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ABSTRACT: A review is presented here of our previous contributions concerning the production of ultrapure hydrogen
through the dry reforming of methane conducted in a membrane reactor. The reaction equilibration ratio is the criterion
to compare the catalytic performance of the La-based catalysts used in these studies. The solids were characterized
by Laser Raman, X- ray photoelectron spectroscopy, X-ray diffraction and temperature-programmed reduction. The
different behaviors are discussed taking into account the characterization results. To predict the influence of key process
variables on conversion and product composition, a mathematical model is proposed to simulate the membrane reactor
built around a palladium-silver membrane with 100% hydrogen selectivity. This study uses the kinetic equations
developed for the dry reforming reaction on a Rh/La,O3 catalyst. © 2009 Curtin University of Technology and John

Wiley & Sons, Ltd.
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INTRODUCTION

Catalytic dry reforming is the reaction of carbon dioxide
with methane to produce syngas. If the main goal
is to produce H,, this reaction can be carried out
in a membrane reactor (MR) combining the reaction
and the purification in a single vessel. This system
offers the possibility of overcoming the thermodynamic
limitations of this endothermic reaction, allowing the
attainment of higher methane conversions at lower
temperatures.

Several articles have lately appeared on MRs for
the methane dry reforming reaction employing different
types of membranes and catalysts, such as Pd-ceramic
composite membrane and Pt, Ru, Pd, Rh, Ir/Al,0;
catalysts!!l; silica/mullite membrane (3 Al,03-2 SiO,)
and Pt/Al,O3 catalyst!?; Pd film supported on porous
stainless steel and Ni catalysts®); alumina membrane
with Ru deposition as catalyst!*; SiO,/alumina mem-
brane and Rh/Al,O3 catalyst.[s] All of them report an
increase in the methane conversion when extracting H,
from the reaction medium, but only Lee et al 51 and
Ferreira-Aparicio et al.’] employed highly selective
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membranes. Their results depended on the conditions
under which the reactions were carried out such as
Catalyst Weight/reactant Feed (W/F), dilution of the
CO, + CH4 mixture, membrane selectivity and its
permeation capacity, carbon deposition of the catalyst
that would contribute to its deactivation and membrane
deterioration.

In our group, we have employed a dense Pd/Ag
membrane with 100% selectivity toward hydrogen to
produce ultrapure hydrogen. To optimize the MR oper-
ation, a balance between the hydrogen produced and the
hydrogen removed is a necessary condition.!’! Dalmon
et al.!! sustained that the choice of the catalysts may
be non-trivial for dehydrogenation reactions carried out
in MRs. However, this topic has been underestimated in
the last few years. In most cases, a suitable catalyst has
to be designed, with long-term stability and no carbon
deposition.

Previous studies in fixed-bed reactors (FBR)!®%! have
shown that noble metals like platinum, rhodium and
ruthenium are more active than Ni for the methane
reforming reactions. Furthermore, when the appropriate
supports are used, these formulations are catalytically
stable and do not produce a significant amount of
carbonaceous residues.

In La-containing noble metal catalysts, we
reported!!?~ 13! a high stability attributed to the metal—
support interaction. For Ru and Rh/La;0O3 solids, this
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interaction was very strong. However, when a compos-
ite La;O3—Si0, material was used as support, a weaker
interaction was observed.!3!

The effect of lanthanum on the activity of metal
supported catalysts was recently reported.'*!>! The
addition of La;O3; on the Al,O3 supported Pd catalyst
resulted in an increase of the turnover rate for the steam
reforming of methane assigned to changes in the Pd
structure with blockage of Pd sites.l'#! In the case of Ni
catalysts, the LayO5; content tuned the Ni particle sizes
and Ni—H species amounts on the catalysts that led to
a higher reforming activity.!!”!

The lanthanum Ni-based perovskites are character-
ized by significant resistance to coking.['®!”l When
subjected to reduction processes, perovskite-type oxides
produce very small metal particles, in the order of
nanometers, with high metallic dispersion.'®! In addi-
tion, the partial substitution of Ni by a second metal
may inhibit coke formation. For example, the presence
of Rh improved catalytic performance by enhancing
nickel reduction and dispersion. The catalyst stability
was attributed to the formation of a La,O,CO3 phase
which enhances the removal of carbonaceous deposits,
and to the presence of filamentous carbon which does
not directly deactivate the catalyst.!”!

Partially substituted perovskites La(j _x)CexNiO3 have
been investigated for this reaction.!'8! The increase in
catalytic activity and inhibition of carbon formation
were explained in terms of the Reverse Water Gas Shift
(RWGS) reaction which is favored on a Ce-enriched
surface found in the perovskite oxide and also by the
concerted action of the perovskite structure, providing
well-dispersed Ni metal.

We have previously used the following reaction
equilibration ratio

_ PeoPh, 1

 pew,-Pco, Keq

to compare the behavior of different La-based Rh
catalysts in a MR. This ratio was defined for the
carbon dioxide reforming reaction (CHy + CO; <
2CO + 2H;). The best performing formulation was
obtained using the composite La,03—-SiO, support. For
this catalyst, the reaction equilibration ratio remained
constant and close to 1 with the increase of the sweep
gas (SG) flow rate when appropriate W/F was applied,
indicating that the Rh/La;03;—Si0O, catalyst was able to
restore the equilibrium even at high SG flow rates.

A good reactor model is required to predict the
influence of key process variables on conversion and
product composition for a given hydrogen selective
membrane. Many researchers have implemented math-
ematical models to simulate the behavior of MRs.[!-20]
However, only Prabhu et al.”!! developed a model for
the dry reforming reaction using MRs. They incorpo-
rated a nonselective porous glass and a highly selective
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silica modified membrane. Their model showed good
agreement with the experimental results.

