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Abstract

Rh and Pt catalysts supported on lanthanum oxide were prepared by wet impregnation. The solids were used in a Pd—Ag membrane reactor
to produce hydrogen through the carbon dioxide reforming of methane. The effect of the sweep gas flow rate and W/F upon the conversions of
CO, and CH, as well as on the production obivas studied. The best performing catalyst was Rh (0.6%). It yielded a methane conversion
38% higher than the thermodynamic value and the highggidimeate flux across the membrane. Lanthanum phases on the support and
the catalysts were characterized by Laser Raman spectroscopy, FTIR, and XRD. The support and the calcined fresh catalysts exhibited a
mixture of phases which were influenced by the metal type. Furthermore, platinum seemed to favor the formatiog@fC&}4 after a short
treatmentin flowing C@ However, the only remaining crystalline phase after 100 h on stream was®,C&;. A small amount of graphitic
carbon was detected using Laser Raman spectroscopy, despite the fact that no carbon deposition was observed through TGA measurement:
The graphite crystallization order seemed to be dependent upon the contact time of the reactants.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction reactor offers the possibility to achieve methane conversions
greater than thermodynamic valu&s9].

The process of methane reforming with carbon dioxide Lanthanum oxide has found numerous applications in
could contribute to reduce the amount of greenhouse gasegatalysis. It is recognized as an active, selective catalyst for
present in the atmosphere. Besides, hydrogen is extensivelyseveral process¢0,11] It is well known that the compo-
used by the oil industry in hydrotreating and hydro-cracking sition and activity of LaO3 for methane oxidative coupling
processes, and also in fuel cell applicati¢hl During the is highly dependent on the preparation and activation pro-
past ten years, the GHiry reforming reaction has received cedure usedl2]. Lanthanum oxide is also used as support
considerable attention, and efforts have been focused on thdor metals that catalyze reactions such as methanol decom-
development of catalysts showing high activity and resis- position[13], ammonia oxidatioifl4], and methane dry re-
tance to coking. Numerous supported metal catalysts haveforming [15]. It has also been shown that lanthana oxides
been tested for this process. Among them, noble ni2td] can substantially modify the chemical behavior of highly
containing solids give promising catalytic performance in dispersed metal catalysts6].
terms of methane conversion and selectivity to synthesis gas. In the lanthanum oxide system, several chemical species

Membrane reactors (MR) might have a very important can be present such asJ@, La(OH), Lax(COs)3, and
role in the development of new processes with high ener- LapO,(COzs). There are three polymorphic crystalline forms
getic efficiency. Several hydrogenation—dehydrogenation re-of LapO2(CQO3). All are layer-type structures built up of
actions were studied in Pd-based MPs7]. A membrane slabs of (La0»%"), polymers and C€* groups. Type-|

has the square (L®,%"), layers found in LnOCI and re-
lated compounds (tetragonal), while type-Il has the hexag-

* Corresponding author. Tek:54-3424536861; faxi54-3424536861.  onal (LaO,%"), layers found in the A-form sesquioxides.
E-mail addressimcornag@fiqus.unl.edu.ar (L.M. Cornaglia). Type-la, on the other hand, has monoclinic fotd]. The
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presence of certain phases (e.g. oxycarbonates) has beegatalyst, diluted with quartz chips to achieve a bed height

connected with the catalytic stabilities of lanthanum oxide
supported Ni solids.

of 3cm, was packed in the outer annular region (shell side).
The inner side of the membrane in all runs was kept at

Raman spectroscopy has been employed to characterizetmospheric pressure. The catalysts were heated in He at

lanthanum compounds such as,0g, La(OH) [18-20}

823 K and then reduced in situ irptdt the same temperature

however, scarce data are found related to the different typesfor 2 h. After reduction, the feed stream gas mixture (33%

of lanthanum oxycarbonates.

Besides, carbon compounds have particularly large Ra-

CHy viv, 33% CQ, 34% He,P = 1.013 bar) was switched
through the reactor.

man scattering cross sections, which has been used in ma- In order to measure the equilibrium conversions, the mem-

terials science to monitor the properties of carbon. Despite

brane reactor was operated with no sweep gas and no pres-

these advantages, however, it has not been much used fosure difference between the tube and the shell sides. In this

measurements of catalytic carbon depofdigs21,22]

case, the conversions were measured after a 12 h stabiliza-

The present paper reports on the use of laser Raman specton period.

troscopy, FTIR, XRD to characterize the Rh and Pt catalysts

The reaction products and the permeated mixture were

supported on lanthanum oxide before and after being usedanalyzed with a TCD gas chromatograph equipped with a

for carbon dioxide reforming in a membrane reactor.

