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MgO-Lay03 catalysts with different Mg/La molar ratio were synthesized by a precipitation method and a sub-
sequent calcination and then characterized by x-ray diffraction, N, adsorption-desorption isotherms (at —196
°C), CO2- and NHs-thermoprogrammed desorption and x-ray photoelectronic spectroscopy. The coexistence of
acid and basic sites promoted the selective transformation of ethanol into valuable products. Thus, MgO catalyst
promoted the Guerbet reaction obtaining n-butanol as product while the incorporation of LazOs in the catalytic
system improved the ethanol conversion notably, obtaining ethylene as the main product due to a dehydration

reaction. The highest ethylene yield was obtained for the catalyst with a Mg/La molar ratio of 1.

1. Introduction

The adverse effects of the combustion of fossil fuels together with
their progressive depletion have given rise to the search and develop-
ment of alternative energy sources, which must be highly available and
environmentally benign [1]. In this sense, biomass is a very interesting
source since it is abundant in the Earth and it is an alternative from
which energy can be obtained, but also chemical products, which are
currently obtained from fossil fuels. Biomass is a highly available
resource; however, its selection must be detailed since inappropriate use
can interfere with the food chain, causing speculation problems and
social imbalances. Under these premises, biomass from agricultural
waste could be a potentially sustainable source of biomass. These wastes
are generally composed of lignocellulosic biomass, which contains
lignin, cellulose and hemicellulose. The chemical composition of each
fraction is variable depending on the variety of plants. The interest in the
valorization of this waste has given rise to the implantation of sugar
platforms where this type of biomass is transformed into high added
value products [2]. Among the chemicals obtained in the sugar platform,
ethanol is the most abundant product with an annual production of
around 100 billion of liters per year [3]. This ethanol is obtained by
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fermentation of the sugars with the yeast Saccharomyces cerevisiae [4-6].
Nowadays, bioethanol has been widely employed independently or
mixed with traditional fuels. However, one of the main drawbacks of
using ethanol as fuel is related to its low vapor pressure and HyO
adsorption capacity. This means separation problems in storage tanks as
well as high corrosiveness in engines. Nowadays, bio-ethanol can be
used as an additive in engines without modifications at small levels.
However, the use of high percentage ethanol mixtures as fuel requires
engines modifications. This limitation can be minimized with the use of
alcohols with larger chain, which display better properties for their
application as fuel [7].

Bio-ethanol can also be utilized to obtain other valuable products.
Among them, ethylene is the dehydration reaction product of ethanol.
Ethylene is considered a key feedstock for the chemical industry because
it can be converted into a wide range of products such as ethylene oxide,
ethylbenzene, 1,2-dichloroethane, polyethylene resin, ethylene glycol,
vinyl chloride resin, acetic acid, styrene, and alpha olefin, among others
[8]. Thus, global ethylene consumption was ca. 200 MMT by 2020, with
production capacities of 185 MMT in 2019 [9]. Traditionally, ethylene
has been synthesized by steam cracking; however, this process requires a
high-energy demand. Considering the high interest of ethylene for the
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synthesis of other chemical products, it is necessary to research and
develop alternative methodologies for the synthesis of this product.
The dehydration reaction of alcohols takes place through solid acid
catalysts [10-12]. Previous authors have reported that the reaction oc-
curs through an intramolecular mechanism where the acid sites of the
catalyst attack the labile hydrogen of the hydroxyl group followed by the
release of HyO. Then, the primary carbocation formed is attacked by the
conjugated base of the catalyst, forming ethylene and regenerating the
catalyst. In addition, the intermolecular dehydration is possible, forming
diethyl ether, which is exothermic, so both reactions can compete be-
tween them [13,14] although some authors have pointed out that the
use of high temperature promotes the formation of ethylene while the
use of low temperature favors the formation of diethyl ether [15,16].

C,HsOH—C,H, + H,0 AH yo5, = +44.9k] [mol

C,HsOH—(C,Hs),0 + H,0 AH y = —25.1kJ /mol

Once ethylene is formed, this compound can evolve towards other
undesired products due to cracking, oligomerization, cyclization or
aromatization reactions, which are accompanied by the formation of
coke and, consequently, the deactivation of the catalysts [17].

The first studies for the ethanol dehydration were performed with
AlyO3 as acid catalyst [18]. More recently, many studies have been
carried out with zeolites because it is possible to work with zeolites with
narrow pore size distribution, modulable acidity and it is possible to
incorporate some promoters to improve both conversion and yields
[19-21]. In the same way, other acid catalysts tested in ethanol dehy-
dration are silicoaluminophosphates (SAPO) [22] or heteropolyacids
(HPAs) [23,24]. In the same way, the use of some dopants such as P, Ga,
Zr, W or La among other has been incorporated to improve the yield
towards ethylene [13,25,26].

