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a b s t r a c t
Ethanol steam reforming has been carried out at low temperature in a catalytic membrane reactor consisting of cobalt talc (Co3 [Si2 O5 ]2 (OH)2 ) supported over cordierite and a Pd–Ag membrane. No sweep
gas has been used, therefore, pure hydrogen has been obtained in the permeate stream, which has been
maintained at atmospheric pressure. The conﬁguration with the catalyst bed packed around the membrane has shown superior performance than the staged conﬁguration, where the honeycomb catalyst
has been placed in-series with the membrane. The inﬂuence of the temperature (598–673 K) and the
pressure inside the reactor (5–15 bar) on different parameters such as the hydrogen production and the
pure hydrogen recovery has been evaluated. The catalytic membrane reactor device has a rapid response
to changes in the ethanol–water liquid mixture load; a constant hydrogen ﬂow has been obtained after
2 s following variations of ±10%.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Eq. (3)) and, ﬁnally, the steam reforming of methane at high temperature (Eq. (4)):

The development of proton exchange membrane fuel cells
(PEMFCs) for the market of power sources for portable and mobile
applications has moved researchers to investigate in the development of small scale fuel reformers for on-site hydrogen generation
from various liquid fuels as an alternative to direct hydrogen
storage [1,2]. Among liquid fuels that are currently considered,
ethanol is particularly appealing since it is a renewable source when
obtained from biomass, it is easy to handle and distribute and it is
readily available [3]. In recent years, numerous catalyst formulations have been studied intensively for ethanol steam reforming
(ESR) aiming at the generation of hydrogen [4–6]:
C2 H5 OH + 3H2 O  6H2 + 2CO2

(1)

A survey of the literature reveals that noble metal-based catalysts
perform well for ESR [7–9]. They are stable and exhibit high activity, but only at high temperature. The reason is that the reaction
mechanism involves the decomposition of ethanol at moderate
temperature into a mixture of hydrogen, carbon monoxide and
methane (Eq. (2)), followed by the water gas shift reaction (WGS,
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C2 H5 OH  H2 + CO2 + CH4

(2)

CO + H2 O  H2 + CO2

(3)

CH4 + 2H2 O  4H2 + CO2

(4)

In contrast, cobalt-based catalysts can operate at a much lower temperature, typically at 673–823 K, since they do not yield methane
as an intermediate species in the reaction mechanism, which can
only be reformed at high temperature [10–38]. Over cobalt-based
catalysts, ethanol is ﬁrst dehydrogenated at low temperature into
a mixture of hydrogen and acetaldehyde (Eq. (5)), and acetaldehyde reacts with steam to yield mainly hydrogen and carbon oxides
(Eq. (6)), which participate in the WGS (Eq. (3)), or decompose into
carbon monoxide and methane (Eq. (7)):
C2 H5 OH  H2 + CH3 CHO

(5)

CH3 CHO + H2 O  3H2 + 2CO

(6)

CH3 CHO  CH4 + CO

(7)