In what follows, our previous research related to
hydrogen production in MRs is revisited. The reac-
tion equilibration ratio is used to evaluate the catalytic
behavior of the La-based catalysts. The solids are char-
acterized by laser Raman spectroscopy (LRS), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR)
and temperature-programmed reduction (TPR). The dif-
ferent behaviors are discussed taking into account the
characterization results. Furthermore, a mathematical
model is proposed to simulate the MR built around a
palladium—silver membrane with 100% hydrogen selec-
tivity. This study uses the kinetic equations obtained by
Munera et al .!*?! for the dry reforming on a Rh/La,0s;
catalyst.

EXPERIMENTAL
Catalyst preparation

The La,;0Os3-based catalysts were prepared by the con-
ventional wet impregnation of LayO3; (Anedra 99.99%)
using either RuCls- 3H,O (Alfa 99.9%), H,(PtClg)-
6H,O (99.9%) or RhCl;- 3H,O (Alfa 99.9%). The
resulting suspension was then heated at 353 K to evap-
orate the water, and the solid material was dried in an
oven at 383 K overnight.

The La;03-Si0, support was prepared by incipient
wetness impregnation of SiO, with lanthanum nitrate
(Anedra). The SiO, (Aerosil 300) employed in the solid
preparation was previously calcined at 1173 K. The La
loading was 27.0 wt% of La,0s. The solids were cal-
cined at 873 K. The Rh/La;03;—-Si0, catalysts were pre-
pared by incipient wetness impregnation using RhCl3-
3H,0. The samples were kept at room temperature for
4 h and then dried at 343 K overnight.

All catalysts, independently of the preparation method
or the used support, were calcined for 6 h at 823 K in
flowing air. Prior to the reaction, they were heated in Ar
flow to 823 K and then reduced at the same temperature
in H, flow for 2 h.

Stability tests

The catalyst (50 mg) was loaded into a tubular quartz
reactor (inner diameter, 5 mm) which was placed in an
electric oven. A thermocouple in a quartz sleeve was
placed on top of the catalyst bed. After reduction, the
temperature was adjusted in flowing Ar to the reaction
temperature, and the reactant gas mixture (Pco,: Pcn,:
Pyy=1:1:1.1, P=1atm, WF =45x10% g h
ml~!') was fed to the reactor. The reaction products
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were analyzed in a thermal conductivity detector (TCD)
gas chromatograph (Shimadzu GC-8A) equipped with
a Porapak column, and a molecular sieve column.

Kinetic measurements

Kinetic studies under differential conditions were con-
ducted in the same conventional flow system. The mass
of catalyst used was 20—50 mg. This was diluted with
50 mg of inert powder quartz to avoid temperature
gradients. Conversions were usually controlled to be
significantly lower (<6%) than those defined by ther-
modynamic equilibrium by adjusting the total flow rate
(187 ml/min) and varying the partial pressures of CHy
(Pcp,) and CO, (Pco,). Rate limitation by external
and/or internal mass transfer under differential con-
ditions proved to be negligible by applying suitable
experimental criteria.

Membrane reactor

The double tubular MR was built using a commercial
dense Pd—Ag alloy (inner tube, thickness = 50 um),
provided by REB Research and Consulting, with one
end closed and an inner tube to allow Ar SG flow
rate. The outer tube was made of commercial non-
porous quartz (i.d. 9 mm). The catalyst (1 g), diluted
with quartz chips (2 g), was packed in the outer annular
region (shell side). The inner side of the membrane
in all runs was kept at atmospheric pressure. More
details have been previously reported.''! To measure
the equilibrium conversions, the MR was operated with
neither SG nor pressure difference between the tube
and the shell sides. The conversions were measured
after a 12-h stabilization period. The reaction products
and the permeated mixture were analyzed with a
TCD gas chromatograph equipped with a 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.

Catalyst characterization

Metal dispersion

The metal dispersion of the fresh catalyst, following
the hydrogen reduction at 823 K for 2 h, was deter-
mined by static equilibrium adsorption of either H, or
CO at 373 K in a conventional vacuum system. The CO
uptakes were calculated taking into account the three
CO adsorption states (linear, bridge and gem) construc-
tion. The contribution of each one was evaluated by a
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fit of the CO adsorption FTIR bands using Lorentzian
functions. More details are given elsewhere.[!’!

XRD

The XRD patterns of the calcined and used solids were
obtained with an XD-D1 Shimadzu instrument, using
Cu Ko radiation at 30 kV and 40 mA. The scanning
rate was 1.0°/min for values between 26 = 10° and 70°.

TPR

An Ohkura TP-20022S instrument equipped with a
TCD was used for the TPR experiments. To eliminate
the carbonates present in the samples, the following
pretreatment was used: the samples were heated up to
823 K in oxygen flow, kept constant for one hour and
then cooled down in Ar flow. Afterwards, they were
reduced in a 5%H,—Ar stream, with a heating rate of
10 K/min up to the maximum treatment temperature.

Thermogravimetric analysis (TGA)

The absence of carbon on the used catalysts was
determined by oxidizing the carbon in a Mettler
Toledo TGA/Simultaneous Differential Thermal Anal-
ysis (SDTA) (Model 851) system. The used catalysts
(usually 10 mg) were heated at 10 K min~! to 1173 K
in a flow of 90 ml min~! air. The carbon detection limit
was 0.06 pg/mg of catalyst.

XPS

The Rh solid XPS measurements were carried out
using a PHI model 1257 electron spectrometer. Non-
monochromatic Al Ko X-ray radiation was used. The
photoelectron kinetic energy was measured with a hemi-
spheric analyzer in 46.95 eV/step pass energy. In the
case of the Ru catalyst, the XPS measurements were
performed using an Axis Ultra Kratos electron spec-
trometer with a non-monochromatic Mg Ko X-ray
source (10 kV, 15 mA). All the XPS analyses were per-
formed on the calcined solid and on the used catalyst
exposed to air. The pressure in the analysis chamber
was about 1 x 1077 Pa during spectra collection. The
spectral regions corresponding to La 3d, Si 2p, O 1s, C
1s, Ru 3d or Rh 3d core levels were recorded for each
sample. The peak areas were determined by integra-
tion employing a Shirley-type background. Peaks were
considered to be a mixture of Gaussian and Lorentzian
functions in a 70/30 ratio. For the quantification of the
elements, sensitivity factors provided by the manufac-
turers were used.

