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a  b  s  t  r  a  c  t

The  effect  of  ceria  in  cobalt-ceria-alumina  catalyst  was  studied  using  in  situ  X-ray  near  edge spectroscopy
(XANES)  at  Co  K-edge  and  Ce  LIII-edge.  The  introduction  of  ceria  in  this  catalyst  resulted  in a  significant
removal  of  Co from  CoAl2O4 spinel  phase  to  Co  and CoO  phases.  The  Co K-edge  revealed  the  symme-
try changes  in Co according  to  the  temperature  and  atmosphere  in  reduction  process.  We also  showed
the  stability  of  Co  sites  as well  the  oxidation  state  of  ceria  in  operando  steam  reforming  of  ethanol  (SRE)

4+ 3+
eywords:
ydrogen
thanol
eria
atalyst
obalt

reaction.  After  reduction  of Ce to  Ce , no  significant  changes  were  observed  by  XANES.  Gas  Chromatog-
raphy  (GC)  analysis  showed  a high  ethanol  conversion  at  500 ◦C, high  hydrogen  yield and  low  formation
of  undesired  products  as  methane  and  ethylene.  The  results  showed  a Co/Ce/Al2O3 catalyst  as  promising
material  to  be applied  in  hydrogen  production  in SRE reaction.

©  2016  Elsevier  B.V.  All  rights  reserved.
ANES

. Introduction

The growing need of a more rational use of natural resources
as drawn high interest in hydrogen (H2) production, especially

rom renewable sources [1]. The use of H2 on fuel cells in automo-
iles involves the production of this gas at the time of use, to avoid
roblems related to its storage and transportation.

The hydrogen production from methanol and hydrocarbons is
idely studied in reforming reactions; however, the reforming of

hese compounds releases CO2, which is harmful to the environ-
ent [2,3]. But hydrogen can also be obtained from bio-ethanol,

or example, in a sustainable and clean way [4], through the Steam
eforming of Ethanol (SRE), a very simple catalytic process. This
eaction also releases CO2, but the crops that produce bio-ethanol
for SRE), such as sugarcane and corn, require CO2 to grow and
evelop, balancing the emission of this gas [2,3,5].

Steam Reforming of Ethanol consists in reacting ethanol and
ater, at moderate temperatures, to produce CO2 and H2. Liter-

ture reports different mechanisms for SRE, under the influence
f different catalysts supported in different materials [2–10]. The
Please cite this article in press as: A.E.Pastore de Lima, D.C. de Olivei
Steam Reforming of Ethanol reaction, Catal. Today (2016), http://dx.d

eneral reaction is represented in Eq. (1) [5].

2H5OH + 3H2O → 2CO2 + 6H2 (1)

∗ Corresponding author.
E-mail address: doliveira@lnls.br (D.C. de Oliveira).

ttp://dx.doi.org/10.1016/j.cattod.2016.02.029
920-5861/© 2016 Elsevier B.V. All rights reserved.
The reaction pathway follows through dehydrogenation of
ethanol, acetaldehyde steam reforming reaction and water-gas
shift reaction (WGSR). Parallel reactions may  occur in Steam
Reforming of Ethanol reaction. Decomposition of ethanol produces
methane, carbon monoxide and hydrogen; and the dehydration of
ethanol produces ethylene, which can lead to coke formation on
catalyst surface, causing its deactivation [11].

SRE has been widely studied and a large variety of materials
can be used under soft reaction conditions. The great interest on
the development of new active catalysts has contributed to under-
stand the mechanisms, to enhance the hydrogen selectivity while
the coke formation over the material can be minimized [4].

Choosing the catalysts is essential to SRE, because they may
improve the selectivity to desired product and minimize the par-
allel reactions. Ideally, catalyst must maximize ethanol conversion
and hydrogen selectivity, convert the CO produced to CO2 and avoid
coke formation over catalyst surface. Many transition metals have
been studied as catalyst active phase as Ni, Co, Cu, Fe [12]. For this
purpose, the non-noble metals Ni and Co have showed efficient
catalytic activity for SRE reaction [5]. The interest in cobalt catalyst
has been reinforced thanks to their activity to break C C bonds [13],
and their low cost, high activity and selectivity to hydrogen [12]. It
is then noteworthy that many authors [12–14] have demonstrated
ra, In situ XANES study of Cobalt in Co-Ce-Al catalyst applied to
oi.org/10.1016/j.cattod.2016.02.029

that cobalt is an alternative to nickel due to the effectiveness of this
catalyst in the SRE.

