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bstract

The catalytic performance of Co/Al2O3 catalysts promoted with small amounts noble metals (Pt, Pd, Ru, Ir) for steam reforming of ethanol
SRE) has been investigated. The catalysts were characterized by the energy dispersive X-ray, X-ray diffraction, BET surface area, X-ray absorption
ne structure and temperature reduction programmed techniques. The results showed that the promoting effect of noble metals included a marked
ecrease of the reduction temperatures of both Co O and cobalt surface species interacting with the support due to the hydrogen spillover effect,
3 4

eading to a significant increase of the reducibilities of the promoted catalysts. The better catalytic performance for the ethanol steam reforming at
00 ◦C was obtained for the CoRu/Al2O3 catalyst, which presented an effluent gaseous mixture with the highest H2 selectivity and the reasonable
ow CO formation.

2007 Published by Elsevier B.V.
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. Introduction

The use of hydrogen for fuel cells applications is one of
he most interesting non-polluting methods for the production
f electrical energy, either for automotive or stationary scale
sages. However, the use of hydrogen fuel cells in vehicles or in
ortable power plants needs light weight H2 storage systems or
he on-board reforming of organic compounds containing hydro-
en. There are several source fuels for hydrogen production
rom reforming, including gasoline [1], methane [2], methanol
3], etc., but ethanol is more attractive because of its natural
vailability, non-toxicity, safe storage and handling. Addition-
lly, ethanol can be produced from several biomass sources; in
articular in Brazil ethanol is already produced and distributed
hrough the gas station network for thermal engine cars.

Thermodynamic studies have shown that the steam reforming
◦
f ethanol is feasible at temperatures higher than 230 C with the

ain products being CO2 and H2 [4]. Despite of the stoichiom-

∗ Corresponding author. Tel.: +55 16 33739951; fax: +55 16 33739952.
E-mail address: eassaf@iqsc.usp.br (E.M. Assaf).
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try reaction for maximum hydrogen production is very simple:

C2H5OH + 3H2O → 6H2 + 2CO2,

�H298 K = +347.4 kJ mol−1 (1)

he steam reforming of ethanol involves a complex reaction
athway and the selectivity for hydrogen is affected by many
ndesirable side reactions. The presence of some reaction
ntermediates decreases the hydrogen production efficiency
nd can reduce the operation time of the catalyst. For instance,
he side reactions involve dehydration or dehydrogenation of
he ethanol molecule producing intermediate products such as
thylene, which is easily transformed into a carbon deposit onto
he catalyst [5]. Also, the reaction mechanism is dependent on
he catalyst used [6].

In previous studies, several catalysts have been proposed for
thanol steam reforming for hydrogen production, such as Rh
7], Pt [8], Pd [9], Ni [10], Co [11,12], immobilized on different
upports (Al2O3, SiO2, TiO2, La2O3, etc.). Among them, Co
eems very appropriate because of its high activity and low cost

13,14]. Some studies performed by Haga et al. [15] have shown
hat the Co/Al2O3 catalyst is active and selective for the steam
eforming of ethanol at 400 ◦C, yielding 8 and 6% CO and CH4,
espectively. In addition, Batista et al. [16–18] investigated Co

mailto:eassaf@iqsc.usp.br
dx.doi.org/10.1016/j.jpowsour.2007.09.050
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atalysts at different loadings dispersed on different material
upports for the steam reforming of ethanol at 400 ◦C. The results
btained showed a conversion near to 100% for ethanol and an
verage gaseous composition of 67% H2, 24% CO2, 9% CH4
nd 800 ppm of CO. Furthermore, they observed that the Co
8%/Al2O3 shows the best catalytic performance with higher
O removal.

