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achieved 68%.

Renewable bioethanol is an interesting hydrogen source for fuel cells through steam reforming, but its
C-C bond promotes parallel reactions, mainly coke and by-products formation. In this way, good ethanol
reforming catalysts are still needed, which explains current research and development efforts around
the world. Most catalysts proposed for ethanol reforming are based on oxide-supported noble metals
with surface area below 100 m? g~ and reaction temperatures above 500 °C. Novel Rh and Rh-K catalysts
supported on NaY zeolite with surface area above 440 m2 g-! are presented in this work. Reaction tem-
perature was fixed at 300 °C and H,O/EtOH molar ratio and reagent flow were varied. Ethanol conversion
varied from 50 to 99%, with average increase of 50% due to K promoter, and hydrogen production yield

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Biomass-based fuels have the potential to replace fossil fuels and
mitigate greenhouse gas emissions and global warming. Sugar cane
ethanol (EtOH) is the most promising biofuel, due to its economi-
cal feasibility and production of 8-10 times the energy consumed
during the manufacturing, considering the whole chain of ethanol
production and use [1]. Ethanol is largely used in Brazil, sharing 13%
of vehicle fuels market.

Fuel cells and hydrogen are very attractive technologies for vehi-
cle power and electricity generation. Well-to-wheel analysis shows
the efficiency improvement: current internal combustion gasoline
vehicles have efficiency around 15%, whereas FC vehicles based on
gasoline reforming can achieve 24-31% [2]. Stationary phosphoric
acid fuel cells (PAFC) electric efficiency can achieve 33%, compared
to less than 25% for microturbines [3]. Simulation of electric gener-
ators composed of 1 kW polymer electrolyte fuel cells (PEMFC) and
ethanol reformer has predicted an electric efficiency of 35% [4],
while real small gasoline electric generators achieves 15%. It can be
concluded that systems based on ethanol and fuel cells have the
potential to combine efficient energy conversion technology with
a renewable energy source.
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Ethanol can be converted to hydrogen by means of steam or
autothermal reforming and partial oxidation, using different cata-
lysts and supports. Oxide-supported noble and non-noble metals
have been tested, main catalysts being: Rh [5-13], Pd [7,8,14,15],
Pt [7,8,15-17], Ru [8,18], Ir [19], Au [20], Ni [719,21-32], Co
[6,15,19,24,26,31,33,34] and Cu, supported on ZrO; [24] and Nb,Os5
[35,36]. Industrial dehydrogenation catalysts were also tested for
steam reforming, with ethanol conversion below 40% [37].

Alumina-supported Rh was found to be one of the most active
noble metal, showing higher activity and hydrogen selectivity in
comparison to Pd, Pt, Ni and Ru [7,8]. Besides selectivity and con-
version, surface area is also a very important parameter for catalytic
reforming. Reported surface areas range around tens of m2 g~!, but
it is possible to achieve values above 100m?2 g~1 [14,16,22,30] or
even 200m? g~! [32] using oxide supports.

Alkali metals can be added to oxide-supported metal catalysts,
aiming different effects on catalysis performance. K [27,28] and Li
[28] promoters can improve sintering properties of Ni/MgO but
have no influence on coke formation; otherwise, Li and Na have
a negative effect on Ni dispersion in the same oxide [28]. Addition
of Na to Co/ZnO catalysts has improved hydrogen production and
catalyst stability, via inhibition of carbon deposition [34]. K;0 and
MgO have been added to Cu/Nb,0O5 and Cu-Ni/Nb,Os, improving
conversion due to decreasing of niobium oxide acidity [36].

In this work Rh/NaY and Rh-K/NaY catalysts were prepared
and used for ethanol steam reforming. NaY zeolite support has
the prime function of increasing the surface area, aiming higher
reforming reaction efficiency. Potassium was added to Rh/NaY
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catalyst in order to improve reforming performance, as it was ver-
ified by our group for Cu/Nb,0s5 [36]. Further experiments will
confirm if this effect is related to decreasing of support acidity.

At our knowledge, this is the first test of zeolite-supported
catalyst for ethanol reforming, although ZSM-5 zeolite had been
previously used for CO, methane reforming [38].

2. Experimental
2.1. Catalysts preparation and characterization

NaY zeolite was prepared from aluminosilicate gel by mixing
solutions of colloidal silica (46 g), sodium hydroxide (62 g), sodium
aluminate (32 g) and distilled water (800 ml). The formed gel was
transferred to a polyethylene bottle with threaded stopper, resting
for 48 h at 95°C to allow the crystallization. After cooled to room
temperature, the solid product was filtrated, washed and dried at
100°Cduring 24 h.Rh (5 wt%) and K (2 wt%) were added by impreg-
nation of aqueous solution, then dried at 100 °C for 8 h and calcined
at 500°C during 4 h. Resulting catalyst powders were pressed in
small tablets, ground and sieved to obtain pellets with diameter
between 0.4 and 0.8 mm.

BET surface area was measured by nitrogen adsorption in
a New Quantachrome b1200 instrument. For scanning electron
microscopy (SEM) and energy dispersive X-ray spectrometry (EDS)
a Hitachi S-4100 microscope was used. Atomic absorption spec-
troscopy (AAS) was performed on a PerkinElmer A Analyst 100
instrument. Crystalline phases were characterized by X-ray diffrac-
tion (XRD) in a Philips X'Pert model and temperature-programmed
reduction (TPR) analyses were performed in a quartz reactor under
10%-H,/air flow from 25 to 950°C at 15°Cmin~! heating rate.

