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Abstract

A series of perovskite-like oxide in which the A-site cation of the precursor perovskite olghfiRip O3, was partially or
totally substituted by calcium, samarium and neodymium have been used to produce in situ nhanoparticles of Ru(Ni) well
dispersed on a stable support for the carbon dioxide reforming of methane. Perovskites of the, §g@e [Ruy gNig 203
(Ln = La3+, SnPt, Nd®+) were synthesized as catalysts precursors. The reduced solids of nominal composition (Ru,Ni)/CaO
and/or La0s3, Smp0O3, Nd>O3, were used as catalysts.

The La_,Ca.RugNig 205 series showed a well-defined perovskite structure with surface areas between 3 &iig.10 m
However, when lanthanum was replaced by samarium and neodymium, the presence of pyrochlore structures, together with
the perovskites, were obtained. After reduction Ru(Ni) crystallites size between 9 and 17 nm were produced. The substitution
of La by cations of smaller ionic radii (Ca, Nd, Sm) decrease the stability of the perovskites and lower their reduction
temperature. Among the calcium seriesg b@a 2Rup gNip 203 and La s5Cay sRugNig 203, proved to be the most active
catalysts with the highest selectivity to CO. While samarium-containing perovskite was the best among the lanthanide series.

Correlations between the effect of partial or total substitution of A-site cations of the precursor perovskite and the catalytic
activity and stability of in situ formed nickel and ruthenium particles were established.
© 2003 Published by Elsevier B.V.
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1. Introduction ventional fuels in the short term. In this context, the
carbon dioxide reforming of methane emerges as an
The need to preserve the environment has promptedalternative especially for global environmental protec-
the international community to dictate a series of reg- tion, since both reactants are thought to contribute to
ulations that affect, decrease or increase the price of global warming. In addition, this process allows the
the activities of the petroleum industry; introducing production of syngas with a #ACO ratio more con-
legal statutes that have to be accomplished by con- venient for further applications: while higheniCO
ratio favors methane and inhibit chain groj1h-3], a
* Corresponding author. Fax:58-212-239-21-62. low H2/CO ratio favors the methanol to gasoline pro-
E-mail addressmgoldwas@reacciun.ve (M.R. Goldwasser). cess for ethane, propane and aromatics from methanol

0926-860X/$ — see front matter © 2003 Published by Elsevier B.V.
doi:10.1016/S0926-860X(03)00643-4



46 M.R. Goldwasser et al./Applied Catalysis A: General 255 (2003) 45-57

[4]. Alkenes, oxygenates, hydroformylation and acetic when the support (AlO3 or SiO;) was precoated with

acid production are also favored at low/80 ratios CaO.

[5-8]. The aim of this paper is to stabilize small parti-
However, the drawback of carbon dioxide reform- cles of Ru—Ni over a stable support (Ca, Ln oxides)

ing of methane is deactivation of catalysts caused by to prevent carbon formation in the carbon dioxide

carbon deposition. This serious problem could be in- reforming of methane. The effect of substitution of

hibited by the use of highly dispersed metal species ac- lanthanum by other lanthanides, such as samarium

cording to the concept of ensemble size cor{@ell 3]. and neodymium, was also studied. Perovskites of

The use of precursors, such as perovskite-like oxides the type LpCa_RuggNig 203 (Ln = La3t, S,

ABOg, in which A-site cation is a rare earth and/or Nd®") were synthesized as catalysts precursors. The

alkaline earth and B-site cation is a transition metal, reduced solids of nominal composition (Ru,Ni)/CaO

could be the answer to these problems. Perovskitesand/or LaOs, SmpO3, Nd2O3, were used as catalysts

not only fulfill the stability requirements, but also by to establish correlations between the effect of partial

further reduction of B-site cations which remain dis- or total substitution of A-site cations of the precursor

tributed in the structure, they result in the formation perovskite and the catalytic activity and stability of

of a well-dispersed and stable metal particle catalyst in situ formed nickel and ruthenium particles.

