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Article history: In order to study the role of surface reactions involved in bioethanol steam reforming mechanism, a very
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active and selective catalyst for hydrogen production was analysed. The highest activity was obtained
at 700°C, temperature at which the catalyst achieved an ethanol conversion of 100% and a selectivity to
hydrogen close to 70%. It also exhibited a very high hydrogen production efficiency, higher than 4.5 mol
H, per mol of EtOH fed. The catalyst was operated at a steam to carbon ratio (S/C) of 4.8, at 700°C and
atmospheric pressure. No by-products, such as ethylene or acetaldehyde were observed. In order to con-
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gfg :Zﬁ:fc.;l sider a further application in an ethanol processor, a long-term stability test was performed under the
Reforming conditions previously reported. After 750 h, the catalyst still exhibited a high stability and selectivity to
Bio-energy hydrogen production. Based on the intermediate products detected by temperature programmed des-
Hydrogen orption and reaction (TPD and TPR) experiments, a reaction pathway was proposed. Firstly, the adsorbed
Fuel processor ethanol is dehydrogenated to acetaldehyde producing hydrogen. Secondly, the adsorbed acetaldehyde
Fuel cell is transformed into acetone via acetic acid formation. Finally, acetone is reformed to produce hydrogen

and carbon dioxide, which were the final reaction products. The promotion of such reaction sequence
is the key to develop an active, selective and stable catalyst, which is the technical barrier for hydrogen

production by ethanol reforming.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is a clean and free carbon energy vector that can
be used directly in thermal combustion engines or converted into
electrical energy using fuel cells. Nowadays, most of hydrogen is
obtained from fossil fuels by reforming processes.

Natural gas or methane represents the main option for hydro-
gen production from fossil fuels, whose energetic efficiency is three
times higher than water electrolysis when the electricity used to
support the endothermic reforming process is obtained from fossil
fuels [1,2]. At the moment, there are many papers published in liter-
ature concerning gasoline, diesel or jet propulsion fuel reforming,
specially oriented to on-board applications [3]. From this stand-
point, reforming of conventional fuels may represent an option to
facilitate the transition to hydrogen economy by using the actual
logistic infrastructure. Given that hydrogen is obtained from fos-
sil fuels, what does not avoid the emission of greenhouse gases, is
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not possible to consider it as ‘green hydrogen’. In order to avoid
such emissions, the use of biomass or bio-fuels for hydrogen pro-
duction may represent a very good option to partially satisfy the
demand of energy. Using bioethanol for hydrogen production could
be an attractive alternative to minimize negative environmental
concerns and to decentralise the actual fuel market, in which few
countries or geographical areas control Global Development and
Economy [4,5]. Ethanol advantages as a fuel come from the fact
that it can be used in internal combustion engines or transformed
into hydrogen for fuel cells operation, using the actual logistic sys-
tem.

On one hand, growing crops for bio-fuels is being criticized
because of its direct competition for land and food production. On
the other hand, the European Commission determined in 2006, that
the influence of bio-fuels on corn prices was marginal and repre-
sented a 3-6% of corn price [6]. Muller et al. [7] reported that even
with an expanding world population, globally there is still enough
land and water to grow a substantial amount of biomass for both,
food and bio-energy production.

Taking into consideration scientific aspects, many papers have
been published in recent years for hydrogen production from
ethanol reforming. Initial articles based on thermodynamic stud-
ies, which determined the experimental conditions to maximize
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hydrogen production, are remarkable [8-10]. Regarding to catalysts
studies, preliminary works used precious metal such as Pt or Rh
as active phase. In such cases, considering an industrial applica-
tion, the use of noble metals does not represent a realistic option
in conventional applications. Its application could be reduced just
to special technological markets where cost is not the priority, i.e.
military applications.

