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The activity and stability of Ni-Rh mono and bimetallic catalysts
supported on lanthanum oxide was studied. The catalysts were pre-
pared by wet impregnation with different contents of Rh and 2 wt%
Ni. The solids were calcined at 823 K in air flow and were reduced at
973 K in flowing hydrogen. The results of the catalytic evaluation in
a fixed-bed reactor showed that the Rh solids had the highest acti-
vity at 823 K. In order to understand the Rh effect, the catalysts were
characterized through XRD, XPS, and TPR. No evidence of crys-
talline Ni phase through XRD was observed in either the calcined
or used catalysts. On the other hand, the TPR results suggested a
significant metal-support interaction. The XPS data is consistent
with this picture. Bimetallic catalysts presented the highest amount
of carbon deposits. TGA, DSC, and SEM were used in order to cha-
racterize the carbonaceous species. On the catalyst surface at least
two types of carbons were detected with different structural pro-
perties which did not deactivate the solid. A low carbon deposition
was observed on Rh (0.2%)/La; 03 which exhibited a stable activity
after 100 h on stream.  © 2002 Elsevier Science (USA)
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INTRODUCTION

Hydrogen is a potentially nonpolluting, inexhaustible,
efficient, highly cost-attractive fuel. The production of
hydrogen through the methane-reforming reaction with
carbon dioxide employing a membrane reactor seems to
be an interesting approach since it also combines two gases
that produce the greenhouse effect (1). An active, long-life
catalyst at low temperature (<870 K) is a key player in this
system.

The carbon dioxide reforming of methane to obtain
hydrogen and carbon monoxide has recently captured the
attention of many researchers. Due to their low cost, Ni-
based catalysts are often preferred (2-4). Most catalysts
reported in the literature can reach the equilibrium conver-
sions by adequately adjusting the contact time. However,
this reaction is accompanied by the undesired formation of
different kinds of carbon deposits. In these systems, the de-
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activation can be fast and the catalysts can become inactive
after a short reaction time (5).

There is general agreement in the literature about the
good properties of noble-metal-based catalysts (6-9). They
show a better activity and less carbon deposition than non-
noble-metal systems. Numerous studies have been carried
out to develop an effective catalyst and learn more about
the reaction and deactivation mechanism. Rhodium has
been supported on different oxides. Metal-support inter-
action, dispersion, and particle size have been proposed
as the main factors which defined the solid ability to cata-
lyze both the desired reaction and the carbon deposi-
tion.

The dry-reforming methane reaction carried out in a
fixed-bed reactor is limited by the equilibrium conversions.
Since this reaction is highly endothermic, it is favored at
temperatures higher than 973 K. The use of a membrane
reactor to extract one of the reaction products allows not
only an overcoming of the thermodynamic limitation but
also a shift in the working range to lower temperatures,
with the subsequent energy-saving effects (10).

The objective of the present work is to study the acti-
vity and stability of Ni-Rh mono- and bimetallic catalysts
supported on lanthanum oxide in the CO;, reforming of
methane at low temperature; these catalysts are to be used
in a membrane reactor. The catalysts were characterized by
XRD, XPS, and temperature-programmed reduction while
the carbon deposit was studied through thermal analysis
(TGA and DSC), SEM, and laser Raman spectroscopy.

EXPERIMENTAL

Catalyst Preparation

Catalysts were prepared by conventional wet impregna-
tion of La,O3 (Anedra, 99.99%) using Ni(NO3), - 6H,O
and RhCl; -3H,0 as precursor compounds. The bimetal-
lic solid was prepared by simultaneous impregnation. In all
cases, the resulting suspension was then heated at 353 K
to evaporate the water and the solid material was dried in
an oven at 383 K overnight. The resulting catalysts were
calcined for 6 h at 823 K with a heating rate of 1.8 K/min.
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Catalyst Testing

The catalyst was loaded into a tubular quartz reactor (i.d.,
5 mm) which was placed in an electric oven. A thermocou-
ple in a quartz sleeve was positioned on top of the cata-
lyst bed. The reaction products were analyzed with a TCD
gas chromatograph (Shimadzu GC-8A) equipped with a
Porapak and a molecular sieve column. The catalysts were
heated in He at 973 K and then reduced in situ in H, at the
same temperature for 0.5 h. After reduction, the reaction
temperature was reached in flowing He and the feed gas
mixture (33% (v/v) CHy, 33% CO,, 34% He, P =1 atm)
was then switched to the reactor. Three different types of
catalytic measurements were carried out: (i) with 300 mg
of catalyst, at W/F =1.07 x 107> g h ml~! at 823, 873, 923,
and 973 K, with total time on stream 48 h (W, mass of
catalyst; F, total gas flow rate); (ii) with reaction rates ob-
tained at 823 K, with the reactor operating in differential
mode using 50 mg of catalyst; and (iii) with stability tests
carried out at 823 K, with 50 mg of solid at W/F =2.67 x
107> g h ml~! and conversion measured at W/F =4.50 x
10® ghml!.

