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Abstract: LaAlOj3 perovskites, as such and with 25% molar Al substitution by Cu, Co, or Ga,
have been prepared by sol-gel methods and tested as heterogeneous catalysts in the gas-phase con-
version of ethanol. LaAlO3 presented a significant acidic character, with high formation of ethylene
by ethanol dehydration. B-site substitutions increased the basicity of the catalysts, favoring the
dehydrogenation of ethanol to acetaldehyde. The most reducible Cu- and Co-substituted materials,
characterized by easier formation of surface oxygen vacancies, promoted the self-condensation of
acetaldehyde by the Tishchenko mechanism, with formation of acetone and odd-carbon number
products. Aldol coupling of acetaldehyde, favored on pure and Ga-substituted LaAlO3, led to the
formation of butadiene and hexadiene. The role of Ga insertion, favoring both dehydrogenation of
ethylene and dehydration of higher alcohols, corresponds to an amphoteric character. The formation
of olefins and diolefins on all catalysts suggests that LaAl-based materials present the most acidic
character among La-perovskites.

Keywords: catalysis; oxides; lanthanum; gallium; alcohol reactivity; acetaldehyde; Tishchenko
coupling; ethyl acetate; acetone; hydrodeoxygenation

1. Introduction

Ethanol is the main chemical commodity issued from renewable resources; more than
90% ethanol being produced by fermentation of biomasses [1]. Bioethanol production of
110 billion liters per year represents more than 70% of the global biofuel market [2]. In the
last years, the demand for bioethanol as an additive for automobile fuel has increased
rapidly all over the world. Blending bioethanol with conventional fuels is the most easily
implementable way to decrease carbon dioxide emission from transportation, as it does not
require the introduction of new technologies and can exploit the present fuel supply chain.

Nevertheless, despite proactive blending mandates in more and more countries,
the competition of low-cost fossil fuels is a persistent primary barrier which limits the
development of biofuels markets [3,4]. Global economic trends related to the Covid-19 pan-
demics have affected also the biofuel demand, with a drop of 20% in the world bioethanol
market and a fall by nearly 50% of the production of bioethanol in the USA [5]. The volatil-
ity of biofuel markets concurs with sustainable development issues in fostering alternative
outlets to bioethanol production, mainly through the catalytic conversion of ethanol to
valuable chemicals or intermediates, reducing the dependence of chemical industry from
fossil feedstock. Different catalytic systems guide the ethanol conversion by different
routes towards various products [6-9]. Dehydration of ethanol, mainly on acidic catalysts,
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forms diethyl ether (a useful solvent) at relatively low temperature and ethylene (the
largest produced monomer for polyolefins) at higher temperature [10]. Dehydrogenation
of ethanol (usually carried out on supported copper catalysts) forms acetaldehyde, an effec-
tive intermediate towards useful monomers, solvents and fuels [11-13]. Ethanol conversion
pathways through acetaldehyde lead to the formation of butanol (a performant biofuel) by
the Guerbet reaction [14-19] or of butadiene (a major component of elastomers) through
the time-honored and recently revamped Ostromislensky and Lebedev processes [20-25].
Successive reactions of acetaldehyde, through coupling with ethanol, aldol coupling and
ketonisation, lead to the formation of relevant oxygenated solvents, as ethyl acetate [26,27],
acetone [28,29] and 2-pentanone [30]. Propylene (another major monomer for polyolefins)
can also be produced from acetaldehyde-derived acetone [31,32].

Steering ethanol reactivity through alternative and successive reaction pathways
requires a careful tuning of the acid and base properties of the catalysts. Perovskites are a
class of materials in which easily implementable changes of composition allow a precise
control of the number and nature of the surface sites [33]. The perovskite structure, with a
general formula ABO3, incorporates both large cations in the cubo-octahedral A site and
smaller cations in the octahedral B site [34]. The size of the component ions should abide
the Goldschmidt rule, requiring the tolerance factor

t = (ra+ro)/\/2(rs + r0) 1)

to be in the range from 0.75 to 1, ra, g and ry being the ionic radii of the elements in A
and B sites and of oxygen. Virtually every large alkaline, alkaline earth, rare earth (or
many organic cations) can occupy the site A and the most of smaller transition metal ions
are able to occupy the site B. Their different combinations allow about 90% of metallic
elements in the periodic table to be crystallized in the perovskite structure [35]. The choice
of the component elements allows a fine tuning of the electronic properties [36-38], at the
basis of the enormous developments of perovskites in electrode materials, rechargeable
batteries, photocatalysis and solar cells [39-45]. In a similar way, oxygen mobility and
formation of coordinatively unsaturated sites have been the key properties for the ap-
plication of perovskites as heterogeneous catalysts [46-49]. La-based perovskites have
been proposed as effective catalysts for oxidative steam reforming or mild oxidation reac-
tions [50-52]. Doped La-perovskites can answer environmental concerns for VOC and NOx
abatement [53-58], as well as for soot oxidation in diesel exhausts [59,60]. Partial reduction
of transition metal components of perovskites has provided interesting, supported catalysts
for biomass hydrogenation [61,62].