Recently, it has been demonstrated that the activity of Co
atalyst can be increased with the addition of low contents of
oble metals, for applications on the catalytic removal of CO and
O from fuels [19,20] and Fischer–Tropsch synthesis [21–23].
owever, the evaluation of the performance of such catalysts

or the ethanol steam reforming towards hydrogen production
s not yet considered. In this context, the present work inves-
igates Co/Al2O3 catalysts promoted with platinum, palladium,
ridium and ruthenium at low contents with respect to their phys-
cal properties and the activity in the catalysis of ethanol steam
eforming.

. Experimental

.1. Catalyst preparation

The catalysts were prepared by successive wet impregna-
ions, as follows. The �-Al2O3 pellets were previously sieved
o 80–65 mesh particle size and treated at 550 ◦C for 3 h under
ynthetic air flow, in order to remove adsorbed contaminants.

given amount of Co(NO3)2·6H2O (98%, Aldrich) aqueous
olution was first impregnated on the �-Al2O3 powder by sol-
ent evaporation in a rotating evaporator. The mixture was dried
t 100 ◦C, and then calcined in air at 550 ◦C for 6 h. The load of
o in the catalysts was 18% (w/w).

The promoter metals were added on the Co/Al2O3 calcined
amples from aqueous solutions containing Pt (H2PtCl6·2H2O,
ldrich), or Pd (PdCl2, Aldrich), or Ru (RuCl3·H2O, Aldrich),
r Ir (IrCl4·H2O, Aldrich). The solvent was evaporated and the
recipitated calcined in air at 550 ◦C for 5 h, i.e., the same
mpregnation method previously used. All the promoted cata-
ysts contained 0.3 wt.% of noble metal.

.2. Sample characterization

.2.1. Energy dispersive X-ray (EDX) and X-ray diffraction
XRD)

The catalyst chemical compositions were determined by
DX analyses, using a Leo 440 microscope linked to an Oxford
060 microanalyzer, with the samples immobilized on an Al sup-
ort. The crystalline structures of the catalysts were investigated
y XRD performed on a Rigaku Multiflex diffractometer using
Cu K� (1.5406 Å) radiation source. The X-ray diffractograms
ere obtained for 2θ values ranging from 20◦ to 70◦.
The mean sizes of the oxide particles were determined

rom the X-ray diffractograms, using the Scherrer equation and

ssuming that the particles are spherical:

= 0.9λ

B2θ cos θmax
(2) f

(
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here λ is the X-ray wavelength (1.54056 Å for the Cu K�
adiation), B2θ the width of the diffraction peak at half-height
nd θmax is the angle at the peak maximum position.

The Co3O4 particle sizes were converted to the respective
obalt particle sizes after their reduction according to Eq. (3)
21,24], which takes an d(Co0) the relative molar volume of
etallic cobalt and Co3O4:

(Co0) = 0.75d(Co3O4) (3)

he dispersion of cobalt in the catalyst was estimated the from
obalt metal particle sizes, assuming that the particles are spher-
cal and uniform with a site density of 14.6 atoms nm−2 [25], as
ollows:

(%) = 96

d (nm)
(4)

.2.2. Surface area and porosity measurements
The surface area, the pore diameter and the pore volume

ere determined by N2 physisorption at 77 K using a Quan-
achrome Nova 2.0 equipment. The surface area was calculated
y the Brunauer–Emmett–Teller (BET) isotherm and the pore
iameter was determined by the Barret–Joyner–Halenda (BJH)
ethod. All catalyst samples were outgased for 2 h before the
easurements.

.2.3. Temperature programmed reduction (TPR)
The TPR measurements were performed in a reactor with

quartz U-shaped tube with a mixture of H2 (1.96%)/Ar at
0 mL min−1. The catalyst sample (50 mg) was heated from
oom temperature to 1000 ◦C at a rate of 10 ◦C min−1. The water
roduced during the reduction was removed by driving the efflu-
nt gas through a tube containing silica gel. The outlet gas was
nalyzed by a thermal conductivity detector (TCD) and the H2
onsumption was measured quantitatively. The amount of con-
umed hydrogen was determined by comparing its peak area to
he area of a standard CuO sample.