[14-16] Previous studies on CaRyg(Q17], LaCoG

[18] and LaNiG; [19] perovskites indicate that by re-

duction treatment, the metal (Ru, Co, Ni) isin a highly 2. Experimental

disperse state on a matrix composed of the respective

metal oxide. Similarly, it has been established that the 2.1. Synthesis and characterization of the

right combination of metal support strongly affect not precursor perovskites

only the coke formation but also the activity of reform-

ing catalysts, as shown by Zhang and Verykja8] The perovskite-type oxides kn,Ca,Rup gNig 203
and Eld6helyi et al[21] for Rh and Pd, respectively, (Lh = La, Sm, Nd) were synthesized by a modifi-
over different supports. cation of the citrate methof29]. Adequate amounts

Although many previous investigations of the £€O0 of the precursor of B-site cations (RuSH,O
reforming of methane have been carried out over tran- and Ni(NQs)2-6H20), were dissolved in citric acid
sition metals supported on alumina, silica and magne- (99.5 Riedel-de Haén) with an excess of ethylene
sia[9,13,20,22—-26]the use of perovskite-type oxides glycol (99.5 Riedel-de Haén) as the organic poly-

has been less studi¢ti4—16,27] dentate ligand. La(Ng)3-6H2O, Ca(NG)2-4H,0,
Recently, we have reportgd5,16] that the best  Sm(NGs)3-6H,0O, NA(NQO3)3-6H,O were used as

combination for Ru—Ni when working with LaRu, A-site cations precursors.

Ni,O3 as precursor perovskites was LaRMNig 20s. The solids were characterized before and after cat-

Since the properties of the precursor perovskite could alytic tests by means of different techniques. Induc-
be changed depending on the choice and stoichiom-tively Coupled Plasma Emission Spectroscopy (ICP)
etry of A- and B-site cations, we decided to study using a Perkin-Elmer ICP/5500 instrument analyzed
the effect of such changes. Following these ideas, we the chemical compositions (Ru, Ni, La, Ca, Sm, and
use calcium as A-site cation due to its basic char- Nd) of the perovskite products. The IR spectra of the
acter, which should further inhibit coke formation. final product were recorded in a Perkin-Elmer 283
Calcium is a well-known promoter of steam reform- spectrometer between 1200 and 400¢nBET sur-

ing catalysts, its influence on particle size distribu- face areas were determined by nitrogen—argon adsorp-
tion has been previously reported. Goula et[28] tion at 77K with an N/Ar ratio of 30/70 using a
and Tang et al[13] over Ni/Al,O3 catalysts reported  Micromeritics model ASAP 2010. X-ray diffraction
that the presence of CaO influenced the morphology (XRD) experiments were conducted using a Siemens
and particle size distribution of nickel metal, inhibit- D-8 advanced diffractometer with a Cuxkradiation

ing coke deposition. Similarly, Choudary et §3] for crystalline phase detection between 20 arnd(20)
reported the enhancement of activity of Ni catalysts and under temperature-programmed reduction (TPR)
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in H,. JCPDS-ICDD standard spectra software was of converted methane and carbon dioxide. Coke depo-
used to determine the phases. The ruthenium crystal-sition on the catalysts after reaction was determined
lite size was calculated using Ru(10 1) reflection and by elemental analysis using a LECO C-144 Carbon
the Scherrer formulf26,30]with Warren'’s correction Determination, with a detection limit of 50 ppm and a
for instrumental line broadeninguvd= 0.9x/[(8% — precision<1%.

B%)1/2cosb], wherex = 1.54056 A and the line broad-

ening at 44 29 is B = 0.09°, by means of TOPAS

P Profile Fitting Program from Brucker Analytical 3. Resultsand discussion

X-ray System. TPR was carried out in a Thermo-Quest

TPD/TPR 1100 system using 0.07 g of the sample Results will be discussed considering two series
in an 8% H/92% Ar stream (20 cimin). For the of catalysts, one in which the lanthanum perovskite
TPR analysis, the temperature was raised from room LaRuw gNio 203 is modified by calcium, named Ca-La
temperature to 120C at a rate of 10C/min, then series, and the other in which ¢.gCay 2Rug gNig.203
holding it for 15 min to remove any adsorbed water, is modified by samarium and neodymium, named the
and raised it again up to 90C for 2h. The X-ray lanthanide series.