Steam reforming of ethanol on perovskites has received some attention in the literature,
focusing on variously doped LaNiO3; materials [63,64]. Direct conversion of ethanol over
perovskite materials in the absence of other reagents was investigated by a limited number
of studies, all of which have emphasized the importance of acid-base properties on the
catalytic activity. Tesquet et al. investigated the conversion of ethanol over LaFeOs-based
catalysts between 300 and 400 °C [65]. They found that basic sites related to the formation
of La;Oj3 lead to an increase in the selectivity of butanol and acetone. Chen et al. observed
that cation vacancies in nonstoichiometric LaMnOj catalysts created Lewis acid-base pairs
active for the aldolisation of ethanol to form C4 products [66]. Yu et al. suggested that acid-
base pairs were formed on LaMnOj3; and LaFeOj3 by the interaction with a silica support,
decreasing the basicity of the stoichiometric perovskites [67]. Un-supported perovskites
promoted the formation of acetone, pentanone-2 and ethyl acetate, while supporting
on SiO, enhanced dehydration reactions and formation of aldolisation products, as 1,3-
butadiene and 1-butanol.

The presence of alkaline-earth or rare-earth cations has usually led to stress the ac-
tivity of perovskites as solid bases, whereas the contribution of acid sites to their surface
properties has been more recently highlighted [68]. In this context, the properties of the
La-Al,O3; materials render the study of LaAl-based perovskites especially relevant. Lan-
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thanum impregnation was early suggested as a method to prevent the sintering of y-Al,O3
supports [69]. It was suggested that the surface of the obtained La-Al,O3 presented higher
acidity than either y-Al,O3 or LayO3 [70]. Indeed lanthanum impregnation increased the
ethylene selectivity of alumina [71] and the use of La-Al,O3 supports increased the acidity
of other oxide catalysts [72]. It has been suggested that there is a continuous transition
of surface properties between La-Al,O3; and LaAlO3 perovskite with the increase of ac-
tivation temperature, possibly through nonstoichiometric 3-Al,O3 intermediates [73,74].
The purpose of the present study is to verify the activity of LaAlOj3 perovskite in ethanol
conversion, a process in which acid-base properties are especially relevant. Partial substitu-
tion of Al by other cations, expected to tune the acid-base properties of the materials [75],
is an integral part of the study.

2. Results and Discussion
2.1. Characterization of the Catalysts
2.1.1. Phase and Textural Properties

The conversion of ethanol was performed on catalysts denoted as La100, Ga25, Co25,
Cu25 on the basis of the fraction of substitution in LaAlO3 perovskite, Lal00 indicating no
substitution and the numbers indicating the percent substitution of Al by any given cation.
For instance, Ga25 indicated the composition LaAlj 75Gag2503.

The XRD (X-ray diffraction) pattern of the catalyst, represented in Figure 1, corre-
sponded to single perovskite phases. The cell parameters in the Pm-3m space group are
reported in Table 1. Possible rhombohedral distortions could not be reliably measured
due to the broad width of the reflections. The cell size of Co25 was analogous to the
3.793 A one of Al100, in agreement with the similar size of AlP* and Co’* cations, with ionic
radii respectively 0.535 and 0.546 A. Ga25, with the larger Ga®* cation (0.62 A) and Cu25,
with Cu?* (0.69 A) and the oxygen vacancies induced by the partial replacement of a
trivalent by a divalent cation, presented larger 3.816 and 3.811 A unit cells.

The textural properties of the catalysts determined by N, sorption are reported in
Table 2 and can be compared with the crystallite size reported in Table 1, as obtained by
the Scherrer treatment of XRD line breadth. The specific surface area was in the range
11-16 m? g~ !, whereas the crystallite size approached 30 nm for all samples. An intergran-
ular mesoporosity between 0.04 and 0.07 cm® g~! was measured, with broad distributions
of pore size, centered between 17 and 30 nm, without a well-defined size maximum. Varia-
tions in porosity can be attributed to slightly different aggregation of nanocrystals. The Ny
sorption isotherms of the catalysts are reported in Figure S1 in the Supplementary Materials.

counts

20 25 30 35 40 45 50 55 60 65
deg 26

Figure 1. XRD (X-ray diffraction) patterns of the catalysts calcined at 700 °C.
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Table 1. Cell parameters and crystallite size of catalysts calcined at 700 °C, after 3 h catalysis test (31% ethanol flow in Ny,

350 °C, weight hour space velocity WHSV 0.23 h—!) and after H,-TPR (temperature-programmed reduction) experiment.

The error in cell parameter is 0.03% and in the crystallite size is 3%.

