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ABSTRACT

Mixed oxide catalysts composed of mixtures of La;.xFeOs.s perovskite and La,O3 were prepared using
the auto-combustion method with glycine as an ignition promoter. A series of samples was prepared
with x=0, 0.1, 0.3, 0.5, 0.8 and 1, which were hereafter called La;.xFe. The as-prepared powders were
characterized by XRD, XPS, DTA-TGA and N,-physisorption. Their acid-base properties were evaluated
from their 2-propanol reactivity. Surface enrichment in La;03; was detected when the lanthanum con-
tent increased. For high lanthanum concentrations, lanthanum hydroxide was also formed. The highest
ethanol conversion was observed over La; 3Fe (32% at 400 °C), which contained the largest amount of basic
sites. The main reaction products were ethylene, acetone, 2-pentanone and 1-butanol. Other minor prod-
ucts originating from dehydration, reverse aldolization and hydrogenation reactions were also detected.
Such a diversity of products was due to the presence of different kinds and distribution of sites on the
catalysts surface (acid, base, hydrogenation, etc.). The catalysts activity was depending on their acid-base
properties: an increase in the basic character due to the La,03; presence at the surface leaded to higher
selectivities to 1-butanol and 2-pentanone, which were 6 and 31% at 400 °C, respectively, over the sample
with the highest number of basic sites, which were also stronger (La; 3Fe). On the other hand, over La; gFe,
which contained the highest quantity of La(OH);, lower selectivities to 1-butanol and 2-pentanone (4.3
and 22%, respectively) were observed due to a decrease in the number of basic sites, together with a high

ethylene selectivity (37%), with thus a predominant action of acid sites.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Hundreds of molecules are issued from oil processing. These
chemicals are used in several sectors such as textile industry,
food-industry, health, transport, chemistry, etc. [1]. However, the
progressive depletion of oil resources together with an increasing
demand in countries like China, Brazil and India [2] lead to the
development of new technologies based on alternative resources,
such as biomass.

Biomass can be pre-processed to yield platform molecules such
as furfural, various acids or alcohols such as glycerol or ethanol. The
ethanol global production has reached 89 billion of liters in 2011.
It was mainly produced in the United States and in Brazil, which
represent together about 87% of the global production [3]. Ethanol
is used in various fields: in organic chemistry as a solvent, in the
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cosmetic industry and in paints as a dissolvent, but the main appli-
cation, which is driving the market, consists in its use as a biofuel
[4]. Among the molecules that can be obtained from ethanol, 1-
butanol is of particular interest as a solvent in organic chemistry,
it possesses various applications in the cosmetic industry, and can
be further used as an additive in gasoline and diesel [5,6] thanks
to a high octane index and a low saturation vapor pressure com-
pared to that of ethanol [4]. It can be synthesized from ethanol
via the Guerbet reaction, which was discovered in the 19th cen-
tury by Marcel Guerbet [7] and is recognized as a useful synthetic
tool to obtain dimer alcohol by a self-condensation of primary
alcohol [8]. It is often considered as a multi-step reaction (Fig. 1,
given in the case of ethanol as a raw material): (i) dehydrogenation
of ethanol over metallic or basic sites (weak or medium) leading
to acetaldehyde;(ii) then, aldolization between two molecules of
as-formed acetaldehyde on a strong basic site to obtain the associ-
ated aldol (i.e., 3-hydroxy-butyraldehyde); (iii) Elimination of one
water molecule on acid sites to form an o,[3-unsaturated alde-
hyde. Finally, (iv) double hydrogenation of this aldehyde occurs
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Fig. 1. Guerbet reaction pathway with ethanol as a reactant.

to produce 1-butanol, requiring a hydrogenation or Lewis acid site
function on the catalyst.

Due to the complexity of the reaction pathway and to the
diversity of catalytic sites needed to realize this reaction, many
byproducts, such as acetone, ethylene, ethane, ester, 2-pentanone
can be formed from ethanol. However, the Guerbet reaction is
not the only reaction pathway to obtain butanol from ethanol.
Scalbert et al. [9] have also evidenced 2 other different possible
routes. After the first dehydrogenation step, which is the same for
both alternative reaction pathways, one molecule of ethanol and
one molecule of acetaldehyde react to form butenol or butane-
diol. In the case of the butanediol formation, this molecule looses
a water molecule to obtain the butenol. The last step of both alter-
native routes is a reaction between ethanol and butenol to yield
butanol and acetaldehyde via a hydride transfer according to a
Meerwein-Pondorf-Verley mechanism.

The Guerbet reaction has been realized over heterogeneous
catalysts [10], in the liquid phase [11-14] and in the gas phase
[15] using alcohol mixtures or alcohols heavier than ethanol as
reactants. Only a few studies specifically report the conversion
of ethanol, mainly over hydrotalcite [16] or over hydroxyapatites
(HAP) [17-20].

