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Abstract

Two series of Rh/spinel catalysts supported on alumina were prepared. In the first series, magnesium, nickel, and aluminum ni
co-impregnated overγ -alumina beads (200 m2 g−1), dried, and further calcined at 1000◦C to obtain MgxNi1−xAl2O4/Al2O3 supports
(≈100 m2 g−1), wherex ranged from 0 to 1. These supports were impregnated with aqueous solutions of Rh nitrate to obtain 0.1–
Rh catalysts. We prepared the second series by coating alumina beads with Mg acetate. The support was dried and calcined at 1◦C. The
MgAl2O4 spinel was formed by solid–solid reaction between magnesia and alumina. MgAl2O4 was impregnated with different Rh precurs
salts (nitrate, chloride, acetate) to obtain 0.2–0.8 wt% Rh loading. Supports and catalysts were characterized by BET area, po
XRD, TEM and SEM, CO2 chemisorption (basicity), and dimethyl-3,3-but-1-ene isomerization (acidity). Rh dispersion was meas
H2 chemisorption. The second series of catalysts was also characterized by FTIR of adsorbed lutidine and DRIFT. The activity of th
was evaluated in the ethanol steam reforming at 700◦C under 1 or 11 atm (H2O/ethanol molar ratio of 4, space velocity 24,000 h−1). Acidic
and basic properties of the catalysts are crucial parameters inasmuch as they control the primary selectivity for ethylene or ace
To avoid ethylene formation, which leads to a significant carbon deposit, all acidic sites should be neutralized. The effects of the p
used in the support and catalyst preparation were investigated. The second preparation method gave less acidic materials wit
performances (activity and stability) in the ethanol steam reforming reaction. The morphology of the support, with a Mg-deficie
layer (thickness of about 8–9 nm) intimately covering all of the alumina grains (around 40 nm in size), can explain the neutralizatio
acidic sites. Nitrate precursors should be avoided, since as we obtained the most acidic materials and the poorest stability. Rh ac
neutral catalysts with interesting performances in the ethanol steam reforming, and Rh chloride allowed the preparation of well-dis
catalysts. Although the catalysts prepared with Rh chloride were moderately acidic, they were very active and stable.
 2005 Elsevier Inc. All rights reserved.
Keywords:Hydrogen production; Ethanol; Biofuels; Rhodium; MgAlO ; Spinel oxides; Basicity
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1. Introduction

Over the last several years, hydrogen production f
renewable fuels has attracted interest because of the p
tial applications in proton exchanged membrane fuel c
(PEMFC). Such a technology combines both a signific
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net reduction in the yield of CO2 as a by-product, becaus
of the utilization of biofuels and the excellent energy co
version yield in fuel cells. Hydrogen can be produced
steam reforming (fuel+ H2O) or autothermal reforming (O2
is added to equilibrate the endothermicity of the steam
forming reaction). Steam reforming of bioethanol has b
widely investigated because (i) it can be produced from
newable resources in large production units; (ii) in cont
to methanol, ethanol toxicity is low; and (iii) bioethanol

virtually sulfur-free, which is crucial for processes involving
metal-based catalysts. Nickel catalysts[1–10] were investi-

http://www.elsevier.com/locate/jcat
mailto:daniel.duprez@univ-poitiers.fr
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gated in detail because of the relatively good activity of N
the steam reforming processes. Ni was shown to rapidly
activate because of coke formation, but copper is know
a strong inhibitor of coke formation, and thus nickel–cop
bimetallic catalysts were specially designed and studie
avoid such a deactivation[11–16]. Cobalt catalysts have als
exhibited good performance in hydrogen production fr
ethanol reforming[17–24]. However, the rapid sintering o
these catalysts generally limited the application to the
actions performed at moderate temperatures. Noble me
especially Rh and Pt[1,5,25–39], were also investigated.
was shown that Rh was the most active metal in the eth
steam reforming, as for the steam reforming of many hyd
carbons[40–45].

Ethanol steam reforming consists of three main react
accounting for the formation of H2, CO2, CO, and CH4:

C2H5OH + 3H2O → 2CO2 + 6H2,
�H 0

298= +174 kJmol−1, (1)

C2H5OH + H2O → 2CO+ 4H2,
�H 0

298= +256 kJmol−1, (2)

C2H5OH + 2H2 → 2CH4 + H2O,
�H 0

298= −157 kJmol−1. (3)

Carbon monoxide is favored at high temperatures,
methane is thermodynamically favored at low temperatu
Three main parameters may affect the H2 yield at equi-
librium (Y H2): temperature (T ), total pressure (P ), initial
H2O/ethanol molar ratio (R). Y H2 increases withT andR

and decreases withP . At P = 1 bar and forR = 3, Y H2

reaches a maximum around 700◦C. However, increasing th
total pressure may be necessary to adapt the reformer t
global process conditions, especially when hydrogen pu
cation involves a Pd–Ag membrane. In such a case, a w
ing pressure of 8–15 bar is required.

Four other reactions can also occur: ethanol dehy
genation to acetaldehyde(4), ethanol dehydration to ethy
ene(5), and ethanol cracking to carbon dioxide and meth
(6) or carbon monoxide, methane, and hydrogen(7):

C2H5OH → CH3CHO+ H2,
�H 0

298= +68 kJmol−1, (4)

C2H5OH → C2H4 + H2O,
�H 0

298= +45 kJmol−1, (5)

C2H5OH → 1
2CO2 + 3

2CH4,
�H 0

298= −74 kJmol−1, (6)

C2H5OH → CO+ CH4 + H2,
�H 0

298= +49 kJmol−1. (7)

Reaction(6) is strongly favored at low temperature
In fact, calculations showed that CO2 and CH4 are the
only products thermodynamically favored at low tempe
ture (T < 200◦C), with a stoichiometry equal to that of re

action(6) (CH4/CO2 = 3) [5]. However, many studies have
shown that acetaldehyde and ethylene may form at relatively
low temperatures, well before the formation of hydrogen and
atalysis 233 (2005) 464–477 465
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COx by reactions(1) and(2). Compared with the steam re
forming reaction, the ethanol dehydrogenation and dehy
tion reactions are much faster, and acetaldehyde and e
ene may be considered important intermediates in the fo
tion of hydrogen[5,37]. The support plays a crucial role
the steam reforming reaction: (i) it may favor water splitti
into OH groups and promote the migration of these reac
species toward the metal particles, where the final step
the COx and hydrogen formation occur[43,46–49]; (ii) it
may catalyze reaction(4) and/or(5) and affect the selectiv
ity for the final products[5,12,20,35,50,51]; and (iii) it may
finally contribute to the stabilization of the metal partic
at high temperature under steam[22,52–57]. Alumina-based
supports are often used in the steam reforming reaction
cause they offer a good compromise between the diffe
roles the support should play. However, at high tempera
under steam, a slow migration of the Rh ionic species
occur and lead to an irreversible deactivation. This is
to the fact that transition aluminas present an open sp
structure with a high number of vacancies that can host
stabilize ionic species of the metals[58–63]. The catalyst is
then virtually irreducible and loses its activity, especially
steam reforming reactions. The aim of this study is to
scribe the preparation and characterization of Rh cata
deposited on alumina-supported MgxNi1−xAl2O3 spinel ox-
ides for application in ethanol steam reforming at 700◦C
under moderate pressure (11 bar). With vacancies of
mina filled with Mg2+ or Ni2+ ions, it is expected that R
can be stabilized in the fully reduced form. Insofar as
hydration and dehydrogenation have a great impact on
selectivity (H2, COx , CH4) and on the catalyst stability (eth
ylene is a major precursor of coke), much attention was p
to the acidic and basic properties of the catalysts.