Photoelectron Spectroscopy (XPS) analyses were per-

formed with a VG ESCALAB 220 XL spectrometer. 3.1. Perovskites characterization: surface area,

The monochromatized Al K (1486.6 eV) source was ~ chemical analysis, IR and XRD

operated at 80 W. The residual vacuum at the analy-

sis chamber was always better thar $0~8 Torr. All Table 1llists the synthesized perovskite and the ICP
the solids were studied before and after reduction. For analysis. A close similarity between analytical and
the XPS analysis, the reduction treatments were con- nominal values in each case was observed. However,
ducted in situ using blas reducing agent and left 9h  an oxygen deficiency was shown by all synthesized
at 500°C (heating rate 2C/min). Auto-coherent ref-  perovskites.

erences were used: Laggd at 833.8eV, Ru3g, at In order to assess the presence of the perovskite-like

280.2eV and Ols at 529.3eV. structures, XRD and IR spectra were recorded. The IR
spectra for all the solids showed two broad bands char-

2.2. Catalytic tests acteristics of ABQ perovskites centered around 400

and 600 crmt. Their positions are in good agreement

Activity tests were performed using 200 mg of cat- with those reported in the literatufé5,16,31] Sur-
alyst in a 20mm i.d. quartz reactor at atmospheric face area, IR bands, cell parameters and corresponding
pressure operated in a fixed-bed continuous flow sys- symmetry are shown ifiable 2
tem (CH/CO, = 1, Ny as diluents, 723-1123K, a Most of the synthesized solids showed areas higher
total flow of 80 ml/min and WHSV= 241/hg.). Be- than 3n%/g, a decrease in surface area was observed
fore the catalytic tests, the solids were reduced sn H as Ca substituted La, with the lowest value shown by
flow (20 ml/min, T = 700°C, 8h). After reduction, the higher calcium-containing perovskites (3/g). It
the system was swept withpNor 15 min and adjusted  is interesting to note that within the Ca—La series,
to reaction temperature. The water produced during those precursor perovskites with the higher surface ar-
reaction was condensed before passing the reactant®as showed the best catalytic activity glg€ay 2Rup g
and products to the analyzing system, which consisted Nig 203 and La sCaysRup gNig.203). When calcium
of an on-line gas chromatograph (Perkin-Elmer Auto was substituted by the lanthanides, an increase in sur-
System XL) equipped with a TCD and provided with face area was observed for lanthanum and samarium
a Carbosieve Sl 80/100 (12 1/8” 0.d. SS). The con-  perovskites (from 3 to 9 Atg) while no change was
versions of CH and CQ were defined as the con- observed for the neodymium perovskite.
verted CH and CQ per total amount of Cidand CQ For the Ca—La series, the XRD patterns of the
feeded, respectively. The selectivity for produét “© as synthesized solids at room temperature revealed
was defined as % = N;/(NCHg4 (c) + NCO; (€)) x that the perovskite structure was the main phase de-
100, whereNCH,4 (c) andNCO, (c) are the amount  tected, although some deviations from the perfect
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Table 1
Chemical analysis
Perovskites Ln (%) Ca (%) Ru (%) Ni (%) O (%)
Nominal Analytical Nominal Analytical Nominal Analytical Nominal Analytical Nominal Analytical
values values values values values  values values values values values
LaRu gNig 203 49.70 45.30 - - 28.93 20.75 4.20 4.43 17.17 16.12
LagsCa 2R gNig205 42.78 42.91 3.09 3.16 31.13 28.08 4.52 4.56 18.48 18.23
LagsCasRupgNig203 30.19 29.62 8.71 8.46 35.14 32.73 5.10 5.04 20.86 16.66
Lag 2CasRupgNig20; 13.86 13.57 16.00 14.69 40.35 39.49 5.86 5.49 23.95 19.62
CaRgNig203 - - 22.18 17.83 44.75 44.96 6.50 6.35 26.57 23.53
Smy; gCa >RUNiCs g 44.74 41.98 2.98 1.96 30.07 29.13 4.36 4.23 17.80 15.79
SmRL,O7
Nd; gCa>RUNiIOs g 43.71 41.98 3.04 2.27 30.63 27.54 4.45 4.30 18.18 17.24
NdzRUzO7

stoichiometry resulted in small quantities of other 3.2. Temperature-programmed reduction and in situ
phases. All perovskites could be indexed with an XRD

orthorhombic or cubic symmetry of the ABQype

with the exception of SggCa2RupgNig203 and The relative stability of the perovskites in reduc-
Ndp sCa2RugsNig203 that showed a perovskite ing atmosphere was determined, for all solids, by
structure mixed with a pyrochlore. On these solids, in situ XRD and by TPR. The XRD patterns for
the perovskite-type structures correspond to double LaggCay2RupgNig203 and La 2CaygRug.gNip 203,
perovskites, such as kRuNiOs (JCPDS-ICDD file as synthesized and reduced at different temperatures,
45-0658), in which part of the lanthanide cation are shown inFigs. 1 and 2respectively. The room
has been replaced by calcium. The pyrochlore temperature patterns for both perovskites show peaks
structure formed between samarium and ruthenium at 2 23, 33, 47, 58 for LaoCay gRug.gNig203 and at
(JCPDS-ICDD file 28-0997) and between neodymium 32, 46, 56, 66 for LagCay2Rug.gNig 203 which cor-