In an opposite trend, the ethanol transformation over oxide catalysts
with basic characteristics led to the formation of important chemicals
such as 1-butanol (by Guerbet reaction) and 1,3-butadiene (by Lebedev
reaction [27]), as occurs over MgO catalysts [27,28]. However, in the
presence of catalysts with acid-basic sites, as in Mg-Al oxide [29], it has
been observed that these catalysts are active in the dehydration reaction,
yielding ethylene (because of the presence of acid sites) and dehydro-
genation  reactions, yielding acetaldehyde (catalyzed by
medium-strength basic sites), which, in turn, can lead the selective
transformation of ethylene.

Regarding lanthanum-based catalysts, Garbarino et al. have reported
that the impregnation of LayOs into Al,O3 improves the mechanical
strength [30,31] and stabilizes the structure, avoiding its sintering [30,
32]. These authors obtained a large amount of ethylene while the diethyl
ether formed is converted to ethylene and HyO, which is promoted by
the presence of Lewis acid sites [30]. In addition, it has been observed
how the presence of LayO3 also limits the formation of coke so that the
catalysts can be stable for a longer reaction time [30,33]. Other authors
have reported that the presence of lanthanum generates acid sites, which
could be involved in the ethanol dehydration, due to the hydrolysis of
the hydrated cations and the coverage of the active centers [34,35].

Taking into account the good role played by lanthanum species in
ethanol dehydration, in this work MgO/LayO3 catalysts were prepared,
obtained from their respective hydroxides under controlled pH to
improve the dispersion of these species. In order to evaluate the activity
of LayO3 and MgO in the catalytic behavior, several catalysts with
different Mg/La molar ratios were prepared and these catalysts were
tested in the potential dehydration or condensation of ethanol.

2. Experimental
2.1. Materials

Reagents and standards were of analytical grade, in particular:
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absolute ethanol (Scharlab); Mg(CH3COO)s-4 HoO (%), C204H2-2 HoO
solution (99%), La(NO3)3-6 HoO and Mg(NOs3)2-6 HoO were obtained
from Sigma Aldrich and used as received.

2.2. Synthesis of the catalysts

The synthesis of La;O3 catalyst was carried out by the dissolution of
0.05 moles of La salt, i.e., La(NO3)3-6 H0, in 500 mL of H,O. After that,
the pH of the solution was increased by adding a mixture solution of
0.1 M NaOH and 0.25 M NapCO3 dropwise under stirring until a pH of
10 was reached, obtaining a gel. This gel was stirred for 30 min and then
filtered and washed to remove Na™ cations. In the next step, the solid
was dried at 80 °C overnight and finally calcined at 600 °C for 3 h,
employing a heating ramp of 2 °C min~L.

The synthesis of Lay03-MgO catalysts with different Mg/La molar
ratios was carried out by following the same procedure as for pure La;O3
sample, but adding different molar amounts of Mg salt (Mg
(NO3)2-6 H0) during the solution of 0.05 moles of La salt in 500 mL of
water, depending on the Mg/La ratio desired. The samples were referred
to as Mg/La= x, where x stands for the Mg/La molar ratio employed in
the synthesis.

Magnesium oxide was synthesized by a precipitation method [36]. A
solution containing magnesium acetate (i.e., Mg(CH3COO),e4 H,0) and
oxalic acid (i.e., C204H-2 H20) was conducted to pH 5 througha 1.3 M
NH4OH solution. The resulting magnesium oxalate -MgCy04 precipi-
tate was separated by filtration, washed, and dried at 80 °C overnight
and calcined at 600 °C for 3 h, with a heating ramp of 2 °C min?,
obtaining the corresponding magnesium oxide MgO.

2.3. Characterization techniques

Samples were characterized by adsorption-desorption of Ny at — 196
°C to determine the specific surface area and the porosity through a
Micromeritics ASAP 2420 apparatus. Prior to the analysis, samples were
degassed at 150 °C for 20 h.

Calcined and spent catalysts were analyzed by X-ray powder
diffraction (XRD) on a PAN analytical XPert Pro automated diffrac-
tometer. The analysis was done in the high angle region, between 5 and
80° in 20 with a step size of 0.0167° (20) and an equivalent counting
time of ~60 s/step, using a Ge (111) primary monochromator, a
monochromatic Cu Ka radiation (A = 1.5406 10\) and an X’ Celerator
detector.

