type oxides bulk and built-in a SBA-15 mesopo

Catalyst precursor XCH4
ð%Þ XCO2

ð%Þ

LaNiO3
a 85 87

La0.8Ca0.2NiO3
a 55 71

La0.8Ca0.2Ni0.6Co0.4O3
a 66 80

LaNiO3/SBA-15a 88 91

La0.8Ca0.2NiO3/SBA-15a 82 88

La0.8Ca0.2Ni0.6Co0.4O3/SBA-15a 86 88

LaNiO3/SBA-15b 63 74

La0.8Ca0.2NiO3/SBA-15b 69 70

La0.8Ca0.2Ni0.6Co0.4O3/SBA-15b 53 65

a Treaction = 700 8C.
b Treaction = 600 8C; CH4:CO2:Ar = 1:1:8; VE = 24 L h�1 g�1; mcat = 200 mg, P =
On LaNiO3 bulk perovskite (Table 2) conversions of CH4 and CO2

are quite similar indicating that the main occurring reaction is the
dry reforming reaction, also confirmed by the fact that the molar
H2/CO ratio is �1.

When La3+ was partially replaced by Ca2+ in the bulk perovskite
to form La0.8Ca0.2NiO3 to inhibit coke formation due to Ca2+ basic
character, CH4 and CO2 conversions decrease as compared to those
obtained over LaNiO3 bulk perovskite, and the CH4/CO2 molar ratio
was lower than the expected stoichiometric ratio of 1 (Table 2).
This difference in conversion indicates the presence of side
reactions such as the reverse water-gas shift reaction (4), which
is favoured at high temperature. The influence of this reaction is
reflected in a higher conversion of CO2 over CH4 and in a H2/CO
molar ratio lower than 1.

CO2 þH2!COþH2O; DH�25 �C ¼ 41 kJ=mol (4)

The lower activity shown by La0.8Ca0.2NiO3 bulk perovskite (55%
CH4 conversion) compared to that of LaNiO3 bulk perovskite (85%
CH4 conversion, Fig. 8) seems to be due to the substitution of La3+

by a cation of lower ionic radium (Ca2+) which decreases the
stability of the perovskite structure requiring a charge compensa-
tion, giving rise to the existence of unusual cationic valence states.
We have previously observed a similar effect for La0.8Ca0.2Ru0.8-

Ni0.2O3 [10]. In addition, segregation of Ca with the subsequent
decrease in the number of exposed Ni sites could also be taking
place.

When both A- and B-site cations are simultaneously replaced to
form La0.8Ca0.2Ni0.6Co0.4O3 bulk perovskite-type oxide a similar
effect occurs, but the presence of Co, which assists the Ni reduction,
makes the decrease on activity (66%) less marked than for
La0.8Ca0.2NiO3 bulk perovskite [26]. Again the occurrence of the
reverse water-gas shift reaction is noted giving rise to higher CO2

conversions and H2/CO molar ratio lower than 1.
rous silica.

H2/CO (molar ratios) H2/CH4(c) (molar ratios)

0.90 1.90

0.80 1.30

0.80 1.40

0.90 1.90

1.00 2.00

1.00 1.90

0.87 1.54

1.04 2.00

0.84 1.70

1 atm, time = 24 h.



Fig. 8. Stability test in the dry reforming of methane on perovskite-type oxides bulk

and built-in a SBA-15 mesoporous silica: CH4:CO2:Ar = 1:1:8; GHSV = 24 L h�1 g�1,

Wcat = 0.2 g, P = 1 atm, Tred = 600 8C/4 h. Treaction = 700 8C/4 h. (&) LaNiO3; (*)

LaNiO3/SBA-15; (~) La0.8Ca0.2NiO3; (5) La0.8Ca0.2NiO3/SBA-15; ( )

La0.8Ca0.2Co0.4Ni0.6O3; (") La0.8Ca0.2Co0.4Ni0.6O3/SBA-15.
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When the perovskites-type oxides are built-in the silica-host
increase of both, CH4 and CO2 conversion is produced as compared to
the bulk perovskite (Table 2 and Fig. 8). In all cases the H2/CO molar
ratio was close to 1, indicating that only the reforming reaction is
taking place. In accordance, the molar ratio of H2 produced/CH4

converted follows the expected stoichiometric value of 2. On
La0.8Ca0.2NiO3/SBA-15, the increase in CH4 and CO2 conversion was
more significant. The stability of all SBA-15 hosted perovskites was
excellent, no decrease in the CH4 conversion was observed after
continuous reaction at 700 8C for 24 h and the observed smoothness
of the experimental points indicating that the SBA-15 silica helped
the heat transfer of the highly endothermic reforming reaction
avoiding both, formation of cold points on the solids and sintering of
Ni–Co crystallites during reaction.

Aiming to lower energy consumption, tests were conducted
over the perovskite oxides loaded into the silica-host at a lower
reaction temperature. As observed in Table 2, even at temperature
as low as 600 8C, high CH4 and CO2 conversions were obtained.

Results show that at 600 8C on La0.8Ca0.2NiO3/SBA-15, the main
reaction taking place is the CO2 reforming of CH4, while on LaNiO3/
SBA-15 and La0.8Ca0.2Ni0.6Co0.4O3/SBA-15 the reverse water-gas
shift reaction takes place together with the reforming reaction
resulting in a slightly higher CO2 conversion compare to CH4 and a
H2/CO molar ratio lower than 1.

The observed improvement of the catalytic performance of the
perovskite-type materials when they are built-in the highly
ordered mesoporous SBA-15 silica-host could be explained in
two ways: (i) higher dispersion of the perovskite-type oxides are
obtained when incorporated into the SBA-15 mesoporous silica
and (ii) there is a dilution effect exerted by the mesoporous
material which minimize the heat diffusion problems related to
this highly endothermic reaction.

4. Conclusions

The XRD analysis indicates that incorporation of the perovskite-
type oxide into the mesoporous silica-host produces a distortion of
the pores decreasing the channel hexagonal arrangement char-
acteristic of the SBA-15 mesoporous silica. A decrease in the
intensity of the peaks characteristic of the ABO3 structure was
produced due to confinement of the oxide in the silica-host channels.
Partial substitution of A and/or B cations of loaded perovskite
produces deformation of the mesoporous structure of the ordered
silica which evolve to a macroporous structure. However, the
incorporation of these solids in the SBA-15 mesoporous silica-host
gives rise to well dispersed nano-metallic (Ni–Co) particles inside
the mesoporous of SBA-15 silica-host by decomposition and
further reduction of the built-in perovskite.

TPR analysis showed a strong interaction between the
perovskite oxide and the SBA-15 silica-host, which causes an
increase in the temperature of reduction as compared to the bulk
perovskite.

Partial substitution of A- and/or B-site cations of the perovskite
produces a decrease in the conversion of CH4 and CO2. However, the
incorporation of these solids in the SBA-15 mesoporous silica-host
exerts a positive effect on the activity/selectivity of the reaction since
it allows an increase in the conversion of CH4 and CO2 and the molar
H2/CO and allows working at lower temperature which represents
an attractive perspective for industrial application.
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Jiménez, D. Azevedo, C. Cavalcante, P. Maireles, Appl. Catal. A: Gen. 334 (2008) 35–43.
[22] S. Nguyen, V. Szabo, D. Trong On, S. Kaliaguine, Micropor. Mesopor. Mater. 54

(2002) 51–61.
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