2. Experimental

2.1. Preparation

Two series of supports and catalysts were prepared
every case, the starting material consisted ofγ -alumina
beads (200 m2 g−1, main impurities Na, Fe, Si< 500 ppm,
1–2 mm in diameter) provided by Rhodia.

In the first series, the spinel supports were prepared by
impregnation of magnesium, nickel, and aluminum nitra
(Alpha Aesar) in the molar ratiox/(1− x)/2 for Mg/Ni/Al.
The amount of salts was adjusted to obtain 5 wt% Mg+
Ni in the support. Nitrate impregnation was carried ou
45◦C for 48 h. The solution was then slowly evapora
at 100◦C, and the solid was subsequently dried at 120◦C
for 15 h. To form the alumina-supported spinel, the follo
ing temperature program was applied: heating at 2◦C min−1

from 25 to 900◦C (8 h) in air, heating from 900 to 1000◦C
◦ −1 ◦
at 1 C min (1.5 h) in air, and a plateau at 1000C for

15 h in air. Rhodium catalysts (∼0.2 wt% Rh) were pre-
pared by wet impregnation of aqueous solution of rhodium
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nitrate at 45◦C, slow evaporation at 100◦C, and drying at
120◦C. The catalysts were finally calcined at 700◦C to sta-
bilize the solid before the reaction. The nomenclature of
first series of catalysts is as follows: N-Rh/1-MgxAl, where
N is for nitrate and 1 is for the first series. For instan
N-Rh/1-Mg0.75Al is the 0.2% Rh ex-nitrate deposited on t
Mg0.75Ni0.25Al2O4/Al2O3 support.

The second series of catalysts was prepared ov
nickel-free oxide, MgAl2O4/Al2O3. For better control of
the acidity of the support, Mg was introduced on alum
as magnesium acetate. Moreover, no aluminum was ad
and the spinel was formed via a solid–solid reaction
tween magnesium oxide (ex-acetate) and theγ -alumina
bead. The same temperature program was used as fo
first series. This support was impregnated with rhodi
nitrate (N-Rh/2-MgAl), rhodium acetate (A-Rh/2-MgAl
or rhodium chloride (C-Rh/2-MgAl). Whereas the impre
nation with N-Rh and A-Rh was rather difficult and w
restricted to 0.2–0.4 wt% Rh, impregnation of C-Rh w
easier, and a rhodium loading of almost 1 wt% could be
tained. The rhodium chloride precursor was selected to
the Rh loading between 0.2 and 1 wt%.

2.2. Characterization

BET area and pore size distribution were measured
Flowsorb II apparatus (Micromeritics).

X-ray diffraction analysis was carried out in a Sieme
D5005 diffractometer, equipped with a Cu anode (λ =
0.15406 nm). Diffractograms were recorded in the 15◦–75◦
range of 2θ , with a step of 0.04◦ and a dwell time of 6 s
Phases present in the samples were identified by compa
with ICDD files.

The catalyst morphology was characterized with a 5
LV Jeol SEM, equipped with a Everhart–Thornley detec
for secondary electron analysis and a Centaurus (KE
velopment, Cambridge) detector for back-diffused elec
analysis. The latter detector is especially well-adapte
increase the chemical contrast between light and heav
ements. The microscope was also equipped with an IN
300 Oxford Instruments system for EDX analysis.

Metal accessibility was measured in a home-made c
matographic apparatus[41,63]. The catalyst sample (typ
cally 500 mg) was reduced in flowing H2 (30 cm3 min−1)
at 500◦C, outgassed in ultrapure Ar at 500◦C for 1 h, and
cooled to room temperature (RT). Pulses of H2 (0.250 cm3)
were injected every other minute up to saturation (HC1).
A new series of H2 pulses was injected over the sample, a
10 min of purging under pure Ar, to determine the revers
part of the chemisorbed hydrogen (HC2). The irreversible
part was taken as HC= HC1 − HC2. Oxygen titration of the
chemisorbed hydrogen (OT) and hydrogen titration of
chemisorbed oxygen (HT) were successively carried ou

◦ ◦
25 C for OT and 60 C for HT. Oxygen is more strongly
bounded on Rh than on Pt, and the HT measurement tem
perature was adjusted for a complete titration[41]. The stoi-
atalysis 233 (2005) 464–477
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n

chiometries for the chemisorptions and titrations were 1
for HC/OT/HT. On the basis of an equidistribution of t
〈100〉, 〈110〉, and 〈111〉 faces, the molar surface area
rhodium would be 45,700 m2 mol−1. In the classical hy-
pothesis of cubic particles with one face in contact with
support (five faces exposed to the gases), the metal pa
size can be calculated as

d (nm) = 91

D
,

whereD is the metal accessibility as a percentage.
Acidic and basic properties were characterized by me

of the activity in the dimethyl-3,3-but-1-ene (DM33B1) is
merization (acidity) and the CO2 chemisorption (basicity
[64,65]. DM33B1 isomerization was carried out at tempe
tures ranging from 200 to 400◦C on the samples (typicall
0.1 g) previously calcined in situ in air (30 cm3 min−1)
at 450◦C and cooled to the reaction temperature un
N2. DM33B1 was injected by means of a saturator ma
tained at 0◦C (DM33B1 partial pressure 20.9 kPa) und
flowing nitrogen (30 cm3 min−1). Reactant and produc
(dimethyl-2,3-but-2-ene, DM23B2 and dimethyl-2,3-but
ene, DM23B1) were analyzed on line by GC on a squa
column (100 m× 0.25 mm) maintained at 50◦C. Car-
bon dioxide chemisorption was carried out in a chroma
graphic apparatus similar to the one described for hydro
chemisorption and titrations. The sample (0.1 g) was pr
ously oxidized in situ at 450◦C and then cooled to RT unde
flowing He (30 cm3 min−1). CO2 pulses (0.25 cm3) were in-
jected up to the saturation point.

Some catalysts (second series) were also characte
by FTIR of adsorbed lutidine (Nexus, Nicolet). The sam
was crushed to obtain a very fine powder and then pre
(120 kg cm−2) to form a self-supported pellet about 16 m
in diameter (∼20 mg). The sample was outgassed un
vacuum (10−5 mbar) at 600◦C (1 h) and cooled to RT. Lu
tidine was adsorbed at 25◦C. Because of the difficultie
encountered in pelletizing the Rh/spinel catalysts, som
them were investigated by DRIFT, with attention focused
the 3000–4000 cm−1 spectral region. For DRIFT measur
ments, the samples (25 mg) were simply outgassed u
pure Ar at 600◦C before the spectra were recorded at 25◦C.