dx.doi.org/10.1016/j.cattod.2016.02.029
dx.doi.org/10.1016/j.cattod.2016.02.029
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:doliveira@lnls.br
dx.doi.org/10.1016/j.cattod.2016.02.029
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Many different supports can be used in SRE, which can play
n active hole in the reaction depending on composition, mor-
hology and particle sizes. In particular, ceria has been widely
tudied as active support in SRE with reports showing that dif-
erent particles sizes have significant activity, especially at high
emperatures. However, the C C bond cleavage activity was seen
o be low [15–17]. Also, Song and Ozkan [18] reported on the pos-
tive effect of ceria to avoid deactivation by coke, due to the high
xygen mobility in ceria oxide, which improves the catalytic stabil-

ty. All these interesting properties has highlighted the outstanding
atalytic properties of Co/ceria system in SRE [19].

Several techniques have been used to characterize inorganic
olids in order to obtain morphological, structural and/or textu-
al information of catalysts [20]. Among other techniques, XAS
X-Ray Absorption Spectroscopy) in the near edge region XANES (X-
ay Absorption Near Edge Structure) provides information of the
xidation state of absorber atom, the spatial arrangement of neigh-
orhood and the density of unoccupied states [21,22]. Moreover,
he high penetration of hard X-rays allows to investigate catalysts
nder operando conditions [23].

With all that in mind, the goal of this work was to study the
tructure of Co-supported on ceria-alumina catalysts by XANES
uring activation under H2 and in SRE reaction. We  also aimed at
tuding the catalytic activity for Steam Reforming of Ethanol reac-
ion, seeking for the optimal conditions to achieve high ethanol
onversion, hydrogen selectivity and catalyst stability. We  show
hat the presence of ceria affects the catalyst structure allowing
ydrogen production in our catalytic tests under SRE conditions.

. Experimental

.1. Catalyst preparation

The catalyst was prepared by the wet impregnation method. An
queous solution of CoCl2·6H2O and Ce(NO3)3·6H2O was added to
l2O3 (all Sigma-Aldrich reactants). The mixture was stirred over

 h and then dried overnight at 100 ◦C. The solid obtained was  cal-
ined at 800 ◦C over 8 h in air to remove residual components. We
efined the initial concentrations to obtain a final solid with molar
omposition of 5% of CoO, 10% of Ce2O3 and 85% of Al2O3. The
ample was named Co5Ce10Al.

.2. Catalytic reaction

Preliminary catalytic tests were performed to find the exper-
mental conditions of activation and reaction using a mass
pectrometer (MS). To assess the catalytic activity of the Co5Ce10Al
ample, a gas chromatograph (GC-Agilent) equipped with a FID
flame ionization detector) and a TCD (thermal conductivity detec-
or) was used. The reaction was carried out in a quartz tube reactor
ith 12 mm of diameter. First we activated the sample at 800 ◦C

or 1 h under continuous flow of diluted hydrogen (100 mL/min, 5%
2/He). Then we cooled down the furnace temperature to 200 ◦C
nd the reaction mixture was fed into the reactor. Catalytic tests
ere carried out from 200 ◦C to 700 ◦C. We  used a ratio of 3:1 of
2O:ethanol (steam); a total flux of 100 mL/min of He was used

o fed the reactants into the reactor. We  analyzed the products of
eaction each 100 ◦C over 1 h (5 injections per temperature). The
uantification (Table 1) was obtained by comparing the area under
he corresponding GC peak with the calibration performed prelim-
nary with each component of the reaction products and reactants.
thanol conversion, hydrogen yield and products selectivity where
Please cite this article in press as: A.E.Pastore de Lima, D.C. de Olivei
Steam Reforming of Ethanol reaction, Catal. Today (2016), http://dx.d

alculated with the following equations [24,25].

EtOH = nin,EtOH − nout,EtOH
nin,EtOH

(2)
 PRESS
talysis Today xxx (2016) xxx–xxx

RH2 = nH2

6 × (nin,EtOH − nout,EtOH)
(3)

S(j) = nj ×  j∑
i[ni ×  i]

(4)

S(H2) = nH2 × �H2∑
i[ni × �i]

(5)

where �EtOH is the ethanol conversion; nj is the amount of substance
of component j; RH2 is the hydrogen yield; S(j) is the selectivity for
component j;  j is the number of carbon atoms present in molecule
j; and �j is the number of hydrogen atoms present in molecule j. The
index i represent only the reaction products.

