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a  b  s  t  r  a  c  t

Rh(0.6%)/La2O3 and  Rh(0.6%)/La2O3(27 wt%)·SiO2 were  assayed  for  the  WGS  reaction  at  673  K and
1  atm.  They  were  both  more  active  than  industrial  Cr-Fe  based  catalysts.  Rh(0.6%)/La2O3 was  the
most  active  but it progressively  deactivated.  To  investigate  its deactivation  and  the  stability  of  the
Rh(0.6%)/La2O3(27 wt%)·SiO2, the  WGS  reaction  was carried  out  in a DRIFTS  cell  in operando  mode.  The
deactivation  of the  former  was  due  to  the  strong  adsorption  of intermediate  oxygenates.  Another  dis-
advantage  of  the  Rh  formulations  was  their methanation  activity.  Therefore,  a  series  of  formulations
containing  0.1  wt%  through  1.2 wt%  Pt supported  on  La2O3(27  wt%)·SiO2 were  synthesized  and  cat-
alytically  evaluated  in  a fixed-bed  reactor.  The  activity,  methane  formation  and  stability  were  carefully
checked.  The  fresh  and  used  catalysts  were  characterized  through  a battery  of  techniques  including  XRD,
urability tests
h/La2O3 deactivation

LRS and  XPS.  The  Pt(0.1  wt%)  formulation  resulted  the  most  active  one  per  gram  of  platinum  and  negligi-
ble  methanation  occurred.  It maintained  the  activity  and selectivity  after 155  h  on  stream.  This  catalyst
was  tested  in  a Pd-Ag  membrane  reactor  to  produce  ultrapure  H2 (<10  ppm  of CO) that  can  be  used  to
feed  a low  temperature  PEM  fuel  cell.  Comparing  our  results  with  those  already  published,  it  is  concluded
that  our  system  is  one  of  the  best ones  reported  so  far.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Our group at INCAPE has been studying the performance of
oble metals supported over La containing oxides for roughly 15
ears for several reactions such as dry reforming [1,2], combined
eforming [3] and the water gas shift reaction [4–8]. We  published
he first article on WGSR in 2011 [4]. In this revision of our work, we
oncentrate upon the latter reaction with a view to pointing out the
ost promising formulation to be employed in membrane reactors

o produce ultrapure hydrogen (<10 ppm CO) for use in PEM fuel
ells.

The most often tried catalysts in membrane reactors are the
ecent versions of the Fe-Cr type containing up to date promo-
ers. These formulations are very selective and stable under steady

 state operation, which applies to the industrial purification of
2 to be used in ammonia synthesis and other petrochemical
pplications. However, they are not well suited for those appli-

ations where the operation is often turned on and off as it
ccurs in fuel processors [9]. Farrauto and co-workers have demon-
trated that the stability of WGS  catalysts is strongly affected

∗ Corresponding author. Tel.: +54 342 4536861; fax: +54 342 4536861.
E-mail address: nfisico@fiq.unl.edu.ar (E.A. Lombardo).

ttp://dx.doi.org/10.1016/j.cattod.2015.06.015
920-5861/© 2015 Elsevier B.V. All rights reserved.
by frequent stop-start operations [10]. Cr toxicity is another
troubling factor. These are the main driving forces behind the
numerous research efforts to find alternative formulations for the
WGSR.

Authoritative reviews have already been published about the
catalytic reaction itself [11]. Accordingly, in this review we will
specifically refer to those publications addressing the development
of catalysts for use in a portable hydrogen generator and similar
applications to produce ultrapure H2. Kondarides and co-workers
studied a good number of doped CeO2 supports over which Pt was
deposited [12]. The main conclusion they reached is that the effec-
tiveness of the support increases with the reducibility of the main
oxide and the decreasing crystallite size of the doping oxide.

Pt/CexZr1−xO2 was also explored for WGSR. Formulations going
from pure CeO2 to pure ZrO2 have been studied as Pt supports
for the WGS  reaction. Vignatti et al. [13] systematically investi-
gated the effect of Zr substitution in CeO2 on the catalytic behavior.
They observed that the formulations richer in cerium were the
most active ones. They concluded that this was due to a weaker
chemisorption of the formate intermediates on cerium rich solids.
We have successfully used the Rh(0.6)/La2O3 and
Rh(0.6)/La2O3(27)·SiO2 for the dry [2,14] and the combined
reforming [3] of methane. So we decided to start our WGS  studies
with these formulations.

dx.doi.org/10.1016/j.cattod.2015.06.015
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2015.06.015&domain=pdf
mailto:nfisico@fiq.unl.edu.ar
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Catalysts characterization. The catalysts fresh-reduced and used
under reaction condition were characterized by XRD, LRS, FTIR and
XPS. However, with the use of these techniques it was not possible

Table 1
Activity measurement at 673 K of supported Rh and Fe-Cr catalysts.

Catalyst Dispersion Initial rate (×104 mol  g−1 s−1)a Ref
66 E.A. Lombardo et al. / Cata

. Experimental

.1. Catalysts preparation

The Rh(0.6 wt %)/La2O3 catalyst was prepared by the conven-
ional wet impregnation of La2O3 (Alfa Aesar, 99.99%) using RhCl3
H2O (Alfa Aesar, 99.99%). The resulting suspension was then
eated at 353 K to evaporate the water and the solid material was
ried in an oven at 383 K overnight.

The La2O3·SiO2 support was prepared by the incipient wetness
mpregnation of SiO2 with lanthanum nitrate (Anedra), calcined at
73 K. After calcination, the load of lanthanum given as La2O3 was
7 wt%. The SiO2 (Aerosil 300) employed in the solid preparation
as previously calcined at 1173 K.

The Pt and Rh supported on this oxide were prepared by
ncipient wetness impregnation using Pt(NH3)4.Cl2.H2O (Strem
hemicals, Inc., 99.95%-Pt) and RhCl3.6H2O (Alfa Aesar, 99.99%) as
recursors. The samples were kept at room temperature for 4 h and
hen dried at 343 K overnight.