LRS

The Raman spectra were recorded with a TRS-600-SZ-P
Jasco Laser Raman instrument, equipped with a 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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Table 1. Catalytic performance of Rh, Ru and Pt solids in a fixed-bed reactor.

Catalysts? TOFcy,® (s7) ren,® rco,’ ren,© rco,® Dispersion
Pt(0.93)/La, 03 4.1 0.12 0.27 0.09 0.19 0.174
Rh(0.2)/La, 03 3.6 0.16 0.33 0.16 0.32 0.644
Rh(0.6)/La,O3 6.1 0.18 0.45 0.18 0.44 0.144
Rh(0.6)/La,03-Si0O, 1.8 0.30 0.61 0.33 0.64 0.79¢
Ru(0.6)/La,03 - 0.21 0.40 0.21 0.44 0.059¢
Ru(1.2)/La, 03 - 0.25 0.48 0.24 0.50 -

4 Solids were reduced in situ at 823 K before reaction. Wt% of metal and La,O3 are given between parentheses. The La;O;—SiO, support

was calcined at 873 K.

b Reaction rates measured at 823 K after 1 h on stream (mol h™! g~

¢ Reaction rates measured at 823 K, W/F = 1.05 x 1073 g h ml~! after 100 h on stream.

4 Obtained by H, chemisorption.
¢ Obtained by CO chemisorption.

REVIEW OF OUR FINDINGS
Catalyst stability

Table 1 presents CHy; and CO, reaction rates after
1 h and 100 h on stream for our La-based catalysts.
The catalyst stability experiments were performed at
823 K in a FBR. The CO, reaction rate was higher
than the CHy reaction rate due to the occurrence of
the RWGS reaction in which CO, reacted with the H,
produced in the reforming reaction; this is consistent
with H,/CO ratios lower than unity (not shown). The
stoichiometry of these reactions demands that Hy/
CO = (3 —rco,/ren,)/ (1 + rco,/ren,) where rey, and
rco, are the experimental CH4 and CO, reaction rates,
respectively.!?}l This ratio was satisfied for all the
measured points.

The Rh(0.6)/La;03-Si0, solid showed reaction rates
higher than those supported on lanthanum oxide. The
metal dispersion is a critical parameter in catalytic
behavior. The incorporation of the promoter (La,O3)
to the silica support induced a parallel increase in
the metal dispersion that would be responsible for the
high reaction rates. However, the Turn Over Frequency
(TOF) values decreased with the increasing dispersion
of rhodium. The low-TOF values suggest that the activ-
ity of the rhodium sites is lower than in the case of the
Rh/La,05 solids. Yokota et al.**! correlated the differ-
ent TOFs with the stabilized species of Rh atom using
X-ray Absorption Fine Structure (XAFS) measurement.
They concluded that the supports influenced the elec-
tronic state of Rh atoms, and that the Rh metal catalyzed
the dry reforming reaction as a prominent active species.
Appropriate techniques such as XPS will allow to dis-
cuss the differences between the Rh active sites on
lanthanum-based catalysts.

The Rh and Ru solids remained stable for more
than 100 h at Pco,/Pcn, = 1. However, the Pt catalyst
exhibited a significant loss of activity after 24 h on
stream. To identify the causes of the high stability of
the Rh and Ru La-based solids, several characterization

© 2009 Curtin University of Technology and John Wiley & Sons, Ltd.

techniques were applied. The main results obtained are
shown in the following sections.

Metal and lanthanum species in calcined
and used catalysts

In La-based systems, several chemical species can
be present such us Lay,Os, La(OH)3;, Lay(CO3); and
La;0,C05.! Lanthanum oxycarbonates exist in three
crystalline modifications (I, Ia and II); the three poly-
morphs hold in an arrangement of (LayO,>*) layers
separated by CO3>~ ions. Type I has square layers and
is tetragonal, while type Ia is described as a monoclinic
distortion of form L*°! II-La,0,COj; is completely
indexed in the hexagonal unit cell.

The characterization of crystalline phases on the
lanthanum support and the Ru, Rh and Pt catalysts was
performed by XRD, LRS and FTIR. TPD and TGA also
contributed to a better understanding of these solids. In
this review, the most significant results are presented
to sustain our main conclusions. Table 2 summarizes
the lanthanum phases detected in the studied solids.
The XRD patterns for the calcined catalysts supported
on LayOs; showed the presence of II-La,O,CO;3 and
La(OH); phases. La;O3 signals were also detected on
the Pt(0.93) solid. No XRD reflections associated with
noble metal compounds were detected in any case.?”-28!

No Raman data have been found in the literature
for La,O,CO;5 previous to our work. The oxycarbon-
ate Raman spectra show bands in the 250—450 cm™!
region.?8! These bands have been assigned to the
La—O fundamental modes. Beside, the signals in the
700-1500 cm™! region correspond to the vibration of
CO3™ groups.

The Laser Raman spectra of Rh and Ru catalysts
exhibit peaks at 358, 384, 747 and 1086 cm™! assigned
to type II oxycarbonate. In the case of the Pt catalyst,
the spectrum also shows weak bands associated with
type Ia oxycarbonate. When we employed LRS to
characterize the Ru—lanthanum system, a broad Raman

Asia-Pac. J. Chem. Eng. 2010; 5: 35-47
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Table 2. Physicochemical characterization of the catalysts.

