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Ruthenium catalysts supported on a lanthanum oxycarbonate phase (La;0,COs3) with high surface area
were prepared. All solids were stable for at least 90 h on stream in the combined dry reforming and
oxidation of methane reactions. The catalyst with more stable metallic Ru species was selected to be
studied under the more severe conditions of membrane reactors. A double tubular membrane reactor
was built using a commercial self-standing membrane or a composite Pd/NaAPSS membrane. The Pd
membrane reactor exhibited a higher H, permeated/CH4 fed ratio at 450 °C that could be related to its

{\(/legt‘?:g;f;ombined reforming higher hydrogen permeability. The comparison of the catalytic behavior of Ru catalysts supported on
Ruthenium high surface area lanthanum oxycarbonate and La;03-SiO; binary support in a membrane reactor was
La,0,C05 performed at 550°C. On the retentate side, the molar composition of CO, was similar to that of CHy

when the Ru/La;0,C05 catalyst was employed, which suggests that this solid did not favor the RWGS
reaction under DRM conditions producing a higher H, permeated/CH,4 fed ratio. The Ru catalysts showed
a similar performance to that of our best Rh solids when the fractions of the reaction equilibration and

Hydrogen production
Membrane reactor

H, permeated/(CH4 fed x permeation area) ratio were compared.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

When the goal of the methane reforming reactions is to produce
hydrogen for use in a fuel cell, they can be carried out in membrane
reactors that combine reaction and hydrogen separation process in
a single device. The highly endothermic dry reforming of methane
can be coupled with an exothermic reaction such as the partial oxi-
dation of methane. By combining both reactions, the H,/CO ratios
could evolve to increase the practical interest of this process in con-
ventional fixed-bed reactors. In addition, membrane reactors allow
improving the performance with respect to hydrogen in this system
limited by thermodynamic equilibrium.

Different types of membranes have been recently applied in
membrane reactors for the dry reforming of methane reaction
[1-3].In most cases, an increase in methane conversion is observed
when H, is extracted from the reaction system. The results are
highly dependent on the conditions under which the reactions are
carried out, such as space velocity (W/F), dilution of the CO,/CH4
mixture, membrane selectivity and permeation capacity, deposi-
tion of carbon from the catalysts, temperature and reactor pressure.
However, few experimental studies using methane reforming and
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partial oxidation reactions coupled in a membrane reactor have
been reported in the literature [4,5].

In a recent paper, Oyama et al. [3] studied the methane
dry-reforming and steam reforming reactions as a function of pres-
sure (1-20atm) in a membrane reactor. They found that at high
pressures the yield of hydrogen in the dry-reforming reaction lev-
els off because part of the hydrogen reacts with CO, through the
reverse water-gas shift reaction.

Many Pd composite membranes have been fabricated on stain-
less steel supports [6]. Non-metallic materials, such as oxides [7]
or zeolites [8,9], can be used as modifiers of support roughness and
average pore size, and they are deposited between the support and
the Pd alloy films. In previous studies, we employed a novel mate-
rial, NaA zeolite, as support modifier [8,9] while the Pd selective
layer was deposited by electroless plating.

In our group, we employed composite and self-supported com-
mercial Pd/Ag membranes to produce ultrapure hydrogen. This
commercial membrane was selected due to its stability and robust-
ness [10,12] at temperatures as high as 550°C, usually required
by the endothermic methane reforming reactions. We also com-
pared the behavior of different La-based noble metal catalysts in
a membrane reactor for the carbon dioxide reforming of methane
with and without oxygen addition [5,10-12]. The best performing
formulations reported so far are Rh and Ru supported on a binary
La;03-Si0, support [5,11]. Both solids show high metal dispersion
and the presence of an amorphous lanthanum disilicate confers an
appropriate metal-support interaction.
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The aim of this work is to develop a catalyst with lower costs,
high resistance to carbon deposition, and high hydrogen yield.
Among noble metals, Ru is an interesting alternative because its
cost is significantly lower compared to Rh.

Ruthenium catalysts [12] supported on commercial La,03 have
good activity and stability and very low carbon deposition for the
methane dry reforming reaction. However, the dispersion of ruthe-
nium on these solids presents very low values. A key role has
been assigned to the lanthanum oxycarbonate phase in the stabil-
ity of lanthanum-based catalysts. This phase reacts with the carbon
deposited on the catalyst surface avoiding the solid deactivation.

In this study, we present a novel Ru catalyst supported on
lanthanum oxycarbonate with high surface area for use in mem-
brane reactors. Two types of Pd-based membranes were employed
to build the reactor, a pure Pd composite membrane and a self-
standing commercial Pd-Ag one. The performances of both reactors
were studied at 450°C. A comparison was performed among the
best catalysts developed in our group for the combined dry reform-
ing and oxidation of methane reactions at 550 °C.

2. Materials and methods
2.1. Catalyst preparation and characterization

A high surface area lanthanum oxycarbonate phase was syn-
thesized as support for Ru catalysts. La; 03 (Aldrich) was heated at
650°C during 6 h in pure O, flow (UAP 5.0) to obtain a pure La;03
crystalline phase. Then, a treatment with a solution of acetic acid
(50%, v/v) was performed, stirring and drying at 80°C to evapo-
rate the liquid [13]. After that, the solids were dried at the same
temperature for 6 h in a rotary evaporator (MR), and during 12 h in
a vacuum oven (MV). All the supports were calcined at 400°C in
flowing O,. The metal was added using a solution of RuCl3-3H,0
by wet impregnation (Rul) or by metal incorporation during the
support synthesis (Ru2). The nominal Ru loading was 0.6 wt.% for
all the catalysts.