2.3. Catalyst characterization by XANES

XANES in situ experiments were done at the Brazilian Syn-
chrotron Light Laboratory (LNLS) on D04B (XAFS1) beamline. XAS
spectra were recorded at the cobalt K-edge (E = 7709 eV) and cerium
LIII-edge (E = 5723 eV) using a channel-cut Si(111) monochromator.
The harmonic contamination at the XAFS1 beamline is less than
0.1% above ∼4300 eV.

The data collection was carried out in transmission mode using
ion chamber detectors to measure the incident (I0) and transmit-
ted (I1) x-rays intensities. The reference samples used in this study
were obtained from commercial sources with 99,99% purity. To
acquire the spectrum we used 0.5 and 0.3 eV energy step at XANES
region of Ce LIII-edge and Co K-edge around the edge, respectively,
counting 1s/point. The total time to measure each spectrum was
about 20 min at Ce LIII-edge and 10 min  at Co K-edge. The Co5Ce10Al
catalyst was  studied by XANES along the in situ activation pro-
cess (reduction of Co oxide) and in SRE operando conditions. The
required amount of samples were mixed with boron nitride to
achieve the optimal sample thickness with a jump of �� = 0.58 and
�� = 0.14 for Ce LIII-edge and Co K-edges measurements, respec-
tively. Cobalt and chromiun metal foils were used as a reference for
energy calibration. An in situ cell was  used in order to carry out the
x-ray absorption measurement at realistic SRE reaction conditions.
The cell consists of a quartz tube in a ceramic furnace heated by a
Cr–Al thread. The quartz tube is sealed by a Kapton window sup-
ported in a connector with standard Swagelok 1/4” where unions
fixed at both extremity of the tube permit a gas flux through the
sample pellet. Gas flow was supplied by a mobile gas distribution
set controlled by commercial flow meters. The temperature pro-
grammed reduction was  carried out by heating the pellet up to
800 ◦C under 100 mL/min flow of 5% H2/He, keeping the temper-
ature constant by 1 h before stopping heating and then cooling
the sample to the ambient temperature under He flow. Following,
the sample was  heated to 400 ◦C and we introduced the ethanol
and water to start the SRE; then the reaction was also performed
at 500 ◦C. All this process was followed by XANES spectra every
∼10 min  and mass spectrometry (MS) to check the SRE reactants
and products.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. XANES study at Co K-edge
From XANES data at Co K-edge the information about geometry

and oxidation state can be attributed by qualitative analysis. Fig. 1
shows the XANES of Co K-edge of some cobalt compounds. The Co
ra, In situ XANES study of Cobalt in Co-Ce-Al catalyst applied to
oi.org/10.1016/j.cattod.2016.02.029

from Co5Ce10Al sample is in CoAl2O4 structure, which has spinel
geometry where the cobalt ions (Co2+) occupy only tetrahedral (Td)
sites while the aluminum ions are in the octahedral (Oh) sites. The
other common compound with spinel structure is Co3O4 with two

dx.doi.org/10.1016/j.cattod.2016.02.029
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Table  1
Ethanol conversion, hydrogen yield and selectivity to the SRE products to the Co5Ce10Al catalyst.

Co5Ce10Al 400 ◦C 500 ◦C 600 ◦C 700 ◦C

Ethanol conversion (22.1 ± 0.7)% (84 ± 2)% (100 ± 0)% (100 ± 0)%
H2 yield (51.4 ± 0.8)% (51.8 ± 0.4)% (64.3 ± 0.2)% (62.0 ± 0.3)%
S(H2) (67.4 ± 0.8)% (77.7 ± 0.5)% (97.6 ± 0.03)% (95.4 ± 0.1)%
S(CO2) (15.6 ± 0.5)% (41.0 ± 1)% (59.0 ± 2)% (59.0 ± 1)%
S(CH4) (3.0 ± 1)% (2.2 ± 0.3)% (2.4 ± 0.03)% (4.51 ± 0.09)%
S(Acetaldehyde) (61.7 ± 0.7)% (20.0 ± 2)% – –
S(CO)  (13.0 ± 2)% (16.1 ± 0.8)% (38.0 ± 2)% (36.2 ± 0.9)%
S(Acetic  acid) – – – –
S(Ethylene) – (4.7 ± 0.2)% – –
S(Acetone) (6.1 ± 0.4)% (15.0 ± 2)% – –

