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Abstract

Ethanol steam reforming was studied over CuCoZnAl oxide with the addition of potassium. The catalyst was prepared by the copre-
cipitation method and characterized by X-ray diffraction, thermogravimetry, Raman spectroscopy, temperature programmed reduction,
BET specific surface area and SEM-EDAX. The influence of reaction temperature was examined between 400 and 600 �C with a H2O/
C2H5OH molar ratio of 3.8. At 600 �C, the catalyst was very active with an ethanol conversion of 100%. The main products were CO2

and CO and minor amounts of CH4. The hydrogen yield was 5.2 mol of H2 per mol of ethanol, which means a high hydrogen selectivity
(87%). Stable activity and selectivity were obtained at 600 �C which could be attributed to the removing of carbonaceous deposits.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, as a consequence of the foreseen reduc-
tion in fossil resources and environmental constraints, a
great interest for new energy sources has been shown.
The hydrogen has been pointed out as the alternative fuel,
and the scientific community has oriented a lot of
research works to the generation, storage and transporta-
tion of hydrogen. Different raw material and reactions
have been proposed to the hydrogen production. In this
sense, ethanol from biomass has a great potential not only
because the renewable origin but also for its rich hydro-
gen content. According to the ethanol steam reforming
reaction
C2H5OHþ 3H2O! 6H2 þ 3CO2
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a maximum yield of six moles of hydrogen for each mol of
ethanol could be obtained. However, many side reactions
leading to the production of rich hydrogen compounds like
CH4, C2H4O, C3H6O, C2, C3 reduce the expected hydrogen
yield. Besides, some of these compounds act as coke pre-
cursors leading to the formation of carbonaceous deposits.
The development of an active, highly selective and very sta-
ble catalyst has become one of the keys in the hydrogen
production. Different catalytic systems based on Cu, Co,
Ni, Cu–Ni and Cu–Co oxides, with and without alkaline
addition, [1–13] have shown to be active for ethanol
reforming with variables hydrogen selectivities. The sup-
port seems to play an important role in the steam reform-
ing reaction: (i) it should favour water splitting into OH
groups and promote their migration to the metal particles;
(ii) it should promote the dehydrogenation route for
decreasing the deactivation by coke; and (iii) it should con-
tribute to the stabilization of the metal particles at high
temperature under steam [14]. Aluminium spinels seem to
be a good option as catalytic supports. They are stable
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Table 1
Chemical composition and specific surface area of CuCoZnAl catalyst
after N2 decomposition

Co Cu Zn Al SBET (m2 g�1)

Nominal composition (wt.%) 11.3 12.2 25.1 20.7 34
Actual content (wt.%) 9.8 13.8 n.d. 20.1
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under reforming conditions, mechanically resistant and
present a low surface acidity [15]. When ternary Cu/
Co(Zn)/Al oxides were prepared by coprecipitation
method the formation of spinels was detected [16–18]. As
far as we known the catalytic system CuCoZnAl has not
been examined in the ethanol steam reforming. In this
work the results of the synthesis, characterization, activity
and stability of a CuCoZnAl catalyst modified by the K are
reported.

2. Experimental

The catalyst was prepared by coprecipitation method
from an aqueous solution of the metal nitrates with
K2CO3 at 60 �C and pH = 7 in a stirred batch reactor
[18]. After precipitation, the solid was collected by filtering
and washed with hot (90 �C) distilled and deionzed water
(400 ml). This washing step was carried out in order to par-
tially remove K content. Then, the solid was dried over-
night at 70 �C and finally underwent a decomposition
process at a final temperature of 500 �C for 480 min. The
decomposition was carried out under N2 flow
(30 ml min�1) by using a temperature program which was
determined from TGA experiment of the precursor. The
Cu and Co nominal loading was fixed to 12 wt.% and the
molar ratio Zn:Al = 0.5. The chemical composition of cat-
alyst was confirmed by atomic absorption spectroscopy.