2. Experimental
2.1. Catalyst preparation
Catalysts were prepared by the conventional wet impreg-

nation of Lg0O3 (Anedra 99.99%) using #{PtClk)-6H,O
and RhC$-3H,0 as precursor compounds. The pH of im-

Porapak and a molecular sieve column and with an on-line

Balzers Quadstar TU 422 quadrupole mass spectrometer
previously calibrated for each gas. The carbon balance was
close to one in all cases.

2.3. X-ray diffraction (XRD)
The XRD patterns of the calcined and used solids were

obtained with an XD-D1 Shimadzu instrument, using Gu K
radiation at 35kV and 40 mA. The scan rate wasiin—1

pregnation solution was 3. In all cases, the resulting suspen-for values between®= 10° and 80.
sion was then heated at 353K to evaporate the water, and

the solid material was dried in an oven at 383 K overnight.
The catalysts were calcined for 6 h at 823 K. In experiments
designed to investigate the effect of carbon dioxide in the
absence of Cl the catalysts were heated at 773K for 1 h,
and cooled down in flowing C&using a flow reactor before
taking the IR and Raman spectra.

The Rh and Pt dispersions, following the leduction
at 823K for 2h, was determined by hydrogen desorp-
tion experiments[9]. The dispersions were 64, 14, and
17% for Rh (0.2%), Rh (0.6%), and Pt (0.93%) catalysts,
respectively.

To prepare lI-LaO,CO3, LapO3 (Anedra) was heated
under flowing dry CQ using a temperature program con-
sisting of a linear 5K mint ramp from 300 to 923K, a
linear 2Kmirr! ramp from 923 to 973K, and finally an
isothermal heating at 973K for 30 mifi2]. Preparation
of la-LaxO,COs was performed by thermally decomposing
LapxO3 (Aldrich 99.99% Gold Label). The oxide was heated
at 10Kmirm® from 298 to 773K under flowing He. The
flow was then switched to dry CQGand the temperature kept
at 773K for 1 h.

2.2. Catalyst testing

The double tubular membrane reactor was built using a
commercial dense Pd—Ag alloy (inner tube), provided by

2.4. FT infrared

The IR spectra were obtained using a Shimadzu FTIR
8101 M spectrometer with a spectral resolution of 4ém
The solid samples were prepared in the form of pressed
wafers (ca. 2wt.% sample in KBr).

2.5. Laser Raman spectroscopy (LRS)

The Raman spectra were recorded with a TRS-600-SZ-P
Jasco Laser Raman instrument, equipped with a CCD
(charge coupled device) with the detector cooled to about
153K using liquid N. The excitation source was the
514.5nm line of a Spectra 9000 Photometrics Ar ion laser.
The laser power was set at 30 mW. The spectral resolution
was 4cnrl,

3. Results
3.1. Membrane reactor data

Fig. 1 compares the effect of the sweep gas upon both
the conversion of the reactants and the mols of pér-

meated through the membrane per mol of aEd. These
data are given for Rh (0.2%) and Rh (0.6%), metal load-

REB Research and Consulting, with one end closed and aning is shown between brackets. Increasing the He sweep
inner tube to allow helium sweep gas flow. The outer tube gas flow rate reduces the hydrogen partial pressure in the
was made of commercial non-porous quartz (i.d. 9 mm). The permeate side leading to higher How rate through the
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Fig. 2. Effect of the sweep gas and W/F on the catalytic behavior of Rh
Fig. 1. Comparison of the effect of the sweep gas on the catalytic (0.2%) solid: (a) CH and CQ conversions; (b) hydrogen flux through
the membraneT = 823K, AP =0 bar.

ence of the catalyst, the reverse water gas shift reaction
(RWGSR) proceeds very fast. This is why the {i®always
membrane Kig. 1b. The increase in the metal loading higher than the Cklconversion. However, ifrig. 2ait is
causes an improvement of more than 4% in the methaneseen that the difference between the conversions decreases
as the H (permeated)/Cl ratio increasesHig. 2b). This

could be explained in terms of the reduced ptessure in

the reaction side that would decrease the conversion of the

RWGSR.
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Fig. 3. Comparison of the methane conversion and the hydrogen flux on
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the Rh and Pt catalysts at Al = 5x 10* ghmi1. T = 823 K. The dotted
line indicates the thermodynamic value considering the dry reforming and the presence of 1I-L#0,COs and La(OH} phasesTable 1.

the reverse WGSR.