The XRD patterns of the calcined solids and supports were
obtained with an XD-D1 Shimadzu instrument, using Cu-Ka radi-
ation at 30kV and 40 mA. The scan rate was 1.0°/min for values
between 20=10° and 70°.

The Raman spectra were recorded using a LabRam spectrometer
(Horiba-Jobin-Yvon) coupled to an Olympus confocal microscope
(a100x objective lens was used for simultaneous illumination and
collection), equipped with a CCD detector cooled to about —73°C
using the Peltier effect. In situ LRS measurements were performed
in a Linkam high temperature cell. The powder catalyst was loaded
and the gas stream flowed through the solids.

The XPS measurements were carried out using a multi-
technique system (SPECS) equipped with a dual Mg/Al X-ray source
and a hemispherical PHOIBOS 150 analyzer operating in the fixed
analyzer transmission (FAT) mode. The spectra were obtained with
passenergy of 30 eV; an Mg-Ka X-ray source was operated at 200 W
and 12 kV. The XPS analyses were performed on the supports and
on the solids after treatment with H, or CO, at 400 °C, carried out
in the reaction chamber of the spectrometer. The spectral regions
corresponding to La 3d, C 1s, 0 1s, Si 2s, Ru 3d and Ru 3p core levels
were recorded for each sample.

2.2. Synthesis and characterization of the Pd/NaAPSS composite
membrane

Porous stainless steel (PSS) tubes (Mott Corporation, 316L,
6.4mm i.d., 9.5mm o.d.). 0.1 wm grade were used as supports of
the Pd membrane. Before deposition, one end of the PSS tube was
welded to a non-porous stainless steel tube and the other one

to a non-porous SS plug. The supports were cleaned in an alka-
line solution [14] and dried overnight at 120°C. After that, they
were oxidized in stagnant air at 500 °C for 12 h. After oxidation, the
surface of the porous metal supports was modified with NaA zeo-
lite, employing hydrothermal synthesis with secondary growth. In
order to prepare the synthesis gel, two precursors (alumina and
silica) were mixed with vigorous stirring at the synthesis tempera-
ture (80°C). The seeded support was placed vertically in a container
with the synthesis gel for 6 h, and vacuum was applied. The inner
and outer parts of the support were washed with deionized water,
and then dried at 80 °C overnight [8]. One hydrothermal synthesis
was performed.

The NaA zeolite modified substrates were activated by the con-
ventional two-step SnCl,/PdCl, procedure [9,15]. This sequence
was repeated between three and six times to obtain the activa-
tion layer. Electroless plating (ELP) was used to coat the PSS with a
continuous metallic layer. When the membrane was impermeable
to liquid, the plating was carried out with vacuum in order to block
the last remaining large pores. The activation-plating procedure
was repeated until the composite membrane became impermeable
to N, at room temperature and at a pressure difference of 10 kPa.
More details about the NaA zeolite synthesis and the electroless
plating are given elsewhere [9]. The film thickness was estimated
from the weight gain after metal deposition and checked by SEM.

The H, permeation through the Pd membranes was measured
using a membrane reactor in a temperature range of 400-550°C
and a trans-membrane pressure of 20 kPa.

The membrane reactor filled with quartz wool was heated in Ar
flow to 400°C, and then the feed was switched to pure hydrogen.
Afterwards, the same procedure was carried out for the different
temperatures under study.

2.3. Catalytic test

2.3.1. Conventional fixed-bed reactor

The catalyst (200 mg) was loaded into a tubular quartz reactor
(inner diameter, 16 mm) which was placed in an electric oven. A
thermocouple in a quartz sleeve was placed on top of the catalyst
bed. The catalysts were heated up to 550°C in Ar flow and then
reduced in H; flow at the same temperature for 2 h. The catalytic
tests were carried out at 550 °C with a W/F=2 x 10~4ghml-1.

2.3.2. Membrane reactor

The double tubular membrane reactor was built using a
commercial self-standing membrane (dense Pd-Ag alloy, thick-
ness=75wum, 3.1mm o.d.), provided by REB Research and
Consulting or a composite membrane synthesized by our group
(Pd/NaAPSS, Pd layer thickness = 20 wm, 9.5 mm o.d.), with one end
closed and an inner tube to allow the sweep gas flow (SG). The
outer tube was made of commercial non-porous quartz (i.d. 9.5
and 16 mm for the commercial and composite membranes, respec-
tively).

An inert sweep gas (Argon) was employed. To allow a better
comparison, the sweep gas ratio was defined as the sweep gas
flow rate/methane feed flow rate. The values were varied between
1.7 (10mlmin~1) and 15.7 (90 mImin~—') to study the effect of the
sweep ratio [16].