.2.4. X-ray absorption near edge structure (XANES)
The catalysts were studied by the XANES technique at Co

-edge (7709 eV). The spectra were recorded on the XAFS
eam line in the National Synchrotron Light Source Laboratory
LNLS), Brazil. The samples were pressed into pellets for this
xperiment. The data acquisition system comprised three ion-
zation detectors (incidence I0, transmitted It and reference Ir).
itrogen was used in the I0, It and Ir chambers, and a Si(1 1 1)

ynglecrystal of third-order was used as monochromator. The
eference channel was employed primarily for internal calibra-
ion of the edge position by using a pure Co foil. The XANES
pectra were analyzed using the WinXAS software.

.3. Catalytic tests
The catalytic tests for ethanol steam reforming were per-
ormed in a fixed-bed system with a continuous reactant flow
13 mm diameter). The reaction temperature was measured by
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Table 1
Characterization of the catalysts

Catalyst Coa (wt.%) Cob particle size
(nm)

dCo0 (nm) D (%) BET surface area
(m2 g−1)

Pore diameter
(nm)

Pore volume
(cm3 g−1)

H2
c (mmol g−1)

Co/Al2O3 18 12.8 9.6 10 125.1 4.0 0.11 2.16
CoPt/Al2O3 20 15.1 11.3 8.5 123.0 4.6 0.12 2.75
CoPd/Al2O3 22 14.3 10.8 9.0 113.7 4.2 0.11 2.95
CoIr/Al2O3 19 15.1 11.4 8.5 111.2 4.4 0.12 2.40
CoRu/Al2O3 18 14.3 10.8 8.9 114.8 2.8 0.11 2.52
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no significant differences in the crystalline structure of materi-
als. This feature is due to the incorporation of the noble metals
predominantly on the Co/Al2O3 particle surfaces, with a large
a Determined by EDX.
b Determined by XRD.
c Determined by TPR.

thermocouple placed closed to the catalyst. The catalytic tests
ere performed continuously for 6 h.
The catalyst (150 mg) was previously reduced in situ with

ure H2 (30 mL min−1) at 600 ◦C for 1 h. After this step, the reac-
or was cleaned with N2 and the water–ethanol mixture (molar
atio 3:1) was fed at a rate of 2.5 cm3 h−1 after it was pumped into
heated chamber (180 ◦C) and vaporized. The gaseous product
omposition of the reactor effluent was analyzed on line by gas
hromatography using a Varian, model 3800 equipment with two
hermal conductivity detectors, a 13× molecular sieve packed
H2 analyses) and a Porapack-N columns (CO2, CO and CH4
nalysis). The liquid products were condensed in the reactor
utlet and analyzed by gas chromatography (Hewlett Packard
890) with a flame ionic detector (FID) and a capillary column
P-FFAP.
The catalytic activity was evaluated in terms of the distribu-

ion of the gaseous products (S) defined as follows:

(%) =
(

MP

M�P

)
× 100 (4)

here MP is the number of moles of each product and M�P is
he sum of the number of moles of all gaseous products.

. Results and discussion

.1. EDX analysis

The catalysts compositions were quantitatively analyzed by
DX at three different points on the catalyst sample providing

he average cobalt and noble metals contents. Table 1 shows the
verage atomic percentage of the catalysts, where it is seen that
he values are very close to the nominal composition of Co in all
egions, suggesting that preparation method leaded the required
omogeneous distribution of this metal. The amount added of the
romoter metal was very small (0.3%, w/w), and so it was only
ossible to verify qualitatively the presence of the noble metal.
he values in Table 1 were consistent with the nominal com-
ositions. Furthermore, the EDX analyses of the fresh samples
videnced that no detectable Cl was present in the catalysts.
.2. DRX analysis

The crystalline phases formed after the catalyst preparation
rocesses of were identified by XRD. Fig. 1 shows the X-ray