Fig. 3 compares the three catalysts studied atPAN=
5x10~*ghmi~t and at 823 K with no sweep gas (fixed-bed loading.
reactor) and with a sweep gas flow rate of 10 mIndinin
all cases, the methane conversion achieved in the membranavere detected in the calcined catalysts. On the other hand,

reactor is above the equilibrium value.

Table 1

Structural features of fresh and used catalysts and the support

The Rh catalysts showed stable conversions during 100 h
on stream at WF = 1.5 x 10~ 3ghml~! and 823 K. How-
ever, the Pt (0.93%) solid showed decreased conversion af-
ter 24 h on stream under the same conditions. These results
agree with those obtained using a fixed-bed reactor, which
were previously reportef®,15].

3.2. X-ray diffraction data

Table 1summarizes the lanthanum phases detected in the
studied solids. The XRD pattern of the Aldrich support indi-
cates that La(OH)was the only phase present in this solid.
On the other hand, the reflections of the solid treated with
carbon dioxide at 773 K (not shown) reveal the major peaks
of the monoclinic la-LaO,COs. Traces of type-Il are also
present.

Three phases, La(Ohki)type-l and type-1l LaO,CO;3, are
identified in the Anedra support. After treating this solid in
a flow of dry CQ at 973K, the hexagonal (type Il) phase
becomes dominant. Only tiny signals of types | or la appear
in this solid.

The XRD patterns for all the prepared catalysts showed

LayO3 signals were also detected on the Pt (0.93%) cat-
alyst. The XRD data of the used catalysts indicated that
type-1l was present, independent of both the metal type and

No XRD reflections associated with Rh or Pt compounds

the XRD data of used Pt (0.93%) indicated the presence of

Solids DRX phases (ASTM number) FTIR wavenumbers ofs&Ovibration (cnm?)
V3 V1 V2 V4
Rh (0.2%) calcined 11-Lg0,CO3 (37-804) 1504(sh) 1087 856 747
La(OH); (6-585) 1467
1370
Rh (0.6%) calcined 11-Lg0,CO3 (37-804) 1504(sh) 1087 856 747
La(OH); (6-585) 1467
1370
Rh (0.2%) and Rh (0.6%) used catalyst 1, CO; (37-804) 1508 1087 856 747
1465
Pt (0.93%)%) calcined 11-Lg0,CO3 (37-804) 1495 1087 856 747
La(OH); (36-1481) 1465
LayO3 (22-641) 1370(sh)
Pt(0.93%)%) used catalyst 11-b®,CO;3 (37-804) 1508 1087 856 747
La(OH); (36-1481) 1465
PO
Anedra support 11-La0O,CO3 (37-804) 1504(s) 1087 856 747
La(OH); (6-585) 1467
1370(s)
Aldrich support La(OHj (6-585) 1462 855
La(OH); (36-1481) 1384
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Fig. 4. FTIR spectra of rhodium and platinum supported catalysts, calcined, used and aftee&@ent at 773 K.