Recently, we have reported that cobalt talc (Co3 [Si2 O5 ]2 (OH)2 ) is
active and selective to carry out the ESR even at a lower temperature [39,40]. At 623 K, a reformate composition of 68.7% H2 , 23.2%
CO2 , 1.0% CO and 7.1% CH4 is measured at steam-to-carbon ratio
of S/C = 1.5 (stoichiometric ethanol–water mixture, Eq. (1)) and full
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ethanol conversion [39]. In addition, the catalyst exhibits fast startup (few seconds) and a stable reformate composition is obtained,
even after shut-down and exposure to air up to 613 K. High resolution transmission electron microscopy, X-ray diffraction, magnetic
measurements and in situ X-ray photoelectron spectroscopy experiments [41] have revealed that cobalt talc undergoes delamination
into individual nanolayers under reaction conditions and, simultaneously, metal cobalt ensembles segregate at the surface of the
nanolayers facilitating the redox pair Co0  Co2+ , thus offering a
composite material with high surface area and reactivity, which
accounts for the outstanding catalytic behavior observed. In addition, cobalt talc is a material with low acidity/basicity and prevents
dehydration of ethanol into ethylene, which is a coke precursor that
causes deactivation.
An important advantage of conducting the ESR at low temperature is that the WGS equilibrium favors the formation of hydrogen
and CO2 at the expense of CO and water (Eq. (3)), thus maximizing
the production of H2 and avoiding the requirement of additional
WGS units at the reactor outlet. This condition considerably
simpliﬁes the fuel processor design, both in terms of number of
catalytic stages required as well as heat transfer management.
The reformate can enter directly into a CO clean-up unit (CO preferential oxidation and/or methanation) prior to feed the PEMFC
anode. However, the reformate gas mixtures contain, in addition
to hydrogen and CO, large amounts of CO2 and CH4 and minor
amounts of other hydrocarbons (C2 H4 , C2 H6 , . . .) and oxygenates
(CH3 COCH3 , . . .), which require additional separation steps. In this
context, the use of catalytic membrane reactors (CMRs), where the
generation and separation of hydrogen take place simultaneously,
appears as an attractive approach to simplify on-site reformers. In
addition, the shift effect that occurs in CMR results in even higher
hydrogen yields. Among them, Pd-based membrane reactors
fulﬁll the requirements to obtain an ultra pure hydrogen stream
suitable for PEMFC feeding [42–45]. There is information available
in the literature on the steam reforming of ethanol in CMR with
palladium–alloy membranes [46–51], but these are mostly limited
to high temperature operation. Given its potential use for on-site,
on-demand hydrogen generation at low temperature in ethanol
processors for fuel cell feeding in portable and mobile applications,
here we describe the performance of cobalt talc in a dense Pd–Ag
membrane reactor for producing pure hydrogen.

2. Experimental
2.1. Preparation of catalyst
Cordierite monoliths (Corning, 400 cpsi) were used as a catalyst support. Co3 [Si2 O5 ]2 (OH)2 was grown over the cordierite
pieces by a sol–gel method followed by supercritical drying [39]. First, the cordierite pieces were coated with a thin
layer of silica alcogel through the hydrolysis and condensation of tetraethoxysilane (TEOS, Si(OCH2 CH3 )4 , 98% Sigma
Aldrich) dissolved in ethanol. Gelation was catalyzed by
addition of an aqueous solution of HNO3 –HF (molar ratio
TEOS:EtOH:H2 O:HNO3 :HF = 1.0:6.0:15.9:0.03:0.12). Next, the
alcogel was impregnated with a saturated ethanolic solution
of cobalt nitrate hexahydrate (Co(NO3 )2 ·6H2 O, 99% Scharlau)
during 24 h. Finally, the solvent was extracted under supercritical conditions at 6.28 × 106 Pa and 516 K, which resulted in the
formation of a thin layer of cobalt talc over the cordierite surface
[39]. The catalyst was activated by performing two consecutive
cycles of 473–773–623 K under a C2 H5 OH:H2 O atmosphere in
order to delaminate the cobalt talc structure and segregate metal
cobalt ensembles on the surface as explained previously [40]. The
microstructure, morphology, and composition of the catalyst layer

Fig. 1. Scheme of the two membrane reactor conﬁgurations tested. (a) Staged membrane reactor and (b) catalytic membrane reactor.