F
l

iffractograms of the promoted catalysts compared to that for
o/Al2O3. The presence of the low intensity diffraction peaks
t 2θ = 46.2◦ and 66.9◦ observed for all supported Co cata-
ysts, is attributed to �-Al2O3 with low crystallinity [14]. The
eaks located at 2θ = 31.3◦, 36.8◦, 44.9◦, 59◦.3 and 65.3◦ can be
ttributed either to the Co3O4 (CoOx·Co2O3) or the CoAl2O4
pecies [14,16–18]. The cobalt aluminate might be possibly
ormed by the diffusion of Co2+ ions into the Al2O3 support,
here they may occupy tetrahedral or octahedral lattice sites

21]. Because both CoAl2O4 and Co3O4 have a cubic spinel
tructure with almost the same XRD patterns, the presence of the
oAl2O4 phase is not fully demonstrated. However, the appear-
nce of the peak at 2θ = 44.9◦, observed for all samples, is a good
vidence of the presence of Co3O4.

Comparing the diffractograms of the promoted with that of
he unpromoted catalysts it is possible to note that there are
ig. 1. X-ray diffractograms of the unpromoted and promoted Co/Al2O3 cata-
ysts.
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ig. 2. TPR profiles of the promoted and unpromoted Co/Al2O3 catalysts.

ispersion. The diffractograms of the catalysts promoted with Ir
nd Ru showed additional peaks with lower intensities, which
ndicate the formation of RuO2 and IrO2 with tetragonal struc-
ure. Tetragonal RuO2 presents diffraction peaks at 2θ = 28◦,
5◦, 40.5◦, 54.3◦ and 59.5◦ (RuO2, JCPDS card no. 40-1290),
hile those for IrO2 are at 2θ = 28◦, 34.7◦, 40.2◦, 54◦ and 58.5◦

IrO2, JCPDS card no. 43-1019). No peaks attributed to Pt and
d species were observed probably due to their larger degree of
ispersion in the catalysts.

The average Co3O4 crystallite sizes, estimated using the
cherrer’s formula, are shown in Table 1. For the Co/Al2O3
atalyst, the average Co3O4 crystallite size is 12.8 nm, which
orresponds to 9.6 nm when reduced to the Co metal. After
he addition of the noble metals, the average Co3O4 crystal-
ite size increased a little. Such phenomenon must be caused by
he second calcination process, necessary for the incorporation
f the metal promoter. The cobalt dispersion estimated from the
iffractograms resulted between 8 and 10% (Table 1).

.3. BET surface area

Results of specific surface area, pore volume and average
ore diameter measurements are shown in Table 1. There were
o significant changes on the values of the pore volume and the
verage pore diameter with the noble metal addition. However,
he surface area undergoes a small decrease for Co/Al2O3 cat-
lyst with Pd, Ru and Ir contents, suggesting that the second
alcinations process for the noble metal addition contributes to
he surface area decrease, as also evidenced by XRD from the
ncrease of the crystallite size.

.4. Temperature programmed reduction
TPR profiles were obtained aiming to investigate the oxide
hases present on the catalysts, as well as to evaluate the thermal
tability of these phases. Fig. 2 shows the reduction profiles of
he promoted and unpromoted catalysts, where several hydrogen

a
t
P
s
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onsumption bands resulting from the superposition of reduc-
ion peaks can be observed. All curves shown in Fig. 2 have a
mall peak bellow 300 ◦C, which is an evidence of the incom-
lete thermal decomposition of the nitrate ions coming from the
obalt precursor [26]. The nitrate ion interacts strongly with the
lumina support, which difficult its complete thermal decompo-
ition.