metallic platinum9], while no metal signals where detected 3.4. Raman data
in used rhodium solids.
3.4.1. The support
3.3. FT infrared results Prior to studying the supported Rh and Pt catalysts, Ra-
man spectra were taken of the pure reference phases and
The FTIR spectra of the calcined catalysts are presented insupport materials. The structure of these materials was con-
Fig. 4 The spectra of low metal loading catalysts show bands firmed by XRD and FTIR[26]. The Raman spectra for
at 1504 (s), 1467, 1087, 856, and 747¢ntoincident with the 250-800 cm! region are shown ifFig. 5a The spec-
those of the hexagonal (type-II) structure o502 CO3 [23]. trum of lanthanum hydroxide exhibits four bands at 274,
In addition, a signal at 1368 cm hints the presence of either 339, 447, and 597 cnt. The frequencies of these bands are
the monoclinic (type-la) or the tetragonal (type-1) polymorph in agreement with those reported for crystalline La(@H)
in Rh (0.2%) and Rh (0.6%) catalystsig. 4). However, [19].
some slight splitting of these bands indicates the presence of No Raman data have been found in the literature for
the la polimorph. On the other hand, the Pt catalyst spectrumlanthanum oxycarbonates. The Raman spectrum of type-
shows only a shoulder at 1368 ci(Fig. 4). A broad band  11-La20,CO3 shows three peaks in the 250-800¢hTe-
at 643 cnt! corresponding to the OH bending vibratiiaa#] gion, at 358, 384, and 747 cth. Besides, a strong band at
is observed in all the spectra. The IR spectrum of Anedra 1086cnT! and weak ones at 1408, 1415, and 1450tm
support (not shown) exhibits the same phases as that of theare seenKig. 5b).
Pt solid. The spectra of sodium and strontium carbonates are taken
Fig. 4 shows the spectra of the catalysts after treatment as references. In both cases a strong peak at 1078 and
in flowing CO,. The shoulder at 1364 cm grows in an in- a weak peak at 1430 cm were detected. The LECO)
tense band while signals in the 2800-2900¢megion (not shows a band at 1066 crh [19]. Taking into account the
shown) almost vanish. This would indicate the development lower Raman shift for carbonates and the wavenumber of
of type-I or la-La0,CO;3 and the disappearance of carbon- thev; CO3™ vibration in the FTIR spectra, the strong band
ates (2800—2900 crt bands)[25]. The splitting observed ~ at 1086 cnm can be assigned to lanthanum oxycarbonate.
in the oxycarbonate bands indicates the presence of the larhe presence of the carbonate group was confirmed by the
polimorph. On the other hand, the bands of rhodium-basedbands recorded at the 1400-1450¢megion (sedfable 2.
catalysts did not show any change after treating the solid Type-la-La0,COz spectrum presents several over-
with CO,. The FTIR spectrum of the used Pt (0.93%i 4) lapping peaks at 294, 315, 338, 356, 387, and 437(sh),
is characteristic of the hexagonal phase (type-Il). Spectra of450 cntt. Multiple splitting is observed in the 700-
used rhodium solids also correspond to the same phase. Ii1500 cnt?! region Fig. 5b. The strongest band appears
both the used and the GQGreated catalysts, the OH vibra- at 1060 cml. The IR characteristic band at 1373this
tion disappears. observed at 1340 cnt in the Raman spectrum.
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The spectrum of the support (Anedra) calcined at 823 K
indicates that the main phase is 4@ CO;s. Besides, the
weak bands at 284, 342, and 452¢hreveal the presence

of small amounts of La(OH)
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Fig. 6. Laser Raman spectra of Rh catalysts calcined and after CO
treatment at 773 K.

3.4.2. Calcined catalysts

The spectra of the Rh catalysts are showhim 6. All the
solids treated at 823 K exhibit peaks at 358, 384, 747, and
1086 cnt! (not shown) assigned to the type-ll lanthanum
oxycarbonate.

In the case of the platinum catalystig. 7), the spectrum
is similar to those recorded for the Rh solids, with weak
bands at 426 and 443 cth These features correspond to
type-la oxycarbonate. After treatment with g@he former
bands became well defined.

3.4.3. Used catalysts

Raman spectroscopy is an effective method to study prop-
erties of the different carbon materid87-29] including
catalytic carbon, carbon nanotubes, carbonaceous particles,
carbon films, and synthetic diamond. The Raman spectra of
the various form of graphite have been discussed extensively
in the literaturef30]. The first order transitions lie between
1200 and 1700 cmt.

Fig. 8 shows the Raman spectra of different samples of
carbon deposits formed on Rh and Pt catalysts. All the spec-
tra have a group of similar bands at 1339 (D mode), 1593
(G mode) with a shoulder at 1612 (Bhode). The graphitic
nature of carbon deposits can be deduced from the observa-
tion of the G and D bands.