2.2. Catalytic testing

Ethanol steam reforming tests were carried out at 300 °C under
atmospheric pressure in a cylindrical fixed-bed reactor containing
7.0 g of catalyst. This amount was fixed in order to replicate condi-
tions closer to real operation. Catalyst sample was placed in reactor
central part and silica gel with same mesh size was placed in the
reactor ends. Experiments were conducted under reagent flow rates
of 2.04gmin~! and 2.77 gmin~! and under H,0/EtOH molar ratios
of 3:1,5:1 and 10:1. Catalytic reactions have been performed under
the same conditions for both catalysts and were followed hourly
during 3 h. The catalysts were previously activated at 300 °C under
H, + N, stream during 4 h.

3. Results and discussion
3.1. Catalysts characterization

X-ray diffractograms and SEM micrographs of NaY and Rh/NaY
samples are shown in Figs. 1 and 2, respectively. Zeolite samples
have been adequately grown, with morphology in accordance with
the literature [39]. Rh/NaY diffractogram (Fig. 1B) and micrograph
(Fig. 2B) show morphology similar to that of the initial NaY zeolite.
Diffractogram and SEM micrographs for Rh-K/NaY sample were the
same as for Rh/NaY sample, indicating that K impregnation had no
effect on catalyst morphology.

Atomic absorption analyses of Rh and Rh-K/NaY samples have
confirmed metal catalyst and promoter content. AAS also showed
that the Si/Al ratio is ca. 2.2 for the three samples, which was
confirmed by SEM/EDS. The N, adsorption isotherms for zeolitic
samples are of Type I, characteristic of microporous solids [39].
Surface areas for NaY, Rh/NaY and Rh-K/NaY, determined from the
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Fig. 1. X-ray diffractograms of NaY support (A) and Rh/NaY catalyst (B).

adsorption isotherm, are 647,472 and 440 m? g~1, respectively. The
decrease can be attributed to metallic particles blocking open pores
and pathways to the surface.

Fig. 3 shows TPR scans for Rh/NaY and Rh-K/NaY. Reduction
takes place between 70 and 200 °C, and the single peak indicates
that Rh ions exist in one oxidation state. TPR scan for Rh-K/NaY
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Fig. 2. SEM micrograph of (A) NaY support and (B) Rh/NaY catalyst.
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Fig. 3. TPR for Rh/NaY and Rh-K/NaY samples.

does not show reduction of K species, which remains as K, O after
the activation. The only species in zeolite structure are Rh® and K, 0.

3.2. Steam reforming catalytic reactions
Ethanol conversion and hydrogen yield are defined by the fol-
lowing equations:

mol(consumed EtOH)
mol(EtOH entering reactor)

conversion = 100 (1)

mol(EtOH converted to Hy)
mol(consumed EtOH)

H, yleld = x 100 (2)

No observed variation of conversion and yield was observed
during the catalytic tests. However, stability behaviour is beyond
scope of this work and will be addressed in further experiments.
Figs.4 and 5 show the effect of K promoter and of H,O/EtOH ratio on
the total conversion. Conversion increases with H,O/EtOH ratio for
both catalysts and reagent flows, but the effect is more pronounced
with the presence of K species, which also turns the catalyst less
sensitive on reagent flow.

Hydrogen yield also increases with H, O/EtOH ratio for both cat-
alytic systems, as it can be seen in Fig. 6, but Fig. 7 shows that the
effect is less evident for the higher reagent flow. For reagent flow
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Fig. 4. Total conversion for Rh/NaY (O) and Rh-K/NaY (O), measured under
2.04gmin~"! reagent flow.
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Fig. 5. Total conversion for Rh/NaY (M) and Rh-K/NaY (®), measured under
2.77 gmin~! reagent flow.
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Fig. 6. Hydrogen yield for Rh/NaY (O) and Rh-K/NaY (O), measured under
2.04gmin-! reagent flow.
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Fig. 7. Hydrogen yield for Rh/NaY (M) and Rh-K/NaY (@), measured under
2.77 gmin~! reagent flow.
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equal to 2.77 gmin~!, an increase by three times of H,O/EtOH ratio
results in less than 10% of conversion and hydrogen yield increase.

Results show that NaY-supported Rh catalysts are able to per-
form ethanol reforming and that higher water/ethanol ratios favour
total conversion and hydrogen yield. Comparison with supports
already studied [5-10,12] shows that total conversion is similar to
some oxide-supported Rh catalysts, but most of oxides were tested
at temperatures from 450 to 850°C [5-10].

Catalysts containing K present higher values of total conversion,
as observed by Frusteri et al. [27],and a small increase was observed
for hydrogen production. Frusteri et al. [28] have also observed
that the addition of K promotes catalyst stability and prevents coke
formation, effect not yet observed for Rh—K/NaY catalyst.

During reforming tests it was detected the presence of CO and
CH4 by-products, but no content quantification was done. CO and
CH,4 production is not surprising, as most of ethanol reforming
experiments report their production [5-34].

It is important to point out that Rh content was not optimized
in the present study. Due to greater surface area of NaY zeolite it
is reasonable to think that 5% Rh resulted in lower atomic surface
density in comparison to oxide-supported catalysts. Together with
stability, composition of zeolite-supported Rh and Rh-K needs to
be studied in more detail.

4. Conclusion

In this work novel zeolite-supported Rh catalysts were stud-
ied for ethanol steam reforming. It is shown that Rh/NaY is able
to reform ethanol to hydrogen and that addition of K to the catalyst
favours ethanol conversion, increasing it from 62 to 97%. Rh-K/NaY
is also more effective for hydrogen formation. Best conversion val-
ues were achieved for higher H,O/EtOH ratio and higher reagent
flow, the latter being less effective for Rh—K/NaY catalyst. It was ver-
ified that reagent flow has greater influence on hydrogen yield than
K addition. It is concluded that NaY zeolite-supported Rh can be
considered promising catalysts for ethanol steam reforming, when
compared with other existing studies.
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