Three reaction temperatures were employed (450, 500 and
550°C) in the commercial membrane reactor. However, the
Pd/NaAPSS membrane reactor was operated at 450 °C only, to avoid
defect formation in the composite membrane. The catalyst (1.5 g),
diluted with quartz chips (2.7 g), was packed in the outer annular
region (shell side), leading to a permeation area of 7.5 and 7.9 cm?
for the commercial and composite membranes, respectively. In
addition, part of the catalyst bed was placed 0.8 cm above the mem-
brane to prevent its deterioration when exposed to the presence of O,
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Table 1
Surface area, Ru dispersion and XPS Ru/La ratios of Ru catalysts.

Solids D [%]* Sg fresh [m2 g~1] Ru/La ratio® XPS
Ru2MR 18 35.2 0.005
RuiMV 19 314 0.048
RuzMv 14 334 0.008

2 Dispersion calculated from CO chemisorption. The CO/Ru ratio was considered
equal to 1.
b Ru 3p/La 3d intensity ratio calculated from XPS data.

leading to a reactor configuration formed by a fixed-bed reactor fol-
lowed by a membrane reactor. More details are given elsewhere [5].
The inner side of the membrane in all runs was kept at atmospheric
pressure.

After the reduction, the different mixtures were fed with a total
reaction flow rate of 16.6 mlmin~! in both reactor types. For the
dry reforming of methane, the [CH4:CO,:Ar] ratios were [1:1:1.2]
and [1:1.9:0.3] and for the combined reforming of methane,
with the addition of 10% O, partially or totally replacing Ar, the
[CH4:C0O,:05:Ar] ratios were [1:1:0.3:0.9] and [1:1.9:0.3:0].

The conversions were measured after a 1-h stabilization period.
The reaction products and the permeated mixture for both reactor
types were analyzed with two on-line thermal conductivity detec-
tor gas chromatographs: a Shimadzu GC-8A and a SRI 8610 C (SRI
Instruments (USA)). The former instrument was equipped with a
Porapak column, and the latter with a molecular sieve column. The
carbon balance was close to one in all cases.

2.3.3. Thermodynamic calculations

The UniSim Design software package was used for simulation
purposes of a Gibbs reactor. The Peng-Robinson equations of state
were used to calculate the stream properties. To calculate the data,
we employed the same total flow used in laboratory experiments.
Even the dimensions given to the Gibbs reactor were equal to those
used in the laboratory.

3. Results and discussion

3.1. Catalytic behavior and characterization of Ru/La;0,CO3 in a
conventional fixed-bed reactor for the dry and combined
reforming of methane

Table 1 shows the metal dispersion, surface area and surface
Ru/La ratios for Ru supported on lanthanum oxycarbonates.

From pure La, 05 (surface area equal to 5m? g-!) and perform-
ing a treatment with acetic acid, it was possible to increase the
surface area of the supports. When the solid was dried in a rotary
evaporator (MR), avalue of 15.1 m? g~! was reached, whereas when
using a vacuum oven (MV) the surface was 26.5m? g~1.The sur-
face area increased further after the incorporation of ruthenium,
reaching values between 30 and 35m2g~! (Table 1). The metal
dispersions for the three catalysts were between 14 and 19%. The
presence of monoclinic La,0,CO3-type Ia phase was observed by
XRD and Laser Raman spectroscopy in all the catalysts (Fig. 1).

Ru2MVv

CRM 30 min

J\ DR 120 min

i H, (5%)
/\\/L/\ calcined
T T T T T T T T : T

300 600 900 1200 1500

Raman shift (cm'1)

Fig. 1. In situ LRS of Ru2MV catalyst calcined, reduced and exposed at 550°C to a
reactant mixture with a composition of DRM (10% CH,4, 10% CO, and Ar) and CRM
(CH4/03 = 3). References: RuOx (0J), La; O3 (M) and La;0,CO3-type Ia (x).

The Ru/La;0,CO3 catalytic activity for the dry and the com-
bined reforming of methane (DRM and CRM) was measured. In the
latter case, an increase in CH4 conversion and H, production was
achieved. These measurements were carried out with a 0.8 cm cat-
alyst bed and high W/F. Under such conditions, the system reached
thermodynamic equilibrium.

In the case of the addition of oxygen to the feed mixture, the
reactions that might occur are the partial oxidation of methane
(POM) and the dry reforming reaction (DRM) in addition to total
oxidation of methane and the water gas shift reaction. Table 2
shows the measured methane and carbon dioxide conversions in
comparison with equilibrium values calculated for both feed com-
positions, DRM and CRM.

To calculate the data, we employed the same total flow used in
laboratory experiments. The dimensions given to the Gibbs reac-
tor, applied for the thermodynamic equilibrium calculations were
equal to those of the reactor used in the laboratory [11].

The methane conversion increased while the carbon dioxide
conversion decreased when oxygen was added to the mixture, as
expected, due to the occurrence of the total oxidation of methane. In
the reactor outlet, oxygen was not chromatographically detected,

Table 2

Catalytic activity compared with theoretical equilibrium data for Ru/La;0,CO; catalysts at 550 °C.
CO,:CH4:0;:Ar RulMV RuzMV RuZzMR UniSim Design

Xeny Xco,? Xeu,? Xco,? Xen,? Xco,? XcHyeq b Xc0,eq b

1:1:0:1.2 27.6 40.1 27.8 37.0 28.8 36.0 30.7 41.6
1:1:0.3:0.9 423 10.1 34.1 14.2 421 111 47.2 12.5
1.9:1:0:0.3 38.1 329 34.6 27.8 34.2 25.6 37.8 31.2
1.9:1:0.3:0 43.7 12.3 40.5 10.0 42.2 114 51.9 14.2

2 Methane and carbon dioxide conversions, catalyst mass=0.2 g, W/F=2 x 104 ghml~!, reaction temperature = 550 °C.

b Calculated using UniSim Design software.
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Table 3
Permeation features of the Pd based membranes.