The band at 1593 named the G peak is thg Eode
of bulk graphite; its intensity scales with the crystal size.
The band at 1620 was assigned to the analogue of the E
mode for the graphite layers located at the boundary of the
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Table 2
Raman shift of catalysts and lanthanum compounds
Solid 250-700 (cm? region) CQ~ 700-1500 (cm’ region)
Rh (0.6%) calcined 358, 384 - 1087 - 747
Rh (0.2%) calcined 358, 384 1408, 1415, 1450 1087 - 747
Rh (0.2%) used catalyst 358, 384 1408, 1415, 1450 1087 - 747
Pt (0.93%) 358, 384, 426, 443 1408, 1415, 1450 1087 - 747
Pt (0.93%) used catalyst 358, 384 - 1087 - 747
1I-La20,C03 358, 384 1408, 1415, 1450 1087 - 747
la-Lap0,CO3 294, 315, 340, 356, 387, 437(sh), 450 1340, 1417, 1444 1057, 1089 852 707, 737
La(OH) 284, 339, 447, 597 - - - -
LapO3 400 - — — _

crystals and was designated or D'. It is sensitive to the

The spectra were fitted using the model applied by Sze

composition of the material in contact with the surface layers et al.[32] for carbonaceous aerosols. For the fitting proce-

of the graphite, which modifies their electronic environment.
The feature near 1340 crh, designated the D (disorder)

band is allowed only if thé& = O selection rule breaks down

and this occurs near the crystal edges. Wang ¢8&].have

dures, they specified Lorentzian lineshapes at the frequen-
cies of the D, G, and Dtransitions and allow these to vary
slightly, within the resolution of the spectrometer (4ch

The fitted spectra of the Rh (0.6%) solid after 180h on

suggested that this band originates in the edge vibrationsstream in the membrane reactor is showirig. 9. The re-
since its frequency is independent of chemical composition sults of spectra fitting for all catalysts are summarized in

or sample preparation.

Table 3
In Table 3 the data for commercial graphite and both

In Fig. 8it can be seen that the D is more intense than the
G band for all the carbonaceous species formed in the threethe Ni and Ni—-Rh/LaOs catalysts are included. These cata-
types of catalysts used in the membrane reactor and evalulysts contained large amounts of carbon after being used in
ated at several space velocities. The spectra are normalized fixed-bed reactor at temperatures between 823 and 973 K.

against the support band at 1086¢mThe small signals
appearing at ca. 1400 cth are due to the oxycarbonates.

384
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64000{ 9399
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56000 -J %
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%
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52000 -— 398 | ; . . |
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Fig. 7. Laser Raman spectra of Pt catalyst calcined and afteti@&ment
at 773K.

The dry reforming reactiofil5] was always under equilib-
rium conditions in these experiments.
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Fig. 8. Laser Raman spectra of Rh and Pt catalysts used in the membrane
reactor at different W/F: (a).2 x 10-3ghml1; (b) 15x 16-3ghml1;
(€) 25x 10 3ghml?; (d) 50x 10*ghmi?; (e) 15x 10-3ghml?;
() 25x 10 3ghmiL.
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Table 3

Raman data for used catalysts in the membrane reactor

Catalyst8 W/F ID/IG LA (nm) D'IG 11086/11336+1590

Ni (2%)° 7.3 x 10°° 1.4 2.8 0.18 0.03

Ni (2%) Rh (0.2%Y 7.3x 10°° 1.6 3.1 0.16 0

Rh (0.2%) 2.5x 1073 3.3 15 0.2 0.06
15x 1078 4.6 1.2 0.33 0.10
0.5 x 1073 6.3 0.70 0.30 0.30

Rh (0.6%) 2.5x 1073 4.4 1.2 0.20 0.09
1.5 x 1073 6.6 1.0 0.46 0.18

Pt (0.93%) 3.2x 1073 11.2 0.73 0 0.07

a Graphite IYIG = 0.39, LA = 11nm, G= 1565cm?, D = 1337 cnt.
b Catalystic test: fixed-bed reactor, temperature range 823-973 K. Reaction time: 48 h. From Irusfa5t al.

gen partial pressure in the permeate side decreases leading
to higher permeation flow ratéig. 1).

In a fixed bed reactor the RWGSR occurs together with
the dry reforming of methane. In the membrane reactor, part
of the hydrogen produced is withdrawn from the reaction
side and since this is one of the reactants for the RWGSR,
the conversion of C® should decrease accordingly. This
could explain the decrease in @@onversion observed for
both Rh catalystsHig. 19.