The TPR curve for the Co/Al2O3 catalyst shows that the
eduction begins at ca. 500 ◦C, and reaches a maximum of hydro-
en consumption nearly 570 ◦C followed by a broad peak with
he center at ca. 700 ◦C. This reduction profile agrees with those
n the literatures [14,16,17,27], where the presence of two reduc-
ion peaks, one at ∼350 ◦C and another located between 400 and
00 ◦C is reported. Some differences in these temperatures are
xpected taking into account the differences in the experimen-
al conditions of data acquisition, such as the flow rate of the
aseous mixture, the heating rates, etc., besides some influence
f the sample reproducibility [27].

Even though there are several TPR studies of Co/Al2O3 cata-
ysts, there are still important disagreements about the attribution
f the reduction peaks. Some authors suggest that the peak at the
ower temperatures corresponds to the reduction of large crys-
alline Co3O4 particles to Co0 via CoO formation [28,24]. Other
esearches propose that these low temperatures peak is ascribed
o the reduction of Co3O4 to CoO, with only a small portion
f the CoO reducing to Co0 [22,23]. In any case, the Co3O4
pecies include those weakly bonded on the support, since for
ure Co3O4 there is only one sharp reduction peak at 378 ◦C
20]. Despite these controversies, there is an agreement in the
eaks attribution at higher temperatures. In this case, the pro-
ess corresponds to the reduction of Co3+ and Co2+ species,
hich are highly dispersed on the surface and strongly inter-

cting with Al2O3. The Co3+ and Co2+ species form aluminate
ompounds due to the occurrence of solid-state reactions during
he calcination process [20,22,23,28].

Supposing that the first step corresponds to the reduction of
o3O4 to CoO (Eq. (5)) and the second step to the reduction of
oO to Co0 (Eq. (6)), the theoretical ratio of peak area of the
rst to the second peaks in the TPR profiles should be 1:3 [27].
his ratio is obtained for the Co/Al2O3 reduction profile shown

n Fig. 2, indicating that the Co3O4 to Co0 reduction follows the
eactions:

o3O4 + H2 → 3CoO + H2O (5)

CoO + 3H2 → 3Co + 3H2O (6)

he addition of the noble metals leads to significant changes in
he TPR profiles of the Co/Al2O3 catalyst. In the CoPt/Al2O3
eduction profile there are two well-defined peaks located at
emperatures lower than those observed for Co/Al2O3. This
ehavior indicates that the Pt facilitates the reduction of either
he Co3O4 or the cobalt surface species interacting with the sup-
ort. Another point to consider is that the reduction peak located

t ∼330 ◦C is close to the reduction peak of Pt/Al2O3 [8]. So,
his first reduction peak may be assigned to the reduction of
t oxide/Co3O4 species weakly bonded on support [20]. The
econd peak at ca. 550 ◦C must correspond to the reduction of
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o3O4 with lower interaction with Pt. The sample with Pd pre-
ented a profile similar to that with Pt, however, the peaks are
ore intense, indicating higher hydrogen consumption during

his reduction process.
The samples promoted with Ru and Ir showed lower reduc-

ion temperatures compared to those for the unpromoted catalyst.
lso, there is smaller separation between the first and the sec-
nd reduction peak compared to the results for the samples with
t and Pd. This feature may be caused by a high interaction of
obalt with ruthenium or iridium, leading to the formation of
ixed oxides [29]. Thus, it is suggested that the first reduc-

ion peak, observed at both TPR profiles (CoRu/Al2O3 and
oIr/Al2O3), corresponds to the reduction of Ru or Ir oxides
ith high interactions with Co3O4 and the second reduction
eak, located at higher temperatures, is attributed to the reduc-
ion of cobalt species with lower interaction with RuO2 or IrO2
articles.

The behaviors of the TPR curves of the promoted catalysts
ay result from a hydrogen spillover phenomenon that occurs in

he noble metals [21–23]. On the promoted catalysts, the hydro-
en is firstly dissociated on the reduced noble metal clusters
nd converted to active hydrogen, which can migrate, reducing
he neighboring cobalt oxide clusters. These results indicate that
he presence of noble metal makes easier the reduction of cobalt
pecies.