The BET surface area was measured by using a Microm-
eritics Accusorb 2100E instrument by adsorption of nitro-
gen at �196 �C. XR diffraction patterns (XRD) were
obtained with a RIGAKU diffractometer operated at
30 kV and 20 mA by using Ni-filtered Cu Ka radiation
(k = 0.15418 nm) at a rate of 3 �C min�1 from 2h = 10�
to 80�. The TG analyses were recorded by using TGA 51
Shimadzu equipment. The sample was heated from room
temperature to 1000 �C at 10 �C min�1 with a N2 (or air)
flow of 50 ml min�1. Scanning electron micrographs were
obtained in a LEO 1450 VP. This instrument is equipped
with an energy dispersive X-ray microanalyzer, EDAX
Genesis 2000 with Si(Li) detector, which permitted analyt-
ical electron microscopy measurements. The samples were
sputter coated with gold. The Raman spectra were run with
a JASCO TRS-600SZ-P equipped with a CCD detector.
The samples were excited with the 514 nm Ar line and
the spectra acquisition consisted of five accumulations of
180 s for each sample. The reducibility was studied by
hydrogen temperature programmed reduction (TPR) in a
conventional equipment. The sample was pretreated in
He at 300 �C for 60 min, cooled at 25 �C and reduced a
30 ml min�1 flow of 5 vol% H2 in N2, from 25 to 700 �C
at a rate of 5 �C min�1, and held at 700 �C for 2 h. Hydro-
gen consumption was monitored by a thermal conductivity
detector after removing the water formed.

The ethanol steam reforming reaction was carried out in
a fixed-bed quartz tubular reactor operated at atmospheric
pressure. The reaction temperature was measured with a
coaxial thermocouple. The feed was a gas mixture of etha-
nol, water and helium. Ethanol and water were fed through
independent saturators before mixing. The flow rate was
70 ml min�1 at room temperature with an ethanol molar
composition of 3%. The H2O:C2H5OH molar ratio was
3.8 in all the experiments. The catalyst weight was
300 mg (0.3–0.4 mm particle size). The catalyst was heated
to the reaction temperature under He flow, then the mix-
ture with C2H5OH + H2O was allowed to enter into the
reactor to carry out the catalytic test. In all the cases fresh
samples were used. The reactants and reaction products
were analyzed on-line by gas chromatography. H2, CH4,
CO2 and H2O were separated by a 1.8 m Carbosphere
(80–100 mesh) column and analyzed by TC detector.
Nitrogen was used as an internal standard. Besides, CO
was analyzed by a flame ionization detector after passing
through a methanizer. Higher hydrocarbons and oxygen-
ated products (C2H4O, C2H4, C3H6O, C2H5OH, etc) were
separated in RT-U PLOT capillary column and analyzed
with FID using N2 as carrier gas. The homogeneous contri-
bution was tested with the empty reactor. These runs
showed no activity at 500 �C whereas the ethanol conver-
sion was 3% at 600 �C being acetaldehyde the only product.

Ethanol conversion, selectivity to products and yield to
hydrogen were defined as

X EtOH ¼
F in

EtOH � F out
EtOH

F in
EtOH

100

Si ¼
miF out

i

2ðF in
EtOH � F out

EtOHÞ
100

Y H2 ¼
F out

H2

F in
EtOH

Being F in
i and F out

i the molar flow rates of product ‘‘i” at
the inlet and outlet of the reactor and mi the number of car-
bon atoms in ‘‘i”.

3. Results and discussion

Table 1 summarizes some characteristics of the catalyst.
It can be observed that the achieved compositions are in
good agreement with nominal ones. XRD patterns are
shown in Fig. 1. The precursor shows a crystalline hydro-
talcite phase, Fig. 1a, which is completely decomposed
after the thermal treatment. The diffraction pattern of final
solid after decomposition reveals broad peaks at values of
2h which could be corresponded to different spinel phases:
ZnAl2O4, CoAl2O4, Co3O4, Fig. 1b. Complementary stud-
ies (shown forward) indicate that those peaks mainly corre-
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Fig. 1. Diffraction patterns of CuCoZnAl catalyst (a) precursor; (b) fresh sample; after being used in reaction at (c) 400 �C, (d) 500 �C and (e) 600 �C;
(f) after TPR experiment in H2. D hydrotalcite; d ZnAl2O4; � CoO; h CuO; + Co; � Cu; NC.
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spond to ZnAl2O4. Weak peaks at 2h = 38.7�, 35.5�
(JCPDS-41-254) and 34.1�, 57.3� (JCPDS-42-1300) corre-
sponding to CuO and CoO, respectively are also observed.
No peaks attributed to potassium crystalline are detected.
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Fig. 2. Raman spectra of CuCoZnAl catalyst after different treatments. Fresh s
and 180 min; (d) 600 �C and 1060 min.
Co+3 compounds cannot be ruled out from the XRD. Sim-
ilar conclusions can be reached from Raman spectroscopy.
In Fig. 2a the spectrum for the fresh sample is shown.
Broad bands in the region between 400 and 700 cm�1 are
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observed, which corresponds to the active modes for
ZnAl2O4, CoAl2O4, Co3O4 and CoO [19,20]. In literature,
it is reported that the decomposition of hydrotalcite pre-
cursor in N2 favors the Co+2 compound formation and
prevents the formation of Co3O4 [18]. This discrepancy
could be an indication that the N2 flow during decomposi-
tion was not completely O2-free. The presence of Co3O4