Cell Size a/A Dgcherrer/NM
Catalyst
Calcined at 700 °C  after Catalysis after H-TPR  Calcined at 700 °C  after Catalysis after H,-TPR
Al1100 3.793 3.794 3.792 30 29 35
Co25 3.794 3.794 3.796 29 29 21
Ga25 3.816 3.815 3.816 29 31 31
Cu25 3.811 3.811 3.805 29 28 30

Table 2. Textural properties of the catalysts. Surface area, pore volume and average pore size as
obtained from N, sorption isotherms.

Catalyst Sger m? g1 Vpore cm? g1 Dave nm
Al100 14.6 0.07 29
Co25 11.6 0.04 17
Ga25 14.7 0.05 20
Cu25 16.1 0.07 28

2.1.2. Acid-Base Properties

The acid and base characteristics of the catalysts were investigated by isopropanol
conversion. The test reaction gives propene and acetone as the main products, as shown in
Table 3. The selectivity of conversion depends on the acidity and basicity of the catalysts,
the dehydrogenation to acetone being favored on basic sites, whereas the dehydration
to propene can occur either on acidic sites or on adjacent acid-base sites [76—78]. For all
our catalysts, the main product was acetone, showing a largely basic character. However,
the activity and selectivity patterns were not the same on the different catalysts. Ga25
and Co25 presented a nearly complete conversion and a very low selectivity of propene.
LaAlOs had a lower 67% conversion and a 25% selectivity of propene, exhibiting significant
acidity alongside a lower activity as basic catalyst.

Table 3. Results of isopropanol conversion tests (4% isopropanol in N, 325 °C, WHSV 1.6 h~1).

Catalyst Conversion % Carbon Balance % Selectivity %
Acetone Propylene
Al100 67.8 95.4 74.8 252
Co25 98.8 98.7 93.8 6.2
Ga25 97.2 91.5 96.5 3.5

2.1.3. Hy-TPR Experiments

H,-TPR measurements were performed to investigate the reduction behavior of the
catalysts. The hydrogen consumption curves are presented in Figure 2A, unit cell size and
Scherrer crystallite size after reduction are reported in Table 1 and the XRD patterns of
catalysts after Hy-TPR are shown in Figure S2. Al100 and Ga25 catalysts underwent no
measurable reduction in the experimental field. Co- and Cu-substituted samples presented,
instead, significant hydrogen consumption (mmol Hy g~ ! catalyst).
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Figure 2. H>-TPR curves of (A) LaAlO; and B-site substituted catalysts and (B) LaCoO3; and mixed
La Alj75C002503 (C025). Curves have been shifted for sake of clarity.

Reduction of Cu25 started at nearly 170 °C and featured a sharp peak at 290 °C with
consumption of 0.60 mmol g~!. Hydrogen consumption continued in a shallow continuous
phenomenon at high temperature, reaching a total of 1.13 mmol H, g~!, indicating a
total reduction of Cu?* to metallic copper. The amount of hydrogen consumed in the
sharp initial peak suggests an intermediate step of reduction of Cu?* to Cu*, followed at
higher temperature by a slow reduction of Cu* to Cu with exsolution of copper from the
mixed oxide structure. The XRD pattern after the TPR experiment still presented a well-
crystallized perovskite pattern. The shrinkage of the unit cell to values compatible with
a defective LaAlO3 phase confirmed the exsolution of copper. Nevertheless, no metallic
copper phase was observed, likely due to reoxidation upon exposure of the sample to room
atmosphere, with formation of amorphous oxidized copper material.

Co025 TPR showed an asymmetric reduction peak from around 300 to 500 °C, in which
0.40 mmol H, per gram of catalyst were consumed, corresponding to the reduction of
about 70% Co>" to Co?*. A shallow phenomenon at higher temperature brought the total
hydrogen consumption to 0.74 mmol g !, corresponding to 44% of the hydrogen needed to
reduce the cobalt in the sample to metallic cobalt. Ex-situ XRD analysis, carried out after the
TPR run, showed that the perovskite structure was preserved, with a significant broadening
of the XRD peaks and a swelling of the unit cell, probably related to the inhomogeneous
formation of oxygen vacancies [79].

The preservation of the perovskite structure despite significant reduction has to be
attributed to the presence of majority Al in the B-site. This effect can be highlighted by
comparing the reduction pattern of Co25 with a pure LaCoO3; sample prepared in the
same conditions and referred to as Co100 (Figure 2B). The H,-TPR of Co100 featured two
main peaks with maxima at 430 and 600 °C. The total H, consumption of 6.1 mmol g~!
corresponded to the complete reduction of Co3* to metallic cobalt. Ex-situ XRD pattern
after the TPR run indicated a largely amorphous material with no trace of perovskite
phase. Only La(OH)3; and minor La,O,COj3 phases could be detected, clearly resulting
from exposure to room atmosphere of the materials issued from the decomposition of the
parent perovskite. In literature reports, it has been shown that Co®* of LaCoO; can undergo
reduction to Co’ through a Co?* intermediate with LaCoO, 5 brownmillerite structure [30].
This route is referred to as the two-process mechanism, where the hydrogen consumption
of the second step (Co?" + Hp — CoY) is twice the amount of the first step (Co>* + 0.5H,
— Co?*) [81]. In nanocrystalline mixed oxides with higher oxygen mobility, Co%* can
be totally reduced also via a one-peak mechanism, in which the two reduction steps are
merged [82]. In the case of Co100, the first reduction peak corresponded to the reduction
of nearly 45% Co>* to Co’. This result suggests a reduction through mixed two-step and
one-step mechanisms, with a relative ratio probably controlled by oxygen diffusion.
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2.2. Catalytic Tests
2.2.1. Overview of the Catalytic Activity