In order to estimate quantitatively the effect of noble metal
ddition on the Co/Al2O3 catalyst, the amount of H2 consump-
ion during the reduction process was calculated from the TPR
esponses (listed in Table 1) and the sequence of this effect
s CoPd > CoPt > CoRu > CoIr > Co. These results demonstrate
hat the amount of reducible cobalt species in Co/Al2O3 is
maller than those in the promoted catalysts. This enhance-
ent of reducibility can be closely related to the improvements

n catalytic performances for the promoted catalysts, as seen
elow.

.5. XANES analyses

X-ray absorption experiments were performed on freshly
alcined catalysts samples in the XANES region at Co K-
dge (7709 eV). The XANES method is often applied in order
o identify the oxidation state and obtain qualitative informa-
ion about the local geometry around a selected element in

sample. In this study, the XANES spectra were used to
btain information about the influence of the noble metal addi-
ion on oxidation state of the cobalt species present in the
atalysts.

Fig. 3 shows normalized XANES spectra for the catalysts,
ompared to those of standard Co metal, CoO and Co3O4.
-edge spectra for 3D transition metals or compounds may

nvolve the X-ray-induced energy dependent successive promo-
ion of a 1s electron into valence shells, higher energy bound
tates and into the continuum. In centrosymmetric bond environ-

ents, the lowest energy transition involving 1s–3d excitations

s symmetry-forbidden. However, in lower symmetry structures,
alence shell d–p mixing allows enhanced intensity for these
ransitions. At energies above the 1s–3d excitations, the princi-

s
v
n
m

ig. 3. Normalized XANES spectra of Co K-edge of the samples and reference
ompounds.

al rising edge occurs, which can include transitions to higher
nergy bound states such as 1s–4p and 1s–np. Multiple scat-
ering features and another resonance transition features may
lso occur in this energy region, particularly for metal oxides.
n the present work in all cases the pre-edge feature appears at
a. 7710 eV, while the main absorption edge is observed at ca.
725–7730 eV.

The XANES spectra for all catalysts showed the pre-edge
haracteristics and main absorption peak very similar to those
f the Co3O4 XANES spectrum. The energy of the main edge
7729 eV) is close to the value reported by Jacobs et al. [23,30]
nd Vrastald et al. [31] for Co3O4 and Co/Al2O3 catalysts, and
emarkably different from the value reported for the CoAl2O4
dge energy [32]. Moreover, the XANES spectrum for the
oAl2O4 compound shows a stronger pre-edge peak as com-
ared to those in the Co3O4 species [31]. So, the conclusion is
hat no characteristics assigned to cobalt species from aluminate
ere found in the XANES spectra obtained for the promoted and
npromoted cobalt catalysts. This analysis is in agreement with
he XRD data, where Co3O4 was found as the major species
resent on the catalysts.

In order to quantify the presence of the different phases on the
o/Al2O3 catalysts, the linear combination (LC) of the XANES

pectra was performed comparing the profiles of the reference
ompounds (Co3O4 and CoO) with those of the catalysts, as
hown in Fig. 4. It was found that the CoO and Co3O4 contribute
ith 6.07 and 93.92%, respectively to the Co/Al3O4 XANES

pectrum (Fig. 4). For the promoted catalysts, the fittings are

ery similar to that of the unpromoted catalyst indicating that
o changes occur in the oxidation states of Co due to the noble
etals addition.
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ig. 4. LC XANES fitting of the Co/Al2O3 catalysts spectrum and the reference
ompounds (CoO and Co3O4).

.6. Catalytic tests

In order to investigate the catalytic activity of the materials
or the ethanol steam reforming, tests were performed at two
ifferent temperatures (400 and 500 ◦C), in both cases using
3:1 water/ethanol molar ratio. The support �-Al2O3 and the

atalysts containing the noble metals 0.3 wt.% dispersed in �-
l2O3 showed only ethene formation.
As expected, the conversion of ethanol increases with the

ncrease of temperature becoming close to 100% at 500 ◦C,
hereas at 400 ◦C the ethanol conversion values were around
f 70%. The addition of the noble metal slightly enhanced the
atalytic activity; hence an effect pronounced was observed on
he gaseous distribution.