Surface Area and X-Ray Diffraction (XRD)

For the determination of the surface area of calcined
and used solids, a Quantachrome Sorptometer, Nova 1000
model, was employed. Prior to the BET measurements
the samples were maintained at 473 K under vacuum of
10~3 Torr for 2 h.

The XRD patterns of the calcined and used solids
were obtained with an XD-D1 Shimadzu instrument, using
Cu Ko radiation at 35 kV and 40 mA. The scan rate was
1°/min for values between 26 = 10 and 80°.

Metal Dispersion

The Rh dispersion of fresh catalysts, following the H; re-
duction at 973 K for 0.5 h, was determined by static equilib-
rium Hj; adsorption at room temperature in a conventional
vacuum system. As a standard procedure, prior to adsorp-
tion, the catalysts (300 mg) were evacuated (10~ Torr) at
773 K (Rh (0.2%) and Rh (0.6%)) or 973 K (Ni(2%)) for
1 h. In order to determine the evacuation temperature, H,
desorption experiments were carried out using a flow reac-
tor. This procedure was as follows: after reduction at 973 K
for 0.5 h, the catalyst was rapidly cooled to 573 K in He,
exposed to H; flow for 1 h, and then cooled to 300 K and
maintained for 30 min under H, flow. The feed was switched
to He and the desorbing H, was measured with an online
Balzers Quadstar TU 422 mass spectrometer.

Temperature-Programmed Reduction (TPR)

An Ohkura TP-20022S instrument equipped with TCD
was used for the TPR experiments. To eliminate the carbo-
nates present in the samples, two different treatments were

carried out before the TPR tests. (A) The samples (100 mg)
were heated to 1123 K in flowing oxygen. The temperature
was kept constant for half an hour; then, the samples were
cooled in an Ar stream. (B) The samples were heated to
823 K in oxygen flow. This temperature was kept constant
for 2 h; then, the samples were cooled in an Ar flow. Af-
terward, they were reduced in a 5% Hj;—Ar stream, with
a heating rate of 10 K/min up to the maximum treatment
temperature .

X-Ray Photoelectron Spectroscopy

The XPS measurements were carried out using an
ESCA750 Shimadzu electron spectrometer. Nonmono-
chromatic Al Ko X-ray radiation was used. The anode was
operated at 8kV and 30 mA and the pressure in the analysis
chamber was about 2 x 107° Pa.

The binding energies (BE) were referred to the C 1s
signal (284.6 eV). Curve fitting was performed using a
Levenberg-Marquardt NLLSCF routine. The background
contribution was taken into account by assuming an
integral-type background. The surface Rh/La and Ni/La
atomic ratios were calculated using the areas under the Rh
3d, Ni2py,, and La 3ds,, peaks, the Scotfield photoioniza-
tion cross sections, the mean free paths of the electrons, and
the instrumental function, which was given by the ESCA
manufacturer.

Thermogravimetric Analysis

The amount of carbon on the used catalysts was de-
termined by oxidizing the carbon in a Mettler Toledo
TGA/SDTA 851. The used catalysts (usually 10 mg) were
heated at 10 K min~! to 1173 K in a flow of 90 ml min~! air.

Thermal analysis experiments were carried out in a
Mettler Toledo DSC 821¢ in order to find out the exother-
mic or endothermic nature of the changes that take place
during the calcination of the used solids.

Scannig Electron Microscopy (SEM)

The morphology of the carbon deposits was studied using
a JEOL microscope, Model JSM-35C, operated at acceler-
ating voltages of 20-25 kV. The used solids were glued to
the sample holder with silver paint and covered with a thin
gold layer to improve the images.