Hosoglu et al.[16] have synthesized hydrotalcite-type Mgg_x Cux
Al;(OH)16C03-4H,0 catalysts (x=0; 1; 3; 5), in order to evaluate
the influence of the copper introduction in the hydrotalcite struc-
ture. Such substitution led to an important increase in the ethanol
conversion at 300°C, which reached 80% for x of 5. However, this
type of catalysts was selective to acetaldehyde, with a selectivity of
almost 60%, but not in 1-butanol, which was detected in only very
low quantities.

Tushida et al. [18] have reached a maximum yield to
butanol with an ethanol conversion equal to 20% and a selec-
tivity to 1-butanol of 70% at 370°C using stoichiometric HAP

Table 1

(Ca19(PO4)g(OH),). Authors have proposed a mechanism showing
interactions between ethanol and the various active sites of HAP
(acidic and basic sites of various strength and nature) during the
Guerbet reaction. Then, Ogo et al. [19] have improved the selectiv-
ity in 1-butanol (i.e., 75% for 20% of ethanol conversion) substituting
partially calcium by strontium (CasSr5(PO4)g(OH);). This small 1-
butanol selectivity increase has been attributed to the presence of
residual sodium, which was included in the strontium precursor,
highlighting the benefit effect on butanol formation when the num-
ber of basic sites is well tune. Finally, Silvester et al. [17,20] have
prepared several HAP, which present various acid/base ratio. The
goal was to understand finely the influence of acidic and basic site
on ethanol reactivity and butanol production. They have evidenced
an optimal acid/base ratio equal to 5, which enabled to reach a
maximum butanol and other heavier alcohols selectivity via Guer-
bet reaction, and minimize the others side reactions. MgO has been
also tested to convert ethanol into 1-butanol through the Guerbet
reaction [21]. Irrespective of the catalytic system, the best yield
reported so far does not exceed 25%.

The guideline followed in this work was to design multi-
functional catalytic materials to carry out a one-pot reaction from
ethanol. To reach this goal, we have chosen to use perovskite-type
materials. Indeed, perovskites present a wide range of modularity
owing to their general formula LnMOs3, where Ln corresponds to an
element of the lanthanide group, and M a transition metal [22,23].
The elementary lattice of the perovskite structure is composed
of MOg octahedrons linked by theirs corners. These octahedrons
form a tri-dimensional framework and the lanthanide element is
located in the cavity induced by the framework. The perovskite
structure is obtained if the electroneutrality and the tolerance fac-
tor are respected [24]. Perovskites have already been often used in
catalytic reactions for their oxidant character [25-31], but also for
their reductive properties [32-34].

In this study, non-stoichiometric lanthanum-iron based per-
ovskites were synthesized to investigate the influence of the
lanthanum excess, in particular to increase the basic properties of
the material, which seem to be the key parameter for the Guerbet
reaction.

2. Experimental
2.1. Catalysts synthesis

A series of mixed oxides of the Laj., FeOs,5 general formula
(withx=0,0.1,0.3,0.5, 0.8 and 1) was prepared using the so-called
auto-combustion method [25,35-37]. This preparation procedure
was selected due to its quickness compared with common methods
(e.g., co-precipitation or freeze drying [33,38-40]), which further
enables obtaining larger specific surface areas.

Lanthanum and iron nitrates precursors [La(NO3)3-6H, 0O, purity
99.99%; Fe(NO3)3-9H,0, purity 99.99%; both from Sigma-Aldrich]
were dissolved in a minimum quantity of water. Then, glycine

Elemental composition and physical properties of the La;, Fe catalysts, Binding energies and relative abundances of the elements constituting the La,+, FeOs.5 samples. and
atomic distribution in oxygen-containing surface species obtained from the O1s spectral fitting.

Sample  SSA(m2/g) Ratio La/Fea Surface composition O1s spectral fitting (at.%)"
Th ICP XPS Cls Ols La3d5/2 Fe2p3/2 OLaFe0, OLa,0, OLa(OH)3+CO§’ On,0
BE (eV) at% BE (eV) at% BE (eV) at% BE (eV) at%

LaFe 6 1 1.02 2.04 2850 306 5293 46.7  834.0 15.0 710.0 7.3 60.0 - 34.2 5.8
La; Fe 10 1.1 111 326  285.0 282 529.1 493 8344 173 7101 53 422 3.5 50.8 35
La; 3Fe 9 1.3 131 436 2850 237  529.0 52.8  834.6 19.2 7104 44 30.3 9.1 59.3 13
Lal.5Fe 9 1.5 1.50 5.70 285.0 235 528.9 53.8 834.5 194 709.9 3.4 22.7 7.6 68.5 1.3
Lal.8Fe 12 1.8 180 630 2850 239 5289 542  834.1 189  709.9 3.0 17.2 6.8 74.8 13
La2Fe 21 2 2.01 6.97  285.0 212 529.0 557  834.6 202 710.0 29 17.4 121 69.6 1.0
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