Membrane E (k] mol) Py? Pe? at 450°C KP at 450°C Ideal selectivity (H2/N;) at 450°C
Pd/NaAPSS 13.68 933 x 1078 9.6x107° 4.8 x10°* 2000
Pd-Ag commercial 24.64 2.61x 1077 43x107° 57x107° 0

2 mols~'m~'Pa0>,
b mols~! m~2 Pa~%> where

J

- [(PHz.ret)O'S - (PHz,perm )0'5]

¢ Determined at 100 kPa.

K,

indicating that it was completely consumed in the 0.8 cm catalyst
bed.

AsshowninTable 2, conversion values close to equilibrium were
achieved in DRM conditions for all catalysts. However, in the case
of CRM with CO,/CH,4 ratio equal to 1.9, the methane conversion
was always lower than the equilibrium value (42 £+ 1.5 compared
to 51.9%). This behavior could be due to the Ru re-oxidation that
occurs when the metal is in contact with carbon dioxide rich atmo-
spheres [17] which decrease the catalyst activity. A similar behavior
has been previously observed for Ru/La;03 solids [12,18].

In the case of CRM with CO,/CH4 ratio equal to 1.0, a different
behavior was observed between the Ru2MV and Ru2MR catalysts.
The Ru2MVsolid showed a methane conversion lower than the
equilibrium value (34.1 compared to 47.2%). Note that Ru was incor-
porated during the support synthesis in both solids. In addition,
all solids were stable for at least 90h on stream and no carbon
formation was observed by Laser Raman spectroscopy.

The reactivity of the lanthanum and ruthenium species was
studied through in situ Raman measurements under different reac-
tion atmospheres [19]. During the reduction treatment, the RuOx
species were reduced to metallic ruthenium and the lanthanum
oxycarbonate was decomposed to La;03 and CO, (Fig. 1). The
Ru1lMYV catalyst with the highest Ru/La ratio (Table 1) was the solid
that presented greater reactivity of oxycarbonates to La;O3 (not
shown) [19]. Under DRM and CRM conditions, the metallic Ru did
not change its oxidation state for RulIMV and Ru2ZMR catalysts.
However, for the Ru2MV under CRM conditions, the Ru particles
were partially re-oxidized and this might be the reason for the
lower activity of this solid (Fig. 1).

When the lanthanum oxycarbonate decomposition was per-
formed in an inert gas (Ar), a re-oxidation of the metallic Ru was
observed in all catalysts [19]. For the Ru1MV solid, the RuOx species
could be re-reduced under dry reforming of methane conditions.
However, for the RuZMR catalyst, the RuOx species could be re-
reduced even in oxidizing atmospheres, such as the CRM mixture.
From this evidence, the Ru2MR catalyst was selected for testing in
membrane reactors [19] because this solid would be more stable at
more severe conditions (high CO, content).

3.2. Membrane characterization

The permeation features of the palladium-based membranes are
generally quantified in terms of permeability (Pe), permeance (K)
or permeation flow (J). The flow of atomic hydrogen through the Pd
membrane is the product of the diffusion coefficient and concen-
tration gradient. The concentration of H atoms in the Pd layer may
be related to the partial pressure of the gas, while the permeation
flux (J, mols—1 m—2) is expressed by Sieverts’ law:

J= Pe [(F'Hz,ret)()'5 - (PHz,perm )0'5}

; (1)

The value of n=0.5, as an exponent of the permeate and reten-
tate pressures [(PHNM)O'5 — (PH,,perm )0'5], would indicate that the
rate determining step is the diffusion of H atoms through the

3)

metal film. For both membranes a linear correlation was observed
between the permeation flux and the [(P;.lz,ret)o‘5 - (Pszperm)O'S]
pressure difference. The permeability of H, was determined
at different temperatures for the two membranes studied. The
dependence of permeability with temperature was fitted with an
Arrhenius type function:

Pe = Po x e(—E/RT) (2)

where E is the apparent activation energy and Po, the pre-
exponential factor (Po).

The values of both the activation energy and the pre-exponential
factor obtained in this work (Table 3) are close to those reported
in the literature for Pd membranes with several-micron thickness
[20].The Pd/NaAPSS membrane has a higher permeability than the
Pd-Ag membrane (Table 3). The ideal selectivity, defined as the
ratio between the fluxes of the two pure gases (H, and N, ) under
the same trans-membrane pressure difference and temperature, is
included in Table 3. At 450-550°C and a trans-membrane pressure
of 50kPa, no N, flux through the Pd-Ag commercial membrane
was observed. This implied the absence of defects in the metal film
or sealing leaks and assured 100% selectivity to hydrogen. In the
case of the Pd/NaAPSS membrane, the ideal selectivity was close
to 2000 and this value remained constant during hydrogen perme-
ation measurements at 350-450°C and a differential pressure of
100 kPa for 100 h. For this membrane, a linear increase of H, flow
with the difference of the square root of the hydrogen partial pres-
sure was also observed at different temperatures (not shown). In
all cases, the linear regression gave an R-squared (R?) value near
0.9998. This behavior suggests that the diffusion of hydrogen in
the metallic film mainly obeys Sievert’s law.