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
153 K using liquid N,. The excitation source was the
514.5-nm line of a Spectra 9000 Photometrics Ar ion laser.
The laser power was set at 30 mW.
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RESULTS

Catalytic Behavior, Stability, and TOFs

The catalytic activity was measured at a given space ve-
locity and different temperatures (823-973 K) for a period
of 48 h. Conversions at 973 K are shown in Table 1. CH,4
and CO; conversions were high and approached equilib-
rium over all the temperature range. In consequence, higher
space velocities were required to operate the reactor in dif-
ferential mode to calculate the reaction rates. As an exam-
ple, Fig. 1 shows the methane and carbon dioxide conver-
sions of the bimetallic solid vs residence time. The reaction
rates obtained at 823 K for all the catalysts are reported in
Table 1. Note that the increase of the Rh content from 0.1
to 0.2% results in a significant increase in the reaction rates
for CH4 and CO, disappearance. But a further increase to
0.6% Rh only slightly improves the performance.

The hydrogen TPD profile (not shown) over Rh (0.6%)
catalysts exhibits one peak starting at 673 K, with the maxi-
mum at 773 K. In the Rh (0.2%) profile, two H; peaks are
recorded, at 673 and 773 K. In the Ni catalyst, one peak
appears, at 1070 K. No hydrogen desorption was observed
for the Ni (2% )-Rh (0.2%) catalyst up to 1073 K.

The determination of metal dispersion in monometal-
lic Rh catalysts was performed after evacuation at 773 K
for 1 h to complete H, desorption after reduction. The Ni-
containing catalysts were evacuated at 1023 K (Table 1). The
H/metal ratios obtained are shown in Table 1. There is good
agreement between this ratio obtained through TPD exper-
iments and the one measured by hydrogen chemisorption.
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FIG. 1. Catalytic behavior of Ni (2%)-Rh (0.2%) solid at 823 K,

33% (v/v) CHy, 33% CO,, 34% He, P =1 atm. B, CH,4 conversion; @,
CO; conversion. Open symbols are for equilibrium values considering the
WGS reaction.

With this dispersion, the TOF (Table 2) was calculated as
proposed by Mark and Maier (11).

Conversion values were used to evaluate catalyst stabili-
ties. As is clearly shown in Fig. 2, over a testing period of
100 h at 823 K there is practically no loss of activity of the
catalysts assayed.

The BET surface area of the fresh catalysts are the
same as the support and the same happens with used Rh

TABLE 1

Catalytic Performance and TPR Data of Ni-Rh/La; 03 Solids

TPR data
Xen,?  Xco,’ Ren,© Rco,* H/Mm?
Catalyst® (%) (%) (molh™' g1y  (molh™'g) (molh™'g) Hy/M* Ty (K) Hy/M®'  Tyu® (K)

Rh (0.1%) — — 0.07 0.19 — — — — —
Rh (0.2%)" 74.8 87.3 0.20 0.42 0.64 0.82 433 0.88 481
(76.6)  (84.9) (773 K)' 490 545
Ni (2%) 78.5 84.0 0.12 0.21 0.06 0.58 590 0.33 618
(1023 KY 0.56 765
Ni (2%)-Rh (0.2%) 75.0 87.1 0.24 0.42 0 0.60 559 0.31 586
(1023 KY 0.60 813
Rh (0.6%) 81.6 90.6 0.26 0.51 0.14 — — 0.49 482
(773 K)' 546

¢ Solids were reduced in situ at 973 K before reaction. Weight percent of the transition metals is in parentheses.
b Conversions measured at: reaction temperature, 973 K; W/F =1.05 x 1073 g h ml~!; total reaction time, 48 h. Equilibrium values considering the

WGS reaction is in parentheses.
¢ Reaction rates measured at 823 K.
4 Obtained by H, chemisorption. M = Ni or Rh.
¢ Treatment temperature, 823 K.

/ Ratio of micromoles of H, to micromoles of metal. M = Rh, Ni or Ni + Rh.

8 Treatment temperature, 1123 K.

" The catalytic activity did not change when the reduction temperature was 823 K.

{ Evacuation temperature after reduction.
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TABLE 2