Coke deposition was identified as the main cause for cata-
lyst deactivation in nickel-based catalysts, being identified coke
depletion as the goal for catalyst development [11]. Carbon can
be formed by Boudouard’s reaction, methane decomposition and
ethylene, formed by ethanol dehydration, polymerization. Some
authors [12,13] tried to overcome catalyst deactivation by the
addition of an alkaline promoter to nickel catalysts supported
on alumina. They diminished the deactivation rate but did not
solve the problem. Other authors investigated other catalytic sup-
ports which presented basic properties, i.e. MgO as another via
to avoid coke deposition [14]. Vargas et al. [15] developed cata-
lysts supported on oxides with a high oxygen mobility based in
Ce-Zr-Co fluorite structure. Other studies were focused on stud-
ies of the influence of the active phase. Llorca et al. [16] studied
cobalt-based catalyst as an alternative to nickel activity and stabil-
ity.

Most of papers postulated a mechanism that promotes dehydro-
genation reaction vs. dehydration as the key to optimize hydrogen
production and catalyst stability. From this standpoint, Noronha
and coworkers [17] proposed different pathways. After the adsorp-
tion of ethanol on catalyst surface as ethoxy species, it can be
decomposed to CO, CH4 and H, or to acetaldehyde and acetyl
species, following the dehydrogenation via. The dehydrogenated
species may undergo oxidation to acetate species. Water not only
promotes oxidation processes but also decomposition of acetate
species producing CH,4, CO and carbonate.

Fatsikostas and Verykios [18] determined the reaction network
of ethanol steam reforming over Ni-based catalyst employing tran-
sient and steady-state techniques. They suggested that catalyst
support plays an important role to promote dehydrogenation vs.
dehydration reactions. On alumina Ni supported catalysts, ethanol
strongly interacts with the support, promoting ethanol dehydration
at low temperatures while on lanthana supports, ethanol interacts
less strongly, what promotes both, ethanol dehydrogenation and
dehydration. Cracking reactions were also detected at intermedi-
ate temperatures. In addition to the reactions mentioned above,
reforming, water-gas-shift and methanation reactions contributed
significantly to the final product distribution.

In a previous paper [19], a tentative pathway for ethanol
steam reforming based on by-products, detected when gas hourly
space velocity (GHSV) was increased at high temperature, was
proposed. An increase of acetaldehyde and a minor increase in
ethylene concentration in the product distribution were detected.
These results allowed us to establish that favouring ethanol
dehydrogenation to acetaldehyde against dehydration to ethy-
lene can be the key to obtain an active and stable catalyst. The
use of temperature programmed desorption and reaction exper-
iments of ethanol, acetaldehyde and acetone can determine the
role of surface reactions involved in ethanol steam reforming
reaction. For that purpose, a catalyst [20] based on cobalt as
active phase and supported on zirconia promoted by lanthana,
was studied. It demonstrated a very high activity, selectivity to
hydrogen production and a great stability in ethanol steam reform-
ing.

The aim of this work was to determine intermediate reaction
species in ethanol steam reforming in order to propose the sur-
face reactions involved in reaction mechanism that conduce to such
activity, selectivity to hydrogen and stability, probably the most
important feature for ethanol steam reforming reaction.

2. Experimental
2.1. Catalyst preparation

The catalyst used to perform this study was based on cobalt as
the active phase supported on zirconia promoted by lanthana. It was
prepared by impregnation in dissolution method, dried overnight
at 110°C and calcined at 800 °C. The details of catalyst preparation
were patented [20].

2.2. Temperature programmed desorption (TPD) and reaction
(TPR) experiments

TPD and TPR experiments were performed with a Mettler-
Toledo TGA/SDTA 851¢ thermo-balance, being the experimental
data recorded with the software STAR 8.10. Thermo-balance was
coupled to a mass spectrometer detector Pfeiffer Thermostar. Cat-
alyst samples (100 mg approximately) were submitted to an Argon
flow (50mlmin~1) which was saturated separately with ethanol,
acetone and acetaldehyde. Temperature programmed reaction
experiments (TPR) with steam/carbon ratio (S/C) of 4.8 for ethanol
and ethanol and acetaldehyde aqueous solutions and S/C=3.2 for
acetone aqueous solution were performed.