The particle size distribution was obtained with a High-Resolution
Transmission Electron Microscopy (HRTEM) TALOS F200x instrument.
The device also operates in STEM mode (Scanning Transmission Elec-
tron Microscopy), with a HAADF detector, at 200 kV and 200 nA. The
microanalysis was carried out with an EDX Super-X system provided
with 4 X-ray detectors and an X-FEG beam.

The surface composition of calcined and spent catalysts was analyzed
by X-ray photoelectron spectroscopy (XPS) using a Physical Electronics
PHI 5701 apparatus. A non-monochromatic Mg-K, radiation (720 um,
300 W, 15kV, 1253.6 eV) and a multi-channel detector were used.
Samples were analyzed in a constant pass energy mode at 29.35 eV, and
the adventitious carbon (284.8 eV) in Cls signal was used as reference
charge. In order to remove the potential carbonatation of LayO3 and
MgO, the samples were recalcined at 950 °C/6 h (5 °C min~1). After
calcination, the samples were immediately stored in a desiccator pro-
vided with drying agents, and quickly loaded into the XPS equipment.
The La 3d core level spectrum could not be deconvoluted because the
baseline cut the spectra. Therefore, the signal La 3ds/, was studied.

The basicity of the samples was determined by thermo-programmed
desorption of COy (CO2-TPD), and the acidity was determined by
thermo-programmed desorption of NH3 (NH3-TPD). In both cases, the
desorption was measured between 60 and 700 °, using an AutoChem
2920 apparatus equipped with a TCD detector.
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Table 1
Textural and Surface characteristics of calcined catalysts.
Catalyst SBET Vo Surface Mg/La Basicity Acidity
m2g™) (em®g™1) Cls O1s Mg 2p La 3d ratio (umolcoz g7 1) (umolyys g7 )
LayO3 6 0.012 22.2 48.0 - 27.3 - 56 9.0
Mg/La=1 31 0.050 17.2 46.4 24.0 10.2 2.3 289 9.0
Mg/La= 2 16 0.046 15.2 47.7 27.6 7.3 3.8 177 11
Mg/La= 3 18 0.054 18.1 46.9 25.1 5.0 5.0 184 10
Mg/La= 4 23 0.061 17.6 46.3 29.0 5.5 5.3 295 13
MgO 91 0.368 14.4 48.0 37.6 - - 648 -

2.4. Catalytic tests

The catalytic experiments were performed using a conventional
system with a fixed bed quartz-reactor at atmospheric pressure. The feed
composition was EtOH/N, = 5/95 molar ratio. All the reactions were
carried out by keeping a Weight Hourly Space Velocity of 0.30 ggox Scar
h~L. The reaction temperature was varied in the range 350-400 °C. Each
reaction has been performed with a total time on stream of 3 h.

The deactivation rate during the first 1.5 h of catalytic tests was very
low, fore some catalysts a change in the catalytic behavior after 1.5 h of
time on stream was observed. Therefore, the values of ethanol conver-
sion (X,%) and the selectivity to main reaction products (Si, %) were
calculated considering the average of 3 values obtained int the range of
time on stream between 0.7 and 1.5 h.

In this sense, in a typical reaction test, all the catalysts were pre-
treated at 600 °C for 2 h under Air flow before of being charged into the
reactor to be pre-heated at 120 °C. At this temperature, the vaporized
ethanol was fed and analyzed with an on-line GC in order to evaluate the
exact starting concentration of the reagent. After that, the temperature
of the furnace was set to the desired reaction temperature and when
reached, the reaction started. For each reaction, fresh new catalysts were
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T
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20

loaded inside the reactor.

The reaction products were monitored by on-line gas chromatog-
raphy (Agilent 7890 A) equipped with two capillary columns: an HP-
FFAP Polyethylene glycol (50 m x 320 ym x 0.5 um) connected to a
FID detector and a Rt-U-Bond (30 m x 530 um x 20 pm) column con-
nected to a TCD detector. The by-products were analyzed by GC-MS
(Agilent 6890 N system, equipped with a capillary HP-5MS (5%Phenyl
Methyl Siloxane) (30 m x 250 um x 0.25 um) and coupled with Agilent
5973 N mass detector). Comprehensive explanation of compounds
quantifications can be found in the Table S1, supporting information.

3. Results and discussion
3.1. Characterization of the calcined catalysts

The Ny adsorption-desorption isotherms of the catalysts (Fig. S1,
supporting information) suggest that, except in the case of pure MgO,
the catalysts present a type II isotherm according to the IUPAC classi-
fication [37], which corresponds to macroporous solids where this
macroporosity must be assigned to the voids between adjacent particles.
In the case of the MgO sample, its isotherm resembles a type IV, which is

MgO (spent)

Intensity, a.u.