2.3. Ethanol steam reforming reaction

Ethanol steam reforming was carried out at 1 or 11
Anhydrous ethanol (Rectapur Prolabo) was used. The s
reforming reaction was carried out in a flow reactor (L =
550 mm; ∅int = 12.5 mm) made of refractory steel (T
310 Z15CNS25). The ethanol–water mixture was injec
with syringes (1 bar) or a pump (11 bar). The mixture w
preheated at 120◦C before entering the reactor. The ca
lyst sample (typically 500 mg) was diluted in carborund
-
(2.5 g), with about the same particle size. It was placed in
the middle of the reactor tube near the temperature con-
troller thermocouple. Another thermocouple was inserted in
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the catalyst bed and used to measure both the external
perature of the catalyst and the axial gradient in the bed.
fractions of the reactor were packed with carborundum
was found that a temperature drop of less than 5◦C occurred
upon reactant injection. These are the stabilized temp
tures that are given in the tables. The reactor can be fed
pure H2 (catalyst reduction) or pure nitrogen for air pur
ing. The reaction gases were passed through a cond
at +0.5◦C to collect the nonreacted water and ethanol,
etaldehyde, and traces of acetone, acetic acid, and prop
acid. Noncondensable gases at+0.5◦C (H2, CO, CO2, CH4,
ethylene, ethane) were analyzed on line by GC (TCD1
rier gas: N2 to detect H2; TCD2 carrier gas: H2 to detect
COx and CH4, FID to detect the hydrocarbons). COx con-
centrations were also controlled with the use of IR analyz
especially at low COx concentrations. The condensed liqu
were analyzed by HPLC on an Aminex HPX-87H colum
combining a refractometer and a UV diode array detec
Before each test, the catalyst sample was reduced u
H2 (50 cm3 min−1) at 500◦C and heated at 10◦C min−1 to
the reaction temperature under N2 (50 cm3 min−1). The gas
hourly space velocity (GHSV) is defined as

GHSV (h−1) = Dg × ρc

m
,

whereDg is the reactant gas flow rate (ethanol+ steam) in
cm3 h−1 (25◦C, 1 atm),ρc is the apparent catalyst dens
(g cm−3), andm is the catalyst weight (g).

The residence time in the catalyst bed was

δ (ms) = 3.6× 106

GHSV(h−1)
.

If nin
X andnout

X are, respectively, the molar flow rates
product X at the inlet and outlet of the reactor, the cata
reactivity is characterized by

– the dry gas composition (in vol%);
– the ethanol conversion:

XEtOH = nin
EtOH − nout

EtOH

nin
EtOH

× 100;

– the hydrogen yield (mole of H2 per mole of converted
EtOH):

YH2 = nout
H2

nin
EtOH − nout

EtOH

;

– the selectivity in C-products:

SX = nout
X

χ(nin
EtOH − nout

EtOH)
;

whereχ is the stoichiometry factor (2 for C1 and 1 for
C2 compounds).
To give an efficiency of the overall process, including
steam reforming and WGS, a theoretical hydrogen yield is
atalysis 233 (2005) 464–477 467

-

r

c

r

also calculated (supposing a total conversion of CO
H2 + CO2 by WGS):

YH2th = YH2 × nout
H2

+ nout
CO

nout
H2

.

3. Results

3.1. Physical and chemical properties of the first series
supports and catalysts

BET surface areas and textural properties of the
series of supports are listed inTable 1. Also listed inTa-
ble 1 are the characteristics of the startingγ -alumina (de-
noted Al). All supported spinels show similar textural pro
erties. In spite of the high-temperature treatments (1000◦C),
spinels maintained relatively high BET surface areas
about 100 m2 g−1. Compared with the initialγ -alumina, the
pore volume of the spinels decreased by 41± 2%, and the
mean pore size increased by 27± 2%. There were virtu-
ally no micropores (<2 nm) in these supports, and the ma
transport in the core of the support was facilitated.

The acidic and basic properties of the solids exa
ined in the DM33B1 isomerization at 300◦C and by CO2
chemisorption at 25◦C are summarized inFig. 1. The cor-
responding values for the startingγ -alumina were, respec
tively, 245 µmol h−1 m−2 for the DM33B1 isomerization
and 0.30 µmol m−2 for the CO2 chemisorption. Acidity de-
creases withx, that is, from pure NiAl2O4 to pure MgAl2O4.
However, all of the supported spinels were significantly l
acidic than the alumina itself. These results showed
(i) MgxNi1−xAl2O3 supports do not possess strong aci
sites and (ii) the spinel oxide forms a rather continuous la
at the alumina bead surface. On the other hand, the
port basicity increases withx. Furthermore, the basicity o
the supported spinels is stronger than that of the sta
γ -alumina, whatever the Mg content.

The characteristics of the Rh/MgxNi1−xAl2O3/Al2O3
catalysts are listed inTable 2. The characteristics of
0.2% Rh catalyst directly deposited on the starting alum
(N-Rh/Al) are also listed inTable 2. Moderate difference
were found between the catalysts. The metal impregna
decreased the BET surface area of the support only slig

Table 1
Nomenclature and characteristics of the MgxNi1−xAl2O4/Al2O3 supports
(first series)

Support BET surf-
ace area
(m2 g−1)

Pore
volume
(cm3 g−1)

Micropore
volume
(cm3 g−1)

Average
pore size
(nm)

Al 200 0.477 0.009 8.6
1-Mg1Al 103 0.290 0.008 11.1
1-Mg0.75Al 103 0.292 0.008 11.0
1-Mg Al 101 0.288 0.007 11.1
0.5
1-Mg0.25Al 102 0.286 0.008 10.8
1-Mg0Al 96 0.272 0.005 10.9
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Table 2
Nomenclature and characteristics of the Rh/MgxNi1−xAl2O4/Al2O3 cata-
lysts (first series)

Catalysts BET
surface
area
(m2 g−1)

Metal
loading
(wt%)

Metal
acces-
sibility
(%)

Metal
surface
area
(m2

Rhsg−1)

Average
particle
diameter
(nm)

N-Rh/Al 190 0.20 40 0.355 2.3

N-Rh/1-Mg1Al 104 0.16 45 0.319 2.0
N-Rh/1-Mg0.75Al 96 0.17 38 0.287 2.4
N-Rh/1-Mg0.50Al 93 0.12 40 0.213 2.3
N-Rh/1-Mg0.25Al 95 0.20 48 0.426 1.9
N-Rh/1-Mg0Al 89 0.10 42 0.186 2.2

(−8% max). In every case, the metal accessibility was c
to 40%, and the mean rhodium particle size was between
and 2.4 nm.