The conversion of ethanol followed the main pathways schematized in Figure 3. Ethy-
lene and acetaldehyde were the primary products of dehydration and dehydrogenation
reactions, respectively. Further reactions of acetaldehyde can follow different pathways,
through aldol coupling or ketonisation reactions. Self-condensation of acetaldehyde to ac-
etaldol (3-hydroxy-butanal) leads to the formation of crotonaldehyde (2-butenal), which is
hydrogenated to crotyl alcohol (butenol) or butyraldehyde (butanal), leading to the forma-
tion of, respectively, butadiene or longer-chain unsaturated hydrocarbons. Ketonisation
of acetaldehyde leads to formation of acetone, which is further converted by transfer
hydrogenation and dehydration to propylene or by aldol cross-coupling with acetaldehyde
to 2-pentanone and unsaturated C5 hydrocarbons.

OH

/‘\/\_Hzo ‘
v N

/;6;_140 acetaldol

+C,H,0 butyraldehyde

butanol

\io

' 2

4-hexen-3-one .
+H,

HC,H,0
A OH
4-hydroxy- ~ +H’2/ 2-pentene
2-pentanone  +H, /~, '/—HQO

2-pentanone

Figure 3. Main reaction pathways in the conversion of ethanol. Products observed in this study are circled in red.

The distribution of products was very different from one catalyst to another, indicating
that different reaction pathways were favored. Conversion values and selectivity of the
observed products are reported in detail in Table S2 in the Supplementary Information.
The selectivity of the most abundant products at 350 °C and 36% conversion are reported
in Figure 4. The scale of activity of the catalysts was indicated by the space velocity at
which 36% conversion was reached, weight hour space velocity WHSV being 0.011 < 0.020
< 0.023 < 0.028 for, respectively, Cu25, Co25, A1100 and Ga25.

As evidenced in Figure 4, ethylene, the primary dehydration product of ethanol,
was the main product for Al100, with a selectivity of 37%. The partial replacement of Al
by Cu, Co or Ga brought about a drastic decrease of ethylene yield, the main products
being acetaldehyde and acetaldehyde-derived oxygenates. Acetaldehyde was converted
to products of consecutive reactions at very different extent according to the nature of the
catalyst. On Al100 and Ga25, less than half acetaldehyde was converted to further products.
On Cu25 and Co25, nearly 75% acetaldehyde was converted. The main products of ac-
etaldehyde conversion were acetone and 2-pentanone, formed by ketonisation and further
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aldol condensation reactions. Acetone further reacted to form 2-pentanone at a different
extent according to the type of catalyst. In all cases, the carbon balance was nearly 95%,
approaching the maximum possible value. In the evaluation of the carbon balance, it has
to be taken into account that the formation of odd-carbon number molecules, like acetone
or 2-pentanone, brings about the loss of single-carbon molecules, which were not analyzed.
This effect accounts for most of the carbon balance deficit on substituted catalysts.

50 100
X
45 4 - 90
10 L 80 §
@©
35 A 70 ©
5
30 A - 60 £
o 3
> 25 A -850 o
= @
E 20 - - 40 c
9 15 - -30 »
g
10 + 20 ¢
3
5 4 - 10
0 - =0
Al100 Cu25 Co25 Ga25
ethylene acetaldehyde mmacetone mmpentanone
mbutadiene mmhexadiene —carbon balance

Figure 4. Selectivity and carbon balance of catalytic tests at 350 °C and 36% conversion.

2.2.2. Primary Reactions of Ethanol

The relative activity of the catalysts towards dehydration or dehydrogenation of
ethanol can be appreciated by comparing the yield of ethylene (plus minor diethyl ether)
with the sum of the yield of acetaldehyde and acetaldehyde-derived products, following the
reaction cascades proposed in Figure 3. The yields of dehydration- and dehydrogenation-
derived products are reported in Figure 5. In all cases, dehydrogenation prevailed upon
dehydration yield, as expected on (mainly basic) lanthanum-containing catalysts. However,
the two levels of activity were quite similar on Al100, whereas the substituted catalysts
presented a dehydrogenation activity that was by an order of magnitude higher than their
dehydration activity. This behavior is in good agreement with the results of the isopropanol
test reaction (see Table 3), in which all the catalysts presented a mainly basic behavior but
Al100 showed a higher propylene yield, indicating a significant acidic character.