Fig. 1. (top) XANES at Co K-edge from reference compounds; from top to bottom:
CoAl2O4, CoO, Co3O4 and Co metal; (bottom) XANES at Co K-edge from Co5Ce10Al
s
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Fig. 2. (top) Relative Co compounds fractions in the Co5Ce10Al sample as a function
of  reduction temperature extracted from the XANES at Co K-edge reported in the

pre-edge as well as the white line remain unchanged. From ∼700 ◦C
ample under different conditions along the activation and SRE reaction.

hirds of the cobalt ions occupying Oh sites with oxidation state
+ and a third of the cobalt ions occupying Td sites with oxidation
tate 2+. But to the later compound the intensity of the pre-edge
eak, which is attributed to the 1s–3d transition, is lower. The pre-
dge intensity is related to the occupancy as well the symmetry of
he 3d shell. In the case of Td coordination, the dipole-forbidden
s–3d transition becomes partially dipole-allowed by the asym-
etry and it results in a pre-edge peak. With Oh coordination, the

re-edge peak is less intense or absent, only appearing if the center
f symmetry is broken, allowing the 1s–3d transition. Another ref-
rence sample such as CoO has only Oh sites for Co, and therefore
he pre-edge feature is very weak. In Co5Ce10Al initial sample, a
Please cite this article in press as: A.E.Pastore de Lima, D.C. de Olivei
Steam Reforming of Ethanol reaction, Catal. Today (2016), http://dx.d

ell defined pre-edge peak can be observed around 7709 eV. Other
mportant feature observed in the initial sample is the strong edge
bottom part; (bottom) evolution of the Co K-edge XANES of Co5Ce10Al sample along
the  reduction process.

shoulder, characteristic of the higher occupancy of Co2+ in Td sites
as CoAl2O4 [26].

XANES measurements in Temperature Programmed Reduction
(TPR) were used to obtain information about phase changes of Co as
a function of the temperature under hydrogen atmosphere showed
in Fig. 2. The first changes in the spectra were observed at low tem-
peratures up to ∼490 ◦C, where the white line starts to decrease (the
main absorption peak owing to 1s–4p transition, with area under
the peak directly related to the number of unoccupied states in the
4p), which can be attributed to the water removal from the sample.
There is no energy shift along the reduction up to ∼700 ◦C and the
ra, In situ XANES study of Cobalt in Co-Ce-Al catalyst applied to
oi.org/10.1016/j.cattod.2016.02.029

to 800 ◦C the decrease in the intensity of white line is evident. After
that temperature, the increase in the pre-edge is concomitant to

dx.doi.org/10.1016/j.cattod.2016.02.029
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Fig. 3. (top) CeO2 and Ce(OH)CO3 references of Ce4+ and Ce3+ respectively; (bottom)
XANES at Ce LIII-edge from Co5Ce10Al sample under different conditions along the
activation and SRE reaction.
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he white line decrease with the reduction process carrying on at
onstant temperature of 800 ◦C.

XANES Co K-edge measurements were also performed during
RE tests, also showed in Fig. 1. At 400 ◦C, just before start the
RE, the sample spectrum has basically the same features of the
nal reduced sample, with a very small increase in the white line

ntensity attributed to some oxidation and/or temperature effect.
hen we start SRE reaction at 400 ◦C, we observe that the water and

thanol presence doesn’t affect significantly the Co local geometry
xcept for another small amount of oxidation that tends to disap-
ear along the time. When the temperature is increased to 500 ◦C,
he white line intensity decrease, which indicate a cobalt reduction
ue to the temperature and/or products from reaction.

The relative composition of sample presented in Fig. 2 (top) was
btained by linear combination fitting of standards spectra. The

nitial sample was obtained ∼97% of CoAl2O4. At the end of reduc-
ion at 800 ◦C, the composition is 60% of Co metal, 20% of CoAl2O4
nd 20% CoO while at 25 ◦C the composition changes to 45% of Co
etal, 45% of CoAl2O4 and 10% CoO. It is worth mentioning that

he Co3O4 standard did not improve the fitting procedure. After
 h under SRE at 400 ◦C we have ∼33% of reduced Co (metal) and at
00 ◦C it changes to ∼46%, showing structural changes as a function
f the temperature of SRE. The final sample at 25 ◦C after removing
he ethanol and water feed (Fig. 1) has ∼45% of metallic Co; beside
his, the final sample and the sample under SRE do not present
n intense pre-edge which indicate the stability of Co symmetry
nd no more Td sites are formed. The concentration of Co (Td) is
tabilized at about 30% under SRE and after the reaction.