3.2. Activity of the first series of catalysts (1 and 11 bar)

The catalyst performances in the ethanol steam reform
at 700◦C andR = 4 are listed inTable 3(1 bar) andTable 4
(11 bar). A GHSV of 13400 h−1 corresponds to a residen
0.25

a Initial activity.
b Theoretical values supposing a total conversion of CO+ H2O into H2 + CO2.
time of 268 ms in the catalyst bed (500 mg). The figures
ed
Fig. 1. Acidic and basic properties of the MgxNi1−xAl2O3 spinel oxides

supported onγ -alumina (first series): (a) activity in the DM33B1 isomer-
ization at 300◦C; (b) CO2 chemisorption at 25◦C.

listed inTables 3 and 4represent the mean values obtain
after 7 to 24 h on stream, except for N-Rh/1-Mg0Al at 1 bar

Table 3
Ethanol steam reforming at atmospheric pressure (T = 700◦C, GHSV= 13400 h−1, R = 4)

Dry gas composition (%) XEtOH
(%)

H2 yield

(mol mol−1)

H2 yield
with WGSa

H2 CO2 CO CH4 C2H4 + C2H6 CH3CHO

Equilibrium composition 70.0 12.5 16.7 0.8 0 0 100 4.7 5.82

SiC only 39.8 0.6 20.0 19.2 12.7 7.7 70.8 0.59 0.88

Al2O3 only 43.2 0.7 21.9 20.7 13.4 8.7 71.0 0.42 0.63

N-Rh/1-Mg1Al 68.9 14.6 13.5 3.0 0 0.1 100 4.41 5.27
N-Rh/1-Mg0.75Al 65.1 8.9 20.5 4.8 0.6 0.2 96 3.61 4.75
N-Rh/1-Mg0.50Al 66.1 12.5 17.0 4.0 0.3 0.1 100 3.90 4.91
N-Rh/1-Mg0.25Al 70.2 13.6 13.4 2.7 0 0.1 100 4.68 5.58
N-Rh/1-Mg0Alb 67.2 13.1 14.4 4.1 0.9 0.3 94 3.95 4.80

a Initial activity.
b Theoretical values supposing a total conversion of CO+ H2O into H2 + CO2.

Table 4
Ethanol steam reforming at 11 bar (T = 700◦C, GHSV= 13400 h−1, R = 4)

Dry gas composition (%) XEtOH
(%)

H2 yield

(mol mol−1)

H2 yield
with WGSa

H2 CO2 CO CH4 C2H4 + C2H6 CH3CHO

Equilibrium composition 58.2 17.1 10.6 14.1 0 0 100 2.79 3.30

SiC only 35.5 4.4 27.2 25.8 6.6 0.4 98 0.95 1.67

Al2O3 only 29.2 1.8 31.2 28.8 9.0 0.3 99 0.71 1.47

N-Rh/Al 55.6 16.2 12.7 15.3 0.2 0 99 2.50 3.07
N-Rh/1-Mg1Al 57.8 17.5 10.6 14.0 0.1 0.1 100 2.74 3.25
N-Rh/1-Mg0.75Al 57.6 17.7 10.1 14.6 0 0 100 2.64 3.11
N-Rh/1-Mg Alb 56.7 19.4 8.8 15.0 0 0 100 2.61 3.02
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and N-Rh/1-Mg0.25Al at 11 bar. In fact, these catalysts we
not stable enough over a 1-day test, and the activities
reported correspond to the “initial” activities after 2–7 h
stream. Moreover, the very poor stability of N-Rh/1-Mg0Al
at 11 bar did not even allow us to measure the activity o
7 h.

At atmospheric pressure and 700◦C, SiC or α-Al2O3
(2.5 g), used as dilutants, could convert up to 71% of
ethanol. Nevertheless, the conversion was essentially d
the ethanol cracking, the dehydration, and the dehydrog
tion, with major production of CO, methane, C2 hydrocar-
bons, and acetaldehyde. The hydrogen yield was limi
well below the thermodynamic yield. Moreover, a relative
large amount of coke was deposited on the diluant and
reactor walls. Blank experiments (empty reactor) were a
carried out. Ethanol conversions are slightly lower than th
obtained with alumina or SiC. Acetaldehyde/C2 hydrocar-
bons ratios were higher, suggesting that alumina and
promoted the dehydration reaction. The catalysts depo
on 1-Mg1Al and 1-Mg0.25Al showed very promising per
formances at 1 bar, and, compared with the other catal
virtually no ethylene, very little acetaldehyde, and sign
cantly less methane were produced, even though equilib
was not reached. Methane can be produced by ethanol c
ing or CO hydrogenation and then is reformed into H2 and
COx . The fact that the methane level is above equilibri
suggests that CH4 reforming is not very rapid at 700◦C,
1 atm. Although one could argue about the differences
tween these catalysts, especially based on the metal loa
and accessibility, such differences still appear to be sig
cant. The theoretical hydrogen yield (including WGS) co
reach 5.58 mol mol−1

C2H5OH on the most active catalyst.
When the reaction is carried out under 11 bar, SiC

α-Al2O3 are even more active (98–99% conversion). Aga
Y H2 is very poor because of the very high reaction selec
ity in CO, methane, and ethylene. All of the tested spin
supported catalysts showed performances close to eq
rium. One can see that increasing the pressure decreas
thermodynamic hydrogen yield, essentially because the
duction of methane is strongly favored. N-Rh/1-Mg1Al is the
most active among the three Mgx spinel-supported sample
All spinel-supported catalysts exhibit better performan
than Rh/Al2O3. This catalyst could not convert all of th
ethanol injected and produces more CO, methane, and
ylene than the supported spinel catalysts.

The stability of the N-Rh/1-Mg1Al catalyst was tested
over 75 h on stream, first at atmospheric pressure and
at 11 bar (Fig. 2). This catalyst showed a very good s
bility. Except for a short period after the pressure increa
the ethanol conversion was total. The gas compositio
apparently stable. However, it can be seen that the CO
centration slowly increased with time at the expense of C4
and CO2. Moreover, more and more ethylene was form

throughout the test, indicating a very progressive modifica-
tion of the catalyst. In fact, some coke covered the entire
catalyst (visual evidence). Of course, such a coke invasion in
atalysis 233 (2005) 464–477 469

-

,

-

g

e

-

Fig. 2. Stability test over N-Rh/1-Mg1Al at P = 1 and 11 bar,T = 700◦C,
GHSV = 13,400 h−1 and water:ethanol molar ratioR = 4: (!) ethanol
conversion; (F) H2; (2) CO2; (Q) CO; (E) CH4. Other gases (acetalde
hyde+ ethylene+ ethane)<1%.

Fig. 3. Influence of the residence time on the C-products distribution u
reaction atT = 700◦C, P = 11 bar and water:ethanol molar ratio= 4:
(2) CO2, (Q) CO, (×) CH4, (�) C2H4 + C2H6, (P) CH3CHO.

the reactor could affect the long-term stability of the cata
and cause the reactor operation to rapidly deteriorate. S
the production of ethylene derives from the ethanol de
dration reaction, better performance (activity and stabil
would be expected from a better control of the catalyst
face acidity.

The product evolution was also investigated at lower
idence times (δ) over N-Rh/1-Mg1Al. The results are re
ported inFig. 3. Acetaldehyde and C2 hydrocarbons were
clearly identified as the primary products, and CO2 appears
to be a secondary product. Consequently, one can conc
that ethanol dehydration and dehydrogenation occur fi
before the steam reforming reaction itself.

The evolutions for CO and CH4 were more complex. As
the contact time decreased, the selectivities passed thr
some kind of a maximum but still remained quite high

the lowest residence time. This result suggests that there is a
direct route for the CO and CH4 formation, independent of
the steam reforming and the successive interconversion reac-
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Fig. 4. X-Ray diffractograms for 2-Mg1Al supports: (a) Mg0.388Al2.408O4
(ICDD n◦ 76-0306), (F) α-Al2O3 (ICDD n◦ 83-2080).