were studied with a Zeiss NEON40 crossbeam scanning electron
microscope (SEM) operated at 5 kV and equipped with energy
dispersive X-ray (EDX) analysis and focus ion beam (FIB).
2.2. Reaction tests
The functionalized cordierite pieces described above were
implemented in a membrane reactor machined in stainless steel
measuring 230 mm tall and 22 mm OD (Reb Research & Consulting).
A feed evaporation conduit was welded around the reactor. The
membrane was a 76 mm tall, 1/8 in. diameter, pine-hole free, deadend tube with a total area of 7.1 cm2 . The thickness of the Pd–Ag
active layer measured 30 m. Two conﬁgurations of the catalytic
membrane reactor were selected. First, the catalytic monoliths
were disposed in-series into the reactor followed by the membrane tube (Fig. 1a), resulting in a staged membrane reactor. In the
second conﬁguration, the same catalytic monoliths were crushed
into small pieces (ca. 5 mm) and distributed around the membrane tube (Fig. 1b). The liquid feed mixture of ethanol and water
was pumped into the reactor module and adjusted to attain a
S/C ratio of 3 (C2 H5 OH:H2 O = 1:6 molar). The retentate pressure
was adjusted by a manually operated back-pressure regulator. No
pressure regulation was implemented on the permeate side (atmospheric pressure). No sweep gas was used, therefore, pure hydrogen
was obtained in the permeate stream. The gaseous products of the
retentate were analyzed by online gas chromatography (Agilent
3000A MicroGC) using MS 5 Å, PlotU and Stabilwax columns, as
well as the permeate to verify the selectivity of the membrane
separation towards hydrogen. Total volumetric ﬂowrates of both
permeate (Bronkhorst EL-FLOW) and dry retentate streams (bubble
meter) were measured. By measuring under steady-state conditions and in a precise period of time both the composition and
ﬂowrate of the gaseous outlet streams as well as the volume of
liquid condensed from the retentate ﬂow we veriﬁed the correct closure of the mass balance. Before the reaction, pure gas
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Fig. 3. Ethanol conversion during two consecutive activation cycles of the cobalt
talc catalyst.

particles, which formed agglomerates of about 3–5 m. Individual
platelets measured ca. 2 m × 0.3 m × 0.03 m. The thickness of
the cobalt talc layer over the cordierite pieces was evaluated after
cutting the catalyst layer with an Ar ion beam (Fig. 2b). The cut was
oriented perpendicular to the catalytic layer and was performed
after sputtering with Pt in order to get a sharp edge. The mean
thickness of the catalytic layer measured was in the range 4–6 m.
Before performing the catalytic tests in the membrane reactor, the Co3 [Si2 O5 ]2 (OH)2 catalyst supported over the cordierite
honeycomb pieces was activated in an open tubular reactor. The
activation treatment was carried out at atmospheric pressure with
an ethanol–water atmosphere in an inert stream. Two consecutive cycles were performed between 473 and 773 K at 10 K min−1 .
Fig. 3 shows the ethanol conversion measured during the activation treatment. During the ﬁrst part of cycle 1, the ethanol started
to transform at 573 K and it was completely reformed at 723 K. In
the second part of cycle 1, during cooling down, the catalyst was
partially activated and the conversion of ethanol was total above
648 K. The activation was completed after cycle 2, when ethanol
was fully reformed at temperatures as low as 598 K. As discussed
in [41], cobalt talc undergoes activation through delamination and
formation of metal cobalt ensembles at the surface of the nanolayers.
3.2. Effect of reactor conﬁguration

Fig. 2. Scanning electron microscopy (SEM) images of the cobalt talc catalyst particles supported over the cordierite substrate (a) and after cutting with the focus ion
beam (FIB) technique to determine the thickness of the catalytic layer (b).

permeation tests were carried out on the reactor membrane in the
temperature range of 573–673 K, which showed that the selectivity
towards hydrogen was inﬁnite and that both Sievert’s and Arrhenius’ laws were followed. The apparent activation energy was found
to be equal to 2.9 kJ mol−1 , which are fairly similar to experimental
data found in literature for the same kind of membranes [49].
3. Results and discussion
3.1. Catalyst characterization and activation
Fig. 2a shows a representative SEM image of the
Co3 [Si2 O5 ]2 (OH)2 catalytic layer over the cordierite support.
The dispersion of catalyst was very homogeneous over the
cordierite pieces. As expected from the crystalline structure of
cobalt talc, platelet morphology was evident for the catalyst