.2. Catalysts characterization

The fresh-reduced and used (after exposure to WGSR condi-
ions) catalysts were analyzed by X-Ray Diffraction (XRD) using
n XD-D1 Shimadzu instrument and Cu K� radiation at 30 kV and
0 mA.  The scanning rate was 1.0◦/min for values between 2� = 10◦

nd 60◦. BET surface areas (Sg) were measured by N2 physisorption
t its boiling point in a Micromeritics Accusorb 2100 E sorptometer.

The Raman spectra of fresh and used solids were recorded
sing a LabRam spectrometer (Horiba-Jobin-Yvon) coupled to an
lympus confocal microscope (a 100X objective lens was  used for

imultaneous illumination and collection), equipped with a CCD
etector cooled to about 200 K using the Peltier effect. The exci-
ation wavelength was in all cases 532 nm (Spectra Physics diode
ump solid state laser). The laser power was set at 30 mW.

The XPS measurements were carried out using a multitechnique
ystem (SPECS) equipped with a dual Mg/Al X-ray source and a
emispherical PHOIBOS 150 analyzer operating in the fixed ana-

yzer transmission (FAT) mode. The spectra were obtained with
ass energy of 30 eV; the Mg  Ka X-ray source was operated at 200 W
nd 12 kV. The working pressure in the analyzing chamber was less
han 6 × 10−7 Pa. The XPS analyses were performed on the solids
fter treatment with hydrogen at 673 K carried out in the reaction
hamber of the spectrometer.

Operando DRIFTS (Diffuse Reflectance Infrared Fourier-
ransform Spectroscopy) was performed with a Bruker Equinox
5 infrared spectrometer equipped with an air cooled MIR  source
ith KBr optics and an MCT  detector. Spectra were obtained by

ollecting 200 scans with a resolution of 4 cm−1. The catalysts were
laced without packing or dilution inside a cell with controlled
emperature and environment (Spectra-Tech 0030-102) equipped
ith ZnSe windows.

.3. Catalytic measurements

.3.1. Conventional fixed-bed reactor
Catalytic measurements were conducted in a conventional flow

ystem isothermally operated at atmospheric pressure. The tubular
uartz reactor had an inner diameter of 9.5 mm.  The feed stream
as mixture was made up of CO, H2O and Ar. CO and Ar flow
ates were controlled using MKS  mass flow controllers, while the
team was generated in a preheater fed with water from a syringe

ump (Apema S.R.L.) at the desired flow rate. The reaction tem-
erature was controlled through a thermocouple placed inside the
atalyst bed. The catalysts were heated in Ar at 673 K at a rate of
.5 K min−1. Afterwards, they were reduced in flowing H2 at the
Fig. 1. Membrane reactor scheme.

same temperature for 2 h. The gases leaving the reactor flowed
through an ice-cooled trap and a tube packed with silica gel to
remove water before the gas chromatographic analysis. The feed
and product streams were analyzed with a Shimadzu 9A thermal
conductivity detector (TCD) gas chromatograph equipped with a
Hayezep D column for the complete separation of the gaseous com-
ponents.

2.3.2. Membrane reactor
The reaction was carried out using a double tubular membrane

reactor operated isothermally. The membrane reactor was built
using a commercial dense Pd-Ag (77–23%) alloy (50 �m thick and
external diameter of 3.2 mm)  provided by REB Research and Con-
sulting, with one end closed and an inner tube to feed sweep gas,
i.e. Ar. The outer tube was  made of commercial non-porous quartz.
The catalyst (150 mg), diluted with quartz chips (5000 mg), to cover
a membrane area of 7 × 10−4 m2 was packed in the annular region
(Fig. 1). The membrane was  100% selective, so only hydrogen was
detected on the permeate side, even after several hundred hours
on stream under reaction conditions. This was  determined using a
mass spectrometer with a detection limit of impurities of 1 ppm.

In blank studies (Only silica chips in the lumen of the MR)  we
found no catalytic activity of the membrane.

3. Results and discussion

3.1. Rh supported over different La- containing oxides

Activity and stability. Two different La- containing formulations
(Rh(0.6)/La2O3(27)·SiO2 and Rh(0.6)/La2O3) were studied under
WGS  conditions, at 673 K and H2O:CO = 3:1, in differential mode
(XCO < 10%) and in the absence of mass transport limitations. Table 1
shows the initial activities of these catalysts. The activity of a
promoted Cr-Fe commercial formulation was  also measured for
comparison purposes. Note that the solids containing Rh were more
active than the traditional formulation.

Fig. 2 shows that the CO rate was  constant for at least 50 h for
the Rh(0.6)/La2O3(27)·SiO2 catalyst, while Rh(0.6)/La2O3 suffered
a progressive deactivation.

Since the initial reaction rate for the La2O3 supported catalyst
was ca. 60% higher than the La2O3·SiO2 based catalyst (Table 1 and
Fig. 2), this was a driving force to investigate the nature of the deac-
tivation process of the Rh(0.6)/La2O3 formulation that could lead
to the design of better catalysts for the WGS  reaction.
Rh(0.6)/La2O3 14 2.65 [5]
Rh(0.6)/La2O3(27)·SiO2 79 1.65 [5]
Promoted Fe-Cr – 0.52 [7]

a Feed composition: 9% CO, 27% H2O and 64% Ar.
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ig. 2. Stability tests for Rh(0.6)/La2O3(27)·SiO2 and Rh(0.6)/La2O3 at 673 K, 1 atm
nd H2O/CO = 3.

o determine the cause of catalyst deactivation supported on La2O3
For more details see [4,5])

The next step is to further explore the catalytic stability of the
anthanum containing formulations trying to ascertain the origin
nd possible cure of the deactivation of the Rh(0.6)/La2O3.