The production of ethylene from ethanol on acid catalysts is a well-known process [10].
Ethylene was clearly produced via dehydration of ethanol over acid catalytic sites, either
directly (monomolecular reaction) or through etherification to diethyl ether (bi-molecular
path), which was further dehydrated to ethylene. Limited amounts of diethyl ether were
observed, with selectivity at 36% conversion up to 1.1% on Al100 and around 0.6% on
the substituted catalysts (Table S1). Still lower amount of detected methane and ethane
(Table S1) indicated that decomposition and disproportionation reactions did not play a
significant role in the reactivity of ethanol [83,84].
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Figure 5. Yield of products issued from different primary reactions of ethanol: dehydration or
dehydrogenation. Data at 350 °C, 36% conversion.

2.2.3. Acetaldehyde Reactivity

The conversion of acetaldehyde to further products follows two main pathways: self-
condensation to acetaldol or ketonisation to acetone, as schematized as in Figure 3. In order
to better compare the reactivity of acetaldehyde on the different catalyst it is interesting
to consider the yield of each product on the basis of acetaldehyde rather than of ethanol.
The acetaldehyde-based yield can be evaluated as the ratio between the measured amount
of a given product and the sum of measured acetaldehyde plus all acetaldehyde-derived
products. The fraction of acetaldehyde converted through each step of the reaction cascades
is indicated in Figure 6.

Most acetaldehyde was not converted to other products on Ga25 and Al100. The per-
cent fraction of acetaldehyde converted to further products increased in the order 27.1 < 36.7
< 53.6 < 66.8 for, respectively, Ga25, A1100, Cu25 and Co25. In all the cases, more acetalde-
hyde was converted through the ketonisation pathway than through self-condensation
to acetaldol. Other La-based perovskites have indeed been recognized as effective keton-
isation catalysts [72]. However, the ratio of conversion between the two pathways was
extremely different from one catalyst to another. Conversion through the ketonisation
pathway was 1.3 or 1.5 times more effective than the acetaldol pathway in the case of Ga25
or Al100, but was 15 or 20 times more effective for Cu25 or Co25.

Several pathways have been proposed for the ketonisation of acetaldehyde to ace-
tone. The two mainly proposed pathways imply ethyl acetate or acetaldol intermedi-
ates. The mechanism of dimerization of acetaldehyde to ethyl acetate, known as the
Tishchenko coupling, has been extensively investigated in homogeneous catalysis by Ogata
and Kawasaki [85,86] and extended to heterogeneous catalysis by Tanabe and Saito [87].

In the catalytic cycle, an alkoxide complex is formed on a basic site, followed by the
nucleophilic attack of the a-carbon by a second acetaldehyde molecule. The formed ethyl
acetate species desorbs through hydride exchange with a third acetaldehyde molecule,
adsorbed on a Lewis acid site with the regeneration of the alkoxide complex. Formation
and desorption of the surface carboxylate have been shown to be favored on bifunctional
basic-Lewis acid sites, corresponding to surface oxygen defects easily formed by temper-
ature or redox treatment of basic oxides [88]. This effect has been well documented on
LaCoO3 supports [89].

Alternative pathways to ethyl acetate from ethanol have been proposed to take place
on the surface of bifunctional Cu-based catalysts. The hemiacetalisation of acetaldehyde
with ethanol, followed by a Cu-catalyzed dehydrogenation to ethyl acetate, has been pro-
posed to take place on copper chromite or Cu-Zn-Zr-O catalysts [90,91]. Direct formation
of ethyl acetate from ethanol without isolation of an acetaldehyde intermediate has been
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proposed to occur on copper chromite by reaction of ethoxide and acylic CH3CO surface
groups formed by dehydrogenation on a copper site [92].

s ~ ™
Al100 (Co25
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Figure 6. Percent fraction of acetaldehyde converted through each step of different reaction cascades. Data at 350 °C,

36% conversion.

The mechanism of ketonisation of ethyl acetate to acetone has been modelled by
Tosoni and Pacchioni on ZrO, surface [93]. Ethyl acetate is surface-hydrolysed to acetic
acid and ethanol. Ethanol desorbs or contributes as ethoxide to the Tishchenko cycle,
whereas adsorbed acetates are converted to enolic CH,COO?~ and acylic CH3CO surface
groups, which condensate to form (3-keto butenoic acid, which can easily decarboxylate to
form acetone. Oxygen vacancies, deriving from surface reduction, are highly relevant for
the critical step of formation of the acetate intermediate.

For all aldehydes with a-hydrogen, like acetaldehyde, the Tishchenko coupling is in
competition with the dimerization to acetaldol, usually favored on catalysts with strong
basic sites [94]. The formation of acetone through an acetaldol intermediate has been
observed on copper catalysts supported on strong basic oxides [95]. In this case, acetone
is formed by reverse aldol condensation of the keto form of acetaldol, with evolution
of formaldehyde.