Table 5
Nomenclature and characteristics of the MgAl2O4/Al2O3 supports

Support Mg
loading
(wt%)

BET sur-
face area
(m2 g−1)

Pore
volume
(cm3 g−1)

Micropore
volume
(cm3 g−1)

Average
pore size
(nm)

Al − 200 0.477 0.009 8.6

1-Mg1Al 5.0 103 0.290 0.008 11.1
2-Mg1Al 4.6 94 0.268 0.010 10.8

tions between gases (water gas shift, CO and CO2 methana-
tion). This independent route could be the ethanol crack
as mentioned in the Introduction (reaction(7)).

3.3. Physical and chemical characteristics of the
MgAl2O4/Al2O3 support (second series)

A new MgAl2O4/Al2O3 support (denoted 2-Mg1Al) was
prepared with the aim of minimizing the surface acid
The X-ray diffractogram of this support confirmed that t
solid-state reaction of magnesium oxide with alumina is
tal (Fig. 4): no trace of MgO or Mg(OH)2 could be detected
XRD lines of the spinel are very close to Mg0.388Al2.408O4
(ICDD file no. 76-0306), indicating some possible dist
tions in the spinel structure. Minute amounts ofα-Al2O3
(ICDD file no. 83-2080) were also detected in the supp
and the unreacted fraction of the alumina (core) is likely
form δ or θ -Al2O3.

The average spinel crystal size derived from the Deb
Scherrer equation, based on the most intense peaks (〈311〉
at 37.3◦ and〈400〉 at 45.5◦), is 8.7 nm, whereas the avera
size of theα-Al2O3 crystallite is 41 nm. A comparison of th
textural properties of 2-Mg1Al compared with 1-Mg1Al and
Al shows that the two supported spinels have very sim
porosities and BET surface areas (Table 5). Although a small
decrease in the BET surface area and the pore volum
recorded for 2-Mg1Al (about 8% with respect to 1-Mg1Al),
the mean pore size remains very close for the two supp
(≈11 nm), and a fast diffusion of the gases within the po

is still possible.

SEM observations coupled with the Mg local analysis
were used to precisely determine the morphology of the Mg-
atalysis 233 (2005) 464–477

Fig. 5. SEM image of the 2-Mg1Al support (a) and local analysis of Mg (b
The intensity of the white dots is proportional to the Mg concentration.

Fig. 6. Microprobe analysis of Al and Mg along the diameter of a 2-Mg1Al
bead. (· · ·) Rh profile on the same support (C-Rh/2-Mg1Al).

spinel deposit (Fig. 5). In the SEM pictures, the core-she
structure of the beads can be clearly observed. The oute
of the bead (thickness≈160–200 µm) was slightly darke
than the inner part, indicating that the local composition
the shell was different from the core. EDS analysis reve
a higher concentration in Mg at the bead periphery.

This result is confirmed by the microprobe analysis of
Al and Mg concentrations across the bead (Fig. 6). Whereas
the Al concentration remains logically constant all along

diameter, the profile for Mg is characteristic of an eggshell
type of structure, with an outer concentration in Mg almost
three times higher than the core concentration.
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Table 6
Acidic and basic properties of the Al2O3 and MgAl2O4/Al2O3 supports

Support Activity in DM33B1 isomerization
(µmol m−2 h−1)

Chemisorbed CO2
(µmol m−2)

300◦C 350◦C 400◦C

Al 245 – – 0.30
1-Mg1Al 36 66 95 0.35
2-Mg1Al 34 60 71 0.36

Table 7
Nomenclature and metal dispersion of Rh catalysts (second series)

Catalyst BET surf-
ace area
(m2 g−1)

Loading
(wt%)

Metal
accessibility
(%)

Average
particle
size (nm)Rh Cl

C-Rh/Al 193 0.93 0.87 42 2.2

A-Rh/2-Mg1Al 97 0.37 – 9 10.1
N-Rh/2-MgAl 101 0.20 – 26 3.5
C1-Rh/2-Mg1Al 95 0.25 0.15 54 1.7
C2-Rh/2-Mg1Al 94 0.35 0.25 51 1.8
C3-Rh/2-Mg1Al 95 0.82 0.53 47 1.9

The acidic and basic properties of 2-Mg1Al were also
compared with those of 1-Mg1Al and γ -Al2O3 (Table 6).
2-Mg1Al appeared to be slightly less acidic than 1-Mg1Al,
with virtually no change in the basic properties. Ac
vation energy for DM33B1 isomerization is significan
lower on 2-Mg1Al (21 kJ mol−1) compared with 1-Mg1Al
(31 kJ mol−1). This observation indicates that the seco
spinel possesses weaker acidic sites compared with the
one.

3.4. Physical and chemical properties of
MgAl2O4/Al2O3-supported Rh catalysts (second series)

The textural and chemical characteristics and the m
dispersion for Rh/γ -Al2O3 and Rh/MgAl2O4/Al2O3 cata-
lysts are given inTable 7. Impregnation with rhodium aceta
is very difficult, and thus a significant part of the rhodiu
salt was not retained on the support. As a result the meta
not well dispersed, and the mean rhodium particle size
10.1 nm. With the nitrate precursor, fairly good dispersio
were obtained. Finally, with the chloride precursor salt,
rhodium is easily impregnated, and the metal particles
was between 1.7 and 1.9 nm.

Keeping in mind that these catalysts were pretreate
700◦C in air before the reduction, it can be concluded t
the chloride precursor led to stable catalysts when s
ported on spinel oxides. The rhodium impregnation did
change the BET surface area of 2-Mg1Al. The surface area
of the resulting catalysts may have even been slightly hig
compared with the support (nitrate precursor). Micropro
analysis showed that the Rh and Mg profiles were very s

ilar and that both elements were mainly localized at the
bead periphery, which prevented heat and mass transfer lim
itations inside the catalyst beads (Fig. 6). This observation
atalysis 233 (2005) 464–477 471
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Table 8
Acidic and basic properties of the MgAl2O4/Al2O3-supported Rh catalyst
(second series)

Catalyst DM33B1 isomerization CO2 chemisorption

Reaction tem-
perature (◦C)

Activity (µmol
m−2 h−1)

CO2 uptake at
25◦C (µmol m−2)

A-Rh/2-Mg1Al 200 1 0.38
250 3
300 4

C3-Rh/2-Mg1Al 200 8 0.16
250 22
300 62

N-Rh/2-Mg1Al 200 15 0.50
250 134
300 600

tends to prove that Rh is more likely to be impregnated
the spinel and not on alumina.

Performances in the DM33B1 isomerization for the s
ond series of catalysts are listed inTable 8. Rhodium ac-
etate led to the less acidic catalyst (4 µmol m−2 h−1 at
300◦C), which was much less acidic than the starting s
port (34 µmol m−2 h−1 at 300◦C). Chlorine ions slightly
increased the overall acidity of the catalysts, whereas the
pregnation with the nitrate precursor created much stro
acidic sites at the spinel surface, although nitrate ions w
completely decomposed during the catalyst pretreatm
Most likely nitrate ions could lead to the dissolutio
precipitation of the support upon impregnation, especi
the Al ions, which may have been responsible for the c
ation of such strong acid sites.