.2. Ascertaining the nature of the deactivation process

Different fixed-bed reactor measurements and “operando”
RIFT experiments were performed. Note that the use of the lat-

er technique is particularly important because the formation of
he different species adsorbed on the surface of the catalysts can
e studied in real time, thus making it possible to investigate the

nfluence of these adsorbed species on the deactivation process.
Through qualitative or semi quantitative methods, several

uthors have reported that the deactivation causes of WGS  formula-
ions may  be broadly due to: (i) loss of metal surface area (sintering)
16], (ii) chemical transformation of support materials and/or cat-
lysts [17], (iii) carbon deposition [18], (iv) strong adsorption of
arbonate/formate species [10,19].

.2.1. Drifts operando study over both catalytic systems under

GS  conditions
DRIFT spectra of the Rh(0.6)/La2O3(27)·SiO2and Rh(0.6)/La2O3

atalysts obtained during exposure to a reacting mixture (1.1% H2O,
.1% CO, 98.8% He) at 673 K, are shown in Fig. 3. The evolution of
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the mass spectrometer signals during the WGS  reaction was  also
recorded (not shown) [5].

Fig. 3 shows an absorption band at 3750 cm−1, most likely
associated with the existence of isolated silanol groups [20]. The
shoulder of this band at a lower wavenumber is likely due to hydro-
gen bonded adjacent hydroxyls.

The band at 2060 cm−1 is assigned to CO linearly adsorbed on
Rh. At 673 K, this band remains unchanged even after exposure to
He during 15 min  at the same temperature (not shown).

For the Rh(0.6)/La2O3(27)·SiO2 catalyst (Fig. 3) and the La-Si
support (not shown), a well-defined band at 1300 cm−1 is observed.
This signal could not be assigned to a particular feature of these
solids. Clearly, this band does not belong to species formed during
the WGS  reaction. The presence of a negative band at 1600 cm−1

corresponds to adsorbed water present in the reference spectrum.
It decreases with increasing temperature.

The DRIFT spectrum of the Rh(0.6)/La2O3 catalyst (Fig. 3) shows
bands at 720, 842, 860, 1060, 1363 and 1550 cm−1 assigned to dif-
ferent types of oxycarbonates[1]. These bands were not seen in the
Rh(0.6)/La2O3(27)·SiO2 catalyst.

Note the presence of two bands at 2500 and 2870 cm−1. The
band at 2870 cm−1 has been attributed to either formate or oxy-
carbonate overtones [1]. Similarly, the 2500 cm−1 signal could be
attributed to a carbonate overtone [15]. Note, that the bands grow
together with time on stream [5] and when He is fed at 673 K
after reaction, these signals do not disappear. These bands might
be related to the Rh(0.6)/La2O3 deactivation. The formate could be
formed on the catalyst surface due to the interaction of adsorbed
CO with surface OH. This mechanism was  proposed on Ni/La2O3 by
Verykios[21] in the presence of water vapor. For a more detailed
analysis of these spectra see [5].

3.2.2. Effect of an inert gas and O2 upon the regeneration of
deactivated catalysts

If strongly adsorbed formate type species or carbonates formed
during reaction block the active sites and progressively deactivate
the catalyst, their elimination should restore the catalytic activity.
To verify this hypothesis, the reduced catalyst was  exposed to the
reacting mixture (9% CO, 27% H2O, 64% Ar (H2O/CO = 3:1)) at 673 K
during 20 h. Afterwards, air was fed for a period of 60 min  at the
same temperature. Then, the catalyst was  reduced and the reacting
mixture was fed again to observe the effect of the oxygen treatment
upon the reaction rate.

In the first part of Fig. 4a, it is observed that when the reactant
stream is restored after flowing Ar for 24 h at 673 K, the catalytic
activity remains the same. This indicates that the deactivating com-
pounds formed during reaction are not removed by the inert gas.

In the second part, Fig. 4a shows that after oxidation in air at
673 K and subsequent reduction, the catalyst activity was recovered
reaching 92% of the initial value. After that, the solid deactivated
progressively on stream following a similar trend to that of the
previous run.

A similar experiment was  carried out using the DRIFTS tech-
nique. This DRIFTS experiment was designed to investigate the fate
of the oxygenates after treating the used catalyst with either He or
diluted O2. The two  lowest IR spectra (Fig. 4b) show that flowing
He at 673 K does not affect the 2500/2870 cm−1 bands. However,
these bands disappear after a 10 min  exposure to diluted O2.

Combining the results shown in Fig. 4a and b, it is concluded that
the oxygen treatment burns the formate and/or carbonate species
that would be blocking the active sites and which would be respon-
sible for the progressive deactivation of the Rh(0.6)/La2O3 catalyst.
In brief, the different stability of Rh/La2O3 and Rh/La2Si2O7·SiO2
is due to the different basicity of the supports. Note that the sur-
face of the latter is made up of the disilicate and silica. In fact, no
free La2O3 was  detected in this formulation [7]. When the support
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s too basic, as La2O3, the stability of the formates and carbonates
ignificantly increases. The deposition of the oxigenates leads to a
low but steady deactivation of this solid and the activity is recov-
red when both the formates and the newly formed carbonates are
urnt in diluted O2 at 673 K.

.2.3. Comparison of different noble metal supported catalysts
The Rh(0.6)/La2O3(27)·SiO2 and the Pt(0.6)/La2O3(27)·SiO2 cat-

lysts were evaluated in a conventional fixed-bed reactor under
pace velocities similar to those used in the membrane reactor
GHSV = 6–24 × 103 ml  g−1 h−1). The reaction was  carried out at
73 K and the feed stream gas mixture was made up of CO and H2O
H2O/CO = 3). Under these conditions the methanation reaction is
avored.