In order to assess if the Tishchenko coupling was a suitable pathway to the forma-
tion of acetone on our catalysts, ethyl acetate was fed to the reactor in the conditions
of the ethanol conversion tests. Conversion and selectivity data are reported in Table 4.
Ethyl acetate conversion increased from 20% to 37% in the order Al < Co < Ga. In the
meantime, the carbon balance decreased from 97% to 94%. Ethanol, acetone and acetalde-
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hyde were the main products formed. The ratio of products was compatible with the
ketonisation mechanism of ethyl acetate proposed by Tosoni and Pacchioni [93], through
the hydrolytic cleavage of the ester bond at the surface of the catalyst, leading to ethanol
release and formation of the surface acetate groups from which acetone is formed. Part of
the formed ethanol was dehydrogenated to acetaldehyde, which reacted with acetone to
form 2-pentanone. Isopropanol was formed by hydrogenation and dehydration of acetone.
Ethylene was formed by thermal decomposition of ethyl acetate [31,96], with an expected
parallel formation of acetic acid, which contributed to the surface acetate pool.

Table 4. Results of catalytic conversion of ethyl acetate (1% ethyl acetate in N, flow; 350 °C,
WHSV 0.19h~ 1, 1 h).

Catalyst Al100 Co25 Ga25
conversion % 19.9 21.0 37.1
C balance % 97.1 96.1 94.4
selectivity

ethylene 14 0.9 1.7
acetaldehyde 5.0 8.2 11.7
ethanol 44.0 42.0 36.1
acetone 25.7 27.9 23.8

isopropanol 0.2 0.2 1.1

pentanone 0.2 0.7 3.7

2.2.4. Acetone Reactions

Acetone was largely converted by consecutive reactions to other products, the most
abundant being 2-pentanone, formed by aldol condensation of acetaldehyde and acetone
to 4-hydroxy-2-pentanone and by further hydrodeoxygenation (HDO) to 2-pentanone.
More than half acetone was converted to 2-pentanone on Al100, Cu25 and Ga25 catalysts
(see Figure 6). On Co25, instead, less than one third of acetone was converted to 2-
pentanone, suggesting a lower activity of cross-condensation of acetone and acetaldehyde.

The formation of propene from ethanol by the sequence of reactions: ethanol —
acetaldehyde — acetone — propanol — propene was well documented on promoted rare-
earth oxides [97,98]. Mixed catalysts formed by basic oxides and acidic zeolites or zirconia
were highly effective for this reaction cascade [32,99]. Bifunctional catalysts were indeed
needed, as basic functions allowed the dehydrogenation of ethanol to acetaldehyde, paired
acid-base sites were needed for the formation of acetone and its transfer hydrogenation
to isopropanol, which was dehydrated to propene on acid sites. Among our catalysts,
Al100 was significantly more active than the substituted catalysts in several hydrogenation
and dehydration reactions of acetone, leading to the formation of propene, as well as of
isopropanol, pentene and pentadiene.

2.2.5. Diolefins Formation by Self-Condensation of Acetaldehyde

The self-condensation of acetaldehyde to acetaldol is at the basis of an industrially
relevant route of synthesis of long-chain alcohols and diolefins from ethanol [7,8,22].
In the formation of butadiene, acetaldol is dehydrated to form crotonaldehyde (2-butenal),
which undergoes a Meerwein-Ponndorf-Verley (MPV) transfer hydrogenation by ethanol
to form crotyl alcohol (2-butenol), which is dehydrated to 1,3-butadiene. Among the
intermediates in this pathway, acetaldol and butenol were too fast reacting to be observed.
Moreover, crotonaldehyde was never observed at selectivity higher than 0.4% (Table S1),
confirming its status as a fast-reacting precursor.

Hydrogen from the dehydrogenation of ethanol to acetaldehyde is available in the
system and allows the alternative pathway of hydrogenation of crotonaldehyde to bu-
tyraldehyde (butanal). Consecutive reactions of butyraldehyde includes MPV hydrogena-
tion to butanol and aldol condensation with acetaldehyde, leading by further dehydration
and HDO to the formation of hexadienes. The hydrogenation of crotonaldehyde to bu-
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tyraldehyde was always more effective than the HDO to butadiene but the ratio between
the two pathways significantly varied among the catalysts. The ratio between formation
of butadiene and butyraldehyde was 0.8 > 0.5 > 0.3 > 0.1, respectively on Al100, Ga25,
Cu25 and Co25. 2,4-hexadiene was the main products issued from butyraldehyde, through
condensation with acetaldehyde and further dehydration and HDO. Butanol was formed
only in minor amounts, accounting for no more than 10% of butyraldehyde conversion.
It is worth noting that alternative reaction pathways have been proposed for the formation
of butanol from ethanol, notably implying a direct self-condensation of ethanol.