The reverse water gas shift reaction could be avoided if
we used a membrane giving a higher rate efgérmeation
than that of H formation. Kikuchi[33] using Pt/AbO3
1 stabilized with basic compounds reported that hydrogen
formation on those catalysts was slower than hydrogen

1100 1200 1300 1400 1500 1600 1700 permeation, so that the RWGS reaction was not important
y in the Pd—Ag membrane reactor. However, they observed
cm deactivation after a short time on stream (8 h).

Fig. 9. Laser Raman spectrum of Rh (0.6%) solid after 180h on stream  Liu @nd Au[34] using a LaNiO4 zeolite membrane re-

fitted using Lorentzian curves located at the frequencies of the D, G, and actor observed that GHand CQ conversions were signifi-

D’ bands. cantly higher than those recorded over a commom fixed-bed
reactor. Ferreira-Aparicio et giB5] employed mesoporous
ceramic filters in a membrane reactor to carry out the re-

The position of the D band remains essentially con- forming of methane with carbon dioxide. By increasing the
stant for all the samples. However, the G band appears atsweep gas flow rate, changes in the gas composition were
1565cn? for graphite, 15660cmt for the Ni catalysts,  observed at both sides of the membrane. These variations
and 1592cm’ for the Rh and Pt containing solids. This |ed to moderate conversion enhancements. However, mem-
30cnt?! shift is coincident with the presence of disordered branes with h|gh permeabi"[y but low se|ectivity for hydro_
carbon in these solids. gen also cause reactants to be removed from the reaction

side, limiting the conversion increase.
The different values of the methane and carbon dioxide

4, Discussion conversions obtained in our membrane reactor suggested
that hydrogen formation was always higher than hydrogen
4.1. Catalytic performance in the membrane reactor permeation. The use of a highly selective membrane which

could allow a higher permeation flow rate would improve
In agreement with the data reported by other groups for the performance of the membrane reactor.

the same reaction using different sol[89,33] conversions Fig. 3 compares the three catalysts assayed at a given
above equilibrium can be achieved with the three catalysts W/F without sweep gas and with 10 ml mih of sweep
(Fig. 3. gas. The data obtained without sweep gas are identical to

The difference in hydrogen partial pressure across thethose obtained using a fixed-bed read@f. Note that in
membrane is the driving force for the permeation of this this case the TOFs decrease in the direction(Of8%0) >
gas. When the sweep gas flow rate increases, the permeatioRh(0.2%) > Pt(0.93%). Furthermore, the Pt catalyst de-
should do the same. Increasing the He flow rate, the hydro-activates with time on stream. In all cases the methane
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conversion is higher than the thermodynamic value. The bon deposited onto Ni particles at the interface between Ni
best performing catalyst, Rh (0.6%), yields a methane con- and oxycarbonate, thus offering an active and stable per-
version 38% higher than the thermodynamic value together formance. After ca. 0.5h of reaction, type-la and type-II

with the highest K permeate flux across the membrane.
4.2. Catalysts characterization

4.2.1. The support

A variety of compounds may develop when lanthanum ox-

oxycarbonates were formed. The proportion of these phases
only changed slightly up to 100 h on stre48Y]. No for-
mation of La0,CO3; was observed by Slagtern et {89]

on the La—Ni—-Al-O catalysts. Oxycarbonates may never-
theless be outside the detection limit of the method used,
and they did not reach any conclusion about their role in

ide is exposed to different gas mixtures. The composition of the deactivation process. On Co and Ni La-based catalysts
the resulting solids depends on the preparation method andorepared from perovskite precurs¢d®] the LgOs phase
the pretreatment. This system is very sensitive to the pres-that existed in the reduced catalysts disappeared after 3h on

ence of water vapor and G0On the gas phasg86]. In the

stream. Instead, type-la and type-l1JdG»CO3 phases were

literature FTIR, XRD, and to a lesser extent Laser Raman formed due to the adsorption of G@n lanthanum oxide.
spectroscopy, have been used to characterize the lanthanurihese authors claimed that oxycarbonate may play a crucial
compounds. The information obtained from the LRS com- role in the CQ reforming of CH,. Identification of those
plements that obtained from FTIR and XRD, and allows a lanthanum compounds is mainly based on DRX and FTIR

more detailed understanding of the catalyst structure.

since no Raman data have been reported for these cartalysts.