Temperature-programmed reduction

Catalysts T? H,/Metal X-ray diffraction® Laser Raman spectroscopy

Pt(O.93)/La203 410(51’1) 2.17 II-L3202C03, La203, II-L3202CO3
528 La(OH)3 Ia-La202C03
618

Rh(0.2)/La,03 433 0.82 II-La,0,CO3, La(OH); II-La,0,CO;
490

Rh(06)/L3203 420 1.40 II-L3202C03, La(OH)g II-L3202CO3
458

Rh(0.6)/La,03—-Si0, 420 1.47 La,Si, 05 -

Ru(0.6)/La,05 413(sh) 1.5 II-La,0,CO3, La(OH); II-La,0,CO;
533 Ru(IID)species
648

Ru(1.2)/La,03 413 1.5 II-La,0,CO3, La(OH)3 Ru(III) species
481
533 (sh)

2 Maximum temperature (K) of the H, consumption peak.

b Joint committee on powder diffraction standards (JCPDS): II-La,0,CO3 (37-804), La(OH); (36—1481 and 6—-0585), La,03 (22-641).

band at 670 cm~! appeared and it was attributed to
Ru(Ill) that strongly interacts with La.l'"?! LRS has
been used to study the oxidation of ruthenium films at
atmospheric pressure.!””! RuO,, RuO; and RuO;3 have
been detected on thermal oxidation of initially reduced
Ru surface. However, only a few studies have reported
the application of this technique to characterize Ru
supported catalysts.[3"

The support and the calcined fresh catalysts exhibited
a mixture of phases which were influenced by the metal
type. However, the XRD and Raman data of the used
catalysts supported on lanthanum oxide showed that
only type II oxycarbonate was present. It is clear from
these studies that independently of the phases initially
present, the only remaining crystalline phase is the
hexagonal form of the oxycarbonate.

No metallic Rh and Ru peaks were detected by
XRD.[228] For all Ru solids, the Raman band at
670 cm~! almost vanished (Fig. 1), in agreement with
the reduced state of the samples. The presence of Pt’
reflections in the corresponding XRD pattern indicated
that Pt was sintered after more than 100 h on stream in
theMR. This was probably the main cause of Pt/La;0;
deactivation.!'!!

It has been shown that La;,O5 can substantially mod-
ify the chemical behavior of M/SiO; systems.?!:32! The
Rh supported on the combined La,O3—-SiO, compos-
ite showed an XRD pattern similar to pure SiO, sup-
port calcined at 1173 K with a significant broadening
at 20 =28 and 45° that corresponds to the appear-
ance of the characteristic peaks of lanthanum disili-
cate phase.['¥ Peaks indicating the presence of lan-
thanum carbonates, oxycarbonates or hydroxide were
not observed in agreement with FTIR and Raman
results.'3] The lanthanum disilicate could prevent
the formation of detectable amounts of lanthanum

© 2009 Curtin University of Technology and John Wiley & Sons, Ltd.
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Figure 1. Laser Raman spectra for the catalysts after CO;
reforming of methane at 823 K in a fixed-bed reactor and a
membrane reactor.

oxycarbonates even after a long time on stream.
However, Diffuse Reflectance Infrared Fourier Trans-
form Spectroscopy (DRIFTS) and TPD experiments
support the presence of some sort of carbonate
species.[*3 It has been estimated that 2% of the La,0;
load could be available to form carbonates in the pres-
ence of carbon dioxide.

Carbon deposits

Different types of deactivating coke deposits have been
reported for methane reforming on metal catalysts
such as adsorbed atomic carbon, amorphous carbon,

Asia-Pac. J. Chem. Eng. 2010; 5: 35-47
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bulk carbide, filamentous and crystalline graphitic
carbon.®!9 For all the used La-based catalysts, no
carbon deposition was observed through TGA mea-
surements. Raman spectroscopy is a sensitive technique
to study the properties of carbon nanotubes, carbona-
ceous particles, carbon films, synthetic diamond and
catalytic carbon. The Raman spectra of the various
forms of graphite have been discussed extensively in
the literature.’*! The first-order transitions lie between
1200 and 1700 cm~!.

The Raman spectra of hexagonal crystal graphite!
consist of the main first-order band (G band at
1580 cm™!) assigned to the in-plane displacement of
carbon atoms in the hexagonal sheets. When disorder
is introduced into the graphite structure, the existing
bands broaden and additional bands are found at about
1350 cm~! (D mode) and 1620 cm™! (D’ mode). In the
rather small or disordered crystal with very little three-
dimensional order, the G and D’ bands merge into a
single broader feature. The G peak indicates the pres-
ence of large graphite crystals, whereas the ratio of the
D to G peaks gives the relative amount of edge to the
volume of the crystals.

For the catalysts supported on La;O3; used in the
FBR, a group of very low-intensity and broad Raman
bands at 1340 and 1590 cm~! was observed (Fig. 1).
In the case of the catalysts used in theMR, the Raman
band intensities increased, and the peaks were better
defined. It was previously reported®® that these solids
evaluated at higher W/F (near the thermodynamic
equilibrium) in a MR exhibited higher intensity bands
due to the larger amounts of graphitic carbon being
formed. This phenomenon could be due to different
factors; one of them may be the increase in CO
concentration that favors the CO disproportionation
reaction. Note that all the catalysts were exposed to
similar amounts of reactants during 180 h on stream
in the MR.

The D band is more intense than the G band
for all carbonaceous species formed on the differ-
ent catalysts used in the MR. The spectra were fit-
ted using Lorentzian line shapes at the frequencies
of D, G and D’ transitions. The Raman band inten-
sities were calculated. Figure 2 shows the fitted spec-
trum for the used Rh(0.6)/La,O; as an example. The
small signals appearing at 1400 cm~' are due to the
oxycarbonates.

For the Rh and Pt catalysts, the high-D/G relative
intensity (D/G = 3.3—11.2) at low-W/F ratios indicates
that the crystallization order is a function of the contact
time (space velocity). The D/G ratios obtained for the
Ru catalysts (D/G ~4) used in a MR show that these
catalysts contain a similar proportion of disordered
carbon.'”l No graphitic carbon bands were detected
for the used Rh catalyst supported on the La,O3—SiO,
support.

34,35]
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Figure 2. Laser Raman spectrum of Rh(0.6)/La,03 solid
after 180 h on stream in the membrane reactor fitted using
Lorentzian curves located at the frequencies of the D,G and
D’ bands.