In a previous paper, we modeled the hydrogen transport proper-
ties of several Pd composite membranes and the solution-diffusion
contribution could be isolated [9]. This allowed a more accurate
estimation of Sieverts’ transport parameters and a critical compar-
ison with data reported in the literature. When the ideal selectivity
was close to 1000, Sieverts’ flux was higher than 99.6% of the total
flow.

3.3. Catalytic behavior of Ru/La;0,C0O3 (Ru2MR) in the
membrane reactors

3.3.1. Performance of the membrane reactor built with the
composite Pd membrane at 450°C.

Fig. 2a shows the methane conversion as a function of the sweep
ratio for different feed conditions for the RuZMR catalyst. Under
DRM conditions, with increasing CO,/CH4 ratio, the CH4 conversion
increases 20%. However, when oxygen is added to the feed mixture,
the CH4 conversion shows a higher increase (conversion enhance-
ment was 150%). For a sweep ratio over 8.7, the conversions of both
CH4 and CO, remain roughly constant except for the case of CRM
with the CO,/CH4 ratio equal to 1.9. In this case, the CH4 conversion
increases with the sweep ratio (28% at SG ratio=8.7-32% at 15.7).

Fig. 2b shows the H, permeated/CH, fed ratio as a function
of the sweep gas ratio. The CRM curves are above those of DRM.
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Fig. 2. CH4 conversion (a) and H, permeated/CH,4 fed (b) as a function of sweep ratio
(sweep gas flow/CH4 fed). To vary the CO,/CHj4 ratio the following CH4:CO, :Ar ratios
were employed: [1:1:1.2] and [1:1.9:0.3] and with 10% of O, the CH4:CO;:0,:Ar
ratios were [1:1:0.3:0.9] and [1:1.9:0.3:0]. Pd composite membrane reactor, per-
meation area: 7.9 cm?2. T=450°C, AP=0, W=1.5g, W/F=1.5x 103 ghml-'.

This means that the operating conditions of CRM not only yield a
considerable increase in conversion but also result in an increased
production of hydrogen. For CO,/CH4 ratios higher than the stoichi-
ometric ratio (CO,/CH4 =1.9), a slightly lower hydrogen flow was
obtained.

The permeation selectivities (H,/CH,4 ratio) observed during the
DRM and CRM reactions are shown in Fig. 3. The H,/CH,4 ratios
increase with increasing sweep gas ratio (AP). Several factors
could affect the hydrogen permeation when hydrogen is present
in a gas mixture, such as the competitive adsorption of other gas
components, which reduces the fraction of sites available for hydro-
gen adsorption and dissociation; the bulk gas depletion along the
retentate side due to the selective removal of hydrogen, and the
concentration polarization due to gas phase mass transport limita-
tions [21].

This membrane was used in different atmospheres during
1000 h in a temperature range between 350 and 450°C. The tem-
perature was never over 450°C.

200 v
g 150
© v CRMCOZICH4=1
e v’ = DRM COZ/CH4=1
o 2
i 100
§ m ] o=
8 s -
° v
n -

0 T T T T T T

Sweep ratio

Fig. 3. Permeation selectivity (H,/CH4) as a function of sweep ratio under DRM and
CRM conditions with a CO,/CH4 ratio = 1. Pd composite membrane reactor (RuZMR),
permeation area: 7.9 cm?. T=450°C, AP=0, W=1.5g, W/F=15x 103 ghml~'.

Oyama and Lim [22] performed the numerical simulation of
a membrane reactor for the methane steam reforming and they
found that membranes with H,/CH,4 selectivities of 100 essentially
showed the same enhancement of both the methane conversion
and H, yield as the membrane with infinite hydrogen selectivity.
This comparison was carried out at constant hydrogen permeance.
They concluded that H,/CH,4 permeation selectivities greater than
100 allowed a high yield in the MRs. The Pd/NaAPSS membrane
selectivities were close to the values proposed by Oyama and Lim
[22]. These values could explain the similar performance observed
in both membrane reactors built with commercial and composite
membranes.

Our palladium membrane exhibited the H,/CHy4 selectivity in a
range of 20-200 (Fig. 3), with a permeate hydrogen purity equal to
99.5%.

3.3.2. Comparison of the two membranes at different
temperatures

Fig. 4a shows the methane conversions for both membranes
under CRM conditions. The values of the thermodynamic equilib-
rium conversions at 450, 500 and 550 °C are also shown. They were
calculated considering the simultaneous occurrence of the follow-
ing reactions: dry reforming, reverse water gas shift, partial and
total oxidation of methane.