Mg/La=1 (spent)

La,0; (spent)

20 40 60 80

Fig. 1. XRD patterns of the catalysts before (A) and after catalytic tests (B). Symbols: MgO periclase, 01-074-1225 (M); La;O3 hexagonal, 01-083-1344 (¢);
monoclinic La;02,CO3, 00-025-0422 ([); orthorhombic LaO,CO3, 00-022-1127 (s); Mg(OH),, 00-007-0239 (A); La(OH)3, 00-036-1481 (@).
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Mg/La=4

Fig. 2. HRTEM and STEM-EDX micrographs of the calcined samples. Characteristics of catalysts in Table 1.

typical of mesoporous materials [37]. Thus, the higher amount of
No-adsorbed at high relative pressure, i.e., the higher microporosity, is
more pronounced in the case of MgO/LagO3 catalysts, while the pure
MgO and Lay0s3 display more limited microporosity.

Regarding to the analysis of the specific surface area, determined by
the BET equation [38], MgO-LayO3 samples show similar surface areas
(Table 1), between 15 and 31 m? g’l, while the pristine LapO3 sample
displays the poorest surface area, only 6 m? g~1. On the opposite side,
the MgO sample reported the highest Sggr value (91 m? g’l).

The study of the pore volume (Table 1) shows a defined trend. The
Lay03 sample shows the lowest pore volume value (0.012 em® g_l),
whereas the incorporation of MgO in the catalytic system increases the
pore volume, attaining the highest value for the pure MgO sample
(0.368 cm® g™1).

The study of the crystalline phase was carried out by XRD (Fig. 1).
From these data, it can be observed how the La;O3 sample displays
narrower peaks in comparison to the other catalysts. This implies that
this catalyst has a higher crystallinity. This result is related to the
analysis of the textural properties where the presence of larger crystals

implies lower porosity. The identification of the diffraction peaks of the
LayO3 sample indicates the coexistence of two phases: i) LayOs, with
diffraction peaks at 20 (°)= 26.14, 39.68, 46.12, 52.46, 55.60, 62.44 and
75.41 (Ref. code: 1-083-1344); and, ii) Lay0,COs3, with diffraction
peaks at 20 (°)= 11.08, 22.27, 25.83, 27.61, 30.36, 33.67, 42.53, 44.42,
47.44, 54.75, 58.18, 67.00, 83.98 and 86.09 (PDF number:
00-022-1127). These results suggest that La;Os is highly prone to suffer
carbonation processes. In addition, the carbonation degree of LayOs3 as
well as the crystallinity species decreases according to Mg-species are
incorporated into the catalysts, although it was observed the presence of
monoclinic Lap02CO3 (PDF number: 00-025-0422). In addition, it is
noteworthy the absence of carbonate crystals in the MgO sample. This
suggests that the MgO-crystals are less prone to carbonate. Only for the
sample with the composition of Mg/La = 2, the presence of lanthanum
oxyhydroxide, LaOOH (PDF number: 01-077-2349), with diffraction
peaks at 20 (°)= 31.09, 31.59 and 40.88, cannot be ruled out. Moreover,
the progressive addition of Mg-species leads to the presence of broad
diffraction peaks located at 20 (°) = 36.89, 42.86, 62.22 and 78.51,
which are assigned to the MgO periclase (PDF number: 01-079-0612).

Table 2
C 1s, O 1s, La 3ds,2 and Mg 2p signals for calcined samples.

Sample Signal Cls O1s La 3ds,2 Mg 2p

Lay0s BE (eV) 284.8 289.5 528.8 531.4 833.7
Species cC co¥ Lay03 co¥ Lay03 /Lay(CO3)s
AC (%) 19.1 3.0 24.5 23.5 1.4 1.2 -

Mg/La= 1 BE (eV) 284.8 289.5 529.3 531.5 833.7 49.4
Species c-C co% Oxides co% Lay03/Lay(CO3)s MgO
AC (%) 15.5 1.6 28.0 18.4 1.2 1.0 24.0

Mg/La= 2 BE (eV) 284.8 289.4 529.4 531.5 833.8 49.3
Species c-C co¥ Oxides co¥ Lay03 /Lay(CO3)3 MgO
AC (%) 13.6 1.5 29.0 18.7 1.2 1.1 27.6