Fig. 5 shows that the Pt(0.6)/La2O3(27)·SiO2 catalyst is highly
elective to the WGS  reaction, while the Rh(0.6)/La2O3(27)·SiO2
olid presents a significant selectivity to methane. At the low-
st space velocity, the Pt(0.6)/La2O3(27)·SiO2 catalyst shows

 high selectivity to the WGSR (SWGS = 99.8%) while the
h(0.6)/La2O3(27)·SiO2 solid does not (SWGS = 82.1%). Due to the

igh activity of the Pt catalyst, the CO conversion is close to the equi-

ibrium value for the whole range of space velocities, in agreement
ith the results reported by Bi et al. [22]. Also note that on the Rh

ormulation, the measured CO conversion is above the calculated
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eprinted from Cornaglia et al. [6], Copyright (2013), with permission from Elsevier.
. Reaction at 673K, feed 9% CO, 27% H2O, 64% Ar. (b) DRIFTS results after treatment
ectra referenced to the spectrum of the reduced catalyst prior to gas admission.

equilibrium value for the single WGSR due to the simultaneous
occurrence of the irreversible methanation reaction.

3.2.4. Stability tests
The stability of the Pt(0.6)/La2O3(27)·SiO2 catalyst was evalu-

ated in a conventional fixed-bed reactor in differential and integral
modes. In differential mode, the test was performed at 673 K, 1 atm,
H2O/CO = 2–3, dp = 20 �m and GHSV = FTo/W = 6.7 × 106 ml g−1 h−1.
This high space velocity was required to eliminate external mass
transport limitations [4]. Pt(0.6)/La2O3(27)·SiO2 was  stable for at
least 50 h on stream and the reaction rate values were 0.028 mol  g−1

min−1 (H2O/CO = 3) and 0.018 mol  g−1 min−1 (H2O/CO = 2) (Vide
infra).

Fig. 6 shows the stability test of the Pt catalyst under differ-
ent WGS  conditions (H2O/CO = 1–3) at 673 K, 100 kPa and integral
regime. The catalyst resulted stable at the different feed compo-
sitions (H2O/CO = 1–3). Between shut-down and start-up cycles,
the catalyst was exposed to an inert stream (Ar) at either 673 K or
298 K. The results show that the catalytic activity of the Pt catalyst is
not affected by these cycles. Note that the catalytic measurements

using a conventional reactor to study catalyst stability were made
at conversions of ca. 50% (Fig. 6). Only the Fig. 5 that represents the
effect of W/F  on methane selectivity was recorded at conversions
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Table 2
Kinetic parameters used in the reactor model. Reprinted from Cornaglia et al. [6],
Copyright (2013), with permission from Elsevier.

k 1.39 × 1013e(−18600/T) molCO kg−1
cat s−1

−12 (15540/T) −1
E.A. Lombardo et al. / Cata

lose to 100%. This high conversion level was chosen to enhance
he possible formation of methane.

In the future a more comprehensive test of deactivation of this
atalyst under different operating conditions will be carried out, e.g.

GS reaction and shutdowns using feed streams similar to those
btained from steam reformers fed either natural gas or ethanol.

Before using this solid in a membrane reactor, it is worthwhile
o model the system to allow the previous simulation of the reactor
ehavior.

. Mathematical model

A heterogeneous 1-D model was selected to represent the steady
tate operation of the laboratory membrane reactor. Under these
onditions, the modeling of MRs  presents interesting challenges
ecause of the coupling of H2 selective diffusion through the mem-
rane with chemical reaction and mass transfer at the gas-solid

nterface.
The following assumptions were made: isobaric and isothermal

onditions; axial dispersion phenomena were neglected; temper-
ture and composition gradients in the radial coordinate were
lso neglected. Some reports consider that the catalyst layer is an
nfinitely thin layer [23]; however, in practice this is not true. Note
hat unlike all previous modeling studies about WGSR in membrane
eactors [9], in this work the gas-solid mass transfer resistances
ere taken into account. Due to the non-porous nature of the cata-

yst support, the internal mass transfer resistances were neglected.
nly H2 permeated (100% selectivity).

Detailed information about the model is provided in the con-
ribution dedicated to the heterogeneous modelling of the WGS
eaction in a membrane reactor [6].

.1. Mathematical model applied to Pt(0.6)La2O3(27)·SiO2

.1.1. Reaction kinetics
Numerous studies concerning WGS  reaction kinetics have been

eported in the literature. It is generally accepted that the WGS
roceeds via either a Langmuir–Hinshelwood (L.H.) mechanism,

 redox mechanism, or an Eley–Rideal type mechanism. Depend-
ng on the mechanism and the rate limiting step, the reaction rate
xpressions have different dependences on the partial pressures of
he compounds participating in the reaction.

The kinetic equation for the reactor modelling was derived
hrough a modification of the Langmuir-Hinshelwood rate equation
hich was obtained for the Rh(0.6)/La2O3(27)·SiO2 formulation

perating the reactor under differential mode [4]:

rCO = kKCOKH2OPCOPH2O(
1 + KCOPCO + KH2OPH2O

)2
(1)

It was also experimentally verified [4] that the addition of CO2
n the reactant feed stream did not affect the reaction rate. How-
ver, when H2 was added a negative reaction order for this reaction
roduct was obtained.

The H2 inhibition effect has been observed by many researchers
hen noble metals act as the active element and H2 is a reaction
roduct, e.g. Kalamaras et al. [24] reported for Pt (0.5 wt%)/TiO2 the
ollowing reactions orders: p0.5

CO , p1.0
H2O, p−0.7

H2
, p0.0

CO2
. These values are

imilar two those obtained for Pt(0.6)/La2O3(27)·SiO2 (Eq. (2)).

The only way that H2 can negatively affect the reaction rate in

his system is through competition for the same active sites with
he reactants. If the H2 would be adsorbed on different sites there
hould be no effect upon the reaction rate.
KCO 6.85 × 10 e kPa
KH2O 1.83 × 10−9e(10850/T) kPa−1

KH2 4.25 × 10−7e(9334/T) kPa−1

In view of these facts and taking into account the reaction
reversibility under integral regime, the rate equation resulted:

−rCO = kKCOKH2OPCOPH2O(
1 + KCOPCO + KH2OPH2O +

√
KH2 PH2

)2

(
1 − PH2 PCO2

PH2OPCOK

)

(2)

Note that a corrective term was  included in the numerator of Eq.
(2) to account for the effect of the reverse WGSR. A new term was
also added in the denominator to consider the strong adsorption of
H2, which is not negligible under integral mode.