In the M/La,O5 catalysts, the carbon deposits did
not significantly affect the activity in the MR. This
behavior could be related to the sites on which carbon
is deposited and/or to the role as reaction intermediate
that carbon would play. The observations derived from
our characterization results lead us to propose a reaction
step for our noble metal—lanthanum based system that
resembles the one proposed by Verykios et al.l3 for
Ni/LazO3.

The precise role to La;O,CO; in the reaction mech-
anism can be written as follows:

k.
L2,0,CO3; + C — S— 12,03 +2CO + S

This slow reaction most likely occurs at the metal/
support interface.

Reducibility of catalysts prepared on different
lanthanum-containing supports

After treatment in flowing oxygen at 823 K to release
the adsorbed water and CO,, the TPR experiments were
performed. The TPR profiles of Rh catalysts supported
on lanthanum oxide showed two main peaks between
420 and 490 K (Table 2), independently of the Rh
loading. A weak shoulder was observed at 405 K. The
reduction temperature of the Rh/La, O3 catalysts, which
was significantly higher than for the Rh/SiO, solid
(maximum reduction temperature = 405 K), indicates
that there is a strong interaction between rhodium and
the La,O3 support.!'% An intermediate situation occurs
with the Rh supported on La,03—Si0,: the TPR profiles

Asia-Pac. J. Chem. Eng. 2010; 5: 35-47
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Table 3. Binding energies® and surface atomic ratios of calcined solids and after dry reforming in a fixed-bed

reactor.
Samples Treatment M 3ds;, (eV) O 1s* (eV) M/La+Si O/La CCOs3=/La CCO5=/0
Rh(0.6)/La,03 Calcined 308.1 (3.1)° 530.1 (90)° 0.46 1.6 1.6 1.0
528.0 (10)
Used 306.1 (2.0) 530.1 (80) 0.41 2.3 0.87 0.5
527.5 (20)
Rh(0.6)/La;03-SiO, Calcined 308.8 (3.4) 531.6 (100) 0.0027 - - -
306.4 (3.1)
Used 307.1 (3.8) 531.8 (100) 0.0027 - - -
Ru(0.6)/La,03 Calcined 283.4 531.8 (89) 0.10 2.71 0.60 0.22
282.3 528.7 (11)
Used 283.44 531.1 (78) 0.12 3.75 0.89 0.24
282.34 528.8 (22)
280.2
Ru(1.2)/La, 03 Calcined 283.4 531.0 (76) 0.18 291 0.55 0.19
282.3 528.7 (24)
Used 283.44 531.4 (82) 0.17 3.63 0.97 0.26
282.34 528.9 (18)
280.4

2 Contamination carbon was taken as reference at 284.6 eV.
" FWHM are given between parentheses.

¢ The relative intensity of oxygen species is given between parentheses.

4 Low-intensity peaks.

show a sharp single peak at 420 K, suggesting a weaker
Rh-La interaction.!!?!

Ru(0.6)/La, 05 catalyst!!?l exhibits a main reduction
peak at 533 K, a second one at 648 K and a low-
intensity shoulder at 413 K. However, for Ru(1.2), a
high-intensity peak appears at 481 K with a significant
shoulder at 533 K while the peak at 413 K becomes
well defined.

We prepared a Ru/Al,O5 catalyst to help in the iden-
tification of the Ru species present on Ru/lanthanum
catalysts; however, we did not evaluate its catalytic
activity. The TPR profile for this solid only shows a
main feature at 373 K. Taking into account that the
XRD pattern exhibits the main reflections of the mon-
oclinic RuO; oxide, the low temperature TPR feature
could be assigned to the RuO; crystalline phase in the
Ru/alumina catalyst. Then, the high-temperature peak
at 533 K in Ru(0.2) and Ru(0.6)/La;Os solids sug-
gests the existence of a strong metal—support inter-
action. And the very low intensity of the 413 K peak
is in agreement with the low dispersion of all the Ru
solids.

In the case of Rh/La;Os based catalysts, the strong
metal—support interaction was the basis of their high
stability. This strong interaction is related to the chemi-
cal affinity of Rh to form rhodates. In a similar way, Ru
can form complex, mixed oxides with perovskite struc-
ture. From the hydrogen consumption results, the pmol
H,/umol metal ratios were calculated. For all catalysts,
this ratio was ~1.50, indicating a metal oxidation state
of III. In the case of the Pt/La,O; solid, the presence

© 2009 Curtin University of Technology and John Wiley & Sons, Ltd.

of several TPR peaks suggests different types of
metal-surface species. The H,/Pt molar ratio was close
to 2 indicating that Pt(IV) was present.!'!]

Surface characterization

The stable Rh and Ru catalysts after calcinations and
after use in the CO, reforming of methane at 823 K
were characterized by XPS. The intensity ratios and
binding energies are summarized in Table 3.

Values in the 307.6-309.6 eV range for Rht com-
pounds have been compiled by Nefedov et al.*”! How-
ever, Gysling et al.®¥ have reported Binding Ener-
gies (BEs) for Rh?>* compounds within a similar range
(308.4-309.3 eV). The Rh** oxidation state presents a
binding energy of 309.7 eV and for pure Rh metal foil,
a Rh 3ds/, peak appears at 307.0 eV, with 1.6 eV Full
width at high maximum (FWHM).?!

For the Rh calcined solids, the Rh 3d peaks present a
FWHM between 3.1 and 4.8 eV, suggesting a mixture
of Rh oxidation states. The high-binding energy values
indicate the presence of Rh"* species.[?>33

The used catalysts showed a line width and a bind-
ing energy lower than those of the calcined sam-
ples, indicating reduction to Rh®. The FWHM of the
Rh 3ds;, peak mainly reflects the particle size.["!
The increased FWHM for small particles, where the
BE is also sensitively size dependent, originates from
the particle size distribution. In the case of the
used Rh(0.6)/La,O3 catalyst, the FWHM was 1.8 eV;
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however, for the used Rh(0.6)/La,O3;-SiO, solid, the
FWHM was significantly higher (3.7 eV), suggesting
a smaller Rh average particle size in this sample. The
Rh/La surface atomic ratio slightly decreases for the
Rh/La,O5 solid, and the Rh/La+Si ratio remains con-
stant for the Rh/La;03;—Si0; indicating that no change
in the rhodium dispersion has occurred for both types
of catalysts. This is consistent with the high catalytic
stability of these solids.