As explained in the experimental section, two conﬁgurations
for the catalyst and the Pd–Ag separation membrane were tested
in the same reactor under the same reaction conditions (Fig. 1).
Table 1 compiles the ethanol conversion values attained in both
cases as well as the hydrogen yield at 8 bar and 598–673 K.
Under the ethanol load tested, 600 gcat min molEtOH −1 , the ethanol

Table 1
Conversion of ethanol and hydrogen yield obtained at different temperature and
8 bar in the staged membrane reactor and catalytic membrane reactor conﬁgurations. W/F = 600 gcat min molEtOH −1 .
convEtOH (%)

molH2 /molEtOH,in

Conﬁguration

T (K)

Staged MR

598
623
648
673

73.6
91.5
95.8
97.8

0.6
1.3
2.1
2.8

Catalytic MR

598
623
648
673

98.6
100
100
100

3.2
3.5
3.6
3.7
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conversion was incomplete in the staged membrane reactor conﬁguration (Fig. 1a), whereas ethanol was fully converted at 623 K
in the catalytic membrane reactor conﬁguration (Fig. 1b). As
expected, in both cases the ethanol conversion increased with temperature due to the endothermic nature of the process. In the
catalytic membrane reactor conﬁguration the yield of hydrogen
reached 3.5–3.7 molH2 /molEtOH,in at 623–673 K, much higher than
the corresponding values obtained in the staged membrane reactor conﬁguration (1.3–2.8 molH2 /molEtOH,in ). Although the ethanol
conversion level became similar at high temperature (648–673 K)
for both conﬁgurations, the difference in hydrogen yield was due
mainly to the presence of acetaldehyde (the ﬁrst step in ethanol
reforming over Co-based catalysts, Eq. (5)) and dimethylketone
(which is formed through condensation of acetaldehyde on the
basic sites of cobalt talc) in the staged membrane reactor conﬁguration. Therefore, it is concluded that the performance of the
membrane reactor conﬁguration, where reaction and selective separation of hydrogen occurs simultaneously, is much better than
that of the staged membrane reactor conﬁguration, where reaction and hydrogen separation are separate, consecutive steps. The
continuous removal of hydrogen in the catalytic membrane reactor
conﬁguration permits obtaining not only ethanol conversion values higher than those recorded over the staged membrane reactor
conﬁguration (shift effect), but also the completion of the reforming process, overall resulting in higher hydrogen yields, even if back
permeation of hydrogen can occur in this conﬁguration [52]. Taking into account these results, only the catalytic membrane reactor
conﬁguration was considered for further studies.
3.3. Effect of temperature
The effect of temperature on the distribution of products was
studied at a gauge pressure of 7.5 bar and at a constant ethanol
load of 600 gcat min molEtOH −1 and S/C = 3. Fig. 4a shows the selectivity on a dry basis of the products obtained in the temperature
range 598–673 K. The error bars indicate data dispersion during
independent experiments. Only hydrogen, carbon oxides (CO
and CO2 ) and methane were obtained. No ethylene and other
hydrocarbons were detected. The amount of hydrogen increased
progressively with temperature at the expense of methane, which
is explained in terms of methane steam reforming (Eq. (4)). On the
other hand, as temperature was increased, the reverse water gas
shift reaction was favored and the amount of CO increased at the
expense of CO2 , according to the WGS equilibrium (Eq. (3)). The
amount of hydrogen permeated was about 30–32 STP mL min−1
and it was maintained virtually constant in the range of temperature used, indicating that temperature had a small effect on
hydrogen recovery under the conditions tested.
3.4. Effect of pressure
Pressure had also a small effect on the distribution of products
of the reaction, but it affected strongly the production and separation of hydrogen. Fig. 4b shows the distribution of products on
a dry basis obtained at a ﬁxed temperature of 623 K. The variation
of the reactor pressure barely affected the WGS equilibrium and
the amounts of CO and CO2 remained approximately constant. The
selectivity towards methane progressively increased with pressure at the expense of hydrogen, which is explained in terms of
the Le Chatelier’s principle, since the consumption of moles of H2
and COx is favored with pressure to yield CH4 . It is interesting to
remark that since reforming at higher pressures favor methane
formation, the removal of hydrogen from the reforming zone in
the catalytic membrane reactor conﬁguration shifted the reaction
towards lower formation of methane leading to higher hydrogen
yields with respect to the staged membrane reactor conﬁguration.