The Pd/NaAPSS membrane reactor has the limitation that it
could be operated only at temperatures as high as 450 °C, while the
commercial reactor could also be operated at 500 and 550°C. The
conversion increased with the sweep gas ratio at 500 and 550°C.
At 450 °C, conversion was constant in both membrane reactors. The
increase in CH4 conversion for the Pd-Ag membrane was 15% with
respect to the equilibrium values at 550 °C. In all cases, the carbon
balance was higher than 98.5%, indicating that no coke deposition
occurred.

The H, permeated/CH, fed ratio increases with the sweep gas
ratio (Fig. 4b). Additionally, this ratio shows a significant increase
with the reaction temperature, reaching a value of 0.55 at 500°C
and 0.82 at 550°C when the maximum sweep gas ratio was
employed for the Pd-Ag membrane. Note that the H, permeabil-
ity increases with temperature when the permeation follows the
solution-diffusion mechanism described by Sieverts’ law (Table 3).
The Pd membrane reactor exhibits a higher H, permeated/CH,4 fed
ratio increase with the sweep gas ratio at 450°C that could be
related to its higher hydrogen permeability.

Another key parameter for membrane reactors is the hydrogen
recovery defined as the ratio of the H, permeated and the total H,
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Fig. 4. CH4 conversion (a) and H, permeated/CH, fed (b) as a function of sweep
ratio under CRM conditions. Pd (v) and Pd-Ag (M) membrane reactor, per-
meation area=7.5 (Pd-Ag) and 7.9cm? (Pd), T=450-550°C, AP=0, W=1.5g,
W/F=15x10-3ghml-.

produced. The recoveries of Pd and Pd-Ag membrane reactors as
a function of the sweep gas ratio were studied (not shown). For
CRM conditions with CO,/CH4=1 at 450°C, the recovery values
were similar for both membrane reactors. The H, recovery reached

72% for both membranes with different permeabilities and H,/CH4
selectivities.

The commercial membrane showed a value close to 80% hydro-
genrecovery at 550 °C when the sweep ratio was 16. In addition, the
Pd composite membrane produced hydrogen with 99.5% of purity;
this value was calculated considering only H, and the permeated
gases.

3.3.3. Effect of the CO,/CH, ratio and the influence of the sweep
gas ratio on hydrogen production with a commercial PdAg
membrane reactor at 550°C

The effect of the CO,/CH4 ratio and the sweep gas ratio was also
studied on the commercial membrane reactor at high temperature
because of the maximum heating temperature allowed in the PdAg
membrane (600 °C). Table 4 shows the influence of the sweep gas
(SG) flow rate on the conversion of methane and carbon dioxide for
DRM and CRM using a CO,/CH4 equal to 1 at 550 °C. When the SG
flow rate increases, methane conversions exceed the equilibrium
values. The CH4 and CO, conversions reach similar values for DRM.
Additionally, the H;/CO ratio increases from 0.79 to 0.87. These
results suggest that the hydrogen separation in the membrane
reactor is unfavorable for the RWGS reaction when the reactor is
operated at atmospheric pressure, consistent with that observed
for Ru/Lay03(50)-Si0O; [11]. It should be remarked that the conver-
sions of both CH4 and CO, remained constant above 30 ml min—!
with increasing the SG flow rate.

As mentioned above, when oxygen is added to the feed mixture
(CRM), the reactions that might occur on the catalytic bed over the
membrane are the partial oxidation of methane and the dry reform-
ing reaction, in addition to the reverse or direct water gas shift
reaction and total oxidation of methane. As a consequence of these
reactions, the carbon dioxide conversion is significantly lower than
the methane conversion and the H,/CO ratio is much higher than
1. When the sweep gas flow rate increases, the retentate hydro-
gen partial pressure is always higher for the CRM reaction system
compared with DRM conditions (Table 4). The same behavior is
observed when this ratio is equal to 1.9 (not shown).

Fig. 5 shows the methane conversion as a function of the sweep
ratio for different feed conditions for the RuZMR catalyst at 550 °C.
The catalytic behavior is similar to that observed at 450 °C, although
the conversions are higher. Under DRM conditions, with increasing
CO,/CH4 ratio, the CH4 conversion increases only 10%. However,
when oxygen is added to the feed mixture, the CH4 conversion
shows a larger increase. Under CRM conditions with increasing
CO,/CH4 ratio, no increase in the CH,4 conversion is observed. For
a sweep ratio over 8, the conversions of both CH4 and CO, remain
roughly constant.

For ethanol steam reforming, Gallucci et al. [16] reported that
the highest increase in the ethanol conversion was observed
in the sweep ratio 1-8 range. Afterwards, the conversion
reached a plateau. They remarked that an increase of the sweep
ratio just makes the hydrogen containing stream in the shell

Table 4

CH4 and CO; conversions and H, produced/CO ratios for Ru2MR catalyst in DRM and CRM conditions on commercial membrane reactor.
SG [mlmin~"] (sweep ratio) Xe, Xco, H,/COP Py, ©

DRM? CRM? DRM? CRM? DRM? CRM? DRM? CRM?