and ruthenium (JCPDS-ICDD file 28-0673) could be respond almost exactly to CaRg@erovskite (JCPDS
due to the difference of ionic radii between samar- file 82-1476) and LaRu® perovskite (JCPDS file
ium and neodymium with respect to that of calcium, 82-1477). It is observed that when the temperature
since both lanthanides have ionic radii smaller than is raised, cations in position B are reduced to metals
calcium. The variation of the lattice parameters with while those in position A are transformed to the re-

composition is shown iffable 2 spective oxides. For the Ca—La series, the most drastic
Table 2
Surface area, IR bands, symmetry and cell parameters of synthesized solids
Perovskites Area (Aig) IR bands Symmetdy Cell parameters (A)

V1 ) a b c
LaRw gNig203 9 592 417 (e} 5.52 7.88 5.54
LaggCap2RuggNig 203 8 600 418 C 7.86 7.86 7.86
Lag 5Cay5Rup gNip 203 10 568 465 e} 5,51 7.79 5.50
Lag 2Cay gRuygNig 203 6 - — (0] 5.36 7.67 5.53
CaR gNip 203 3 - - (e} 5.36 7.66 5.53
Sy gCea 2RUNiIOs g 9 576 431 O 5.67 7.67 5.43
SmpRWO7 C 10.59 10.59 10.59
Nd; sCa 2RUNiOs g 2 578 413 O 5.44 7.74 5.67
Nd2Rw,07 C 10.61 10.61 10.61

aSymmetry: O= orthorhombic, C= cubic.
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Fig. 1. In situ XRD of La2CasRupgNip203 as synthesized and reduced at different temperatures. (#) Time in hours at a given
temperature; @) Ni; (@) LayOs; (A) Ru; (M) CaO; (V) perovskite.

changes are seen between 300 and°@G@or the (Fig. 2, Table 3. The perovskite is progressively
higher calcium content perovskiteBig. 1, Table 3, degraded until approximately 70C. Perovskites
while for the more lanthanum-containing samples, with a higher lanthanum content being more stables.
degradation of the perovskite start at 400-500 For all solids, the observed phases after reduction at

Table 3

In situ XRD results: phases and average size of Ru(Ni) after reduction

Samples Degrée(26) T of degradation 1C) Phases after reduction Mean size (nm)
LaRw gNig203 32.100 400-500 Ry Ni°, La,03 9.9

LapgCa2Rug gNio 203 32.230 400-500 R4 Ni%, caO, La0s 10.3

Lag5Cay 5RUp gNip 203 32.486 300-500 Ry Ni°, CcaO, La03 15.1

Lap 2Cap gRug gNip 203 32.887 300-400 R4 Ni®, caO, La0s 17.4

CaRu gNip 203 32.912 300-400 Ru Ni°, ca0O 14.9

Cap2Smy gRugNip203 32.700 400-600 R4 Ni®, Ca0, SmO; 10.7

Cap2Ndp gRup gNip 203 32.480 400-600 Ry Ni°, CcaO, NgOs 9.2

aEvolution of the most intense peak at Z®.
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Fig. 2. In situ XRD of LagCa2RupgNip203 as synthesized and reduced at different temperatures. (#) Time in hours at a given
temperature; 9) Ni; (@) La,Os; (A) Ru; (ll) CaO; (V) perovskite.