Reaction Rates, TOF Values, and Deactivation of Ni and Rh Catalysts

RCH4a RCOZ(I TOF (S_l) » )
Temp. eact.  Deact
Catalyst D(%) (K) molh™'g’! molh~'gRh™" molh~'g"! molh-'gRh™' CH, CO, (h) (%) Ref.
Rh (0.2%)/Lay O3 644 823 0.20 100 0.42 210 44 9.1 100 0 This work
Rh (0.6%)/La;05 144 823 0.26 43 0.51 85 13.8 16.7 100 0 This work
Rh (0.5%)/ZrO, 904 875 — — 0.34 68 — 2.2 70 0 6
Rh (0.5%)/A1,03 684 875 — — 0.55 110 — 4.6 70 0 6
Rh (0.5%)/Si0,° 484 875 — — 0.10 20 — 1.2 70 70 6
Rh (1.0%)/A1,03 28/ 873 0.11 11 — — 1.1 — 48 0 11
Rh (1.0%)/ZrO, 16/ 873 0.05 5 — — 0.9 — 48 0 11
Rh (1.0%)/SiO, 8/ 873 0.03 3 — — 1.2 — 48 0 11
Rh (1.0%)/TiO; 17/ 873 0.07 7 — — 1.3 — 48 0 11
Rh (0.5%)/La,05° 20/ 923 0.21 42 — — 6.0 — 8 30 21
Rh (3.8%)/Si0,¢ 11/ 823 0.06 1.6 — — 0.36% — 32 — 9
Rh (3.3%)/VO,/Si0,¢ 6/ 823 0.97 14 — — 6.78 — 32 — 9
Ni (2.0%)/Lay 05 64 823 0.12 6 0.21 10 1.7 2.5 100 0 This work
Ni (2.0%)/Si0O, 144 873 — — 0.27 13 — 1.5 — —h 23

¢ Reaction rates calculated from data given by the authors.
> Time on stream.

¢ Deactivation.

4 Dispersion measured by H, chemisorption.

¢ Initial value.

/ Dispersion measured by CO chemisorption.

¢ Calculated using r =k - pgﬁz4 . p?:'gfz by the authors.

" Average deactivation rate, 2.8% h1.

monometallic solids (Table 3). But after 48 h on stream
the surface area of the Ni (2%) doubles while that of the
bimetallic solid is seven times higher.

The XRD patterns (not shown) of calcined Rh catalysts
show the fingerprints of La;0,COj3, La; O3, and La(OH)s.
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FIG. 2. Stability test. Methane (M) and carbon dioxide (@) conver-
sion over La, O3 supported catalysts. Reaction temperature, 823 K; 33%
(v/v) CHy; 33% COy; 34% He; P=1 atm; W/F =4.50x10° g h ml~!
for Rh (0.2%) and Ni (2%)-Rh (0.2%), W/F =1.07 x 107> g h ml~! for
Ni (2%).

In the used solids the hydroxide disappears. In the Ni-
containing catalysts, calcined and used, only oxycarbonates
and lanthanum oxide peaks were observed.

TPR Data

The hydrogen consumption of the fresh catalysts was cal-
culated from the TPR experiments (Table 1). The TPR pro-
files of all solids show two peaks after the high-temperature
treatment (Fig. 3). The profiles for monometallic Ni and Rh
supported on silica were measured for comparison.

The Ni/SiO, profile presents only one peak, at 629 K,
indicating that there is no significant metal-support inter-
action. The NiO TPR profile shows a single peak, at 693 K
(12), while the Ni (2%) reduction profile reveals two peaks,
at 618 and 760 K. The low-temperature peak may be as-
signed to well-dispersed nickel oxide in the support while
the high-temperature peak suggests that the reducibility of
some of the nickel ions decreased by strong interactions
with the support, possibly by formation of a nickel spinel
or perovskite. However, no crystalline phases containing Ni
or Rh were observed on any of the samples using XRD.

The Rh catalysts show two peaks, at 481 and 545 K
(Table 1), independently of the Rh loading. The Rh/SiO,
system also exhibits a single reduction peak, at 395 K. The
appearance of the highest temperature TPR peak in the
Rh/La, O3 catalysts as compared to the SiO, solid indicates
that there is a significant interaction between rhodium oxide
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TABLE 3
Surface Area and TGA Data of Ni-Rh/La;0O3 Solids

11

TGA (mg ge
Sm2 g Orenct = 48 h Oreact = 100 h?
Catalyst Fresh Breact = 48 h 640 K* 900 K 1100 K 640 K 900 K 1100 K
Rh (0.2%) 7.6 73 0 0 120 61 0 33
Ni (2%) 7.6 163 0 0 120 0 147 64
Ni (2% )-Rh (0.2%) 7.4 518 0 394 55 0 332 54
Rh (0.6%) 73 10.0 1 0 82 — — —

“ Time on stream (reaction temperature, 823-973 K; W/F = 1.07 x 1075 gh ml™}).

b Reaction temperature, 823 K; W/F =2.67 x 107> ghml~!,
¢ Assigned to water desorption according to DSC data in Fig. 6.

and the La, O3 support. The same effect was reported by
Wang and Ruckeinstein (13). They reported the presence
of LaRhOj3 over the 10 wt% Rh/La;O3 sample through
XRD analysis.
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FIG.3. TPR profiles of calcined Ni-Rh catalysts. (A) Pretreated in

O, flow at 1123 K; (B) pretreated in O, at 823 K.