CO2 uptakes at 25◦C are also listed inTable 8. The cata-
lyst prepared with the chlorinated precursor lost about 5
of the basic sites upon Rh impregnation. Cl− ions slightly in-
creased the global acidity of the solid but strongly decrea
the basicity. The acetate precursor did not modify the ba
ity (0.38 vs. 0.36 µmolCO2 m−2), whereas, surprisingly, th
nitrate salt increased the basicity. As indicated above,
nitrates would affect the surface state of the support and
crease both acidic and basic sites.

Furthermore, FTIR spectra for the adsorbed 2,6-lutid
(2,6-dimethylpyridine) at ambient temperature are show
Fig. 7. The adsorbed lutidine molecule normally gives ba
at 1580 and 1610 cm−1, characteristic of Lewis acid site
and a doublet at 1628–1645 cm−1, corresponding to the
Brønsted acid sites[66–71]. The band at 1610 cm−1 appears
in Fig. 7 as a doublet with one component at 1615 cm−1

ascribed to strong Lewis acid sites and a second on
1605 cm−1 ascribed to the weaker Lewis acid sites or
2,6-lutidine adsorbed via hydrogen bond[71]. All three cat-
alysts investigated by FTIR exhibited a band at 1615 cm−1.
However, the C3-Rh/2-Mg1Al catalyst (spectrum c) appa
ently had the highest number of Lewis acid sites. In fa
-
it appeared that the chlorinated rhodium precursor had a
definite promoter effect on the Lewis acidity of the Mg–Al
spinel oxide, which was much more pronounced compared
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Fig. 7. FTIR spectra of adsorbed lutidine over

Fig. 8. DRIFT spectra of C-Rh/Al (a), C3-Rh/2-Mg1Al (b), A-Rh/2-Mg1Al
(c) and N-Rh/2-Mg1Al (d).

with the alumina itself. Bands at 1628–1645 cm−1 are virtu-
ally absent, which means that Brønsted sites are were w
and were not titrated by 2,6-lutidine.

DRIFT spectra, centered in the OH region around 38
3500 cm−1, are shown inFig. 8. The broad band characteri
tic of OH groups can be divided into three spectral doma
according to the classification by Knözinger and Ratna
my [72]:

−1
(i) 3800–3760 cm : basic OH groups with a band at
3772 cm−1 characteristic of AlVI –OH groups (lo-
cated on lateral planes and kinks) and another band a
/Al (a), A-Rh/2-Mg1Al (b) and C3-Rh/2-Mg1Al (c).

Table 9
Relative intensities of the bands characteristic for basic and acidic
groups in the DRIFT spectra for Rh/MgAl2O4/Al2O3 catalysts (second se
ries)

Catalyst Basic OH/neutral OH Acidic OH/neutral O

C-Rh/Al 0.11 1.32
C-Rh/2-Mg1Al 0.15 1.41
A-Rh/2-Mg1Al 0.40 0.96
N-Rh/2-Mg1Al 0.31 1.18

3794 cm−1 representative of AlIV –OH groups (located
on basal planes).

(ii) 3760–3710 cm−1: neutral OH groups with a band
3745 cm−1 corresponding to neutral or slightly bas
Al–OH groups and another band centered at 3730 c−1

indicative of neutral or slightly acidic Al–OH func
tional groups.

(iii) 3710–3610 cm−1: acidic OH group with a typica
band at 3685 cm−1 characteristic of type III AlVI –OH
groups.

The two bands characteristic of neutral OH groups
3745 and 3730 cm−1, respectively, cannot be distinguish
in the DRIFT spectra ofFig. 8. However, the intensity is vir
tually constant and might be used as a reference to follow
evolution of the concentration in basic and acidic OH gro
on the different catalysts (Table 9).

The ex-acetate catalyst is clearly the most basic and
less acidic material. On the corresponding spectrum, a
tively intense band is observed around 3770 cm−1, charac-
t

teristic of OH groups on surface defects. Ex-chloride sam-
ples possess the greatest number of acidic OH groups and
virtually no basic sites. The highest acidity of the C sam-
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Table 10
Ethanol steam reforming over the catalysts of the second series (T = 700◦C, P = 11 bar, GHSV= 13400 h−1, R = 4)

Dry gas composition (%) XEtOH
(%)

H2 yield

(mol mol−1)

H2 yield
with WGSa

H2 CO2 CO CH4 C2H4 + C2H6 CH3CHO

Equilibrium composition 58.2 17.1 10.6 14.1 0 0 100 2.79 3.30

C-Rh/Al 59.1 17.3 10.5 12.7 0.3 0 99 2.76 3.25

A-Rh/2-Mg1Al 58.6 15.8 11.9 13.3 0.3 0 100 2.82 3.39
C1-Rh/2-Mg1Alb 52.7 14.5 15.1 16.8 0.9 0 100 2.15 2.77
C2-Rh/2-Mg1Al 53.6 16.1 14.1 15.6 0.6 0 100 2.27 2.87
C3-Rh/2-Mg1Al 58.6 16.7 10.9 13.6 0.2 0 100 2.83 3.36
N-Rh/2-Mg Alb 53.1 13.5 15.1 17.4 0.9 0 99 2.09 2.68
1

CO2.

hat
urse
the

cur-

ing
ues,

r
the
bon
us
but
for-
ith
he

no

ves
om
nd

-
e

rest-
lyst
ly

que
ba-
As
cata
nol

he
bout
the

the
ted

y
l

ns,
ts

ists
lar

d
rain
a Average activity during the first 2 h.
b Theoretical values supposing a total conversion of CO+ H2O into H2 +

ples is confirmed. However, it should be kept in mind t
the catalyst can be progressively dechlorinated in the co
of the steam reforming reaction, which tends to decrease
acidity because of the use of Rh chloride as a metal pre
sor.

3.5. Activity of the second series of catalysts (11 bar)

The catalysts were tested in the ethanol steam reform
at 700◦C and a total pressure of 11 bar. The mean val
collected after 2 to 24 h on stream, are listed inTable 10.

The Cl-Rh/Al2O3 catalyst showed a good activity fo
H2 production. However, despite the high Rh loading,
ethanol conversion was not total. Furthermore, the car
balance was relatively low (96%), indicating a continuo
carbon formation on the catalyst surface with a slight
continuous deactivation over a longer time on stream. Un
tunately, it was not possible to impregnate the support w
Rh nitrate, without any loss of Rh salt, beyond 0.2 wt%. T
resulting catalyst had a relatively poor H2 yield. Moreover,
ethanol conversion was not 100%, and the catalyst was
stable.

Impregnation with Rh chloride is much easier and gi
well-dispersed catalysts. Increasing the Rh loading fr
0.25 to 0.82 wt% brought the gas distribution closer a
closer to the equilibrium composition. The yields in H2 and
CO2 increased and the CO, CH4, and C2 hydrocarbons de
creased. The C3-Rh/2-Mg1Al catalyst (0.82% Rh) led to th
highest H2 yield, 2.82 molH2 mol−1

Ethanolor 2.22 gH2 h−1 g−1
cat.