Fig. 4. Product distribution obtained at different temperature (a, ﬁxed gauge pressure of 7.5 bar) and gauge pressure (b, ﬁxed temperature of 623 K) in the catalytic
membrane reactor conﬁguration. W/F = 600 gcat min molEtOH −1 , S/C = 3.

At a gauge pressure of 7.5 bar, a methane selectivity value of 22.5%
was recorded in the staged membrane reactor whereas for the
catalytic membrane reactor methane selectivity was considerably
lower, about 15%.
Hydrogen recovery, deﬁned as 100(FH2 ,permeate /FH2 ,produced ),
was strongly dependent on the reactor pressure. Fig. 5a shows the
amount of hydrogen recovered at different pressure values. There is
a linear trend between hydrogen recovery and pressure in the range
tested, and recovery values as high as 80% were attained at a gauge
pressure of 14 bar. The increase of hydrogen recovery through the
membrane is explained in terms of the hydrogen permeation driving force due to the difference in hydrogen pressure at both sides
of the membrane, as expected from the Richardson equation. The
larger the pressure difference of hydrogen in the retentate and
permeate sides, the larger the hydrogen recovered in the permeate side. However, the pressure increase produced two conﬂicting
effects. As explained above, a higher hydrogen permeating ﬂux was
obtained at higher pressure values but, at the same time, a decrease
in the total production of hydrogen (FH2 ,retentate /FH2 ,permeate ) was
observed (Fig. 5 b). This is a direct consequence of the thermodynamics of the reaction since the complete ethanol steam reforming
reaction proceeds with a strong increase of the moles number (Eq.
(1)). This negative effect on the yield of hydrogen showed also a
linear trend. Therefore, a plot of the amount of hydrogen recovered (FH2 ,permeate ) against reactor pressure exhibits a volcano-type
shape, as shown in Fig. 5c. At gauge pressure values below 8–9 bar,
the amount of hydrogen recovered increased with pressure, which
means that the membrane effect overcome the thermodynamic
one, while the opposite is true for gauge pressure values higher than
ca. 11 bar. Under the conditions tested, the maximum hydrogen
recovery was attained at a gauge pressure of about 10 bar, where
1.4 STP LH2 ,permeate mLEtOH,liquid −1 were generated.
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Fig. 6. Hydrogen permeated in the cobalt talc catalytic membrane reactor following a 10% increase in the ethanol load (from 1.50 × 10−3 to
1.65 × 10−3 gcat min molEtOH −1 , S/C = 3).

3.6. Energy balance considerations

Fig. 5. Hydrogen recovered (a), hydrogen produced (b) and hydrogen permeated
(c) at 623 K and different gauge pressure. W/F = 600 gcat min molEtOH −1 , S/C = 3.