2.2.6. Correlations between Activity and Composition of the Catalysts

The formation of significant amounts of C3+ olefins and diolefins differentiates the
LaAlO3-based catalysts of this study from other perovskite materials. Perovskites, beyond
their activity in redox catalysis, have generally been considered as mainly basic catalysts,
leading to the formation of oxygenates. The conversion of ethanol on LaFeOj3- or LaMnOs3-
based perovskites produced oxidized C4 products not observed on LaAlO3-based catalysts
in the present study [65-67]. The formation of some butadiene was obtained on LaMnOj3
only in the presence of supplementary acid sites provided by the addition of silica [66].
The distribution of products on all the catalysts of the present study indicated a significant
activity towards alcohol dehydration and formation of unsaturated hydrocarbons, a trend
already observed on lanthanum hydroxides and La-doped aluminas [70,100], but not yet
evidenced on La-based perovskites.

In the LaAlO3-based materials of this study, the substitution of a fraction of aluminum
by other cations led to a loss of acidity, witnessed by the isopropanol tests and correspond-
ing to a shift of the primary ethanol reactions towards higher formation of acetaldehyde
(Figure 5). If this trend of primary reactivity of ethanol can be essentially attributed to a
higher basicity of all substituted catalysts, further reactions of acetaldehyde did not follow
the same pattern. Cu25 and Co025 catalysts featured a much higher selectivity towards
products from Tishchcenko coupling and ketonisation (Figure 6). It is tempting to attribute
this effect to the higher reducibility of these catalysts (Figure 2). Mixed oxide catalysts
for the synthesis of acetone or pentanone from acetaldehyde are often pre-reduced in
H, flow before the reaction [30,95]. This treatment has not been applied in our experi-
ments. Nevertheless, the H-TPR results showed Cu25 and Co25 to be highly reducible.
Moreover, ethanol is an effective reducing agent for copper and cobalt cations in mixed
oxides [101]. The diffraction data on substituted LaAlOs catalysts showed no significant
modifications of phase composition and unit cell size between fresh and used catalysts,
indicating that ethanol vapor at 350 °C did not bring to a bulk reduction of the catalyst.
However, the formation of surface oxygen defects by partial reduction of Co®* by ethanol
vapor is a likely occurrence and oxygen defects are expected in Cu25 due to the partial
substitution of AI>* by Cu®*. Oxygen vacancies in ZrO, have been suggested by Tosoni
and Pacchioni to favour the formation of acetone from ethanol by favoring the adsorption
on the catalyst of the acetate intermediates [93]. Supported Co3O4 has already been shown
to be an effective catalyst of Tishchenko coupling [102]. Redox catalysts can indeed be
effective for this reaction, despite the mechanism does not imply a formal redox reaction.
Very likely, redox modifications of the catalyst in the reaction medium provide the correct
type of oxygen vacancies needed for the critical step of Tishchenko coupling, indicated
by Tanabe and Saito as the disproportionation between two adsorbed aldehydes to create
active surface alkoxides [87].

Ga25, not as reducible as Co25, featured a very limited formation of Tishchenko
coupling products, despite a high selectivity in ethanol dehydrogenation to acetaldehyde.
This lead to an accumulation of unreacted acetaldehyde. Aldol coupling to acetaldol was
the main pathway of condensation of acetaldehyde on Ga25 and Al100, opening the way
to the formation of C4 products. Ga25 was the most active catalyst in the formation of
butadiene, butyraldehyde and further condensation products, as hexadiene. Al100 was
significantly less selective in C4 products, albeit being significantly more selective than
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Cu25 and Co25. The role of gallium deserves a special attention, as its position in the
periodic table should impart amphoteric properties to its oxide. Gallia has been shown to be
more active in dehydrogenation than in dehydration of ethanol [103]. This result is coherent
with the high basicity imparted to LaAlO3 by incorporation of gallium, as indicated by the
results of isopropanol conversion on Ga25. However, the high effectiveness of Ga25 in the
formation of diolefins requires also a good activity in dehydration of alcohols. This has
already been observed in the promotion by Ga doping of the formation of butadiene
from ethanol in MgO-5iO, catalysts for the Lebedev process [25]. In this case, gallium
was reputed to introduce Lewis acid sites along the basic sites of the MgO-5iO, catalysts,
providing acid-base pairs. The concentration of gallium sites was considered critical,
the catalytic results presenting a volcano shape with the amount of gallium. This double-
faced role of gallium, as well as its poor performance in Tishchenko coupling, suggests that
a fine tuning of the relative strength of acid and basic functions is critical for each reaction.

3. Materials and Methods
3.1. Preparation of Catalysts

LaAlOs catalyst is denoted as Al100 and substituted catalysts are denoted by the sym-
bol of the Al-replacing element and the percent Al replaced. For instance, LaAly 75Gag 2503
is denoted as Ga25. Catalysts were prepared by a sol-gel method. Citric acid was used as
a gel-forming agent. La(NO3)3-6H0, AI(NO3)3-9H,0 and Co(INO3),-6H,O from Sigma-
Aldrich (Merck, Darmstadt, Germany), and Ga(NOj3)3-xH,O from Acros Organics (Thermo
Fisher Scientific, Waltham, MA, USA) were used as metal precursors. Before synthesis,
Ga(NO3)3-xHyO was treated by thermal gravimetric analysis to determine its water content.
In the preparation, the stoichiometric amount of nitrate salt was dissolved in deionized
water. A suitable amount of citric acid (citric acid /metal = 2 mol/mol) was added to the
solution, where the pH was kept at 7.5 &= 0.5 by dropwise addition of ammonia. The solu-
tion was stirred and evaporated at 80 °C until the gel was formed. The gel was then kept
at 150 °C for 3 h and calcined at 700 °C for 5 h in air flow (heating rate 5 °C min~1).