Mg/La= 3 BE (eV) 284.8 289.5 529.6 531.6 834.1 837.9 49.5
Species c-C co¥ Oxides co¥ Lay03 /Lay(CO3)3 MgO
AC (%) 16.9 1.2 25.1 21.8 2.6 2.3 25.1

Mg/La= 4 BE (eV) 284.8 289.6 529.7 531.8 834.1 49.4
Species c-C co¥ Oxides co¥ Lay03 /Lay(CO3)3 MgO
AC (%) 16.1 1.4 30.0 16.2 0.9 0.8 29.0

Mgo BE (eV) 284.8 290.1 529.5 531.5 - 49.0
Species c-C co¥ Oxides co? - - MgO
AC (%) 25.5 1.8 31.6 29.8 - - 24.5

BE: binding energy; AC: atomic concentration percentage.
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Fig. 3. : C 1s (A), O 1s (B), La 3ds,2 (A) and Mg 2p (B) core level spectra of calcined catalysts.

On the other hand, the presence of broader diffraction peaks suggests
that MgO crystals are smaller than those obtained for La;Os. These data
can be related to the increase in surface area when Mg-species are
incorporated due to the presence of smaller particles generating more
voids and consequently greater porosity, as indicated the study of the
textural properties (Table 1). In addition, it is also noteworthy that
absence of carbonate crystals in the MgO sample. This suggests that the
MgO-crystals, which are also more dispersed due to their lower crys-
tallinity, are less prone to carbonate.

The morphology of the catalysts was analyzed by HRTEM (Fig. 2).
These micrographs show that the LapO3 sample displays bigger particles,
which can be related to its lowest surface area. The incorporation of Mg-
species in the form of MgO leads to a progressive decrease of the particle
size such that MgO catalyst has a smaller crystal size. In this sense, the
smaller particles in the MgO catalyst must be directly related to a higher
specific surface area (Table 1). The EDX analysis of MgO-LapO3 samples
shows how La- and Mg-species are agglomerated by zones. However, the
formation of homogeneous MgLaz04 were not observed by XRD despite
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Fig. 4. CO.-TPD desorption profiles of calcined catalysts.

calcining materials at 600 °C.

The surface atomic concentration of the catalyst is compiled in
(Table 2). These data reveal how the Mg/La molar ratios on the surface
of catalysts are higher than the theoretical Mg/La values in all MgO-
Lay03 catalysts, so it is expected that Mg-species are more exposed in the
surface of the catalyst in comparison to LaOs.

The detailed analysis of Cls core level spectra shows two contribu-
tions (Fig. 3A). The main contribution located at 284.8 eV (adventitious
carbon) is used as reference to counteract the displacement of charge
[39].

The low intensity contribution, located about 289.5 eV, is ascribed to
the presence of carbonate species [39]. Thus, despite to the previous
calcination treatment to remove the carbonate species, it has not been
possible to avoid a partial recarbonation in the handling. In this sense,
the analysis of the carbonate/adventitious carbon ratio reveals that the
LayOs3 catalyst is more prone to carbonation (0.16) than the rest of the
catalysts. In the same way, the progressive incorporation of Mg-species
diminishes the trend to the carbonatation since the carbonate/adventi-
tious carbon ratio is only of 0.07.

The analysis of the Ols core level spectra also displays two contri-
butions (Fig. 3B). The contribution located at the low binding energy
region (529.3-529.7 eV) is assigned to the presence of oxides species in
the form of MgO, LayO3 or MgO-LasO3 [39]. In the case of the contri-
bution at the highest binding energy value (531.5-531.9 eV), this
contribution is attributed to the presence of carbonate species [39],
increasing the intensity of the contribution with the La content, which
agrees with the study of the C 1 s core level spectra.

The analysis of the La 3ds,» core level spectra show values at
833.7-834.1 eV (Fig. 3C). typical of La(Ill) as LapO3 or Lay(CO3)s. The
analysis of the Mg 2p core level spectra display a unique contribution
located at 49.0-49.6 eV, that is assigned to Mg-species in the form of
oxide and/or carbonate (Fig. 3D) [39]. In addition, it is also noteworthy
that the incorporation the presence of La-species in the catalyst causes a
shift of the binding energy of the Mg-species at higher values. This shift
is ascribed to the modification of the electronic density of the Mg-species
by the presence of La-species [39].