In the case of bimetallic Ni (2% )-Rh (0.2%) catalyst, the
TPR profile is similar to the Ni (2% ) solid (Fig. 3A). A small
change in the reduction temperature is observed. The high-
temperature peak maximum increases by 50 K, indicating a
stronger interaction between nickel ions and the lanthanum
support. Furthermore, the increased peak areas show that
a larger number of interacting species are present in the
latter case. These results led us to conclude that after treat-
ment in oxygen at 1123 K, the solids present a strong metal—
support interaction. However, even in these cases, Ni cata-
lysts are almost totally reduced at temperatures lower than
873 K.

The TPR profiles of the Ni samples treated at 823 K
(Fig. 3B) present a low-temperature peak (590 K) with
higher hydrogen consumption, indicating that in these cases
the proportion of well-dispersed Ni is higher than those
recorded on solids treated at 1123 K.

In the case of the Rh (0.2%) catalyst, the TPR profiles
are similar. The metal-support interaction is not affected
by the treatment, but a higher proportion of well-dispersed
Rhis observed after the low-temperature calcination. Note
that the bimetallic Ni-Rh solid shows a lower reduction
temperature (559 K), thus suggesting a possible interaction
between the well-dispersed metals. The TPR profile of the
mechanical mixture supports this analysis, because it shows
separate reduction peaks similar to those observed for the
monometallic ones (Fig. 3B).

XPS Characterization

For the rhodium-supported samples the Rh/La signal-
intensity ratio increased from 0.067 to 0.15 with an in-
crease in rhodium content from 0.2 to 0.6 wt% (Table 4).
The Rh 3ds/, binding energies were obtained for the cal-
cined catalysts. The C 1s peak at 289.0 eV is attributed to
carbonate carbon (14). Binding energies were referenced
to C 1s =284.6 eV, which resulted in a binding energy for
La 3ds,, =834.6 eV in the monometallic thodium solid.
For these solids the BEs of Rh 3ds,, were between 308.0
and 309.1 eV (Table 4). According to the literature, these
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TABLE 4

Binding Energies and Surface Atomic Ratios of Ni-Rh Catalysts

Catalyst La 3ds,“ Rh 3ds), (c ls)co3” (Cco,/La)s (Ni/La)s (Rh/La)g

Rh (0.2%) 834.6 307.9 289.0 0.8 — 0.067
(3.0) (2.3)

Rh (0.6%) 834.6 309.1 289.0 1.9 — 0.15
(3.2) 2.1)

Ni (2%)-Rh (0.2%) 835.1 309.1 289.4 0.9 0.026 0.067
(3.6) (2.6)

Ni (2%) 835.0 — 289.5 0.7 0 —
3.4) (22)

¢ FWHM is in parentheses.

b Contamination carbon was taken as reference at 284.6 eV.

high-energy values indicate the presence of Rh"* species.
Values in the range 307.6-309.6 ¢V for Rh™ compounds
have been compiled by Nefedov et al. (15). However, other
authors (16) have reported BEs for Rh** compounds within
a similar range (308.4-309.3 eV).

In the Ni (2%) sample, no Ni signal was detected; how-
ever, in the bimetallic solid the Ni/La surface ratio was equal
to 0.026. The Ni 2p;,, peak was employed to calculate the
surface ratio due to the overlapping of the Ni 2p3,, and La
3ds; signals. In the bimetallic solid the Rh 3d peak shows
a significant broadening (FWHM = 2.6 eV) and the Rh/La
ratio presents the same value as in the monometallic one
(Table 4).

The FWHM of Rh 3ds,, peak reflects the particle size
mainly (17, 18). The increased FWHM for small particles,
where the BE is also sensitively size dependent, originates
from the particle size distribution. The low-loading cata-
lyst exhibits larger FWHM than Rh (0.6%) and the BE for
Rh (0.6%) is 1 eV higher than Rh (0.2%). This indicates
smaller average particle size and broader size distribution
in the former solid.

Carbon Deposition

Despite the fact that all the catalysts tested did not change
their activities with time on stream, TGA, DSC experi-
ments, SEM, and Raman spectroscopy proved the presence
of carbon deposits on all the solids. In the Raman spectra
of all used catalysts (Fig. 4), two peaks were observed, at
1580 and 1350 cm™!, in the 1200-1700 cm~! region. Both
peaks were due to the presence of graphitic carbon in these
solids (19).