and/or CoAl2O4 can be formed under mild oxidizing con-
ditions [18].

The reducibility of the sample was studied by tempera-
ture programmed reduction. The TPR profile illustrated
in Fig. 3 shows two bands of H2 consumption. The 89%
of reducible species reduces in the temperature range
between 200� and 430 �C, with peaks centered at 357�
and 371 �C. The first band could be assigned to the reduc-
tion of Cu+2 to Cu0 and Co+2/Co+3 to Co0. The reduction
temperature for Cu+2 species is higher than the obtained
for pure CuO. This behavior could be a consequence of
potassium presence or an indication of strong interactions
Cu–Co or the presence of Cu–Co compounds. The forma-
tion of these compounds has been reported in literature
and involves the coexistence of Co species in tetrahedral
and octahedral coordination with differences in reducibil-
ity. The second band between 430� and 730 �C with a max-
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 50 100

S
ig

na
l (

a.
u.

)

Time (m

Fig. 3. Temperature programmed reduc
imum at 520 �C, represents 11% of H2 consumption. It can
be associated to the reduction of Co+2 strongly interacted
with ZnAl2O4 or forming CoAl2O4. The total H2 consump-
tion is higher than the required if all Co species were as
Co+2; then it could be inferred that a fraction of Co is as
Co+3. The XRD of the reduced sample after TPR experi-
ment, Fig. 1f, reveals the presence of metallic copper and
weak peaks at 2h = 44.2�, 51.5� and 75.8� corresponding
to Co0. From these results an important sintering of copper
particles can be observed whereas cobalt particles remain
highly dispersed. The peaks at 2h = 36.9�, 31.3�, 59.4�
and 65.3� are attributed to ZnAl2O4 which is not reduced
under the TPR conditions [21].

The mixed oxide, without a previous reduction, was
tested in the ethanol reforming reaction. In Fig. 4a the cat-
alytic results obtained at 400 �C are shown. The ethanol
conversion decreases from an initial value nearly to 100%
to 35% at 300 min of time on stream. The H2 yield also
decreases from 3.5 to 1.4 mol of H2 per mol of ethanol
fed. The main products are CO2, C2H4O, C3H6O and
CO. In addition, the formation of CH4 and C3 is also
detected in small amounts. After 300 min of time on
stream, an increase of pressure is observed into the reactor
and the effluent flow decreases by 30%. This effect is more
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tion profile for CuCoZnAl catalyst.
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Fig. 4. (a) Catalytic results in ethanol steam reforming at 400 �C. Ethanol conversion (j), selectivity to CO2 (.), CO (N), CH4 (d), C2H4O (D), C3H6O
($) and H2 (h). Reaction temperature: 400 �C. Molar ratio H2O:C2H5OH = 3.8. (b) Catalytic results in ethanol steam reforming at 600 �C. Ethanol
conversion (j), selectivity to CO2 (.), CO (N), CH4 (d) and H2 (h). Reaction temperature: 600 �C. Molar ratio H2O:C2H5OH = 3.8.
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important when the reaction temperature is 500 �C. At this
temperature the initial conversion of ethanol is 100% and
the only products are H2, CO2, CO and CH4. After
180 min in operation the experimental run should be
stopped as a consequence of the total bed blocking. In both
cases the appearance of the used catalyst is similar with a
visible coke formation. In a previous work, it was shown
that pure ZnAl2O4 is not inert in the ethanol steam reform-
ing [22]. The aluminum spinel mainly promotes the grown
chain to acetone with a hydrogen yield of 2.3 mol H2/mol
C2H5OH at 500 �C. The spinel showed a high thermal resis-
tance under the same experimental conditions used in this
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work with a negligible carbon formation. At the reaction
temperature and due to the H2 production the CuCoZnAl
catalyst undergoes reduction under test. Then, it can be
inferred that carbon is produced on Cu0 and Co0 particles.
Carbon filaments have been observed on Co based cata-
lysts [23].