800°C were: Ru metal (alone or alloyed with Ni), CaO that the first peak of reduction could be attributed to
and LgOs in different proportions depending on the weakly bound Ru—Ni cations and to residues of the
composition of the starting perovskite. precursors. This could be inferred from the fact that
A similar behavior was shown by TPRFi§. 3). for all studied perovskites the diffraction peaks remain
The temperature, at which an increase in hydrogen essentially in the same position up to 3&D(Figs. 1
consumption is observed, coincided with that where and 2 Table 2 changing only in intensity. The second
changes were seen by XRD for these solids. The TPR peak could be attributed to a simultaneously Ru and
indicate that, in general, the perovskite reduction pro- Ni reduction to produce Ruand NP probably with
ceeds in two steps. A first peak, with a maximum at an alloy formation. Even that formation of an alloy
around 200-400C depending on the perovskite, and could not be verified, the position of the peaks at 2
a second peak appearing above 400 Hurst et al. 44.2, intermediate to that of 44.00 for hexagonal Ru
[33] suggest for ruthenium and nickel on different sup- (JCPDS file 06-0663) and 44.505 for cubic Ni (JCPDS
ports that the first peak is due to the reduction of the file 04-0850) are in favor of this possibility.
Rt to RiZH and/or NPt to Ni?*, while the second When lanthanum is partially substituted by cal-
peak at higher temperature is due to the reduction of cium, a shift to lower temperatures is clearly observed
the R#+ and/or Nt to R and NP. In our case,  (Fig. 3. The substitution of an A-site cation by an-
the XRD in situ reduction results seems to indicate other of lower valence could significantly influence
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Fig. 3. TPR profiles of Ca—La series: (1) CaRlNip203; (2) Lag2CagRupsgNipg203; (3) LagsCaysRupgNig203; (4) LagsCa2Runs

Nio20s; (5) LaRupgNig 203.

the reducibility of the perovskitd32,34—37] This
effect is attributed to the fact that a cation of lower
ionic radium (C&") is replacing one of higher ra-
dium (L&t), which decreases the stability of the
perovskite structure, increasing the mobility of the
oxygen in the structure and facilitating its elimination
as water during reduction. In order for the structure
to remain stable after the substitution of3ttaby

For the lanthanide series, an additional effect
was observedHig. 4). Samarium- and neodymium-
containing perovskites showed two very intense
peaks, while for lanthanum perovskite a sharp peak
was observed at high temperature, with a small peak
at low temperature. This is in agreement with the
XRD results for the neodymium and samarium solids,
where a mixture of perovskites and pyrochlore phases

C&t, charge compensation is needed. This could be was observed. The presence of these mixed phases,
achieved through the existence of some Ru and/or Ni make structures less stable, which reflects in a higher

ions with valence states higher than-3or by for-
mation of an oxygen-deficient perovskite of the type

reduction facility compared to lanthanum perovskite.
XRD analysis was also used to determine the

ABOg3_,. The ICP and XPS results indicate that the metal particles size of the crystallites by means of
second statement is taking place since a deficiency ofthe Scherrer equatiof26,30]. Sizes were calculated
oxygen was observed for these solids. These changesat around 44 (26), which correspond to the most
in the precursor perovskites favor their reducibility intense band for Ru metal (4437 very close to
as seen by the reduction pattern of the perovskites: that of Ni (44.50). With the exception of the cata-
the higher the calcium contents the easier the reduc- lyst from LaRy gNig 203, on the perovskites reduced
tion of the perovskites. The observed ease of reduc- at 800°C, peaks correspond mainly to Ru, slightly
tion was: CaRpigNig 203> Lag 2Ca gRuggNig 203> shifted in comparison to Ru alone, due to the pres-
LagsCasRuggNig203 > LaggCa 2RuggNig 203 > ence of Ni. For LaRgigNig 203 the intensity of the
LaRw gNig203, As expected, lanthanum the largest Ru—Ni peak is wider indicating that the crystallites
ion in the series forms the most stable perovskite does not change with temperature, while for the more
structure[14,37] calcium-containing perovskites the destruction starts
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Fig. 4. TPR profiles of lanthanide series.

when the temperature start raising (3@ and the with a high lanthanum content (LaRgNip 203 and
metal peaks become sharper indicating the presencelaggCay 2Rup gNig.203) also show peaks correspond-
of larger particles. Lanthanum seems to stabilize ing to lanthanum dioxomonocarbonate,>0aCOs.

the Ru(Ni) metal crystallites. In addition, an inverse This phase, which is in fast equilibrium with the
relationship seems to exist between the size of the carbon dioxide in the gas phase during reaction, has
metallic crystallites and the temperature at which the been claimed as responsible for the no-deactivation
second reduction peak appears in the TPR. The higherof the catalyst by carbofi5,16,20,22,32]

the temperature of the second peak, the smaller the

particle size. It appears as if during the destruction of 3.3, X-ray Photoelectron Spectroscopy

the perovskite by reduction, the metallic ions are be-

ing released in a controlled way avoiding formation of  The XPS results of both Ca—La and lanthanide se-
large metallic clusters by sinterization. For all struc- ries showed that under the experimental conditions
tures, the mean particle size values are between 9 andused only B cations (Ru and Ni) are reduced to the
17 nm (Table 3, indicating a high dispersion and/or zero oxidation state, while those cations in position A