In the case of Ru, there is an overlap between Ru
3d and C 1s peaks at 284.8 eV. For the calcined
solids, two Ru 3ds;, peaks could be observed at
282.3 eV and 283.4 eV.['?! Elmasides et al. and Tsisun
et al *1*1 attributed a binding energy of 284.0 eV to
Ru(IV) species deposited onto the alumina surface.
Elmasides et al.[*!! assigned the Ru species at 282 eV
to Ru(IV)/Ru(Ill) oxyhydrates, Ru*?> on Al,O3 and
Ru' in Y zeolite. In our Ru supported on lanthanum
oxide solids, the Laser Raman peak at 670 cm™!
suggested the presence of Ru(Ill) species that strongly
interact with La. This result is in agreement with
the appearance of the 282 eV BE peak in the XPS
spectra of calcined solids that could be assigned to
Ru(III).

Verykios et al.'*!! found that on alumina, ruthenium
is incompletely reduced by treatment with H; at 823 K
while on TiO,, Ru is more easily reduced to the metallic
state. They found that the chemical behavior strongly
depends on the material on which it is supported.
For the mixed LaRu;_4xNi O3 perovskite-type oxides,
two peaks of Ru 3ds/, one at ~280 eV attributed to
Ru® and a second one at ~282.6 eV corresponding to
unreduced Ru (Ru(Ill)), were reported by Goldwaser
et al ¥

For our Ru used catalysts, a Ru® peak at 280.2 eV
appeared together with low proportions of higher BE
peaks. On the other hand, the Ru/La atomic ratio
slightly changed compared with the calcined sample,
indicating that the ruthenium dispersion remains con-
stant after being used in the MR.

For all samples, dispersion values lower than 5%
were obtained from CO and H, chemisorption results.
The low chemisorption after a high-temperature reduc-
tion is probably not indicative of the real dispersion
due to the occurrence of a strong interaction between
the metal and the support.[40:44]

For all catalysts supported on lanthanum oxide, the C
1s spectra exhibit a well-defined peak at 289.3 eV that
was attributed to carbonate carbon.[*”) The CCO;=/La
ratios were similar for the used catalysts, due to
the oxycarbonate formation during reaction. However,
for the Rh(0.6)/La;03;—Si0O, solid, the C 1s spectra
only show one well-defined peak at 284.4 eV and no
peak at 289.1 0.2 eV related to surface oxicarbon-
ate was observed, in agreement with LRS and FTIR
results.

© 2009 Curtin University of Technology and John Wiley & Sons, Ltd.
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MR data

Different approaches to describe the optimal perfor-
mance of MRs have been reported in the literature.#%47]
In general, it is necessary to balance the feed, reaction
and permeation rates. It has been noted that for
the optimal performance of a MR, the rate ratio
(Rch, /Ry, permeation) should take values between 0.1 and
10.1°1 This parameter accounts for the ability of the reac-
tor to convert CHy and to transport H,. The high activity
of the catalyst is important to restore the reaction equi-
librium; besides, the permeation rate should be high
enough to eliminate the H, produced. If the catalyst is
of low activity, equilibrium is approached too slowly,
so that removal of the hydrogen produced will not affect
the yield.

For the most active Rh and Pt catalysts, a significant
improvement in the methane conversion was obtained
using the MR (Fig. 3). In addition, the measured
Rch, /RH, permeation Tatio values (between 1.8 and 5.0)
were within the margins of good performance.

Regarding the approach to equilibrium of the dry
reforming reaction,'>#%47! one can define a fraction of
reaction equilibration () using the following equation:

II»

Koy

n

where p; is the measured partial pressure of each
reactant and product in the reaction side of the MR,
v; the stoichiometric numbers for the CO, + CHy
reaction and K., the experimental equilibrium constant
(evaluated in the FBR operation mode that is close to
the theoretical value). If the composition corresponds to
thermodynamic equilibrium, this ratio will equal 1.

[—
[ FBR
35 B2 H, Flux - 35
30 T - 30
g 1] / I
s 257 25 =
g ] L £
s ] i =
z 20 20 g
5 i L £
b 3
o 15 A 15 Z
g P
° . n
2 10 I 10
51 -5

0 0
Rh(0.2)/La,0, Rh(0.6)/La,0; Pt(0.9)/La,0, Rh(0.6)/La,0,Si0,

Figure 3. Comparison of the methane conversion and
the hydrogen flux on the Rh and Pt catalysts at W/F
=5x10"* g h mI='. T = 823 K. Sweep gas flow
rate = 10 ml min~'. Permeation area = 3 x 1074 m~2.
The dotted line indicates the thermodynamic value
considering the dry reforming and the RWGS reactions.
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Figure 4. Variation of the methane conversion and the
equilibration reaction ratio for the dry reforming reac-
tion with the permeated H,/produced H; ratio. T = 823 K,

[1e
i

AP = 0 Pa, permeationarea= 3 x 107*m=2. | n = o

The CH4 conversion and n as a function of the
ratio between the permeated H, and the H, produced
(hydrogen recovery) are shown in Figs. 4 and 5. The
permeated H, and the H, produced ratio increases
with the SG flow rate. Two different permeation
areas were employed. Figure 4 compares the behav-
ior of the Rh catalysts when a permeation area equal
to 3x 107* m? was used in the MR. Both cata-
lysts present a significant increase of methane con-
version together with an effective transport of H,
through the membrane. They exhibit a similar behav-
ior in the reaction equilibration ratio; when the hydro-
gen recovery increases this ratio decreases. For the
Rh(0.6)/La; O3, the reaction equilibration ratio begins
to diminish when hydrogen recovery is higher than
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Figure 5. Variation of the methane conversion and the
equilibration reaction ratio for the dry reforming reac-
tion with the permeated H,/produced H, ratio. T = 823 K,
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Keq
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60%. However, for the solid supported on the binary
oxide operated at W/F =5x 107* g h ml™!, the
equilibration ratio changes very slowly. This is in
agreement with the constant increase of methane
conversion as a function of the SG flow rate. For the
other solid, the conversion values remained practically
constant.