10(1.7) 31.0 47.6 32.1 12.6 0.79 1.32 12.12 15.85
30(5.2) 36.2 50.4 39.2 15.2 0.85 1.45 9.20 10.50
50(8.7) 37.7 52.1 36.9 13.2 0.84 1.45 7.68 8.23
70(12.2) 36.0 53.3 39.8 114 0.86 1.56 6.47 6.95
90(15.7) 374 53.9 40.0 12.4 0.87 1.55 5.42 6.07

3 COy/CH4 =1, permeation area: 6 cm?, catalyst mass=1.5g, W/F=1.5 x 10-3 ghml~', P=101kPa, T=550°C. CRM [CO;:CH4:0,]=[1:1:0.3].

b Total hydrogen (retentate + permeated)/CO ratio.
¢ Retentate hydrogen partial pressure [kPa].
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Fig.5. CH4 conversion (a) and H, permeated/CH,4 fed (b) as a function of sweep ratio
for the different feed mixtures under DRM and CRM conditions. To vary the CO,/CH4
ratio, the following CH4:CO, :Ar ratios were employed: [1:1:1.2] and [1:1.9:0.3] and
with 10% of O, the CH4:CO,:0,:Ar ratios were [1:1:0.3:0.9] and [1:1.9:0.3:0]. Com-
mercial membrane reactor with permeation area: 6 cm?. T=550°C, AP=0,W=1.5g,
W/F=1.5x10"3ghml.

side much diluted without any benefit in terms of reactor
performance.

Fig. 5b shows the H; permeated/CH; fed ratio as a func-
tion of the sweep gas ratio. The CRM curves are always
slightly higher than those of DRM. This means that the oper-
ating conditions of CRM not only yield a considerable increase
in conversion but also result in an increased production of
hydrogen.

3.4. Comparison of both catalysts: Ru2MR vs Ru/La;03-Si0O,

To describe the optimal operation of membrane reactors, dif-
ferent approaches have been reported in the literature [23-25].
Oyama and Lim [22] employed the ratio of product permeation
and formation rates called operability level coefficient (OLC).
Note that this ratio is in agreement with the commonly used
hydrogen recovery or separation ratio. They found an interesting
correlation between the OLC and hydrogen yield and conversion
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Fig. 6. Ability of the catalyst to keep the retentate equilibrated when the membrane
reactor was built with a Pd-Ag commercial membrane (permeation area =6 cm?) as
a function of sweep ratio: (a) for Ru/La;03(50)-SiO, and (b) for RuzMR. T=550°C,
AP=0, catalyst mass=1.5g, W/F=1.5x 103 ghml-'.

enhancements for steam and CO, reforming reactions. They also
studied the relationship between membrane reactor performance
measured by conversion or yield enhancements with membrane
permeances [26]. We have applied the same correlation for the
methane conversion enhancement as a function of hydrogen recov-
ery, reaching enhancements of approximately 90% for recoveries
close to 85% [9,27].

To take into account the catalyst activity and its ability to restore
the chemical equilibrium upon H, withdrawal, an equilibrium
fraction of the dry reforming reaction of methane can be defined,
[10,24,25] as follows:

[Lp)
n= ﬁ (4)
where pi is the partial pressure of each reactant and prod-
uct in the reaction side of the membrane reactor, vi are the
DRM stoichiometric numbers, and Keq is the equilibrium constant
(evaluated in the fixed-bed reactor, which is close to the value
calculated from free energy of formation). This fraction shows
the approach to equilibrium of this reaction. If the composition
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T=550°C, AP=0, catalyst mass=1.5g, W/F=1.5x 103 ghml'.

corresponds to thermodynamic equilibrium, this ratio is equal
to1.

In this work, we compared the catalytic behavior in a membrane
reactor of Ru supported on either high surface area lanthanum oxy-
carbonate or La;03-SiO, binary support. A complete study for the
latter catalyst has been previously published [11,28]. The 7 values
calculated for different feed conditions for both catalysts are shown
in Fig. 6a and b.

For all the cases, n starts from unit and, when the sweep ratio
is higher than 5.3, the n value decreases indicating that when
high H, is removed from the system, the catalyst cannot restore
the equilibrium. This behavior is less pronounced for Ru2MR or
DRM conditions with a CO,/CH4 ratio equal to 1. In this case, n
starts from unit and is maintained until a sweep ratio equal to
5.3. When this ratio is equal to 8.7, the n value decreases to 0.75,
and for higher sweep ratios it continues to decline. In the case of
the CRM reaction, the same behavior is observed but even more
pronounced.

3.5. Gas compositions on both sides of the membrane

We studied the variation in the gas composition on both sides of
the membrane for Ru/La;03(50)-SiO, and Ru2MR, as a function of
the sweep gas flow rate. The results for DRM with a CO,/CH4 ratio
equal to 1 are shown in Fig. 7. The molar fraction of CO increases in
the reaction side, whereas the molar fractions of CO,, CH4 and H>
decrease. The molar fraction of H, in the permeate side decreases
due to the dilution effect of the sweep gas. The membrane is 100%
selective to hydrogen and this gas is only detected on the permeate
side. The increased flow of Ar as sweep gas reduces the hydrogen
partial pressure on the permeate side, which leads to a higher H,
flow through the membrane.

The molar fractions of CO, and CH,4 are coinciding for the Ru2ZMR
catalyst, suggesting that this solid does not favor the RWGS reaction
(Fig. 7b). These results explain the higher H, permeated/CH,4 fed
ratio observed for this solid, which presents a lower conversion in
all flow conditions under study [11].
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Fig. 8. Variation of the equilibration reaction ratio as a function of H, permeated/H,
produced for the dry reforming reaction. Pd-Ag membrane reactor, Reaction tem-
perature =550°C. A=permeation area, W/F=1.5x 103 ghml~'.