The analysis of the acid and basic sites, which are involved in the
reaction, was also carried out. The study of the basic sites by CO-TPD
shows how the samples desorb CO; in a broad range of temperature,
between 100 and 500 °C (Table 1 and Fig. 4A). This figure shows how
the LayO3 sample displays a maximum of CO,-desorption about 480 °C
while the MgO sample desorbs at lower temperature, suggesting that La-
sites have stronger basicity than Mg-sites. These data are in agreement
with the characterization results where it seems that La;O3 sites are
more prone to suffer carbonation processes due to the stronger basicity
in comparison to MgO. The analysis of the MgO-LayO3 catalysts displays
two defined sections. The first one, at lower temperature, is assigned to
weaker basic-sites, which are attributed to MgO-sites, while the signal
located at higher temperature is assigned to stronger basic-sites due to
the presence of La;03. The quantification and the analysis of the density
of basic sites (Table 1 and Table S2, supplementary information) reveals
that the addition of Mg-species increases of the total amount as well as
the density of basic sites due to the higher surface area shown for the
catalysts with high Mg-content. Despite MgO sample displays a high
number of basic sites, these sites are milder than those reported for La-
based catalysts.

The quantification and the strength of the acid sites were analyzed by
NH3-TPD (Table 1 and Table S2 and Fig. S2, supporting information).
The obtained data reveal that, as expected, the amount of acid sites is
negligible in comparison to the basic ones, reaching a maximum value of
only of 13 ymolyys g~! for Mg/La= 4 catalyst. The study of the density
of acid sites reveals that the incorporation of Mg-species diminishes the
amount of acid sites per surface unit.

3.2. Catalytic results

Several blank tests were performed by feeding ethanol into the
reactor, in the absence of the catalytic bed, in the range of the desired
temperatures (300 — 400 °C), and no EtOH conversion was detected
along the temperature range evaluated.

Then, the catalytic activity of the pre-treated catalysts (at 600 °C/2 h
as reported in experimental part) was tested. In all cases, the reactivity
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rest of the reaction products (B) during the ethanol transformation over Mg-
and or La-containing catalysts. Reaction conditions: EtOH 5% v/v in Ny;
T =400 °C; P =1 atm; WHSV= 0.3 ggron EEAT ht. Higher alcohols: 2-ethyl
butanol, 1-hexanol, 2-ethyl butanol; Ketones: acetone, 2-pentanone; C4: 1,3-
butadiene, Others: ethyl ether, butyraldehyde, ethane.

tests were carried out at 400 °C, with a percentage of EtOH in the feed
stream equal to 5 mol% in Ny while keeping a weight hourly space ve-
locity (WHSV) of 0.3 grron gEAT h™). The results, expressed in terms of
conversion of EtOH and selectivity to ethylene (Fig. 5A), as well as the

Table 3
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selectivity to the rest of the reaction products (Si, %) (Fig. 5B), are also
summarized in Table 3.

MgO is a well-known heterogeneous catalyst for the Guerbet reac-
tion, used many times as reference catalyst to study its mechanism [27,
40,41]. Indeed, while performing the reaction over MgO, the Guerbet
reaction product of ethanol, n-butanol, and the intermediate product
(acetaldehyde), were observed as main products, with a selectivity as
high as 23.5% and 30.7%, respectively and with an ethanol conversion
of 20%.

Even 1,3-butadiene production was observed, with a selectivity of
12%. Its production could occur through a mechanism based on the
aldolic condensation of acetaldehyde [42], or by considering crotyl
alcohol and 3-buten-1-ol as the key intermediates of the Lebedev process
for butadiene formation [27,28,41].

The presence of lanthanum in the catalytic system had many in-
fluences over the catalytic performance (Fig. 5 and Fig. S3, supple-
mentary information). In general, an increase of the overall ethanol
transformation was observed for La-containing catalysts, with an
ethanol conversion higher than 70% for all the samples. At the same
time, the selectivity to ethylene (the dehydration product from ethanol)
increased and it became the main product (Fig. 5A). Apart from the
mixed oxide with Mg/La molar ratio of 3, the selectivity of ethylene
increased with increasing La content. Accordingly, the ethylene selec-
tivity obtained was 58%, 78% and 87% over the mixed oxide with a Mg/
La molar ration of 4, 2 and 1, respectively.

Interestingly, with the presence of La, some ketones, namely acetone
and 2-pentanone, were also detected (Fig. 5B). Ketones can be formed
through consecutive Tishchenko disproportion reaction [43] of acetal-
dehyde forming the ester (ethyl acetate, not detected) and consecutive
ester ketonization reactions [44], producing water and CO; as
by-products. The reaction mechanism from which ketones can be
formed starting from ethanol is depicted in Fig. S4, supplementary in-
formation. In particular, the mixed oxide with Mg/La of 3, which led toa
slightly lower production of ethylene (52% of ethylene selectivity), led
to the highest value of the ketones products, with a total selectivity of
16%.