After 20 min in contact with the Ar saturated stream at 25°C,
the catalytic sample was heated to 900°C at 15°Cmin~! using an
Ar stream (50 mlmin—1). The evolution of m/z 2, 15, 18, 26, 28, 29,
30, 44, 45, 46, 58, 74, that correspond to Hy, CHg, HyO, ethylene,
CO, acetaldehyde, ethane, CO,, ethanol, acetone and diethyl-ether,
respectively, were recorded.

2.3. Reaction experiments

Reaction experiments were performed in order to study the
influence of temperature on ethanol conversion, H,/ethanol ratio
and the product distribution, respectively. Reaction tests started
at 700°C and decreased to 500°C in steps of 25°C, maintaining
these steps for 3 h. Another stability test at 700°C, S/C=4.8 and
GHSV=61,000h~! was performed for 700 h.

Reaction tests were performed introducing bioethanol and
water, without a gas carrier, in order to simulate the conditions
expected in a real fuel processor.

The parameters used to study the catalytic activity were ethanol
conversion, denoted as Xgioy, and product distribution denoted as
Y;. These parameters were calculated by the following Egs. (i) and

(ii):

moles EtOH;, — moles EtOH
X _ in Out) .1 .
EtoH ( moles EtOH;, x 100 ®
y, = [ moles P )60 (ii)
> moles P;

P;: reaction products.

Gas hourly space velocity was calculated by the following math-
ematical Eq. (iii):
GHsY = Zreactants (iii)
Vcatalytic bed

The reaction apparatus is equipped with mass flow controllers to
adjust the pre-treatment gas flow and an isocratic pump to control
the liquid feed with a very good accuracy. A SCADA software for
data acquisition and control for the different reaction parameters
was used. A catalyst sample (100 mg) was introduced in a fixed bed
quartz tubular reactor with an o.d. of 9.52 mm.

Chromatography was the analytical technique used to evaluate
the composition of reaction products. In order to separate perma-
nent gases (H,, CO and CH,), a 5A molecular sieve column was



160 M. Benito et al. / Journal of Power Sources 192 (2009) 158-164

6E-6 _:\K——_ —— 18 HP
2E-6
1E-6 ERaE— -——- 46 Acetic acid
L e ~=-- 31 EIOH
1 e TITt— e
1E-89 e e,
1 e —
1E-10 fremmmeee—ems
\ —— 58 Acetone
1E-7 1 B s B eod3
3 ) Risese
1E-94 T
1
1E-6
E 44C0,
1E-7 -
=5 T = T T T T T T T T
-‘li 1E-6 g s 29 Acetaldehyde
P S
= 1ET
§ 1E-8 R

1E-6 T T T T T T T 15ICH4
1E-7 4
1E-8 -
1E-7 —— 30Ethane
1E-8

1E-64 — —— 26ethylene
1E-7 4
1E-8 4
1E-9
1,4E-10 —— T4Diethyleter
7E-11 3 =
1E-7 h
e | ?
1E-8 4 kﬁ/\
—— 28CQ|
1E-6 -

Tl rirslTrrerrrrr=1rr 1
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 1. TPD experiment performed with ethanol.

used, while hydrocarbons and CO, were separated in a Porapak Q
column. The chromatograph (Agilent 6890 N) is equipped with TCD
and FID detectors connected in line. As possible steam reforming by-
products can appear, a mass spectrometer (Agilent 5973) connected
to a GC chromatograph was used.

3. Results and discussion
3.1. Ethanol TPD

In order to identify intermediate products formed in the reac-
tion, a TPD test using Ar saturated stream in ethanol at 25°C was
performed. Fig. 1 compiles the evolution of the different m/z that
correspond to main and secondary reaction products detected as a
consequence of the surface reaction on the catalyst studied.