This approach could be justified because the Pt and Rh noble
metals have a similar catalytic behavior. Besides, both cata-
lysts were prepared in the same way with the same support
(La2Si2O7·SiO2) and employing an identical load of noble metal
(0.6 wt%).

The numerical values of the adsorption constants (Ki) and the
surface reaction rate (ki) were calculated from the reaction rate
data obtained for the platinum containing catalyst (Table 2).

4.2. Comparison between model and experimental data

This comparison was made on the basis of the effect of space
velocity and particle size on the MR  performance.

4.2.1. Effect of the space velocity
Fig. 7a shows the effect of the space velocity on the CO con-

version and H2 recovery. The latter parameter, which indicates the
fraction of H2 recovered in the permeate side of the membrane
reactor, is defined as follows:

RH2 (%) = H2,P

H2,P + H2,R
× 100 (3)

where H2,P and H2,R correspond to the hydrogen flow rate
(N mL  min−1) in the permeate and the retentate side, respectively.

In the figure the experimental data are indicated by symbols
and the model predictions, obtained by using the heterogeneous
model, are indicated by lines. As expected, the CO conversion shows
a decline with increasing GHSV as a result of the shortening of
the contact time of the syngas with the catalyst surface. Besides,
a reduction in hydrogen recovery is also observed with increasing
feed flow rate. In particular, the lower contact times cause the H2
recovery to drop from 81% to 31%, for a total increase in the gas flow
rate close to 4 times. In line with the decrease of the H2 recovery,
such a behavior is consistent with the idea that by increasing the
feed flow rate, the relative importance of the mass transfer resis-
tance in the composite membrane itself becomes more relevant.
Another reason that may  be connected with the CO conversion drop
is that the reactants residence time decreases. However, due to the
high activity of the Pt catalyst, the conversion drop is not so severe
as that corresponding to the H2 recovery.

4.2.2. Analysis of the influence of particle diameter (dp) on MR
performance
The influence of the particle diameter on the performance of
the MR  is analyzed in order to test the validity of the model. The
effect of the space velocity on the CO conversion and H2 recov-
ery is shown for dp = 20 �m and for dp = 230 �m (Fig. 7a and b).
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ig. 7. Effect of the space velocity (FTo/W)  on the CO conversion and H2 recovery u
2O/CO = 2 and FSG = 200 N ml min−1.
eprinted from Cornaglia et al. [6], Copyright (2013), with permission from Elsevie

ote that with both particle sizes, the heterogeneous mathemat-
cal model satisfactorily reproduces the experimental tendencies.
he comparison between Fig. 7a and b reflects that at lower dp, the
O conversion and H2 recovery are higher in comparison with the
esults obtained using a larger particle size. As the dp increases, the
xternal particle surface area per unit reactor volume decreases and
he external mass transfer limitations may  become more impor-
ant and, consequently, the conversion levels significantly decrease.
his fact confirms that the external mass transfer limitations in the
embrane reactor cannot be neglected. Simulations by means of a

seudohomogeneous model were also performed, setting very high
alues of the mass transfer coefficients in the present model. In this
ase, the CO conversions (dottted lines in Fig. 7b) and H2 recover-
es were overestimated and it was not possible to reproduce the
ffect of the particle size experimentally observed on the reactor
erformance.

Regarding the H2 recovery, it also decreases with respect to that
f smaller particles (compare Fig. 7a and b). This phenomenon is
ssociated with lower driving forces through the membrane for the
ase dp = 230 �m,  due to both the lower CO conversions (less H2 is
eing generated) and the higher interfacial gradients, i.e., the bulk
2 partial pressures become considerably lower than their values
n the catalyst surface.

The results shown in Fig. 7 confirm the necessity of using a het-
rogeneous model to simulate the reactor behavior in the range of
perating conditions explored.

Experimentally we did not notice a significant pressure drop
n our membrane reactor when changing the particle size from
30 �m to 20 �m.  This is why we did not attempt to calculate the
ressure drops using the two different particle sizes.

. Pd-membrane reactor high-pressure tests

In order to assess the performance of the Pt(0.6)/La2O3(27)·SiO2
atalyst in the membrane reactor, different runs were performed
etween 673 and 723 K, with the pressure ranging from 100 kPa

o 800 kPa, feed molar ratio H2O/CO = 2 and space velocities of
HSV = 3120, 6240 and 9360 h−1 in the retentate side [7].

The temperature limits were imposed by two  factors: (i)
 < 673 K increases the CO poisoning of the membrane that reduces
he Pt(0.6)/La2O3(27)·SiO2. (a) dp (20 �m) and (b) dp (200 �m)  . T = 673 K, P = 1 atm,

the hydrogen permeability, (ii) T > 723 K shortens the membrane
durability because it overtakes the upper operating temperature at
which occur pinhole and cracks of the Pd-Ag alloy.

The performance of the membrane reactor was evaluated in first
approximation in terms of the CO conversion, CH4 selectivity and
hydrogen recovery (RH2).

Effect of space velocity (GHSV) and pressure. Fig. 8 shows the
CO conversion and H2 recovery as a function of the feed (reten-
tate) pressure for three different space velocities (3120, 6240
and 9360 h−1). The pressure increases the hydrogen permeation
through the membrane. Therefore, the hydrogen removal through
the membrane promotes the CO conversion through the “shift
effect”. However, the significant drop in H2 recovery is due to the
decrease of the reactants residence time. Note that an increas-
ing retentate pressure beyond 800 kPa will produce only a small
increment in H2 recovery and almost no effect in CO conversion.
Therefore, it is concluded that using this membrane type is not
effective to increase the pressure beyond 800 kPa. Fig. 8 also shows
a positive temperature effect. This is mainly due to the fact that a
higher temperature increases both the WGS  reaction rate and, to a
smaller extent, the H2 permeation through the membrane.