3.5. Dynamic response
It has been reported that cobalt talc catalyst exhibits fast
response to changes in the operation parameters [39]. This has been
one of the reasons to use this catalyst in this work, as explained
in the introduction. To check for application purposes in portable
and/or mobile environments, where fast dynamic response is crucial, a study of the dynamic response of the catalytic membrane
reactor upon changes in the ethanol + water load was carried out.
In a typical experiment, the pure hydrogen ﬂow (permeate) was
measured continuously with a mass ﬂow meter; at steady state,
the ethanol load was changed by varying the liquid pump ﬂow
and the hydrogen ﬂow monitored until steady state was reached
again. Two variables were measured: the time elapsed between
the new set point of the liquid pump and the dispersion around
the mean hydrogen ﬂow. Fig. 6 shows the hydrogen ﬂow recorded
against time following an increase of 10% in the ethanol load
(from 1.50 × 10−3 molEtOH min−1 to 1.65 × 10−3 molEtOH min−1 ) at a
gauge pressure of 7.5 bar and 623 K. The time elapsed between the
two steady states was only 2–3 s. On the other hand, the dispersion around the mean hydrogen ﬂow at each steady state level was
always around 2%, independently of the hydrogen ﬂow. Overall, the
membrane reactor loaded with the cobalt talc catalyst has shown
a high dynamic response upon changes in the ethanol load, thus
providing a robust system for the on-site, on-demand generation of
hydrogen. However, it should be mentioned that carbon deposition
was observed at the end of the experiments (0.03 gC gcatalyst −1 h−1 ).

Steam reforming reactions are endothermic. In the case of the
ethanol steam reforming, it is also necessary to vaporize all the
reactants (water and ethanol) and heat them up to the reaction
temperature, resulting even in a more heat-demanding process. In
our membrane reactor, we have seen that the optimum operating
gauge pressure is about 10 bar, which results in hydrogen recovery
values of about 50%, which means that an important part of the
hydrogen produced is not recovered in the permeate side. One way
to supply the heat required for the process is to burn the off-gas of
the membrane reactor (retentate side) which, in addition to hydrogen not recovered, it also contains methane and carbon monoxide
that can be also combusted (a typical off-gas composition is ca. 39%
H2 , 33% CO2 , 22% CH4 and 6% CO). At 673 K and at a gauge pressure
of 10 bar, 0.48 LH2 ,pure min−1 are produced from an ethanol load
of 1 gEtOH min−1 , which corresponds to ca. 32 W PEM fuel cell. The
amount of heat required for ethanol and water vaporization and
heating is 170 W, and the heat required for the reaction under these
conditions is 34 W. Therefore, the heat required is 204 W, which is
much higher than the 32 W that the PEM fuel cell yields. However,
the combustion of the off-gas can account for 201 W, which is nearly
the heat requirement of the process. Obviously, heat losses would
occur in any practical device and the heat released by the combustion of the off-gas would not be sufﬁcient for the process. This can
be overcome by using lower excess of water; by decreasing the S/C
from 3 to 2, the heat requirement of the process would decrease ca.
25%.
4. Conclusions
Cobalt talc (Co3 [Si2 O5 ]2 (OH)2 ) was supported over cordierite
pieces and placed inside a membrane reactor with a single, deadend Pd–Ag membrane in two conﬁgurations. In one conﬁguration,
the catalyst pieces were placed in-series with the membrane,
forming a staged membrane device. In the second conﬁguration,
the catalyst was packed around the membrane, forming a catalytic membrane reactor. Ethanol steam reforming with S/C = 3 was
carried out in both conﬁgurations at different temperature and
pressure. The catalytic membrane reactor conﬁguration showed
both higher ethanol conversion and higher selectivity towards
hydrogen due to the shift effect. No sweep gas was used, therefore,
pure hydrogen was obtained in the permeate stream, which was
maintained at atmospheric pressure. At full ethanol conversion,
temperature had a little effect on selectivity and hydrogen separation. In contrast, the retentate pressure had a strong inﬂuence
on hydrogen yield and recovery. The increase in pressure produced
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two conﬂicting effects. On one hand, a higher hydrogen permeating ﬂux was obtained but, on the other hand, a decrease in the total
production of hydrogen was observed due to the thermodynamics
of the reaction. Therefore, a plot of the amount of hydrogen recovered against reactor pressure showed a volcano-type shape, with
a maximum hydrogen recovery occurring at a gauge pressure of
about 10 bar. The cobalt talc membrane reactor exhibited a rapid
response to changes in the ethanol-water liquid mixture load, thus
suggesting that this type of device is of interest for the development
of ethanol fuel processors for portable applications.
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