The oxycarbonate Raman spectra show bands in theAll our solids exposed to the reaction atmosphere only pre-

250-450cm? region (Table 9. These bands can be as-

sented II-La0,CO;3 (Fig. 4), while the monoclinic (type-la)

signed to the La—O fundamental modes. Besides, the bandphase present in the calcined catalysts disappeared. The Ra-

in the 700-1500 cm' region correspond to they, va, v3,
and vg4 vibration of CGQ~ groups by comparison with the
FTIR results[26].

man data of the used catalysts (not shown) confirm these
observations. Since the Rh catalysts are very stable, it seems
that 1I-LapO2COg3 plays an important role in maintaining the

Type-Il oxycarbonate is characterized by strong Raman high performance of these solids.

bands at 358, 384, and 1087 ch In the case of type-la

The CQ treated catalysts yielded more information about

oxycarbonate, the Raman spectrum is more complicated, inthe interaction of this reactant with the solids. Pt (0.93%)
agreement with the infrared data discussed by Turcotte et al.exposed to C® shows a significant enhancement in the

[17] and Irusta et al[26]. Type-la IR spectrum shows a
threefold splitting of thev1, v2, andvz modes and multiple
splitting of thevs mode. The Raman spectrum clearly ex-
hibited the threefold splitting of thes mode and multiple
splitting of thev, andv4 modes.

4.2.2. The catalysts

presence of la-L#D,COs (Figs. 4, 6 and ¥, while the lan-
thanum phases present in the Rh solids were not affected
by this treatment. One possible explanation for this signif-
icant difference in reactivity arises from the strong Rh—La
interaction reported for these catalyft$]. The formation

of a thin surface layer of LaRh{could impair the phase
transformation. Calculations based on the lattice constants of

Lanthanum supported metal catalysts are often preparedthe perovskitg41] show that for Rh (0.2%) and Rh (0.6%)
by impregnation of the oxide with aqueous solutions of the solids 50 and 100% of the support surface could be cov-

metal precursor salt. Since $@j3 is highly reactive in the

ered by a monolayer of rhodate, respectively. An alternative

presence of water, a strong chemical and structural rear-explanation could be that Pt catalyzes type-la oxycarbon-
rangements of the support would occur. As a result of the ate formation by reaction of the support with €®@hile Rh
intense carbonation phenomena induced on lanthana by theloes not promote this gas—solid interaction. The experimen-
impregnation process, the actual nature of the support phasesal data obtained so far do not provide conclusive evidence
would depend on the impregnation method and the treat- for any of these options.

ments of the impregnated samp[&§].

Calcined catalysts with low rhodium loading (0.2 and
0.6%) show an increase in type-la polymorphg( 4) that
was already present in the support. Ni (2%}0g solid (not
shown) also revealed an increase in 1aQaC0O3. How-

4.3. Carbon characterization

Different types of deactivating coke deposits have been
reported for methane reforming on metal catalysts such as

ever, the Raman results indicate a different behavior. The Rhadsorbed atomic carbon, amorphous carbon, bulk carbide,
(0.6%) Raman spectrum only reveals the presence of type-lland crystalline graphitic carbgd,15]. In Ni/La;O3 cata-
oxycarbonate. Platinum, on the other hand, would not mod- lysts [37], the layers of lanthanum carbonate could hinder

ify the phases of the lanthanum oxideds. 4, 5 and Y.
Verykios and coworker§37,38] found a strong interac-
tion between carbon dioxide and the support in N}Dg
catalysts. This led to the formation of 1@,CO3 species,
detected by XRD and FTIR which would react with car-

the formation of deactivating coke, possibly by limiting the
formation of an encapsulating veil around the Ni particle. In
the case of rhodium supported on other oxides, a low sensi-
tivity to coking has been previously reported. Solymosi and
coworkers[42,43] proposed that CHfragments formed in
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the decomposition of methane reacted with,C@us im- contact time (space velocity). Furthermore, it is clearly seen

pairing their complete decomposition to surface carbon.  that the solids evaluated at higher W/F (near the thermo-
For all the used catalysts reported in the present paper,dynamic equilibrium) exhibit higher intensity bands due to

no carbon deposition was observed through TGA measure-larger amounts of graphitic carbon being formed. Note that

ments[9]. However, a small amount of graphitic carbon was all the catalysts have been exposed to similar amounts of re-

detected using Laser Raman spectroscopy. actants during 180 h on stream. Comparing the spectrum of
In view of the band assignments, it seems clear that the Pt catalyst (a) with the one obtained for Rh (0.6%) (c)

the relative intensities of these features can be used to re4t is concluded that the latter contains a lower proportion of

trieve information about the sizes and morphologies of the disordered carbon.

graphite crystals. In the case of hexagonal crystal graphite, In Rh and Pt—La-based catalysts, the carbon deposits did

the Raman spectra consists of the main first order bandnot affect the activity after 100 h in the membrane reactor.