CH4 selectivity. The values obtained in the membrane reactor
at 6240 h−1 with a sweep gas flow rate of 500 N mL min−1 are 100
times smaller than the theoretical values calculated under thermo-
dynamic equilibrium conditions [7]. Accordingly, these membrane
reactor tests further verify that the Pt(0.6)/La2O3(27)·SiO2 catalyst
does not promote methane formation.

5.1. Comparison with published data

A comprehensive comparison between our results and those
reported in the literature is not easy because of the different
operating conditions (wide variety of membrane characteristics,
reactor configurations and experimental conditions). Particularly
important is the operation pressure since the difference between
retentate and permeate pressures constitutes the driving force for

the permeation process and, consequently, governs the H2 perme-
ation flux and the CO conversion. In order to maximize the pressure
difference several authors introduce a sweep gas in the system
[7,25,27,28].
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FSG = 500 N mL  min−1(Wcatalyst = 1.5 g).
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In a more comprehensive evaluation of WGS  membrane reac-
ors additional factors should be considered such as H2 purity, H2
roduction (Nm3 m−2 h−1) and stability (Table 3).

Our membrane is by far more stable than composite membranes
ut the permeability ratio is inverted. As previously mentioned,
orking under integral conditions (membrane reactor) increases

he probability that the methanation reaction occurs. In our case,
or catalysts based on Pt, it was previously shown that no forma-
ion of methane occurred under these conditions. However, in most
ublications, methane formation is ignored.

Caution should be exercised when analyzing literature data

ecause those experiments run at T < 673 K could include the nega-
ive effect of CO adsorption on the membrane upon H2 permeance. Ta
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but a second Pt component is observed at 71.6 eV corresponding
to an oxidized species. This signal could be assigned to Pt�+species
[30,31] which could arise from incomplete precursor decomposi-
tion.
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atalysts) and GHSV = 7.84 × 106 h−1 (Commercial Fe-Cr formulation).
eprinted from Cornaglia et al. [8], Copyright (2014), with permission from Elsevier.

Concerning H2 recoveries, note that the values are generally
ower with composite membranes with the aggravating factor that
n the latter case the H2 permeated does not reach the purity
equired to feed PEM fuel cells. In previous works [7,8], operat-
ng with a pressure difference of 800 kPa and a sweep gas flow
ate of 500 ml/min, hydrogen recoveries between 88 and 90% were
eported. The H2 production flux is another key parameter and, as
xpected, it increases sharply for composites due not only to the
hinner metal layers but also to the existence or development dur-
ng use of pinholes and/or cracks in the alloy film. This, in turn,
egatively affects the H2 purity.

. Optimal Pt load of a Pt(wt%)/La2O3·SiO2 WGS  catalyst

To optimize the content of platinum in the
t(wt%)/La2O3(27%)·SiO2 catalysts, activity, stability and selec-
ivity were measured with varying Pt loads (wt% = 0.02, 0.1, 0.2,
.6 and 1.2). The reaction rates were obtained at 673 K, 100 kPa
nd H2O/CO = 3 using the conventional catalytic fixed-bed tubular
eactor in differential mode (XCO < 10%). To avoid internal and
xternal mass transport limitations, the kinetic measurements
ere carried out at high flow rates (744 NmL  min−1) and with

mall particle sizes (dp < 20 �m)  in order to avoid mass transfer
imitations. The first gas sample was taken 30 minutes after
witching on the reactant stream.

Fig. 9 shows that all the catalysts were stable for at least 50 h
n stream. They did not form carbon and they were 100% selec-
ive to the WGS  reaction. The Pt(0.1–1.2) catalysts showed higher
atalytic activities than a commercial one. The catalysts with 0.6
Fig. 6) and 0.1 wt% of platinum were also stable under WGS  condi-
ions in integral mode. Expressing the reaction rate values per gram
f platinum (Fig. 10), a maximum is seen for the solid with 0.1 wt %
f noble metal. This particular point and the one pertaining to 0.6
t% were checked at least 25 times using many different batches.

In order to verify whether all catalysts (with wt%  of Pt = 0.02
hrough 1.2) presented a similar structure, they were characterized
sing XRD, laser Raman and BET.

All the solids presented a very low crystallinity disilicate
La2Si2O7) and amorphous SiO2 phases, similarly to the finding
eported by Vidal et al. [29]. All of them presented similar phases
nd no reflections corresponding to Pt◦ (2�  = 40.7◦ and 46.3◦) were

bserved, possibly due to the low noble metal loading and/or small
t crystallite size of these formulations (Fig. 11).

It is important to mention that the La2O3·SiO2 support did not
resent Raman active bands [7]. Furthermore, the Raman spectra
Fig. 10. Effect of weight percent of Pt over the catalytic activity at 673 K, 100 kPa,
H2O/CO = 3 and GHSV = 2.8 × 106 h−1.
Reprinted from Cornaglia et al. [8], Copyright (2014), with permission from Elsevier.

of the used Pt(wt%)/La2O3(27)·SiO2 catalysts did not show bands
corresponding to the presence of either carbonates or graphitic
residues. Remember that this spectroscopic tool is very sensitive
to the presence of graphitic residues. BET surface areas of approxi-
mately 180 m2 g−1 and bulk densities of 0.5 g mL−1 were measured
for all catalysts.

In brief, with the characterization techniques employed,
no structural differences were observed for the different
Pt(wt%)/La2O3·SiO2 solids (with wt%  = 0.02–1.2 wt%).

Binding energies and atomic surface ratios of fresh and used
catalysts are reported in Table 4. For the Pt(0.1) catalyst, the Pt
4f7/2 binding energy at 70.8 eV indicates that all the platinum was
present as Pt◦, remaining unchanged after exposure to the WGS
reaction stream. Also, the XPS intensity ratios of La 3d5/2/Si 2s, Pt
4f 7/2/Si 2s and O 1s/Si 2s were not modified. This is consistent with
the stability of this catalyst under reaction conditions (Fig. 9).