No apparent deactivation was observed over 24 h. Inte
ing performances were obtained with the ex-acetate cata
The H2 production rate was high in spite of the relative
low Rh content and the poor Rh dispersion. The uni
acidic and basic properties of this catalyst (significant
sicity and very weak acidity) could explain such results.
a rule, it appeared that under the chosen conditions, a
lyst with as little as 0.4 wt% Rh may achieve 100% etha
conversion with a production rate of 2.20 gh−1 g−1 or
H2 cat

550 gH2 h−1 g−1
Rh, that is, a thermal power of 18.3 kW per

gram of rhodium.
t

.

-

Fig. 9. Schematic picture of the morphology of the MgAl2O4/Al2O3 sup-
port (second series).

4. Discussion

4.1. Support morphology

Looking at all the information concerning the MgAl2O4/
Al2O3 support (second series) collected inTable 5 and
Figs. 4–6, one might obtain a relatively precise picture of t
support morphology. Such a support consists of beads a
2 mm in diameter with a decrease in the Mg content from
periphery to the center of the bead (Fig. 6). The global Mg
content in the support was 4.60 wt%, and we could derive
Mg profile in the bead. The volume of each bead, assimila
to a sphere of radiusrg, was divided into four elementar
volumes: the inner sphere of radiusr/4 and three spherica
shells betweenr/4 andr/2, r/2 and 3r/4, and 3r/4 andr .
The four volumes are respectively denotedV1, V2, V3, and
V4 from the inner to the outer part of the bead. Calculatio
detailed in theAppendix A, show that the mean Mg conten
were 2.21% inV1, 2.51% inV2, 3.62% inV3, and 5.56%
in V 4. Moreover, if one assumes that (i) the bead cons
of alumina grains and (ii) the MgAl-spinel forms a regu
shell of thicknessε around each alumina grain (radiusrg),
the ε/rg ratio would be 3.3% inV 1, 3.8% inV2, 5.7% in
V3, and 9.5% inV4 (Fig. 9). Going from the core of the bea
to the periphery, the spinel layer covering the alumina g
becomes thicker and thicker.
The size of the alumina grain defined above is not known.
However, one could imagine it is close to the size of the
α-Al2O3 crystallites detected by XRD. In fact, the alumina



l of C

e

-

ine

o
size
the
ent

iom-

ould

om-
the

st

ted
hyd
orm

lly
ites.

or

ted
lso
and

tion

ides
ore
-

ohol
ba-

acid
ter-

of
curs
-

here
for
site
eak

l de-
n of
e in

ke
lde-

et-
s
,
in

ded
m-

ver,
ugh
a. In
tion

up-
pri-
yde
asic
thyl-
ntial

for

the

est
lit-
anol
big

n
eth-
ese
nd
y

ver
-
re-
474 F. Aupretre et al. / Journa

grains could form by crystallization of the polycrystallin
transition alumina grains into single crystals ofα-Al2O3.
However, from the outer volumeV4, which contains the ma
jor part of the magnesium, the calculatedε/rg ratio (9.5%)
is much smaller than the observed ratio between the sp
crystallite size (8.7 nm) and the crystallite size forα-Al2O3
(41 nm, i.e.,rg = 20.5 nm) as measured from XRD. Tw
hypotheses may explain such a discrepancy: (i) the
of the alumina grains in the bead is much larger than
α-Al2O3 crystals formed upon high-temperature treatm
or (ii) the spinel composition is not MgAl2O4 but closer to
Mg0.388Al2.408O4, as identified by XRD (Fig. 4). To check
the second hypothesis, if one considers the new stoich
etry ratioy = Al/(2Mg) = 3, the calculatedε/rg ratio be-
comes 10.7% inV1, 12.5% inV2, 19.8% inV3, and 39.1%
in V4 (seeAppendix A). In that case, the calculatedε/rg ra-
tio in V4 would be very close to theε/rg ratio derived from
XRD (42.4%). Consequently, the second hypothesis sh
be preferred.

In summary, the support beads would consist of aggl
erated alumina grains (about 40 nm in size) coated with
MgAl spinel (8–9 nm in size) with an excess in Al ions.

4.2. Role of the acidic and basic properties of the cataly

Ethanol is very rapidly dehydrated and dehydrogena
on the catalysts under study, and ethylene and acetalde
appeared to be primary products in the ethanol steam ref
ing reaction (Fig. 3).

Alcohol dehydration into alkenes would be essentia
catalyzed by the support over pairs of acidic and basic s
Several mechanisms were proposed involving alkoxide
carboxylate adsorbed species[10,65,73–75]. Ethylene for-
mation from ethanol could occur via an E1cB mechanism
involving both a weak Lewis acid site and a strong Brøns
basic site[75–77]. However, such a mechanism may a
lead to the dehydrogenation of ethanol into acetaldehyde
cannot explain the catalyst selectivity[75]. Most probably
this mechanism would explain the preferential dehydra
of 2-alkanols into 1-alkenes instead of 2-alkenes[77]. A sec-
ond mechanism for the dehydration (E2 mechanism) is often
proposed to explain most of the results observed on ox
It implies a pair of acidic and basic sites that would be m
equilibrated in strength[75]. However, whatever the mech
anism, it has been well known since the 1960s that alc
dehydration is much faster over acidic oxides than over
sic oxides[78]. It can be concluded that, although O2− ions
intervene in the alcohol adsorption, the strength of the
sites is a determining factor in the reaction kinetics. In
molecular dehydration may also lead to the formation
ethers. However, it seems that this reaction essentially oc
at low temperature[79] and not upon ethanol steam reform
ing at 700◦C.
The different mechanisms proposed for ethanol dehydro-
genation proceed via H abstraction on the C atom bearing
the OH group (Hα) [65,75]. The strength of the basic site is
atalysis 233 (2005) 464–477
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then an essential parameter for this determining step. T
are many indications in the literature that the selectivity
aldehydes (or ketones) is closely linked with the basic
strength of the oxide, provided that the number of w
acidic sites at the surface is sufficient[65,75,80]. The pres-
ence of these weak acidic sites is a key point in ethano
hydrogenation, much more than for the dehydrogenatio
heavier alcohols. Pure MgO, for instance, is poorly activ
acetaldehyde production from ethanol[75], whereas it is sig-
nificantly active in acetone production from 2-propanol[76]
and in cyclohexanone production from cyclohexanol[65].
However, a few Al ions added to MgO are sufficient to ma
the solid very active in ethanol dehydrogenation to aceta
hyde[75].

Alcohol dehydrogenation can also be catalyzed by m
als, especially Rh, Pt, and Pd[81]. Fatsikostas and Verykio
[50] showed thatγ -Al2O3 was very selective for ethylene
whereas La2O3 was rather selective for acetaldehyde,
agreement with the stronger basicity of lanthana. Ni ad
to the supports shifted all of the reactions toward lower te
peratures and promoted the oxidation to CO and CO2 and
the formation of hydrogen. The authors showed, howe
that Ni/Al2O3 was able to produce acetaldehyde, altho
this aldehyde was never observed on the bare alumin
conclusion, it was proved that the dehydrogenation reac
mainly occurred (if not totally) on the metal.

In summary, the acidic and basic properties of the s
ports are essential parameters directly affecting the
mary selectivity for acetaldehyde or ethylene. Acetaldeh
would be produced on both the support and the metal. B
sites are predominant in the ethanol dehydrogenation. E
ene would be produced only on the support, with an esse
role of the acidic sites in olefin formation.