In Fig. 4b, the catalytic results obtained at 600 �C are
shown. The catalyst is very active with 100% of ethanol
conversion during 1060 min of time on stream. The main
products are CO2 and CO and minor amounts of CH4.
The H2 yield expressed as mol of H2 per mol of ethanol
in the feed is 5.2. The initial CO2/CO molar ratio is 1.4
and slightly decreases with the reaction time. The activity
stability is notable although a visual observation of cata-
lytic bed suggests the coke formation. Llorca et al. have
reported hydrogen yield near to 5.7 mol of H2 per mol of
ethanol over cobalt–ZnO-based catalysts doped by Na
[11]. They observed total conversion of ethanol at 450 �C
by using a water:ethanol molar ratio of 13:1 which mark-
edly higher than the molar ratio used in this work. Besides,
they found that the incorporation of sodium increased the
resistance to deactivation. The best results were obtained
with catalysts with 0.78% and 0.98% Na. On bimetallic cat-
alysts Co–Cu, similar yield to H2 were reported but using
Fig. 5. SEM micrographs of (a) fresh sample (backscattering) and after being
lower temperatures [12]. On these systems deactivation by
coke was not reported.

Assuming that the active phase represents 23.6 wt.%
(13.8 wt.% Cu and 9.8 wt.% Co) the hydrogen yield
obtained over the CuCoZnAl catalyst is similar to that
on Ni–ZnAl2O4 with an equivalent loading [21]. At
600 �C both samples show a good stability. However, the
CO2/CO ratio is higher over CuCoZnAl (1.4 against 0.7)
which could indicate that this catalyst favors the conver-
sion of produced CO into CO2 through the water gas shift
reaction.

The XRD of used catalyst, Fig. 1c, d and e reveal the
presence on metallic particles of Cu and Co together with
the reflection lines corresponding to ZnAl2O4. The possibil-
ity of alloying and the presence of metal oxides as well as
metallic solid solutions cannot be ruled out. Holms et al.
have reported alloy formation and mixed oxides at the
microstructural level in bimetallic Co–Cu catalysts sup-
ported on ZnO after running the ethanol steam reforming
reaction [12]. An incipient peak at 2h = 26.4� correspond-
ing to graphitic carbon is also observed.

The nature and characteristics of carbon deposits are
studied by Raman spectroscopy and temperature pro-
grammed oxidation experiments. In Fig. 2, the Raman
used in reaction at (b) 500 �C and 180 min and (c) 600 �C and 1060 min.
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spectra of spent samples are shown in the range of 1000–
1700 cm�1. In all cases, two broad bands centered at
1593 cm�1 and 1350 cm�1 are observed which reveal the
presence of ordered carbon, graphitic type, and disordered
defective structures, respectively. The band at 1350 cm�1,
known as D band, is higher intensity than the band at
1593 cm�1, known as G band. Then, a predominance of
disordered structures such as amorphous carbon, nanopar-
ticles of carbon or filamentous can be concluded [24]. In
spite of having no differences in the carbon structures with
the reaction temperature, differences in the relative inten-
sity of the bands are observed. At 500 �C, the D band
intensity is higher (it should be taken into account that
the operation reaction time was 180 min whereas at 400
and 600 �C were 300 min and 1060 min, respectively) which
means a higher coke formation; then, this could explain the
reactor blocking in the experimental run. The intensity of
broad band in the range of 400–700 cm�1 has decreased
in agreement with the Co species reduction.

The formation of carbon deposit on the spent catalyst is
also evidenced by SEM observations. In Fig. 5, the micro-
graphs of fresh and spent catalysts are presented. The SEM
micrograph for the fresh sample, Fig. 5a, shows particles of
different morphology. The dark aggregates correspond to
particles rich in potassium and the grey areas represent
the zinc aluminate support with Co, Cu and K. The bulk
chemical composition in K given by ICP was 0.77 wt.%.
This value is markedly lower than the elemental composi-
tion given by EDAX in different particle zones. Then, it
could be inferred that potassium is not homogeneously dis-
tributed. Significant changes in morphology are observed
0 50
0.000000

0.000005

0.000010

0.000015

0.000020

M
ol

ar
 F

lo
w

, m
ol

/m
in

T

Fig. 6. Dynamic of the Boudouard reaction in CO2 at 600
after reforming at different reaction temperatures, Fig. 5b
and c. A well defined fibrous conformation clearly appears
when the catalyst is used at 500 �C during 180 min of time
on stream while a non-structured coke seems to be formed
on the sample used at 600 �C.