The fresh-reduced and the used Pt(0.6)/La2O3·SiO2 catalyst
presents a signal at 70.8 eV corresponding to metallic platinum
Fig. 11. XRD patterns for the fresh and used Pt(0.6)/La2O3·SiO2 catalysts (after being
on stream at T = 673 K, P = 1 atm and H2O/CO = 3).
Reprinted from C.A. Cornaglia et al. [6], Copyright (2013), with permission from
Elsevier.
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Table  4
XPS data of fresh (reduced) and used (after WGS  reaction) Pt(wt%)/La2O3·SiO2 catalysts. Reprinted from Cornaglia et al. [8], Copyright (2014), with permission from Elsevier.

Solids Treatment Binding energies (eV)a Surface atomic ratios

La 3d5/2 O 1s Si 2s Pt 4f7/2 La 3d5/2

/Si 2s
Pt 4f7/2

/La 3d
O 1s
/Si 2s

Pt(0.1)/
La2O3·SiO2

Reduced c 836.3 532.8 154.3 70.8 0.08 0.007 1.7

Used  in WGSRd 836.6 533.1 154.3 70.8 0.07 0.008 1.7

Pt(0.6)/
La2O3·SiO2

Reduced c 835.4 532.5 154.3 70.8 (38)b

71.6 (62)b
0.07 0.03 1.7

Used  in WGSRd 835.3 532.3 154.3 70.9 (52)b

71.7 (48)b
0.06 0.04 1.8

Pt(1.2)/
La2O3·SiO2

Reduced c 835.4 532.6 154.3 70.9 (34)b

71.5 (66)b
0.06 0.11 1.6

Used  in WGSRd 835.3 532.5 154.3 70.8 (68)b

71.8 (32)b
0.07 0.09 1.7

a Referenced to the signal of Si 2s at 154.3 eV.
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b The relative percent of platinum species is given in parentheses.
c Reduced at 673 K under flowing hydrogen during 2 h.
d After 50 h on stream at 673 K and H2O/CO = 3.

Reduced and used Pt(1.2)/La2O3·SiO2 solids also show compo-
ents at binding energies corresponding to Pt◦ and Pt�+ species,
imilar to the signals observed on the Pt(0.6)/La2O3·SiO2 catalyst
Table 4). The solids with 0.6 and 1.2 wt% of Pt do not present signif-
cant changes in the XPS intensity ratios of La 3d5/2/Si 2s, Pt 4f7/2/Si
s and O1s/Si 2s (Table 4).

For the Pt(0.6) and Pt(1.2) formulations, the surface Pt 4f7/2/Si 2s
atio was practically the same before and after catalyzing the WGS
eaction, and this could indicate that the surface Pt concentration
emains practically unchanged.

.1. Thermal evolution of Pt precursors

For similar Pt precursors such as [PtII(NH4)2]Cl4,
PtIV(NH4)2]Cl6, [PtII(NH3)4](NO3)2 [32], the final decomposi-
ion temperatures are between 523 and 623 K, depending upon
he gas atmosphere (air or hydrogen). Goguet et al. [33], for a
t/SiO2 catalyst, reported a maximum Pt precursor decomposition
emperature of 613K under Argon. By EXAFS, they observed a
onsequent formation of PtO species (main phase) and Pt◦ species,
sing Pt(NH3)4(OH)2·xH2O as precursor.

Kinoshita et al. [34] reported similar thermograms of
t(NH3)4Cl2·0.3H2O in argon and air, giving evidence of an inter-
ediate product in the weight-loss curve. Wendlandt et al. [35]

bserved the evolution of NH3 in air from the anhydrous compound
t(NH3)4Cl2 to form trans-Pt(NH3)2Cl2. Then, at approximately
93–623 K, decomposition to metallic platinum was observed. The
uthors concluded (based on weight-loss measurements) that the
hermal stability of Pt(NH3)4Cl2·0.3H2O is higher than that of
t(NH3)4(OH)2.

Richard et al. [36] observed two endothermic thermal events
or the Pt(NH3)4Cl2 precursor by TG/DTG/DTA/MS. The first event
ccurred from 548 to 588 K and involved the loss of two  moles
f ammonia (detected by mass spectrometry) to form the inter-
ediate Pt(NH3)2Cl2 compound. The subsequent decomposition to
etallic platinum occurred from 588 to 643 K also forming N2, NH3

nd HCl. By MS,  the authors concluded that the decomposition of
iamineplatinum (II) chloride does not lead to the formation of a
table PtCl2. A similar conclusion was reported by Hernández et al.
37] who did not propose the formation of PtClx species, either. If

he PlClx species were formed during the Pt(NH3)4Cl2.H2O decom-
osition, they could decompose at ca. 753 to 763 K under helium
r oxygen to form metallic platinum and Cl2. Radivojevic et al.
32] reported a decomposition temperature of PtCl4 under oxygen
from 553 to 623 K to form PtCl2. They also reported the subsequent
decomposition to form Pt and Cl2 from 623 to 803 K.

The formation of PtO [33], Pt(NH3)2Cl2[34–36] or PtClx, in addi-
tion to Pt◦ as decomposition products could be consistent with the
presence of Pt�+ and Pt◦ observed by XPS for the catalysts with 0.6
and 1.2 wt%  of Pt.

Due to the differences observed by XPS concerning the Pt oxida-
tion states, the high activity (per gram of noble metal) of the Pt(0.1)
solid could be due to the exclusive presence of Pt◦.

From this rapid literature revision, it is concluded that the
interaction of the noble metal precursor with the support greatly
depends on several factors such as the nature of the support, the
structure of the metal complex and the nature of the gaseous atmo-
sphere. In this way, the existence of partially reduced Pt species can
be expected. A more thorough study is needed to fully elucidate the
redox behavior of platinum supported on the La2O3·SiO2 solid.