4.3. Role of the metal in the ethanol steam reforming
reaction

According to the mechanisms previously described
the hydrocarbons[43] or ethanol steam reforming[5], the
metal would activate the organic molecule and promote
reaction between the adsorbed CHxOy fragments with the
OH groups from the support. Undoubtedly, Rh is the b
metal in this role. Furthermore, many indications in the
erature tend to demonstrate that the hydrocarbon or eth
activation occurs more readily on small particles than on
ones. As discussed in Section4.2, the primary reactants i
the ethanol steam reforming were acetaldehyde and/or
ylene rather than the ethanol itself. The reaction of th
two molecules with OH groups primarily led to CO a
methane (Fig. 3). A similar mechanism was reported b
Polychronopoulou et al. for phenol steam reforming o
MgO-based supported Rh catalysts[82]. The secondary pro
duction of CO2 is a general feature in ethanol steam

forming. Although CO2 and CH4 are thermodynamically
stable products at low temperature, ethanol decomposition
into CO+ CH4 + H2 (Eq. (7)) could be kinetically favored.
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This possibility would explain the formation of methane
the very first seconds of the reaction, even at relatively
temperature. The results reported by Galvita et al. for P
at 200–400◦C confirm this general trend in ethanol stea
reforming[83]. Then it might be concluded that methane
essentially formed via the direct decomposition of etha
and probably not from CO methanation. Furthermore, C2
would originate from CO via the water gas shift react
(WGSR). In turn, Rh is a poor WGS catalyst[52,84]. Greno-
ble et al.[84] reported the following order for the activit
of various alumina-supported metal catalysts in the WG
(TOF in h−1 at 300◦C): Cu (43400)> Re (1380)> Co (890)
> Ru (695)> Ni (370) > Pt, Os (225)> Au (130) > Fe,
Pd (50)> Rh (31)> Ir (12). As a rule, noble metals are n
very active in the WGSR. Except for Ru, Pt is the best no
metal for the WGSR. Grenoble also showed that the reac
was extremely support-sensitive. The proposed explana
was the occurrence of an associative mechanism via su
formate species. Even though the mechanism and the n
of the intermediate species involved in the reaction rem
questionable, several studies confirmed the crucial rol
the support in the reaction[52,85,86]. In spite of the high
temperature,Fig. 3 clearly demonstrates that WGS is no
fast reaction under the selected ethanol steam reforming
ditions. Furthermore, CO or CO2 methanation does not see
to be the main reaction path to methane. In any event
promotion of such a reaction is not recommended. In c
trast, the WGS activity should be improved to increase
H2 yield at high space velocity (short contact time).

5. Conclusions

Rh is the most active metal in the steam reforming re
tion, especially in ethanol steam reforming (ESR). Howe
the support plays a significant role:

(i) it should favor a good Rh stability.
(ii) it should be hydrophilic to promote water activation a

possess very mobile OH groups to favor the reac
with the CHxOy fragments adsorbed on the metal p
ticles.

(iii) it should favor ethanol dehydrogenation to acetal
hyde instead of alcohol dehydration to ethylene, to p
vent coke formation.

All of these conditions plead in favor of a support th
is non-acidic and moderately basic. MgAl-based spinels
posited on alumina beads were shown to be adequate
ports for Rh in the ethanol steam reforming (ESR) reac
at 700◦C. The spinel layer was introduced to control t
acidic and basic properties of the support and to improve
stability of the rhodium particles upon reaction. Compa

with the alumina-supported catalysts, spinel-supported cata-
lysts exhibited a slightly higher basicity, whereas the surface
acidity was strongly reduced. The catalysts derived from the
atalysis 233 (2005) 464–477 475

e

-

-

spinel prepared by solid–solid reaction between MgO
the alumina bead at 1000◦C (second generation) exhibite
optimal performances. Although the catalysts were calci
at 700◦C before reduction at 500◦C, the rhodium precur
sor salt still had a substantial impact on the acidic and b
properties of the final catalyst. Rh acetate appeared to in
the lowest acidity (lower than the starting spinel/alum
support), whereas nitrate dramatically increased the ov
acidity of the catalyst. Impregnation with Rh chloride wa
good compromise, since we could obtain a very good dis
sion of the metal without a significant increase in the so
acidity.

XRD and electron microscopy led to a schematic p
ture of the support where the alumina grains (about 40 n
which constitute the beads, were coated with a rather r
lar spinel layer of about 8–9 nm. The thickness of the sp
layer was larger on the alumina grains located at the b
periphery than in the core. As a direct result, Rh would
preferentially impregnated on the spinel and not on the
mina.

MgxNi1−xAl2O4/Al2O3-supported rhodium catalysts,
which the magnesium was partly replaced by Ni io
showed excellent performances in the ESR at atmosph
pressure, whereas the pure MgAl spinel should be prefe
for the ESR at moderate pressure (11 bar). Such condi
are required for the operation of the membrane H2 purifier.
Hydrogen yields as high as 550 gH2 h−1 g−1

Rh were obtained
and the catalyst appeared to be fairly stable. The catalys
tivity in the WGSR could be a limiting factor in obtainin
the maximum H2 yield at the highest space velocity.
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Appendix A

Alumina beads are assimilated to spheres of radiusr =
2 mm. Each bead might be formally divided into sphe
or shells of radiusr/4, r/2, 3r/4, and r to define four
elementary volumes,V1 = (πr3)/48 (inner sphere),V2 =
(7πr3)/48,V3 = (19πr3)/48, andV4 = (37πr3)/48 (spher-
ical shells). It is verified thatV = ∑4

i=1 Vi = (4/3)πr3.
Furthermore, if one assumesα is the average Mg conten

in V1, one may extract fromFig. 6 that the average conce
tration in Mg is 1.14α in V2, 1.64α in V3, and 2.52α in V4.
Assuming the global Mg content is 4.60%, the mass
ance in Mg in the whole bead gives (after simplification

πr3/48)

2.53α × 37+ 1.64α × 19+ 1.14α × 7+ α = 4.60× 64,
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i.e.,

α = 2.207.

Then, the Mg content in each of the four elementary volu
is 2.21% inV1, 2.51% inV2, 3.62% inV3, and 5.58% inV4.

Finally, each bead consists of an agglomeration of
mina grains (radiusrg) coated with the Mg spinel. In fac
magnesia reacted with the alumina grains to form an o
shell made of the MgAl2O4 spinel with a thicknessε. If one
assumes the coating of the alumina grains is homogen
and the Mg content inVi is the same in every bead, we o
tain

Mg (%) = 100× 24.3[1− (1− ε/rg)
3]

102+ 40.3[1− (1− ε/rg)3] .

The resolution of this equation leads toε/rg = 0.0332 inV1
(core), 0.0381 inV2, 0.0571 inV3, and 0.0947 inV4 (outer
shell). These calculations are based on a stoichiometry
in the spinely = Al/2Mg of 1.

For y ≈ 3 (Mg0.388Al2.408O4), ε/rg = 0.107 inV1, 0.125
in V2, 0.198 inV3, and 0.391 inV4.
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