We found many reports in the literature [27] showing that the
oAl2O4 compound is not favorable to catalytic processes because

t removes the active phase (Co) from the surface to form this sta-
le phase, spinel, which is inactive or very few active in SRE. But

n our sample, after heating at 800 ◦C in H2 atmosphere we  esti-
ated by linear combination fit that the sample is formed by 60%

f reduced cobalt (Co◦) and no Co3O4 was detected; then decreas-
ng the temperature to 25 ◦C under He after reduction we  achieve
45% of reduced Co. This variation of reduction state indicates that

he Co structure is strongly affected by temperature even under H2
r an inert atmosphere, and the CoAl2O4 phase is not a cumber to
educe the Co in this case.

.1.2. XANES study at Ce LIII-edge
The XANES data from Ce LIII-edge is frequently used to character-

ze the electronic properties of ceria-based materials. The spectrum
f Ce4+ presents two intense features in XANES region [28] while
ne intense feature in the white line is the main characteristic of
e3+ spectrum (Fig. 3, up). Fig. 3 (down) shows the XANES of Ce
III-edge of fresh sample, reduced sample, under SRE reaction and
fter the reaction. The characteristic spectrum of Ce4+ was obtained
rom our fresh sample. After the reduction, the XANES Ce LIII-edge
resents a typical intense white line of Ce3+ oxidation state. As
he data were collected in transmission mode, we observed that
ll ceria was reduced from CeO2 → Ce2O3 by this activation pro-
ess. Fig. 4 (up) shows the relative composition of Ce ions along the
eduction under H2, obtained by linear combination fit of spectra in
ig. 4 (down) with standards of Ce3+ and Ce4+. Significant changes in
e spectra were observed at ∼580 ◦C; we achieve 50% of Ce reduc-
ion at ∼700 ◦C and the full reduction at 800 ◦C. After reduction, at
5 ◦C, we observed a very small decrease in the white line intensity,

 small increase in the feature at ∼5737 eV and a small energy shift
∼0.5 eV), which can indicate that some small content of Ce4+ can
e present in low temperatures even under H2. When the sample
Please cite this article in press as: A.E.Pastore de Lima, D.C. de Oliveira, In situ XANES study of Cobalt in Co-Ce-Al catalyst applied to
Steam Reforming of Ethanol reaction, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.02.029

s under SRE at 400 ◦C, 500 ◦C or under He at 25 ◦C after reaction,
o more significant changes in the Ce LIII-edge were observed. The
ixed oxidation state of Ce (Ce3+ and Ce4+) was stable in this sample

nder SRE reaction conditions.

Fig. 4. (top) Relative Ce(IV) and Ce(III) fractions in the Co5Ce10Al sample as a func-
tion of reduction temperature extracted from the XANES spectra reported in the
bottom part; (bottom) evolution of the Ce LIII-edge XANES of Co5Ce10Al along the
reduction process.

dx.doi.org/10.1016/j.cattod.2016.02.029
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ig. 5. (top) Variation of selectivity to hydrogen, CO2, CO, CH4, ethylene, acetone,
cetaldehyde as a function of temperature; (bottom) Ethanol conversion and hydro-
en  yield during SRE reaction performed with Co5Ce10Al catalyst.

In Co-alumina supported catalysts, the Co in Td symmetry is a
ignature of the CoAl2O4. where Co atoms are not available as active
ite to catalysis. In Co5Ce10Al sample we aimed to remove all the Co
toms from this structure by adding ceria to our catalyst. By XANES
nalysis in the Co K-edge and Ce LIII-edge, the activation process and
he presence of Ce in the support seemed to be enough to remove

ost of Co from this site; later, there was no migration of Co to Td
ite again by changing to different atmospheres and temperatures.
he Ce can be the responsible to remove the Co from the stable
tructure of CoAl2O4 and then to keep them in Oh symmetry, being
rreversible in the tested conditions.

.2. Catalytic reaction

During XANES measurements, the hydrogen production was
etected by mass spectrometry (MS) at the tested temperatures
400 and 500 ◦C). In order to analyze quantitatively the ethanol
onversion and hydrogen production, we used Gas Chromatogra-
hy (GC) to perform catalytic tests with the Co5Ce10Al sample.
e attributed the catalytic activity and the structural changes after

ctivation to the Ce presence, which can decrease the thermal sta-
ility of CoAl2O4 and favored the atomic diffusion of Co in the
atalyst, under temperature and H2 flux.