In all measurements, gaseous mixtures containing H2 at
igher proportion and smaller amounts of CH4, CO, CO2 and

2H4 were obtained. Figs. 5 and 6 present the distribution of

hese gaseous products as a function of time, for the reaction
ccurring at 400 ◦C. It is important to emphasize that, for feed-

ig. 5. Hydrogen formation for the unpromoted and promoted Co/Al2O3 cata-
ysts at 400 ◦C.
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ng a fuel cell, it is necessary a gaseous mixture rich in H2
ith low CO concentration and the unconverted ethanol may be

eturned to the reactor.
It is clearly seen that, the reaction products changes with

he catalyst composition. In Fig. 5 it is observed that at the
eginning, the H2 production for the Co/Al2O3 catalyst is about
3%, but this decreases progressively until 57% after 6 h. For
he Pd, Ru and Ir promoted catalysts the H2 production was
5% at the beginning of the experiments, but this is followed
y a progressive increase at the end of experiments. The low-
st H2 production was obtained for the catalyst with Pt, which
ielded 55% H2 remaining approximately constant until the end
f experiment.

Fig. 6A and B shows the CO and CO2 productions for all
he catalysts at 400 ◦C. The catalysts promoted Pd, Pt and Ir
ave shown CO production higher than the unpromoted one,
hereas CoRu/Al2O3 presented the smallest CO formation
hen compared to the other cases. Additionally, a higher CO2
roduction was obtained by the promoted catalysts, particularly
or CoRu/Al2O3, as observed in Fig. 6B. Moreover, the CO
roduction for all the catalysts decreases with time on stream,
hereas the CO2 formation slightly increases, excepting for the
o/Al2O3. This behavior is an indication that the metallic sites
ay be acting for both the ethanol reform and for the water gas

hift (WGS) reaction (reaction (7)) at this temperature.

O + H2O � H2 + CO2 (7)

esides H2, CO and CO2, the formation of CH4 and C2H4
as noted with amounts depending on the catalyst composi-

ion (Fig. 6C and D). It has been proposed that the formation of
ethane occurs either via methanation of CO (reaction (8)) or

ia partial ethanol decomposition (reaction (9)) [5]:

O + 3H2 → CH4 + H2O (8)

2H5OH → CH4 + CO + H2 (9)

he methanation reaction is thermodynamically favored at tem-
eratures below 530 ◦C, while the rate of ethanol decomposition
lways increases with the increase of temperature [5]. The pres-
nce of CH4 in the reaction products is undesirable because
t diminishes the hydrogen yield, since that the H2 would be
onsumed for the process [5].

The ethene production was also dependent on the catalyst
omposition. C2H4 formation occurs due to the dehydration of
thanol (reaction (10)) taking place in the acidic sites of the
lumina support [5]:

2H5OH → C2H4 + H2O (10)

oreover, ethene is a precursor of the formation of carbon
pecies, since it undergoes polymerization reactions to form
oke, which causes the deactivation of catalysts, as well as the
ecrease of the selectivity toward H2 production.

Fig. 6D shows that production of ethene for Co/Al2O3 is

igher than that for the others promoted catalysts. A high selec-
ivity toward ethene is indicative of a poorer coverage of the
lumina surface, leading more exposition of acidic sites. How-
ver, it appears that not only the exposure of acidic sites, but
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lso the nature of the metallic species and their interaction with
obalt species are important requirement to diminish the unde-
irable formation of ethene. Probably, this is the reason why the
atalyst samples promoted with Pt and Pd leaded to a smaller
ormation of ethene (Fig. 6D).