(G band) assigned to the in plane displacement of carbonThis behavior could be related to the sites on which carbon

atoms in the hexagonal sheets. When disorder is introduceds deposited and/or to the role that carbon would play as a

into the graphite structure the existing bands broaden andreaction intermediate.

additional bands are found at about 1350¢n{D mode)

and 1620 cm?! (D’ mode). In the rather small or disordered

crystal with very little three dimensional order, the G and 5. Conclusions

D’ bands merge into a single broader feature. The G peak

indicates the presence of large graphite crystals, while the, oy gl the catalysts the methane and carbon dioxide con-

ratio of the D to G peaks gives the relative amount of edge  \grsjons obtained in the membrane reactor are higher than

to volume of the crystals. o _ the thermodynamic values. The Rh (0.6%) solid yields the
The mtegrql intensity ratio ID/IG |s_|nversely prc_)portlonal highest permeated hydrogen/fed methane ratio.

[44] to the microcrystalline planar size (LA), which corre- o The support and the calcined fresh catalysts exhibit a mix-

sponds to the in plane dimension of single microcrystalline  {re of phases. The latter are being influenced by the metal

domains in graphite. The D and G modes were also found t0 e Furthermore, platinum seems to favor the formation

be sensitive to the type of carbon bonding, i.€ apd sp of la-Lay0,CO; after a short treatment in flowing GO
hybridization. It has recently been shoy4#] that the rela- o |; js clear from these studies that independent of the
tionship below holds for a wide array of%ponded carbons phases initially present in these catalysts, after 190 h on
over the range 3 < LA < 300nm for laser wavelenghts stream at 823K, the only remaining crystalline phase is
of 488 and 514.4 nm. II-La0,COs.
ID 4.4nm e A small amount of graphitic carbon was detected using
G~ LA Laser Raman spectroscopy, despite the fact that no carbon
_ deposition was observed through TGA measurements.
The values in the fourth column ofable 3were ob-  , The Raman data suggests that the graphite crystallization

tained employing the previous formula. Based on the data  5,qer was dependent upon the contact time of the reac-

in Table 3 the samples can be classified into different types  3nts. The carbon species formed on the Pt catalyst ex-
by the ordering of the graphite structures formed. The first  pLipits a lower crystallization order.

group presents the highest disordering of graphite structure.

The ID/IG intensity ratio is greater than 3.3. The average

crystallite size is estimated by the formula to be less than Acknowledgements
1.5nm. In this case, the literature reports some divergence

between the crystal size estimated by XRD and the one pre- The authors wish to acknowledge the financial support
dicted by the formula. Reshetenko et[dd] noted that Ra-  recejved from UNL, CONICET, and ANPCyT. They are
man spectroscopy is more sensitive than XRD to reveal the 5iso grateful to the Japan International Cooperation Agency
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The second group of solids is characterized by the inter-

mediate defectiveness of the graphite structure. The ID/IG
intensity ratios are 1.6 and 1.4 (Ni (2%), Rh (0.2%)) and the
average crystallites sizes are 2.8 and 3.1 nm, respectively.
The ID/IG ratio is 0.39 &1) for commercial graphite with . _ - .
crystallite sizes of 11 nm. [1] L. Paturzo, F. Galluci, A. Basile, G. Vitulli, P. Pertici, Catal. Today
. N 82 (2003) 57.

In the Rh catalysts the D/G relative intensity is higher [, 5 \usta, L. Comaglia, E. Lombardo, J. Catal. 210 (2002) 263.
for the solids tested at lower W/F ratios. This result seems (3] L. wang, K. Murata, M. Inaba, Catal. Comm. 4 (2003) 147.
to indicate that the crystallization order is a function of the [4] M. Bradford, M. Vannice, Catal. Rev. Sci. Eng. 41 (1999) 1.
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