The amount of carbon deposited on catalyst at each
reaction temperature is determined by temperature pro-
grammed oxidation by means of thermogravimetry. Four
zones of weight loss are clearly observed: up to 100 �C,
between 100 and 470 �C, between 470 and 770 �C and after
770 �C. In all samples the weight constancy is not reached
under the TG conditions. The first peak centered at 80 �C
corresponds to water desorption; the second one, centered
at 430 �C for the sample used at 400 and 500 �C and at
465 �C for the sample used at 600 �C, corresponds to the
burning of amorphous carbon; and the third peak centered
at 745 �C attributed to the burning of more ordered carbon
[25,26]. Taking into account the total weight loss (Dw%)
between 100 and 1000 �C, the order is Dw% at 500 �C
(17.4%) > Dw% at 400 �C (15.7%) > Dw% at 600 �C
(13.7%) in agreement with the deactivation observed.

An analysis of catalytic results and those of post reac-
tion characterization leads to the conclusion that the reac-
tion temperature has an important effect in the coke
deposition. When the catalyst is run at 600 �C under
reforming conditions, a slight increase in CO selectivity
in detriment to CO2 selectivity is observed, Fig. 4b, without
significant changes in H2 yield. The characterization
indicates changes in the extent of metallic species sintering,
in particular of Cu0 sinterized after being used at 400 and
600 �C. A growth of Co metallic particles is only observed
100 150 200

ime, min

�C over spent CuCoZnAl catalyst. (d) CO; (j) CO2.
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at 600 �C probably by the presence of water [20], the high
temperature and the long time under reaction. It calls the
attention that the peaks of Cu0 and Co0 are incipient on
sample used at 500 �C. Then, under the operation
conditions used in this work, the sintering does not contrib-
ute in an important way to the deactivation phenomenon.

Raman spectroscopy reveals the formation of coke, pre-
dominantly amorphous, which could be removed from the
catalyst surface by Boudouard reaction, according to the
stoichiometric equation: CO2 + C(A) = 2 CO, being C(A)

amorphous carbon (DG0
600 �C ¼ �4:4 kJ mol�1). The influ-

ence of this reaction in consuming carbon directly from the
coke was checked by means of a complementary experi-
ment. After using the catalyst at 600 �C for 300 min, the
ethanol and water feed was interrupted and a CO2 flow
in helium was allowed to enter into the catalytic bed. The
CO formation and CO2 consumption were followed by
chromatography and the results are shown in Fig. 6. After
210 min the formation of CO practically goes to zero and
the CO2 value recovers its initial composition. The experi-
mental molar ratio CO2/CO determined by integration of
the curves (Fig. 5) is 0.42, which is near the 0.5 stoichiom-
etric value. From this evidence it is reasonable to conclude
that the simultaneous occurrence of Boudouard reaction at
600 �C improves the resistance to carbon deposition. At
400 and 500 �C the rate of coke deposition is higher than
the removal rate and the catalytic bed is deactivated by car-
bon deposits. In fact, the Boudouard reaction is not ther-
modynamically favored at low temperatures. Besides, the
presence of potassium on the catalyst surface positively
affects the gasification of deposited carbon. An important
catalytic effect of alkaline additives on the Boudouard reac-
tion has been reported in literature [27–29].

4. Conclusions

Ethanol steam reforming reaction was studied over a
quaternary mixed oxide CuCoZnAl with potassium add-
ing. The preparation method led to the formation of spinel
matrix mainly ZnAl2O4, with a high dispersion of oxidized
species of Cu and Co. The catalyst was very active with
100% of ethanol conversion in the temperature range
between 400 and 600 �C. After the reforming reaction
two types of carbon structures were detected by Raman
spectroscopy and SEM. Disordered carbon deposits were
predominant in all reaction temperatures.

At 600 �C the hydrogen yield was 5.2 mol of H2 per mol
of ethanol fed and the stability of the catalyst was higher.
Although the extent of sintering of metal particles of Cu0

and Co0 was high at this temperature the sintering does
not contribute in an important way to the deactivation
phenomenon. The simultaneous reactions of coking and
carbon removal by Boudouard and gasification reactions
improve the stability.
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