After 20 min in isothermal conditions at 25 °C the heating ramp
started. At 100 °C small peaks ascribed to the desorption of H,O and
CO, previously adsorbed on the catalyst sample were detected. At
160°C, H, desorption was observed as the result of ethanol dehy-

drogenation to obtain acetaldehyde (reactions (1) and (2)) [21,22]:
CH3CH;0H = CH3CH;0H 4 (1)
CH3CH,0H = CH3CHO,4s + Hy (2)

After 200°C, ethane and H, are detected simultaneously. H;
can come from acetaldehyde reforming (reaction (3)) with H,O
previously adsorbed at room temperature. By acetaldehyde ther-
mal decomposition (reaction (4)) or decarbonilation (reaction (5)),
methyl groups could be obtained. Reactions (5) and (6) can also
explain CO traces. The broad peak ascribed to methane desorp-
tion can be explain by reaction (7). H, and CO, production can be
compatible with water-gas-shift reaction (reaction (8)), thermody-
namically favoured at low temperatures. Ethane can be formed by
coupling reaction of two methyl groups adsorbed (reaction (9)) or
by free methyl radical reaction formed by acetaldehyde thermal
decomposition (reaction (4)) [23].

CH3CHO,4s + H,0 = 2CO + 3H, (3)
CH3CHO, 4 = CH3* + CHO* (4)
CH3CHO,4s = COyqs + CH3 ads + Hads (5)
C0,gs = CO (6)
CHj a4s + Hags = CHy (7)
CO,4ds + H20,4s = Hy + CO, (8)
CH; 345 + CH3 2qs = CoHg (9)

Between 250 and 450°C, acetone, diethyl-ether and ethylene
traces were detected as well as H,. Acetone could be obtained by
reaction of two ethanol molecules adsorbed (reaction (10)) [24].

2CH3CH,0H,45 = CH3COCHj3 + 3H, + CO (10)

Idriss etal.[25] reported that acetone was produced by acetalde-
hyde reaction with methyl groups adsorbed (reaction (11)), and that
diethyl-ether can be obtained by the reaction between acetalde-
hyde molecules adsorbed (reaction (12)). However, Marifio et al.
[26] suggested that diethyl-ether was formed by reaction of two
ethanol molecules accomplished of water formation. Ethylene can
be formed by ethanol dehydration (reaction (13)).

CH3CHO, 45 + CH3 45 = CH3COCH; (11)
2CH3CHOadS = CH3CH,0CH,CH3 + H, (12)
CH3CH,0H = CyHy (13)

At 350°C, a decrease in the peak ascribed to acetone desorption
was observed. This fact took place simultaneously with a m/z signal
increase of CO, and H, that achieved a maximum at 430 °C which
could be explained by acetone reforming with the residual water
present on the catalyst surface that was adsorbed at room temper-
ature (reaction (14)). This fact can be observed again at 600 °C.

CH5COCH; + H,0 = 3C0, + 8H,0 (14)

In the temperature range studied (250-450°C), a wide des-
orption peak ascribed to CH4 was detected. It could be obtained
by decarboxilation of acetate species at high temperature [27].
Between 495 and 655°C, H, and CO, desorption was detected,
while acetone and diethyl-ether decreased. This fact can be
explained by the reforming reaction contribution (reaction (14)).

3.2. Ethanol-water TPR

Having analyzed the reaction products obtained by the surface
reaction of the adsorbed ethanol, the influence of water in the
reforming reaction became an interesting study to perform. Fig. 2
compiles the evolution of different m/z signal ascribed to reaction
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Fig. 2. TPR experiment performed with a dissolution ethanol-water.

and secondary products and by-products in ethanol steam reform-
ing reaction when Ar stream was saturated in an ethanol/water
dissolution with a S/C=4.8 at 25 °C for 20 min.

The adsorption of the solution of water and ethanol produces
changes in the distribution of the observed desorption products.
The simultaneous desorption of H, and CO, at low temperature
(135 °C) which corresponds to final products of a reforming process,
was detected.