6.2. Reduction temperature effect

To verify the negative effect of the Pt oxidized species on the spe-
cific catalytic activity, tests were carried out reducing the solids at
higher temperature (773 K). It was  shown [8] that higher reduction
temperatures allow higher specific activity values for the catalysts
with 0.6 and 1.2 wt%  of Pt, increasing the presence of metallic plat-
inum species (Pt◦). However, higher reduction temperatures favor
the noble metal sintering, not allowing the achievement of the cat-
alyst specific activity observed with 0.1 wt%  of platinum.

Thus, the Pt/La2O3·SiO2 solid with 0.1 wt%  of Pt is the most
efficient, stable, selective to the WGSR and no-carbon forming cat-
alyst. For this reason, this formulation was selected to be used in a
membrane reactor.

6.3. Membrane reactor WGS  reaction tests

Prior to testing the Pt(0.1)/La2O3(27)·SiO2 catalyst in the mem-
brane reactor, a stability test in integral mode and including several
start-ups and shut-downs was carried out (similar to the pre-
vious stability test carried out for the Pt(0.6) catalyst (Fig. 6)).
This test was carried out in the conventional fixed-bed tubular
reactor including several start-ups and shut-downs of the reac-

tion system at 673 K, 100 kPa and under different WGS  conditions
(H2O/CO = 1–3, GHSV = 1.2–1.5 × 106 h−1).

The catalyst was stable under the different WGS  feed composi-
tions (H2O/CO = 1–3). Between shut-down and start-up cycles, the
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0200  h−1). Feed stream composition: 40% H2, 40% H2O, 12% CO2, 8% CO; FSG = 500 N
eprinted from Cornaglia et al. [8], Copyright (2014), with permission from Elsevie

atalyst was exposed to flowing Ar at either 673 K or 298 K. The
esults show that the stability of the Pt catalyst was not affected by
hese cycles. It is important to mention that in this experiment, no

ethane was detected.
To study the behavior of the Pt(0.1)/La2O3·SiO2 catalyst in the

embrane reactor, several runs were performed between 673
nd 723 K, with the retentate pressure ranging from 130 kPa to
00 kPa, feed stream with a reformer outlet type molar compo-
ition (40% H2O, 40% H2, 12% CO2, 8% CO), a sweep gas flow rate
f 500 N mL  min−1 and space velocities of GHSV = 5100, 7650 and
0,200 h−1. Remember that the Pd-Ag membrane does not catalyze
he WGS  reaction [7].

Fig. 12 shows the CO conversion and H2 recovery at 673 and
23 K, as a function of the feed pressure (retentate) at different
pace velocities. The pressure difference increases the hydro-
en permeation through the membrane. Therefore, the hydrogen
emoval promotes the CO conversion, reaching values higher than
he equilibrium ones (conventional reactor) shown in Fig. 12c and
.

A significant drop in H2 recovery occurs when the space
elocity increases (Figs. 12 A and B). This effect is due to the
ecrease of the reactants residence time in the reactor. At feed

ressures, values between 600 and 800 kPa, the H2 recovery varies
lightly, while the effect upon the CO conversion is more sig-
ificant. Therefore, a higher CO conversion could be obtained
perating at pressures higher than 800 kPa. However, the CO
673 K (A and C) and 723 K (B and D ) at different space velocities (5100, 7650 and
in−1.

conversion values at 800 kPa slightly varied between 673 K and
723 K. The best catalyst-membrane reactor performance was
obtained at 800 kPa, 723 K and at a space velocity of 5100 h−1,
allowing a CO conversion value of 96% with a H2 recovery of
88%.

Comparing Fig. 12A and C at 673 K with Fig. 12B and D at 723 K,
a positive temperature effect is observed. This is mainly due to the
fact that a higher temperature increases the WGS  reaction rate and
to a smaller extent the H2 permeation through the membrane. It
is important to mention that in these membrane reaction tests, a
maximum CH4 selectivity value of 0.1% was measured despite the
presence of H2 from the inlet.

Table 5 shows a comparison of several Pd-membrane reactor
performances from the literature and from this work obtained
feeding streams with compositions similar to typical reforming
outlets. Since the data reported were obtained under different oper-
ating conditions, it is difficult to reach useful conclusions without
a deeper data analysis.

First of all, note that the feed compositions are similar. Then,
temperature, pressure, and space velocity are the most important
variables to consider. Therefore, in order to compare performances,
one has to consider the data obtained with the closest values of

these variables. With this in mind, and concentrating on the under-
lined data of Table 5, it is observed that the three underlined
temperatures of our data are within 20 K, and our formulation is
in between the other two.
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The pressure varies more but again, it is in between the extreme
values and the same reasoning applies. Our  GHSV is the highest
and this parameter reduces both CO conversion and H2 recovery.
Therefore, our catalyst was  assayed under the most unfavorable
space velocity conditions. From this analysis, it is concluded that if
the three formulations were assayed under identical conditions, it
is highly probable that ours would be the best one.

7. Conclusions

Out of the three noble metal catalysts prepared with the same
load the Pt(0.6)/La2O3(27)·SiO2 resulted the most active, non-
methane forming and the most stable one under WGS  integral
reaction conditions. Although the Rh(0.6)/La2O3 has a high initial
activity it deactivates 53% during 50 hours on stream. It was  shown
that this was due to the irreversible adsorption of oxygenates. This
formulation recovered its activity after burning the oxygenated
residues. This behavior is consistent with the higher basicity of
La2O3.

On a gram of Pt basis, the most active catalyst had a Pt load of
0.1%. XPS showed that on this catalyst the noble metal was  com-
pletely reduced to Pt0. This was not the case for catalysts with
higher loads (up to 1.2%).

A heterogeneous 1-D model was  selected to simulate the steady
state operation of the membrane reactor. This is a requirement due
to the high activity of the best catalysts developed in this study. To
the best of our knowledge, nobody else has used a heterogeneous
model to simulate the behavior of membrane reactors for WGSR.

Our membrane reactor equipped with our optimized cata-
lyst (Pt(0.1)/La2O3(27)·SiO2) shows one of the best performances
reported in the literature.
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