Furthermore, it is noteworthy the decrease in H2 production
or Co/Al2O3 catalyst concomitantly with the increase of the
thene production along the reaction. This behavior suggests
hat catalyst deactivation occur with time on stream, probably

ue to coking or reoxidation of the Co sites. Indeed, the forma-
ion of solid products, such as carbonaceous species (coke), was
bserved for all the reforming reactions ranging between 2.5 and
.5 mmol h−1. However, in the case of the promoted catalysts,

t
u
a
o

able 2
istribution of gaseous products after 6 h of ethanol steam reforming of unpromoted

atalyst H2 (%) CO (%) CO

400 ◦C 500 ◦C 400 ◦C 500 ◦C 400

o/Al2O3 56 55 8 3 5
oPt/Al2O3 56 59 10 4 13
oPd/Al2O3 67 57 8 4 13
oIr/Al2O3 67 55 10 5 9
oRu/Al2O3 69 57 5 4 15
ed and unpromoted Co/Al2O3 catalysts at 400 ◦C: (A) CO, (B) CO2, (C) CH4

ven though the coke formation, the decrease of hydrogen pro-
uction it was not observed. Thereby, the addition of the noble
etals on the Co/Al2O3 catalyst probably led to a more stable
etallic state and less susceptible to the deactivation process by

eoxidation during the reforming reaction.
Table 2 summarizes the distribution of these products at the

nd of the experiment (6 h) for 400 and 500 ◦C. The H2, CO
nd CH4 productions decreased with the increase of tempera-
ure, whereas the CO2 and C2H4 formation was superior at this

emperature. The formation of small amounts of liquid prod-
cts (less than 1%) such as acetaldehyde, ethyl ether, acetone,
cetic acid and ethyl acetate, at both temperatures was also
bserved.

and promoted Co/Al2O3 catalysts

2 (%) CH4 (%) C2H4 (%)

◦C 500 ◦C 400 ◦C 500 ◦C 400 ◦C 500 ◦C

20 4 3 26 16
19 17 4 3 13
18 9 4 3 16
18 8 6 7 15
18 4 3 6 17
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In summary, taking the ethanol steam reforming at 400 ◦C,
he CoRu/Al2O3 catalyst has shown the higher H2 selectivity
ith low production of CO.
These results demonstrated that the supported-Co promoted

atalysts are highly promising materials for hydrogen production
y ethanol steam reforming, but the C2H4 selectivity and the
oke formation must be reduced. Further studies related to the
hanges of the alumina support aiming to minimize the acid
haracter are in progress.

. Conclusions

In this study, the Al2O3-supported cobalt catalysts promoted
ith small amounts of noble metals have been investigated for
2 production by steam reforming of ethanol. It was observed

hat the methodology used in the preparation leaded to the forma-
ion of Co3O4 (CoOx·Co2O3) spinels, which remained unaltered
ith the noble metal addition. Moreover, the actual catalyst com-
osition was very close to the nominal formulation for Co (18%),
ll presenting a homogeneous distribution of this metal. Results
f XAS analyses have shown that no significant changes occur
n the oxidation states of Co due to noble metals addition. How-
ver, a large influence of noble metals on the Co catalyst has
een evidenced by TPR. The addition of small amounts of the
romoter metals caused a significant decrease on the reduction
emperature of Co3O4 due to a hydrogen spillover effect. As a
esult, the reducibilities of these promoted catalysts increased,
hich should be the main contribution to catalytic effect given
y the small amounts of the promoter metals to the cobalt
hase.

Experimental tests for the ethanol steam reforming allowed
valuating that the Co/Al2O3 promoted catalysts produced a
ydrogen-rich gas mixture either at 400 and 500 ◦C. In the
xperiments performed at 400 ◦C, the Co/Al2O3 catalyst showed
ower H2 formation and higher C2H4 production than those
f the promoted catalysts. The larger catalytic performance at
00 ◦C was obtained for the CoRu/Al2O3 catalyst, which pre-
ented the highest H2 production with the lowest amount of
O.
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