The Rh(0.6)/La;03—-SiO; solid was compared with
Ru(0.6)/La, 05 (Fig. 5), employing a higher permeation
area (5 x 107 m?) and increasing the SG flow rate
to 70 ml min~!. When a high hydrogen recovery was
reached (close to 80%), the first solid could keep a 7
value equal to 0.9. This would indicate that for the
most active catalyst, it would be possible to obtain
a high hydrogen recovery maintaining the capacity to
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restore the thermodynamic equilibrium. This behavior
could be related to the good dispersion and high activity
(Table 1) of the La,03—SiO, solid.[3]

Recently, Ferreira Aparicio et al.’! employed a
highly selective Pd film (12-35 um) supported on
porous stainless steel and several Ni-based catalysts in
a MR for the dry reforming reaction. They found that a
certain CO, excess in the feed with respect to the sto-
ichiometric ratio establishes more favorable conditions
for the MR operation with lower carbon deposition.
Under these conditions, their system produced a hydro-
gen permeation flux of 4.4 x 1077 mol s~! m™2 with
a hydrogen recovery yield (H, permeate/H, produce =
0.93) of 93% for a CO,/CH4 ratio equal to 1.9 and
a SG of 300 ml min—!. However, we have obtained a
higher H, permeation flux equal to 5.68 x 10~/ mol
s7! m™2 and a hydrogen recovery of 80% employing
a CO,/CH4 = 1 and a SG of 70 ml min~! (0.05 mmol
s71). In both cases, a similar feed flow rate of methane
(~3.3 x 107® mol s7!) was fed.

Of all the Ni catalysts tested by Menad et al.l’!
the Ni/CegsZrgs0O, solid was the only one able to
keep its surface free of carbon fibers. It should
be noted that after each catalytic test, the mem-
brane permeability was measured. The membrane did
not show any variation on the hydrogen permeation
rate and no visual damage or carbon deposition was
observed.

MATHEMATICAL MODEL APPLIED
TO RH(0.6)/La;03

Reaction kinetics

In a previous work,[?”) we proposed realistic intrin-
sic rate equations for the dry reforming using Rh(0.6)/
La, 03 as catalyst. Different observations support a reac-
tion mechanism in which the slow steps are the methane
decomposition and the surface reaction of the lanthanum
oxycarbonate with the carbon. The mechanistic pic-
ture is that methane reversibly adsorbs on the metal-
lic clusters (K;), while the cracking of the adsorbed
species proceeds slowly liberating H, and generating
carbon that remains on the metallic surface (k;). The
CO, rapidly reacts with La; O3 to generate oxycarbonate
(K3), which in turn reacts slowly with carbon to gen-
erate the other main product, CO (k4). This slow reac-
tion occurs most likely at the metal/support interface
while the RWGS occurs simultaneously and is always
equilibrated.

The rate equations for the following two reactions
were obtained as follows:

CH4 + C02 <> 2H2 + 2CO (1)
CO, + H, < CO + H,0 )

© 2009 Curtin University of Technology and John Wiley & Sons, Ltd.
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The corresponding rate equations are

. [ Kk K3ksPcuaPeor i|
L= )
K KskspepsPeo2 + KikoPeng + K3ksPeoo
PcoPu»)?
| — (PcoPr2) 3)
Keq1 - PcnaPco2

Pco - Pn,0
ro = ks P - P2 (1 - ) “
Keg2 - Pco, - Py,

where r; is the rate equation for reaction i; P;, the partial
pressure for species j; K, the adsorption constants;
ki, kinetic constants; and K.q, equilibrium constant
for reaction i. The values of the parameter needed to
calculate the numerical values of all these constants
at a given temperature are listed in Table 4 for the
Rh(0.6)/La, 05 solid.

Hydrogen permeation rate

The hydrogen permeation rate through the membrane
from the retentate side to the permeated side is assumed
to obey the Sievert law.[*8]

Ny, = K, (P, — (Pu,)*) (5)

where Ny, is the permeation flux of hydrogen, Py,
and Py,” are hydrogen partial pressures in retentate
side and permeated side, respectively and Ky, is the
permeance. When a 100% selective Pd—Ag membrane
was used, Kj was equal to O for components other than
hydrogen. A H, permeability study of the membrane
was conducted in the empty reactor over a range of
temperatures (673-823 K).[!!]

Table 4. Arhenius parameters for dry reforming and
water gas shift reaction measured for Rh(0.6)/La,0;.

A Ahr EA
Constants Unit Value (kcal/mol) (kcal/mol)
K? kPa~! 14.0 7.8 -
ky® mol (g s)~! 2.44 - 16.9
K5© kPa~! 4.85 x 1078 34.8 -
k9 mol (g s)~' 2.47 x 10° - 41.2
Ks® mol (g s)~' 82x 1073 - 9.8
Keqlf kPa? 4.81 x 10"8 61.8 -
Koot - 29.59 8.0 -

4 Equilibrium constant of methane adsorption.

b Rate constant of the decomposition of methane.

¢ Equilibrium constant of the reaction between CO, and La, 03, from
Shirsat et al !

dRate constant of the reaction between the oxycarbonate species and
carbon.

¢ Rate constant of water gas shift reaction.

f Equilibrium constant of water gas shift reaction.

¢ Equilibrium constant of dry reforming reaction (dimensionless).
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Model development

The modeling of MRs presents interesting challenges
because of the coupling of selective diffusion through
the permeated surface with chemical reactions and mass
transfer on the reactor side. A model predicting product
distribution is necessary.