All the products evaluated by GC are showed in Fig. 5. The quan-
itative analysis showed a significant ethanol conversion only at
Please cite this article in press as: A.E.Pastore de Lima, D.C. de Olivei
Steam Reforming of Ethanol reaction, Catal. Today (2016), http://dx.d

00 ◦C and the dehydrogenation of ethanol to acetaldehyde can be
bserved at this temperature. The higher hydrogen production is
lso observed at 400 ◦C. At 500 ◦C the ethanol conversion drastically
ncreases, and we observe the decreasing on acetaldehyde yield
 PRESS
talysis Today xxx (2016) xxx–xxx 5

with the increasing on CO2 concentration, evidencing the water-
gas shift reaction. From 600 ◦C to 700 ◦C we observed an increasing
on CO concentration, which is expected since the shift reaction is
not favored at higher temperatures. The highest amount of methane
was only 5% at 700 ◦C and the ethylene was  detected only in 500 ◦C
in concentrations lower than 5%.

This catalyst presented a low selectivity to ethylene, which is
one of the main routes for coke formation (the polymerization of
ethylene derived from ethanol dehydration) [29]. The coke can
cover the active sites decreasing the catalytic conversion. In this
case, the Ce can be the responsible to avoid carbon deposits because
one of the important properties of cerium oxide is its oxygen stor-
age capacity, which can provide oxygen to the gas mixture in
catalytic tests or oxygen mobility over the catalyst surface [30],
removing the carbon over the active phase.

During SRE, many authors reported acidic supports like Al2O3
favor dehydration and thereby increase the tendency for coke for-
mation due to the polymerization of ethylene [31]. However, on
considered being a basic support as ceria the dehydration is limited
and its redox properties inhibit coke formation [32].

Biswas et al. [33] found that a high value of Ce/Zr ratio in
Ni–ceria–zirconia catalyst for SRE has a lower tendency for coke
formation. Many authors also reported CeO2-rich formulations to
allow high hydrogen yield [34]. Indeed, the absence of ethylene for-
mation can be the main reason for the low coke formation of our
cobalt-ceria-alumina catalysts, even with low ceria content (∼10%)
as we showed. The oxygen exchange capacity of cerium oxide is
associated with its ability to reversibly change the cerium oxida-
tion states between Ce4+ and Ce3+ [35]. This mixed oxidation state
was detected in XANES Ce LIII-edge spectra after the reduction at
25 ◦C and also along all SRE catalytic test, where the ethylene was
detected only in very low concentration.

The GC results also showed a low formation of methane, which
indicate the undesired reactions that can decrease the hydrogen
production (as decomposition of ethanol and acetaldehyde and
methanation of CO and CO2) are not favored with this catalyst.

On the basis of the above in situ and operando XANES studies and
the catalytic test results, it is possible to propose a reliable struc-
tural model, as shown in Fig. 6. The initial state of cobalt species
in the sample before reduction exists as CoAl2O4 while the ceria is
in CeO2 form (Ce4+). The reduction transforms aluminate to cobalt
oxide (CoO) and metal clusters (Co); the ceria is fully reduced from
Ce4+ to Ce3+; the cobalt species attaches on the surface of ceria
(now Ce2O3 in high temperatures). It is, therefore, concluded that
the cobalt species are dispersed on the ceria surface, interacting
with ceria in the Co5Ce10Al catalyst. During SRE up to the end of
reaction, the Co/CoO ratio increase with the increase of tempera-
ture and the Co concentration in CoAl2O4 site is kept constant; a
small amount of Ce4+ is formed; the mixture of Ce4+/Ce3+ is stable
and no CoAl2O4 formation is detected.

4. Conclusions

We studied the influence of Ce on Co/CeO2/Al2O3 catalyst. The
Ce presence contributed to activate the catalyst and even with the
presence of CoAl2O4 we  obtained a sample with a mixture of com-
pounds which presented high hydrogen selectivity by SRE reaction.
The interaction between Co and Ce showed a significant improve-
ment in the reducibility of Co and an important hole to avoid the
formation of CoAl2O4 again.

The catalyst evaluation showed high ethanol conversion fol-
ra, In situ XANES study of Cobalt in Co-Ce-Al catalyst applied to
oi.org/10.1016/j.cattod.2016.02.029

lowed by high hydrogen yield at 500 ◦C. The products analysis at
this temperature showed a reaction pathway through the acetalde-
hyde route. The CO2 selectivity showed a water-gas shift reaction
consuming CO to produce hydrogen. The methane formation was

dx.doi.org/10.1016/j.cattod.2016.02.029
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