The TGA results are shown in Table 3. The weight change
during the oxidation of monometallic catalysts used for 48 h
(Fig. 5A) shows that there is just one peak, which starts at
950 K, for Ni (2%) and Rh (0.2%) catalysts. In the Rh
(0.6%) solid a small second peak appears, at 600 K.The
same peak was observed during the TGA of the calcined
catalysts that showed the presence of hydroxide through
XRD. Besides, the DSC experiments (Fig. 6) show that

this weight loss is endothermic so it could be attributed to
the La(OH); decomposition. In the bimetallic catalyst the
largest peak appears between 700 and 950 K while there
is a small weight loss at higher temperature. On the other

Rh(0.2%)

Ni(2%)—Rh(0.2%)

Graphite

T T T T T T
1200 1300 1400 1500 1600 1700 1800

Chemical shift (cm'1)

FIG. 4. Raman spectra of Ni-Rh catalysts used for 48 h in reforming
reaction. Temperature range, 832-973K; W/F =1.07 x 107> ghml~%;33%
(v/v) CHy; 33% CO; 34% He; P =1 atm.
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FIG.5. DTGA profiles of used solids. (A) Used 48 h between 823

and 973 K, W/F =1.07 x 10> gh ml~'. (B) Used 100 h at 823 K, W/F =
2.67 x 1075 ghml™.

hand, the DSC curve of this solid (Fig. 6) shows a small
exothermic peak at 610 K. This could be due to the oxi-
dation of a reactive carbonaceous deposit that is not de-
tected by TGA. This curve also shows that the weight
loss between 750 and 900 K is an exothermic process. The
same TGA experiment was carried out on lanthanum ox-
ide showing only one peak, at 1100 K, which could be
due to oxycarbonate decomposition (20). This compound
was detected by XRD analysis in all the solids and was
also previously reported on lanthanum oxide-supported
catalysts (14).

The weight-change profile for the oxidation of Rh (0.2%)
catalysts used for 100 h is completely different from the
one used for 48 h (Fig. 5A). Three peaks are observed in
Fig. 5B; the first, at 600 K, is the most important one and

Texothermic

o Ni(2%)—-Rh(0.2%)
€
= Rh(0.6%)
£
> Rh(0.2%)
K=}
[T
5
(]
T
T T T T T T T T T T
300 400 500 600 700 800

Temperature (K)

FIG. 6. DSC results of used catalysts. Ni (2% )-Rh (0.2%) and Rh
(0.6%) used for 48 h between 823 and 973 K; Rh (0.2%) used for 100 h at

823 K.

corresponds to an endothermic process (Fig. 6). Note that
this peak also appears in the Rh (0.6%) used for 48 h. This
peak is assigned to the dehydration of the hydroxide that
could have been produced by water originating from the re-
verse water—gas-shift reaction. The carbon deposit on the
Ni catalyst also changes with time on stream; in this case the
carbonaceous species is oxidized between 800 and 900 K.
The carbonaceous species on the bimetallic solid are not
affected by time on stream.

After 48 h on stream with temperatures as high as 973 K,
graphitic filaments were observed in the Ni—Rh solids
(Fig. 7). Given the fact that the main weight loss due to
an exothermic process occurs at 900 K in this catalyst, this
could be assigned to the burning of filamentous carbon. This
same type of carbon would appear in the Ni catalyst when
used for 100 h at 823 K. By observing the micrographs the
absence of the encapsulating-type carbon cannot be taken
for granted but, given the catalysts stability, its nonexistence

FIG.7. SEM micrographs of Ni (2% )-Rh (0.2%) catalysts after 48 h
on stream at W/F =1.07 x 107> g h ml~!; temperature range, 823-973 K.
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may be inferred. In the Ni and Rh monometallic catalysts
used between 823 and 973 K the presence of carbonaceous
filaments was not observed by SEM. Note, however, that
graphitic carbon was detected using Raman spectroscopy
in all catalysts.

DISCUSSION

Catalytic Activity of Mono- and Bimetallic Ni-Rh Solids

To compare our results with the data previously reported,
reaction rates and TOF values, calculated from data given
by the authors, are presented in Table 2. Lercher and co-
workers (6) have reported TOFs of CO, at 875 K for Rh
catalysts supported on ZrO,, y-Al, O3, and SiO, (Table 2).
Through deactivation studies, they concluded that the ac-
tivity of their catalysts was mainly determined by the availa-
bility of Rh and was less influenced by the support. Mark
and Maier (11) have calculated the CH4 TOFs at the same
temperature, employing similar supports. They found that
the reaction rates per unit surface area showed no trend
and concluded that the reaction is independent of the metal
dispersion and the nature of the support. However, Zhang
et al. (21) contend that the initial values of TOF obtained
over their supported Rh catalysts exhibit a dependence
on particle size, but this dependence might be related to
metal-support interactions. In a recent paper Sigl et al.
(9) have reported a vanadia-promoted high-loading Rh
(3.8%)/Si0,, which presents higher rates and higher TOF
when compared with their 3.8 wt % Rh/SiO,,_ catalyst. These
conflicting results are likely to be due to differing extents
of deactivation and Rh crystallite size (22).