While from 217 °C, a peak ascribed to hydrogen desorption was
detected, there was no peak for carbon dioxide. This fact is note-
worthy and can be explained by ethanol dehydrogenation reaction
to acetaldehyde (reaction (2)).

Contrary to the previous test, a peak desorption ascribed to
ethylene (298 °C) was not detected, leading us to think that water
presence can inhibit the ethanol dehydration reaction.

From 304 °C, a new desorption peak ascribed to CO,, previous to
the acetone desorption (430°C), can be observed, which can estab-
lish the temperature at which acetone is formed. In this experiment
the desorption peak ascribed to acetone (430°C) showed a much

smaller intensity which appears simultaneously with CO, desorp-
tion, what confirmed acetone reforming reaction (reaction (14)).

Therefore, as a consequence of intermediate products detected,
we can assume that water presence inhibits the ethanol dehydra-
tion vs. the dehydrogenation to acetaldehyde, that once adsorbed
on catalyst surface would evolve towards the acetone yield.

According to the reaction sequence proposed, and based on
the TPR experiments, the catalyst partially inhibits the reactions
responsible for the coke formation via ethylene, with the exception
of the possible coke formed by Boudouard’s reaction (thermody-
namically possible).

3.3. Acetaldehyde-water TPR

Once identified that ethanol dehydrogenation produces
acetaldehyde as previous step in the reforming process, it is nec-
essary to deepen in the possible surface reactions that take place
when acetaldehyde is adsorbed. For that purpose, a TPR test using
an acetaldehyde aqueous solution was performed. Fig. 3 compiles
the evolution of different m/z signals recorded in the TPR experi-
ment. At low temperature (150°C), a desorption peak ascribed to
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Fig. 3. TPR experiment performed with a dissolution acetaldehyde-water.
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ethanol was detected. Ethanol produced apparently comes from
acetaldehyde hydrogenation which indicates a reversible process
[28]. Three desorption peaks ascribed to acetic acid desorption
(m/z=45) were detected at 183, 416 and 670°C. Two broad peaks
ascribed to acetone desorption were detected at 329 and 641 °C,
which were shifted to higher temperature in relation with acetic
acid desorption peaks. It is important to note that acetone forma-
tion from ethanol reforming is possible at low temperature due to
AG becomes negative at 91 °C. Three important routes have been
proposed to the transition from acetaldehyde to acetone:

Nakajima et al. [29,30] proposed a pathway which involves the
acid acetic formation as the key intermediate and a further bimolec-
ular arrangement leading to acetone and carbon dioxide as the
most important compounds. Sreerama et al. [31] suggested aldol
condensation of acetaldehyde while Idriss et al. [25] proposed a
reaction between acetyl and methyl species. At the light of the
results obtained in our study, acetone can be preferably obtained
via acetic acid as opposed to the mechanism proposed by Zhang et
al. [28] in which acetaldehyde is transformed into methane by the
decomposition reaction. However, a low intensity broad desorption
peak ascribed to methane desorption was detected. It is notewor-
thy the absence of the CO desorption peak, which indicates that
water-gas-shift reaction was promoted.

3.4. Acetone-water TPR

A TPR with aqueous acetone dissolution was performed (Fig. 4).
CO, was the only product detected in the temperature range stud-
ied. Traces of acetic acid (m/z=45) at 424 and 644 °C indicated the
reversibility of the process. Carbon dioxide desorption peaks at 174,
307, 426 and 672°C indicated that acetone was chemisorbed on
different catalytic sites with different strength. CO, peak sequence
corresponded with a broad acetone desorption peak detected from
room temperature up to 700°C, which indicated that acetone is
reformed to produce hydrogen and carbon dioxide as final reaction
products.