uniform distribution of Ru(Ni) in the CaO-li®3 do not show any reduction.
matrix after reduction. These values are smaller than For Ca—La series it was observed that the pres-
those reported by Choudary et Hl9] for Ni%LayOs ence of calcium leaves the La 3d doublets very much

obtained from LaNi@ (31.3nm) and much smaller unaffected, except for a very small displacement
than that (125 nm) for NiO—-L#3 [38]. These results (0.2 eV) towards lower binding energies. For the lan-
corroborate the advantage of the sol-gel method to thanide series, the presence of lanthanum, samarium
obtain metallic supported nanopartic[é8,15,16,25] or neodymium did not affect the binding energy of
After reaction, the identified phases were®RNi°, the Ca 2p signals. Again, as for the Ca—La series only
CaO, CaCQ and LpO3. The carbonate observed on metals in position B were completely reduced.
these solids is formed from reaction of the oxides  To evaluate the chemical state and evolution of the
by decomposition of the precursor perovskite and metals at the surface, a semi-quantitative analysis was
CO, from the reaction mixture. Those perovskites performed. Only Ru/O and R + A’) ratios are



M.R. Goldwasser et al./Applied Catalysis A: General 255 (2003) 45-57

Table 4
Bulk and surface stoichiometry of the reduced perovskites

53

Samples La Ca Ru Ni O Ru/O Ru/(Gala) [Ru/OJ/[Ru/(Ca+ La)]
LaRuy gNig 203 Surface 1.0 - 0.15 0.08 1.34 0.11 0.15 0.73
Bulk 1.0 - 0.80 0.20 3.00 0.27 0.80 0.34
LaggCay2Rug gNip 203 Surface 1.0 0.42 0.35 - 1.55 0.23 0.25 0.92
Bulk 0.8 0.20 0.80 0.20 3.00 0.27 0.80 0.34
LapsCapsRuggNig 203 Surface 1.0 0.55 0.68 - 1.53 0.44 0.44 1.00
Bulk 0.5 0.50 0.80 020 3.00 0.27 0.80 0.34
Lag 2Cay gRup gNig 203 Surface 1.0 0.38 0.28 — 1.45 0.19 0.20 0.95
Bulk 0.2 0.80 0.80 0.20 3.00 0.27 0.80 0.34
CaRuy gNip 203 Surface 0.0 1.00 0.22 0.17 0.94 0.23 0.22 0.96
Bulk 0.0 1.00 0.80 0.20 3.00 0.27 0.80 0.34
Cap 2Sny.gRup.gNig 203 Surface 0.8 0.33 0.40 0.10 1.00 0.40 0.47 0.85
Bulk 0.8 0.20 0.80 0.20 3.00 0.27 0.80 0.34
Cay2Ndp gRuygNig 203 Surface 0.8 1.00 0.32 0.17 2.06 0.16 0.18 0.89
Bulk 0.8 0.20 0.80 0.20 3.00 0.27 0.80 0.34

2Sm or Nd.

presented since attempts to extract reliable quantifi-
cation of Ni was extremely difficult due to the severe
covering of the Ni 2p signals by the complex La 3d
region. This situation was worsened by the low nickel
content of the perovskites. Similarly, quantification
of neodymium in the presence of lanthanum is dif-
ficult: Nd 4d is perturbed by La 4d, and the most
intense signal Nd 3d interfere with the Auger peaks
of oxygen (Al source)Table 4shows a comparison of
the stoichiometry of the bulk and surface of reduced
perovskites.

If it is assumed that for the Ca-La seriesRu
CaO and LaOs are the main phases present af-
ter reduction, as observed by XRD, the Ru/O ratio
should be around three times smaller than that of
Ru/La[39,40] However, it is observed that the sub-
stitution of lanthanum by calcium lead to a Ru/O
ratio approximately equal to that of Ru/La indicat-
ing a great deficiency in oxygen. These results are
in good agreement with ICP and TPR observations,
where the formation of an oxygen-deficient per-
ovskite of the type La ,CaRuygNig203_, was
invoked to compensate for the difference in charge
produced when Ca substitutes L&t . In agreement
with TPR and XRD results, the observed oxygen
deficiency was lower for the most stable perovskite
LaRuw gNig 20s.