In comparison, the catalytic activity of pure LayOs is lower, in
accordance with its low surface area (see Table 1), leading to an ethanol
conversion of ca. 29%. It mainly acted as acid catalyst, producing
ethylene as main product with a selectivity as high as 73%.

In order to evaluate the effect of the catalytic system composition
over the kinetics of the reaction, a reaction with a lower reaction tem-
perature (350 °C) has been performed with the mixed oxide with a Mg/
La molar ratio of 3. The catalytic results are reported in Fig. 6.

By decreasing the reaction temperature from 400 °C to 350 °C while
performing the reaction over the mixed oxide with Mg/La= 3 molar
ratio, ethanol conversion decreased drastically from 75.4% to 20.2%, as
kinetically expected. Ethylene was again the main reaction product and
its selectivity increased from 51.9% to 77.6% (Table S3).

In general, at comparable value of ethanol conversion, the presence

Ethanol conversion and selectivity to the main reaction products obtained over the hydrotalcite-based catalysts and the pure oxides MgO and La,;O3, Reaction con-

ditions: EtOH 5% v/v in Ny, T = 400 °C, P = 1 atm, WHSV= 0.3 ggron gcar h™1).

Catalyst Conversion (%) Selectivity (%)
Acetaldehyde 1-Butanol C4Hg" Ethylene CO, Higher Alcohols” Ketones" Others*

MgO 20 31 24 12 16 1 5 4 11
Mg/La= 4 74 4 3 7 58 10 0 14 5
Mg/La=3 75 5 4 7 52 10 0 16 5
Mg/La= 2 72 2 1 5 78 6 0 4 5
Mg/La=1 84 1 0 5 87 4 0 2 2
La;03 29 6 1 0 73 4 0 11 6

2 C4Hg: 1,3- butadiene

b Higher alcohols: 2-ethyl butanol, 1-hexanol, 2-ethyl butanol
¢ Ketones: acetone, 2-pentanone

4 Others: ethyl ether, butyraldehyde, ethane
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of La led to an increase of catalytic activity carrying acidic properties.
Indeed, the dehydration product of ethanol, ethylene, was found to be
the main product, a reaction which is acid catalyzed (Fig. S4, supple-
mentary information).

Concerning the catalytic activity, since the mixed Mg/La systems
have intermediate surface areas between MgO and LayOs, the activity of
the mixed systems was higher than that of lanthana. However, MgO,
shows a lower activity, despite its higher surface area (Table S3). So, it
seems that preparing the mixed system is a way to improve the activity
with respect to lanthana alone, while substantially keeping the distri-
bution of products of lanthana, even at low La content (Mg/La = 4). In
fact, even at low La content, a poor selectivity to acetaldehyde (which
instead was very high with MgO), a high selectivity to ethylene (which
instead was low with MgO), and a remarkable formation of ketones/CO5
(which is also one feature of LapO3 and not so much of MgO) was
observed.

Overall, it seems that in the mixed systems the behavior is not an
average of MgO and LayOg, but the main features of lanthanum oxide
remain the dominant ones, with the further advantage of an improved
activity compared to lanthana alone.
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3.3. Characterization of spent catalysts

Once the catalysts were tested in the ethanol valorization reaction,
they were collected and characterized by XRD and XPS.

The study of the used catalysts by XRD, shown in Fig. 2B, reveals an
increase of the carbonation of the La-species, in addition to La(OH)3
(PDF number: 00-036-1481), appearing more intense diffractions peaks
ascribed to Lap02COs3 phase, which is accompanied by a decrease of
intensity in the peaks assigned to LapO3 and/or La(OH)3. Carbonation
decreases as the Mg-content in the catalysts increases. Thus, the MgO
sample does not show any peak ascribed to the presence of MgCOs. was
also observed for spent catalysts.

However, this sample shows the arising of new peaks assigned to the
presence of Mg(OH); after the reaction, which could be ascribed to the
reaction of the produced water during the ethanol condensation with the
MgO surface, producing Mg(OH),. Moreover, the MgO sample shows
narrower diffraction peaks after the reactions. This suggests the sinter-
ing of the sample along the catalytic process. In addition, the presence of
carbonate species could be ascribed to the heterogeneous basic catalysts
are prone to suffer strong carbonation on the basic sites.