Crisafulli et al. (23) reported the catalytic activity of
Ni/SO, catalysts at 873 K (Table 2). They found results si-
milar to ours but their solids present an average deactiva-
tion rate of 2.8% h~!. Even though there are many publica-
tions concerning Ni catalysts, only a few of them reported
TOF values. This could be due to the difficulties in measur-
ing Ni dispersion (22).

Our activity data show that the catalytic behavior of the
Ni—Rh-based catalysts toward the carbon dioxide reform-
ing depends on the supported metals, and on the metal con-
centration in the monometallic Rh catalysts. Our Rh/La; O3
catalysts present the highest TOFs even at temperatures as
low as 823 K (Table 2) and no deactivation was observed
over the period of time assayed. For further comparison the
reaction rates per gram of Rh were calculated. Note that
our Rh (0.2%) catalyst shows the highest value at 823 K,
the lowest temperature recorded in Table 2.

In our catalysts, addition of Rh to Ni solids caused an
improvement in the reaction rates of methane and carbon
dioxide measured at 823 K. On the other hand, the stability
of the solids was not modified with the presence of the no-
ble metal. However, the carbon deposition on the bimetallic
sample is remarkably higher than that of both Rh and Ni

monometallic catalysts. On the basis of the characteriza-
tion data, these behaviors could be related to the different
metal-support interactions. Using TPR a fraction of well-
dispersed metal was observed while a high-temperature
peak suggests the presence of a metal-support interaction.
In the case of the bimetallic solid, the decrease in the TPR
peak temperature could be due either to an interaction bet-
ween the dispersed metals or to the presence of metallic Rh
which could increase the reducibility of Ni oxide species, or
to both effects. Crisafulli et al. (23) have studied the acti-
vity and stability for the bimetallic Ni-Ru and Ni-Pd/SiO,
catalysts. The different catalytic performance was mainly
related to the different degree of metal-metal interactions.
For the Ni-Ru sample prepared with chloride precursors,
they found a strong Ni-Ru interaction with a significant de-
crease in the hydrogen chemisorption. Garetto et al. (25)
found that the high-temperature reduction of Pt—Ge solids
strongly diminishes the hydrogen chemisorption due to the
formation of alloyed bimetallic clusters. In our catalysts we
observed that the simultaneous presence of both metals
inhibited the hydrogen chemisorption, even though no al-
loyed particles were detected.

The H, desorption temperatures observed in our solids
are higher than those reported in the literature. Studying
Rh/MgO catalysts, Zhang et al. (21) found that both the
increased desorption temperature and the decrease in the
amount of H, adsorbed may be due to the blockage of Rh
surface sites by sulfates, originating from the MgO sulfur
impurities. In their case, this blockage also affects the cata-
lytic activity of their solids. And this is not our case.

Itis more likely that in our solids the higher temperatures
are related to some electronic modifications of the smaller
metal crystallites which interact intimately with the support.
In fact, Goula et al. (3) have reported a significant shift to
higher H, desorption temperatures in the NI/CaO-Al,O3
system which they said are due to electronic modifications
occurring in the Ni crystallites (d < 10 nm).

Note that the XPS Ni/La intensity is measurable (Table 4)
onlyin the Ni (2% )-Rh (0.2%) catalyst. This is symptomatic
of some sort of interaction between the two metals. As a
matter of fact, these two elements form alloys in all pro-
portions (26). So, these arguments lend more weight to the
hypothesis that Ni-Rh alloy formation is the cause of im-
paired hydrogen chemisorption in the bimetallic catalysts.

Carbon Deposition and Stability of Ni-Rh/La; O3 Catalysts

Catalyst deactivation and coke formation are very im-
portant factors in methane reforming with carbon dioxide.
The formation of carbon deposits is a key factor when the
catalyst is to be used in a membrane reactor. In general, the
deactivation can be attributed to different processes, such
as metal particle sintering, metal-support interaction, and
carbon deposition. In our case, the catalyst activity has not
been influenced by the carbon deposition after 100 h on
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stream. This behavior could be related to the carbon depo-
sition sites and/or the ability of carbon to play a role as a
reaction intermediate (21).