3.4. Catalytic studies

In previous work{15,16], the effect of parameters,
such as reaction temperature, space velocity, reactant
partial pressure and time on stream, was investigated
and optimized to higher yields of syngas. It was found
that the best Ru—Ni combination was obtained for
LaRw gNig203. In the present work, partial or total
substitution of lanthanum by calcium was carried out,
to increase the basicity of the catalysts in order to in-
hibit coke formation.

The study was started with bgCay5Ruy gNig 203
perovskite under previous optimized conditions. For
this solid, it was observed that the previously used
reduction conditions were not sufficient to reach
total transformation of B-site cations. Under these
conditions (R 700°C, Treq = 700°C/3h), the
obtained catalyst showed a lower activity compared
to that of the reference perovskite LafiNig 20s.
Consequently, both reaction temperature and reduc-
tion time were increased to 80Q and 8h, respec-
tively. Under these conditions, the catalyst from
LapsCasRupsNig203 showed a higher activity.
Methane and C® conversions were 98 and 77%,
respectively, with a CO selectivity of 86%4ble 5.

The next step was to study the effect of calcium
content on the precursor perovskite. The following
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Table 5
Catalytic activity
Samples 800C 700°C

XCHy (%) XCO, (%) SCO (%) XCH (%) XCO, (%) H2/CO (%)
LaRu gNig 203 78.6 83.9 85.4 89.2 66.6 0.81
LapsCaysRug gNig 203 98.85 76.7 85.8 49.2 41.3 -
Lag.gCa2Rug gNip 203 99.77 76.6 90.3 84.9 61.7 0.86
Lag 2Cay gRuy gNip 203 99.30 83.2 73.6 45.9 50.2 -
CaRygNig203 99.8 88.9 76.9 55.9 48.9 -
Nd; gCa2RUNiOs g 96.35 78.3 81.8 84.8 60.3 0.82
Nd>RwO7
Smy gCay2RUNiIOs g 95.47 84.8 81.1 85.7 68.6 0.84
SmpRWw,O7
Commercial catalyst 99.77 85.3 75.6 94.28 70.72 0.90

Tk = 800, 700°C, treac = 24 h, WHSV = 24 1/hg, CH/CO, = 1, (PCHy4 + PCO,)/Pr = 0.2, W = 200mg, Trea = 700°C/8h.

perovskites were prepared: d.g¢Ca 2Rug.gNip 203, To maintain conversions away from thermodynamic
Lag 2Cap gRup gNig 203 and CaRyggNig203. It was equilibrium, the temperature was adjusted to 700
observed that as the content of calcium increases in Fig. 6 shows the influence of calcium content on these
the perovskite Kig. 5), a decrease in the induction perovskites. A decrease in conversion as lanthanum
period (time needed for the precursor perovskite to is substituted by calcium was observed, being higher
start showing activity) was decreased as compared for CH, than for CQ. However, the selectivity to CO
to the reference perovskite LafgNig 203, in agree- remains almost constant. Among this series, the best
ment with the TPR and in situ XRD experiments where activity was obtained for LggCay 2Rup gNig 203. The
reduction was easier for those perovskites. Their cat- fact that CQ conversion was always lower than that of
alytic activity is shown inTable 5 As observed, at  methane and that#ACO ratios lower than 1, indicates
800°C most catalysts showed GHonversions near  the occurrence of other reactions. Partial combustion
100%, with the best selectivity to CO (90%) achieved of methane by oxygen present in the nitroger2¢s)

by Lag.gCap 2Rug gNig 20s. used as diluent could not be discarded.
100 -
90 -
)
S
E 80 4 La0,8Ca0,2Ru0,8Ni0,203
g ® La0,5Ca0,5Ru0,8Ni0,203
70 - ¢ La0,2Ca0,8Ru0,8Ni0,203
A CaRu0,8Ni0,203
60 T T T T T T T T T T T T T T T T T T T T T T T T 1

AR T BN R R I LA
Time on stream (h)

Fig. 5. Methane conversion vs. time on stream for Ca—La sefies: 800°C, WHSV = 241/hg, CH/CO, = 1, (PCHs+ PCOy)/Pr = 0.2,
W = 200 mg, Red= 700°C/8 h.
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100 -
£ 80 -
8 —e—CH4
g; 60 - —a— a —8 CO
S 40 - —a— CO2
<
g 20
>

0 T T T T U
La=1 0.8 0,5 0,2 Ca=1
Substitution (x)
Substitution of La by Ca

Fig. 6. Effect of substitution of La by Ca vs. time on stredf.= 700°C, WHSV = 241/hg, CH/CO, = 1, (PCHy + PCQOy)/Pr = 0.2,

W = 200mg, Red= 700°C/8 h.