The surface analysis of the samples after the catalytic tests was also
evaluated by XPS are comparatively shown in Fig. 7 (and in Tables S4
and S5, supplementary information). The analysis of C 1 s core level
spectra of the used catalysts (Fig. 7A) differs in comparison to the fresh
catalysts slightly. Thus, it is noteworthy the increase of the contribution
ascribed to carbonate species in all cases, which confirms the carbon-
ation of the sample along the reaction and/or the handling of the sam-
ples before the XPS experiment. On the other hand, it is also noticeable
the arising of a new contribution located about 286.0-286.5 eV, which
is assigned to C-OH or C-O-C bonds. This signal could be ascribed to the
adsorption between the basic sites with the alcohols. In this sense,
previous authors have reported that the alcohols can be deprotonated to
form alkoxydes, which interact with the basic sites strongly [45,46].

The study of the O 1 s core level spectra of the used catalysts (Fig. 7B)
shows a very different profile from that observed for fresh catalysts.
Thus, the intensity of the contribution ascribed to oxides species located
about 529.0 eV decreases, while the contribution ascribed to carbonate
species, about 531.5 eV, increases, confirming the carbonation of the
surface of the catalysts. In the same way, it is also noteworthy the arising
of a new contribution about 533.0 eV, which is ascribed to the alkoxides
strongly joined to the basic sites on the surface of the catalysts.

Regarding to the La 3ds,» core level spectra (Fig. 7C), the same
contributions reported for fresh catalysts were observed. In the case of
Mg 2p core level spectra (Fig. 7D), all catalyst display the same contri-
bution ascribed to oxides species, except in the case of MgO catalyst,
where a small contribution ascribed to Mg(OH), is observed, as was also
detected by XRD, which could be due to the presence of water during the
dimerization process of ethanol (Guerbet reaction).

The spent catalyst consisting in the Mg:La= 3 molar ratio used after
the reaction performed at 400 °C, with a WHSV of 0.3 ggron gEAT h b
and a total time on stream of 2.6 h was also analyzed by XRD analysis
and the corresponding diffractograms included in Fig. 2B. The resulting
XRD patterns showed a slight decrease of the overall crystallinity on the
spent catalyst, indicating very low changes during the reaction.

4. General remarks

A comparison on the characterized through XRD and XPS between
fresh and spent catalysts showed the presence of carbonate species, but
this was higher over the spent catalyst surfaces, except for the MgO
sample. This is the reason why the catalysts were calcined in the same
reactor, before the catalytic tests, in order not to favor the formation of
carbonates after calcination, which would modify the catalytic proper-
ties of these materials.

During the catalyst tests, the formation of CO, has been observed,
which is related to the ketonization reaction (as showed in the reaction
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scheme in Fig. S4). Therefore, the CO, formation during the reaction can
be related to the carbonation of the catalytic surface of the spent cata-
lysts, forming the La;0,CO3 phase. On the other hand, the formation of
the magnesium hydroxide in the spent MgO sample or La(OH)s in La-
containing catalysts, the presence of which has been observed through
XRD analysis (see Fig. 1B) and XPS analysis (see Fig. 7) can be associated
to the reaction of the produced water during ethanol condensation with
the MgO surface, producing Mg(OH), but also La(OH)s.

On the other hand, and according to Fig. S4, the role of acid and basic
sites on each reaction step must be highlighted. The main product
observed over the catalytic system has been ethylene over all the sys-
tems except for the MgO catalyst. The addition of La into the catalysts
led to the formation of the acidic sites (as measured through NH3-TPD
analysis, see Table 1) responsible for the dehydration of ethanol toward
ethylene. For this reason, the higher ethanol conversion should be
related to the combination of the two different reaction pathways, as
indicated in Fig. S4, as well as the enhanced specific surface area of the
mixed-oxide catalysts, as determined through BET analysis (see
Table 1).

5. Conclusions

MgO-LayO3 catalysts with different Mg/La molar ratio were syn-
thesized by a precipitation method and subsequent calcination,
obtaining catalysts where both LayO3 and MgO are highly dispersed.
These catalysts present basicity although their acidity and textural
properties were relatively low.

Considering the availability of the basic sites, MgO-LayOs3 catalysts
were tested in the selective transformation of ethanol into valuable
products. MgO-catalyst, which displayed higher basicity and tradition-
ally used in the Guerbet reaction, showed the poorest activity and led to
the formation of n-butanol as the main product and acetaldehyde. The
incorporation of lanthanum promotes the formation of small amount of
acid sites. The modification of the acid-bases properties influences in the
catalytic performance improving the ethanol conversion, reaching
values above 70% in all La-based catalysts. Regarding to the selectivity
pattern, the presence of lanthanum promotes the dehydration of
ethanol, obtaining ethylene as main product. In particular, the
maximum ethylene selectivity is attained for the Mg/La catalyst with a
molar ratio of 1 (i.e., 87%).
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