The carbon formation at different reaction temperatures
has been widely studied on supported catalysts contain-
ing either Ni at 1023 K (2, 3) or Rh at 923 (21), 875 (6),
and 723 K (9). Different types of coke deposits have been
reported for methane reforming on Ni catalysts, such as
adsorbed atomic carbon, amorphous carbon, bulk carbide,
and crystalline graphitic carbon (27). Kroll et al. (5) have
shown that the carbon filaments do not deactivate the cata-
lyst directly, except after a massive carbon accumulation.
The carbon atoms could be dissolved in the Ni crystals
and then spread through the metal, afterward precipitating
between Ni and the support to form the polymeric filament.
In this way, the Ni particle remains on the filament tip, thus
explaining the stability of catalysts containing Ni, despite
the large amount of carbonaceous deposit (28). The de-
activating coke was identified as a polymorphic form of
graphite which develops as veils around the Ni particles,
suppressing the access of reactants to the metal surface.

A very stable Ni/ZrO; catalyst was reported by Wei et al.
(29). They assigned the higher stability to the low carbon
deposition, which in turn is connected to an enhanced mi-
gration of the active oxygen atoms to the active sites. This
is due to higher concentration of oxygen defects on basic
sites for CO, activation near the nickel-support perimeter
derived from the ultrafine hydroxide precursor.

In Ni/La;O; catalysts, an unusual catalytic stability was
reported by Slagtern et al. (2). This effect would be related
to the catalyst morphology. The tight coating of the nickel
particles by layers of lanthanum carbonate could hinder
the formation of deactivating coke, possibly by limiting
the carbon migration through the nickel particles and its
recombination as an encapsulating veil around the parti-
cle. Taking into account the high C 1s BE obtained for our
samples, it can be concluded that the C 1s peak at 289.2 eV
is due to the presence of surface carbonate species in the
oxides, in agreement with the bulk XRD results.

There is no general agreement about the role played by
the support in the case of rhodium (6, 11, 13). In our case,
the strong interaction between Rh and La oxide is probably
responsible for the high stability of these solids. Does this
interaction appear because at the high temperatures of the
reforming reaction part of the Rh is reoxidized by CO,?
Is the rhodium oxide the one interacting with the support
(13)? Even though LaRhOj3 formation has not been de-
tected in our catalysts, our TPR and XPS data suggest that
the stability of Rh (0.2%) is due to the strong metal-support
interaction.

Verykios and co-workers (21) have reported the forma-
tion of different types of active carbon species on Rh-
supported catalysts. One of them was oxidized at low tem-
peratures (373 K) and was assigned to a carbidic form. This

species was not detected in our Ni-Rh catalysts. A second
graphitic type was reported which was oxidized in the 453-
to 775-K range. The high-temperature peak (1100 K) ob-
served in our TGA experiments might be the contribution
of oxycarbonate decomposition from the support and the
combustion of a very stable carbon species. The presence
of graphitic carbon was detected in all the used catalysts by
Raman spectroscopy.

Zhang et al. (21) have reported that the carbon deposit
formed during reaction could be transformed in less active
types with increasing time on stream (ca. 10 min to 2 h). In
our Ni monometallic catalysts, the carbon deposition after
100 h on stream led to a more reactive species that burnt
out at 900 K. These species could be the graphitic filaments
observed by SEM (Fig. 7). The presence of this nondeacti-
vating coke explains the stability of our catalysts containing
Ni, despite the large amount of carbonaceous deposits (28).
In the case of our bimetallic catalyst, this could be the most
abundant species. The increase in surface area found for Ni
and Ni—Rh solids is consistent with this assignment.

CONCLUSIONS

In our Ni-Rh catalysts, the formation of carbon species
does not affect the activity after 100 h on stream at 823 K
(Fig. 2).

The Rh catalysts are stable and present the lowest car-
bon deposition at 823 K. Compared with other supported
Rh catalysts reported in the literature, our Rh (0.2%) for-
mulation is by far the most active one on a per-gram-of-
rhodium basis (Table 2). A significant metal-support inter-
action, hinted at by TPR and XPS, seems to be responsible
for the high activity and stability of these catalysts. Thus,
this solid is the prime candidate for use in membrane re-
actors when the reaction temperature must be kept below
873 K and where the absence of carbon deposition is a basic
requisite.
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