In this work, a tube and shell reactor configuration
was used; the packed bed was held in the shell side.
The following assumptions were incorporated for the
mathematical model:

1. The internal mass transfer resistance of the packed
catalyst was neglected due to the small catalyst
particles.

2. One-dimensional tubular reactor with no radial con-
centration and temperature gradient and axial disper-
sion on both the tube and shell sides, and no gas film
resistance to heat and mass transfer at the membrane
walls. These effects can be minimized by selecting
the appropriate ratio of catalyst bed length to parti-
cle size. Mears®?! established the following criterion
for the minimum reactor (L/d,) necessary to avoid
significant axial gradients in concentration.

L 1
— > 92Ngep " Fn1n
p (I —x)

The inequality for the study conducted here was
11.36 > 3.45 x 1073, this value establishing that axial
gradients were insignificant and that plug — flow
occurred in the bed.

Mass balance

A mass balance for a differential reactor volume along
the z-axis of both the FBR and the MR (Fig. 6) has been
written for the reaction zone and for the permeation
zone (for the MR only).

Reaction zone (shell side)

dQ;  We & NiR;
— = uh+2———  (6)
dz =V, ; T (RI-RY
Permeation zone (tube side)
dQ’; N;
=2 7
dz Rz - R1 ( )

where Qi and Q’; are the axial molar flow rate of
the ith species of retentate side and permetate side,
respectively, W¢ is catalyst weight, V, is reactor
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Figure 6. Schematic diagrams of the cross-section of the
dense membrane reactor.

Table 5. Reaction conditions and reactor parameters
used in the simulation.

Feed Composition CHy: COy: Ar=1:1:1.1

Reactor temperature 823 K

Pressure for both tube 101324 Pa
and shell side

Catalyst weight (W¢) 15 ¢

Outer radius of sweep 7.93 x 107* m
gas tube (R})

Inner radius of tube (R;) 1.58 x 103 m

Inner radius of shell (R3) 476 x 1073 m

Length of the reactor 0.03 m

Membrane area 3x107* m?

Hydrogen Permeance 1.35 x 10~* mol/(m? s Pa’%)

volume, v; and r; are stoichiometric coefficient and
reaction rate for reactions (1) and (2), R; and R, are
inner radius of the SG tube and of the permeation tube
membrane, respectively and R3 is inner radius of the
shell.

The system of differential equations was solved using
the Bulirsch-Stoer (Bulstoer) method available in pack-
age Mathcad Proffessional 2000. Reaction conditions
and parameters are summarized in Table 5.

Comparison between model and experimental
data

An important parameter that influences the perfor-
mances of the MR is the SG flow rate. Figure 7 shows
the effect of SG flow rate on both the methane and car-
bon dioxide conversion for the Rh(0.6)/La, O3 catalyst.
Increasing the SG flow increases both reactant conver-
sions; however, the CO, conversion increase is lower
than the CHy conversion increase because in this type
of systems, the occurrence of the RWGS reaction is not
favored. This is due to the reduction of hydrogen par-
tial pressure in the permeate side, increasing the driving
force for permeation and resulting in the higher rates of
hydrogen removal from the reaction zone. The increase
in both conversions and permeate H, becomes relatively
small as the SG flow increases. This could be due to
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Figure 7. Effect of sweep gas flow rate on methane
conversion and permeated hydrogen. Comparison of
theoretical and experimental results for Rh(0.6)/La; 03 solid.
WF=15x103ghml~"'T=823K, P=1atm.

the limited experimental membrane area used and the
low hydrogen permeation flux.

We have compared the results from the mathematical
models of dry reforming reaction in the MR with the
experimental results for different SG flow rates. No
similar comparison has been previously published for
this reaction. The simulation results fit the experimental
values fairly well under all conditions. The solid lines
represent the results estimated by the model, and
the data points are also shown. The good fit is an
indication of the ability of the model to predict the MR
behavior.

Figure 8 shows the calculated species flow rates for
reactants (CHy + CO,) and the product (CO, H, and
H,0) for the two simulated modes of reactor operation.
For the FBR, the CO, and CH, flow rates decrease
down the length of the reactor; in the MR, both flow
rates decrease more than in the FBR. Figure 8 shows
the reaction products; the CO levels are higher in the
MR than in the FBR. However, the flow rates of H,
and the hydrogen containing species (water, methane)
exhibit a higher decrease in the shell side of the MR in
comparison with the values obtained in the FBR. This

© 2009 Curtin University of Technology and John Wiley & Sons, Ltd.
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Figure 8. Shell and tube side reactant and product

flow rates for fixed-bed® and membrane reactor®. W/F
=15x103ghml~!", SG = 10ml/min, T = 823K,
P=1atm.

behavior is due to the high selectivity of the Pd-Ag
membrane, only H, passes through.

CONCLUSIONS

e A comparison of activity and stability of noble metal
supported on La-based oxides in a MR was performed
employing the reaction equilibration ratio. The La-
containing catalysts were very stable under reaction
conditions while the presence of traces of graphite
only detectable through LRS does not endanger
membrane stability.

e In the case of Rh and Ru La,0Os; based catalysts,
the strong metal—support interaction was the basis of
their high stability. The weaker Rh—lanthana inter-
action for the Rh/La;03—-Si0; was strong enough to
maintain the solid activity and stability.

e For our most effective catalysts, we obtained high H,
permeation fluxes and a hydrogen recovery of 80%,
employing a CO,/CH, = 1 and high SG flow rates.
Even though high hydrogen recovery was reached,
the solids could keep a reaction equilibration ratio
near unity, indicating that they are still able to
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maintain the capacity to restore the thermodynamic
equilibrium.

e A model was developed with the following assump-
tions: steady state operation, plug-flow behavior, iso-
baric conditions and negligible radial and intraparti-
cle gradients. The results from the mathematical
model of dry reforming reaction in the MR fit the
Rh(0.6)/La; O3 experimental values fairly well, show-
ing the ability of the model to predict the reactor
behavior when the SG flow rate is modified.
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