Note that after each catalytic test, we measured the per-
meability of the membrane. It did not show any variation in
the hydrogen permeability and revealed no visual damage or
carbon deposition. Furthermore, on the used catalysts carbon
deposition was not detected by TGA measurements. However,
a small quantity of graphitic carbon was detected by Laser
Raman Spectroscopy because this technique is much more
sensitive.

3.6. Comparison of Rh and Ru catalysts supported on lanthanum
based substrates evaluated in membrane reactors

The fraction of the reaction equilibration () and the Hj
permeated/(CH, fed x permeation area) ratio were employed
to compare the performance of Rh and Ru catalysts in
membrane reactors. The membrane reactor applied was built
with a commercial PdAg membrane with a permeance of
5.7 x 10> mols~! m~—2 Pa~03, The best catalysts developed in our
group were selected for this comparison, Rh and Ru supported on
L3203—Si02 and RU/L3202C03 (RU2MR).

For the dry reforming of methane reaction with CO,/CH4=1,
the following order of activity was found for these catalysts:
Rh/La;03-SiO, > Ru/La;03-SiO, > Ru2MR [5,11,19]. An increase in
methane conversion was observed in the membrane reactor when
compared with the conventional fixed bed reactor for all catalysts.
Fig. 8 shows the 7 values determined for DRM at 550°C. When a
high hydrogen recovery was reached (close to 80%), the Rh solid
could keep a n 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 restore the thermodynamic
equilibrium. This behavior could be related to the high activity of
this La;03-Si05 solid [5]. On the other hand, the Ru/La; 03(50)-SiO,
and Ru2MR solids show a similar behavior; the reaction equilibra-
tion ratio begins to diminish when the hydrogen recovery is higher
than 60%.

To perform a better comparison between catalysts, the H;
permeated/CH4 fed ratio was re-calculated taking into account
the permeation flux expressed by permeation area (mols~! m~2).
These values are shown in Fig. 9a and b for DRM and CRM condi-
tions, in both cases a reactant ratio equal to 1 was employed. In the
case of CRM conditions, all catalysts show the same performance;
however, the Ru2MR and the Rh solids exhibit ratios higher than
those observed for Ru/La;03(50)-SiO, when the dry reforming of
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Fig.9. H;, permeated/(CH4 fed x permeation area) as a function of H, permeated/H,
produced for the dry reforming (a) and combined reforming of methane reaction
(b). Pd-Ag membrane reactor, reaction temperature =550 °C. A= permeation area,
W[F=15x10"3ghml'.

methane was carried out. The high ratio of Ru2ZMR compared with
Ru supported on the binary substrate is in agreement with the gas
composition results in which it could be observed that the RWGS
reaction is not favored.

4. Conclusions

Ruthenium catalysts supported on lanthanum oxycarbonate
(La0,C03) with high surface area were stable for at least 90 h on
stream. The Ru2MR catalyst was selected for study in the mem-
brane reactors because the metallic Ru species were more stable
even at increasing severity.

The double tubular membrane reactor was built using a
commercial self-standing membrane or a composite Pd/NaAPSS
membrane. The latter could be operated at temperatures as high
as 450°C, while the commercial reactor was also operated at 500
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and 550°C for DRM and CRM. The Pd membrane reactor exhib-
ited a higher H, permeated/CH4 fed ratio increase with the sweep
gas ratio at 450°C that could be related to its higher hydrogen
permeability.

The H, permeated/CH4 fed ratio values for CRM conditions
were slightly higher than those of DRM. This means that the oper-
ating conditions of CRM not only yield a considerable increase
in conversion but also result in an increased production of
hydrogen.

The molar fractions of CO, and CH4 are similar for the
Ru2MR catalyst, suggesting that this solid does not favor the
RWGS reaction for DRM conditions. These results explain the
higher H, permeated/CH,4 fed ratio observed for this solid, which
presents a lower conversion in all the explored flow condi-
tions compared with the Ru/La;03(50)-SiO, catalyst previously
studied.

The Ru catalysts show a high potential for application in mem-
brane reactors because they exhibit a similar performance to Rh
solids with a ten-time lower cost (Rh price per gram/Ru price per
gram=7-10).

Nomenclature

w catalyst weight [g]

F total flow rate [mlh—1]

o.d. outside diameter [mm)]

i.d. inside diameter [mm]

Pe permeability [mols—! m—2 Pa=—05]

K permeance [mols~! m~1Pa=—03]

] permeation flux [mols—1]

n value of exponent of the permeate and retentate

pressures

Puaret  hydrogen pressure in retentate side [Pa]

Phzperm hydrogen pressure in permeate side [Pa]

l membrane thickness [m]

E apparent activation energy [k] mol-1]

Po pre-exponential factor [molm~!s~! Pa=03]

R ideal gas constant [k] mol~1 K-1]

T temperature [K]

n equilibrium fraction of the dry reforming reaction of
methane

pi partial pressure of each reactants and products in the
reaction side of the membrane reactor [atm]

Vi DRM stoichiometric numbers

Keq equilibrium constant
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