Since LagCay2RupgNip203 showed the best
catalytic activity for both sets of experimental con-
ditions, as observed frorable 5 the next step was
to study the influence of the substitution of lan-

Under the optimized experimental conditions,
catalysts did not show significant coke deposition
even after 120 h on stream (1.38% carbon/g of cata-
lyst), maintaining their activity and selectivity to CO

thanum by other lanthanides, such as samarium and(Fig. 8), which corroborate the low coke formed in

neodymium. The initial tests were carried out at
800°C maintaining other variables constant. As ob-
served inTable 5 the methane and GQconversion
and the selectivity to CO were very high. Even at
700°C an increase in CO selectivity for samarium-
and neodymium-containing perovskite and a small in-
crease in methane and @©onversion was observed
compared to that shown by lanthanum perovskite

(Fig. 7).

Ln0.8Ca0.2Ru0.8Ni0.203:

88+
861

84
XCH4
sco 821

(%) g0
78

76

these solids. When working with supported nickel
catalyst for steam reforming, Trimfi0] suggested
that the presence of rare earth oxides added to the
support should diminish coke formation by favoring
coke gasification. This could be the case since on
Lag.gSnp.2Rup gNig203 only 0.51% of carbon/g of
catalyst was observed1].

Comparison with an industrial catalyst containing
12% Ni, used for steam reforming of methane, was

Effect of the Lanthanide

ChH4
H CO

La=0,8 Sm=0,8

X=Ln0.8

Fig. 7. LnygCa2RupgNip203: effect of lanthanidesTr = 700°C, WHSV =

W = 200mg, Red= 700°C/8 h.

Nd=0,8

241/hg, CH/CO, = 1, (PCH4 + PCOy)/Pr = 0.2,
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9 ~
< 80 Sl a4 . A , .
° N 4
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o 604 % 60 -
8 —o— CH4 3 —o— CH4
p &) 40 -
o 40 —8— CO2 > —8— CO2
<
B 20 - —— CO & 20 —A— CO
» >
0 T T T T T T T T T T 0 % T T T T T T T T T T T 1
1 21 41 61 81 101 1 21 41 61 81 101

(a) Time on stream (h)

Time on stream (h)

Fig. 8. Stability test: (a) LjisCay 5RU.gNip 203; (b) commercial catalysfr = 800°C, WHSV = 241/hg, CH/CO, = 1, (PCHs+ PCOy)/

Pr =0.2, W = 200mg, Red= 700°C/8 h.

carried out. The conversions of methane, xC@nd
the selectivity to CO and the stability of the com-

(TR

When the best reaction conditions were determined
800°C, Tred 700°C/8h), all catalysts

mercial catalyst were similar to that shown by cata- showed high conversion and good selectivity to CO.

lysts obtained from the perovskites precurseiig (8,
Table 5, which evidence that further improvement
of catalysts prepared by using the perovskites looks
promising.

4. Conclusions
Preparation of the precursor perovskites by the

sol-gel method produces solids with a high ho-
mogeneity and crystallinity as confirmed by the

different characterization techniques. The Ca-La se-

ries La_,CaRuygNig203 showed a well-defined
perovskite structure. However, when lanthanum is
replaced by samarium and neodymium, the pres-
ence of pyrochlore structures, together with the per-
ovskites, were observed as evidenced by the XRD
analysis.

The TPR curves of the precursor perovskites
showed that the substitution of lanthanum by cations
of smaller ionic radii (Ca, Nd, and Sm) favored the
reactivity of the lattice oxygen, which gives rise to
lower stability of the perovskite and lower tempera-
ture of reduction.

Reduction before reaction of the precursor per-
ovskites produced small Ru-Ni nanoparticles that
avoid coke formation and give rise to active and stable
catalysts.

Among the Ca—La series, the solids with the best cat-
alytic performance were: lggCa 2Rup gNig. 203 and

LapsCay sRuggNig 203, with the highest selectivity

to CO.

It was observed that the unchanged composition of
B-site cations of the precursor perovskites keeps ap-
proximately constant the methane and LC€dnver-
sions, while the change of the nature and composition
in A-site cations of the precursor perovskite strongly
modifies the stability and selectivity of the catalysts.
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