3.2. Characterisation of Catalysts

Textural properties were assessed by N, adsorption at —196 °C using a Tristar in-
strument (Micromeritics, Norcross, GA, USA) with improved secondary void. Samples
were previously outgassed at 250 °C until stable 10 Pa pressure was kept. The surface area
was determined by the BET method and the pore volume was measured as the adsorbed
amount at p/p° 0.975. Average pore size was determined by the DFT method.

X-ray powder diffraction patterns were collected on a Bruker D8 Advance diffrac-
tometer with Bragg-Brentano 6-6 geometry operated with a Cu K« source (A = 0.15418 nm).
Data analysis was carried out by Rietveld refinement using FullProf 6.10 (2017) software
with Thompson-Cox-Hastings pseudo-Voigt shape function. The average crystallite size
was calculated by the Scherrer method.

Temperature programmed reduction (H;-TPR) was investigated using a TPD/R/O
1100 ThermoQuest instrument with a thermal conductivity detector (TCD). In a typical
experiment, a quartz tube reactor was loaded with ca. 50-60 mg sample and heated with
heating ramp of 10 °C min~!, under 20 mL min~! of 5% H, /Ar.

3.3. Catalytic Tests

The ethanol conversion was performed in a fixed bed quartz reactor with an internal
diameter of 4 mm and a length of 250 mm under atmospheric pressure. Desired ethanol
concentration in N carrier gas was achieved by a Bronkhorst CEM (controlled evaporation
and mixing) system and space velocity was controlled by changing flow rate. Before
feeding ethanol, 100 mg of catalyst was charged into the reactor mixed with silica glass
beads and preheated under nitrogen gas at 450 °C in 1 h, before cooling down to the
reaction temperature (350 °C). The catalytic reactions were carried out for 6 h on a stream
with 1% ethanol in N,. Tests were carried out with weight space velocities in the range
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from 0.1 to 1 Zethanol g_lcatalyst h~!. The downstream flow was channeled at 150 °C to
prevent condensation and was analyzed online by GC Varian 3800 equipped with a Super
Q-Plot (30 m length x 0.32 mm id) column and an FID (flame-ionisation detector). Nearly
three hours were needed to reach steady state activity. Catalysts were regenerated in air
flow at 500 °C. Blank tests were carried out in the absence of catalyst with WHSV 0.23 h~!
at 350 °C for 3 h with conversion of 3.5% and acetaldehyde selectivity of 98.5%.

Acid-base properties of catalysts were evaluated in the same experimental system by
a model reaction of isopropanol conversion. 4% isopropanol in N, was flown through the
catalysts at 325 °C at WHSV 1.6 h~! for 90 min. The same reaction system was also used
for mechanistic tests in which a possible reaction intermediates, ethyl acetate, was fed to
the catalysts at 1% concentration in N; at 350 °C at WHSV 0.17 h~! for 3 h.

4. Conclusions

The anoxic conversion of bioethanol, beyond its interest for a sustainable industrial
chemistry based on renewable resources, is an excellent test-bed for the evaluation of
bifunctional acid-base catalysts. In the case of LaAl-based perovskites, B-site partial
substitution of Al significantly affects the catalytic activity, orienting the reactivity towards
products as different as polyolefins or oxygenated solvents. LaAlO3-based materials, albeit
sharing the main basic character of all lanthanum-based perovskites, present a significant
activity in acid-catalyzed reactions. The replacement of a fraction of Al by Cu, Co or Ga
decreases increases the basicity of LaAlO3 and favors products formed on bifunctional acid-
base sites. The incorporation of easily reducible elements, like Co or Cu, highly increases
and modifies the reactivity of the acetaldehyde formed by primary dehydrogenation of
ethanol. Tishchenko coupling of acetaldehyde is strongly favored at the expenses of aldol
coupling, increasing the ketonisation reaction and the formation of odd carbon-number
products. This effect can be accounted for by the formation of Lewis acid-base pairs in
correspondence of oxygen defects induced by surface reduction. Deeper characterization
of acid-base pairs is a promising field for a better control of the reactivity of acetaldehyde
and improve important industrial processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
344/11/3/344/s1, Figure S1: N; sorption isotherms of the catalysts, Figure S52: XRD patterns of
catalysts after Hy-TPR. Table S1: Products formed by ethanol conversion at 350 °C, 36 and 60%
conversion.
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