3.5. Activity testing

Fig. 5 represents ethanol conversion and H,/EtOH ratio evolu-
tion vs. temperature. It is remarkable that ethanol fed was totally
converted at temperature higher than 550°C. An increase in tem-
perature leads to a H,/EtOH ratio up to 5.9 at 675 °C, temperature
at which thermodynamics predict the maximum value, due to the
minimization of methane concentration [32]. It also produced an
increase in CO concentration because water-gas-shift reaction is
not promoted at high temperatures (Fig. 6). While carbon dioxide
remains constant in the temperature range considered, methane
decreases from 2.53 at 550°C to 1.72 at 650°C. This fact suggests
that methane is reformed to produce carbon monoxide and hydro-
gen. A further increase on temperature produced a decrease of
hydrogen concentration due to ethane formation. At low temper-
ature (500°C) the presence of acetone as an intermediate product
(3.5%), was detected (Fig. 7). It was also determined by TPR-TPD
experiments showed previously. This fact is minimized at temper-
ature higher than 600 °C. The presence of ethylene, resulting from
ethanol dehydration reaction, was negligible and decreased with
temperature. The low acetaldehyde concentration <500 ppmV sug-
gests a quick transformation into acetone at temperatures as low as
500°C.

Trying to determine the activity, selectivity and stability of the
catalyst studied, a long-term reaction test in catalytic activity con-
ditions was submitted. Fig. 8 shows the evolution of the ethanol
conversion and H, [EtOH ratio vs. time. Ethanol conversion achieved
100% and was totally stable for approximately 800 h in reaction con-
ditions. H, /EtOH ratio shows a slow but continuous increase with
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reaction time up to 4.5 mol of H, per mol of ethanol fed, which can
suggest an activation of the catalyst.

This high efficiency is directly related to the reaction displace-
ment towards the formation of final products as H, and CO,. CO,
concentration next to 20% as opposed to CO concentration (10%)
confirms this fact (Fig. 9).
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Itis well known that water-gas-shift reaction takes an important
role in the product distribution. WGS reaction is thermodynam-
ically favoured at low temperatures, however, the experimental
results show a high displacement of the reaction at high temper-
ature, what means a high hydrogen concentration (70% approx.)
and low methane concentration (3.8% approximately). This 800 h
stability test is remarkable due to the few papers that perform
long-term stability tests. Verykios and coworkers [33] reported
long-term stability results (45 h) obtained with a nickel supported
on lanthana catalyst. Their catalyst showed high activity and selec-
tivity to hydrogen production, at 600°C and ethanol:water ratio
1:3. Using a catalyst consisting on ruthenium supported on alu-
mina [34] a long-term stability test was performed at 700°C and
H,O/EtOH ratio 2:1, which showed a low deactivation rate after
100h (15% of ethanol conversion loss). Shen and coworkers [28]
reported long-term stability results obtained with a catalyst based
on Ir supported on CeO,. This catalyst operated stable for more
than 800 h, while other catalysts based on transition metal oxides
(Ni, Co) supported on CeO, showed a significant deactivation even
for 25h.

4. Conclusions

Temperature programmed desorption and reaction experiments
allowed us to determine the involved intermediate species in the
reaction mechanism for ethanol steam reforming in a catalyst based
on cobalt supported on zirconia promoted by lanthana. The cata-
lyst promotes ethanol dehydrogenation reaction to acetaldehyde.
Acetaldehyde adsorbed on catalyst surface reacts via acetic acid for
acetone production. Acetone reforming reaction could take place
from 400 °C to produce H, and CO,.

The studied catalyst showed a great activity and selectivity to
hydrogen production in the conditions tested (700°C, S/C=4.8),
without showing deactivation after 800 h in reaction conditions.
Hydrogen efficiency production was 4.5 mol H, per mol of ethanol
fed, at 700°C and atmospheric pressure, which represents an effi-
ciency around 82% vs. the equilibrium estimation.

The promotion of ethanol dehydrogenation to acetaldehyde,
the acetone production from acetaldehyde and its reforming were
the key steps in the reaction pathway that allow to develop an
active, selective and stable catalyst, which is the technical barrier
for hydrogen production by ethanol reforming.

The results obtained allow us to implement the studied catalyst
in an ethanol processor for hydrogen production.
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